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Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F2
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and mapping of polygenic clusters or QTLs.
Molecular markers were also used in the studies of evolution and phyloge-
netic relationship, genetic diversity, DNA fingerprinting, and map-based
cloning. Markers tightly linked to the genes were used in crop improvement
employing the so-called marker-assisted selection. These strategies of
molecular genetic mapping and molecular breeding made a spectacular
impact during the last one and a half decades of the twentieth century. But
still they remained “indirect” approaches for elucidation and utilization of
plant genomes since much of the chromosomes remained unknown and the
complete chemical depiction of them was yet to be unraveled.

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

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

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

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

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

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and 3 basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful to both
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

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

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

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

New Delhi, India Chittaranjan Kole
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Foreword

Mungbean is a crop with great potential for improving the livelihood of
millions of smallholder farmers in tropical developing countries. Its short
duration makes it an attractive option for intensifying farming systems: the
crop can usually fit within existing rotations, it diversifies the diet of farmers
consuming it, and provide soil benefits (disease control and added nitrogen)
to the following cereal crop. The product is in high demand and attracts a
high price, making the crop profitable for farmers who manage to protect it
against the biotic stresses affecting it in many places. The crop has also
recently become an important summer crop in the industrial farming systems
of Northeast Australia.

Consistent with its mandate of investing in research benefiting developing
countries and Australia, the Australian Centre for International Agricultural
Research (ACIAR) is supporting mungbean research in South Asia, South
East Asia and Eastern Africa. Research on farming system intensification
includes mungbean trials and demonstration. The sustainability and ongoing
increase in mungbean production depends on continually improving the
potential of new varieties available to farmers. Under the leadership of the
World Vegetable Center, the International Mungbean Improvement Network
(IMIN) has been supported by ACIAR since 2016 to provide breeding
programs in Bangladesh, India, Myanmar and Australia tools and resources
to conduct modern mungbean pre-breeding and breeding, and to collect
results from a global multilocation trial network. The detailed phenotypic
characterization by the Network of a carefully assembled Mini-Core Col-
lection will provide breeders with new sources of useful traits. The Mini Core
Collection has been genotyped at high density, thereby allowing the identi-
fication of molecular markers for the traits discovered, and facilitating
breeding for these traits. IMIN welcomes other partners who would like to
contribute to the Network by sharing multilocation trial data and evaluating
the common germplasm.

As a small crop, mungbean is only recently benefiting from advances in
genetics and genomics made over the past 10–20 years. Molecular markers,
low- cost and high-throughput genotyping tools, and the corresponding data
storage, management and analysis methods and skills, are facilitating and
accelerating the discovery, and then the application, of genes and Quantita-
tive Trait Loci (QTL) for important traits.
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This book is a timely review and presentation of the genetic and genomic
resources available to mungbean breeders. The authors have led IMIN since
its inception and have contributed more than anyone else to the development
and application of the modern resources which will in the future underpin the
continual improvement of mungbean. ACIAR is proud to support their effort.

Eric Huttner
Research Program Manager, Crops

Australian Centre for International Agricultural Research
Canberra, Australia
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Preface

Mungbean (Vigna radiata (L.) R. Wilczek var. radiata), also called green
gram, is an important food and cash crop in the rice based farming systems of
South and Southeast Asia, but is also grown in other parts of the world. Short
crop duration, tolerance to heat, low input requirement and high global
demand make mungbean an ideal rotation crop for smallholder farmers. It
generates a triple benefit for its users: additional income, additional
nutrient-rich food, and increased soil fertility. The book outlines the global
status of mungbean and its economic importance. Mungbean collections
maintained by different organizations and their utilization are described,
especially for adaptation of mungbean to new environments. The progress in
breeding for tolerance to biotic and abiotic stresses, improvement of the
nutritional quality, as well as future challenges for mungbean breeding are
discussed. The state of use of molecular markers and the potential of
molecular breeding for mungbean improvement are reviewed. The mungbean
genome sequence was published in 2014. How the mungbean genome
compares with other Vigna species and genomic approaches tackling various
breeding objectives is elaborated. Overall, the book aims at depicting the
current status of mungbean breeding to promote research on this important
tropical legume crop.

Hyderabad, India Ramakrishnan M. Nair
Shanhua, Tainan, Taiwan Roland Schafleitner
Seoul, Korea (Republic of) Suk-Ha Lee
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1Global Status and Economic
Importance of Mungbean

Ramakrishnan Nair and Pepijn Schreinemachers

Abstract
This chapter provides an overview of the
economic importance of mungbean globally
and the status of mungbean improvement
research. The global mungbean area is about
7.3 million ha, and the average yield is
721 kg/ha. India and Myanmar each account
for 30% of global output of 5.3 million t.
Other large producers are China, Indonesia,
Thailand, Kenya, and Tanzania. The mung-
bean market is divided in four main segments
by usage: dry grains (important in South Asia
and Kenya), sprouts (important in East and
Southeast Asia), transparent noodles/starch
(important in East and Southeast Asia), and
paste (important in East Asia). Mungbean
research is under-resourced in most countries
as it is considered a minor crop. There is a
history of strong international collaboration in
mungbean improvement research in Asia,
which is particularly important for a minor
crop like mungbean as no single country has
the capacity to cover all aspects requiring
research. The International Mungbean

Improvement Network was established in
2016 to further this collaboration and is
coordinated by the World Vegetable Center.

1.1 Introduction

Mungbean (Vigna radiata (L.) R. Wilczek var.
radiata), also known as green gram or moong, is
an important food and cash crop in the rice-based
farming systems of South and Southeast Asia, but
is also produced in other parts of the world. The
chief attractions of mungbean to farmers are the
crop’s short duration, low input requirement,
suitability as a rotation crop in cereal-based sys-
tems, and good performance under heat and
drought stress. In some parts of the world, such as
in India and Pakistan, it is an important subsis-
tence crop adding essential nutrients (especially
protein, iron, and zinc) to the diets of farm fami-
lies, whereas it is an income-generating crop in
countries such as Myanmar, China, and Kenya.

Mungbean yields in most countries are rela-
tively low, usually ranging from 0.5 to 1.5 t/ha.
Genetic improvement of mungbean is an
important part of the strategy to raise mungbean
productivity. Genetic improvement of mungbean
is mostly done by public sector organizations in
the national agricultural research systems. The
international mungbean program of the World
Vegetable Center, previously known as AVRDC,

R. Nair (&)
World Vegetable Center, South Asia, ICRISAT
Campus, Patancheru, Hyderabad, Telangana, India
e-mail: ramakrishnan.nair@worldveg.org

P. Schreinemachers
World Vegetable Center, East and Southeast Asia,
Bangkok, Thailand
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has made an important contribution to coordinate
these programs, share mungbean germplasm
between countries, and develop varieties with
improved performance.

The objective of this chapter is to give a brief
overview of the economic importance of mung-
bean globally and to relate this to mungbean
breeding efforts. The chapter relies on secondary
data, published studies, and our own observa-
tions from working on mungbean improvement
across Africa and Asia. Accordingly, the
remainder of this chapter is divided into three
sections. We continue in the next section by first
describing the main uses of mungbean as the
market is broadly divided into four segments. We
then describe the main mungbean-producing
countries in the world, after which we give an
overview of the mungbean improvement efforts
in Asia.

1.2 Mungbean Market Segments
and Varietal Requirements

Mungbean has different uses in different parts of
the world, some of which require specific vari-
eties. Each of the main uses and variety
requirements is described in the following.

1.2.1 Use of Dry Grains

The use of dry grains in cooking is the most
common use of mungbean globally. In South
Asia (India, Pakistan, Bangladesh, and Nepal),
mungbean grains are typically consumed as a
dahl (a stew made of dried pulses). In Kenya, it is
mostly eaten as a thick bean stew. In other
countries, mungbean grains may be cooked with
rice, cooked with sugar to make a sweet desert
soup (e.g., in China), or grilled or roasted as a
snack. When used for dahl, consumers often
prefer mungbean in de-husked and split form as
this reduces the cooking time. The grain segment
represents a relatively low-value segment of the
market as quality attributes are generally less
important when grains are de-husked and split.
However, when whole grains are used, then

consumers may have particular preferences for
grain size, seed coat luster (shiny or dull), and
seed coat color (green or yellow). For instance, in
the Indian sub-continent, consumers tend to
prefer shiny green grains, while shiny yellow
grains are preferred in Bangladesh, Sri Lanka,
and some parts of India. Consumers in Indonesia,
Taiwan, Kenya, and Tanzania prefer dull green
grains. In eastern India, consumers prefer
mungbean with a particular pleasant aroma
(called Sona mung).

1.2.2 Bean Sprouts

Mungbean is highly suitable for producing
vegetable sprouts, and this use is common in
East Asia and Southeast Asia. Fresh mungbean
spouts are a commonly used garnish for noodle
soups in countries such as Thailand, Laos, and
Vietnam. In Korea, sprouts are blanched and
used as a side dish (called sukju namul) or used
with ground mungbeans in stuffed pancakes
(bindaetteok). In Indonesia, mungbean sprouts,
locally known as tauge, are found in numerous
dishes such as stir-fried mungbean sprouts with
tofu (tauge goreng), and blanched mungbean
sprouts in a vegetable salad served with peanut
sauce (gado gado), in chicken soup (soto ayam)
and stir-fried with various vegetables and eggs
(orak-arik).

The sprouting segment represents the
high-value segment of the market as the grains
need to meet exacting quality attributes. Con-
sumers prefer sprouts that are bright white and
crisp, with short roots and small cotyledons and
have a shelf life of at least seven days. Hence, the
sprout segment requires different varieties from
the dry grain segment. Countries such as China,
Australia, Indonesia and to some extent Myan-
mar control this segment. There is also an
increasing demand for mungbean sprouts in
high-income countries in Europe and North
America, but these continents strict standards
regarding pesticide residues on grains used for
sprout production, which makes it challenging
for low-income countries to supply these
markets.

2 R. Nair and P. Schreinemachers



1.2.3 Transparent Noodles
and Starch Extraction

Mungbean starch produces a transparent noodle
(vermicelli or glass noodle). These noodles are
particularly common in China and many other
countries influenced by Chinese cuisine. Grain
quality is less important than in the sprout seg-
ment, but starch quality could be important. To
our knowledge, there are no specialized mung-
bean varieties for noodle production, and this is
something that can be taken up in the future.

1.2.4 Bean Paste and Sweets

Mungbean paste is used as an ingredient for
various types of sweets in Asia. Mungbean paste
mixed with butter and sugar is used to fill
mooncakes in China and Taiwan. Mungbean
cakes are an important snack and gift in Viet-
namese culture. In Thailand, mungbean paste is
turned into colorfully painted small imitations of
fruits and vegetables, called khanom luk chup. In
Andhra Pradesh, pancakes (called pesarattu
dishes) are also made from mungbean paste.

1.2.5 Other Uses

Mungbean flour mixed with other flours such as
wheat flour is used as a weaning food for chil-
dren in some countries. Both Chinese and tradi-
tional Indian (Ayurvedic) medicine use
mungbean for therapeutic purposes. High levels
of total phenols and flavonoids and other com-
pounds have been reported in mungbean grains
and sprouts (Kim et al. 2012), which support its
use as a preventive or/and therapeutic agent for
human health. In China, certain health drinks
(reducing body heat due to flavonoids, vitexin,
and isovitexin) have been prepared from mung-
bean seed coats (Cao et al. 2011). Improvement
in the knowledge of the food processing prop-
erties of mungbean may lead to the development
of new value-added products from mungbean
(Dahiya et al. 2015).

1.2.6 Animal Feed

Mungbean is utilized as a forage-cum-grain crop
in countries like Egypt (Abd El-Salam et al.
2013), and mungbean crop residues are some-
times used as a livestock feed (Nair et al. 2019).
The use of mungbean grains in the feed industry
is marginal as the market price is high compared
to other grains such as soybean. In some coun-
tries, mungbean is used as a green manure (Pat-
aczek et al. 2018).

1.3 Mungbean Production Per
Country

Mungbean is not separately listed in the statisti-
cal database of the Food and Agriculture Orga-
nization of the United Nations, and there is
therefore a paucity of good internationally com-
parable data on mungbean. It is a minor crop in
many countries and therefore not always inclu-
ded in national statistics. Available data show
that mungbean in Asia, Africa, and Oceania is
planted on over 7.3 million ha (Table 1.1).
Average mungbean yields are lowest in South
Asia and Africa and highest in Southeast Asia.
The average yield is 721 kg/ha. Each of the main
producers is introduced in the following.

1.3.1 India

India is the world’s largest producer and consumer
of mungbean. However, average mungbean yields
in India are among the lowest in the world. The
area of mungbean in India has increased over the
past few years, and currently, it is estimated at
3.8 million ha. The country produces about
1.6 million t of mungbean. Among the states,
Rajasthan (31%) followed by Maharashtra (11%)
lead in both area and production. Mungbean is
grown as a rotation crop in the rice and rice–wheat
cropping systems. Intercropping is also practiced
with sugarcane and maize. The government of
India has tried to promote domestic production by
limiting imports in years when the domestic

1 Global Status and Economic Importance of Mungbean 3



production is high, but allowing imports when
there is a high shortfall in the market. This has
created much uncertainty in the global mungbean
market with prices rising and falling.

1.3.2 Myanmar

The mungbean area in Myanmar has increased
rapidly from about 100,000 ha in 1990 to
1,000,000 ha in 1999, to about 1,200,000 ha
now (Ministry of Agriculture 2016; Shanmuga-
sundaram 2003). Mungbean is not widely con-
sumed in Myanmar, but it is one of the country’s
most widely produced crops (second to rice).

Myanmar is the world’s largest exporter of
mungbean. Most of it is exported to India, and it
accounts for 70% of India’s mungbean import.
Mungbean yields in Myanmar, according to
government statistics, are relatively high com-
pared to most other countries. The adoption of
improved mungbean varieties is 89%, and most
of these are based on germplasm obtained from
the World Vegetable Center (Schreinemachers
et al. 2019). Mandalay, Sagaing, and Magway
regions account for over 80% of the production
area. Mungbean is popular among farmers in the
legume-based farming systems of Sagaing,
Magway, and Mandalay regions as well as the
rice-based farming systems of the lower parts of

Table 1.1 Mungbean area, production, and yield for selected countries

Region/country Area planted (1,000 ha) Production (1,000 t) Average yield (kg/ha) Year of data

South Asia: 4,182 1,880 450

• Bangladesh 175 181 1,030 2015

• India 3,828 1,600 420 2016

• Pakistan 179 99 730 2016

East Asia: 788 852 1,081

• China 786 850 1,081 2008–2009

• Korea 2 2 1,000 1999

Southeast Asia: 1,867 2,330 1,282

• Cambodia 53 68 1,275 2013

• Lao PDR 3 4 1,430 2017

• Myanmar 1,209 1,597 1,320 2016

• Thailand 275 320 1,164 2014–2015

• Indonesia 229 271 1,183 2015

• Philippines 41 34 811 2015

• Vietnam 89 142 1,600 2017

Central Asia: 18 35 1,920

• Uzbekistan 18 35 1,920 2015

East Africa: 554 255 460

• Tanzania 217 73 336 2017

• Kenya 302 149 493 2017

• Uganda 35 33 950 2017

Oceania: 38 35 916

• Australia 38 35 916 2012–2013

Total 7,287 5,258 721

Source National statistical agencies for all countries except China (USDA 2009); Thailand (USDA 2014); Korea (Lee
2003); Uzbekistan (Rani et al. 2018); and Australia (AMA 2014)
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Myanmar such as Bago, Yangon, and Aye-
yarwaddy regions. Further expansion of the
mungbean area is limited by the high costs of
harvesting due to labor shortages at harvest time.
As in most Asian countries, the crop is still
mostly harvested by hand and requires several
times harvesting as the pods progressively
mature. Mechanization of harvesting is therefore
important to maintain farmer profits.

1.3.3 China

China is both a large producer and a large con-
sumer of mungbean. The main production areas
are in Inner Mongolia, Jilin, Anhui, and Henan
provinces accounting for over 60% of the planted
area (USDA 2009). Most of the country’s pro-
duction is consumed locally. In 2008, about
140,000 t was exported to other countries in East
Asia, while about 80,000 t was imported (USDA
2009). Mungbean is used to produce transparent
noodles (vermicelli), used to make bean sprouts,
and processed into paste for a range of bakery
products such as mooncakes.

1.3.4 South Asia

Mungbean is produced on a substantial area in
Bangladesh and Pakistan, and both countries
have a high adoption of improved mungbean
varieties, most of which originate from their
collaboration with the World Vegetable Center
(Schreinemachers et al. 2019; Haque et al. 2014;
Ali et al. 1997). High labor cost for manual
harvesting is also a constraint to farmers in
Bangladesh and Pakistan. Smaller areas of
mungbean are found in Sri Lanka, Nepal, and
Bhutan (not shown).

1.3.5 Southeast Asia

Indonesia and Thailand are the largest mungbean
producers in Southeast Asia after Myanmar. The
crop is also grown in the Philippines, Vietnam,

Cambodia, and Laos. The mungbean prices have
been favorable to farmers as market demand is
high. High production costs are a challenge to
farmers, and there is a need for mechanized
harvesting in many countries to reduce costs.

1.3.6 Australia

Mungbean is an export crop for Australia, and
most of it is produced in New South Wales and
Queensland (AMA 2014). The planted area has
seen a decline in recent years as a result of
drought in spite of favorable prices. The strength
of the Australian mungbean is in grain quality
assurance and traceability, which allows it to
capture high-value markets. Mungbean harvest-
ing is fully mechanized in Australia. The
mungbean industry in the country is
well-organized, and there is a strong system of
variety improvement in the public sector with
royalties of improved varieties flowing into
research.

1.3.7 East Asia

Mungbean production, and the production of
pulses in general, has strongly declined in Japan,
Korea, and Taiwan (Lee 2003; Chen 2003).
Although the prices are favorable, the production
costs are too high. These countries have become
mungbean importers. Mungbean is used for pro-
ducing vegetable sprouts, mungbean paste for
bakery products, mungbean soup, and vermicelli
production. Chen (2003) mentioned that sprouts
are an important vegetable during the typhoon
season in Taiwan when other vegetables are
unavailable.

1.3.8 Africa

Mungbean in Africa is grown as a monocrop or
as an intercrop with maize, sorghum, or pigeon
pea. Mungbean-producing countries include
Kenya, Tanzania, Ethiopia, Mozambique, and
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Uganda. Kenya is probably the largest producer
of mungbean in Africa (most of it produced in
Eastern Province), but it is also its largest con-
sumer and even imports mungbean in some
years.

1.3.9 South America

Mungbean is produced in Brazil and Argentina,
but production data are not available.

1.3.10 Central Asia

Mungbean was recently introduced in Uzbek-
istan, Kazakhstan, and Tajikistan as a catch crop
suitable to grow in between two consecutive
crops of wheat and cotton (Rani et al. 2018). The
planted area in Uzbekistan is estimated to be
about 18,000 ha with relatively high yields of
1.9 t/ha as reported by Rani et al. (2018). The
mungbean area in these countries is expanding.

1.4 Mungbean Improvement
Research

Mungbean improvement research is almost
solely done by public sector organizations,
including government research institutes and
universities. The crop is of little interest to the
private seed industry as seed yields are low and
farmers tend to recycle their seed rather than buy
certified seed. Unfortunately, most mungbean
research programs are small and under-resourced
as it not considered a strategic crop such as rice,
wheat, or cotton.

Important improvement research has been
done by the World Vegetable Center, which has
had a mungbean improvement program since
1972. The Center’s genebank holds 14,187
genebank accessions of mungbean (the gene-
bank’s second largest collection after soybean)
and has shared accessions and breeding lines
with mungbean breeders worldwide
(Schreinemachers et al. 2014). The center has
helped to establish and strengthen mungbean

improvement programs in China, Pakistan,
Myanmar, and Thailand. Countries with strong
national mungbean research programs include
China, India, and Australia. Other countries with
significant mungbean research programs are
Bangladesh, Pakistan, Thailand, and the Philip-
pines. International collaboration has always
been a key feature of various mungbean
improvement programs in Asia, and the World
Vegetable Center has played an important role to
connect national programs, share germplasm, and
test advanced breeding lines in different coun-
tries. In the following, we describe the World
Vegetable Center program with reference to the
national programs.

Traditional mungbean varieties reached
maturity in 90–110 days, were indeterminate,
shattered pods, were susceptible to disease, were
low-yielding (about 400 kg/ha), and had small
grains (Shanmugasundaram et al. 2009). From
1972 to 1981, the WorldVeg breeding program
therefore focused on the development of varieties
with resistance to abiotic and biotic stresses, high
yield, and earliness to fit mungbean into the
cereal cropping systems of Asia. Early success
was achieved in the early 1980s when research-
ers crossed climate-resilient and disease-resistant
(powdery mildew and Cercospora leaf spot)
lines from India with high yielding, early
maturing, and uniform maturing lines from the
Philippines. These crosses were tested in inter-
national mungbean trials, and two lines were
identified as particularly promising (VC1973A
and VC2778A), which were released as KPS1
and KPS2 in Thailand and became dominant
mungbean varieties in Thailand, China (released
as Zhong Lu #1 and E Lu #2, respectively), and
several other countries (Shanmugasundaram
et al. 2009).

From 1981 to 1996, the focus of the program
expanded to include mungbean yellow mosaic
disease (MYMD) resistance, which had become
the major constraint to mungbean production in
large parts of South Asia and Myanmar. A shut-
tle breeding program between Thailand and
Pakistan was financially supported by the UK
government. The Nuclear Institute for Agricul-
ture and Biology (NIAB) in Pakistan was the first
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to report MYMD resistance, which they had
obtained through the irradiation (mutation
breeding) of a local variety. NIAB and the World
Vegetable Center collaborated to cross these
resistant lines with KPS1, which after several
generations led to two advanced
MYMD-resistant lines: NM92 (“NIAB Mung-
bean 1992”) and NM94 (Ali et al. 1997). These
lines were then introduced to other countries in
South Asia and promoted to farmers (Shanmu-
gasundaram et al. 2009).

In 2010, the WorldVeg breeding program was
relocated from Thailand to India to be able to
screen more effectively for MYMD resistance.
The establishment of the International Mungbean
Improvement Network (IMIN) in 2016, sup-
ported by the Australian Centre for International
Agricultural Research (ACIAR), strengthened
partnerships between WorldVeg and the NARS
of India, Bangladesh, Myanmar, and Australia.
The program now is focused on exploiting the
full potential of the available mungbean genetic
resources by analyzing diversity and creating
mungbean core and mini-core collections for
breeding (Nair et al. 2012; Schafleitner et al.
2015). This IMIN has meanwhile expanded to
include public and private sector partners in other
mungbean-producing countries in Africa and
Asia.

1.5 Conclusion

Mungbean is produced on at least 7.2 million ha
globally. The main producing countries are India,
Myanmar, China, Indonesia, Thailand, and
Kenya. The mungbean market is segmented into
a grain segment (South India, Myanmar, and
Africa), a noodle segment (mostly China), a bean
sprout segment (East and Southeast Asia), and a
paste segment (East and Southeast Asia). There
are different varieties for sprout production and
grain production. The World Vegetable Center
has played a key role in mungbean improvement
by coordinating germplasm exchange between
countries in Asia, conserving mungbean

germplasm, and together with national partners
developing improved mungbean varieties with
high yield, short duration, and disease resistance.
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2Mungbean Genetic Resources
and Utilization

Gayacharan, Sunil Archak, Kavita Gupta, Veena Gupta,
Vandana Tyagi and Kuldeep Singh

Abstract
Mungbean also known as green gram is an
important food legume crop. It is themost widely
growncrop amongfive cultivatedAsiaticVignas,
viz. mungbean, urdbean, mothbean, adzukibean,
and ricebean. The crop is expanding to
non-traditional growing areas mainly due to its
short duration of life cycle, high nutritional value,
low input requirement, soil ameliorating proper-
ties, and high global demand. The cropfitswell in
cereal crop-based cropping systems in warm
humid regionsofSouth,East, andSoutheastAsia.
Mungbean cultivation covers over six million ha
of land worldwide with annual production of
around three million tons of grains. Narrow
genetic base, disease pest proneness, and photo–
thermo-sensitivity are the major problems result-
ing in the poor yield of the crop. The utilization of
very few parental genotypes in mungbean breed-
ing programs has led to the narrowedgenetic base
of the mungbean varieties. This has posed a
serious threat to the mungbean cultivation amid
newly emerging pests and pathogens of the
crop. Worldwide over 43,000 mungbean germ-
plasm are conserved ex situ which are playing
crucial role in enhancing yield as well as

resilience to the crop against biotic and abiotic
stresses. Recent evaluation and characterization
of ex situ collections of mungbean germplasm
revealed substantial amount of useful variability
in mungbean. Transboundary movement of
germplasm has also helped in the development
and release of varieties in several countries.
Enhanced and efficient utilization of ex situ
conserved mungbean and related wild species
germplasm in breeding programswith the help of
modern genomics tools would help in the devel-
opment of desired genotypes with higher yield
potential. In this chapter, we have discussed the
collection, conservation, and utilization ofmung-
bean and wild Vigna species germplasm.

2.1 Introduction

Mungbean is native of Indo-Burma region of Asia
where it was first probably domesticated, believed
to have originated in the Indian gene center (Jain
and Mehra 1978). The wild progenitor species of
munglocan has been designated as V. radiata var.
sublobata and are of Indian origin (Chandel et al.
1984). The wild V. radiata var. sublobata occurs
in Tarai region, sub-Himalayan tract, and spo-
radically in western and eastern peninsular tracts
of India (Arora and Nayar 1984). India is also the
primary center of diversity for mungbean (Arora
1988). Mungbean diversity is well dispersed
throughout the continent from Himalayas in north
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to southern peninsular and northeastern region.
The Indo-gangetic plains are considered as sec-
ondary center of diversity for mungbean (Bisht
et al. 1998a). In early days, mungbean seed was
carried by emigrants and traders from Asia to the
Middle East, East Africa, Latin America, parts of
South America and Australia (Poehlman 1991). It
is the most widely distributed among the Asiatic
Vigna species, and its production is steadily
increasing (Kim et al. 2015). Currently, the crop
is cultivated throughout the South and Southeast
Asia, including India, Pakistan, Bangladesh, Sri
Lanka, Myanmar, Thailand, Philippines, Laos,
Cambodia, Vietnam, Indonesia, Malaysia, South
China, and Taiwan. In the USA, it was grown as
early as 1835 as the Chickasaw pea. It is also
grown to a lesser extent in many parts of Africa
and USA (Oklahoma) and reintroduced in many
parts of Australia. However, it did not become a
major commercial crop in these countries. In
India, the crop is mainly grown in states of
Rajasthan, Maharashtra, Gujarat, Odisha, Bihar,
Andhra Pradesh, and Madhya Pradesh.

Vigna species including wild relatives flourish
in hot humid weather of subtropical to tropical
regions. Mungbean is fast-growing crop and
completes its life cycle from 50 to 90 days. It
requires rainfall of 600–1000 mm/year. Optimal
temperature required for vegetative growth ran-
ges from 28 to 30 °C, however, some related wild
Vigna species like V. umbellata, V. angularis, V.
trilobata, etc. can sustain temperature few
degrees cooler than the mungbean. The available
breeders’ varieties or landraces cannot sustain
below 15 or above 45 °C of temperature. The
crop is highly sensitive to waterlogging condi-
tions and tolerant to saline soils to some extent.
The crop can be grown in well-drained loamy to
sandy loamy soils with a pH range of 5–8.

2.1.1 Taxonomic Classification

Mungbean belongs to the family Fabaceae, sub-
genus Ceratotropis in the genus Vigna Savi.
Earlier mungbean was known as Phaseolus
aureus before many species of the genus moved
to a new genus Vigna (Lambrides and Godwin

2007). The genus Vigna consists of large group
of cultivated crops and wild relatives distributed
in Asia and Africa. It comprised of around seven
subgenera and 19 sections with around hundred
species (Maxted et al. 2004; Singh et al. 2006;
Takahashi et al. 2016) out of which seven (She
et al. 2015) species are most commonly culti-
vated around the world. The two species are
African originated (Vigna unguiculata L. and
Vigna subterranea L.) and other five species are
from Asiatic group known to be originated in
Indian subcontinent (V. radiata L., V. mungo L.,
and V. aconitifolia Jacq.) and in the Far East Asia
(V. angularis Willd. and V. umbellata (Vavilov
1926; Smartt 1985). The species V. radiata has
four direct subspecies, i.e., V. radiata subsp. ra-
diata, V. radiata subsp. sublobata (L.) R. Wil-
czek, V. radiata var. radiata (L.) R. Wilczek, and
Vigna radiata var. setulosa (Dalzell) Ohwi & H.
Ohashi.

2.1.2 Mungbean Gene Pool

Cross compatibility among Vigna species is not so
well defined, and so their gene pool, but in general
there is no cross compatibility barrier between
domesticated forms and their closest relatives
(Tomooka et al. 2014). There are few studies on
such wide hybridization for widening genetic base
of Vigna radiata using Vigna mungo (Gosal and
Bajaj 1983), Vigna umbellata (Pandian et al.
2008), V. trilobata (Pandiyan et al. 2012), and
interspecific barriers could be easily overcome.
Though interspecific crosses ofVigna radiatawith
other Vigna species like V. mungo, V. radiata var.
sublobata, V. radiata var. setulosa, V. trilobata, V.
trinervia, V. hainiana, V. dalzelliana are possible,
cross-barrier problems particularly due to incom-
patibility in chromosomal pairing also have been
observed in some cases (Pandian et al. 2008).
Tomooka et al. (2011) have classified gene pool of
mungbean as V. radiata as V. radiata var. radiata
and its closest wild relative, i.e., V. radiata var.
sublobata in gene pool 1 (GP-1). V. mungo, V.
subramaniana, V. grandiflora, V. stipulacea, V.
tenuicaulis, V. trinervia, andV. umbellata inGP-2,
and other species in sections V. aconitifolia and V.
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angularis in GP-3. However, some research
groups have deviations from this gene pool clas-
sification like V. radiata var. setulosa which is a
wild form placed in GP-1, V. aconitifolia in GP-2,
and V. umbellata in GP-3 (Pratap et al. 2014a).
From recent hybridization work, it is observed that
V. glabrescens gives fertile progenies when cros-
sed with V. radiata without any crossing barriers,
though the species is grouped in GP-3. This indi-
cates that there is a need to revisit Vigna gene pool
classification and molecular tools along with
conventional crossing-based studies will give
robust grouping of Vigna species.

2.2 Mungbean Germplasm
Collections and Introductions

2.2.1 Collections

Ex situ conservation of plant genetic resources
(PGRs), harboring a wide range of diversity, is
important to develop new varieties to face the
challenges posed by adverse effects of climate
change and to meet the food security aspects of
increasing population worldwide. Grain legumes
are among the topmost crops, which can help in
addressing both these issues effectively. Impor-
tance of conservation of plant genetic resources for
food and agriculture (PGRFA) was realized since
the Neolithic era when human started practicing
farming, seed selection, and seed storage. How-
ever, the systemic explorations, collections, and
conservation of crop germplasm started in 1916 by
renowned Russian geneticist N. I. Vavilov, and
today over 7.4 million accessions are conserved ex
situ worldwide (https://cdn.croptrust.org). The N.
I. Vavilov Research Institute of Plant Industry
(VIR), St. Petersburg, Russia, is one of the largest
genebanks which holds over 230,000 accessions
of various crops including 863 accessions of
mungbean. These mungbean collections are the
oldest collections, andmost of themwere collected
between the years 1910 and 1927.

In India, mungbean germplasm collections
started way back in 1925 to collect mungbean
landraces from all over India and Burma (Bose
1932). During that period, mungbean germplasm

collection efforts weremade in several states of the
country, but there was no coordination or
exchange of the germplasm among them (Bisht
et al. 1998b). Extensive and organized explo-
rations were taken up throughout the Indian
sub-continent only after the establishment of
ICAR-National Bureau of Plant Genetic Resour-
ces (NBPGR) in 1976 (Rana et al. 2016). NBPGR
is a nodal agency for germplasm introductions,
collections, and conservation in India. The
National Genebank at ICAR-NBPGR has docu-
mentedmore than 11,000 accessions ofmungbean
including 7,453 indigenous accessions and 3,588
exotic accessions (Figs. 2.1 and 2.2). Of these at
present 3,927 accessions comprising of 3,392
indigenous collections from 28 states of India and
535 exotic collections from 12 countries across the
world are conserved in long-term storage condi-
tions (−20 °C). Maximum of the diversity col-
lected and conserved is from Rajasthan and
Gujarat,whereas diversity fromnortheastern states
is least explored (Fig. 2.3). Fifty-six out of 108
mungbean breeders’ varieties developed through
various crop improvement programs onmungbean
are also part of this collection (Fig. 2.4). To give
due credit to breeders’ germplasm other than the
varietal genotypes, ICAR-NBPGR is also pro-
viding soft protection through Plant Germplasm
Registration Committee (PGRC) under the aegis
of ICAR. Till date, thirteen germplasm have been
registered in PGRC (Fig. 2.4, Table 2.1) with
novel unique traits.

The importance of mungbean as a crop was
also realized worldwide and AVRDC-The World
Vegetable Center, Taiwan, took the lead in col-
lection, conservation, exchange, and varietal
improvement programs at international level. The
center maintains the second largest mungbean
germplasm collections (6,700 accessions,
Schafleitner et al. 2015). The Southern Regional
Plant Introduction Station, University of Georgia,
under USDA’s National Plant Germplasm Sys-
tem conserves around 3,928 accessions of
mungbean (https://www.ars-grin.gov/). 2,250
accessions are ex situ conserved by Field Crops
Research Center, Department of Agriculture,
Bang Khen, Thailand (www.fao.org/docrep/013/
i1500e/Thailand.pdf). 1,076 accessions are ex
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situ conserved by The Genetic Resources Center,
NARO, Tsukuba, Japan (https://www.gene.affrc.
go.jp/databases-plant_search_en.php). Around
1,006 accessions of mungbean are conserved in
the genebank of Department for Plant Genetic
Resources, Austrian Agency for Health and Food
Safety (AGES), Austria (https://www.genbank.

at/en/ecpgr-vigna.html). The Australian Grains
Genebank (AGG), Horsham, Victoria, conserves
1,385 accessions of mungbean germplasm. The
national genebank managed by Institute of Crop
Germplasm Resources of the Chinese Academy
of Agricultural Sciences (CAAS) is another
major custodian of mungbean germplasm.

Fig. 2.1 State-wise
distribution of indigenous
collections documented at
National Genebank,
ICAR-NBPGR

Fig. 2.2 Country-wise
distribution of exotic
collections documented at
National Genebank,
ICAR-NBPGR
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Worldwide over 43,000 mungbean germplasm
are conserved ex situ (Nair et al. 2013). Over
9,000 mungbean seed samples are kept under
black box system in Svalbard Global Seed Vault
as safety duplicates by thirteen different national
and international genebanks (https://www.
nordgen.org/sgsv/index.php?).

2.2.2 Introductions

In India, there is a single-window system for the
exchange of small samples of plant germplasm
(including genetically modified crops) meant for
research, and ICAR-NBPGR is the authorized
nodal institution. It regulates the import of
seeds/planting material for research under the
provisions of Plant Quarantine (Regulation of
Import into India) Order, 2003, of the Destruc-
tive Insects and Pests (DIP) Act of 1914. The
plant introductions include germplasm, elite
strains, improved varieties, genetic stocks, and
related species from various parts of the world.

Introductions are done time to time based on the
breeders or researchers’ requirement. Nearly four
thousand diverse accessions of mungbean were
introduced in India from various countries like
Australia, Bangladesh, Bhutan, Brazil, Canada,
China, Czech Republic, Ghana, Germany, Ethio-
pia, Indonesia, Italy, Japan,Madagascar,Malaysia,
Nepal,Netherlands, Philippines, Russia, Sri Lanka,
Surinam, Sweden, Taiwan, Thailand, Uruguay,
USA, and Uzbekistan since 1976. Some of the
important introductions having highly desirable
traits for the crop improvement arementioned here.
EC118889,EC118894, EC118895, andEC118898
were procured for traits like high grain yield
potential, wide adaptability, synchronous and early
maturity, large seeded and having resistance to
Tobacco mosaic virus, lodging. Mungbean germ-
plasm lines, viz.EC318985 to319057,EC390990–
EC390993, were introduced from AVRDC, Tai-
wan, having useful traits like resistance to charcoal
rot, leaf crinkle virus, tolerance todrought andflood
andphoto-insensitive. Four accessionsEC393407–
EC393410 were introduced from Bangladesh
having important traits like long pods with large,
shiny green seed, and synchronous maturity. There

Fig. 2.3 Highlights of phenotypic variation present in
mungbean gene pool. a. Field view, b. seed coat color
variability, c. variability for pod length and pod thickness
(each pod contains 14–15 seeds), d. a lodging resistant
and around 120 cm tall accession (IC553601), e. leaf size
variation
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were several other mungbean introductions like six
accessions viz. EC391170–EC391175 from
Indonesia for high grain yield trait. Similarly, other
notable introductions made are EC396424–
EC396425, EC718740–EC718745 for important
traits like early maturity, resistant to mungbean
yellow mosaic disease (MYMD), pea yellow
mosaic virus and bold seed. Preferred traits for

introduction in mungbean are short duration, bold
seed (>6 g), photo–thermo-insensitivity, bruchids
resistance, pre-harvest sprouting tolerance, resis-
tance against powdery mildew, and Cercospora
leaf spot disease. Many of the introductions were
further utilized in mungbean varietal development
programs, few of which are mentioned in
Table 2.2.

Fig. 2.4 Few representative accessions of mungbean showing seed size and seed coat luster variability
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Table 2.1 Trait-specific germplasm identified in mungbean

Trait Accessions ID

Cercospora leaf spot resistance EC118895, EC124083A, EC124084A, EC124089A, EC245968

Powdery mildew resistance EC118898, EC155745, EC155747, EC318985, V4718

Mottle virus resistance EC124098, EC124104, EC124111, EC245968

Root rot disease resistance EC124105

Charcoal rot resistance EC245968, EC319008

Leaf crinkle virus resistance EC319011

Mungbean yellow mosaic disease
(MYMD) resistance

IC118998, K-1, EC397139, IC305286, IC305291, IC305284,
IC472115, IC364130, EC319013, EC501570, EC565626, NM-92,
NM-94, IC573451, IC573453, IC573454, IC573455, IC573456

Nematode resistance IC212049

Bruchid (Callosobruchus chinensis and C.
maculatus) resistance

EC0398897 (V2802), EC0398896 (V2709)

Extra early flowering (25–27 days) EC398944, IC073537, IC507478, EC398883, EC398880, EC398890,
IC076477, IC507476_2, IC314609_2, EC398953, IC073392,
EC396129, EC396423, IC076422, IC119106, EC398890, IC39335,
IC39332

Early maturity (48–50 days) IC008822-3B, IC314302, IC076422, IC119106, IC314609_1,
IC447908, EC398944, EC592177, IC314562, EC398901, EC398955,
EC501566, IC0589309, IC0589310

Synchronous flowering and maturity (5–
8 days of flowering period)

EC396115, IC076414, EC397140_2, IC488968, IC076422, IC507389,
IC488582, IC118970, EC398923, IC076601_1, EC397138, IC314437,
IC076378, EC398915, IC076417_1, EC397141, IC314691, IC076463,
EC396143, IC076370, IC507524_1

High pod length (12–16 cm) EC398937, EC398904, EC398887, EC398935, EC398902,
EC398936, IC418452, IC148442, VI003370

Pentafoliate leaf small leaflets IC296679

Trilobed leaflets IC76451

Purple stem, petiole and leaf veins IC19420, EC9129

High number of seeds per pod (� 14.5–
17.1)

IC507314, IC418452, IC507342_2, IC548274, IC488554_1,
IC148415, IC252010_1, IC076388, IC076460, IC507337, VI004979,
VI002090

100 seed weight (7.5–7.89 g) EC398923, EC398903, EC398884, EC396413, EC396116,
EC398919, EC396154, IC507459, EC398882, IC0418452 (9.43),
IC296771 (6.2 g), VI005034, VI001244, VI000946

Lodging resistance and plant height IC553601 (*120 cm), VI014178, VI005030

High protein content EC251557, PLM-350, IC296771 (27.8%), IC573456 (25.8%)

High iron content (mg/100 g) IC573449 (9.18), IC573450 (11.7), IC573451 (11.8), IC573454
(10.59), IC573455 (11.35), IC573456 (8.29)

High zinc content (mg/100 g) IC573453 (3.56), IC573456 (4.19)

Photosensitive nature IC0546478

Note Accessions in bold are registered germplasm at ICAR-NBPGR, New Delhi; prefix EC means exotic collection and
IC means indigenous collection. Accessions starting with prefix ‘V’ or ‘VI’ belong to World Vegetable Center
collections
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2.3 Process to Access Genetic
Resources

Plant germplasm exchange process and related
regulatory mechanisms are the same for each
crop. Exchange of plant germplasm in India is
regulated by Biological Diversity Act (BDA),
2002, in conjuncture with Plant Quarantine Order
2003 (PQO-2003). BDA defines that who and
how any non-Indian can access the germplasm
from India while Plant Quarantine Order ensures
that the exchanged germplasm is free of pest,
pathogen, and weed (of quarantine importance).
The import/introduction of plant germplasm into
India is governed by the PQO-2003 (Regulation
of Import into India). Director, ICAR-NBPGR,
has been authorized to issue import permit for
import of germplasm, transgenic or genetically
modified organisms for research purposes for
further distribution to the researchers in the
country. For commercial and bulk import, per-
mission is granted based on the recommenda-
tions of EXIM Committee of Department of

Agriculture, Cooperation and Farmers Welfare,
Government of India.

BDA, 2002, was enacted in compliance to
Convention on Biological Diversity (CBD). As
per the provisions of the Act, a non-Indian can
access any biological resource occurring in India
with the prior approval of National Biodiversity
Authority (NBA). Section 2.3 (2) of the BDA,
2002, defines the non-Indian entity. However,
access under Collaborative Research Project
which is compliant to the International Collabo-
rative Guidelines issued by the Ministry of
Environment, Forest and Climate Change
(MoEFCC), is exempted (provisions in
Sect. 2.5). For accessing germplasm resources
which are not covered under any collaborative
research project, the indentor can apply online at
http://absefiling.nic.in/NBA/login/auth.

The germplasm exchange (import/export) is
being carried out with about thirty countries and
international agricultural research centers for
augmenting diverse genetic resources and mak-
ing them available to researchers/breeders/users
for utilization in various research programs.

Table 2.2 Utilization of exotic germplasm for pulse improvement

Accession Country of origin/source Varieties released in India

China moong China Shining Moong 1, Sunaiana, RMG62, Jalgaon 781,
DGGV-2

NM9473 Pakistan/AVRDC,
Taiwan

Pusa 9531

NM92 Pakistan/AVRDC,
Taiwan

Pusa Vishal

NM94 Pakistan/AVRDC,
Taiwan

SML688

V2164 AVRDC, Taiwan SML134

V3484 AVRDC, Taiwan Pusa101, WGG2

VC1137-213 (M
178)

AVRDC, Taiwan Pusa105

CES44 Philippines AAU34

MG50-10 Philippines Co5, Co6

VC6368 (ML 26) AVRDC, Taiwan Pant mung 2, Pant mung 5

VC6367(44-55-2) Thailand IPM 410-3 (Shikha)

Iranian germplasm Iran PS 16

VC 6368 (46-40-4) AVRDC, Taiwan UPM 98

VC 6370 (30-65) AVRDC, Taiwan UPM 98-1
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ICAR-NBPGR carries out this important activity
under an established procedure.

2.4 Mungbean Germplasm
Characterization
and Evaluation

Characterization and evaluation are the first and
foremost important activity for the utilization of
germplasm in crop improvement programs.
Characterization is the description and estab-
lishment of diagnostic characters of a plant
germplasm. Generally, characterization traits are
highly inheritable and qualitative in nature.
Evaluation is the description of plant germplasm
expression in optimum or adverse environmental
conditions to reveal its potential useful variability
available within the germplasm. Evaluation traits
are quantitative in nature but are highly important
for crop improvement. Major objective of the
evaluation is to identify trait-specific germplasm
of breeders/researchers’ importance. In general,
characterization and preliminary evaluation (for
yield and yield-attributing traits) are done
simultaneously while evaluation for biotic and
abiotic stresses is done separately.

Like in any other genebank, characterization
and evaluation are the main activity of NBPGR.
Total 1,532 accessions were well characterized
using 19 qualitative and 19 quantitative traits
during 1993 (Kawalkar et al. 1996). During
2016–18, further another around 1,500 indige-
nous and exotic collections were characterized
and evaluated for 27 agro-morphological traits
and biotic and abiotic stresses like MYMD dis-
ease and heat stress. Based on these morpho-
logical observations and statistical analyses, it
was found that cultivated mungbean gene pool
harbors very good amount of variation for vari-
ous economically important traits like seed
weight, flowering period, pod length, number of
seeds/pod, and seed size (Table 2.3, Fig. 2.4).
For qualitative traits, very good level of pheno-
typic variations is observed. Range of variation
for phenotypic traits reported in mungbean
germplasm in national and international studies is
highlighted in Table 2.3. Recently, World

Vegetable Centre has characterized global
mungbean collections of 5,234 accessions for
eight agro-morphological traits; viz. primary leaf
length, primary leaf width, plant height at flow-
ering, plant height at maturity, days to 50%
flowering, pod length, seeds per pod, and 1,000
seed weight were characterized (Schafleitner
et al. 2015). It was observed that good amount of
phenotypic variability is present for certain traits
in global mungbean collections in terms of
Shanon’s diversity index which was 0.82 (aver-
age of all traits). Overall, variability for root
nodulation, petiole length, number of primary
branches, number of pod bearing peduncles,
flowering period, plant height and seed weight,
seed coat color, and flowering period was
observed comparatively higher than the rest of
the traits studied (Bisht et al. 1998a; Schafleitner
et al. 2015).

Several other research groups also have
characterized mungbean germplasm for under-
standing genetic variability, genetic divergence,
and trait association (Abna et al. 2012; Bisht
et al. 1998b; Chattopadhyay et al. 2008; Hakim
2016; Rahim et al. 2010; Sangiri et al. 2008;
Singh et al. 2014; Tantasawat et al. 2010; Yim-
ram et al. 2009). Simultaneously, mungbean
germplasm has also been evaluated against
important biotic and abiotic stresses like bruchids
(Somta et al. 2007; Somta et al. 2008), nema-
todes (Mukhtar et al. 2017), MYMD (Akhtar
et al. 2011; Ghafoor et al. 1992; Iqbal et al. 2011;
Jalaluddin and Shaikh 1981; Shad et al. 2006;
Sudha et al. 2013a, b), Cercospora leaf spot, and
powdery mildew (Chankaew et al. 2011; Raje
and Rao 2002; Reddy et al. 1987).

The characterization and evaluation studies
done in mungbean have resulted in the identifi-
cation of several trait-specific mungbean germ-
plasm, some of which are listed in Table 2.1.

2.5 Development of Mungbean
Core and Mini-Core

Core and mini-core are the output of characteri-
zation and evaluation of a large set of ex situ
collections of any crop germplasm. The core
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concept was first given by Frankel (1984) with
the objective of enhancing germplasm utilization
efficiency particularly in crops with large number
of ex situ collections where the selection of
suitable germplasm for breeding and research
becomes a difficult task. Till date, two cores have
been developed in mungbean. First mungbean
core was developed by NBPGR utilizing its
1,532 ex situ collections available by that time in
National Genebank (Bisht et al. 1998a). A subset
of 152 accessions was developed based on 38
agro-morphological descriptors. AVRDC-The
World Vegetable Center, Taiwan, has devel-
oped another mungbean core of 1,481 accessions
from 5,234 global mungbean collections con-
served in its genebank (Schafleitmer et al. 2015).
This core was developed by random selection of

20% of the accessions after geographical strati-
fication and cluster analysis of eight phenotypic
traits. Further to bring down this number to a
more workable size, entire 1,481 core accessions
were genotyped using 20 simple sequence
repeats (SSRs) and a mini-core set of 296
accessions was developed.

2.6 Mungbean Varietal
Development Programs

Germplasm evaluation and characterization have
significantly contributed to the crop improvement
and varietal release through direct selection or as
donor in biparental crossing programs. At the
inception of mungbean varietal development

Table 2.3 Phenotypic
variation available in
cultivated mungbean gene
pool

Trait Range Phenotypic CV (%)

Primary leaf length (cm) # 3.3–6.4 10.64

Primary leaf width (cm) # 1.1–2.8 13.38

Terminal leaf length (cm) 5.0–13.6 20.9

Terminal leaf width (cm) 1.5–12.9 21.06

Petiole length (cm) 1.0–25.0 38.34

No. of primary branches 1.0–9.0 34.37

Nodulation 0.0–98 76.39

First pod bearing node 2.0–8.0 7.62

No. of pod bearing peduncle 2.0–36.0 52.61

Plant height at flowering (cm) # 9.0–68.0 28.21

Plant height at maturity (cm) # 12.0–94.0 30.14

Days to initial flowering 24.0–80.0 15.01

Days to 50% flowering # 39.0–73.0 8.79

Days to 50% flowering 25.0–90.0 14.50

Flowering period 5.00–50.00 32.92

Days to initial maturity 37.0–90.0 11.13

Days to 80% maturity 48.0–110.0 11.16

Pod length (cm) 5.0–16.0 14.95

Pod length (cm) # 5.0–17.1 13.75

Number of seeds per pod 5.0–17.0 13.12

Number of seeds per pod # 5.8–15.4 11.29

100 seed weight (g) 1.58–7.89 30.18

100 seed weight (g) # 2.027–7.58 24.6

Source Catalogs of NBPGR and recently mungbean characterization unpublished data
#Mungbean characterization data from AVRDC-The World Vegetable Centre
(Schafleitner et al. 2015)
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programs, mungbean varieties were mainly
released by selection and purification of lan-
draces (Singh et al. 2016). However, Indian
National Agricultural Research System (NARS)
lead by All India Coordinated Research Project
(AICRP) took systematic efforts and several
varieties were developed through extensive
nationwide crossing programs. This resulted in
significant yield enhancement despite the spread
of several devastating diseases like MYMD, leaf
crinkle, powdery mildew, etc. As a result, till
2018 total 108 mungbean varieties have been
released in India among which 52 are released by
Central Variety Release Committee (CVRC) and
56 are released by State Variety Release Com-
mittees (SVRCs) (Project Coordinator, AICRP
on MULLaRP report, 2018). Parallel to Indian
mungbean improvement programs, there are
other countries like Australia, Bangladesh,
Myanmar, Pakistan, Philippines, Taiwan, China,
Thailand, etc., where significant work has been
done in mungbean. AVRDC-The World Vege-
table Centre, Taiwan, is heading international
mungbean improvement programs. Several vari-
eties have been released worldwide from national
programs or through International Mungbean
Improvement Network program of AVRDC
(Shanmugasundaram et al. 2009).

Traditional mungbean cultivars have multiple
drawbacks like seed shattering, indeterminate
growth habit, small seed, highly prone to dis-
eases like mungbean yellow mosaic virus disease
(MYMD), and long maturity period of usually
90–110 days (Shanmugasundaram et al. 2009).
Due to these constraints, mungbean yield in tra-
ditional farming systems could not reach beyond
400 kg/ha. However, diverse germplasm utiliza-
tion in breeding programs has led to the devel-
opment of several mungbean varieties having
yield potential over 2.0 tones/ha with other
desirable traits. AICRP on MULLaRP has been
very instrumental in improving this Indian origin
crop in the country. Mungbean varieties for
several traits like early and synchronous matu-
rity, pod length, MYMD resistance, bold seed,
storage quality, summer season and regional
environment specific as well as varieties of wider
adaptability, etc., have been released and are in

process of development. Recently, a mungbean
variety Virat (IPM 205-7) developed, from a
cross between IPM2-1 and EC398889, matures
within 52–55 days and gives average yield of 1–
1.2 tones/ha. Similarly, there are other varieties
like Shikha (IPM410-3), Kanika (IPM 302-2),
and Varsha (IPM 2K14-9) which yield 1.2–
1.4 tons/ha and have wider adaptability.

2.7 Mungbean Crop Wild Relatives
(CWRs) and Their Utilization

Mungbean crop wild relatives are distributed
throughout the Asian countries (Fig. 2.5). Indian
gene center harbors several Vigna wild species
like V. radiata var. sublobata, V. umbellata, V.
vexillata, V. aconitifolia, V. trilobata, V. stipu-
lacea, V. dalzelliana, V. trinervia var. bourneae,
V. mungo var. sylvestris, V. khandalensis, V.
hainiana, V. pilosa, V. grandis, V. marina, V.
capensis, V. angularis var. nipponensis, etc. Over
2,000 collections of wild Vigna species are con-
served ex situ in Indian National Genebank at
ICAR-NBPGR, New Delhi (Table 2.4). Few of
the Vigna species like V. aconitifolia and V.
umbellata are found both as wild and cultivated
forms and are under active cultivation in many
Indian states. Apart from being a genetic
resource, Vigna CWRs play other important roles;
they are used for various purposes like food grain
(V. marina, V. umbellata, V. stipulacea, V. trilo-
bata), green pods (V. umbellata, V. minima, V.
subterranea), forage (V. luteola), green manure
(V. hosei, V. parkeri, V. stipulacea), tubers (V.
adenatha, V. vexillata, V. ambacensis, V.
angivensis, V. fischeri, V. monophylla, V. reticu-
lata), cover crop (Vigna trinervia), ornamental
(V. caracalla), etc., and many times these have
multiple uses (Tomooka et al. 2011).

Vigna wild relatives inhabit extreme and
diverse environments like dry harsh (V. aconiti-
folia and V. aridicola), sandy saline seashore (V.
marina), swampy marshland habitat (V. luteola
and V. adenantha), limestone outcrops (V. exilis),
high altitudes (V. angularis var. nipponensis and
Vigna nakashimae) which shows that Vigna
CWRs are goldmines for adaptive traits to
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improve cultivated Vigna species against all
major abiotic stresses. Vigna CWRs are also rich
source of resistance for several biotic stresses
like V. umbellata, and V. radiata var. sublobata
used for breeding MYMD-resistant mungbean
varieties (Pandiyan et al. 2008; Sudha et al.
2013a, b; Sudha et al. 2015; Pratap et al. 2014a).
V. vexillata possess resistance for cowpea mottle
carmovirus (Ogundiwin et al. 2002) and legume
pod borer Maruca vitrata (Jackai et al. 1996).
Powdery mildew resistance is available in V.
stipulacea (Tomooka et al. 2006). Storage insect
pest is a major factor for postharvest losses in
pulses, and mungbean is highly susceptible to
storage pests. However, mungbean CWRs like V.
umbellata, V. minima, V. vexillata, V. reticulata,
V. oblongifolia, V. luteola, V. reflexo-pilosa, V.
umbellata, V. minima, and V. radiata var.
sublobata are identified as resistant for major
storage pests like cowpea weevil (Calloso-
bruchus maculatus), adzuki bean weevil (C.
chinensis), and storage weevil (Callosobruchus

analis) (Fujii and Miyazaki 1987; Tomooka et al.
1992; Tomooka et al. 2000; Kashiwaba et al.
2003). V. umbellata and V. glabrescens are
reported to possess photo-thermo–insensitivity
(Pratap et al. 2014b) a very much important trait
for expanding mungbean cultivation in
non-traditional areas and crop rotations.

Recently, it was realized that mungbean vari-
etal genetic base is very narrow as very limited
variability is used in mungbean varietal develop-
ment programs. The pedigree information of most
of the breeders’ varieties released indicate that
varieties are being bred using breeders’ varieties,
and only few of them are released using new
sources of germplasm. Evaluation of entire col-
lections of mungbean germplasm at ICAR-
NBPGR including global mungbean mini-core
developed by World Vegetable Center (unpub-
lished data) during kharif 2016 and 2018 indicated
that only a few of the accessions were resistant to
MYMD (the most devastating disease of mung-
bean) within cultivated gene pool of mungbean.

Fig. 2.5 Taxon richness of CWRs of V. radiata. Source https://www.cwrdiversity.org/
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However, recent developments in mungbean
genomics and use of wild Vigna CWRs in
pre-breeding programs are good sign for the
crop. Mungbean varieties are being bred utilizing
cross-compatible Vigna CWRs. HUM 1, Pant
Moong 4, IPM99-125, IPM 205–7, and IPM 4094
are few recently released varieties which were

developed from Vigna radiata � Vigna mungo
crosses (Pratap et al. 2014a). There are some other
Vigna species likeV. umbellata,V. glabrescens,V.
trilobata, V. radiata var. sublobata, V. mungo var.
sylvestris, etc., which are currently being used in
mungbean varietal development programs, but till
now only limited success could be achieved.

Table 2.4 Vigna species and their distribution in Indian subcontinent

Species Indian
collections

Distribution (Indian states)

V. aconitifolia 2,629 Rajasthan, Gujarat, Odisha, Haryana, Maharashtra

V. adenantha 1 Coastal areas along the banks of backwaters, Kerala

V. angularis var.
nipponensis

9 Arunachal Pradesh, Mizoram, Nagaland

V. capensis 11 Eastern and Western Himalaya

V. dalzelliana 65 Karnataka, Kerala

V. hainiana 16 Madhya Pradesh, Himachal Pradesh, Maharashtra

V. indica – Gujarat, Karnataka, Madhya Pradesh, Maharashtra, and Rajasthan

V. khandalensis 12 Maharashtra

V. konkanensis – Maharashtra

V. marina 3 Andaman and Nicobar islands, Kerala

V. minima 6 Andhra Pradesh, Goa, Gujarat, Rajasthan

V. mungo var.
silvestris

20 Goa, Karnataka, Kerala, Madhya Pradesh, Maharashtra, Odisha, Rajasthan,
Tamil Nadu

V. nepalensis 3 Nagaland

V. pilosa 18 Kerala, Karnataka

V. radiata var.
setulosa

11 Kerala, Maharashtra, West Bengal

V. radiata var.
sublobata

282 Andhra Pradesh, Goa, Himachal Pradesh, Karnataka, Kerala, Madhya
Pradesh, Maharashtra, Odisha, Rajasthan, Tamil Nadu

V. sahyadriana – Northern Western Ghats (Maharashtra)

V. stipulacea 6 Tamil Nadu, Kerala, Madhya Pradesh, Chhattisgarh, Maharashtra, Odisha,
Rajasthan, Tamil Nadu

V. subramaniana – Himachal Pradesh, Kerala, Punjab

V. trilobata 182 Andhra Pradesh, Karnataka, Kerala, Rajasthan, Tamil Nadu

V. trinervia 5 Odisha

V. trinervia var.
bourneae

30 Goa, Karnataka, Tamil Nadu

V. umbellata 2,933 Arunachal Pradesh, Karnataka, Assam, Meghalaya, Nagaland, Himachal
Pradesh, Uttarakhand, Jharkhand, West Bengal

V. vexillata 115 Andhra Pradesh, Goa, Himachal Pradesh, Kerala, Maharashtra

V. wightii 4 Kerala

Information not available in National Genebank portal (http://pgrportal.nbpgr.ernet.in)
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2.8 Mungbean Genomic Resources
and Their Importance

Genomics tools and genomic resources have
become very essential part of crop improvement
and genetic resources management programs.
Since the last decade, there has been tremendous
development in genomics technologies and these
tools are helping in identifications of genes/QTLs
for all kind of traits, introgression of traits,
shortening of breeding cycles, development of
new and ideal plant types, development of new
variations through utilizing alien species or
through mutational approaches, etc. Similarly,
the genomics is playing great role in plant
germplasm management. For example, DNA
fingerprinting and bar coding of varieties and
other novel germplasm are using set of molecular
markers which helps in avoiding misuse of
breeders’ and farmers’ material. Genotyping of
conserved genebank material helps in identifying
duplicates and saves waste of resources in
germplasm maintenance. Diversity analysis of
on-farm germplasm across the regions or globes
and comparison with the conserved genebank
collections helps in making strategy for future
collections. There are several such applications
of genomics where it is playing complementary
roles in crop improvement and germplasm
management.

In addition to nutritional qualities, certain traits
of mungbean like small genome size, short life
cycle, self-pollinating, and close genetic rela-
tionship with many other legume species make it
a suitable model organism for genetic studies
(Kim et al. 2015). Complete de novo genome
sequencing of cultivated mungbean (V. radi-
ata var. radiata, VC1973A) (Kang et al.
2014) and its wild relative (V. radiata
var. sublobata TC1966) and de novo assembly of
RNA-seq data of 22 accessions of other
18 Vigna species which was completed during
2014 itself highlights the importance of the
mungbean crop. Not only the genomic DNA
information but cytoplasmic genomes of mung-
bean were also decoded. Sequencing of chloro-
plast genome was done by Tangphatsornruang
et al. (2009) while mitochondrial genome was

sequenced by Lin et al. (2016). Once the whole
genome sequencing (WGS) and transcriptome
sequence data are available, genetic and genomic
studies become easier. The genomic sequence
information becomes the raw material for several
studies like genome annotations, genome-wide
association mapping (GWAS), development of
genome-wide DNA markers, development of
saturated linkage map, gene tagging, identifica-
tion of other genomic information like small
RNAs, microRNAs, transposons, etc. WGS of
other related Vigna species like V. unguiculata
(Cowpea Modern Breeding Consortium) and V.
angularis (Kang et al. 2015) can further fasten
comparative genomics studies in mungbean.
Annotation of transcriptome sequences for func-
tional genes has been carried out in mungbean
(Moe et al. 2011; Gupta et al. 2014; Chen et al.
2015), and DNA sequence-based markers like
SNPs and EST-SSRs were developed. Earlier to
advancement in genome sequencing technolo-
gies, several DNA-based molecular markers were
also developed (Kaga et al. 2000; Barkley et al.
2008), and they are still being used particularly
which are linked to a trait of interest (Schafleitner
et al. 2016). These markers were also used in
making linkage mapping, and markers were
linked to loci governing important traits like seed
weight, seed coat color, resistance for powdery
mildew, YMV, bruchids, Cercospora leaf spot
(Kim et al. 2015). Recent update on Vigna radi-
ata in NCBI database indicates that there are three
assemblies for three genotypes viz. VC1973A,
RIL59, and Kamphaeng Saen 1; however, only
one (VC1973A) assembly was converted to dis-
crete linkage groups of the mungbean genome.
There are total 30,060 annotated genes, 49,192
identified proteins, and 135,798 SNPs available
in the database.

2.9 Future Prospects
and Challenges

Mungbean is one of the highest priced pulse
crops. The cultivation area is consistently
increasing across the globe. However, potential
yield of the crop could not be realized due to its
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highly prone nature toward several devastating
diseases, insect pests, and abiotic stresses like
waterlogging, low moisture, and terminal heat in
summer mung. Thermo- and photo-sensitivity is
another major concern. Several superior varieties
have been bred, but the process of breeding has
narrowed the genetic base of the cultivated
mungbean gene pool. Present germplasm
screening studies show that resistance sources for
disease like MYMD are not available in entire
mungbean germplasm. Now broadening the
genetic base along with continuing traditional
breeding programs has become a challenge for
mungbean crop improvement programs. The rich
genetic resources of mungbean crop wild rela-
tives like V. umbellata, V. trilobata, V. glabras-
cens, V. radiata var. sublobata, V. mungo var.
sylvestris, V. aconitifolia, V. marina, etc., can
play a very important role in the crop improve-
ment. Conserved diversity, genomic resources,
and advanced genomic tools are of immense
importance in achieving the potential yield.
Focus is on targeted germplasm collection based
on gap analysis, geo-referencing of all the
indigenous germplasm/superimposing it with soil
and climate maps and generation of robust cores
based on high-throughput genomic resources and
phenotypic traits.
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3Taxonomy of Mungbean and Its
Relatives

Yu Takahashi and Norihiko Tomooka

Abstract
This chapter reviews the taxonomic treatment
of mungbean (Vigna radiata) and its relatives
and presents photographs of key characters and
a phylogenetic tree. After Tomooka et al.
(2002a) listed 21 species in the subgenus
Ceratotropis, six new species have been
described. Phylogenetic analysis revealed the
positions of two new species, Vigna indica and
Vigna sahyadriana, but the remaining four new
species, Vigna konkanensis, Vigna pandeyana,
Vigna sathishiana, and Vigna yadavii still need
to be analyzed. We transferred Vigna subra-
maniana from the section Ceratotropis to
section Aconitifoliae. Two unidentified gene
bank accessions, NI1135 and JP245506, have
been referred for assessment with regard to the
relationships with the new species. The gene
pool for mungbean has been expanded from
Tomooka et al. (2005), with special emphasis
on Vigna vexillata and NI1135. Drought and
salt stress studies are cited to show the impor-
tance of systematic screening for stress toler-
ances, which is the first step toward exploiting
novel genes expected in wild relatives.

3.1 Introduction

This chapter outlines the taxonomic treatment of
mungbean (Vigna radiata (L.) Wilczek) and its
gene pool with some comments on newly descri-
bed species after Tomooka et al. (2002a). Genus
Vigna Savi includes nine crop species that are
cultivated mainly for human food or as animal
feed in tropical to temperate regions. More than 80
species have been described in Vigna, and they are
expected to include wild species with tolerance (or
resistance) to external stresses, such as drought,
salinity, acidity, alkalinity, disease, and pests.
Most wild Vigna species have the same number of
chromosomes as the Vigna crop species and can
be crossed both within and/or between species.
Therefore, they may represent sources of genetic
material that can be used to transfer stress toler-
ance to crops. In recent years, Vigna has been
taxonomically revised and new species have been
described. Therefore, it is necessary to reconsider
taxonomic systems and gene pools, including for
these newly described species.

3.2 Genus Vigna Savi

There has been confusion regarding the taxonomy
of genera Vigna Savi and Phaseolus L., which are
closely related to each other in the family Faba-
ceae and have been repeatedly revised. Savi
(1824) erected genus Vigna for the type species
Vigna luteola (Jacq.) Benth. Then De Candolle
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(1825) listed mungbean as Phaseolus with the
common bean (Phaseolus vulgaris L.). Wilczek
(1954) then transferred mungbean to Vigna based
on the morphology of its stipule and style beak.
Verdcourt (1970) proposed a narrower definition
for Phaseolus, which only retained the American
species, and a broader definition for Vigna
including eight new subgenera. He classified the
cowpea Vigna unguiculata (L.) Walp. in the
subgenus Vigna and mungbean in subgenus
Ceratotropis (Fig. 3.1). Marechal et al. (1978)
followed this proposal but classified Vigna into

seven subgenera. Stipule, tubercle, keel, and style
beak were provided as diagnostic traits for dis-
tinguishing between Vigna and Phaseolus (re-
viewed by Tomooka et al. 2002a, 2011).
Subsequently, phylogenetic studies reduced the
number of subgenera in Vigna to five; Thulin
et al. (2004) transferred the subgenus Macro-
rhynchus from genus Vigna and established a new
genus Wajira, and Delgado-Salinas et al. (2011)
split subgenus Sigmoidotropis into several dis-
tinct genera inhabiting the Americas. Conversely,
the number of species in Phaseolus has increased
from 31 (Marechal et al. 1978) to 76 (Freytag and
Debouck 2002). Therefore, it is necessary to
revise the diagnostic characteristics of Vigna and
other related genera.

At present, Vigna is divided into five sub-
genera: Ceratotropis, Haydonia, Lasiospron,
Plectrotropis, and Vigna. Three of the subgenera
include crop species: Plectrotropis and Vigna,
which originated in Africa, include cowpea,
Bambara nut (Vigna subterranea (L.) Verdc.),
and tuber cowpea (Vigna vexillata (L.) A. Rich.),
and Ceratotropis, which originated in Asia,
includes mungbean and five other crops
(Fig. 3.2).

Family Fabaceae

Genus Vigna

Vigna radiata

Section Ceratotropis

Subgenus Ceratotropis

var. radiata
var. sublobata

Fig. 3.1 Higher taxonomic ranks and intraspecific vari-
eties of mungbean (Vigna radiata) referred in this chapter

Black gram
(V. mungo)

Mungbean
(V. radiata)

Moth bean
(V. aconitifolia)

Rice bean
(V. umbellata)

Azuki bean
(V. angularis)

Creole bean
(V. reflexo-pilosa)

Tuber cowpea
(V. vexillata)

Cowpea
(V. unguiculata)

Bambara nut
(V. subterranea)

Fig. 3.2 Typical seeds of
nine Vigna crop species
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3.3 Subgenus Ceratotropis (Piper)
Verdcourt

Relatively few specimens from Southeast Asia
are housed in the European herbariums, which
delayed the establishment of the taxonomic sys-
tem for Asian Vigna, subgenus Ceratotropis.
Piper and Morse (1914) originally erected Cer-
atotropis in Phaseolus, and then Verdcourt
(1969) transferred it to genus Vigna. Marechal
et al. (1978) described 17 species in Ceratotropis
based on a survey of European herbariums;
Tomooka et al. (2002a) listed 21 species and
established three sections: Aconitifoliae, Cera-
totropis, and Angulares. They accepted 17 of the
species listed by Marechal et al. (1978) and
added four new species described by Tateishi and
Maxted (2002) and Tomooka et al. (2002b).

Species in subgenus Ceratotropis have yellow
flowers, a keel curled to the left between 160°
and 360°, and a peltate stipule (Fig. 3.3). The
germination pattern and the presence or absence
of appendage on standard and petiole of primary
leaves were provided as diagnostic characters for
identifying sections (Table 3.1, Fig. 3.3). Sec-
tion Aconitifoliae includes the moth bean (Vigna
aconitifolia (Jacq.) Marechal) and is found
mainly in South Asia characterized by the
absence of the appendage on standard and epi-
geal germination. Since Vigna stipulacea (Lam.)
Kuntze in section Aconitifoliae has been recog-
nized as showing hypogeal germination
(Tomooka et al. 2002a; Javadi et al. 2011; Kang
et al. 2014), section Aconitifoliae was considered
to include species with epigeal and hypogeal
germination. However, the elongation of the
hypocotyl in V. stipulacea indicates epigeal
germination, and the cotyledons usually appear at
the ground surface level during germination
(Fig. 3.3). Therefore, section Aconitifoliae con-
tains only species with epigeal germination
(Table 3.1). Section Ceratotropis includes
mungbean and black gram (Vigna mungo (L.)
Hepper) and is found mainly in South Asia to
Southeast Asia characterized by the presence of
the appendage on standard, epigeal germination,
and sessile primary leaves. Section Angulares
includes adzuki bean (Vigna angularis (Willd.)

Ohwi et Ohashi), rice bean (Vigna umbellata
(Thunb.) Ohwi et Ohashi), and creole bean
(Vigna reflexo-pilosa Hayata) and is found
mainly in Southeast Asia to East Asia charac-
terized by the presence of the appendage on
standard, hypogeal germination, and petiolate
primary leaves.

Recently, six new species have been described
in subgenus Ceratotropis from India (Dixit et al.
2011; Aitawade et al. 2012; Gaikwad et al. 2014;
Latha et al. 2014; Gaikwad et al. 2015; Balan
et al. 2017). Of the species described, Takahashi
et al. (2016) accepted Vigna indica T. M. Dixit,
K. V. Bhat et S. R. Yadav and Vigna sahyadri-
ana Aitawade, K. V. Bhat et S. R. Yadav as
distinct species based on DNA sequences and
listed 23 species in subgenus Ceratotropis as
‘Validated’ (Table 3.2). Three of the remaining
four recently described species, Vigna sathishi-
ana A. P. Balan et S. V. Predeep, Vigna konka-
nensis Latha, K. V. Bhat, I. S. Bisht, Scariah,
Joseph John et Krishnaraj, and Vigna pandeyana
R. D. Gore, S. P. Gaikwad et S. D. Randive, are
classified in section Ceratotropis, and the fourth,
Vigna yadavii S. P. Gaikwad, R. D. Gore, S.
D. Randive et K. U. Garad, is classified in sec-
tion Angulares based on morphology. However,
their genetic distinctness has not been clarified
and thus is listed in Table 3.2 as ‘Unknown.’

3.3.1 Section Ceratotropis
N. Tomooka et Maxted

Tomooka et al. (2002a) classified Vigna grand-
iflora (Prain) Tateishi et Maxted, V. mungo, V.
radiata, and Vigna subramaniana (Babu ex
Raizada) Raizada in section Ceratotropis. Aita-
wade et al. (2012) described V. sahyadriana in
section Ceratotropis, and this classification was
confirmed by Takahashi et al. (2018a) with
molecular phylogenetics, who also transferred
V. subramaniana from section Ceratotropis to
section Aconitifoliae. Therefore, the authors
recognize four species in section Ceratotropis: V.
grandiflora, V. mungo, V. radiata, and V.
sahyadriana. Vigna trinervia (Heyne ex Wight et
Arn.) Tateishi et Maxted was classified in section
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Fig. 3.3 Photographs of diagnostic characters for distin-
guishing three sections. Ac: section Aconitifoliae. Ce:
section Ceratotropis. An: section Angulares. Black
arrows indicate the presence of an appendage on standard.
White arrows indicate the position of cotyledon showing

epigeal germination. Scale bar for ‘Flower’ and ‘Stan-
dard’ photographs: 2 mm. Scale in ‘Germination’ pho-
tographs indicates 1 cm order. Scale in ‘Style’
photographs: 1 mm
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Angulares based on its hypogeal germination and
petiolate primary leaves (Fig. 3.3) but was clus-
tered with the above four Ceratotropis species in
a molecular phylogenetic tree (Fig. 3.4). Since V.
trinervia also exhibits the characteristics of sec-
tion Ceratotropis, such as pubescent pods and a
dull seed coat, it might be necessary to revise the
diagnostic characters used for section classifica-
tion in the future.

3.3.1.1 Vigna radiata (L.) Wilczek
Linnaeus (1753), the founder of binominal
nomenclature, originally named the domesticated
mungbean Phaseolus radiatus L., and Roxburgh
(1832) named the wild mungbean Phaseolus
sublobatus Roxb. This was reviewed by Hara
(1955), who stated: ‘Thus I conclude that the
name P. radiatus Linnaeus should be applied to
the Mungbean, in the same manner as Prain and
others have already interpreted it, and that
P. sublobatus Roxb. is its wild variety.’
Nonetheless, Hara used the name P. radiatus var.
setulosus (Dalz.) Hara comb. nov. for the wild
variety of mungbean in the same publication and
listed P. sublobatus Roxb. nom. nud. as a syn-
onym. Hara (1955) probably considered
P. sublobatus Roxb. to be nom. nud. because he
could not find the type specimen of P. sublobatus
Roxb. neither in the Royal Botanic Gardens,
Kew, nor the Natural History Museum, London.
Ohwi and Ohashi (1969) described V. radiata
(L.) Wilczek var. setulosa (Dalz.) Ohwi et Oha-
shi comb. nov. by citing P. sublobatus in Rox-
burgh (1832) and P. setulosus Roxb. as its
synonyms. However, a Kew botanist described
V. radiata (L.) Wilczek var. sublobata (Roxb.)
Verdc. comb. & stat. nov. based on P. sublobatus
Roxb. (Verdcourt 1970). Takahashi et al. (2018a)
considered V. radiata var. sublobata as the cor-
rect name for wild mungbean because

P. sublobatus Roxb. has priority over P. setulo-
sus Dalz., accepting the treatment of P. subloba-
tus Roxb. as the valid name by Dr. Verdcourt.
Until recently, most taxonomists were unable to
distinguish wild mungbean from V. grandiflora
and/or V. trinervia (reviewed by Takahashi et al.
2018a).

Domesticated mungbean and wild mungbean
were proposed to be different species by Bairig-
anjan et al. (1985). However, they are cross-
compatible with each other and are clustered in
the phylogenetic tree (Takahashi et al. 2016).
Therefore, we considered it appropriate to distin-
guish them as varieties (Takahashi et al. 2018a).

For those reasons, we considered that the
correct name for domesticated mungbean is V.
radiata (L.) Wilczek var. radiata and that the
correct name for wild mungbean is V. radiata
(L.) Wilczek var. sublobata (Roxb.) Verdc.

3.3.2 New Species of the Subgenus
Ceratotropis

3.3.2.1 Vigna sathishiana A. P. Balan et
S. V. Predeep

The holotype of V. sathishiana was found in
Kerala in southwestern India, and it has smaller
organs and different pollen grain morphologies
compared with wild mungbean (Balan et al.
2017). We found that V. sathishiana is similar to
NI1135 collected at an altitude of 1650 m in
Himachal Pradesh in northern India (Fig. 3.5).
Tomooka et al. (2002a) misidentified NI1135 as
V. subramaniana, and thus, V. subramaniana
was assigned to section Ceratotropis. Takahashi
et al. (2018a) reported NI1135 as a candidate
new species that is most closely related to wild
mungbean but has its own distinct rDNA-ITS
sequences (Fig. 3.4). As a result of artificial

Table 3.1 Diagnostic
characters for
distinguishing three
sections in the subgenus
Ceratotropis

Characters Section

Aconitifoliae Ceratotropis Angulares

Appendage on standard Absent Present Present

Germination Epigeal Epigeal Hypogeal

Primary leaves Both Sessile Petiolate
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Table 3.2 Described species in the subgenus Ceratotropis

Section Scientific name and original description Statusa

Aconitifoliae Vigna aconitifolia (Jacq.) Marechal
in Bulletin du Jardin Botanique National de Belgique 39:160 (1969)

Validated

Vigna aridicola N. Tomooka et Maxted
in Kew Bulletin 57:613 (2002)

Validated

Vigna indica T. M. Dixit, K. V. Bhat et S. R. Yadav
in Rheedea 21:1 (2012)

Validated

Vigna khandalensis (Santapau) Raghavan et Wadhwa
in Current Science 41:429 (1972)

Validated

Vigna stipulacea (Lam.) Kuntze
in Revisio generum plantarum 1:212 (1891)

Validated

Vigna subramaniana (Babu ex Raizada) Raizada
in Indian Journal of Forestry 3:133 (1980)

Validated

Vigna trilobata (L.) Verdc.
in Taxon 17:172 (1968)

Validated

Angulares Vigna angularis (Willd.) Ohwi et Ohashi
in Journal of Japanese Botany 44:29 (1969)

Validated

Vigna dalzelliana (Kuntze) Verdc.
in Kew Bulletin 24:558 (1970)

Validated

Vigna exilis Tateishi et Maxted
in Kew Bulletin 57:625 (2002)

Validated

Vigna hirtella Ridley
in Journal of the Federated Malay States Museums 10:132 (1920)

Validated

Vigna minima (Roxb.) Ohwi et Ohashi
in Journal of Japanese Botany 44:30 (1969)

Validated

Vigna nakashimae (Ohwi) Ohwi et H. Ohashi
in Journal of Japanese Botany 44:30 (1969)

Validated

Vigna nepalensis Tateishi et Maxted
in Kew Bulletin 57:629 (2002)

Validated

Vigna reflexo-pilosa Hayata
in Journal of college of science, Imperial University of Tokyo 30:82 (1911)

Validated

Vigna riukiuensis (Ohwi) Ohwi et Ohashi
in Journal of Japanese Botany 44:31 (1969)

Validated

Vigna tenuicaulis N. Tomooka et Maxted
in Kew Bulletin 57:617 (2002)

Validated

Vigna trinervia (Heyne ex Wight et Arn.) Tateishi et Maxted
in Kew Bulletin 57:633 (2002)

Validated

Vigna umbellata (Thunb.) Ohwi et Ohashi
in Journal of Japanese Botany 44:31 (1969)

Validated

Vigna yadavii S. P. Gaikwad, R. D. Gore, S. D. Randive et K. U. Garad
in Biodiversity Data Journal 2:e4281 (2014)

Unknown

Ceratotropis Vigna grandiflora (Prain) Tateishi et Maxted
in Kew Bulletin 57:632 (2002)

Validated

Vigna konkanensis Latha, K. V. Bhat, I. S. Bisht, Scariah, Joseph John et Krishnaraj
in Journal of Plant Taxonomy and Geography 69:49 (2014)

Unknown

Vigna mungo (L.) Hepper
in Kew Bulletin 11:128 (1956)

Validated

(continued)
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Table 3.2 (continued)

Section Scientific name and original description Statusa

Vigna pandeyana R. D. Gore, S. P. Gaikwad et S. D. Randive
in Biodiversity Data Journal 3:e4606 (2015)

Unknown

Vigna radiata (L.) Wilczek
in Flore du Congo Belge et du Ruanda-Urundi 6:386 (1954)

Validated

Vigna sahyadriana Aitawade, K. V. Bhat et S. R. Yadav
in Rheedea 22:1 (2012)

Validated

Vigna sathishiana A. P. Balan et S. V. Predeep
in Journal of Japanese Botany 92:194 (2017)

Unknown

aValidated Distinctness as an independent species had been validated using DNA sequences and morphology by the
authors of this chapter

V. trinervia*

V. radiata

JP245506**
NI1135**
V. mungo

V. sahyadriana

V. grandiflora

V. khandalensis

V. subramaniana

V. stipulacea

V. trilobata

V. indica

V. aconitifolia

V. aridicola

V. vexillata

V. unguiculata

V. subterranea

Subgenus
Ceratotropis

Subgenera
Plectrotropis
and Vigna

Section
Ceratotropis

Section
Angulares

Section
Aconitifoliae

V. angularis

V. umbellata

V. reflexo-pilosa

Other 10 species

Fig. 3.4 Phylogenetic tree of the species in the genus Vigna inferred from rDNA-ITS sequences. *Vigna trinervia was
classified to section Angulares based on its morphology. **JP245506 and NI1135 are the unidentified accessions
closely related to mungbean
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crossing between V. radiata and NI1135, we
were unable to obtain F1 seeds from crossing
some accessions of domesticated mungbean and
NI1135 but was able to obtain F1 seeds using
wild mungbean instead (Table 3.3). The F1
hybrid plants grew well but exhibited high levels
of sterility. However, BC1 seeds could be
obtained by backcrossing using domesticated
mungbean accessions. The observation of partial
sterility among cross-combinations revealed a
partial reproductive barrier between V. radiata
and NI1135. Thus, they are distinguishable in
molecularly phylogeny and have developed
under partial reproductive isolation from one
another. Since a partial DNA sequence of

NI1135 was deposited in DDBJ (rDNA-ITS:
LC064353, atpB-rbcL: LC064363), genetic
analysis of the holotype of V. sathishiana is
expected to reveal the relationship between V.
sathishiana and NI1135.

3.3.2.2 Vigna konkanensis Latha,
K. V. Bhat, I. S. Bisht,
Scariah, Joseph John et
Krishnaraj

Vigna konkanensis, which is distributed in
Maharashtra in Midwest India, is similar to wild
mungbean but has glabrous leaves, stems, and
inflorescences, and sparsely setose mature pods
(Latha et al. 2014). We found that morphological

V. radiata var. sublobata
JP107877 NI1135 JP245506
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Fig. 3.5 Photographs of Vigna radiata var. sublobata and the unidentified accessions. Scale in ‘Seed’ photographs
indicated 1 mm order. Scale bar for ‘Pod’ and ‘Flower’ photographs: 2 mm
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characters of V. konkanensis were similar to
those of the Indian wild Vigna accession
JP245506 (2008TN32 in Tomooka et al. 2008),
which has glabrous inflorescences and mature
pods, and sparsely setose leaves and stems
(Fig. 3.5). Takahashi et al. (2016, 2018a) esti-
mated the interspecific relationship based on
rDNA-ITS sequences and found that JP245506 is
most closely related to V. radiata (Fig. 3.4).
Since partial DNA sequences of JP245506 have
been deposited in DDBJ (rDNA-ITS: LC0643 54,
atpB-rbcL: LC064364), genetic analysis of the
holotype of V. konkanensis is expected to reveal
the relationship among V. konkanensis, V. radi-
ata, JP245506, and NI1135.

3.3.2.3 Vigna pandeyana R. D. Gore,
S. P. Gaikwad et
S. D. Randive

Vigna pandeyana, which is distributed in
Maharashtra, Midwest India, is characterized by
subterranean cleistogamous flowers (Gaikwad
et al. 2015). We classify V. pandeyana in sec-
tion Ceratotropis, because we identified the
presence of the appendage on standard, epigeal
germination, and sessile primary leaves in
photographs and line drawings (Gaikwad et al.
2015). We consider V. pandeyana to be most
closely related to V. mungo (L.) Hepper var.
silvestris Lukoki, Marechal et Otoul, because it
has a prominent hilum, lanceolate stipule,

Table 3.3 Hybridization between Vigna radiata and closely related accession NI1135

Female Male No. of pod
setting/crossing

Pod length
(mm)

Seeds
collected

Year

Direct cross using domesticated mungbean (Cultigen)

Cultigen (JP78923) NI1135 9/56 14–25 0 1998

Cultigen (JP31331) NI1135 6/16 20–34 0 2003

NI1135 Cultigen (JP78923) 0/11 – – 1998

Direct cross using wild mungbean (Wild)

Wild (JP107877) NI1135 3/8 27–50 24 1998

Wild (JP107877) NI1135 14/32 10–49 38 2015

Wild (JP107875) NI1135 0/7 – – 2003

Wild (JP107875) NI1135 0/73 – – 2015

Wild (JP226874) NI1135 14/26 10–55 11 2015

NI1135 Wild (JP107877) 0/3 – – 1998

NI1135 Wild (JP107877) 9/11 22–41 37
(sterile)

2015

NI1135 Wild (JP107875) 7/37 15–37 28
(sterile)

2015

NI1135 Wild (JP226874) 7/12 22–52 40 2015

Backcross using domesticated mungbean (Cultigen)

Cultigen (JP78923) F1
(JP107877 � NI1135)

0/3 – – 2003

Cultigen (JP31331) F1
(JP107877 � NI1135)

4/10 50–60 24 2003

F1 (JP107877 � NI1135) Cultigen (JP31331) 1/4 17 2 2003

BC1
[(JP107877 � NI1135) � JP31331]

Cultigen (JP31331) 5/28 31–58 21 2004
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densely pubescent short pods, and golden yel-
low flowers. It seems also to be closely related
to V. sahyadriana. However, Gaikwad et al.
(2015) compared this species only to Vigna
dalzelliana (Kuntze) Verdc. and V. yadavii in
section Angulares.

We now consider that V. pandiana could be an
intraspecific variation in V. mungo. In the moun-
tainous areas of Western Nepal, Takahashi et al.
(2017) came across plants of the wild adzuki bean
(“N43”, V. angularis (Willd.) Ohwi & Ohashi var.
nipponensis (Ohwi) Ohwi & Ohashi) in Surkhet
and plants of Vigna hirtella Ridley (“N68”) in
Doti, which seemed to have cleistogamous flow-
ers and shorter pods close to or under the ground
surface, while the same plants produced longer
pods on the aerial shoots. We considered this
dimorphic flower/pods formation near or under
the soil surface to be an ecological adaptation to
the sloped environment. Therefore, it is possible
that some populations of V. mungo var. silvestris
evolved these traits. Since partial sequences of
V. mungo var. silvestris collected in India have
been deposited in DDBJ (rDNA-ITS: LC064347,
atpB-rbcL: LC064357), genetic analysis of the
holotype of V. pandeyana is expected to reveal the
relationship among V. pandeyana, V. sahyadri-
ana, and V. mungo var. silvestris.

3.3.2.4 Vigna yadavii S. P. Gaikwad,
R. D. Gore, S. D. Randive
et K. U. Garad

Vigna yadavii, which is distributed in Maha-
rashtra and Karnataka in Midwest India, is sim-
ilar to V. dalzelliana, but differs in having
subterranean cleistogamous flowers and a linear
style beak (Gaikwad et al. 2014). We classify V.
yadavii in section Angulares, because it has an
appendage on standard, hypogeal germination,
and petiolate primary leaves, based on pho-
tographs and line drawings in Gaikwad et al.
(2014). The intraspecific variation of flowering
positions has not been sufficiently observed in V.
dalzelliana; therefore, we cannot deny the pos-
sibility that populations of V. dalzelliana with
subterranean cleistogamous flowers exist.
Tomooka et al. (2002a) listed a flat style beak as
a useful diagnostic character of V. dalzelliana.

However, we recently noticed that the style beaks
of Myanmar accessions (JP210811, JP210820)
are flat but that of an Indian accession (JP
235419) is linear in V. dalzelliana (Fig. 3.3).
Therefore, it is necessary to verify the distinct-
ness of V. yadavii and V. dalzelliana as different
species. Since partial DNA sequences of V.
dalzelliana collected in India have been depos-
ited in DDBJ (rDNA-ITS: LC081997, atpB-rbcL:
LC082249), genetic analysis of the holotype of
V. yadavii is expected in future studies.

3.4 Gene Pool Concept
for Mungbean

The gene pool concept is based on
cross-compatibility between a target crop and its
relatives and is useful for incorporating useful
traits into target crops (Harlan and De Wet 1971).
Tomooka et al. (2005) proposed the gene pool
concept of mungbean. Pandiyan et al. (2010)
succeeded in producing F1 hybrids of mungbean
crossed with 13 Vigna species showing different
levels of fertility. Surprisingly, they obtained F2
segregating generations in crosses between
mungbean and V. vexillata (subgenus Plec-
trotropis). For this reason, V. vexillata is newly
included in Gene pool 2 (Fig. 3.6).

The wild mungbean is placed in Gene pool 1.
We consider that most species in subgenus
Ceratotropis could be placed in Gene pool 2
because F2 or BC1 progenies could be produced
with some species in the three sections listed in
Fig. 3.6 (Egawa et al. 1996; Pandiyan et al.
2010). In section Ceratotropis, the accession
‘NI1135’ is placed in Gene pool 2. Although we
could not yet obtain fertile F1 hybrids between
‘NI1135’ and domesticated mungbean, F1
hybrids with different levels of fertility were
obtained when ‘NI1135’ was crossed with wild
mungbean accessions (Table 3.3).

In section Angulares, V. trinervia, Vigna
tenuicaulis N. Tomooka et Maxted, and V.
umbellata are placed in Gene pool 2 because F2
generation plants were obtained when they were
crossed with mungbean (Egawa et al. 1996; Pan-
diyan et al. 2010). In the hybrid of mungbean and

36 Y. Takahashi and N. Tomooka



V. tenuicaulis, a relatively high pod set (50%) was
observed; however, hybridized pods became
shriveled at around 20 days after pollination.
Embryo culture using immature seeds could suc-
cessfully produce nine F1 plants out of 13 rescued
embryos. However, the nine F1 plants were almost
completely sterile (average pollen stainability of
10.6%). Two F1 plants could bear one pod con-
taining one seed each. From two F2 seeds that
germinated, one F2 plant grew well, and average
pollen stainability in the first growing year (from
November 2004) was slightly increased (39.4%)
compared with that of F1 plants. Although this F2
plant could not produce F3 seeds in 2004, it started
bearing pods each containing a single F3 seed in
2005. The pollen stainability of the F2 plant in
February 2005 further increased to 89.9%.

In section Aconitifoliae, V. aconitifolia, Vigna
khandalensis (Santapau) Raghavan et Wadhwa,

V. stipulacea, and Vigna trilobata (L.) Verdc. are
placed in Gene pool 2 because F2 generations
were obtained when they were crossed with
mungbean (Pandiyan et al. 2010). Furthermore, it
is considered that the next generation can be
obtained by backcrossing, even in a combination
in which the F2 generation cannot be obtained
from the F1 hybrid.

Although no previous studies were found,
species in subgenera Haydonia, Lasiospron, and
Vigna are tentatively placed in Gene pool 3
(Other Vigna in Fig. 3.6). Most species, including
cowpea, have 2n = 22 chromosomes. However,
some species with 2n = 20 chromosomes have
been reported in subgenera Lasiospron and Vigna
(Sen and Bhowal 1960; Parida et al. 1990). The
progenies of hybrids between parents with dif-
ferent numbers of chromosomes frequently
become chromosomally unstable. Therefore, the

V. radiata
var. sublobata

Gene
pool

1

Gene
pool

2

Subgenus Ceratotropis
sec. Aconitifoliae
V. aconitifolia
V. khandalensis
V. stipulacea
V. trilobata

sec. Ceratotropis
V. mungo
NI1135

sec. Angulares
V. tenuicaulis
V. trinervia
V. umbellata

Subgenus Plectrotropis
V. vexillata

Other Vigna

Gene
pool

3

Fig. 3.6 Gene pool concept for mungbean. Modified
from Tomooka et al. (2005). Gene pool 1 constitutes the
biological species. Gene pool 2 includes species that can

cross and result in some level of fertility. Gene pool 3
includes species for which radical techniques are required
to transfer genes

3 Taxonomy of Mungbean and Its Relatives 37



priority for crossing trials is higher for 2n = 22
species. However, the chromosomes of all Vigna
species have not yet been observed, and it is
necessary to determine the number of chromo-
somes for all species, including any newly
described species.

3.5 Stress Tolerance of Mungbean
and Its Relatives

Previous reports are few on the beneficial traits of
species in genus Vigna, but there have been some
reports on their tolerance (or resistance) against
drought, salinity, acidity, alkalinity, disease, and
pests (reviewed by Tomooka et al. 2011, 2014).
Recently, Iseki et al. (2016, 2018) conducted
systematic screenings for drought and salt toler-
ance in 23 species in subgenus Ceratotropis and
some species in subgenera Plectrotropis and
Vigna. The accession with the highest relative
shoot dry weight under strong drought conditions
was NI1135, and a trade-off between drought
tolerance and growth rate (shoot dry weight) was
observed (Fig. 3.7a). Most of the segregated
progenies between mungbean and NI1135 are
presumed to be distributed on the curve shown in
Fig. 3.7a. We should try to select genotypes
distribute along the straight line in Fig. 3.7a.

An accession of the coastal species Vigna
riukiuensis (Ohwi) Ohwi et Ohashi in section
Angulares had the highest relative shoot dry
weight under 200 mM NaCl salt stress (Fig. 3.7
b; Iseki et al. 2016). However, they did not
include coastal species/accessions from section
Ceratotropis in their study, which might explain
the failure to detect salt-tolerant accessions
(Fig. 3.7b). Finding coastal species or ecotypes
belonging to section Ceratotropis is of high
priority for future field surveys. Although, to our
knowledge, there are no reports on the successful
hybridization of mungbean with V. riukiuensis,
successful hybridization is likely based on the
mungbean gene pool concept. Recently, an

ecotype of V. vexillata was collected on Okinawa
Island, Japan, that had adapted to saline coastal
cliffs environment (Takahashi et al. 2018b).

3.6 Future Perspectives

As reviewed in this chapter, six new species in
subgenus Ceratotropis of genus Vigna have been
described in the last 10 years. This demonstrates
that systematic field surveys to discover novel
genetic resources are an urgent task with high
priority. Some of the wild habitat that these
species inhabit will probably be lost in the near
future. Careful observation and description in the
field to reveal the ecological adaptations of wild
plants to their specific habitats might greatly
increase the value of germplasm resources. Dis-
covery of new Vigna species could expand gene
pool of related crop species. Taxonomic
description of a new species should be accom-
panied with genetic sequence data, which will
provide clarification of the distinctness and
phylogenetic relationship among closely related
taxa at the molecular level. Interspecific
hybridization research is of high priority to fur-
ther understand the gene pool concept of mung-
bean. The discovery of a crossable combination
expands the gene pool of mungbean, as was
demonstrated by the successful production of
fertile hybrids of mungbean and V. vexillata.
Systematic screening studies to detect useful
traits for breeding are recommended as the first
step toward exploiting novel genes in wild rela-
tives. A reasonable strategy might be to start
screening using germplasm including species
level diversity. Studies conducted by Iseki et al.
(2016, 2018) are good examples of interspecific
variations in Vigna. Exploitation of inter- and
intraspecific variation in useful traits of Vigna
could lead to the discovery of untapped valuable
gene(s) for improving closely related crops such
as mungbean. When useful wild germplasm is
crossed with crops, linebreeding (continuous
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backcrossing), which can be an onerous task, is
required to eliminate undesired traits and select
useful lines. We believe that it is worth the effort.
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Abstract
Mungbean is a highly self-pollinating diploid
species, with chromosome number of
2n = 22. Varietal improvement in mungbean
has benefited greatly from exemplary work
done in the past on determination of genetics
of key traits. Varietal introductions, pure line
selection, recombination breeding and muta-
genesis have been employed successfully in
developing varieties. Development of
high-yielding varieties with synchronous and
early maturity (about 60 days), determinate
growth habit, large-seed size, resistance to

diseases (powdery mildew, Cercospora leaf
spot and mungbean yellow mosaic disease)
through hybridization and mutagenesis was a
game changer in mungbean development.
This enabled the expansion of the crop
through good adoption by the farming com-
munity, particularly in Asia.

4.1 Introduction

This chapter covers information about the cytoge-
netics and nuclear DNA content in mungbean. The
floral biology and the crossing techniques com-
monly followed are briefly described. The genetics
of important agronomic traits and resistance to
stresses and the breeding methods employed for
varietal development have been discussed.

4.2 Cytogenetics

Mungbean (Vigna radiata (L.) Wilczek var. ra-
diata) is a diploid with somatic chromosome
number of 2n = 22. Numerous karyotyping
studies were conducted to estimate the dimen-
sions of the mungbean chromosome (Table 4.1).
Bhatnagar (1974) put forwarded 4Lsm + 4
Msm + 3Mm [L = long (2.7–3.5 µm), M =
medium (1.9–2.6 µm, sm = sub median cen-
tromere and m = median centromere)] as kary-
otype formula for mungbean.
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4.3 Nuclear DNA Content

The nuclear DNA (2C DNA) content of the
mungbean chromosome was estimated at 0.96 pg
and 1.42 pg by Murray et al. (1979) and John-
ston et al. (1999) respectively. It was assessed
that the haploid genome has approximately 470
Mbps by Murray et al. (1979) and 579 Mbps by
Arumuganathan and Earle (1991). Kang et al.
2014 constructed 421 Mb (80%) of the total
estimated V. radiata var. radiata genome and
identified 22,427 high-confidence protein-coding
genes and 160 Vigna gene clusters.

4.4 Floral Biology

Mungbean is a highly self-pollinated crop (cleis-
togamous) with 4–5% outcrossing (Van Rheenen
1964). It produces green to dark yellowish papil-
ionaceous flowers in terminal racemes or axillary
clusters on long peduncles. The flower is a her-
maphrodite having a gynoecium covered with a
diadelphous androecium (9 + 1), two keels, two
wings and one standard petal. Flower opening
occurs between 6:00 and 8:00 AM and continues
up to 11:00 AM. The standard crossing technique
involves emasculation in the evening and polli-
nation in the following morning (Boling et al.
1961; Singh and Malhotra 1975; Park and Yang

1978; Cupka and Edwards 1986; Khattak et al.
1998). However, crossing technique by emascu-
lation and pollination at the same time in the
morning can also be done (Tomooka et al. 2002).

4.5 Genetics of Traits

Classical genetic studies of mungbean com-
menced in the 1930s (Bose 1939). Fery (1980)
published a set of rules proposed for the genus
Vigna and a detailed literature review of the
genetics of mungbean. The most comprehensive
review on classical genetics of mungbean was
made nearly 20 years ago by Poehlman (1991).

4.5.1 Plant Type and Growth Habit

Mungbean genotypes can be erect, semi erect,
semispreading or twining. Sen and Ghosh (1959)
and Khattak et al. (1999) reported twining habit
under the control of a single dominant gene.
Pathak and Singh (1963) reported single reces-
sive gene for twining habit, while single domi-
nant gene for semi-spreading habit. Further,
single dominant gene for indeterminate growth
habit was reported by Talukdar and Talukdar
(2003), Isemura et al. (2012) and Li et al. (2018).
The gene controlling determinacy is named st-
det5.9.1 by Isemura et al. (2012) and VrDet1 by

Table 4.1 Morphology and dimensions of mungbean chromosome

Chromosome length
(µm)

Number of chromosomes with Reference

Total Range Median Submedian

Centromere Centromere Satellite

23.00 1.4–3.30 6 5 Krishnan and De (1965)

28.81 1.9–3.50 3 8 Bhatnagar et al. (1974)

11.97 0.8–1.39 Joseph and Bouwkamp (1978)

5 6 2 Bhattacharya (1979)

24.80 1.37–3.35 6 5 Sahai and Rana (1980)

37.40 1.0–2.8 6 5 Sarbhoy (1980)

15.95 1.24–2.04 3 8 3 Sharma and Gupta (1982)

24.90 1.6–3.5 5 6 2 Lavania and Lavania 1983

Source Kumar et al. (2006)
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Li et al. (2018). The causal mutation(s) in the
promoter region of the VrDet1 gene cause the
difference between the indeterminacy and deter-
minacy (Li et al. 2018). For days to maturity,
epistatic gene action is reported (Rao et al. 1984;
Malik and Singh 1983; Wilson et al. 1985).

4.5.2 Pigmentation

Pigmentation in mungbean can be observed on
hypocotyls, epicotyls, stem, leaf rachis, petiole and
peduncle. Purple hypocotyls are dominant over
purple spotted and green hypocotyls, and purple
spotted over green hypocotyls. Single dominant
gene ‘A’ for purple hypocotyl colour was reported
(Bose 1939). Sen and Ghosh (1958) designated ‘P’
gene for purple hypocotyls colour. Anthocyanin
pigmentation in peduncle, petiole, stem, hypocotyls
and epicotyls was reported to be governed by single
dominant gene (Pathak and Singh 1963; Van
Rheenen 1965; Verma andKrishi 1969;Misra et al.
1970; Virk and Verma 1977). Also, a single dom-
inant gene ‘Ppp1’ with pleiotropic effect control-
ling this trait was reported by Dwivedi and Singh
(1986). Van Rheenen (1965) proposed symbol ‘R’
for red colour of top of leaflet stalk, stem and
hypocotyls. Appa Rao and Jana (1973) reported
single recessive gene for peduncle, petiole, stem,
hypocotyls and epicotyls anthocyanin pigmenta-
tion. Anthocyanin in hypocotyls was reported to be
controlled by two supplementary genes viz. ‘Sh’
and ‘Ph’ with recessive epistatic interaction
(Mukherjee and Pradhan 2002).

4.5.3 Stem Traits

The inheritance of stem fasciation in mungbean
was reported to be controlled by single recessive
gene ‘fs1’ having a pleiotropic effect on the
number of floral organs (Dwivedi and Singh
1990). Malik and Singh (1983) reported epistatic
effects for higher branches per plant. Both addi-
tive and non-additive effects with preponderance
of additive effects have been reported for plant
height (Bhargava et al. 1966; Yohe and

Poehlman 1975; Lal et al. 1982; Malik and Singh
1983; Reddy and Sreeramulu 1982; Rao et al.
1984; Wilson et al. 1985).

4.5.4 Leaf Traits

Large, ovate, entire and lobed trifoliate leaves
have been observed inmungbean. Pentafoliate leaf
shape is known to be governed by a single gene
(Chhabra 1990). Soehendi et al. (2006) reported
that hybridization between large-heptafoliate
leaves and small-pentafoliate leaves mungbean
mutants resulting in F1 plants with normal trifoli-
ate leaves and F2 plants segregated in a 9 : 3 : 3 : 1
ratio of large-trifoliate : large-heptafoliate :
small-pentafoliate : small-heptafoliate leaves.
They proposed symbols N1, n1 and N2, n2 for
genes controlling leaflet number. Genotypes
N1_N2_, n1n1N2_, N1_n2n2 and n1n1n2n2 were
suggested for the above leaf traits, respectively
(Soehendi et al. 2006). Gene symbol A_ B_, A_bb,
aaB_ and aabb were suggested for dark green,
green, greenish yellow and pale green seed coats,
respectively. The results suggested that the genes
controlling leaflet size and leaflet number are
unlinked. Recently, mungbean mutant showing
unifoliate leaf has been identified (Jiao et al. 2019).
Unifoliate leaf is recessive to the normal trifoliate
leaf and is controlled by a single gene, designated
un (Jiao et al. 2019). Several researchers (Singh
and Mehta 1953; Pohle 1972; Ramamoorthi et al.
1994; Talukdar and Talukdar 2003; Singh 1980;
Chhabra 1990) have reported that lobed trifoliate
leaf is dominant over the entire leaf. However,
there are also reports of two dominant genes,
‘Tlb1’ and ‘Tlb2’ with duplicate gene action for
trilobed leaves (Sareen 1982). Narrow lanceolate
leaf is reported to be controlled by two recessive
genes, ‘nl1’ and ‘nl2’ (Dwivedi and Singh 1986).

4.5.5 Inflorescence/Flower Traits

Simple and compound inflorescence have been
reported in mungbean. Sen and Ghosh (1959)
reported simple inflorescence under control of
two dominant genes (Í1’ and Í2’), while double

4 Classical Genetics and Traditional Breeding in Mungbean 45



recessive homozygous genotypes result in com-
pound inflorescence. Singh and Singh (1971)
reported that single cluster per node is governed
by dominant gene ‘C’ and its recessive counter-
part ‘c’ governs three clusters per node. Mono-
genic recessive inheritance of induced sterility
was reported by Saini et al. (1974). Four colours
of standard petal have been recorded in mung-
bean. Light yellowish olive colour was dominant
to olive yellow colour and was designated by
gene ‘O’ (Bose 1939). Murty and Patel (1973)
proposed gene symbols Pg, Pb and Pn for allelic
series conditioning pale green yellow, bright
yellow and naphthalene yellow flower colour.
Additive gene action (Yohe and Poehlman 1975;
Luthra et al. 1979; Reddy and Sreeramulu 1982;
Rao et al. 1984; Malik and Singh 1983; Wilson
et al. 1985) and partial dominance (Luthra et al.
1979) have been reported for days to 50%
flowering.

4.5.6 Pod Traits

Verma and Krishi (1969) reported that pod
shattering is dominant to non-shattering and is
governed by a single gene. Singh et al. (1975)
reported that resistance to pod shattering in
interspecific cross as quantitative trait. Quantita-
tive genetic analysis revealed that pod shattering
is conditioned by two loci (Isemura et al. 2012).
Swollen pod-tip was reported dominant (gene
‘Tp’) over tapering pod-tip (Sen and Ghosh
1958). Khadilkar (1963) reported that
pod-pubescence is dominant which is also gov-
erned by independent duplicate genes. However,
a single dominant gene is reported controlling
plant pubescence trait (Murty and Patel 1973).
Additive gene effects (Singh and Jain 1971;
Singh and Singh 1971; Lal et al. 1982; Luthra
et al. 1979; Reddy and Sreeramulu 1982; Wilson
et al. 1985) and partial dominance (Malhotra
et al. 1980) have been reported for inheritance of
pod length. Mungbean mutant possessing twin
podded was generated by inducted mutation
using gamma ray (Dheeranupattana 1985). The
twin podded mutant also showed larger seed size

than the wild type. The twin podded is controlled
by two genes with dominant and recessive epis-
tasis (Dheeranupattana 1985).

4.5.7 Seed Traits

Two types of seed coat lustre are present in
mungbean, dull versus shiny. Dull seed coat is
dominant to shiny seed coat and is conditioned
by a single gene, designated D (Rheenen 1965).
Diversity for seed-coat colour (yellow, green,
amber, brown, yellow mosaic green mosaic, tan
and black) has been recorded in mungbean.
Black, black-spotted and dull-green seed-coat
colours were found to be dominant over green,
non-spotted and shiny green colour, respectively.
Khattak et al. (1999) and Lambrides et al. (2004)
reported monogenic inheritance for seed-coat
colour. Bose (1939) reported that two indepen-
dent dominant genes control the seed-coat colour
where gene ‘A’ conditions the green colour, while
gene ‘B’ conditions the dark green colour. Gene
symbol A_ B_, A_bb, aaB_ and aabb were sug-
gested for dark green, green, greenish yellow and
pale green seed coats, respectively. Chen et al.
(2001) suggested that the inheritance of black
and green seed colours was controlled by a single
gene (B), black being dominant over green. Sen
and Ghosh (1958) suggested that three gene pairs
‘BL’, ‘bf’ and ‘G’ condition blue sap colour, buff
sap colour and green chloroplast which together
define seed-coat colour. Rheenan (1965) reported
dominant allele ‘A’ and ‘Sp’ for green and
spotted seed coat. Four gene models (‘B’, ‘M’,
‘Br’ and ‘G’) were proposed by Murty and Patel
(1973) for defining genotypes for different
seed-coat colour. Further, five major genes with
non-allelic interactions were reported by Chhabra
et al. (1990). Thakare et al. (1980) identified a
green cotyledon mutant in mungbean from cul-
tivar S8 and found that green cotyledon is gov-
erned by single recessive gene ‘gc’.

Seed hardness in mungbean is reported to be a
dominant character which is governed by single
gene pair (Singh et al. 1983, 2005; Lawn et al.
1988), designated Hd1 Hd1 (Singh et al. 1983).
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QTL analysis revealed that four loci control
hardseededness (Humphry et al. 2005; Isemura
et al. 2012). The major locus on LG1 explained
up to 34% of the trait variation (Isemura et al.
2012). Additive gene effects (Bhargava et al.
1966; Singh and Jain 1971; Singh and Singh
1971; Yohe and Poehlman 1975; Reddy and
Sreeramulu 1982; Malik and Singh 1983; Rao
et al. 1984; Imrie et al. 1985; Wilson et al. 1985)
and dominance gene action (Singh and Singh
1971; Singh and Jain 1971 and Rao et al. 1984)
for seed weight have been reported. Apart from
these, four QTLs for seed weight were identified
by Alam et al. (2014b).

4.5.8 Photoperiod Response

Verma (1971) reported that photo insensitiveness
was dominant over the photo sensitiveness and
was governed by single gene. Tiwari and
Ramanujam (1976) observed dominance of ear-
liness and photo insensitivity in F1 generation.
However, in F2 generation, digenetic control was
observed. Swindell and Poehlman (1978) repor-
ted dominant or partially dominant gene for
sensitivity to photoperiod. Islam et al. (1998)
reported two recessive genes for photoperiod
sensitivity.

4.5.9 Yield Traits

Seed yield is important trait with complex
inheritance. Seed yield is associated with many
component traits that make direct and indirect
contribution to the ultimate response. Both
additive (Yohe and Poehlman 1975; Luthra et al.
1979; Reddy and Seeramulu 1982; Malik and
Singh 1983; Rao et al. 1984; Payasi 2015) and
non-additive genes (Singh and Jain 1971; Singh
and Singh 1971 Lal et al. 1982) and epistatic
interaction (Murty and Patel 1973; Singh and
Singh 1971) have been reported for seed yield in
mungbean. Further, partial dominance (Singh
and Jain 1971; Singh and Singh 1971; Rao et al.
1984) and overdominance (Malik and Singh

1983; Luthra et al. 1979) have also been reported
for seed yield. From the studies reported, it is
quite evident that seed yield is complex trait and
mode of inheritance varies with parent genotype.

Seed weight is a key trait contributing to seed
yield and affects consumer preference and pro-
cessing. Seed weight is principally under the
control of several genes with additive effects
(Yohe and Poehlman 1975; Imrie et al. 1985;
Wilson et al. 1985; Malik et al. 1986; Alam et al.
2014), although genes with dominant or over-
dominant effect are also reported for the trait
(Malik and Singh 1983; Rao et al. 1984; Luthra
et al. 1979).

Pods per plant is a key agronomic trait which
is found determined by additive gene action
(Bhargava et al. 1966; Singh and Jain 1971;
Yohe and Poehlman 1975; Malhotra et al. 1980,
Reddy and Sreeramulu 1982; Rao et al. 1984),
partial dominance to overdominance (Singh and
Jain 1971; Singh and Singh 1971 and Luthra
et al. 1979). Further, non-additive effects were
more pronounced than the additive effects for the
expression of this trait (Singh and Singh 1971;
Alam et al. 2014).

Seeds per pod is an important yield compo-
nent and additive gene action regulating this trait
has been reported by several researchers (Yohe
and Poehlman 1975; Luthra et al. 1979; Lal et al.
1982; Reddy and Sreeramulu 1982; Malhotra
1983; Alam et al. 2014). Also partial dominance
to overdominance (Singh and Jain 1971; Singh
and Singh 1971; Luthra et al. 1979) and epistasis
(Malik and Singh 1983) regulation for this trait
have been reported.

Pods per cluster is important determinant for
yield per plant. Additive effects (Bhargava et al.
1966; Malhotra et al. 1980; Reddy and Sreera-
mulu 1982; Malik and Singh 1983; Wilson et al.
1985) and partial to overdominance (Singh and
Singh 1971) are mainly reported for this trait.

4.5.9.1 Biotic and Abiotic Stress
Resistance

Although several insects and diseases attack and
cause yield reduction in mungbean, common
insects and diseases that have been extensively
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studied in mungbean, viz. bruchids (Calloso-
bruchus spp.), powdery mildew disease caused
by fungus Erysiphe polygoni, Cercospora leaf
spot disease caused by fungus Cercospora
canescens and MYMD caused by MYMV and
MYMIV. Resistance to these insect pests and
diseases are each controlled by single or a few
genes.

Bruchid resistance in mungbean is controlled
by a single dominant locus, Br, with few modi-
fying genes (Kitamura et al. 1988; Somta et al.
2007). The Br locus also confers resistance to
pod sucking bug (Riptortus pedestris Fab.)
(Ishimoto and Kitamura 1993). Powdery mildew
resistance is controlled by either single or two
dominant genes (AVRDC 1979; Reddy et al.
1994; Khajudparn et al. 2007). Three dominant
genes for the resistance were named Pm1, Pm2
and Pm3. Combination of dominant alleles at
Pm1 and Pm2 resulting in immune resistance
(Reddy et al. 1994; Reddy 2009), while domi-
nant allele at Pm3 alone conferring immune
resistance (Reddy 2009). Cercospora leaf spot is
governed by a single dominant gene (AVRDC
1974; Thakur et al. 1977; Chankaew et al. 2011).
The gene symbol F was proposed for the Cer-
cospora leaf spot resistance (Thakur et al. 1977).
MYMD resistance is controlled by single domi-
nant gene (Lekhi et al. 2018) or single recessive
gene (Malik et al. 1986; Khattak et al. 2000;
Thakur et al. 1977). Bacterial leaf spot caused by
Xanthomonas phaseoli is conditioned by a single
dominant gene (Thakur et al. 1977). The gene
symbol Bls was proposed for the resistance (Fery
1980). The gene is inherited independently of the
genes for resistance to Cercospora leaf spot and
MYMD.

In case of the abiotic stress, genetics of the
resistance has been studied for calcareous soil
(iron deficiency chrolosis) only. Nopparat et al.
(1997) reported that the resistance is controlled
by the two genes with inhibitory action, although
a single dominant gene action is also possible.
However, Srinives et al. (2010) reported that
resistance is conditioned by a single dominant
gene, designated IR, with a few modifying genes.

4.6 Breeding Methods

Ranali and Cubero (1997) discussed the basis of
genetic improvement in legumes and the appli-
cation of breeding methods, including introduc-
tion, hybridization, early generation selection and
mutation, along with molecular markers that offer
opportunity to enhance precision.

4.6.1 Introduction

Introduction is a primary approach in crop
improvement, in which introduced germplasm is
directly released as variety. In last two decades,
lot of mungbean germplasm was introduced into
several countries of Asia and Africa from World
Vegetable Centre. The introduced germplasm/
breeding line possessed earliness, bold seed size
and long pod with up to 18 seeds per pod. In
India, the germplasm was utilized for broadening
the genetic base of mungbean. Introductions
have been successful in the development of Pusa
105, Pusa 9531, Pant Moong 5, Pusa Vishal and
SML 668. In Thailand and China, the breeding
lines from the World Vegetable Centre, such as
VC1973A and VC2778A, were selected and
released as mega varieties. Those breeding
lines/varieties have contributed to the great
expansion of mungbean cultivation in Thailand
and China (Srinives 1996). At present, in China,
the breeding lines are used to cross with local
germplasm to develop superior varieties. In
Pakistan, the breeding lines were crossed with
local germplasm with resistance to yellow
mosaic disease, resulting in popular varieties:
NIAB Mung 92 (NM92) and NIAB Mung 94
(NM94) that revolutionized mungbean cultiva-
tion in this country (Ali et al. 1997). In semi-arid
areas of eastern Kenya, mungbean introductions
from the World Vegetable Centre were tested for
adaptability and seed yield. AVMU 0801,
AVMU 1003 and AVMU 8501 were identified
as farmer preferred lines through farmer partici-
patory evaluation and finally released as varieties
(Karimi et al. 2019).
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4.6.2 Pure Line Breeding

Pure line selection is the step preceding intro-
duction of a line, in which the selection of better
plant types is made from an already existing
genetically heterogeneous population or landrace.
These superior plant types are identified as the
result of natural selection pressure, which helps to
evolve new plant types with strong genetic
potential. These variants are fixed by breeders
through a continuous cycle of selfing and selec-
tion (Gupta and Kumar 2006; Tickoo et al. 2006).
In India, many mungbean varieties are developed
from pure line selections (Srinives 1996).

4.6.3 Recombination Breeding

Hybridization is the most common method used
by plant breeders for combining desirable traits.
Better recombinants can be obtained through
intraspecific or interspecific hybridization. Lan-
draces, exotic collections and primitive forms are
key sources of rare alleles for useful traits in
plant breeding. At the World Vegetable Centre,
superior breeding lines were developed by
hybridizing between high yielding, large seeded,
synchronous maturing and photo-insensitive
germplasm from the Philippines and
disease-resistant germplasm from India (Fernan-
dez and Shanmugasundaram 1988). Several of
such the breeding lines are used as parents in
crossing to generate new recombinants with
better-desired traits. The prior knowledge of
parental performance, combining ability and
genetics of trait to be incorporated is essential for
the breeding of high-yielding genotypes. The
knowledge of yield contributing traits helps plant
breeder in selection of appropriate breeding
material in segregating generations. After
hybridization in mungbean breeding material can
be advanced following pedigree, bulk, recurrent,
backcross or single-seed methods of selection.
Interspecific hybridization often results in
pre-breeding material which is subsequently uti-
lized by the breeders for varietal improvement.
Dahiya and Singh (1986) compared efficiency of

selection methods including single-seed descent
(SSD), mass selection and selective intermating
in mungbean in which progeny developing after
two cycles of selection were evaluated for yield
and seven agronomic and yield-related traits.
Number of high-yielding lines, mean yield of top
10% lines and mean of the highest yielding line
were used to determine the relative efficacy of
each selection method. They found that selection
after two cycles of selective intermating was the
best method for developing high-yielding lines
and that SSD was the least efficient method.
Later, Gill et al. (1995) compared efficiency of
four selection methods, viz., honeycomb (HC),
pedigree selection (PS), SSD and bulk selection
(BS) in mungbean based on the basis of the mean
of the lines, the range, the number of superior
lines over the best check and the proportion of
the top 10% lines in all the crosses and genera-
tions. They found that (i) HC is the most efficient
method for yield per plant and yield-related
traits, (ii) PS, SSD and BS were not different and
(iii) HC and SSD methods were suitable for
generating superior lines with high seed yield
and pods per plant.

For breaking undesirable linkage and accu-
mulating desirable traits, recurrent selection and
population improvement have been suggested.
Burton (1997) suggested use of early generation
testing. This method helps in discarding inferior
progenies and reducing population load. In this
method, F2, F3 and even F4 families are sub-
jected to early generation selection depending
upon the target trait and inferior families are
rejected. Interspecific hybridization involving
mungbean and black gram (Vigna mungo (L.)
Hepper) has led to the development of four
mungbean varieties (Pant M 4, HUM 1, Meha,
PM 6) with improved plant types. Important
traits like sympodial bearing, non-shattering,
stable MYMD resistance, etc., can be transferred
to mungbean from urdbean. Interspecific
hybridization between mungbean and rice bean
(Vigna umbellata (Thunb.) Ohwi and Ohashi)
have resulting in mungbean lines with resistance
to bruchids (seed weevils) (Mariyammal et al.
2019) and MYMD (Mathivathana et al. 2019).
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4.6.4 Mutagenesis

Induced mutations are useful for traits lacking
variability in primary gene pool. Mutations may
occur spontaneously or can be induced artifi-
cially. Effectiveness and efficiency of mutagen are
important. Effectiveness of mutagen is associated
with mutation per unit dose of mutagens and
efficiency is related to changes like sterility,
injury and lethality (Goud 1967). Mutation can be
induced in seed as well as in the vegetative por-
tion of the plant. The effect and efficiency of
mutagen are measured by its effect on genotype
which varies with dosage and nature of mutagen.
Khan et al. (2006) reported that ethlyl methane
sulphonate (EMS) exhibits high mutagenic effi-
ciency in comparison to other chemical mutagens.
Gunasekaran et al. (1998) compared efficiency of
gamma rays and ethidium bromide in generating
variation for different agronomic traits. They
reported that gamma rays were more effective in
causing genetic changes breaking linkages.
Variation for high protein content and yield in
mungbean was induced by Chakraborty et al.
(1998) using gamma irradiation. Variation for
yield and related agronomic traits was induced in
mungbean by different researchers (Tah and
Saxena 2009; Ahmed et al. 2015; Dewanjee and
Sakar 2017; Wani et al. 2017; Das and Baisakhi
2018). Srinives et al. (2000) and Tah (2006)
obtained leaf mutants, pod mutants and
semi-dwarf plants utilizing gamma irradiation.

Singh and Kole (2006) used EMS and studied
genetic variability for agronomic traits. They
obtained branchless and multifoliate mutants.
Improvement in resistance to powdery mildew,
Cercospora leaf spot and cowpea weevil through
gamma radiation-induced mutation was reported
by Wongpiyasatid et al. (1999). Mutation
breeding has been used to develop improved
cultivars in mungbean either through mutation
breeding directly or by involving mutants as a
parent in crossing programmes (Ahloowalia et al.
2004; Gopalakrishna and Reddy 2009). Till date,
38 varieties have been developed using mutation
breeding. In India, 16 varieties have been
developed through mutation breeding. Most
cultivars are early maturing, high yielding and

tolerant/resistant to YMV (Ahloowalia et al.
2004). In addition to these popular varieties, Pusa
Vishal and SML 668 have been developed
through selection in mutant lines NM92 and
NM94, respectively. These varieties are early
maturing, bold seeded, high yielding and tolerant
to MYMD. Mutant varieties NM92 and NM98
are popular in Pakistan and in other countries like
Bangladesh and Myanmar. In Thailand, mutation
breeding is a main method in developing
high-yielding varieties. Mutant variety Chai Nat
72 is popular in the country for its higher yield,
larger seed size and better resistance to alkaline
soil than the wild type variety. All the currently
popular varieties in the country were developed
by mutation breeding.

4.7 Conclusion

Traditional breeding has contributed in a great
way in developing varieties which have been
well adopted by farmers. The chapters on
breeding for biotic stresses and abiotic stresses in
this book covers more detailed information, with
examples. Greater use of mungbean germplasm
held in genebanks and also of related species
would help in broadening the genetic base of
mungbean varieties. This will be critical as the
area under the crop expands and new pests and
diseases emerge.
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5Breeding Progress and Future
Challenges: Biotic Stresses
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Abstract
Mungbean is a short-duration legume crop
cultivated in South Asia, Southeast Asia and
Australasia. Its cultivation is rapidly spreading
to other parts of the world. Insect pests and
diseases are the major constraints in increasing
the productivity of mungbean crop. The impor-
tant diseases in mungbean include mungbean
yellow mosaic, anthracnose, powdery mildew,
Cercospora leaf spot, dry root rot, halo blight,
bacterial leaf spot and tan spot. The major
insect-pests of mungbean are stem fly, thrips,
aphids, whitefly, pod borers and bruchids.
Development of host plant resistance to insect
pests and diseases in mungbean by breeding for
resistance is an alternative, economical and
environment-friendly approach. Though breed-
ing for resistance to insect pests and diseases
has been extensively studied in mungbean, the
success rate in stabilizing the resistance has

been less due to the development of insect
biotypes, new strains in pathogens and the
environmental interactions. This chapter covers
the insect and disease resistance sources in
mungbean, resistant traits, the genetic basis of
resistance and different breeding methods
involved in breeding for insect and disease
resistance.

5.1 Introduction

The Asiatic Vigna species belong to the subgenus
Ceratotropis of which 4 species are globally
recognized for their high agronomic importance.
These include V. radiata (L.) Wilczek (green
gram or mungbean); V. mungo (L.) Hepper
(black gram or urdbean); V. angularis (W) Ohwi
and Ohashi (adzuki bean); and V. aconitifolia
(Jacq.) (moth bean) (Pratap et al. 2015); besides,
V. umbellata (Thumb.) Ohwi and Ohashi (rice-
bean) and V. glabrescens Marechal, Mascherpa
and Stainier (tua pea) are of little importance.
Among these, mungbean, also known as green
gram, is economically the most important as
indicated by its area, production and consump-
tion at the global level (Kumar et al. 2006;
Tomooka et al. 2007; Nair et al. 2013). Mung-
bean is a warm season, short-day plant that has
been grown in India since ancient times. Besides
India, it is widely grown in South Asia and
Southeast Asia and also in Africa, South America
and Australia and serves as a major source of
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dietary protein for the vast majority of vegetarian
people (AVRDC 2012; Clarry 2016). As of now,
mungbean is grown over an area of 6.0 million
ha globally with the production of 3.5 million
tonnes. However, 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 (Pratap et al.
2019). Several factors such as biotic and abiotic
stresses, environmental fluctuations and high
genotype � environment interaction affect the
yield of mungbean. Among the biotic stresses,
diseases alone can lead to a yield reduction of
10–100%, while weeds may cause 50–90 and
insect pests up to 20–55% yield loss (Rana et al.
2016), depending upon the stage of the crop, the
severity of the stress and prevailing environ-
mental factors. To stabilize the mungbean pro-
duction and improve its productivity, it is
important to develop the cultivars that are either
resistant to and/or withstand the insect and dis-
ease pressure. Advanced technologies such as
genomics, proteomics and metabolomics have
paved way for the in-depth studies in the genetic
basis of insect–plant and pathogen–plant inter-
actions, which in turn can be applied to design
effective crop improvement strategies.

5.2 Major Biotic Stresses

Among the biological constraints, diseases
impart the most serious constraints, which may
limit its productivity besides affecting the phys-
ical quality of seeds, leading them unusable.
Mungbean is prone to several viral, fungal and
bacterial diseases (Khattak et al. 2000; Pandey
et al. 2018; Noble et al. 2019) (Table 5.1).
Among the viral diseases, mungbean yellow
mosaic disease (MYMD) is the most important
disease of mungbean (Singh and De 2006; Kit-
sanachandee et al. 2013), caused by Bego-
movirus and transmitted by whitefly.
The MYMD (Fig. 5.1a) on Vigna species was
first time reported by Mclean (1941) from west-
ern India in the late 1940s in lima bean and later
in mungbean from the Indian Agricultural

Research Institute, New Delhi (Naraini 1960),
followed by Pakistan (Ahmad and Harwood
1973). From India, 32–78% yield reduction in
mungbean grains has been reported (Khattak
et al. 2000). However, yield reduction was higher
(100%) at early growth stages (Kitsanachandee
et al. 2013). Urdbean leaf crinkle disease caused
by urdbean leaf crinkle virus (ULCV) is an
emerging viral disease of mungbean in South
Asia and Southeast Asia (Singh et al. 1988).

Although 35 fungal diseases are reported to
affect mungbean globally, only very few of them
are widespread and economically important.
Fungal diseases (Fig. 5.1b–e) of common occur-
rence are Cercospora leaf spot (CLS) [Cercospora
spp.], powdery mildew (Erysiphe polygoni DC,
Podosphaera fusca (Fr.) U. Braun and Shishkoff),
dry root rot and Macrophomina blight
[Macrophomina phaseolina (Tassi) Goid],
anthracnose (Colletotrichum sp.), Rhizoctonia
root rot and web blight (Rhizoctonia solaniKuhn)
(Singh et al. 2011; Pandey et al. 2018). Bacterial
diseases such as halo blight (Pseudomonas
savastanoi pv. phaseolicola) and tan spot (Cur-
tobacterium flaccumfaciens pv. flaccumfaciens)
(Fig. 5.1f, g) are economically the most signifi-
cant diseases of mungbean in Australia (Ryley and
Tatnell 2011). Bacterial leaf spot caused by Xan-
thomonas campestris pv. Vigna radiata is preva-
lent in India (Thakur et al. 1977). All the diseases
together can cause significant yield losses of up to
10–100% (Rana et al. 2016). All bacterial patho-
gens are seed-borne and can persist in stubbles,
and varietal resistance is recognized as the
cornerstone of integrated disease management
(Noble et al. 2019). Previously thought to be
restricted to Australia, recent reports indicate that
their distribution may be more widespread (Sun
et al. 2017).

Insect pests are one of the major constraints in
mungbean production and take a heavy toll on
the yield. Insect pests attack different parts of the
mungbean plant including roots, shoots, flowers
and pods at different growth stages. The damage
by insect pests is either direct, where damage is
caused by direct feeding by the insects such as
pod borers, thrips, aphids and/or indirect, where
insects act as vectors of some serious diseases
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Table 5.1 Characteristic symptoms and distribution of common fungal and bacterial diseases of mungbean

Disease Causal pathogen(s) Characteristic symptoms Distribution

Fungal diseases

Cercospora leaf
spot

Cercospora cruenta Sacc.
(Mycosphaerella cruenta
Latham), C. canescens Ell. and
Martin, C. kikuchii Matsumato
and Tomoyasum (M. phaseoli)
C. dolichi Ell. and Evr
C. caracallae (Speg.) Greene

Small leaf spots (1–5 mm)
with brown to greyish centres
and reddish border

Taiwan (Hartman et al. 1993),
Thailand (Wongpiyasatid et al.
1999), India (Zhimo et al.
2013), Pakistan (Iqbal et al.
2004)

Powdery
mildew

Erysiphe polygoni DC.,
Podosphaera fusca

White powdery coating on
leaves, stems and pods

Australia (Ryley and Tatnell
2011), Taiwan (Hartman et al.
1993), Thailand (Kasettranan
et al. 2010), India (Mandhare
and Suryawanshi 2008)

Anthracnose Colletotrichum
lindemuthianum (Sacc. and
Magn.) Bri. and Cav.
(Glomerella lindemuthianum
(Sacc. and Magn.) Shear) C.
Capsici (Syd.) Butler and
Bisby, C. dematinum (Pers. ex
Fr.) Grov., C. truncatum
(schw.) Andrus and Moore, C.
graminicola (Ces.) Wilson

Circular, brown, sunken spots
with dark centres and bright
red orange margin leaves

India (Kaur et al. 2011),
Pakistan (Bashir et al. 1985)

Dry root rot
and
macrophomina
blight

Macrophomina phaseolina
(Tassi) Goid
(Rhizoctonia bataticola (Taub)
Butler)

Dark brown patch on stem
with black dot-like sclerotia
and brown pycnidia

India (Choudhary et al. 2011),
Pakistan (Khan and Shuaib
2007)

Rhizoctonia
root rot and
web blight

Thanatephorus cucumeris
(Frank) Donk. (Rhizoctonia
solani Kuhn.)

Necrotic small circular brown
spots, fungal hyphae are seen
spreading like spider web on
the affected leaves with
sclerotia

India (Reddy et al. 1992;
Jhamaria and Sharma 2002)

Alternaria leaf
spot

Alternaria alternata (Fr.)
Keissler

Leaf spots with concentric
rings leading to ‘shot holes’

India (Maheshwari and
Krishna 2013)

Rust Uromyces appendiculatus
(Pers.) Unger. Phakopsora
pachyrhizi Syd

Reddish brown pin head uredo
pustules surrounded by yellow

India (Satyagopal et al. 2014)

Bacterial diseases

Bacterial leaf
spot

Xanthomonas campestris pv.
Vigna radiata Dye, mungbean
strain

Brown raised spots on both
surfaces which later become
necrotic, water-soaked or with
translucent border

India (Thakur et al. 1977)

Halo blight Pseudomonas syringae pv.
phaseolicola (Burk.) Young
Dye and Wilkie

Water-soaked spots
surrounded by a greenish
yellow halo

Australia (Noble et al. 2019),
China (Sun et al. 2017), India
(Patel and Jindal 1972)

Tan spot Curtobacterium
flaccumfaciens pv.
flaccumfaciens

Papery brown lesions
originating on the leaf margins
and spreading inwardly

Australia (Diatloff and Imrie
2000)
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such as mungbean yellow mosaic virus
(MYMV), bean common mosaic virus (BCMV)
and peanut bud necrosis virus (PBNV). The
common insect pests of mungbean along with the
country of distribution are given in Table 5.2;
Kooner and Chhabra (1980) enlisted 12 potential
species of defoliators, pod borers, leafhoppers,
aphids and stem borers which commonly affect
mungbean in India. However, the major pests are
stem fly, thrips, aphids, pod borers, whitefly and
bruchids (Chiang and Talekar 1980; Kooner
et al. 2006; Gentry 2010; Mbeyagala et al. 2017;
Fig. 5.2a–e).

5.3 Plant Genetic Resources

Genetic resources in crop plants have evolved over
thousands of years surviving all odds against nat-
ure and therefore provide a reservoir of useful
genes for various survival traits. The wild and
weedy relatives of crop plants grow in harsh
environments and therefore provide an important
source of adaptation-related traits and resistance to
biotic and abiotic stresses. Therefore, their col-
lection, evaluation, characterization, documenta-
tion and utilization in crop improvement are of

Fig. 5.1 a–g Symptoms of major diseases in mungbean. a mungbean yellow mosaic disease, b cercospora leaf spot,
c powdery mildew, d dry root rot, e anthracnose, f halo blight and g tan spot. (from Pandey et al. 2018)
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Table 5.2 Key insect pests of mungbean

Scientific name Common name Distribution and references

Madurasia obscurella
Jacoby

Galerucid
beetle

Australia (Gentry 2010), India (Kooner et al. 2006), Uganda (Mbeyagala
et al. 2017)

Ophiomyia phaseoli
(Tryon)
Melanagromyza sojae
(Zehntner)

Bean fly/Stem
fly

Australia (Gentry 2010), Bangladesh (Islam et al. 1984; Rahman et al.
1981), India (Sahoo and Patnaik 1994; Kooner et al. 2006), Indonesia
(Indiati et al. 2017), Pakistan (Khattak et al. 2004), South Africa (DAFF
2010), Taiwan (Chiang and Talekar 1980), Thailand (Srinives 1991),
Uganda (Mbeyagala et al. 2017)
India (Singh 1982), South Africa (DAFF 2010), Taiwan (Chiang and
Talekar 1980), Thailand (Srinives 1991)

Bemisia tabaci
(Gennadius)

Whitefly Australia (Gentry 2010), Bangladesh (Rahman et al. 1981), India
(Ganapathy and Durairaj 1995; Yadav and Singh 2006; Kooner et al.
2006), Indonesia (Indiati et al. 2017), Nigeria (Asawalam and Constance
2018), Pakistan (Khattak et al. 2004), Taiwan (AVRDC 1998), Thailand
(Srinives 1991), Uganda (Mbeyagala et al. 2017)

Empoasca spp. Green jassid Australia (Gentry 2010), Bangladesh (Hossain et al. 2004), India (Sahoo
and Patnaik 1994; Yadav and Singh 2006), Nigeria (Asawalam and
Constance 2018), Taiwan (AVRDC 1998), Pakistan (Khattak et al.
2004), Thailand (Srinives 1991), Uganda (Mbeyagala et al. 2017),
Indonesia (Indiati et al. 2017)

Polyphagotarsonemus
latus (Banks)

Bean mite India (Kooner et al. 2006; Duraimurugan and Tyagi 2014)

Aphis craccivora Koch Black aphid India (Sahoo and Patnaik 1994; Yadav and Singh 2006; Kooner et al.
2006; Swaminathan et al. 2012), Australia (Gentry 2010), Uganda
(Mbeyagala et al. 2017), Thailand (Srinives 1991), Bangladesh (Hossain
et al. 2004), South Africa (DAFF 2010), Ethiopia (Abate et al. 1982)

Acherontia styx
(Westwood)

Til hawk moth India (Das 1999; Kooner et al. 2006)

Spilosoma obliqua
Walker

Bihar hairy
caterpillar

India (Kooner et al. 2006), Bangladesh (Islam et al. 1984), Pakistan
(Khattak et al. 2004), Uganda (Mbeyagala et al. 2017), Ethiopia (Abate
et al. 1982)

Spodoptera litura
(Fabricius)

Tobacco
caterpillar

India (Kooner et al. 2006; Swaminathan et al. 2012), Bangladesh (Islam
et al. 1984), Pakistan (Khattak et al. 2004), Indonesia (Marwoto 2008;
Indiati et al. 2017)

Maruca testulalis
(Geyer)

Spotted
caterpillar

India (Kooner et al. 2006; Swaminathan et al. 2012), Australia (Gentry
2010), Uganda (Mbeyagala et al. 2017), Bangladesh (Rahman et al.
1981; Hossain et al. 2004), Thailand (Srinives 1991), Indonesia (Indiati
et al. 2017), Ethiopia (Abate et al. 1982)

Moorei (Butler) Red hairy
caterpillar

India (Chhabra and Kooner 1998; Kooner et al. 2006; Swaminathan
et al. 2012)

Anomis flava (Fab.) Green
semilooper

India (Swaminathan et al. 2012), Australia (Gentry 2010)

Ootheca bennigsen
Weise
Ootheca mutabilis
(Sch.)

Bean foliage
beetles

Uganda (Mbeyagala et al. 2017), Ethiopia (Abate et al. 1982)

Helicoverpa armigera
(Hubner)

Gram pod borer India (Kooner et al. 2006), Australia (Gentry 2010), Uganda (Mbeyagala
et al. 2017), Bangladesh (Rahman et al. 1981; Hossain et al. 2004),
Thailand (Srinives 1991), Ethiopia (Abate et al. 1982)

(continued)
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utmost importance. Globally, the mungbean
germplasm collections are maintained at different
places including Indian Council of Agricultural
Research (ICAR)-NBPGR; the University of the
Philippines; The World Vegetable Center (erst-
while Asian Vegetable Research and Develop-
ment Center, AVRDC), Taiwan; the Institute of
Crop Germplasm Resources of the Chinese
Academy of Agricultural Sciences; and the Plant
Genetic Resources Conservation Unit of the
University of Georgia, USA (Ebert et al. 2013).
The current global holdings of mungbean include
24918 accessions among which 4104 accessions
are maintained at ICAR-National Bureau of Plant
Genetic Resources (ICAR-NBPGR) (Singh et al.
2017). Simultaneously, >1800 accessions includ-
ing 193 wild accessions are also maintained in

medium-term storage facility of ICAR-Indian
Institute of Pulses Research, Kanpur. Several
collections of other Vigna species are also main-
tained at ICAR-NBPGR which can be useful
genetic resources for mungbean improvement
programme through distant hybridization.
Table 5.3 provides the details of such germplasm
resources available at ICAR-NBPGR genebank.

5.4 Sources of Resistance
to Diseases

A number of reports are available which have
identified sources of resistance against MYMD of
mungbean (Manivannan et al. 2001; Pathak and
Jhamaria 2004; Kumar et al. 2006; Kaur et al.

Table 5.2 (continued)

Scientific name Common name Distribution and references

Megalurothrips spp.
Caliothrips indicus
(Bagnall)

Thrips India (Duraimurugan and Tyagi 2014), Australia (Gentry 2010), Uganda
(Mbeyagala et al. 2017), Pakistan (Khattak et al. 2004), Bangladesh
(Rahman et al. 1981; Hossain et al. 2004), Taiwan (Chiang and Talekar
1980), Thailand (Srinives 1991), Indonesia (Indiati 2015; Indiati et al.
2017), India (Yadav and Singh 2006), Pakistan (Afzal et al. 2002)

Clavigralla gibbosa
Spinola

Pod bug India (Kooner et al. 2006; Swaminathan et al. 2012), Uganda
(Mbeyagala et al. 2017), Thailand (Srinives 1991), Ethiopia (Abate et al.
1982)

Mylabris pustulata
(Thunberg)

Blister beetle India (Kooner et al. 2006; Swaminathan et al. 2012; Duraimurugan and
Tyagi 2014), Uganda (Mbeyagala et al. 2017), Ethiopia (Abate et al.
1982)

Lampides boeticus
Linnaeus

Blue butterfly India (Swaminathan et al. 2012)

Nezara viridula (Lin.) Green
vegetable stink
bug

India (Swaminathan et al. 2012), Australia, Uganda (Mbeyagala et al.
2017), Indonesia (Indiati et al. 2017), South Africa (DAFF 2010),
Ethiopia (Abate et al. 1982)

Anoplocnemis spp. Giant coreid
bug

Australia (Gentry 2010), Uganda (Mbeyagala et al. 2017), Ethiopia
(Abate et al. 1982)

Riptortus spp. Brown bean
bug

India (Swaminathan et al. 2012), Australia (Gentry 2010), Uganda
(Mbeyagala et al. 2017), Indonesia (Indiati et al. 2017)

Creontiades pacificus
(Stål)

Brown mirid Uganda (Mbeyagala et al. 2017), Australia (Gentry 2010),

Megacopta cribraria
(Fab.)

Kudzu bug Indonesia (Indiati et al. 2017)

Callosobruchus
maculatus (Fab.)
Callosobruchus
chinensis L.

Stored pests—
bruchids

India (Swaminathan et al. 2012), Uganda (Mbeyagala et al. 2017),
Australia (Gentry 2010), South Africa (DAFF 2010), Ethiopia (Abate
et al. 1982), Taiwan (Fernandez and Talekar 1990)
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2007; Yadav and Brar 2010; Iqbal et al. 2011;
Zhimo et al. 2013; Suman 2015). Mungbean lines
ML 109, ML 111, ML 161, LM 214 were initially
reported as resistant to MYMD (Sandhu 1978).
Later, Singh (1982) reported that out of 777 lines
screened, 22 were highly resistant to this disease.
Rajarathinam et al. (1990) also reported Vamban
1 as highly resistant to this disease. Under the All
India Coordinated Research Project on

MULLaRP (AICRP on MULLaRP) crops, a
large number of lines were screened against
MYMD and several lines including Pant Mung 3,
Pant Mung 2, MN 303, DPU 88-31, PDM 54 and
DU 3 were reported as resistant (Singh et al.
2002). Sharma and Dubey (1984) screened a
large number of mungbean lines against ULCV
and reported D 215, HPM 1, Madana 1, M 58,
ML 12 and T44 as immune to this disease. Singh

Fig. 5.2 a–e Damage by major insect pests in mungbean. a stem fly, b cowpea aphid, c seedling thrips, d pod borer
and e bruchids
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Table 5.3 Plant genetic resources maintained in the genebank of ICAR-NBPGR

S.
no.

Common
name

Species Indigenous collection
(IC)

Exotic collection
(EC)

1 Adzuki bean Vigna angularis 89 98

2 Beach pea Vigna marina 2 0

3 Black gram Vigna mungo 2091 7

4 Black gram Vigna mungo var. mungo 4 0

5 Cowpea Vigna catjang 0 2

6 Cowpea Vigna sesquipedalis 0 1

7 Cowpea Vigna sinensis 0 19

8 Cowpea Vigna unguiculata 2556 1062

9 Cowpea Vigna unguiculata subsp.
cylindrical

0 4

10 Cowpea Vigna unguiculata subsp.
unguiculata

4 0

11 Green gram Vigna radiata var. setulosa 2 0

12 Moth bean Vigna aconitifolia 1474 37

13 Mungbean Vigna radiata 3387 534

14 Ricebean Vigna umbellata 1883 144

15 Vigna Vigna sp. 12 0

16 Wild black
gram

Vigna mungo var. silvestris 16 0

17 Wild Vigna Vigna angularis var. nipponensis 9 0

18 Wild Vigna Vigna bourneae 4 0

19 Wild Vigna Vigna dalzelliana 28 0

20 Wild Vigna Vigna hainiana 6 0

21 Wild Vigna Vigna khandalensis 1 0

22 Wild Vigna Vigna minima 1 0

23 Wild Vigna Vigna nepalensis 3 0

24 Wild Vigna Vigna pilosa 3 0

25 Wild Vigna Vigna radiata var. sublobata 227 0

26 Wild Vigna Vigna stipulacea 6 0

27 Wild Vigna Vigna sylvestris 1 0

28 Wild Vigna Vigna trilobata 141 0

29 Wild Vigna Vigna trinervia 2 0

30 Wild Vigna Vigna trinervia var. bourneae 11 0

31 Wild Vigna Vigna vexillata 107 1

32 Yard long
bean

Vigna unguiculata subsp.
sesquipedalis

88 1

Source www.genebank.nbpgr.ernet.in (accessed on 31.01.2019)
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et al. (1988) reported AVRDC lines V 2182 and
V 2294 as resistant to ULCV. Mungbean lines
BPMR 1 and BPMR 115 were reported as resis-
tant to powdery mildew by Singh and Gurha
(2005). Mandhare and Suryawanshi (2008)
identified resistance sources for powdery mildew,
viz. Vaibhav, BPMR-145, TARM-18, Phule
M-2003-3, Phule M-2002-13, Phule M-2002-17,
Phule M-2001-3 and Phule M-2001-5. Hegde
(1999) reported that four genotypes, viz. DHMC
9601, DHMC 9602, DHMC 9603 and DHMC
9604, were highly resistant to powdery mildew
under natural epiphytotic conditions.

For other diseases, Yadav et al. (2014) reported
mungbean genotype LGG-460 as highly resistant
against CLS under disease epiphytotic conditions
while GM-02-08, GM-02-13 and GM-03-03 were

categorized as resistant. Haque et al. (1997) iden-
tified 12 genotypes, viz. NM-98, 98-cmg-003,
C2/94-4-42, NM-1, NM-2, 98cmg-018,
BRM-188, CO-3, Basanti, PDM-11, BARI
Mung-2 and VC3960-88, that were highly resis-
tant to Cercospora leaf spot. Table 5.4 describes
the promising resistant lines of mungbean which
can be used for transferring disease resistance.

5.5 Sources of Resistance to Insect
Pests

Whitefly is the vector of MYMV in mungbean
and causes indirect losses of 80–100% (Kit-
sanachandee et al. 2013; Nair et al. 2017). In
addition to transmitting the MYMD, the direct

Table 5.4 Sources of resistance to major diseases in mungbean

Genotype/accession number Country References

Yellow mosaic disease

IW 3390, EC 398897, TM-11-07, TM-11-34, PDM-139, IPM-02-03,
IPM-02-14, Pusa-0672, Pusa-0871, CO-7 and MH-521

India Reddy and Singh (1995);
Mohan et al. (2014)

Powdery mildew

LGG-460, Vaibhav, BPMR-145, TARM-18, Phule M-2003-3, Phule
M- 2002-13, Phule M-2002-17, Phule M- 2001-3 and Phule M-2001-5

India Mandhare and Suryawanshi
(2008)

V2159, V4189, V4207, V4574, V4668, V4990 (resistant), R/HR:
V3912, V4186 (resistant/highly resistant)
V1104, V4631, V4658, V4662, V4717, V4883 (highly resistant)

Taiwan Hartman et al. (1993)

R:M5-10 and M5-25 Thailand Wongpiyasatid et al. (1999)

Cercospora leaf spot

LGG-460, GM-02-08, GM-02-13 and GM-03-03, NM-98,
98-cmg-003, C2/94-4-42, NM-1, NM-2, 98cmg-018, BRM-188, CO-3,
Basanti, PDM-11, BARI Mung-2 and VC3960-88

India Haque et al. (1997)

V1471, V2757, V2773, V4718, V5036 Taiwan Hartman et al. (1993)

M5-22 and M5-25 Thailand Wongpiyasatid et al. (1999)

NCM 255-2, NCM 257-6, ML-267, NCM 251-1, NCM 259-2, NCM
251-13, NCM 257-2, NM-92, NCM 251-12, VC-3960-A88, NCM
257-10, NCM-209, Mung-6 C1/94-4-19, VC 3960-A89 (resistant)
BRM-188, NM-98, C2/94-4-42, 98-cmg-003, NM-2, NM-1,
98cmg-018, Basanti, CO-3, PDM-11, VC3960-88, BARI Mung-2
(highly resistant)

Pakistan Iqbal et al. (2004)

Urdbean leaf crinkle virus

D 215, HPM 1, Madana 1, M 58, ML 12, T44, V 2182 and V 2294 India Singh and Dubey (1982)

Dry root rot

40504, NCM 257-5, 40457, NCM 251-4, 6368-64-72 (resistant)
HR: NCM 252-10 and 40536 (highly resistant)

Pakistan Khan and Shuaib (2007)
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yield losses by whitefly in mungbean range
between 17 and 71% (Chhabra and Kooner 1998;
Mansoor-Ul-Hassan et al. 1998). In mungbean,
various insect-resistant sources have been iden-
tified through a series of screening methods.
Khattak et al. (2004) reported NM 92 as resistant
to whiteflies. In another study, Yadav and Dahiya
(2000) reported ML 803, ML 839, PDM 91-249
and PBM 5 as resistant sources against whitefly.
Likewise, Kooner and Cheema (2007) identified
ML 1265 and ML 1229 as highly resistant to this
pest, and these lines have been extensively used
as resistant sources in mungbean breeding pro-
grammes in India. The other genotypes reported
as resistant to whitefly are TMB 36 and RMG
1004 (Singh and Singh 2014) and ML 1774 and
ML 1779 (Cheema et al. 2015). These could
contribute as important sources for mungbean
breeding to whitefly resistance. Nymphs and
adults of bean blossom thrips or flower thrips
[Megalurothrips distalis (Karny)] cause heavy
yield reduction of the crop by feeding on the
pedicles and stigma of flowers (Chhabra and
Kooner 1985a, b). Malik (1990) observed that
summer mungbean genotypes SML 77, UPM
82-4 and Pusa 107 were resistant to M. distalis
under natural as well as artificial screen house
conditions. The cultivars Co 3, Co 4 and Co 5
were also reported to be less susceptible to thrips
(Lal 1987). Chhabra (2001) reported mungbean
genotypes PIMS 2, PIMS 3, CO 3, ML 5 and ML
337 as resistant to thrips. NM-92 has also been
reported to be resistant to thrips in India and
Pakistan (Khattak et al. 2004; Kooner et al.
2005). MH 3153 recorded the lowest number of
thrips per leaf among eight advanced mungbean
genotypes/cultivars in Pakistan (Nadeem et al.
2014).

For stem fly, Ophiomyia sp., Talekar (1990)
reported 3 mungbean cultivars, viz. V2396,
V3495 and V4281, as resistant. CIAT accessions
such as G05253, G05776, G02005 and G02472
are highly resistant to bean fly and are recom-
mended as the potential sources resistant to this
pest (Abate 1990). For sweet potato whitefly,
Bemisia tabaci (Gennadius), 43 accessions of
mungbean were identified as resistant out of
>2000 genotypes (Chhabra et al. 1980, 1988;

Kooner 1998; Kooner and Cheema 2007; Kooner
et al. 1977). In other studies, Kooner et al. (1997)
reported the mungbean lines, viz. ML 1, ML 6,
ML 7, P 290, P 292, P 131, P 293, P 325, P 364
and 11,148, as least susceptible to B. tabaci and
MYMV.

Chhabra et al. (1988) reported ML 337, ML
423 and ML 438 cultivars as least susceptible to
Jassids. For cowpea aphid, Aphis craccivora
Koch JRUM 1, JRUM 11, JRUM 33, DPI 703,
LAM 14-2, UPM 83-6 and UPM 83-10, Pusa
115, PDM 116 and ML 353 have been reported
as resistant (Sahoo and Hota 1991). The cultivars
J1, LM 11, P526 and Co3 are less susceptible to
the pod borer, Helicoverpa armigera (Hub.) (Lal
1987). Further, Chhabra et al. (1988) reported
that genotypes ML 337, ML 423 and ML 428 are
resistant to this pest. Swarnalatha (2007) reported
that LGG 505, ML 267, LGG 502, LGG 407,
LGG 460 and LGG 485 were resistant to the
legume pod borer, M. testulalis. Geno-
types MGG 364, MGG 365 and MGG 363 have
been reported as tolerant to Maruca pod borer
damage (Choragudi et al. 2012).

Among the stored grain pests, bruchids, Cal-
losobruchus maculatus (Fab.) and C. chinensis
(L.) cause extensive damage to mungbean if not
properly stored (Cheema et al. 2017). Initially, a
wild mungbean accession TC1966 (V. radiata
var. sublobata (Roxb.) Verdc.) was identified as
a potential source of resistance to C. maculatus
and C. chinensis (Fujii and Miyazaki 1987; Fujii
et al. 1989; Lambrides and Imrie 2000; Kashi-
waba et al. 2003). TC1966 was extensively used
in breeding programmes for developing
bruchid-resistant mungbean. More recently, two
of the accessions (V2802 and V2709) were
confirmed to possess complete resistance to C.
chinensis and C. maculatus (Somta et al. 2007).
Reduced survival and prolonged developmental
period (30.5–31.5 days) of C. chinensis were
recorded on four moderately resistant mungbean
accessions, LM131, V1123, LM 371 and STY
2633 (Duraimurugan et al. 2014). In another
study, the accessions KM-12-5 and P-S-16 were
also reported as relatively resistant against C.
analis (Soumia et al. 2017). Presently, a few
mungbean accessions, viz. TC 1966, ACC41,
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V2709, V2802, V1128, V2817, are the only
known sources of bruchid resistance in mung-
bean (Sarkar et al. 2011; War et al. 2017).
Resistance to bruchid has also been reported in
wild black gram, V. nepalensis, and ricebean, V.
umbellata, genotypes (Tomooka et al. 2000).
After extensive research in breeding for insect
resistance in mungbean, World Vegetable Center
has been successful in developing improved
mungbean lines with high levels of resistance to
C. maculatus and C. chinensis (Nair et al. 2015).

5.6 Genetic Basis of Resistance

Besides studying the inheritance of resistance to
various biotic and abiotic stresses, investigations
have been carried out to understand the genetics
of quantitative and qualitative traits in mungbean
(Table 5.5). Kumar et al. (2006) thoroughly
discussed the inheritance pattern of various eco-
nomically important traits in this crop. The first
report on genetic studies in mungbean was made
by Bose (1932), who reported that the colour of

Table 5.5 Inheritance pattern, resistance genes/loci and associated markers of major mungbean diseases and storage
pest

Disease Resistant accessions Resistant
genes/alleles/locus

Linkage
group

Associated
marker

Inheritance pattern

Yellow
mosaic
disease

NM-6-68-2
KMG189, BM6,
TM-99-37, BARI
Mung-6, NM-12-1,
VC6372 (45-8-1)

qYMIV1 and
qYMIV2
qYMIV3,
qYMIV4 and
qYMIV5
qYMIV7

LG2,
LG3
LG4,
LG7
LG9A

CM9, CM815,
MYMVR-683
(SCAR),
CEDG180
cp02662,
DMB-SSR158

Independent major
recessive genes with
additive effects (Akbar
et al. 2018; Aski et al.
2014; Chen et al. 2015;
Kitsanachandee et al.
2013; Alam et al. 2014).
Monogenic inheritance
of single recessive
genes (Khattak et al.
2000; Sai et al. 2017)

Powdery
mildew

V4718, RUM5,
VC121OA
VC6468-11-1A,
V4758, V4785,
VC3980A

Qpmr-1
Qpmr-2
Pm1, Pm2

LG2,
LG4,
LG9

CEDG282,
CEDG191,
CEDG166,
MB-SSR238
(SSR)

Additive and dominant
gene action of >2 major
and minor genes
(Kasettranan et al. 2010;
Chankaew et al. 2013;
Humphry et al. 2003)

Cercospora
leaf spot

VC6372 (45-8-1),
v4781, HUM-1,
ML-1194, ML-1229,
ML 820, EC-27087,
EC26271-3, BARI
Mung-2

qCLS LG3 Between
CEDG117 and
VR393

Monogenic inheritance
of single dominant gene
(Singh et al. 2017;
Chauhan and Gupta
2004; Thakur et al.
1977)
Quantitative inheritance
of multiple genes
(Chankew et al. 2013)

Bruchid V2709, V2802
TC1966, ACC41,
VC1973A, Jangan
Mung

VrPG1P1,
VrPG1P2, Br1

LG5,
LG9

MB87, SSR017
SSR037,
OPC-06,
DMB-SSR-158
(SSR),
STSbr1/SMJ44,
STSbr2/SMJ64
(STS)

Monogenic inheritance
of few dominant major
genes with some
modifiers (Bhatacharya
2014; Kaewwongwal
et al. 2017; Schafleitner
et al. 2016)
Single dominant gene
(Hong et al. 2015;
Mahato et al. 2015; Sun
et al. 2008)
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unripe pod is due to the same gene responsible
for flower colour. Later, numerous studies were
conducted on the inheritance pattern of mor-
phological traits, viz. plant type, plant colour,
leaf type, flower colour, inflorescence type, pod
pubescence, shape and colour, shattering habit,
seed coat colour and surface, hard-seededness,
resistance/tolerance to biotic and abiotic stresses
(Singh 1982).

There are many reports on the inheritance of
resistance to MYMD in mungbean; however,
most of these reports are contradictory. The dis-
cordance in the nature of inheritance of MYMD
could be ascribed to species non-specificity as
most of these are silent on the exact species of
MYMD-causing virus. In most of the reports, the
allelic relationships have been studied in
MYMD, which suggest that the resistance is
controlled by a single recessive gene (Malik et al.
1986; Saleem et al. 1998; Reddy and Singh
1995; Sudha et al. 2013), dominant gene (Sandhu
et al. 1985), two recessive genes (Pal et al. 1991;
Ammavasai et al. 2004) and complementary
recessive genes (Shukla and Pandya 1985). Thus,
a more extensive study is needed to finalize the
mode of inheritance of the resistance of MYMD
in mungbean. The studies on the genetic basis of
resistance to MYMV in F1, F2 and F3 progenies
indicated that a single recessive gene is respon-
sible for its resistance, and the expression of the
major gene responsible for MYMD resistance/
susceptibility is affected by modifying genes
(Khattak et al. 2000). These modifying genes
caused variation in the degree of MYMD
resistance/susceptibility in the progenies derived
from a single cross. It has been further reported
that the inheritance of MYMV resistance occurs
through a major recessive gene without any
maternal effect (Khan et al. 2007).
Though MYMD resistance has been suggested to
be monogenic (Pal et al. 1991; Gupta et al.
2013), some reports consider this resistance as
digenic (Singh 1980; Verma and Brar 1996;
Shukla and Pandya 1985; Ammavasai et al.
2004). Its control has also been reported due to
digenic inhibitory gene interaction (Verma and

Singh 1986; Solanki et al. 1982). In addition to
complex inheritance mechanisms of this disease,
non-uniform and fluctuating distributions of
whitefly populations in the field always reduce
the accuracy in evaluating the resistance and lead
to errors in the selection of resistant genotypes.
Developing MYMD-resistant varieties through
conventional approaches remains difficult due to
the explosion of new isolates and complex
mechanisms of MYMD resistance (Selvi et al.
2006). In this situation, molecular marker tech-
nology can increase the efficiency of breeding
through marker-assisted selection (MAS), in
which phenotypic selection is carried out using
DNA markers associated with the trait of interest.
The marker–trait association and gene tagging
have shown that single dominant gene is
involved in governing MYMIV in black gram
(Gupta et al. 2013) and soya bean, whereas five
QTLs were identified till date in mungbean for
MYMIV (Kitsanachandee et al. 2013). Among
other diseases, powdery mildew was reported to
be quantitatively inherited with high heritability
and predominantly additive gene action (Kaset-
tranan et al. 2010).

Resistance to bruchids has been reported to be
controlled by a single gene (Kitamura et al. 1988;
Young et al. 1992; Srinives 1996; Miyagi et al.
2004; Lawn andRebetzke 2006). Sun et al. (2008)
reported that the bruchid resistance of resistant
mungbean cultivar V2709 was controlled by a
single dominant locus named Br2. Sarkar et al.
(2011) reported that bruchid resistance in IndianV.
sublobata accession is controlled by a major
dominant gene but might have varying degrees of
expressivity. Some reports have suggested that
resistance to C. chinensis in mungbean is domi-
nant and governed by a fewmajor genes (probably
two) with some modifiers (Sarkar and Bhat-
tacharyya 2015). The F1 and F2 seeds in mung-
bean showed that the resistance toC. chinensis and
Riptortus clavatus Thunberg is controlled by a
single dominant gene (Hong et al. 2015). How-
ever, the segregation pattern of reciprocal reaction
to each insect in F2 seeds showed that seeds were
susceptible to both the insects.

66 A. Pratap et al.



5.7 Breeding Methods
and Strategies

The last 3 decades have seen improvement in
mungbean breeding with the focus on the devel-
opment of short duration, widely adaptable, syn-
chronous and photo- and thermo-period-tolerant
varieties. Of late, the major emphasis is on devel-
opment ofmungbean varieties having resistance to
multiple diseases as well as insect pests. Germ-
plasm resources and improvedmungbean lines are
being deployed to develop more stable and resi-
lient varieties. To develop high yielding and biotic
stress-resistant cultivars in mungbean, the com-
mon methods that have been deployed are the
introduction, selection, hybridization and muta-
tion breeding (Pratap et al. 2012).

5.7.1 Selection

Selection from indigenous and exotic germplasm
as well as landraces has always been an impor-
tant tool in the development of superior cultivars.
For a successful hybridization programme,
selection of diverse parents with useful traits is
the prime requisite as the breeding materials
developed from genetically divergent parents are
likely to produce more heterotic effects and also
lead to the recovery of better segregants in the
subsequent segregating generations. Selection
from indigenous and exotic germplasm as well as
landraces has played an important role in the
development of superior cultivars of pulse crops.
Before 1950, virtually all the mungbean varieties
were developed by a selection of superior
genotypes from the collected samples of local
cultivars. Some of the varieties were also devel-
oped from the exotic materials. The desirable
plants were selected, and the superior pure lines
were established after their progeny testing
(Pratap et al. 2012, 2013; Nair et al. 2013). The
pure lines were evaluated for yield, yield traits
and reaction to diseases, and the best pure line
was released for cultivation (Pratap et al. 2012;
Nair et al. 2013).

The earliest efforts to collect landraces were
made from all over India and Burma as early as
1925 (Bose 1932). These collections were uti-
lized to isolate pure lines from the stocks, and
selections were made on the basis of colour of
the stem, flowers, ripe pods, seed colour and
texture and other morphological features. As a
result, a few varieties were developed. However,
most of the early selections such as Jalgaon
Local, China Mung 1/49, Kopargaon, Krishna II,
Gwalior 3, Khachrod 5, Bhilsa Green 16, BR 5,
BR 6, BR 7 were susceptible to MYMD and
powdery mildew although better in a few other
traits such as uniformity, bold seeds and longer
pods. Later, a few selections such as KM 1, Co2,
R 288-8, T 150, Utkal 2, selections 196, 697,
855, 932, 946, T 1630 and T 2105 which were
either tolerant or moderately resistant to MYMD
were carried out. Most of these selections were
taken before the 1960s, and a few of them such
as T 44, Sona mung, Kopargaon, Co 1 and Co 2
are still cultivated in small pockets in interiors of
India. Large-seeded varieties of mungbean, Pusa
Vishal, Pant moong 5 and SML 668 were
developed from the selection of AVRDC mate-
rial, and these became highly popular among the
farmers.

5.7.2 Hybridization

Most of the biotic stress-resistant varieties of
mungbean, especially in the last 4 decades, have
been developed through hybridization. Resis-
tance sources have been utilized to combine good
agronomic base and disease/pest resistance to
develop such varieties.

5.7.3 Intraspecific Hybridization

Studies have been carried out on the develop-
ment of short duration, photo- and
thermo-period-insensitive varieties of mungbean
coupled with resistance to major biotic stresses,
viz. MYMD and powdery mildew (Pratap et al.

5 Breeding Progress and Future Challenges: Biotic Stresses 67



2014a, 2015; Singh et al. 2017). In most of the
varieties developed through hybridization, the
pedigree method of breeding has been followed.
Until now, >100 varieties have been developed
in India through intraspecific hybridization.

With the development of varieties such as
HUM 6, HUM 12, Meha (IPM 99-125), HUM 16
and MH 2-15, the mungbean production and
productivity witnessed a big boost in India. ML
1265, a whitefly-resistant variety, was released as
a commercial cultivar in India (Cheema et al.
2017). The variety PKV AKM 4 developed from
a cross between BM4 X PS 16 was recom-
mended for two zones, viz. central zone and
south zone of India. In more recent times, IPM
02-3, currently the most popular variety of
mungbean in India, was developed using IPM
99-125 and Pusa Bold 2 and recommended for
both spring and kharif seasons. This variety is
highly resistant to MYMD as well as to other
major diseases of mungbean and has high yield
potential, medium–large, shining and green seed
and wider adaptability. However, this variety
recorded high (82.52%) pre-harvest sprouting
value (Lamichhane et al. 2017) making it prone
to pre-harvest sprouting during the rainy season.
Another highly popular variety, MH 421,
developed from the cross Muskan X BDYR 2 is
also highly resistant to MYMD and has a share
of about 15–18% in breeder seed indent.
Recently, the ICAR-Indian Institute of Pulses
Research, Kanpur, released IPM 410-3 (Shikha)
variety for entire northern, western and central
India and covers the majority of the mungbean
area in the country. This variety is also highly
resistant to MYMD and powdery mildew, and
moderately resistant to CLS. IPM 205-7 is an
early duration mungbean variety that matures in
<55 days and is suitable for summer cultivation
(Pratap et al. 2013). Developed from the cross
IPM 02-1 X EC 398889, this variety is most
suitable to be grown as a catch crop after the
harvest of rabi crops and before the onset of
monsoon and best utilizes the short-season win-
dow of 60–70 days available during the summer
season. This variety is also highly resistant to
MYMD and powdery mildew and moderately
resistant to CLS. IPM 2-14 was released for

spring cultivation in south zone of the country
and is gaining popularity. The varieties DGGV-2
developed from the cross between China mung x
TM-98-50 and Pusa 0672 developed from the
cross between 11/395 x ML 267 were released
for south zone of India. The varieties such as KM
2241, HUM 16, MH 2-15 and TMB 37 were
developed through intraspecific hybridization
and became very popular among the farmers in
short time. Table 5.6 illustrates the popular
mungbean varieties developed in India in the last
10 years. Mungbean genotypes/improved lines
developed in countries other than India are
shown in Table 5.7.

5.7.4 Interspecific Hybridization

Planned utilization of exotic and wild genetic
resources of mungbean can result in yield
improvement, plant type and several other char-
acters, such as resistance to biotic and abiotic
stresses (Pratap et al. 2015). Wild relatives of
cultivated Vigna species offer new sources of
variability for a number of traits, viz. resistance
to biotic stresses such as powdery mildew
(Tomooka et al. 2006), MYMV (Pandiyan et al.
2008), bruchids (Tomooka et al. 1992; Somta
et al. 2006) (Table 5.8), abiotic stresses such as
photo- and thermo-insensitivity (Pratap et al.
2014a; Basu et al. 2019) and agronomic traits
(Tomooka et al. 2001), which are hitherto not
found in the cultivated species and therefore
provide additional avenues of selection for
agronomic traits (Pratap et al. 2014a, b). While
mungbean has erect growth habit, a large number
of seeds/pod, early maturity and desired quality
traits, to further improve its branching, syn-
chronous maturity, non-shattering pods and dur-
able resistance to CLS, urdbean can be utilized as
a donor (Singh 1990). Likewise, traits such as the
number of clusters/plants, longer pods with a
large number of seeds, durable resistance to
MYMV, CLS, powdery mildew and bruchids
may be transferred from ricebean.

Crossability barriers create complications for
making successful inter-species gene transfer in
mungbean (Pratap et al. 2018). These barriers
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Table 5.6 List of mungbean varieties identified/released by all India Coordinated Research Project on MULLaRP
(Project Coordinators Report 2018)

Name of
variety

Pedigree Year of
release

Average
yield (q/ha)

Reaction to major disease

KM 2241 Samrat X PDM
54

2008 10–11 Resistant to MYMD

IPM 02-3 IPM99-125 X
Pusa Bold 2

2009 11.0 Resistant to MYMD

PKV AKM 4 BM4 X PS16 2009 10.0 Resistant to MYMD

Pusa 0672 11/395 X ML
267

2009 10.0 Resistant to MYMD

IPM 02-14 IPM99-125 X
Pusa Bold 2

2010 11.0 Resistant to MYMD

MGG 347 K-851 X
PDM-54

2009 13–15 Tolerant to thrips, stem fly, MYMD, CLS

VBN (Gg)3 K 1 X Vellore
Local

2009 9.75 Moderately resistance to MYMD

Basanti Asha X PDM
90-1

2010 12–15 Resistance to MYMD

Pairymung TARM 1 X J
781

2010 12 Tolerant to MYMD and resistance to PM

TM-2000-2 JL-781 X
TARM-2

2010 10.9 Resistant to PM

SML 832 SML 302 X Pusa
Bold 1

2010 11.6 Tolerant to MYMD and thrips

DGGV-2 China Mung X
TM-98-50.

2012 11–14 Moderately resistant to PM, tolerant to apion beetle

Shalimar
moong-2

PS-7 X
Larkipora Local

2013 10.0 Resistant to CLS, moderately resistant to aphid

CO (Gg) 8 COGG923 X
VC 6040

2013 – Resistance to MYMD

MH 421 Muskan X
BDYR 2

2014 10–12 Resistant to MYMD

IPM 410-3
(Shikha)

IPM 03-1 X NM
1

2016 11–12 Resistant to MYMD

IPM 205-7
(Virat)

IPM 02-1 X EC
398889

2016 10–11 Resistant to MYMD

SML 1115 SML 134 X
SML 715

2016 11–12 Moderately resistant to MYMD

MH 318 CCS HAU,
Hisar

2016 12–14 Resistance to MYMD

Pant Mung 8
(PM 09-6)

PM 3 X NDM
99-3

2016 10–11 Resistant to MYMD, CLS and PM

MSJ 118 Mutant of K 851 2016 7–8 Moderately resistant to MYMD

RMG 975 ML 613 X ML
1189

2016 8–9 Moderately resistant to MYMD and tolerant to root
knot nematode

KM 2328 KM 2241 X
HUM 16

2018 10–12 Resistant to MYMD, CLS, WB, MB and
anthracnose

(continued)
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may express through reduced fertilization,
reduction in the number of hybrid seeds or
development of abnormal—shrivelled, small or
non-viable seeds, retarded development of hybrid
endosperm leading to embryo death or hybrid
sterility (Pratap et al. 2015). Several measures
have been suggested such as the deployment of
embryo rescue, hormonal manipulations and use
of mentor pollen, for increasing the success of

interspecific crosses. By using sequential embryo
rescue, the reciprocal hybrids between V. mungo
and V. radiata are successfully obtained (Gosal
and Bajaj 1983; Verma and Singh 1986). V.
mungo has also been reported to cross success-
fully with V. glabrescens (Dana 1968; Krishnan
and De 1968), V. trilobata (Dana 1966), and V.
dalzelliana (Chavan et al. 1966). Similarly, V.
radiata � V. umbellata crosses were generated

Table 5.6 (continued)

Name of
variety

Pedigree Year of
release

Average
yield (q/ha)

Reaction to major disease

Pusa 1431 Pusa 9531 X
IPM 02-19

2018 12–14 Resistant to MYMD, CLS, anthracnose, web blight
and ULCV

Kanika Pant Mung 4 X
EC398897

2018 12–13 Highly resistant to MYMD and CLS and resistant
to leaf crinkle and leaf curl

Varsha EC398885 X
PDM 139

2018 12–13 Highly resistant to MYMD and PM and
moderately resistant to CLS

Table 5.7 List of mungbean varieties/advanced breeding lines developed in different countries

Genotype/improved lines Pedigree Specific feature Country References

Improved BC3F3 lines CN60 x
TC1966

Resistant against bruchid damage
(Callosobruchus chinensis, C.
maculatus)

Thailand Tomooka
et al. (1992)

Improved F12 RILS TC1966
X NM92

Tolerant to bruchid damage Taiwan Schafleitner
et al. (2016)

Improved F7 RILS and
subsequent advanced
generation

V2802
X NM94

Resistant to bruchid damage Taiwan Schafleitner
et al. (2016)

Table 5.8 Successful transfer of resistance to biotic stresses through distant hybridization

Useful traits Interspecific crosses References

MYMD Vigna radiata � Vigna mungo Lekhi et al. (2018)

Vigna radiata �13 wild Vigna species Pandiyan et al. (2010)

V. radiata � V. sublobata and V. mungo Pal et al. (2000)

V. radiata � V. umbellata Bhanu et al. (2018), Bharathi
et al. (2006)

MYMD and
CLS

VC1482E � NM 20-21
10-43 (NM89) and 10-12 (NM88) (Pakistan)

Ali et al. (1997)

Pest
resistance

V. glabrescens � V. radiata Chen et al. (1989)

Bruchid
beetles

Chainat 60’ (‘CN60’), Vigna radiata � V. radiata var.
sublobata (Thailand)

Tomooka et al. (2006)
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to transfer resistance to MYMV and other
desirable traits into mungbean (Verma and Brar
1996). Derivatives from mungbean � urdbean
crosses have been reported to exhibit a higher
level of MYMD resistance caused by MYMV
(Gill et al. 1983; Lekhi 2017). Useful
disease-resistant genes were also identified from
amphidiploids of mungbean x ricebean crosses
(Dar et al. 1991). Similarly, progenies from
mungbean x ricebean and mungbean � V. radi-
ata var. sublobata crosses were also recovered
which exhibited a high degree of resistance to
MYMV (Verma and Brar 1996). Singh et al.
(2003) produced successful hybrids between V.
radiata and V. umbellata, and the hybrids pos-
sessed intermediate morphology with MYMV
resistance. One accession of wild mungbean
(Vigna radiata var. sublobata) exhibited com-
plete resistance to adzuki bean weevils and
cowpea weevils (Fujii et al. 1989), which was
successfully used in a breeding programme
(Tomooka et al. 1992).

Despite numerous attempts of hybridization
between cultivated mungbean genotypes and
wild genetic resources, the actual release of new
cultivars from distant crosses has remained lim-
ited. Three mungbean cultivars, viz. HUM 1,
Pant Moong 4 and IPM 99-125, have been
developed from mungbean x urdbean crosses in
India. All these have been highly popular among
the farmers and possess improved plant types in
addition to high levels of MYMD resistance.
There are a few reports of the development of
advanced breeding lines and genetic resources
utilizing the wild genetic resources indirectly.
For example, using IPM 99-125 as one of the
parents, genotypes IPM 02-1 and IPM 03-1 were
developed at ICAR-IIPR, Kanpur, which were
further used in the development of two extra
early mungbean genotypes, IPM 205-7 and IPM
409-4 that mature in 50–55 days (Pratap et al.
2013). Currently, a few advanced lines derived
from interspecific crosses are under multilocation
evaluation in AICRP for their possible release as
a cultivar.

5.7.5 Mutation Breeding

Induced mutation using physical and chemical
mutagens is one of the many ways to develop
new cultivars with improved traits and better
characteristics. While most of the mutants usu-
ally have one or a few traits improved, such
characters may be incorporated in other culti-
vated varieties through backcross breeding,
besides releasing the developed material directly
as a variety. Mutation breeding has been used
successfully to develop improved cultivars in
mungbean possessing resistance to a few biotic
stresses (Table 5.9). Mutations were induced in
two mungbean varieties, K-851 and PS-16, using
EMS and gamma rays. Selection studies were
conducted to improve the yield and to generate
genetic variability in different quantitative traits,
viz. fertile branches per plant, pods per plant and
seed yield per plant (Khan and Goyal 2009).
Other varieties developed through mutation
breeding include Pant Mung 2, Co 4, TMB 37,
Dhauli, BM4 and MUM 2. In Pakistan also, the
popular varieties NM 51 and NM 54 were
developed which were large-seeded varieties
resistant to MYMD. These varieties were devel-
oped by hybridization and irradiation of F1 seeds.
Bean fly, O. phaseoli, is a key pest of mungbean
in Thailand (Srinives 1991). To control bean fly,
apart from insecticide spraying, the induced
mutation was used to improve the resistance of
mungbean variety Khampang Saen 2 (KPS2)
(Ngampongsai et al. 2009) and an insect tolerant
selection Chai Nat 72 (CN 72) was isolated.

5.8 Impact of Resistance Breeding

Besides the development of more than 100
improved varieties in mungbean, remarkable
progress was also made in collection, evaluation,
characterization and documentation of germ-
plasm resources. There has also been a notable
success in transferring disease and insect resis-
tance alleles from wild Vigna relatives to
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cultivated mungbean backgrounds. The impact of
biotic stress-resistant varieties has been realized
well in production as well as in productivity of
mungbean, which showed continuous increase
despite fluctuations in its area. The area, pro-
duction and productivity of mungbean in India
have seen a consistent upward trend since the
1960s, and the production increased from 0.60
million tonnes in 1964–65 to about 2.17 million
tonnes in 2016–17 (PC Report, 2018, AICRP on
MULLaRP). During the corresponding period,
productivity also increased from about 280 to
>500 kg/ha. While increased irrigation facilities,
better inputs and crop management had a role in
increasing productivity, deploying biotic
stress-resistant cultivars for cultivation had a
definite role to play in enhancing productivity.
Significant growth in mungbean area and pro-
duction was witnessed in non-traditional niches,
especially in summer, spring and rice fallow
cultivation during the last decade (Gupta and
Pratap 2016; Singh et al. 2017). It is noteworthy
that about 80% of the mungbean breeder seed

indent is shared by top ten varieties in India
including IPM 02-3, MH 421, GM 4, HUM 16,
SML 668, IPM 2-14, Samrat, Pant Moong 5 and
Meha (Singh et al. 2017). Among these, IPM
02-3 alone contributes to about 25% of breeder
seed indent. Most of these varieties are highly
resistant to major diseases and insect pests of
mungbean.

5.9 Future Outlook

Mungbean has a distinct advantage of being a short
duration andwidely adaptable crop that canfit well
in several cropping systems. The reduced maturity
duration and synchronous maturity in new culti-
vars have made it an attractive option as a catch
crop in short-season windows between two crops
and also as a non-competing intercrop in cash
crops like sugar cane. Therefore, it has a tremen-
dous scope of vertical as well as horizontal
expansion in all major mungbean-growing ecolo-
gies of the world. Mungbean plays an important

Table 5.9 Varieties/advanced breeding materials developed through mutation breeding

Variety
name

Resistance to disease Radiation used Area/season of
cultivation

References

TARM-2 PM X-rays, gamma rays,
ethyl methyl
sulphonate

Southern and central
zone, summer season,
rice fallow

D’souza et al.
(2009)TARM-18 PM

TM-96-2 PM

TMB-37 PM, YMV

TJM-3 PM, YMV, Rhizoctonia root-rot
disease

NIAB
Mung
2006

CLS, MYMV Induced mutation and
hybridization

Pakistan Haq (2009)

M4-2 CLS (moderately resistant), PM
(moderately resistant), bean fly
(tolerance)

500 Gy (gamma rays
and treated with 1%
EMS

Thailand Ngampongsai
et al. (2004)M5-1

M5-5

CN 36

KPS 32

Mutant
SML-668

YMV 600 Gy gamma rays
(M1 generation)
500 Gy gamma rays
(M3 generation)

Summer season, India Reddy (2009)

PM=Powdery mildew, YMV: Yellow Mosaic Virus, CLS: Cercospora leaf spot
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role in food and nutritional security of several
countries including India, Pakistan, Bangladesh,
Myanmar and several African countries. In India,
it has been projected as one of the major crops for
vertical and horizontal expansion to achieve
self-sufficiency in pulses in policy documents
(Vision 2030, ICAR-IIPR). Therefore, there is a
need of a major research boost to this crop to make
it a key component of pulse revolution. Biotic
stresses are the major constraints in realizing the
actual yield potential of a cultivar and ultimately
affect the productivity and quality of mungbean to
a great extent. Therefore, a major thrust is required
on combining pre-harvest sprouting and bruchid
resistance and pyramiding genes for resistance to
major insect pests (thrips, Jassids and pod borer)
and diseases (MYMD, powdery mildew and CLS)
utilizing resistance sources in cultivated and wild
germplasm.

While several improved cultivars have been
developed with enhanced resistances to yellow
mosaic, powdery mildew, CLS and a few more
diseases, only those problems for which resistance
sources are known have been addressed till date.
Stem fly and bruchids are serious pests worldwide,
and the resistance sources are either limited or
genes difficult to utilize for breeding resistance to
these pests. Such traits remain untouched and need
major attention of breeders. Marker-assisted
breeding has been successfully deployed in other
pulses such as chickpea (Varshney et al. 2014;
Pratap et al. 2017; Mannur et al. 2019), and this
technology needs to be put to use for breeding for
complex traits in mungbean as well. Molecular
markers are now available for powdery mildew
and CLS, which require to be utilized in breeding
programmes. Root rot and anthracnose are other
important diseases, and more attention is required
towards the development of molecular markers for
these stresses. There is a strong need for generating
additional genomic resources to fully utilize the
potential of marker technology. One such mission
has been recently launched by the Department of
Biotechnology (DBT), Government of India, in
minor legumes including mungbean urdbean,
moth bean, cowpea and horse gram, where
numerous genomic and genetic resources will be
developed for various biotic stresses. A fine map

on the distribution ofMYMD-causing viruses will
be developed covering all mungbean-growing
ecologies of India besides preparing a differential
set of mungbean genotypes to identify the preva-
lence of MYMD-causing species of viruses.

Germplasm has played an important role in
the development of many cultivars in mungbean
and collection, evaluation and characterization of
trait-specific germplasm need a systematic
investment of time and money so that potential
germplasm can be deployed to best use in filling
the gaps related to traits of interest. Mungbean
minicore collection (Schafleitner et al. 2015) has
been made available to partner countries of the
Australian Centre for International Agricultural
Research (ACIAR)-funded International Mung-
bean Improvement Network (IMIN). This
germplasm needs to be thoroughly screened for a
host of biotic stresses and deployed to intro-
gression breeding for developing biotic
stress-resistant cultivars. Breeding materials have
already been developed at ICAR-Indian Institute
of Pulses Research (IIPR), Kanpur; Department
of Agricultural Research (DAR), Myanmar; and
Bangladesh Agricultural Research Institute
(BARI), Bangladesh, besides World Vegetable
Center, Hyderabad, utilizing promising mung-
bean minicore accessions. While the develop-
ment of biotic stress-resistant cultivars is
important, capacity building of mungbean farm-
ers is also equally significant. Cultivating only
resistant cultivars, adopting good practices of
crop management and raising a clean crop need
to be taught to the poor and marginal farmers as
to make mungbean a mainstream pulse crop
towards providing a vegetarian solution to global
protein and calorie malnutrition.
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6Breeding Progress and Future
Challenges: Abiotic Stresses

Col Douglas, Aditya Pratap,
Bindumadhava Hanumantha Rao, B. Manu,
Sonali Dubey, Parikshit Singh and Rakhi Tomar

Abstract
Mungbean is a short-season tropical grain
legume grown on some six million hectares
each year. Though predominantly a crop of
smallholder farmers and subsistence agricul-
ture mungbean is increasingly seen as a high
value crop for international markets with
broad acre production under modern farming
systems established in Australia, South Amer-
ica, West Asia and Africa. Key benefits of
mungbean are its nutritional and monetary
value. It provides a short duration, flexible
disease break when fit into intensive wheat,
rice and summer cereal rotations and its
self-sufficiency for nitrogen. The short grow-
ing season of 55–100 days places a ceiling on
productivity which is further impacted by the
traditional low-input farming systems where
mungbean is most frequently produced; global
yield averages are 0.5 tonnes per hectare

though 3 tonnes per hectare is considered
achievable under favourable conditions.
Increased reliability of mungbean in subsis-
tence systems has been achieved by develop-
ing shorter duration, more determinate
ideotypes and by the manipulation of sowing
time. The strategy of reducing exposure to risk
was very successful in transforming mung-
bean rather than identifying and breeding
inherent resilience. The major abiotic stresses
of mungbean presented here are drought, heat,
waterlogging, low temperatures and salinity.
Sources of tolerance identified for all of these
stresses have been identified in the germplasm
collections of cultivated mungbean as well as
wild relatives. Future research efforts must
combine known sources of genetic variation
with the investigation into the biochemical
and physiological processes in order to under-
stand and breed for tolerance to abiotic stress
in mungbean.

6.1 Introduction

Mungbean or green gram [Vigna radiata (L.)
Wilczek var. radiata] is a short duration tropical
legume that was domesticated in India before
spreading to Southeast Asia and China. Today
the vast majority of production is still in Asia
where mungbean is grown by smallholder
farmers for a ready source of income and as
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a nutritious staple food. Mungbean has been
grown under mechanized agriculture in Australia
since the late 1960s and commercial production
has more recently spread to West Asia, Africa
and South America thanks to growing interna-
tional demand. As a short-season legume
mungbean aids soil fertility and is a significant
contributor to the flexibility and overall sustain-
ability and productivity of many tropical and
sub-tropical farming systems.

Globally, mungbean is grown on around 6
million hectares annually yet average production
of only 3 million tonnes reflects that its status as
an orphan crop left behind by the green revolu-
tion. Mungbean is predominantly grown in tra-
ditional, low-input farming systems and subject
to a myriad of biotic and abiotic stresses.
Increased reliability of mungbean in wheat–rice
cropping systems has been achieved by selecting
for short duration types with a more determinate
growth habit (Hanumantharao et al. 2016).

There is a considerable gap between anecdotal
reports of farmer yields and crop simulation
models (Chauhan and Rachaputi 2014) with the
productivity varying from 3 t/ha for favourable
rainfed crop to an average yield of 1 t/ha in
Australia and 0.5 t/ha in Asia. In India, its pro-
duction has increased to almost 3 million tonnes
from 1.17 million tonnes in 2007–08 (PC Report
2018). In Australia, a fledgling industry sup-
ported by public sector research and develop-
ment has seen production triple to an average
volume of 100,000 tonnes per year. Empirical
breeding has delivered yield gains of 20–30%
and stepwise improvements in disease resistance
have been made from germplasm introductions
and the first locally bred varieties. The current
crop research landscape is characterized by
intense competition for resources; investors and
donors looking for maximum impact in produc-
tivity, food security and nutrition. Researchers
must be more connected and work more collab-
oratively. As a relatively new crop, there are
encouraging and easy-within-reach productivity
gains for mungbean. There are established and
successful research models from the major crops.
Increased power and affordability of genomic
and high throughput phenotyping has made these

technologies more attainable to crops such as
mungbean. The mungbean genome was pub-
lished in 2014 (Kang et al. 2014) and two com-
plementary diversity panels have subsequently
been assembled and genotyped (Schafleitner
et al. 2015) laying the foundation for researchers
and breeders to understand abiotic stresses in
mungbean and develop more productive, more
resilient varieties.

6.2 Major Abiotic Stresses

Abiotic stresses are those environmental factors
that impact on a plant’s biochemical and physi-
ological processes to constrain productivity.
Either individually or more often in combination,
abiotic stresses prevent crops from reaching their
genetic yield potential. Of the major abiotic
stresses that plants are subject to our focus in this
chapter has been on temperature (high and low)
and water availability (drought and waterlog-
ging). Other abiotic factors causing stress to
mungbean crops include salinity, mineral toxic-
ity, UV-radiation, greenhouse gases triggering
climate change.

Mungbean has nine growth stages; the pro-
gression and the phenological development of
the plant are driven by temperature (Carberry
2007; Chauhan et al. 2010). Key temperatures for
mungbean are 7.5 °C (baseline), 30 °C (opti-
mum) and 40 °C (maximum). Kaur et al. (2015)
described optimum temperatures for mungbean
as 28–30 °C but clearly, mungbean is subjected
to the conditions that are far in excess of this and
faces still greater heat stress conditions from the
context of climate change.

Patriyawaty et al. (2018) described reduced
root weight and pollen viability as key contrib-
utors impacting reproductive function among
commercial varieties and breeding lines of
mungbean under heat stress. On the physiologi-
cal level differences in SPAD value, stomatal
conductance, stomatal density and leaf tempera-
ture were proposed as quantifiable traits that may
useful to researchers and breeders to discern
between susceptible and tolerant genotypes with
respect to heat stress. While evaluating the heat
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stress response of two extra-short duration
genotypes at >40/25 °C, Kaur et al. (2015) found
reduced biomass, pod set, seed number and seed
yield per plant but that there was no effect on
phenology. Underlying reproductive functions
were pollen viability, germination and pollen
tube growth as well as pollen load and receptivity
of the stigma. Heat stress was also linked to
impacts on stomatal conductance, photosynthetic
efficiency and a decrease in sucrose concentra-
tions and its synthesis. Using the late sowing
approach, Sharma et al. (2016) were able to
accelerate phenology through elevated tempera-
tures and documented a reduction in leaf area,
biomass, number of flowers and number of pods.
Reduced reproductive function manifested as
flower and pod abortion. Fives lines were iden-
tified with purported heat stress tolerance for
donors in the breeding program and to elucidate
the biochemical and physiological processes
involved in heat stress mode of action. Bindu-
madhava et al. (2015) reported that heat stress
research on mungbean has been sparse and sug-
gested that progress could be made by examining
the functional viability of pollen cells produced
under heat stress.

6.2.1 Temperature Stress (High
and Low)

High-temperature stress has been reported to
negatively affect reproductive development in
mungbean (Tzudir et al. 2014; HanumanthaRao
et al. 2016). It affects all reproductive traits viz.,
flower initiation, pollen viability, stigma recep-
tivity, ovule size and viability, fertilization, pod
set, grain filling as well as seed quality (Wass-
man et al. 2009; Barnabas et al. 2008). Flower
shedding is very common in mungbean crop and
has been reported up to 79% (Kumari and Varma
1983). Heat stress severely affects flower bud
initiation and this sensitivity may prevail for 10–
15 days (Bita and Gerats 2013). While terminal
high-temperature stress is a serious problem in
spring and summer grown mungbean early-stage
heat stress is observed to occur in kharif (rainy
season) crop (Pratap et al. 2019). Temperatures

exceeding 42 °C during summer cause hardening
of mungbean seeds due to incomplete sink
development. Terminal heat stress is a severe
problem in India (Singh and Singh 2011) espe-
cially during spring and summer seasons. Even
during early kharif season, temperatures may
remain as high as 38 °C and may cause drastic
reduction in seed yield due to pollen inviability,
incomplete fertilization and significant flower
drop. Abscission of reproductive organs has been
reported as one of the primary symptoms of
reduced yield under heat stress in annual grain
legumes (Rainey and Griffiths 2005).

Screening and selection of mungbean geno-
types which can retain maximum number of
flowers and produce productive pods during high
temperature (>40 °C) are essential to increase
productivity but only limited basic information is
available about mungbean flower shedding and
no work has been carried out for breeding of
mungbean for maximum flower retention under
high temperature (>40 °C).

Increased flower shedding under high tem-
perature, precipitation and desiccating winds
during the flowering period in legumes has been
reported by different researchers (Sinha 1977;
Tickoo et al. 1996; Rainey and Griffiths 2005).
Significant flower shedding above 40 °C in
mungbean was reported by Tickoo et al. (1996).
Khattak et al. (1999) reported absence of resis-
tance to flowers shedding under high temperature
in mungbean. In this crop flowers are borne in
clusters of 10–20 in axillary or terminal racemes
and come in different flushes. Generally a higher
daily mean temperature hastens flowering, while
a lower mean temperature is expected to delay it
at all photoperiods. However, this relationship
may not hold true for all strains of mungbean as
observed by Aggarwal and Poehlman (1977).
Rawson and Craven (1979) reported temperature-
flowering interactions in particular groups of
strains with high mean temperatures (24–28 °C)
and long photoperiods (15–16 h).

In field experiments at Hisar the mungbean
cultivar ‘K 851’ was sown in the summer season
of 1989 (Singh et al. 1991). The leaf, flower and
pod growth showed a linear response to cumu-
lative heat units and were initiated at 140, 630
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and 725 °C, respectively. A strong linear corre-
lation was also observed between cumulative
heat units and dry weight, although dry matter
gain was slow until 300 °C of cumulative heat
units. Perennial accessions of V. radiata var.
sublobata have been found to be tolerant to low
temperatures (Lawn et al. 1988).

Low or cooler temperatures are one of the
important environmental conditions that hamper
growth and yield of many cool-season legumes.
Though mungbean is a warm-season legume,
lower temperatures (9–11 °C) that prevail during
Rabi growing season (January–February months
in the rice fallow) do impede growth rates as well
as the productivity. A field-level low-temperature
phenotyping assay was carried out by the World
Vegetable Center research team in 30 mungbean
lines in five districts of Odisha (eastern state of
India), during Rabi season of 2017 (WorldVeg
Report 2017) to select low-temperature tolerant
lines. The cold tolerance scoring index (CTSI) an
empirical index (derived based on leaf appearance,
plant morphology and architecture characters),
was applied (1—Highly tolerant, 2—Tolerant,
3—Moderately tolerant/sensitive, 4—Sensitive,
5—Highly sensitive) for a large set of mungbean
lines. Further, the biometric parameters such as
plant height, days to 50% flowering and pod and
seed yield were recorded for mungbean in all these
five districts and mapped with CTSI to shortlist
promising low-temperature tolerant lines. Among
the 30 mungbean lines phenotyped, a few lines
(e.g., PUSA 9704, VI001400AG and KPS-1)
showed quite a similar cold tolerance response
across the districts.

6.2.2 Water Stress (Deficit
and Excess)

Mungbean requires a fair moisture regime in soil
during its entire growing period, while excess
moisture or waterlogging even for a short period
of time, is detrimental. Drought is one of the
major stresses of mungbean, affecting growth
and development by reducing vegetative growth,
flower initiation and pod set (Morton et al. 1982).
As mungbean is mostly grown under rainfed

situations it is reported to be more susceptible to
water deficits as compared to many other food
legumes (Pandey et al. 1984). Spring and sum-
mer grown crops are more prone to water stress
as rainfall is unpredictable and farmers mostly
prefer to grow this crop on residual moisture.
Therefore cultivating short-duration cultivars
may help in escaping terminal moisture stress
(Pratap et al. 2013a).

Among the abiotic stresses, waterlogging also
stands prominent in water-dense areas which
receive heavy downpours within a short time
span (where soil drainage is poor coupled with
maximum water holding). Mungbean cultivation
may incur severe yield loss where the annual
rainfall is >1000 mm (Fernandez and Shanmu-
gasundaram 1988). Though the impacts of
waterlogging in mungbean are well recog-
nised information on the physiological responses
of mungbean is scarce.

Mungbean is highly sensitive to waterlogging
and cannot withstand even a few hours of excess
soil moisture, in particular during the early stages
of growth (Tickoo et al. 2006). Flooding around
the roots of submerged plants leads to restricted
aeration thereby reducing nodule activity and
nitrogen fixation (Singh and Singh 2011). In later
growth stages heavy rains coupled with strong
winds may lead to plant damage and conse-
quently heavy losses. Even if the plants survive
they may further be severely affected by fungal
diseases and also insect–pests (Tickoo et al.
2006). Haqqani and Pandey (1994) suggested that
decrease in leaf area index and increase in specific
leaf weight, leaf water potential and root density
are some of the drought avoidance mechanisms
during the reproductive phase of the plants when
the moisture is generally depleted in the soil.

Duong et al. (1988) reported that 48 h of
waterlogging reduced plant height from 36 to
76%, leaf area from 12 to 46% and dry matter
production from 25 to 57%. The cultivar differ-
ences to waterlogging were also observed. Mus-
grave and Vanhoy (1989) conducted a growth
analysis of waterlogging damage and illustrated
the interrelationships between root and shoot
carbon budgets during the response to the stress
of waterlogging. Pre-harvest sprouting has been
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reported as a serious problem in tropical regions
(Fernandez and Shanmugasundaram 1988).
Varma and Rao (1975) reported that excess soil
moisture (75 and 100% of soil dry weight) was
more detrimental to seed yield and nodulation
than the limited soil moisture (25% of soil dry
weight) in mungbean. Despite being protected
inside the pod mungbean seeds are susceptible
to pre-harvest sprouting following rainfall due to
lack of fresh seed dormancy, this deteriorates the
quality of the seed and grain produced. Therefore
the development of mungbean cultivars with a
short (10–15 days) period of fresh seed dormancy
has become important to curtail losses incurred by
pre-harvest sprouting (Lamichaney et al. 2017).
Long duration cultivars with more reproductive
flushes would give more stable yields because
flowering would be continued over the longer
period (Chowdhury and Haque 1977). However,
such cultivars would require additional pickings
and would be prone to lodging, shattering and
sprouting.

To select suitable mungbean lines that with-
stand excess water conditions a field screening
study was conducted with 40 mungbean lines
jointly by World Vegetable Center and Depart-
ment of Crop Physiology, at the University of
Agricultural Science, GKVKCampus, Bengaluru,
India. Specially designed ‘Field Root Structures’
waterlogging were used to screen mungbean lines
for waterlogging tolerance (Rameshreddy et al.
2019;WorldVeg Report 2017). This study offered
growth and yield responses of these mungbean
lines for waterlogging stress, helps in exploring
genetic variability within a species and to identify
efficient waterlogging tolerant genotypes. The
study also determined the genotypic response to
waterlogging stress at various soil depths.

The first treatment of waterlogging was
applied at 30 days after sowing DAS for five
days and the number of plants in each row was
recorded before and after the treatment. The
second flooding treatment was applied at flow-
ering (43 DAS) and the third treatment applied at
60 DAS.

After each treatment, the biometric parameters
such as plant height, number of branches,

number of leaves, fruiting points, number of
pods, pod and seed yield per plant along with
harvest index, were measured through destruc-
tive plant sampling method. Based on the
observations from seed yield and total biomass
(TDM) at different depths at various growth
stages, a standardized Z-distribution was plotted.
The following lines that showed higher seed
yield as well as high TDM were classified as
tolerant (AVMU 1001, AVMU 1201,
VO6381A-G, KPS-1, ML 1628, PDM 139, IPM
02-14). Similarly, lines having low TDM and
seed yield were classified as susceptible (EC
693362, VC 3960-88, VC 6153 B20 and EC
693370) (WorldVeg Report 2017).

6.2.3 Salinity

Adverse effects of salinity on plant growth may be
due to ion cytotoxicity (mainly due toNa+, Cl− and
SO4

−) and osmotic stress (Zhu 2002). Most
mungbean cultivars tolerated salt to an extent of
9–18 m mhos/cm and are tolerant to salinity at
germination stage. Paliwal and Maliwal (1980)
reported that mungbean seeds could tolerate 6 m
mhos/cm salinity with a progressive reduction in
germination and seedling development, nodula-
tion and nitrogen fixation was observed with an
increase in salinity. In general legumes are highly
salt-sensitive crops (Hanumantharao et al. 2016).
Salinity affects crop growth and yield in three
ways: (a) osmotic stress, (b) ion toxicity, and
(c) reduced nodulation and therefore reduced
nitrogen-fixing ability (Pratap et al. 2019). Salin-
ity causes a significant reduction in yield
(Abd-Alla et al. 1998; Saha et al. 2010) as it has
several pronounced symptoms in mungbean viz.,
enhanced chlorosis, necrosis and decreased the
content of chlorophyll and carotenoids (Gulati and
Jaiwal 1993; Wahid et al. 2004). Several symp-
toms viz., decrease in total leaf area and stomatal
opening (Chakrabarti and Mukherji 2002) and
reduction in total chlorophyll content, sugar,
starch and peroxidise enzyme activity in roots and
shoots (Arulbalachandran et al. 2009) have been
reported due to salinity stress in Vigna species.

6 Breeding Progress and Future Challenges … 85



Friedman et al. (2006) observed that NaCl stress
has a more deleterious effect on roots than shoots
as there is a reduction in root growth associated
traits. In seedlings high salt concentration was
reported to cause increased H2O2 content in both
roots and leaves (Saha et al. 2010). Mudgal et al.
(2010) reported that salt stress significantly affec-
ted initiation, weight and nitrogen-fixing ability of
the root nodules and also leads to inhibition of root
colonization by Rhizobium. Delayed and reduced
flowering and yield of crop plants as a result of
salinity stress were reported by Maas (1986).
Excessive salt was reported to lead injury to leaves
and subsequently to reduced photosynthesis
(Hossain and Fujita 2010).

6.2.4 Other Abiotic Stresses

Mungbean may also suffer from prolonged rainy
season resulting in excess soil and atmospheric
moisture leading to pre-harvest sprouting and also
increased the incidence of insect pests and dis-
eases. Pod shattering is another constraint which
affects mungbean production. While most of the
modern cultivars with synchronous maturity
are shattering resistant, those cultivars with pro-
longed flowering and pod set are still prone to
shattering. Among other stresses, mungbean
plants exposed to UV-B radiation showed a sig-
nificant reduction in plant height, leaf area total
biomass, photosynthetic rate, chlorophyll, soluble
proteins and carbohydrate (Pal et al. 1999).
However, UV-B radiation increased the content
offlavanoids, anthocyanins, total free amino acids
and PAL activity. Among the Vigna species
maximum reduction for net photosynthesis was
observed with increased UV-B radiation, whereas
the greater reduction of nitrogenase activity was
observed in mungbean (Singh 1997). Tolerance
to aluminium toxicity as measured by root length,
plant height, and plant dry matter varied with
cultivars tested (Duong et al. 1988).

6.3 Sources of Resistance

Mungbean genotypes including germplasm lines,
breeding materials and commercial cultivars have
been screened for resistance to abiotic stresses
and sources having resistance to heat, drought,
salinity, flooding, etc. have been reported
(Table 6.1). At the World Vegetable Centre
(AVRDC), twenty genotypes were subjected to
75–100 centibars of soil moisture tension for eight
days from flowering (AVRDC 1979). Conse-
quently, the genotypes ‘V 1281’, ‘V 2013’ and ‘V
3372’ were identified as drought tolerant. Simul-
taneously, the accessions ‘V 1968, ‘V 2984 m’,
‘V 3092’ and ‘V 3372’ were reported to have
varying levels of tolerance to flooding (AVRDC
1979). Fernandez and Shanmugasundaram (1988)
identified the breeding lines ‘VC 1163 D’, ‘VC
2570A’, ‘VC 2754 A’ and ‘VC 2768 A’ as drought
tolerant based on minimum reduction in yield,
total dry matter and plant height in stressed
environment as compared to the non-stressed
environment. He et al. (1988) reported the high
yielding lines ‘V 1381’ and ‘VC 2778’ as tolerant
to drought and flood besides being resistant to
lodging. Efforts have also been undertaken to
identify tolerant cultivars and the selections such
as ‘V 1968’, ‘V 2984’, ‘V 3092’ and ‘V 3372’
were made (Tickoo et al. 2006).

High-temperature stress directly affects flower
retention and pod formation in mungbean. Khat-
tak et al. (2006) evaluated 14 commercial vari-
eties and 24 advanced genotypes of mungbean
developed through hybridization for maximum
flower retention capability under high tempera-
ture (above 40 °C). They also evaluated 77
mutants derived from ‘NM 92’ and 51 recombi-
nants selected from three crosses viz.,
‘VC1560D’ � ‘NM92’, ‘VC1482C’ � ‘NM92’
and ‘NM98’ � ‘VC3902A’. Under high temper-
ature none of the genotypes showed absolute
tolerance to flower shedding. In another study
Khattak et al. (1999) evaluated 242 recombinants/
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mutants. Among them 163 were moderately
tolerant (10–20% flower drop) and 79 were
susceptible with more than 40% flowers shedding
from terminal raceme on the main stem. Based on
multilocation evaluation at Kanpur, Vamban
(Tamilnadu) and Durgapura (Rajasthan) and fur-
ther reconfirmation based upon sucrose synthase
activity and protein profiling as biochemical
markers the candidate genotypes were validated
by repeated field trial across diverse agro-climatic
zones prone to be affected by recurrent high-
temperature stress. Twelve promising mungbean
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.

Maliwal and Paliwal (1982) studied 42 culti-
vars of mungbean and black gram for tolerance
to salinity at five levels (3–18 m mhos/cm) in 1/5
Hoagland nutrient solution and observed that
germination of all the cultivars was delayed and
decreased with an increase in salinity level.
Seedling height also decreased significantly with
salinity. Some varieties of mungbean viz., ‘S 72’,
‘H 45’, ‘No. 525’, ‘Madira’ and ‘RS-4’ were
reported to be more salt-tolerant (Maliwal and
Paliwal 1982). Some of the accessions of V.
radiata var. sublobata showed no symptoms of

Table 6.1 Sources of resistance for abiotic stresses in mungbean

Source of resistance/tolerance Abiotic stress Reference

K-851 Drought tolerance Dutta and Bera (2008) and
Dutta et al. (2016)

EC693357, EC693358, EC693369, Harsha and
ML1299

Heat tolerance Sharma et al. (2016)

TCR 20 Drought tolerance Tripathy et al. (2016)

SML-1411, SML-1136 Drought tolerance Kaur et al. (2017)

ML 267 Drought tolerance Swathi et al. (2017)

VC2917 (seedling stage) and Zhangjiakouyinggelv
(adult stage)

Drought tolerance Wang et al. (2014, 2015a, b)

‘V 1281’, ‘V 2013’ and ‘V 3372’ Drought tolerance AVRDC (1979)

V 1968’, ‘V 2984’, ‘V 3092’ and ‘V 3372 Flooding AVRDC (1979)

AVMU 1001, AVMU 1201, VO6381A-G, KPS-1,
ML 1628, PDM 139, IPM 02-14

Waterlogging Rameshreddy et al. (2019)

VC 1163 D’, ‘VC 2570A’,
‘VC 2754 A’ and ‘VC 2768 A

Drought tolerance Fernandez and
Shanmugasundaram (1988)

V 1381’ and ‘VC 2778 A’ Drought and Flood He et al. (1988)

PUSA 9074, VI001400AG, KPS-1 Low temperature WorldVeg Report (2017)

Perennial accessions of V. radiata var. sublobata Low temperature Lawn et al. (1988)

AVMU 1001, AVMU 1202, VC6512-6A, TV
0193A-G, ML 1299

Salinity Manasa et al. (2017)

S 72’,‘H 45’, ‘No. 525’, ‘Madira’ and ‘RS-4 Salt tolerance Maliwal and Paliwal (1982)

Accessions of V. radiata var. sublobata Alkaline and calcareous
soil

Lawn et al. (1988)

V. radiata var. sublobata Hard seededness
(Pre-harvest sprouting)

Singh et al. (1983)

Pant Moong-1 Non-shattering Singh and Sharma (1984)

Chamu 4 Pre-harvest sprouting
tolerance

Lamichaney et al. (2017)
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chlorosis when grown on extremely alkaline
(pH > 8.5) calcareous soils (Lawn et al. 1988).

Pod shattering is another important abiotic
stress in mungbean. This is mainly due to the
indeterminate flowering habit where flowering
and pod maturity occur on the same plant over
the entire reproductive phase. As a result the
earliest maturing pods may shatter while later
developing pods may still be green. Most
modern-day commercial mungbean cultivars are
resistant to shattering. Pant Moong-1 has been
reported to be tolerant of shattering and its har-
vesting can be delayed by 7–10 days so as to
allow the maturity of pods from the second flush
of flowers (Singh and Sharma 1984). Excessive
moisture especially during seedling stage and at
the time of maturity also poses threats to mung-
bean production. In a comparison of two mung-
bean cultivars during a short period of
overwatering Bagga et al. (1984) reported that
the cultivar Pusa Baisakhi utilized the additional
water more efficiently than cultivar PS 16. Islam
(1994) also observed that leaf area, CGR, NAR,
crop growth rate, net assimilation rate, leaf
canopy structure, dry matter production and
grain yield in mungbean were all more suscep-
tible to waterlogging than to drought. Lamicha-
ney et al. (2017) evaluated 163 mungbean
genotypes for tolerance to pre-harvest sprout-
ing and found 14 genotypes tolerant to this trait;
Chamu 4 was reported as highly tolerant.

Wild species that are easily crossable with
cultivated species are important genetic resources
for the improvement of cultivated legumes
(Hamdi and Erskine 1996; Chen et al. 2006,
Hillocks et al. 2006; Pratap et al. 2014). A num-
ber of wild Vigna accessions have been identified
as possessing abiotic stress resistance traits such
as high photosynthetic activity and drought tol-
erance in V. radiata var. sublobata (Ignacimuthu
and Babu 1987) (Table 6.2), drought tolerance in
V. aconitifolia (Jain and Mehra 1980) and heat
tolerance in V. aconitifolia and V. riukinensis
(Egawa et al. 1999). Pratap et al. (2014) reported
two wild accessions, V. umbellata (IC 251442)
and V. glabrescens (IC 251472) possessing
photo–thermo period insensitivity.

6.4 Genetic Studies

Attempts have been made to study the inheri-
tance of several morphological traits including
plant type, leaf characters, flower colour, pod
pubescence, pod colour, shattering habit, seed
coat colour, etc. in mungbean (Singh et al. 1982,
2017; Table 6.3). Most of the earlier cultivars
had a twining habit which was considered as a
survival trait. For this trait, Pathak and Singh
(1963) reported a single recessive gene to be
responsible while a single dominant gene (T) was
reported by Khattak et al. (1999). Erect plant

Table 6.2 Potential sources of alien variation in Vigna spp

Character Species References

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

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

High methionine content V. radiata var. sublobata AVRDC (1979), 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)

High tolerance to saline and alkaline soils V.radiata var. sublobata Lawn et al. (1988)

Photo–thermo insensitivity V. umbellata, V.
glabrescens

Pratap et al. (2014)
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types are more suited to mechanical harvesting
and more number of erect plants can be accom-
modated in a unit area as compared to spreading
or semi-erect plants. Semi-spreading habit was
observed dominant over erect habit and it was
reported to be governed by a single dominant
gene (Pathak and Singh 1963). Mukherjee and
Pradhan (2002) indicated that anthocyanin pig-
mentation in the hypocotyl is controlled by two
supplementary genes (‘Sh' and 'Ph') with reces-
sive epistatic interaction. Dwivedi and Singh
(1985) reported that purple pigmentation on
stem, petiole and veins of the leaves was condi-
tioned by a single dominant gene ‘Ppp1’ with
pleiotropic effect. Singh and Singh (2011)
reported that indeterminacy is responsible for
pod shattering as pod development is spread over
a longer period of time in the plant and the pods
which ripe earlier are prone to shattering by the
time the late-developing pods mature, conse-
quently leading to significant yield loss. A single
dominant gene inherited independently from leaf
shape was reported to be responsible for inde-
terminate growth habit (Talukdar and Talukdar

2003). Among the leaf traits, the trifoliate leaf
was dominant over the entire leaf and this trait
was reported to be governed by a single domi-
nant gene (Chhabra 1990; Talukdar and Talukdar
2003). Sareen (1985) reported two dominant
genes, ‘Tlb1’ and ‘Tlb2’, with duplicate gene
action for trilobed leaves. Dwivedi and Singh
(1985) reported narrow lanceolate leaf to be
controlled by two recessive genes, ‘nl1’ and
‘nl2’. Pod pubescence was reported to be domi-
nant over non-pubescence and governed by
independent duplicate genes (Khadilkar 1963).
For seed coat colour, Khattak et al. (1999)
reported monogenic inheritance while for hard
seededness Humphry et al. (2005) reported four
loci to be responsible through QTL analysis
among which two QTLs for hard seededness
were reported to be co-localized with the loci
conditioning seed weight. Chen and Liu (2001)
suggested that the inheritance of black and green
seed colours was controlled by a single gene (B),
black being dominant over green. Verma and
Krishi (1969) showed that shattering is com-
pletely dominant to non-shattering.

Table 6.3 Genetic studies to study inheritance of major morphological traits related to abiotic stress resistance

Trait Importance Inheritance Reference

Hypocotyl
pigmentation

Genetic purity Single dominant/recessive gene,
anthocyanin in hypocotyl governed by two
supplementary genes

Pathak and Singh (1963),
Mukherjee and Pradhan (2002)

Plant type
and growth
habit

Synchronous
maturity, shattering
resistance

Single dominant/recessive gene,
semi-spreading is dominant over erect
habit

Sen and Ghosh (1959), Pathak
and Singh (1963), Khattak
et al. (1999)

Pubescence Insect resistance Single dominant gene Murty and Patel (1973), Sen
and Ghosh (1959)

Pod
shattering

Seed yield Single dominant gene Verma and Krishi (1969)

Seed coat
colour

Market preference One or few genes; mottling governed by
single gene

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

Seed coat
surface

Market preference Two complementary genes Bose (1939), Sen and Ghosh
(1959), Murty and Patel (1973)

Hard
seededness

Grain quality, market
preference, cooking
quality

One or few dominant genes involved Lambrides (1996), Singh et al.
(1983), Humphry et al. (2005)

Pre-harvest
sprouting

Grain quality, seed
viability

Additive and non-additive gene action;
high G x E interaction

Durga and Kumar (1997)
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6.5 Breeding

The initial phase of breeding in mungbean saw
selections from locally adapted germplasm,
mainly for biotic stresses resistance and high
yield. While selecting for abiotic stress resistance
was not practiced directly selection for yield,
plant type and adaptation-related traits indirectly
lead to selection for abiotic stress resistance as
well. Selection has been a useful strategy to
identify superior cultivars with significant
drought tolerance. Before breeding for drought
tolerance per se, the first step is to determine the
type of drought. Warm-season food legumes
generally encounter two types of drought stres-
ses: (i) terminal drought which is more prominent
in summer/spring crops, usually coinciding with
late reproductive stage and increasing towards
generative stage, and (ii) intermittent drought,
which may occur anytime during vegetative
growth and results due to a break in rainfall or
insufficient rains at the vegetative stage. The
ranking of warm-season food legumes in
increasing order of drought resistance was soy-
bean, followed by blackgram, mungbean,
groundnut, Bambara nut, lablab bean and cowpea
(Singh et al. 1999). Fernandez and Kuo (1993)
used stress tolerance index to select genotypes
with high yield and tolerance to temperature and
water stresses in mungbean. Singh (1997)
described the plant type of mungbean suitable for
kharif (rainy) as well as dry (spring/summer)
seasons. He emphasized the need of developing
mungbean genotypes with semi-determinate,
medium statured plants (70–75 cm) having large
inflorescence, more bunches/plants, 3–4 bran-
ches, an average pod length with 8–10 seeds and
average seed size of 30–40 g/1000 seeds, toler-
ance to shattering and moderate seed dormancy.
Pratap et al. (2013b) also suggested development
of short-duration cultivars for spring/summer
cultivation so that these escape terminal heat and
drought stress. Cultivars with 60–65 days crop
duration, determinate growth habit, high harvest
index, reduced photoperiod sensitivity, fast initial
growth, longer pods with more than 10 seeds/pod
and large seeds are more suitable to summer sea-
son. Keeping this in mind a number of early

maturing mungbean lines have been selected and
released as commercial cultivars. Samrat and
SML 668 are two such selections which remained
highly popular varieties for the spring/summer
seasons in northern part of India.

Whilemost of the varieties released before 1990
were developed through selection, hybridization
has beenmost often used to develop varieties in the
last three decades. More than 100 varieties have
been developed in India through hybridization,
among which about 20 varieties are suited to more
than one season and agro-climatic zone, indicating
their relatively higher level of stability, photo–
thermo period insensitivity and tolerance to abiotic
stresses (Table 6.4). Among these, IPM 02-3, IPM
410-3, PKV AKM 4, MH 421 and MH 3-18 are
highly popular among farmers. The variety
PKV AKM 4 developed from a cross between
BM4 X PS 16 was recommended for two zones,
viz., Central Zone and South Zone of India. Inmore
recent times, IPM 02-3 was developed using IPM
99-125 and PusaBold 2 and recommended for both
spring and kharif seasons. IPM 410-3 (Shikha) has
been released for entire northern, western and
central India covering majority of the mungbean
area in the country. Sehrawat et al. (2014) attempted
hybridization between previously selected salt-
resistant genotypes (EC 528960 (wild) and
JP31300 (cultivated) of mungbean and highly salt-
sensitive cultivar, i.e. IC10492. The inter- and
intra-specific hybrids of two different types of
crosses were assessed for morphological charac-
terization and hybrid purity using azukibean
specific SSR markers. The SSR (CEDG149) pro-
duced reproducible band of 188 bp in male parent
JP31300 (salt-tolerant); however, it was absent in
female parent IC10492 (salt susceptible). In this
study, F1 hybrids of mungbean were developed
successfully for salt tolerance.

Development of early genotypes is of utmost
importance in mungbean improvement because
such genotypes fit well in different crop rotations
and multiple cropping systems (Ali and Kumar
2006). While comparatively longer duration
genotypes (>75 days) are more suited to rainy
season, short-duration cultivars (<60 days) are
preferred in spring/summer season as well as
specific niches (Pratap et al. 2013b). Cultivation
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of shorter duration genotypes not only helps by
escaping from drought and heat but also saves at
least one irrigation and a spray of insecticides,
leading to considerable cost savings to farmers.
Such genotypes escape terminal moisture stress
and therefore are less affected by heat and
drought. Samrat is a short-duration cultivar
which matures in 55–60 days and has been one
of the most preferred mungbean varieties in India

for cultivation during spring and summer sea-
sons. More recently Pratap et al. (2013a, b)
developed extra early mungbean cultivar IPM
205-7 which matures in 52–55 days. It has been
released for cultivation in Punjab, Haryana, Uttar
Pradesh, Bihar, Jharkhand, Odisha, Tamil Nadu
and Madhya Pradesh and fits well in the
short-season window of 60–65 days after the
harvest of wheat and before the sowing of rice

Table 6.4 List of release varieties of mungbean in India

S. no. Name of variety Pedigree Year of
release

Area of
adaptation

Season

1. Narendra Mung 1 G 65 X UPM 79-3-4 1992 UP Kharif and Spring

2. Warangal 2
(WGG2)

W 75-70 X Pusa 101 1995 AP Kharif, Rabi and Summer

3. PDM 84-178 – 1996 AP Summer and early Kharif

4. SML 134 V 2164 X ML 258 1996 Punjab Spring/Summer season

5. HUM 1 (Malviya
Jyoti)

BHUM 1 X Pant U 30 1999 CZ and SZ Kharif season

6. RMG 268 R288-8 X J 781 1997 Rajasthan Kharif and Summer
season

7. CO 6 WGG 37 X CO5 1999 TN Suitable for all seasons

8. HUM 2 (Malviya
Jagrati)

Sel. from local
germplasm TVCM-3

2000 UP and
Uttarakhand

Spring/Summer season

9. PDM 139 ML 20-20/19 X ML 5 2001 UP and plains of
Uttrakhand

Spring/Summer

10. Pant Mung 5 Selection from VC
6368

2002 UP and plains of
Uttrakhand

–

11. IPM 02-3 IPM 99-125 X Pusa
bold2

2009 NWPZ Kharif and Spring season

12. PKV AKM 4 BM4 X PS16 2009 CZ and SZ Kharif season

13. MH 421 Muskan X BDYR 2 2014 NWPZ Summer/Spring

14. IPM 410-3 (Shikha) IPM 03-1 X NM 1 2016 NWPZ/CZ Summer/Spring

15. IPM 205-7 (Virat) – 2016 Entire India Summer

16. Yadadri (WGG 42) – 2016 Telangana Kharif/Rabi and summer
cultivation

17. Sri Rama (MGG
351)

– 2016 Telangana Rabi/summer and rice
fallow cultivation

18. MSJ 118
(Keshvanand mung
2)

Mutant of K 851 2016 Rajasthan Kharif/Spring cultivation

19. SGC 16 (Rupohi) PDM 91-243 X WGG
62

2018 Assam Summer and kharif
season

20. GAM 5 Sel. From local
germplasm VM 6

2018 Gujarat Summer and kharif
season

NWPZ North-West Plain Zone of India, CZ Central Zone, SZ South Zone, UP Uttar Pradesh
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during summer season. Another genotype, IPM
409-4, is also a short-duration genotype, recently
identified for cultivation in Uttar Pradesh during
the spring/summer season. Both these genotypes
will help in horizontal expansion of mungbean
cultivation in India, especially during the spring/
summer season in northern India as well as in
rice fallows in peninsular India. Recognizing
their potential IPM 205-7 was also registered as
INGR 11043 and IPM 409-4 as INGR 11044 by
the National Bureau of Plant Genetic Resources
(ICAR), New Delhi, both for extra-early maturity
(Pratap et al. 2013b).

Naidu et al. (1996) reported several factors
including small pod beak and angle, thick pod
wall, less moisture absorption by pod wall, hard
seediness and high cuticular wax content on pod
wall that determine resistance of mungbean
cultivars to pre-harvest sprouting.

6.6 Future Prospects

Mungbean is a short-duration crop that can be
grown across seasons, environments and soil
types and therefore faces a host of biotic and
abiotic stresses. Nevertheless, owing to its mul-
tifarious uses in human nutrition and its capacity
to fit well in a number of cropping systems it has a
tremendous scope for expansion in area as well as
production volume. To make it more versatile
and climate resilient new cultivars need to be
photo- and thermo-period insensitive, widely
adaptable and resistant/tolerant to biotic and abi-
otic stresses. While a large number of improved
cultivars have been bred to date most breeding
efforts have remained focussed on development
of disease-resistant and high yielding cultivars.

It is now time to prioritize the importance of
abiotic stress tolerance in short duration crops
like mungbean and initiate trait-specific breeding.
Increasing osmotic stress tolerance, introducing
photo- and thermo-period insensitive genes,
manipulating maturity duration and dissecting
physiological and biochemical pathways will
pave the way to development of abiotic stress-
tolerant cultivars. There is a need to explore
modification of biochemical and physiological

processes which may lead to development of heat
tolerance through acclimation. Work must be
initiated by developing root systems that help
plants to withstand moisture deficits by drawing
water from deeper in the soil. Screening for
various abiotic stresses must be precise and
stringent to identify robust donors for these traits.
The identified donors need to be further put to
use by the plant breeders at a faster pace. Plant
types having a deep root system, maturity period
of 55–60 days for the spring/summer season and
70–75 days for rainy season, erect plants with
sympodial pod bearing, multiple pods per cluster
and longer pods, and 45–60 cm plant height with
many node and shorter internodes will help in
withstanding heat and drought-related stresses.
Selection of the plants having thick leaves that
allow the penetration of light to the lower part of
the plant will help better photosynthesis.
Utilization of germplasm resources will be a key
to selecting and introgressing such traits. For
this, the collections such as minicore, exotic
germplasm, landraces and wild genetic resources
must be pooled and screened thoroughly. There
is a strong need for systematic investments
towards utilization of germplasm and biotech-
nological approaches to harness desirable genes
from genetic resources. Molecular approaches
revealing tolerance mechanisms will help in
modifying mungbean plants to suit changing
climates and also prevailing stresses. There must
be systematic efforts towards exploring physio-
logical and biochemical regulations of abiotic
stresses and studying whole profile of genes,
proteins and metabolites imparting stress toler-
ance in resistant genotypes so that the same can
be employed to develop improved cultivars.
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7Breeding Progress and Future
Challenges—Nutritional Quality

Ramakrishnan Nair

Abstract
Mungbean is a good source of protein,
carbohydrates and important minerals like
iron and zinc. However, there is a good scope
for improving the nutritional quality of cur-
rently available mungbean varieties. Variation
for protein, carbohydrates, iron, zinc and in
anti-nutritional factors like phytic acid have
been reported. Even though some efforts have
been made to improve the protein quality,
further concerted efforts required to developed
stable varieties. Screening of the recently
developed mungbean mini-core collection
would help in unravelling the extent of
variation for the important quality traits and
for their potential use in varietal improvement
of commercial varieties. The sprouting indus-
try has special demands, and special varieties
have to be developed to cater to this premium
market segment. The growing need for plant
protein foods also provides an opportunity to
further investigate on the functional food
properties of mungbean protein and starch.

7.1 Introduction

Mungbean grains and sprouts produced from
currently available varieties provide significant
amounts of protein (240 g/kg) and carbohydrate
(630 g/kg) and a range of micronutrients in diets.
However, there is lot of scope for improving the
nutritional quality of mungbean, as very little
work has been done in this area. The need to
expand mungbean breeding research to nutri-
tional and food processing properties of mung-
bean was pointed out in an exhaustive review
done by Dahiya et al. (2013). The nutrient con-
tent depends on several factors including the
variety used, the location where the crop is
grown, agronomic practices adopted and the
storage conditions. In addition, postharvest pro-
cesses such as sprouting, dehulling, soaking,
boiling, autoclaving and microwave cooking can
affect the composition of nutritional and
anti-nutritional factors of mungbean (see review
by Nair et al. 2013). In this chapter, a review on
the progress made in improving mungbean for
nutrients such as protein, carbohydrates, lipids,
vitamins, minerals like iron and zinc, and other
factors, including anti-nutrients like phytic acid
and their implications have been discussed.
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7.2 Protein

Mungbean seeds contain 20.97–31.32% protein
content (Itoh et al. 2006). There is high variation
of crude protein content in mungbean, which has
been attributed to the varietal differences (Yohe
and Poehlman 1972; Thakare et al. 1988; Das
et al. 2015) and different analytical methods
employed (Dahiya et al. 2013). Polymorphism in
protein profiles was reported by Naik and Kole
(2001) in their study with improved mungbean
varieties and local land races from the state of
Odisha, India. Kudre et al. (2013) reported that
the total protein content in mungbean protein
isolates (MBPI) was 87.8%, with a total amino
acid content of 800.2 mg/g. The average amino
acid composition of mungbean is presented in
Table 7.1. The constitution of the essential
amino acids was 43.5%, while the
sulphur-containing amino acids (methionine and
cysteine) constituted about 1.6% of the total
MBPI. A negative correlation between protein
content and methionine content in mungbeans
has been reported (Yi-Shen et al. 2018). Inter-
specific hybridisation has been attempted to
transfer high methionine content from black
gram, also known as urd bean, Vigna mungo L.
into mungbeans (Nair et al. 2013). In mature
mungbean seeds, the major storage protein is 8S
globulin. Methionine and cysteine residues have
been introduced into the 8S globulin through
protein engineering technology, which resulted
in improving the amino acid score from 41 to
145% (Toria et al. 2011). The same authors

introduced free sulfhydryl groups and disulphide
bonds to generate cysteine-modified mungbean
8Sa globulin to improve protein quality. Varia-
tion for trypsin inhibitor among mungbean vari-
eties has been reported by Chattopadhyay et al.
(2009); 1324.26 TIU/g to 1502 TIU/g by Das
et al. (2015). Bioactivities for proteins
and hydrolysed peptides, including angiotensin-
converting enzyme inhibitory activity, anti-fungal
activity and trypsin inhibitory activity, have been
reviewed by Yi-Shen et al. (2018), all of them
with potential commercial applications.

7.3 Carbohydrates

Carbohydrates in mungbean include starch
components—available and resistant starch; and
fibres—lignin, cellulose; monosaccharides—
maltose, glucose, xylose; oligosaccharides—raf-
finose, stachyose, verbascose. Among carbohy-
drates in mungbean, starch is the major
constituent and utilised by the food industry and
for noodle preparation. The mungbean starch
granule can be oval, round or bean-shaped and
7–26 lm in diameter (Hoover et al. 1997) and is
characterised by its high-cross linkage properties
(Lii et al. 1988). Starch separated from ten
mungbean varieties widely cultivated in China
possesses different physicochemical characteris-
tics and diverse processing properties (Li et al.
2011). It has been reported that the starch granule
size (5–40 lm), total starch content (55–58%),
amylose content (40–42%), solubility (14–18%),

Table 7.1 Amino acid (g/16 g of nitrogen) composition of mungbean

Amino
acid

Alanine Arginine Aspartic acid Cysteic
acid

Glutamic
acid

Glycine Histidine Isoleucine Leucine

Mean 4.1 5.8 13.0 13.5 18.3 3.6 3.2 4.3 7.6

Amino
acid

Lysine Methionine Phenylalanine Proline Serine Threonine Tryptophan Tyrosine Valine

Mean 6.5 1.2 5.4 4.5 4.9 3.2 1.2 2.7 5.1

Source Adapted from Dahiya et al. (2013)
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swelling power (17–21%), hydration coefficient
(52–84%), degree of gelatinisation (63–95%) and
hardness (26–112 N). In a study of 20 mungbean
varieties released in China, the total starch con-
tent ranged from 40.6 to 48.9% of seed (Shi et al.
2016). The above authors also found that the
resistant starch accounted for 16.1–22.3% of
total carbohydrates. The comparison of the starch
and starch fractions between mungbean and other
legumes is presented in Table 7.2. Resistant
starch has attracted interest for its potential to
improve gut microbiota composition (Nielsen
et al. 2015). Nair et al. (2013) pointed out that
exploring more varieties and evaluating the
relationship between the structural and functional
properties of mungbean starch would help
develop new processing applications for the
crop. Oligosaccharides, such as raffinose, sta-
chyose and verbascose, are associated with flat-
ulence after consumption of beans. Mungbeans
cause less flatulence compared to other legumes
(Goel and Verma 1981).

7.4 Lipids

The fatty acids (g/kg of seed) present in mung-
bean are palmitic (2.8–4), stearic (1.4–1.7), oleic
(2.1–2.9), linoleic (3.4–4.6, linolenic (1.9–2.4),
arachidic (0.23–0.25) (Anwar et al. 2007).
Adsule et al. (1986) and Abdel-Rehman et al.
(2007) recorded that linoleic acid was the most
predominant one and that lauric acid was the

lowest one. Zia-Ul-Haq et al. (2008) recorded
that the oil content in mungbean seeds is rela-
tively low (2.1–2.7%). The total tocopherol
content of mungbean (12.5 mg/100 g) was
reported to be higher than in other legumes like
black gram: 6.7 mg/100 g), chickpea (Cicer
arietinum L.): 11.4 mg/100 g and horse gram
(Macrotyloma uniflorum (Lam.) Verdc):
7.4 mg/100 g) (Gopala Krishna et al. 1997). The
scope for genetic improvement is limited owing
to the low oil content (Nair et al. 2013).

7.5 Vitamins

The amount and distribution of carotenoids in 20
mungbean varieties differing in seed size and
colour were studied by Harina and Ramirez
(1978). They found that these carotenoids were
present in the form of b-carotene and xantho-
phylls. Carotenoid content in cotyledons of
mungbean (0.5–0.8 mg/100 mg) differs slightly
between green and yellow varieties, whereas it
varies significantly in seed coats (0.07–
0.44 mg/100 mg) of green and yellow mungbean
varieties. Interestingly, the authors found that
grain size has no correlation with the carotenoid
content in mungbean. Carotenoids including
provitamin A, such as a-carotene and b-carotene,
are converted to vitamin A in the human body
after absorption. According to USDA (2010),
mungbean sprouts (per kg, dry weight basis)
have higher (100 lg retinol activity equivalent

Table 7.2 Digestibilities of starch and starch fractions in different legume species

Legume Resistant
starch (%)

Readily digestible
starch (%)

Slowly digestible
starch (%)

Hydrolysis
index

Glycemic
index

Black
gram

60.9 ± 1.1d 9.5 ± 0.6d 29.6 ± 0.8b 16.5 ± 0.8c 48.7 ± 0.3c

Chickpea 54.3 ± 0.9b 10.9 ± 0.4e 34.8 ± 0.6cd 18.4 ± 0.4d 49.8 ± 0.2d

Field pea 58.0 ± 1.4c 8.1 ± 0.5c 33.9 ± 0.4c 16.8 ± 0.5c 48.9 ± 0.4c

Lentil 65.2 ± 0.9e 5.2 ± 0.6b 29.7 ± 0.5b 13.0 ± 0.7b 46.8 ± 0.5b

Mungbean 50.3 ± 1.3a 9.7 ± 0.6d 40.0 ± 0.8d 20.0 ± 0.7e 50.7 ± 0.3d

Pigeon
pea

78.9 ± 0.8f 4.2 ± 0.3a 16.9 ± 0.7a 8.2 ± 0.3a 44.2 ± 0.6a

Means followed by the same superscript within a column do not differ significantly (p < 0.05). Data (±standard
deviation) are the mean of triplicate analyses (reproduced from Sandhu and Lim 2008)
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(RAE) content of Vitamin A than grains (70 lg
RAE). Nisha et al. (2005) recorded the riboflavin
content of mungbean to be 0.29 mg/100 g. Wide
range (0–10 mg/100 g, dry weight basis) in
vitamin C content in mungbean was reported by
Prabhavat (1990). Like in the case of vitamin A,
the vitamin C content in mungbean sprouts
(1.38 g/kg, dry weight) is higher than in mung-
bean grains (0.05 g/kg, dry weight). Mungbean
grains have a folate content of 0.0069 g, com-
pared with 0.0064 g for sprouts (per kg, dry
weight basis) (USDA 2010). Rychlik et al.
(2007) used the stable isotope dilution assays to
quantify folates in legumes and found
5-methyltetrahydrofolate as the predominant
vitamin in mungbean. They reported a folate
content of 0.0028 g/kg, dry mungbean seeds.
Folates are vital nutrients for pregnant women.

7.6 Iron

Mungbean is an important source of minerals
like iron in countries where the large portions
are consumed as part of the meal. The iron
content in mungbean could range from 5.9 to
7.6 mg/100 g (Dahiya et al. 2015). Consump-
tion of improved mungbean varieties with
higher iron content had a positive effect on the
productivity of female anaemic workers in
Pakistan (Weinberger 2003) and among chil-
dren in India (Vijayalakshmi et al. 2001). The
iron content in mungbean lines/varieties grown
in India ranged from 3.5 to 8.7 mg/100 g (Nair
et al. 2015a, b). The authors opined that daily
consumption of 100 g of mungbean could
potentially provide 46–109% of RDA for males
and 19–48% of RDA for females. The soil
available iron may be affected by agronomic
factors, soil and weather conditions, thereby,
affecting the grain iron content (Thavarajah
et al. 2009; Nair et al. 2015a, b). Mungbean
varieties (CN 9-5 and Harsha) recorded almost
double their iron content when grown in soils
with high available iron (Nair et al. 2015a, b).
A promising QTL (qFe-11-1) for iron was
located on LG 11 map at the position of
113.7 cM by mapping in a recombinant inbred

line (RIL) population developed from a cross
between ML446 (high iron content) and Sattya
(low iron content) by Singh (2013).

7.7 Zinc

Variation (2.1–6.2 mg/100 g) in zinc content
among mungbean varieties has been reported
(Taunk et al. 2011; Nair et al. 2015a, b).
Karuppanapandian et al. (2006) studied the
diversity of zinc content in local landraces of
mungbean from Tamil Nadu, India, using
random amplified polymorphic DNA (RAPD)
markers. Taunk et al. (2011) also obtained
polymorphism for zinc content in mungbean
using RAPD markers. Four promising QTLs
(qZn-11-4, qZn-11-5 on LG 11 and qZn-4-1,
qZn-4-2 on LG 4) at the map distance of
196.2 cM, 296.3 cM, 13.7 cM and 87.9 cM
by mapping in a RIL population developed
from a cross between ML446 (high zinc con-
tent) and Sattya (low zinc content) by Singh
(2013).

7.8 Other Minerals

Singh et al. (1968) examined the distribution of
the different minerals in mungbean plant and
found that calcium is primarily present in the
seed coat (30–50%), i.e. (812 mg/100 g dry
weight), iron in the embryo (23 mg/100 g dry
weight) and seed coat (17 mg/100 g dry
weight), and phosphorus in the embryo
(756 mg/100 g dry weight) and cotyledons
(341 mg/100 g dry weight). The mungbean
lines/varieties commonly grown in South Asia
were studied for their variability in their min-
eral content by Nair et al. (2015a, b). The
following ranges were recorded for the other
minerals: Ca (1190–1580 mg/kg), Mg (970–
1700 mg/kg), Zn (21–62 mg/kg), Cu (7.5–
11.9 mg/kg), Mn (9.8–19.6 mg/kg), Se (0.21–
0.91 mg/kg), K (8670–14,100 mg/kg) and P
(2760–5170 mg/kg). The effect of the envi-
ronment on the concentration of minerals in
mungbean lines was observed. In addition,
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variation in some of the values reported could
be due to the method of determination of these
minerals; inductively couple plasma-emission
spectrometry (ICP–EMS)—Nair et al. (2015a,
b); atomic absorption spectrometry—Barakoti
and Bains (2007) and EDTA Titration method
—Kadwe et al. (1974).

7.9 Phytic Acid

Anti-nutritional components reported in mung-
bean include phytic acid, tannins, hemagglutinins,
polyphenols, trypsin inhibitor and proteinase
inhibitor (Dahiya et al. 2013). Phytic acid, also
known as phytate or myo-inositol-1,2,3,
4,5,6-hexakisphosphate (InsP6), is the main seed
storage molecule for phosphorus and is essential
for seed development and germination. In
legumes, phytates are present in the protein bodies
of the endosperm. Variation in phytic acid content
(1.8–5.8 g/kg dry grain) in mungbean was repor-
ted by Sompong et al. (2010a) in a study with 250
accessions. High broad-sense heritability (80%)
for phytic acid content was recorded, which sug-
gested that breeding for low phytate content was
feasible. The authors found that high phytic acid
content was controlled by dominant alleles at two
independent loci, showing duplicated recessive
epistasis. A few mungbean QTLs with low or
moderate effect on phytic acid content were iden-
tified by Sompong et al. (2010b), However, the
authors have cautioned that some of the QTLs for
phytic acid content overlappedwithQTLs for seed
size, flowering andmaturity, and hence, validation
of these results may be conducted before applying
for marker-assisted selection. Low phytic acid
content (2.6–3.8 g/kg) in mungbean
varieties/lines was reported by Nair et al. (2015a,
b) and was lower than those reported in kidney
bean (Phaseolus vulgaris L.) (11–17 g/kg),
chickpea (4.9–6.1 g/kg), broad bean (Vicia faba
L.) (10.1–13.7 g/kg) and soybean (Glycine max
(L) Merr. (10–14.7 g/kg) (Khokhar and Push-
panjali Fenwick 1994; Konietzny and Greiner
2003). Variation in phytic acid content could also

depend upon the method of analysis, estimation of
the myo-inositol hexaphosphate content by anion
exchange HPLC separation (Lestienne et al. 2005)
or phytic acid extracted using 0.5 M HNO3 and
determined colorimetrically (Grewal and Jood
2006). Low phytic acid is considered beneficial, as
phytic acid can reduce the bioavailability of iron,
zinc and other mineral micronutrients. Reduction
in phytic acid content should not lead to a detri-
mental effect on seed germination (Bohn et al.
2008). Phytic acid serves as an antioxidant, shows
anticarcinogenic/antineoplastic properties, redu-
ces or prevents kidney stone formation and plays
important roles in many physiological processes
(Konietzny and Greiner 2003).

7.10 Other Compounds

Haemagglutinin activity was reported in mung-
beans (Mubarak 2005). These are the
sugar-binding proteins that bind with red blood
cells and agglutinate them. They bind with
specific receptors at epithelial cells of the intes-
tine causing lesions and improper microvillus
development leading to abnormal absorption of
nutrients. Philip and Prema (1998) studied five
mungbean varieties cultivated in India and
recorded trypsin inhibitor activity: 56–98 trypsin
inhibitor units (TIU) mg/protein and tannin
content ranging from 3.1 to 4 g/kg grain. Trypsin
inhibitor activity of mungbean is much lower
than that of other legumes like soybean, kidney
bean and chickpea (Sumanthi and Pattabiraman
1976; Guillamón et al. 2008). In addition, the
potential to reduce both trypsin inhibitor activity
and tannins in mungbean is strengthened by the
significant variation recorded for these in the
varieties studied (Philip and Prema 1988).

Saponins occur in a wide variety of food
plants: chickpea (56 g/kg, dry weight), soybean
(43 g/kg, dry weight) being relatively rich com-
pared to mungbeans with 5.7 g/kg, dry weight
(Fenwick and Oakenfull 1983). Consumption of
large quantities of food containing saponins
could lead to stomach discomfort. However,
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moderate amounts of saponins can be beneficial
lowering plasma cholesterol and thereby reduc-
ing the risk of heart disease (Potter et al. 1980).

The antioxidant properties of flavonoids in
mungbean were investigated by Cao et al.
(2011). They found that vitexin and isovitexin
(more than 96%) present in the seed coat can
help reduce injury due to heat stress (dehydra-
tion) in humans. Kim et al. (2012) found that the
total phenolic and flavonoid levels of extracts of
mungbean sprouts were higher (0.167–0.192 g
ferulic acid equivalent (FAE)/kg dry weight than
that of dry seeds (which ranged from 0.098 to
0.101 g FAE/kg). Yao et al. (2008, 2011) have
suggested the potential use of mungbean seeds
and sprouts extracts for therapeutic use.

7.11 Scope for Genetic
Improvement in Nutritional
Quality: Opportunities
and Challenges

A study conducted by Ebert et al. (2017) by
comparing the level of nutrients in landraces and
improved varieties of mungbean found that rel-
atively old mungbean accessions were superior
in protein, calcium (Ca), iron (Fe), zinc (Zn),
carotenoid and vitamin C content compared to
improved mungbean lines at the fully mature
stage. The above finding is a timely reminder to
mungbean breeders not to ignore nutritional
quality improvement in their program.

The discussion from the previous sections
suggests that genetic improvement in mungbean
is feasible for further enhancing protein quality,
starch content and quality, content of minerals
like iron, zinc and also in reducing the
anti-nutritional compounds like phytic acid.
Progress particularly with improving iron and
zinc in the identification of suitable parents,
development of mapping populations and in the
identification of QTLs for marker-assisted

selection is encouraging. Validation of the
markers developed would enable other breeders
to employ them in their breeding programs.
Indirectly progress can also be made by tackling
other traits such as resistance to bruchids (Cal-
losobruchus spp.), which causes huge losses
during storage and also leads to a reduction in the
nutritional quality of the stored grains. Bruchid
infestation during storage in a 6-month period
could lead to increases of 25% in trypsin inhi-
bitor activity, 16% in saponin level and 46% in
phytic acid content (Modgil and Mehta 1994).
Bruchid-resistant mungbean varieties developed
(Nair et al. 2015a, b) would help to reduce the
risk of losses in the nutritional quality of these
varieties during storage.

However, in order to fully explore the potential
for further improvement, screening of the mung-
bean mini-core collection developed by World
Vegetable Center (Schafleitner et al. 2015) for
nutritional quality traits would be a good start. The
seed size of the variety selected is an important
criterion among farmers: large/medium/small.
A non-significant correlation between seed size
and the micronutrient content indicated that
nutrient composition is apparently not affected by
seed size and that there is no danger of losing the
nutritive value of the grain by developing small-
or large-seeded varieties (Nair et al. 2015a, b).
Several authors have reported the advantage of
sprouts over grains for nutritive value (Ebert et al.
2017). Hence, any variety with a better nutrient
content in the grains would have increased nutri-
tive value when consumed as sprouts. However,
varieties preferred by the growing sprout market
segment are very selective (Nair et al. 2015a, b)
and would need special attention to seed size and
colour, colour of the seedlings and shelf life of the
sprouts.

It is promising to see more interest in recent
years in identifying compounds in mungbean,
which could add value to the crop, for example,
identification of aroma volatiles and understanding
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2-acetyl-1-pyrroline biosynthetic mechanism in
aromatic mungbean (Attar et al. 2017). The need to
pay attention to the food processing properties of
mungbean was pointed out by Dahiya et al. (2013).
In addition, it is important to employ the latest
methods with good detection limits so that bio-
logical variation can be separated from analytical
variation.
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8Molecular Marker Resources
and Their Application

Roland Schafleitner

Abstract
Molecular markers are DNA fragments or
sequence tags that are associated with a
certain location of the genome of an organism.
Markers have been used in mungbean to
analyze the genetic diversity among germ-
plasm accessions and cultivars and to map
important traits, including resistance to pests
and diseases. Early studies were performed
with isoenzyme and RAPD markers.
Microsatellite markers derived from various
Vigna species were efficiently used for gener-
ating genetic maps and map traits such as
bruchid resistance in segregating populations.
The advent of the mungbean whole genome
sequence has strongly improved the access to
molecular markers for this crop. Large num-
bers of single-nucleotide markers have been
produced by genotyping by sequencing and
whole genome re-sequencing, and the gener-
ated information has been used to assess the
diversity and population structure of mung-
bean collections and for mapping traits in
segregating populations and germplasm pan-
els. Markers for agro-morphological traits as
well as for disease and pest resistance are
available for marker-assisted selection in
mungbean breeding programs.

8.1 Introduction—The Most
Important Molecular Marker
Types for Plant Science

Molecular markers can be considered to be
landmarks in the genome. A molecular marker is
either a DNA fragment or a DNA sequence
associated with a specific genomic location. In
the past, also protein markers have been used.
For being useful, a molecular marker needs to
show differences among the genotypes under
investigation, by either sequence or fragment
length. Subsequently, the most important marker
types used in plant sciences are briefly described.

Restriction fragment length polymorphism
(RFLP) markers were invented byAJ Jeffries in the
late 1970s (Zagorski 2006) andwere first applied in
human genetics. In the late 1980, this techniquewas
introduced to study genome architecture in major
crops such as wheat (Sharp et al. 1989), tomato and
potato (Bonierbale et al. 1988). RFLP marker
detection involves digestion of genomic DNAwith
restriction enzymes, labeling of specific DNA
fragments—usually with the radioactive isotope
32P—and then using the fragments one by one as a
probe in Southern blot analyses (Williams 1989).
RFLP markers are usually designed to detect both
alleles in a heterozygous sample. These markers
were a breakthrough for genetic fingerprinting, but
the technique is time consuming, needs large
amounts of high-quality DNA, and involves han-
dling of a radioactive substance, making the anal-
ysis laborious and expensive. Therefore, this
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technology is not used anymore, but many pub-
lished RFLP markers referring to important pest
and disease resistances are still relevant to research
and breeding.

The advent of polymerase chain reaction
(PCR) opened the path for a number of different
marker types. Random amplified polymorphic
DNA (RAPD) markers rapidly have became
popular, as they are easy and cheap to use on
virtually any organism. RAPD applies combina-
tions of short random primers in PCRs to amplify
different genomic regions. The obtained DNA
fragments are resolved according to their size by
agarose or polyacrylamide electrophoresis. The
banding patterns can vary among genotypes,
resulting in potentially polymorphic markers.
The drawbacks of RAPD markers are that they
require relatively high-quality DNA, are domi-
nant, and have low reproducibility. Conse-
quently, they are difficult to be compared among
experiments and among laboratories. In addition,
the multiple bands produced in PCR by RAPD
primer pairs make identification of alleles diffi-
cult. Converting RAPD markers to more robust
sequence characterized amplified regions
(SCAR) markers enhances reproducibility and
allele identification (Bhagyawant 2016). For
developing SCAR markers, polymorphic RAPD
fragments are cloned and sequenced, and primers
are designed to specifically amplify the poly-
morphic RAPD fragments. Generally, the primer
pairs are made to amplify a single RAPD band
(Paran and Michelmoore 1993). Polymorphism
of SCAR markers is either scored as presence or
absence of the amplified band, or as length
polymorphisms in the case of co-dominant
SCAR markers.

Amplified fragment length polymorphism
(AFLP) uses genomic DNA digested with
restriction enzymes that are ligated to adapters
with known sequence (Vos et al. 1995). Primers
complementary to the ligated adapters are used to
amplify DNA fragments. Complexity reduction
is achieved by adding one or a few specific bases
at the 3′ end of the primers to amplify only a
subset of the restriction fragments. Presence and
absence of specific fragments are scored after
separation of the fragments according to their

size on a gel or on a fragment analyzer. DNA
bands are visualized either through autoradiog-
raphy or fluorescence methods. AFLP can pro-
duce a large number of markers and is at least
partly amenable to automatization. Polymorphic
bands can be converted to SCAR markers (see
above). Today, AFLP markers are not broadly
used any more.

Microsatellite markers (SSR marker) contain
simple sequence repeats (SSRs) of 1–8 base pairs
(Hamada andKakunaga 1982). SSRmotifs are hot
spots for mutations, where DNA polymerase adds
or eliminates one ormore repeat units duringDNA
replication. SSR motifs can be present in coding
and non-coding sequences. They can be amplified
by PCR using flanking sequence-specific primers.
Size polymorphisms of specific SSR fragments
among different genotypes are scored after size
fractionation by electrophoresis or on fragment
analyzers. SSR markers are abundant in the gen-
ome and are generally co-dominant; however, the
degree of their polymorphism varies among spe-
cies and populations.

Single-nucleotide polymorphism (SNP) mark-
ers consist of single-nucleotide changes observed
by comparing the DNA of different genotypes.
They are very abundant in the genome, but their
generation generally requires sequence informa-
tion. As improvements in sequencing technology
made sequence information readily available at
low cost, SNP markers have become the marker
species of choice.

Strictly speaking, markers like AFLP or RFLP
that do not require sequence information also
score (beside indels and structural variations)
SNPs, but only if they are present at restriction
enzyme cutting sites. Likewise, the Diversity
Array Technology (DArT) also scores SNPs (and
indels and structural variants) by testing for the
presence or amount of a specific DNA restriction
fragments in a representation derived from the
total genomic DNA of different individuals or
populations (Jaccoud et al. 2001). The DArT
technology is fast and cost-effective, but pro-
duces dominant markers.

There are various methods to obtain SNP
markers. Comparing genome or transcriptome
sequences among individuals is a relatively
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simple method to produce SNP information, but
cost-effective genotyping of these SNPs in a
large population needs specialized technologies
based on fluorescence detection in PCR format
(Tapp et al. 2000; Semagn et al. 2014), or arrays
(Elbasyoni et al. 2018). Smaller SNP sets can be
analyzed in large populations by cleaved ampli-
fied polymorphic sequence (CAPS) markers
(Thiel et al. 2004), high-resolution melting (Liew
et al. 2004), mass spectroscopy (Storm and
Darnhofer-Patel 2003), or other methods.
Dependent of the number of loci to be geno-
typed, establishing the SNP resource for a pop-
ulation may be a costly investment.
Multiplexing SNP assays is an often practiced
way to improve cost efficiency (Fan et al. 2003).

SNP genotyping technologies such as geno-
typing by sequencing (Elshire et al. 2011) and
the single-primer enrichment technology (SPET)
became very popular. They are based on
sequencing a fraction of the genome. Complexity
reduction is achieved either by restriction
enzyme digestion or by multiplex PCR amplifi-
cation of target sequences. Both methods can be
scaled to obtain a greater or lesser number of
SNPs. DNA barcoding allows for pooling of
many samples in one sequencing reaction, which
leads to dramatic cost reductions (Elshire et al.
2011). GBS and SPET combine SNP discovery
and genotyping in one step, but the repro-
ducibility and precision of these methods are
inferior to array-based genotyping (Elbasyoni
et al. 2018). Both GBS and SPET are patented
technologies (patent numbers
WO2013009175A1 and US20130231253A1,
respectively).

8.2 Molecular Markers in Plant
Breeding

Plant breeding consists of crossing the best par-
ents and subsequent identification and recovery
of the progeny that outperforms the parents
(Moose and Mumm 2008). Genetic gain is
defined by (i) the phenotypic variation present in
the breeding population, (ii) the probability that a

trait phenotype will be transmitted from parents
to offspring (heritability), (iii) the proportion of
the population that is selected as parents for the
next generation (selection intensity), and (iv) by
the time necessary to complete a cycle of selec-
tion. All four key factors for genetic gain can be
positively impacted by using molecular markers.

One factor affecting genetic gain is the avail-
able phenotypic variation in the population.
Measuring the phenotypic diversity is affected by
the environment. Exotic material may not be
adapted to the selection environment and thus not
show the real potential for breeding. Phenotypic
diversity is positively associated with genetic
diversity. Molecular markers are cheap and effi-
cient tools to characterize genetic diversity in
populations. They contribute to understand pop-
ulation structure and inform about the presence
of heterotic groups in a germplasm set or in
breeding populations and facilitate the exploita-
tion of heterosis for producing hybrids and
improved populations (Van Inghelandt et al.
2010; Barata and Carena 2006).

Heritability depends on the number of genes
affecting a trait, the magnitude of their effects,
and the type of gene action associated with the
phenotype (Moose and Mumm 2008). Molecular
marker technologies facilitate the definition of
loci associated with a trait of interest. For traits
with low heritability such as yield, molecular
markers associated with loci influencing the trait
often account for a greater proportion of additive
genetic effects than the phenotype alone.
Knowledge of the genetic architecture underlying
the trait can be exploited to add or eliminate
specific alleles that contribute to the breeding
value. If linkage drag or epistasis among loci
with antagonistic effects on a trait limits the
genetic gain, information on loci associated with
the traits can be used to break these undesirable
allelic relationships (Moose and Mumm 2008).

Selection intensity in conventional plant
breeding relies on phenotypic selection. Envi-
ronmental variability, genotype by environment
interaction, and evaluation errors add complexity
to phenotypic selection. Multi-environment
evaluation improves selection accuracy, but is
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time consuming and expensive. Some traits
require destructive sampling or exposure of the
population to diseases and pests, which affects
the recovery of the desired genotypes. Pest and
disease resistance screening in natural environ-
ments is particularly challenging, as it depends
on the presence and activity of the pathogen (and
its vector) or the pest. Molecular markers can
make selection more precise and increase the
selection intensity.

Some traits, including those associated with
yield or stress resistances appear at late devel-
opmental stages and only can be measured on
mature plants. Therefore, large testing popula-
tions have to be cultivated up to maturity for
selection. Molecular markers associated with
traits of interest can allow selecting for these
traits at early stages, reducing the time and costs
required for plant cultivation and testing. Mark-
ers linked to traits of interest make the selection
environment independent, allow for selection in
off season nurseries, and permit accommodating
multiple selection rounds in a year, therefore
shortening the time required for completing a
selection cycle. The advantages of molecular
marker-based selection have been realized by
plant breeders, and the technology is now applied
on a broad range of crops, including legumes
(Varshney et al. 2018).

8.3 Molecular Markers
of Mungbean—A Brief History

Before molecular markers became available,
genetic studies relied on studying morphological
traits, such as flower color in pea (Mendel et al.
1993). Morphological traits that are controlled by
a single gene can be used as genetic markers, but
their number is limited, and without progeny
tests, it is impossible to distinguish heterozygous
from homozygous individuals. With the advent
of isoenzyme markers, first genetic maps were
constructed (Mahmoud et al. 1984). Protein
markers were developed based on differences in
mobility of certain proteins among different
accessions. Mobility differences of seed proteins
were used for cultivar detection (Mohanty et al.

2011). Pattnaik and Kole (2002) found protein
markers that were polymorphic between
MYMV-resistant and susceptible genotypes. The
phylogenetic relationship between Vigna species
was also addressed with protein markers (Kole
and Panigrahi 2001). The limited number of
polymorphic protein markers favored the devel-
opment of more polymorphic DNA-based
markers. About one decade after the first RFLP
marker studies on major crop species, the tech-
nology was applied also on “orphaned” crops
such as mungbean, and in the early 1990s, the
first reports using restriction fragment length
polymorphic (RFLP) markers for mapping traits
in mungbean were published (Fatokun et al.
1992; Young et al. 1992, 1993). A genetic map
based on RFLPs comprising 171 loci on 14
linkage groups was produced (Menancio-Hautea
et al. 1993). Reports on molecular marker in
mungbean became more frequent with the advent
of random amplified polymorphic DNA (RAPD)
markers. They were used to assess genetic
diversity in germplasm (Santalla et al. 1998) and
in cultivars (Lakhanpaul et al. 2000) and to map
resistance to the most important diseases and
pests such as mungbean yellow mosaic disease
(Selvi et al. 2006) and bruchid beetles (Chen
et al. 2007). The more reproducible AFLP
markers allowed refining diversity studies (Singh
et al. 2013) and trait mapping (Chaitieng et al.
2002; Srinives et al. 2010), but none of the
markers developed with this technology was
reported to be used in breeding. Then, large
numbers of SSR markers were assembled for
mungbean from sequence data of various Vigna
species (Somta et al. 2009), or were generated for
mungbean genomic sequences (Tangphatsorn-
ruang et al. 2009) or transcriptome sequencing
data (Gupta et al. 2014; Chen et al. 2015a).
A genetic map resolving the 11 linkage groups of
mungbean was constructed with 150 SSR
markers (Kajonphol et al. 2017), and QTLs for
resistances to Cercospora leaf spot (Chankaew
et al. 2011), powdery mildew (Kasettranan et al.
2010), nutritional traits such as phytic acid con-
tent (Sompong et al. 2012), and
domestication-related traits (Isemura et al. 2012)
were mapped. SSR markers also were used to
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assess genetic diversity in a large germplasm
collection to establish a mini-core collection
(Schafleitner et al. 2015). Large-scale
single-nucleotide polymorphic (SNP) marker
detection was started in mungbean by transcrip-
tome sequencing (Moe et al. 2011) and by
comparing reads obtained by Illumina HiSeq
sequencing of the genomes two mungbean cul-
tivars (Van et al. 2013). Soon after, the whole
genome sequence of mungbean cultivar
VC1973A became available (Kang et al. 2014),
paving the path for genotyping by sequencing
approaches on this crop (Kang et al. 2014;
Schafleitner et al. 2016). Current re-sequencing
projects producing huge numbers of markers are
likely to provide insight into genome
re-arrangements in mungbean.

8.3.1 The First Molecular Markers
for Mungbean Breeding:
Markers Associated
with Bruchid Resistance

The first application of molecular marker in
mungbean was a study targeting bruchid-resistant
loci. Promising bruchid resistance was discov-
ered in wild mungbean Vigna radiata
ssp. sublobata TC1966 (Fujii et al. 1989). At that
time, the markers of choice were RFLPs. It was
thought that RFPL may be a suitable marker
system especially for crops with relatively small
genome size such as mungbean to map genes and
guide chromosome walking for gene cloning
(Steinmetz et al. 1981). Young et al. (1992)
analyzed 58 F2 progeny derived from V. radiata
ssp. sublobata TC1966 and a susceptible V.
radiata line with 153 RFLP markers and suc-
ceeded to define a RFLP marker 3.6 cM distant
from the bruchid resistance locus. One F2 indi-
vidual was identified carrying the bruchid resis-
tance gene within a tightly linked double
crossover. Such an individual would be highly
valuable in developing resistant mungbean lines
with reduced linkage drag. Later, Miyagi et al.
(2004) succeeded to convert RFLP probes asso-
ciated with bruchid resistance to PCR-based
markers. They screened mungbean BAC libraries

from resistant and susceptible lines with RFLP
probes associated with bruchid resistance and
identified SSR motives and sequence tagged sites
(STS) on these BACs. This experiment yielded
PCR-based markers STSbr1 and STSbr2 that
co-segregated with an RFLP marker associated
with bruchid resistance (Miyagi et al. 2004).
STSbr1 was validated on Indian genotypes to be
associated with bruchid resistance (Sarkar et al.
2011), while STSbr2 was associated with one of
two bruchid-resistant loci in V. radiata V2709
(Sun et al. 2008).

In the 1990s, the low-cost and easy-to-use
RAPD markers were adopted for mungbean.
Conversion of these markers to more robust
SCAR markers made this marker type more
useful. Chen et al. (2007) identified ten RAPD
markers to be associated with bruchid resistance
in a bulked segregant analysis in recombinant
inbred lines (RILs) derived from a cross between
the bruchid-resistant V. radiata ssp. sublobata
line TC1966 and the mungbean yellow mosaic
disease-resistant V. radiata elite cultivar NM92
bruchid. Three pools were established: One pool
consisted of 22 bruchid-resistant F12 RILs (0%
infestation), and two pools were made of 20
susceptible RILs with 80–90% damage and 18
susceptible RILs of 90–100% damage. From the
ten RAPD markers found to be associated with
bruchid resistance in this experiment, the four
most closely linked ones were cloned,
sequenced, and transformed to SCAR and
cleaved amplified polymorphism (CAP) markers.
The CAP fragment derived from RAPD marker
OPW02a4 was mapped to a location around
position 6 mega base on chromosome 5, after the
mungbean reference sequence (Kang et al. 2014)
became available. QTL analysis using a mix of
RAPD, SCAR, CAP, AFLP, and SSR markers
(in total 489 markers) in the same population
mapped bruchid resistance to linkage groups 7
and 9. Linkage group 9 was tagged with marker
DMB158, which later was mapped to chromo-
some 5 (Schafleitner et al. 2016). QTL mapping
using more than 9000 SNPs in population V.
radiata ssp. sublobata TC1966 x V. radiata
NM94 and more than 6000 SNPs in the cross of
the two V. radiata lines V2802 x NM94
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corroborated the presence of a bruchid resistance
locus on chromosome 5 in both resistant lines,
TC1966 and V2802. The markers are currently
used in pyramiding bruchid resistance with dis-
ease resistances and good agronomic perfor-
mance in mungbean breeding lines
(Ramakrishnan Nair, personal communication).

The example bruchid resistance shows that
molecular markers are a suitable tool for mung-
bean crop improvement. However, specifically
for the trait bruchid resistance, evolution of
marker technologies and access to large numbers
of markers did not significantly improve the
localization of the major resistance gene. The
first RFLP markers associated with this resis-
tance were mapped to a similar location like SSR
and SNP markers in more recent experiments.
The SSR marker DMB158 mapped nearest to the
bruchid resistance locus (Chotechung et al. 2011;
Chen et al. 2013). Fine-mapping the bruchid
resistance locus confirmed the localization of this
marker on chromosome 5 and resulted in two
candidate genes VrPGIP1 and VrPGIP2 confer-
ring the resistance (Chotechung et al. 2016;
Kaewwongwal et al. 2017). The SNP markers
linked to the resistance gene are not better than
the SSR marker. This demonstrates that the trait,
the biological material, and the assay conditions
are by far more important for mapping traits than
the marker system. Major resistance genes can be
tagged also with simple methods, as long as the
phenotyping data are sound. Including more
markers and using more modern marker tech-
nologies do not necessarily improve the mapping
result.

Bruchid resistance markers obtained by
genotyping by sequencing were mapped to a
reference sequence. The order of these markers
on genetic maps was different to the order sug-
gested by mapping the SNPs to the reference
sequence (Schafleitner et al. 2016). This may be
due to translocations, which caused differences in
marker order in experimental populations com-
pared to the reference sequence. Structural vari-
ations are important sources for phenotypic
diversity. They are defined as genomic variations
that involve segments of DNA larger than 1 kb in
length and consist of insertions, deletions,

inversions, translocations, and copy number
variations (Feuk et al. 2006). Genotyping with
markers do not capture all structural variations
(Springer et al. 2011). Whole genome
re-sequencing is likely to improve the knowledge
about structural variations.

8.3.2 Markers for Diversity Analysis
in Mungbean

Mungbean is an autogamous (cryptogamous)
species. Current cultivars have a narrow genetic
base, because only a limited number of geno-
types were used for breeding (Kumar et al.
2003). Breeding improved varieties therefore
needs access to new genetic diversity. Due to the
replacement or disappearance of wild relatives
and local cultivars, alleles that could be of high
interest for future breeding are continuously lost.
Therefore, germplasm collections of mungbean
landraces and wild relatives are an important
reservoir to source new genetic diversity for
breeding. The genetic diversity and population
structure of germplasm accessions in gene banks
need to be characterized to improve management
of the collections by identifying redundant
accessions, produce germplasm subsets with
certain properties, and identify genotypes of
interest for breeding (de Vicente et al. 2006).

Before the advent of molecular markers,
diversity analysis depended on geographic
information on the site of origin of an accession,
pedigree data, morphologic or agronomic traits,
or on biochemical data. Geographic origin toge-
ther with morphological traits, discrete ones like
bean color, or continuous ones like plant height
or seed size, has been used to classify mungbean
germplasm and analyze the diversity of collec-
tions (Bisht et al. 1998). The joint analysis of
discrete and continuous variables has higher
potential than analysis of either discrete or con-
tinuous data alone (Gonçalves et al. 2008).
However, morphological data are susceptible to
environmental variability. Measuring morpho-
logical traits in large collections usually is done
over several seasons, bearing the risk that envi-
ronmental variability is causing variation of traits
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and subsequent errors in diversity analyses. In
addition, morphological differences usually are
determined by a small number of genes and may
not be representative for the genetic diversity of
the entire genome (Carroll 2008). In contrast,
DNA markers are likely to reveal most accurately
the genetic relationship among genotypes (re-
viewed by Crawford 1990). Marker genotypes
are environment independent, and they are stable
over different developmental stages of the plants.
Small samples of plant tissue are sufficient for
genotyping, and it is not necessary to grow plants
to maturity, as it is required for morphological
characterization, making genotyping a cheap
option for diversity characterization. DNA
markers likely provide information on homolo-
gous loci among genotypes, while morphological
characteristics may be under the control of mul-
tiple genes, masking allelic relationships. DNA
markers also are by far more abundant than
morphological markers, increasing the power to
discriminate between genotypes. Finally, scoring
DNA markers is generally easier that measuring
morphological parameters. Modern marker tech-
nologies also are amenable to automatization,
further facilitating the approach.

Several marker technologies have been used
to characterize mungbean germplasm. Santalla
et al. (1998) have used RAPD markers to analyze
genetic diversity in a small panel consisting of
mungbean germplasm and three individuals of
other Vigna species. Sixty random decamer pri-
mers were tested, and 28 pairs revealed being
informative. The resulting phylogenetic tree
showed three main clusters, which included V.
radiata landraces, Vigna mungo, and Vigna
luteola, respectively. Studies on the genetic
diversity of Indian mungbean cultivars were also
performed with RAPD markers (Lakhanpaul
et al. 2000; Datta et al. 2012). These studies had
in common that a relatively large number of
primer combinations had to be tested and only
about the half of the combinations yielded useful
RAPD patterns for diversity analysis. RAPD
markers can be readily applied on any organism,
without previous sequence information. RAPD
markers are generally abundant and evenly

distributed over the genome. The main weakness
of RAPD markers is their low reproducibility
(Schierwater and Ender 1993). Hence, these
markers are difficult to be used across laborato-
ries and experiments. The scoring of the bands
can be complex and is subject to different inter-
pretation when analyzed by different persons.
High-quality DNA is critical for these assays,
adding costs to the experiment. All together,
these properties make RAPD markers a poor tool
to analyze genetic diversity in large genebank
collections.

Chattopadhyay et al. (2005) applied a com-
bination of RAPD and inter-simple sequence
repeats (ISSR) markers to study genetic diversity
in selected mungbean genotypes. ISSRs are
regions in the genome flanked by microsatellite
sequences. These regions are amplified in PCRs
using a primer that contains a microsatellite motif
at the 3′ end (Gupta et al. 1994). ISSR markers
do not need any previous sequence information,
are easy to use, and cause low costs. But ISSRs,
like RAPD, may be affected by low repro-
ducibility, and the obtained multiple bands may
be derived from non-homologous loci and diffi-
cult to analyze.

A few reports describe the use of AFLP
markers in mungbean diversity analysis (Bhat
et al. 2005; Singh et al. 2013). Singh et al. (2013)
compared phylograms obtained with ISSR and
AFLP markers. They found that AFLP markers
were more efficient than the ISSR in assessing
genetic diversity, as they yielded more poly-
morphic markers than ISSR. The comparison of
the Jaccard similarity matrices obtained with
both marker systems showed only low correla-
tion, and the clustering of genotypes within
groups was not similar when AFLP- and
ISSR-derived dendrograms were compared. It
was hypothesized that the two marker technolo-
gies targeted different genomic regions and
yielded different numbers of markers, which led
to the different phylogenetic clustering of the
accessions when the two methods were used.
Advice for designing an ISSR experiment and
recommendations on using ISSR markers in
genetic variation studies has been disclosed in
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Ng and Tan (2015). But in general, the
easy-to-use SSR and SNP markers have widely
replaced other marker systems, including ISSR.

Most diversity studies in mungbean have been
accomplished with microsatellite (SSR) markers.
These co-dominant markers are abundant in the
genome, are easy and cheap to use, and are
amenable to multiplexing and automatization
(Hayden et al. 2008). Originally, SSR markers
were developed from repeat-enriched libraries
(Edwards et al. 1996), a labor intense technol-
ogy. But with readily available sequence infor-
mation from transcriptomes and genomes,
microsatellites became much easier to access
(Chen et al. 2015a). Specialized software tools to
mine DNA sequences for microsatellite motifs
and design primers to amplify microsatellite loci
are widely available (da Maia et al. 2008; Wang
and Wang 2016). Still, microsatellite markers
need to be well chosen to obtain allelic bands in
genotyping. Backward and forward mutations
(homoplasy) may occur at microsatellite loci and
cause underestimation of the genetic diversity
(Spooner et al. 2005). In mungbean, SSR mark-
ers have been developed using the 5′-anchored
polymerase chain reaction technique (Kumar
et al. 2002), from genome shotgun sequences
(Tangphatsornruang et al. 2009), transcriptome
sequences of V. radiata (Chen et al. 2015a;
Gupta et al. 2014), or have been transferred from
other Vigna species (Isemura et al. 2012).

The first comprehensive study on mungbean
diversity used a set of 19 SSR markers derived
from adzuki bean (Vigna angularis) on 615
cultivated and wild mungbean accessions (San-
giri et al. 2008). The marker set was selected
based on the marker location in the adzuki bean
genome to contain at least one marker per link-
age group. More alleles were detected in wild
than in cultivated accessions, illustrating the
lower diversity in the cultivated germplasm set.
The study revealed that Australia and New Gui-
nea represent a distinct center of diversity for
wild mungbean, while cultivated mungbean has
greatest diversity in South Asia. Soon after, the
diversity and population structure of mungbean

were analyzed with 15 different SSR markers in
692 mungbean accessions held by the National
Agrobiodiversity Center of the Rural Develop-
ment Administration, Korea. Mungbean germ-
plasm obtained from 27 countries was grouped
into seven phylogenetic clades and into two
distinct genetic groups (Gwag et al. 2010). In
total, 157 mungbean germplasm accessions
were genotyped with EST-SSRs (Chen et al.
2015b).

A combination of morphological data and
microsatellite markers was used to define a 300
accession mini-core collection that represents a
large proportion of the overall diversity of the
whole World Vegetable Center mungbean col-
lection of more than 6700 accessions (Schafleit-
ner et al. 2015). In the first step, geographic
stratification was performed, and by cluster
analysis of eight phenotypic descriptors, a phy-
logenetic tree was produced. From this tree, 20%
of the accessions were randomly selected from
each cluster as a core collection containing about
1400 genotypes. The core collection was subse-
quently genotyped with 20 microsatellite mark-
ers, and a mini-core set was selected to represent
all detected 122 alleles (Schafleitner et al. 2015).
The collection was small enough to be submitted
to multilocation trials in various regions in Asia
and Africa to discover new traits for mungbean
breeding, and it is expected that it is large enough
to map traits in genome-wide association studies.

Other marker types such as single-strand
confirmation polymorphism, cleaved amplified
polymorphic sequence, and SCAR markers that
were used for diversity analysis in other crops
(Spooner et al. 2005) were not reported for
similar works in mungbean, while
single-nucleotide polymorphic markers (SNPs)
were applied for analyzing several germplasm
collections.

The first SNPs for mungbean were reported
for pairs of mungbean lines by Moe et al. (2011)
from transcriptome sequences, followed by Van
et al. (2013) from shotgun Illumina sequences.
Availability of the mungbean whole genome
sequence (Kang et al. 2014) strongly improved
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the access to SNPs for this species.
Re-sequencing of selected lines yielded large
numbers of SNPs (Liu et al. 2016), and geno-
typing by sequencing (Elshire et al. 2011) was
applied to mungbean populations (Kang et al.
2014; Schafleitner et al. 2016). Genotyping of
germplasm accessions of mungbean with SNPs
was done on the USDA mungbean collection, the
Australian mungbean mungbean diversity panel
(Noble et al. 2018), on the World Vegetable
Center mini-core (Breria et al. 2019).

The SNP-based diversity analysis of 94 cul-
tivated mungbean genotypes from the USDA
collection originating from 27 countries was
done using a small set of SNP markers (Islam
and Blair 2018). From a total of 42 known SNPs
(Van et al. 2013), 18 were successfully converted
to polymorphic KASP markers. The population
could be divided in two subpopulations and one
admixture group.

The Australian diversity panel was submitted
to GBS. The germplasm set consisted of 466
cultivated and 16 wild accessions. In total, more
than 22,000 polymorphic genome-wide SNPs
were identified and used to analyze the genetic
diversity, population structure, and linkage dise-
quilibrium (Noble et al. 2018). As expected,
polymorphism was lower in the cultivated than in
the wild accessions. Linkage disequilibrium
decay amounted to about 100 kb in cultivated
lines and about 60 kb in wild mungbean. Struc-
ture analysis identified four distinct subgroups,
which broadly corresponded to geographic origin
and seed characteristics (Noble et al. 2018).

Genotyping using GBS of theWorldVegetable
Center mini-core produced more than 24,000
markers for a germplasm panel consisting of V.
radiata and V. mungo and 8000 polymorphic
markers for 296 V. radiata accessions. From this
set, 5447 polymorphic SNPs were used for
germplasm characterization and structure analy-
sis, identifying two major populations, one of
them falling into three subpopulations, in the
World Vegetable Center germplasm set. The
mini-core and the genotyping data are currently
used tomap a number ofmorpho-agronomic traits.

8.3.3 Molecular Marker for Cultivar
Identification
and Hybridity Tests

Molecular fingerprinting of varieties and deter-
mining purity of seed is a component of quality
seed production. Testing seed purity with
molecular markers is common for many crops
and is considered to be quicker and more
cost-effective than grow-out tests (Yashitola et al.
2002). This, however, may not be true for all
cases. For example, much of the mungbean seed
production and much of its growing area are
located in developing countries where wages are
low and where there is little access to infras-
tructure for low-cost genotyping. Therefore,
grow-out tests may be still cheaper than geno-
typing for seed quality assessment. Ali et al.
(2010) reported seed quality assessment of Ban-
gladeshi mungbean varieties based on quantify-
ing other seed than mungbean and inert matter in
seed lots, seed moisture content, 1000 seed
weight and germination tests. Molecular markers
have been applied to produce molecular finger-
prints of varieties (Tantasawat et al. 2010; Lestari
et al. 2014; Reflinur et al. 2017), but reports on
systematic use of markers for seed quality mon-
itoring for mungbean are not available.

Monitoring the success of crosses by hybrid-
ity tests with molecular markers is a common
practice (Solanki et al. 2010). In mungbean, SSR
markers are being used to monitor crosses
between mungbean germplasm and breeding
lines, as well as in wide crosses between culti-
vated mungbean and wild relatives (Ramakrish-
nan Nair, personal communication). One or a few
polymorphic SSR markers that are generally easy
to define and cheap to apply are sufficient for this
task.

8.3.4 Developing Markers Linked
to Traits of Interest

Disease-resistant cultivars are the cheapest, sim-
plest, and most environmentally safe way to
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manage disease. Likewise, improving abiotic
stress tolerance of crops can stabilize yields and
prevent crop failure. Disease resistance and abi-
otic stress tolerance are often sourced from lan-
draces and wild relatives. Introgression of biotic
and abiotic stress-tolerant traits from unadapted
material into elite cultivars is a frequent breeding
task. As outlined above, using molecular markers
can improve introgression of these traits into elite
breeding material.

Developing markers associated with traits of
interest include the following steps:

(1) Establish the genetic resources for trait
mapping, for example, a mapping population
or a germplasm panel segregating for the trait
of interest

(2) Phenotype the population and generate trait
value data, e.g., on resistance or suscepti-
bility to a pathogen or pest, or on tolerance to
an abiotic stress factor

(3) Develop markers and genotype the experi-
mental population

(4) Associate phenotypes to specific marker
genotypes using appropriate statistical
methods

(5) Validate the candidate markers in different
genetic backgrounds and produce
user-friendly markers for marker-assisted
selection.

Once the genetic resources are phenotyped, a
marker system has to be chosen to genotype the
population or germplasm panel. Today, the most
popular markers are SNPs. Genotyping by
sequencing has been successfully used in
mungbean to generate a large number of SNP
markers for bi-parental populations and germ-
plasm panels (Schafleitner et al. 2016; Noble
et al. 2018). Ongoing whole genome
re-sequencing efforts benefit from the available
whole genome reference sequence of mungbean
(Kang et al. 2014) and are likely to provide large
number of SNPs for this species.

Several methods are available to associate
phenotypic traits with genotypes. Bulked segre-
gant analysis uses bulked DNA samples gener-
ated from individuals of a segregating population

from a single cross (Michelmore et al. 1991).
Each bulk contains DNA from individuals that
are identical for a particular trait such as disease
and pest resistance or susceptibility, but are
arbitrary at all unlinked regions. The two bulks
are therefore genetically dissimilar in the selected
region but seemingly heterozygous at all other
regions. The bulks are screened for genetic dif-
ferences using suitable markers to identify loci
that have contrasting alleles at homozygote state
in the two bulks. Bulked segregant analysis is a
rapid and simple method to determine associa-
tion of markers to single gene or oligogenic
traits, but is generally not suitable for multigenic
traits. On mungbean, bulked segregant analysis
has been used to map bruchid resistance (Cheng
et al. 2005, 2007; Sun et al. 2008), Mungbean
yellow mosaic disease resistance (Selvi et al.
2006; Dhole and Reddy 2013; Karthikeyan et al.
2012), and iron deficiency tolerance (Toojinda
et al. 2001). Markers associated with the
respective traits were obtained, but no applica-
tion of these markers in breeding was reported.

Quantitative traits typically are tagged by QTL
analysis (Liu 2017). For this task, first, the
molecular markers are mapped, on either genetic
or physical maps. Then, associations between the
trait(s) of interest and the marker genotypes are
tested using statistical methods. A large number of
reports describe QTL studies on disease resis-
tances, quality, and domestication traits in
mungbean. The first reported QTL study on
mungbean found associations between seed
weight and RFLP marker genotypes (Fatokun
et al. 1992). Humphry et al. (2005) investigated
the relationships between hard-seededness and
seed weight to support breeding of hard- and
large-seeded genotypes. A large number of QTL
analyses followed, targeting a wide range of
morphological, agronomical, and nutritional
traits. Disease and pest resistances were probably
the traits that were most frequently targeted by
such analyses. Results of many of these studies are
summarized in the chapter “Genomic Approaches
to Biotic Stresses” by Laosatit et al. in this book.

Genome-wide association studies (GWAS)
are a quantitative method to test whether a
genomic variant (marker genotype) is associated
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with a trait of interest using a germplasm panel as
experimental population. It assumes that a
specific property such as disease resistance, abi-
otic stress tolerance, or a nutritional trait shared
by a subset of the germplasm panel is reflected
by a specific marker genotype also shared by
these individuals. The markers have to be in
linkage disequilibrium with the genes conferring
the trait. In comparison to QTL studies on
bi-parental populations, GWAS have the advan-
tage to work on germplasm panels and do not
need specific mapping populations. Therefore,
GWAS can analyze the function of all alleles and
haplotypes present in the germplasm set under
investigation, while QTL studies on bi-parental
populations only take into account the alleles
present in the mapping parents. The resolution of
GWAS is generally higher than that of QTL
analyses in bi-parental populations. Resolution
depends on the number of recombination events
that separate the investigated genotypes from
each other. Bi-parental populations generally
have undergone only a low number of recombi-
nation events until analysis, while germplasm
panels have a long history of evaluation and
therefore individuals are usually separated from
each other by many recombination events. One
of the major drawbacks of GWAS compared to
QTL mapping in bi-parental populations is that
population structure influences the outcome of
the study, but inclusion of population structure
into the GWAS model tries to mitigate this effect.
Furthermore, GWAS generally requires a larger
number of markers than mapping in bi-parental
populations. The marker number needed depends
on the linkage disequilibrium decay distance in
the germplasm panel and is specific for the spe-
cies and kind of population under investigation.
However, modern genotyping technologies pro-
vide easy access to large numbers of molecular
markers helping to overcome this drawback.

Up to date, only a few genome-wide associ-
ation studies were undertaken in mungbean. This
is probably due to the lack of high-quality phe-
notyping data for densely genotyped germplasm
panels. A pilot GWAS on seed color in the
Australian diversity panel revealed five genomic
regions associated with this trait (Noble et al.

2018). Ongoing phenotyping efforts for mung-
bean diversity panels will likely lead to a broader
application of GWAS to identify marker trait
associations. As the resolution of GWAS often
goes down to the gene level (Liu and Yan 2019),
these studies not only give markers associated
with a trait of interest. They are likely to improve
the knowledge on the genetic basis of traits
including the causative genes or alleles and their
interactions (Hansen 2006).

The bottleneck for successful GWAS are, as
mentioned above, high-quality phenotypic data,
the complexity of the trait of interest, and the size
of the germplasm panel used for determining
marker trait associations. Even in associations
that are statistically highly significant,
false-positive associations may still occur. The
large number of statistical inferences, inaccurate
genotyping, and too small population sizes make
the results prone to errors (Liu and Yan 2019).
Like in QTL studies in bi-parental populations,
the loci found to be associated in these studies
need to be thoroughly validated before drawing
conclusions on gene functions or using any of the
markers apparently linked to a trait of interest in
breeding. Candidate genes and alleles that are
found association also in a different population
can be assumed to be more likely linked with the
trait of interest. In addition, candidate gene
knock-out or overexpression studies are suitable
methods for validation.

Both QTL analysis and GWAS are appropri-
ate to tag loci conferring a trait with markers, but
both approaches are poor tools to analyze com-
plex traits, where a large number of loci con-
tribute to a trait, such as yield and many abiotic
stress tolerances (Heffner et al. 2009). Genomic
selection became a powerful tool to use molec-
ular markers for selection without associating
specific markers to traits. Instead, phenotyping
data and high-density genotyping information are
used to calculate genomic breeding values for
individuals (Heffner et al. 2009). Like that, 1000s
of loci along the whole genome are included in
the analysis, which reflects the contribution of
1000s of genes to complex traits. The method has
been applied in animal breeding with great suc-
cess (Hayes et al. 2009), is becoming more and
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more used in plant breeding (Voss-Fels et al.
2018), and has potential also in legume breeding
(Mousavi-Derazmahalleh et al. 2019).

8.3.5 Marker-Assisted Selection

In section “Molecular Markers in Plant Breed-
ing,” some advantages were highlighted for
selecting based on molecular markers that are
tightly linked to traits instead of using trait values
directly. The main advantages of marker-assisted
selection are:

(1) MAS makes selection for traits that are dif-
ficult to measure easier

(2) It allows for selection of traits that are
expressed during late developmental stages
already at the seedling stage

(3) It eliminates environmental variability from
the selection

(4) It makes selection of disease-resistant or
abiotic stress-tolerant individuals indepen-
dent of the presence of the biotic or abiotic
stimuli (pathogens, pests, vectors, heat, etc.)
required for selection

(5) It helps maintaining recessive alleles during
backcrossing

(6) It facilitates pyramiding multiple traits,
especially pyramiding multiple loci for the
same trait.

Marker-assisted selection is designed to
maintain introgressed loci in the population,
while marker-assisted backcrossing (MABC)
helps introgressing loci generally from una-
dapted material into an elite background. The
introgressed fragment, in addition to the target
gene, may contain genes that reduce the agro-
nomic performance of the line. This effect is
called linkage drag. Therefore, fragments that
are as small as possible and contain as little
genetic material from the donor line in addition
to the target gene are preferred. Marker-assisted
selection with markers can help to reduce the
linkage drag and accelerate the reestablishment
of the recurrent parent. Overall, the efficiency
of MABC depends on the kind of the

introgressed gene, the recurrent and the donor
parent and the population size (Frisch and
Melchinger 2005).

MABC combines foreground selection with
markers associated with the trait of interest with
background selection with markers that pinpoint
offspring with maximal recovery of the recurrent
parent genotype. The foreground selection mon-
itors presence of the introgressed fragment in the
progeny. Marker-assisted foreground selection
with co-dominant markers such as SSRs or SNPs
that are tightly associated with the trait of interest
is particularly practical for traits that are not
expressed at the heterozygote stage or are diffi-
cult to score. Introgression means that a double
recombination occurring on both sides of a target
locus has to occur. This event can best be mon-
itored with a marker pair tightly flanking the
target gene, and not with a single linked marker.
Literature recommends markers to flank the tar-
get gene in a distance of maximally 5 cM, but
new marker technologies that allow for much
greater marker densities enable the choice of
more tightly linked marker, to further reduce
linkage drag.

Recombinant selection in foreground selec-
tion involves identifying backcross progeny with
recombination events as near as possible to the
target locus, to reduce the size of the donor
chromosome segment containing the target locus
and reduce linkage drag. As selection is applied
on the target locus, there will be less recombi-
nation around the donor fragment than for
unlinked regions (Hospital et al. Hospital 2001).
As double crossover events occurring on both
sides of the introgressed fragment are rare, the
donor segment can remain very large, even with
many backcross generations. The population size
for backcrossing has to be adjusted to the
crossover probability. The probability of a dou-
ble crossover can be calculated from the product
of the probabilities of a single recombination on
both sides of the introgressed fragment. But for
close markers, the probability of double cross-
overs is much lower than the probabilities for
single crossover combinations (Young and
Tanksley 1989). Producing a very large number
of backcross plants would be necessary to
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achieve recombination on both sides of the gene
in one cross. However, instead of working with a
very large population, it is advantageous to select
in the first backcross generation a single recom-
binant on one side and then selecting the
recombinant on the other side in a second
backcross generation (Young and Tanksley
1989). In summary, the distances between the
flanking markers and the target gene, the popu-
lation size during backcrossing, and the number
of backcrosses are critical for reducing linkage
drag (Hospital 2001).

Background selection in MABC involves
selecting backcross progeny with the greatest
proportion of the recovered recurrent parent
genome using markers that are unlinked to the
target locus and can be used to select against the
donor genome. Background selection aims at
accelerating the recovery of the recurrent gen-
ome. Without markers, the reconstitution of the
recurrent phenotype, at least to 97%, can be
accomplished within four backcross generations
(Frisch et al. 1999), but selection for the intro-
gressed trait affects the recovery and increases
the required backcrosses by at least one cycle
(Frisch et al. 1999). It was proposed to start with
a large backcross population to increase the
chance to identify an individual that has recov-
ered the recurrent parent genome to an extent as
large as possible, and to reduce the population
size for the next generations. Simulation studies
estimating the trade-offs between population size,
MABC efficiency and costs are available and
suggest steps to optimize MABC (Ribaut et al.
2002).

For mungbean, marker-assisted backcrossing
efforts were not yet reported, but availability of
markers associated with important traits makes it
likely that this technology will be used also in
mungbean improvement.

8.3.6 Pyramiding Multiple Traits
in Breeding Lines

Pyramiding is the process of combining several
genes together in a single genotype. Conven-
tional breeding also applies gene pyramiding, but

usually it is laborious and time consuming to
check the results of this approach by phenotypic
tests. For example, to improve agronomic prop-
erties, breeders combine multiple disease resis-
tances in elite lines. Checking resistance to
multiple diseases is laborious and requires mul-
tiple testing environments. The efficiency of this
process can be enhanced by marker-assisted
selection. To increase the durability of disease
resistances, breeders pyramid various resistance
genes from different sources (Hanson et al.
2016). Using conventional phenotypic selection,
identification of stacked resistance genes is only
possible when pathogen races that can detect
specific resistance genes are available. In con-
trast, molecular markers greatly facilitate gene
pyramiding, as they can be designed to be
specific for each single resistance gene. Early
selection by molecular markers also helps to
keep the breeding populations small during gene
pyramiding. However, in mungbean, no
marker-assisted gene pyramiding efforts were
reported so far.

8.3.7 Genomic Selection

Access to marker resources open up new meth-
ods for selecting favorable genotypes, if suffi-
cient phenotypic data of the organism under
investigation are available. As outlined in section
“Developing markers linked to traits of interest,”
genomic selection is taking up momentum in
crop breeding. It is thought that genomic selec-
tion is particularly advantageous for selecting
favorable genotypes for complex, multigenic
traits. However, the technology requires datasets
from different environments and over a number
of generations. These sets are not yet available
for mungbean, so it will still take some time that
this technology can be applied on this crop.

8.3.8 Constraints to Successful
Marker-Assisted Selection

Great investments in marker-assisted selection,
primary in the private sector, have resulted in

8 Molecular Marker Resources and Their Application 119



several improved varieties for a range of crops
including cereals, oil seed crops, cotton,
legumes, and vegetables. Naturally, for minor
crops such as mungbean, there has been much
less investment in generating breeding tools,
including genomic resources for breeding. But
the available whole genome sequence for
mungbean, germplasm panels displaying the
diversity of the crop and coordinated breeding
activities such as the Australian Centre for
International Agricultural Research (ACIAR)-
funded International Mungbean Breeding Net-
work (https://www.aciar.gov.au/project/CIM/
2014/079) make marker-assisted breeding also
accessible for mungbean. Especially, disease and
pest resistances are likely to be tackled by
marker-assisted breeding in the very near future.
Marker-assisted breeding for complex traits such
as abiotic stress tolerance in mungbean probably
will take longer, as it requires putting in place the
phenotypic datasets to make use of molecular
breeding for complex traits.

Cost savings compared to classical breeding
are often mentioned as advantage of
marker-assisted selection. Nevertheless, for some
breeding programs, the investment required for
marker-assisted selection may still be an issue.
There are some early studies reporting several
cases where marker-assisted selection was less
cost-effective than phenotypic selection (Bohn
et al. 2001; Dreher et al. 2003). In the mean-
while, the costs for genotyping have dropped, but
the investment for molecular breeding may still
be relatively high for small programs working on
minor crops. Especially in developing countries,
breeder may not have easy access to
cost-effective genotyping infrastructure, and low
labor costs may make field evaluations cheaper
than laboratory work that requires relatively
expensive consumables. However, the acceler-
ated release of an improved crop variety may
translate into more rapid profits. Therefore, if the
additional income generated by improved vari-
eties along the mungbean value chain over time
is considered, calculations analyzing the costs

and benefit of marker-assisted selection in plant
breeding will most probably show that this
technique is meaningful, also on mungbean.

Lack of access to molecular markers does not
limit marker-assisted breeding in mungbean
anymore, as technologies to obtain large numbers
of markers at low cost are available. High-quality
phenotypic data are being produced and expertise
to combine phenotypic and genotypic datasets is
available in mungbean breeding teams. There-
fore, the first improved mungbean varieties pro-
duced by marker-assisted selection are in sight.
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9Mungbean Genome and Synteny
with Other Genomes

Yang Jae Kang and Jungmin Ha

Abstract
Mungbean (Vigna radiata (L.) R. Wilczek
var. radiata) is an important source of protein
and carbohydrate in Asia. Despite its impor-
tance in the diet of the world’s populace,
genetic and genomic information of mung-
bean had been scarce compared to other
legumes such as soybean or chickpea. The
publication of mungbean reference genome
sequence in 2014 has allowed diverse genetic
and genomic studies in mungbean and its
close relative legume species. The genome of
adzuki bean (Vigna angularis) has been
sequenced and assembled using the synteny
relationship with mungbean genome and
genetic information in soybean has been
transferred to mungbean genome through
translational genomics approach. Within a

relatively short period time, a large amount
of genetic and genomic resources has been
accumulated in mungbean. To make use of the
information and develop genomics-based
breeding programs, it is essential to construct
a data hub to share the information. Strong
genomic resources and databases will accel-
erate mungeban breeding programs in the near
future.

9.1 Introduction

Mungbean (Vigna radiata (L.) R. Wilczek var.
radiata) is an important source of starch, protein,
vitamin C, and isoflavonoid (vitexin), and plays a
key role in heat alleviation (Cao et al. 2011).
Despite its nutritional importance, until recently,
mungbean was considered an orphan crop, with
scarce genetic resources for marker-assisted
breeding. The mungbean genome project boos-
ted genetic and genomic resources and facilitated
the development of breeding resources such as
molecular markers, genetic maps, gene catalogs,
DNA methylation, and genomic resources (Kang
et al. 2014, 2017). The mungbean genome pro-
ject also helped in the identification of genomic
traces of domestication and stretches of genomic
DNA sequences (contigs) for translational com-
parative genomics with a well-studied legume
species, soybean (Glycine max). With the
state-of-the-art sequencing technologies, mung-
bean, a once orphan species, has become one of
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the reference legume species with rich genomic
resources. After publication of the mungbean
genome and resequencing efforts, genome
sequences of other Vigna species, including
adzuki bean (Vigna angularis) and cowpea
(Vigna unguiculata), have been published (Kang
et al. 2015; Muñoz-Amatriaín et al. 2017). Vigna
species are now considered an important model
for legume genomics. Moreover, advances in
long-read sequencing technology continue to
enhance the completeness of reference genomes,
which facilitates the elucidation of unsequenced
genomics regions and integration of singleton
contigs into pseudomolecules (Sakai et al. 2015).
In this chapter, we provide an overview of the
current status of molecular breeding efforts with
the utilization of mungbean genomic informa-
tion, and summarize current genomic resources
available for mungbean breeding. We also
review the status of the reference genome update
and curations of reference gene contents using
additional data and algorithms. Additionally, we
summarize data retrieved from whole genome
resequencing projects of a collection of wild and
cultivated mungbean genotypes for marker
development. Moreover, we discuss the practical
applications of translational comparative geno-
mics of legume species ranging from soybean to
mungbean using collinearity information of
genes between different species.

9.2 Status of Mungbean Genome
Assembly

The reference genome of mungbean contains 11
pseudochromosomes (Table 9.1). The total
length of the whole genome sequence of mung-
bean is 463 Mb, including pseudomolecules
(333 Mb). Genetic markers narrow down the
quantitative trait locus (QTL) region to a gene
responsible for a specific trait. Considering that
fine mapping efforts using genetic markers rely
highly on the gene content in continuous genomic
sequences, it is necessary to minimize the number
of unmapped scaffolds. The current mungbean
genome assembly possesses approximately
130 Mb of unmapped scaffolds, thus highlighting
the need for long-read sequencing technology and
a high-resolution scaffolding strategy, such as
Hi-C scaffolding (Burton et al. 2013). Moreover,
the ratio of the number of transcripts to genes in
mungbean is relatively low compared with that in
the Arabidopsis thaliana gene model (1.7)
(Cheng et al. 2017). This further emphasizes the
need for RNA sequencing (RNAseq) using recent
sequencing platforms such as PacBio Iso-Seq.
Fortunately, the research group that published the
first draft of the mungbean genome continues to
update the mungbean genome sequence using the
third-generation genome sequencer PacBio. The
new mungbean genome assembly shows an N50

Table 9.1 Current status
of mungbean reference
genome

Parameter Value

Total length of whole genome sequence 463,085,359 bp

Total length of pseudomolecules 333,308,464 bp

N50 value of whole genome sequence 25,360,630

N50 value of pseudochromosomes 37,180,910

Number of pseudomolecules 11

Number of unmapped scaffolds 2486

Number of Ns 33,558,739

Number of genes 22,368

Number of transcripts 23,181

126 Y. J. Kang and J. Ha



value of 5 Mb, before the construction of pseu-
dochromosomes, with only 0.7% Ns. Sequencing
with third-generation technology has reduced the
total number of scaffolds from*2400 to 330; this
would minimize the number of unmapped
scaffolds.

9.3 Improvement of the Mungbean
Gene Model

In the new mungbean genome assembly, the
gene model has been updated for the number of
genes (30,882) and mRNAs (30,958) using pre-
viously generated RNAseq data from various
tissues, including leaf, root, flower, and pod,
which were used for the first version of the gene
model prediction. Although the number of genes
has increased because of gap (‘N’) filling by long

reads, the number of mRNAs is still not sufficient
to increase the ratio of the number of mRNAs to
genes (Cheng et al. 2017). Additional mRNAs
can be identified if more RNAseq data are col-
lected from several different tissues of plants
grown under diverse conditions.

After publication of the mungbean draft gen-
ome, RNAseq analysis of mungbean has yielded
200 Gb of data. These RNAseq experiments
have been performed mostly using Illumina
platforms, and data have been deposited in the
Sequence Read Archive (SRA) database of the
National Center for Biotechnology Information
(NCBI) (Table 9.2). These RNAseq analyses
have been conducted with the aim to understand
leaf development (Jiao et al. 2019), desiccation
tolerance (Tian et al. 2016), adventitious rooting
(Li et al. 2015), bruchid resistance (Liu et al.
2016), and development of expressed sequence

Table 9.2 Mungbean RNAseq data deposited in the NCBI sequence read archive (SRA) database

SRA_Study Run Mbp Tissue Platform

SRP043316 SRR1407784 5021 Root, stem, leaf Illumina HiSeq 2000

SRP043316 SRR1412914 4930 Root, stem, leaf Illumina HiSeq 2000

SRP049538 SRR1640452 2773 Root, stem, leaf Illumina Genome Analyzer IIx

SRP049538 SRR1642852 2668 Root, stem, leaf Illumina Genome Analyzer IIx

SRP049538 SRR1642854 2663 Root, stem, leaf Illumina Genome Analyzer IIx

SRP055970 SRR2177452 8430 Flower Illumina HiSeq 2000

SRP055970 SRR2177454 7703 Pod Illumina HiSeq 2000

SRP077637 SRR3735179 14,562 Seed Illumina HiSeq 2500

SRP077637 SRR3735193 15,340 Seed Illumina HiSeq 2500

SRP077637 SRR3735547 14,985 Seed Illumina HiSeq 2500

SRP077637 SRR3735572 15,436 Seed Illumina HiSeq 2500

SRP077637 SRR3735589 14,526 Seed Illumina HiSeq 2500

SRP077637 SRR3735674 14,552 Seed Illumina HiSeq 2500

SRP077637 SRR3735739 16,193 Seed Illumina HiSeq 2500

SRP077637 SRR3735764 17,140 Seed Illumina HiSeq 2500

SRP110723 SRR5768043 5615 Shoot apices HiSeq X Ten

SRP110723 SRR5768042 6171 Shoot apices HiSeq X Ten

SRP110723 SRR5768041 7039 Shoot apices HiSeq X Ten

SRP110723 SRR5768040 6129 Shoot apices HiSeq X Ten

SRP110742 SRR5769684 5190 7 mm bud HiSeq X Ten

SRP110742 SRR5769683 5960 7 mm bud HiSeq X Ten

SRP047207 SRR1653637 7020 Hypocotyl Illumina HiSeq 2000
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tag-simple sequence repeat (EST-SSR) markers
(Chen et al. 2015, 2016). Incorporation of these
RNAseq data in the new mungbean gene model
would enrich the mRNA content. Once the
near-complete mRNA reference set is con-
structed, a transcriptome atlas of mungbean can
be built on the reference, which would assist
mungbean researchers and breeders to under-
stand the behavior of candidate genes under
specific conditions.

9.4 DNA Methylation Profile
of the Mungbean Genome

The majority of DNA methylation occurs on
cytosine residues and affects gene transcription
and consequently phenotype. In soybean, a pre-
vious study showed that epigenetic profiles are
inherited as genetic variation, suggesting that
phenotypic polymorphisms can be explained by
epigenetic variation (Schmitz et al. 2013). Seed
development is controlled not only by the
expression of a combination of several genes but
also by the dynamics of DNA methylation (An
et al. 2017). Moreover, DNA methylation has
shaped the genetic/genomic selection of soybean
during domestication (Shen et al. 2018).

In mungbean, the genome-wide DNA
methylation profile has been investigated using
bisulfite sequencing (BSseq) in two cultivars,
Sunhwanogdu (VC1973A) and Kyung-Ki Jaerae
#5 (V2974) (Kang et al. 2017). DNA methyla-
tion patterns of cytosine residues in three geno-
mic sequence contexts, including CG, CHG, and
CHH, revealed that CHH methylation (mCHH)
in mungbean is higher than in other plant species
such as Arabidopsis and soybean. Interestingly,
increased mCHH sites are also observed in
common bean (Phaseolus vulgaris), implicating
that a large CHH methylation event occurred in
the genome of the common ancestor of Phaseo-
lus and Vigna species.

Comparison of DNA methylation patterns
between the mungbean cultivars VC1973A and
V2974 revealed polymorphic sites of DNA
methylation. Among the single nucleotide

polymorphisms (SNPs) between VC1973A and
V2974, SNPs that cause nucleotide changes
from/to CG, CHG, and CHH showed different
methylation patterns; SNPs resulting in changes
from/to CHH showed interchange of methylation
and un-methylation of the cytosine residue (Kang
et al. 2017). Thus, these SNPs, with both DNA
and DNA methylation polymorphisms, may
affect plant phenotype. Hence, for breeding pur-
poses, SNPs in CG, CHG, and CHH contexts
should be considered equally as important as
SNPs in coding sequences.

9.5 Genomics of Mungbean
Germplasm Collection

Genomic diversity among germplasm is essential
for breeding, as it facilitates the selection of par-
ental lines with maximum allelic diversity.
Although genomics technologies have been
developed at an exponential rate, we still cannot
guarantee the phenotypic results based on allelic
variation among genotypes and environmental
conditions during plant growth. However, we can
obtain the whole genome sequence using next-
generation sequencing (NGS) technology, and
select parental lines for the development of
breeding populations with diverse alleles. These
breeding populations can be used for genome-wide
association study (GWAS) or QTL analysis for the
identification of loci associated with specific phe-
notypes. To secure a wide range of alleles, col-
lections of mungbean genotypes from all over the
world are being developed and reported. A total of
83 mungbean accessions were collected from
Indonesia and evaluated using 29 polymorphic
SSR markers (Lestari et al. 2014). Similarly, 94
mungbean cultivars from the USDA germplasm
center originating in 27 countries were reported
and evaluated using 20 SNP markers (Islam and
Blair 2018). Additional 415 mungbean cultivars,
including 189 wild and 11 intermediate accessions,
were collected from 29 countries and evaluated
using 19 SSR markers (Sangiri et al. 2008).
Moreover, AVRDC-The World Vegetable Center
maintains 6700 mungbean accessions; it also
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developed 1481 core collections that are accessible
to breeders, and 289 accessions of the mini core set
were evaluated using 20 SSR markers (Schafleit-
ner et al. 2015).

These collections of mungbean accessions
would gradually be genotyped using resequenc-
ing approaches or other cheaper genotyping
platforms, such as genotype-by-sequencing
(GBS) and SNP chip; the status of mungbean
resequencing will be revisited in another chapter
of this book. The resulting genome sequences
would be assembled into reference genome
sequences, ultimately constructing the mungbean
allele database, which will assist breeders in the
selection of parental lines with maximum allelic
variation at loci studied in model plants such as
Arabidopsis and soybean.

9.6 Listing Functional Loci
in the Mungbean Genome
by Translational Genomics

To utilize allele information obtained from rese-
quencing projects, previous knowledge of
genes/loci is highly valuable. Comparative geno-
mics plays an important role in knowledge transfer
and enables the collection of information on loci
across different species. The legume family has
very rich resources for comparative genomics, as it
is one of most intensively sequenced plant fami-
lies. To date, nine legume species have been
sequenced including soybean, medicago, lotus,
ground nut, pigeon pea, chickpea, cowpea,
mungbean, and adzuki bean (Sato et al. 2008;
Schmutz et al. 2010; Young et al. 2011; Varshney
et al. 2012, 2013; Kang et al. 2014, 2015; Bertioli
et al. 2015; Muñoz-Amatriaín et al. 2017). Soy-
bean, the model legume species, has a nearly
complete reference genome sequence and rich
genomic resources such as genotyping platforms,
breeding populations for genetic/functional marker
identification, and known genes/QTLs underlying
agricultural traits. To advance from conventional
to genomics-based breeding in mungbean,

transferring the accumulated knowledge from
soybean to mungbean is key.

The transfer of knowledge from soybean to
other legume species can be achieved using
synteny-based comparative genomics (Paterson
et al. 2010). Synteny indicates genetic colinearity,
where a stretch of genes is highly conserved
between genomic regions of different species,
indicating a shared common ancestor as well as a
strong genomic relationship among species.
Analysis of the relationship between genomes of
soybean and other legumes provides general
information for QTLs in newly sequenced legume
genomes. Functional conservation of loci in
syntenic regions has been reported in studies on
soybean allotetraploidy. Comparison of Rxp loci,
controlling bacterial leaf pustule resistance,
between soybean and Medicago truncatula and
among soybean allopolyploidy genomes based on
synteny showed that the multiple Rxp QTLs are
syntenic to each other in different soybean link-
age groups (Do Kim et al. 2009). Mungbean and
soybean genomes exhibit high synteny. The seed
size/germination and bruchid resistance QTL
region in mungbean genome are syntenic with the
soybean genomic region containing SSR markers
linked to seed weight and nematode resistance
(Kang et al. 2014).

In addition, well-studied gene families, such
as nucleotide-binding site leucine-rich repeat
(NBS-LRR) and WRKY transcription factor
families involved in disease resistance, can be
used for the annotation of loci. The NBS-LRR
genes are known to contribute to the perception
of pathogens by plants (DeYoung and Innes
2006). The number of NBS-LRR genes shows a
significant correlation with the number of disease
resistance QTLs in the soybean genome; more-
over, NBS-LRR genes and disease resistance
QTLs exist in close proximity to each other
(Kang et al. 2012). These data suggest that
diversification of NBS-LRR genes is needed for
breeding disease-resistant soybean genotypes.
WRKY transcription factors are key contributors
to disease resistance, and their level of activity is
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a primary target of genomics-based breeding for
trait improvement (Srivastava et al. 2018).

9.7 Perspectives

Within a relatively short period of time, a large
amount of genomic resources of mungbean have
been accumulated, and data from ongoing pro-
jects are currently pending submission in
sequence databases. To develop genomics-based
breeding pipelines, improvement of the reference
genome and gene model, continuous collection
and resequencing of germplasm, and omics
approaches to broaden observable data space are
needed. To achieve this goal, it is essential to
construct a data hub where mungbean breeders
can: (1) share phenotype/genotype information of
germplasm, (2) estimate breeding values cali-
brated with genomic/environmental factors, and
(3) annotate genomic regions by traits using
translational genomics. The data hub must have
user friendly interfaces, easy and fair sharing
policies, sustainable computation resources for
hosting, and manpower for maintenance. Strong
genomic resources and databases will lead to the
acceleration of mungbean breeding programs in
the near future.
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10Genomic Approaches to Biotic
Stresses

Kularb Laosatit, Prakit Somta, Xin Chen
and Peerasak Srinives

Abstract
Average seed yield of mungbean (Vigna radi-
ata) grown in major growing countries is low,
being only about one-third to one-fourth of its
yield potential. A main factor causing the low
yield in mungbean is biotic stresses (disease
infection and insect infestation) that happen at
all stages of plant growth and development and
after harvest. Common and important diseases
and insect pests of mungbean include powdery
mildew, Cercospora leaf spot, yellow mosaic
virus, bruchids and pod sucking bugs. Employ-
ing host plant resistance is the best way to
manage the diseases and insect pests. However,
progress in the development of new mungbean
cultivar(s) with the biotic resistance is slow
due to bottleneck in evaluation for the resis-
tance which is environmental-dependent or
time-consuming, although germplasm with
immune or highly or moderately resistance

for these biotic stresses is available and the
genetics of the resistance appears to be simple.
Genomic approaches, especially gene mapping
and marker-assisted selection, are promising in
the acceleration of cultivar development for
biotic stress resistance in mungbean. Mung-
bean is a slow runner in genomics research,
although it is among the forefront crops
targeted for genome analysis at the beginning
of the crop genomics era; e.g., powdery mildew
resistance and bruchid resistance in mungbean
are among the plant diseases and insects being
investigated nearly 30 years ago. However, the
recent release of a reference genome sequence
of mungbean and current advanced sequencing
technology has enabled fast and efficient DNA
marker development, fine-mapping and identi-
fication of candidate gene(s) for the biotic
resistance in mungbean possible. This chapter
covers past, present and future research on
molecular and genomics approaches to biotic
stresses for mungbean genetic improvement.

10.1 Introduction

Mungbean (Vigna radiata (L.) R. Wilczek var.
radiata) is an important legume crop of Asia
with the production area of more than 6 million
ha, playing its role as a cash crop for farmers and
as a source of protein and carbohydrate for
consumers. India is the largest producer of
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mungbean followed by Myanmar and China.
Mungbean is the third most important pulse crop
in India, after chickpea (Cicer arietinum L.) and
pigeon pea (Cajanus cajan L.), which it accounts
for 3.4 million ha or 15% of the total legume area
sown (Nair et al. 2012). Mungbean is principally
grown after rice, wheat and maize. Trends on
the consumption demand and production of the
mungbean are increasing. This is reflected by the
increasing production area of the mungbean in
Australia which is a leading mungbean seed
exporter. The production area in this country
increased from about 1000 ha in the 1970s to
125,000 ha in 2015–2016 (Clarry 2016).

Abiotic and biotic stresses cause significant
decline in mungbean yield. Among the biotic
stresses, diseases and insect pests are major
factors. The disease pathogens and insect pests
can infect or infest mungbean plants at all
growing stages, from emerging, seedling, vege-
tative and reproductive stages causing substan-
tial damage leading to yield loss or complete
failure of the crop (Pandey et al. 2018). Com-
mon diseases of mungbean include powdery
mildew, Cercospora leaf spot, yellow mosaic
virus, anthracnose, Fusarium wilt, root rot,
charcoal rot/dry root rot, bacterial leaf blight.
Fungal diseases alone accounted for up to 40–
60% yield loss in mungbean (Pandey et al.
2018). However, currently, powdery mildew,
Cercospora leaf spot and yellow mosaic virus
diseases are the most common and economically
important. Important insect pests of mungbean
include whitefly (Besimi tabaci Gennadius),
bean fly (stem borer) (Ophiomyia phaseoli
Tryon and Melanagromyza sojae (Zehntner),
armyworms (Spodoptera exigua Hübner and
Spodoptera litura Fabricius), bean pod borers
(Helicoverpa armigera Hübner and Maruca vit-
rata Fabricius) and bruchids (Callosobruchus
spp.) are serious pests worldwide in the major
production areas of mungbean. Breeding for
resistance appears to be the best approach to
reduce yield loss due to disease and insect pest
infestation in mungbean. Conventional plant
breeding despite its limitations has contributed to
significant improvement in yield and disease and
insect resistance in mungbean (Fernandez and

Shanmugasundaram 1988). The conventional
breeding is also important in conserving genetic
resources and creating genetic variation by
hybridization between contrasting genotypes and
by induced mutations.

Molecular breeding through marker-assisted
selection is a promising approach to improve
speed, efficiency and precision of conventional
plant breeding for the development of new crop
cultivars with improved traits, including resis-
tance to biotic and abiotic stresses (Collard and
Mackill 2008; Das et al. 2017). Genetic linkage
map and markers associated with quantitative
trait locus (QTL) are indispensable for
marker-assisted selection (Collard and Mackill
2008). Mungbean is a slow runner in genomics
research, although it is among the forefront crops
targeted for genome analysis nearly 30 years ago
(Young et al. 1992, 1993). Until 2012, the first
genetic linkage map of mungbean with 11 hap-
loid chromosomes resolved was developed using
DNA markers from various legume species
(Isemura et al. 2012). Then, with the advance in
DNA sequencing technology, a reference gen-
ome of mungbean became available in 2014
(Kang et al. 2014). This reference genome
appears to be useful for gene/QTL mapping for
biotic stress resistance in mungbean. In this
chapter, we present a review of genome mapping
of the resistance to biotic stresses including
powdery mildew disease, Cercospora leaf spot
disease, yellow mosaic virus disease, stored
insects and pod sucking bugs in the mungbean.

10.2 Powdery Mildew Disease

Powdery mildew disease caused by the ascomy-
cete fungus Erysiphe polygoni D.C. of the order
Erysiphales is one of the most widespread and
serious foliar diseases of mungbean. Besides, E.
polygoni, Sphaerotheca phaseoli (Z. Y. Zhao) U.
Braun & S. Takam also cause the powdery mildew
in mungbean (Khajudparn et al. 2007). The disease
occurs throughout the mungbean production areas
of Asia. E. polygoni is an obligate fungus infecting
mungbean leaves, prevailing in cool dry season
and favored by cloudy weather. Low temperatures

134 K. Laosatit et al.



of 22–26 °C and relative humidity of 80–90% are
suitable for disease development (Grewal 1978).
A white-gray powdery mildew appears first in
circular patches, but later spreads over the surface
of the leaves, stem and pods. Yield loss due to the
disease was reported to be 20–40% at the repro-
ductive stages (Fernandez and Shanmugasundaram
1988; Khunti et al. 2002; Mandhare and
Suryawanshi 2008), but the damage can be more
serious when the disease starts at the seedling
stages (Reddy et al. 1994).

Although resistance to powdery mildew in
mungbean can be easily screened for in either
field or greenhouse condition, an efficient method
is necessary to identify the resistant genotype(s).
A simple and reliable method for assessing
resistance to the disease using excised leaves has
been developed (Reddy et al. 1987). In this
method, the third fully expanded trifoliate leaves
(from the base) at 21–25-day-old plants are used.
The leaves are excised a little above the pulvinus
and cultured in trays filled with tap water under
the temperature of 21 ± 1 °C and photoperiod of
12 h/day. After culturing for 9–12 days, the
leaves with substantial root development are
sprayed with conidial suspension of the mildew
fungi. In the susceptible germplasm, the powdery
mildew symptom starts at 8–10 days after inoc-
ulation and becomes very clear at 20 days after
inoculation. This screening method gives the
same result with field screening.

10.2.1 Sources of the Resistance
to Powdery Mildew

Several sources of resistance to powdery mildew
caused by E. polygoni in mungbean have been
reported, including ML-3, ML-5, M0231, M0613,
M1936, IC669-3, PLM187, PLM190, PLM224,
PLM731, PLM741, PLM822, PLM857, PLM863,
PLM873, PLM944, PLM1060, LM211, RUM-1,
RUM-5, RUM-7, RUM-11, RUM-20, RUM-22,
RUM-33, OB 24-1 (dull yellow), Mulmarada,
TJM-3, TM-96-2, S-158-18 and ATF 3640 (Fer-
nandez and Shanmugasundaram 1988; Reddy
et al. 1987, Hartman et al. 1993; Humphry et al.
2003; Reddy 2009). In contrast, only three

germplasms, V4718 (PLM945), V4758 and
V4785, have been identified for resistance to the
disease caused by S. phaseoli (Khajudparn et al.
2007). All these resistant accessions are originated
from India. Genetic control of the resistance in
some germplasm has been reported as being con-
trolled by one or two genes depending on sources
of the resistance. The resistance in ML-3 and
ML-5 is conditioned by a single dominant gene
(AVRDC 1978). Similarly, the resistance in
V4718, V4758, and V4785 is each governed by a
single gene, but they are non-allelic (Khajudparn
et al. 2007). Reddy et al. (1994) demonstrated that
the resistance in Raipur Utera Mung (RUM) lines
is controlled by two dominant genes, designated as
Pm1 and Pm2. Mungbean plant possessing both
Pm1 and Pm2 is immune to the fungus that pos-
sessing Pm1 is highly resistance, that possessing
Pm2 is moderately resistance, while lacking both
Pm1 and Pm2 is susceptible to the fungus. In
addition, Reddy (2009) found that the resistance in
Mulmarada mungbean is controlled by a single
dominant gene which is non-allelic to those in
RUM lines, thus designated as Pm3. By using
quantitative genetic analysis, Gawande and Patil
(2003) reported that the resistance in TARM18 is
governed by more than one gene with both addi-
tive and dominance gene actions. Sorajjapinun
et al. (2005) and Kasettranan et al. (2009)
demonstrated that the resistance in
VC6468-11-1A, which derived its resistance from
both ML-3 and ML-5, is predominantly controlled
by additive gene action, and the resistance is
highly affected by environments.

10.2.2 Genome Analysis of Powdery
Mildew Resistance

Several mungbean varieties with the powdery
mildew resistance have been developed and
released to the farmers through conventional
breeding programs. However, since the occurrence
of the disease is seasonal dependent, the progress in
breeding for the resistance is slow. Marker-assisted
selection for the resistance can overcome this
problem. In fact, although mungbean is an orphan
crop, it has been well subjected to genome research
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and powdery mildew resistance in mungbean was
among the plant disease being investigated at the
beginning of the crop genomics era (Young et al.
1993). Quantitative trait locus/loci (QTL) control-
ling powdery mildew resistance has been con-
ducted using different resistance sources
(Table 10.1). An analysis in the partial resistance
breeding line VC3890A that obtained its resistance
fromML-3 andML-5wasmapped using restriction
fragment length polymorphism (RFLP) markers
(Younget al. 1993).The resistancewas conditioned
by three QTLs on linkage groups (LG) 3, 7 and 8.
These QTLs together accounted for a maximum of
58% of the disease variation. Two QTLs were
associated with the resistance at 65 days after
planting (DAP), while one QTL was associated
with the resistance at 85 DAP. By using VC1210A
that derived the resistance from ML-3, Chaitieng
et al. (2002) employed a single marker analysis to
reveal two RFLP probes associated with the resis-
tance, but an interval mapping using 96 RFLP
markers failed to identify the QTL. They subse-
quently used bulked segregant analysis (BSA) and
AFLPmarkers to show that four AFLP bands were
linked to the resistance. They then cloned these
AFLP bands and used as probes for RFLP analysis
in which five RFLPmarkers constituting a new LG
were constructed and a major QTL, named qPMR-
2, associated with the resistance on this LG
accounting for 64.9% of the trait variation.
Humphry et al. (2003) used ATF3640 which is
highly resistance to powdery mildew as the gene
source to identify QTL for the resistance in a
recombinant inbred line population using RFLP
markers. The population was assessed for the
resistance in three environments. A single major
QTL on LG K was consistently found controlling
the resistance. This locus explained as high as 86%
of the variation in disease reaction. RFLP marker
VrCS65 was closely linked to the QTL with about
1.3 cM away. Comparative genome analysis
revealed no co-localization between the QTLs
identified inATF6340 and inVC3890A (Humphry
et al. 2003).

Due to the fact that RFLP marker analysis is
expensive, time-consuming and laborious, it is not
suitable for genomic study and MAS, and thus, an
alternative type of DNA markers is needed. Zhang

et al. (2008) identified two simple sequence repeats
(SSRs), VrC SSR1 and VrC SSR3, and two
sequence-tagged site (STS), VrC STS1 and VrC
STS2, markers co-segregating with the marker
VrCS65 that is closely linked to a major gene for
powdery mildew resistance in ATF 6340 (Zhang
et al. 2008). These four markers were developed
from bacterial artificial chromosome (BAC) clones
showing positive relationship with the marker
VrCS65. After this period, many SSR markers
have been developed for mungbean (Gwag et al.
2006; Somta et al. 2008b, 2009; Seehalak et al.
2009; Tangphatsornruang et al. 2009) and other
related legumes such as azuki bean (Vigna angu-
laris (Ohwi) Ohwi and Ohashi) (Wang et al. 2004)
and cowpea (Vigna unguiculata (L.) Walps.)
(Gupta and Gopalakrishna 2010; Kongjaimun
et al. 2012). Kasettranan et al. (2010) used partially
resistance breeding line VC6468-11-1A that
obtained the resistance from ML-3 and ML-5 to
locate the QTLs for powdery mildew resistance in
an RIL population using SSR markers from
mungbean and azuki bean. The population was
evaluated for the resistance under field and
greenhouse conditions. One major QTL named
qPMR-2 and one minor QTL named qPMR-1 were
associated with the resistance in both environ-
ments. qPMR-1 was located at about 5 cM marker
interval between CEDG282 and CEDG191, while
qPMR-2 was localized between 0.6 cM marker
interval of MB-SSR238 and CEDG166. qPMR-1
and qPMR-2 accounted for 20.1% and 57.8% of
the total disease variation, respectively. Compara-
tive linkage analysis revealed that qPMR-2 for the
resistance in VC6468-11-1A and the single major
QTL identified for the resistance ATF3640
(Humphry et al. 2003) locate on the same linkage
group. Chankaew et al. (2013) identified QTLs for
highly resistance and complete resistance in
V4718 and RUM-5, respectively. F2 and BC1F1
mapping populations derived from these two
resistance sources were assessed for the resistance
for more than one year. One major QTL,
qPMV4718-3 on LG9, and two minor QTLs,
qPMV4718-1 and qPMV4718-2 on LG4, were
identified for the resistance in V4718, while two
major QTLs, qPMRUM5-2 on LG6 and
qPMRUM5-3 on LG9, and one minor QTL,
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Table 10.1 Sources of resistance and QTLs for the resistance to powdery mildew, Cercospora leaf spot, mungbean
yellow mosaic virus, bruchids and bean bug in mungbean

No. Trait Population Resistance
source

Marker type(s) Number
of QTLs

Reference

1 Powdery
mildew

F2 (TC1966 � VC3980A) VC3980A RFLP 3 Young et al.
(1993)

2 Powdery
mildew

F2 (TC1966 � VC1210A) VC1210A RFLP, AFLP 1 Chaitieng et al.
(2002)

3 Powdery
mildew

RIL (Berken � ATF3640) ATF3640 RFLP 1 Humphry et al.
(2003)

4 Powdery
mildew

RIL
(KPS1 � VC6468-11-1A)

VC6468-11-1A SSR 2 Kasettranan
et al. (2010)

5 Powdery
mildew

F2 (KPS1 � V4718) V4718 SSR 3 Chankaew et al.
(2013)

6 Powdery
mildew

F2,
BC1F1(CN60 � RUM5)

RUM5 SSR 3 Chankaew et al.
(2013)

7 Powdery
mildew

RIL (CN72 � V4718) V4718 ISSR, ISSR-RGA 1 Poolsawat et al.
(2017)

8 Cercospora
leaf spot

F2, BC1F1
(KPS1 � V4718)

V4718 SSR 1 Chankaew et al.
(2011)

9 MYMV RIL (NM92 � TC1966) NM92 RAPD, AFLP,
SCAR, CAP, SSR

3 Chen et al.
(2013)

10 MYMV RIL (KPS2 � NM10-12-1) NM10-12-1 AFLP, SSR 5 Kitsanachandee
et al. (2013)

11 MYMV F2, BC1F1 (BM1 � BM6) BM6 RGA, SCAR, SSR 2 Alam et al.
(2014)

12 Bruchid F2 (VC3890 � TC1966) TC1966 RFLP 1 Young et al.
(1992)

13 Bruchid BC20F2
(Osaka-ryokuto � TC1966)

TC1966 RFLP, RAPD 1 Kaga and
Ishimoto (1998)

14 Bruchid RIL (Berken � ACC41) ACC41 RFLP 1 Mei et al. (2009)

15 Bruchid RIL (TC1966 � NM92) TC1966 RAPD, AFLP,
SCAR, CAP, SSR

1 Chen et al.
(2013)

16 Bruchid F2 (Sunhwa � Jangan) Jangan
(V2709)

RAPD, CAP, SSR,
STS

2 Hong et al.
(2015)

17 Bruchid RIL (Berken � ACC41) ACC41 RFLP, SSR,
EST-SSR, STS

1 Wang et al.
(2016)

18 Bruchid RIL (V2802 � NM94) V2802 SNP 1 Schafleitner
et al. (2016)

19 Bruchid RIL (TC1966 � NM92) TC1966 SNP 1 Schafleitner
et al. (2016)

20 Bruchid BC11F2 (KPS1 � V2802) V2802 SSR, EST-SSR 1 Chotechung
et al. (2016)

21 Bruchid BC11F2 (KPS1 � V2709) V2709 SSR, EST-SSR,
STS, Indel

1 Kaewwongwal
et al. (2017)

22 Bruchid F2 (Jilyu7 � V1128) V1128 SSR, EST-SSR,
STS, Indel

1 Liu et al. (2018)

23 Bean bug BC20F2
(Osaka-ryokuto � TC1966)

TC1966 RFLP, RAPD 1 Kaga and
Ishimoto (1998)

24 Bean bug F2 (Sunhwa � Jangan) Jangan RAPD, CAP, SSR,
STS

1 Hong et al.
(2015)
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qPMRUM5-1 on LG4, were found for the resis-
tance in RUM-5 (Fig. 10.1). qPMV4718-1,
qPMV4718-3, qPMRUM5-1 and qPMRUM5-3
were consistently identified. The major QTL
qPMV4718-3 in V4718 and qPMRUM5-3 in
RUM-5 on LG9 appeared to be the same locus;
similarly, the minor QTL qPMV4718-1 in V4718
and qPMRUM5-1 in RUM-5 on LG4 might also
be the same locus. While qPMRUM5-3 and
qPMRUM5-2 are possibly respectively the same
loci as Pm1 and Pm2, as reported by Reddy et al.
(1994). Moreover, a comparative genome analysis
demonstrated that the major QTLs qPMV4718-3
and qPMRUM5-3 for the resistance on LG9 are
possibly the same locus with the QTL qPMR-2 in
VC6468-11-1A and the major QTL in ATF 3640
(Chankaew et al. 2013; Fig. 10.1). The analysis
also demonstrated that the major QTL qPMRUM5-

2 for resistance in RUM5 and the major QTL
qPMR-1 for resistance in VC6468-11-1A are both
on LG6 and possibly the same locus or closely
linked (Fig. 10.2). However, in contrast to the
resistance to E. polygoni, Poolsawat et al. (2017)
identified a QTL controlling powdery mildew
resistance caused by P. phaseoli in an RIL popu-
lation obtaining the resistance from V4718 by
using ISSR and ISSR-anchored resistance gene
analog (ISSR-RGA) markers. A major QTL
explaining up to 92.4% of the disease score vari-
ation was detected for the resistance, designated as
qPMC72V18-1. qPMC72V18-1 located between
markers I42PL229 and I85420 which are about
13 cM apart. Since the number and effect of QTLs
for the resistance to E. polygoni and those to
P. phaseoli in V4718 are different, it is conceiv-
able to conclude that the genetics of the resistance

Fig. 10.1 Comparative map illustrating a conserved
major QTL on LG9 for powdery mildew resistance
detected in RUM5 (a and b Chankaew et al. 2013),
V4718 (c Chankaew et al. 2013), VC6468-11-2A
(d Kasettranan et al. 2010) and ATF340 (f Humphry

et al. 2003). Map of azuki bean (e Han et al. 2005) is used
to facilitate comparison between maps. Reprinted with the
permission from Springer Nature. Source Chankaew et al.
(2013)
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to these two powdery mildew fungi in V4718 are
different. Recently, markers I85420, I42PL229 and
I42PL222 flanking the qPMC72V18-1 were
shown to be able to efficiently select the backcross
progenies of V4718 possessing resistance to
powdery mildew disease caused by P. phaseoli at
the accuracy of 94.4 percent (Chathiranrat et al.
2018). Nonetheless, the fact that combination of
two or more QTLs provides highly or completely
resistance to E. polygoini (e.g., qPMRUM5-2 and
qPMRUM5-3) pyramiding such QTLs into a target
genotype is necessary to develop cultivar(s) with
effective and durable resistance. Markers tightly
linked to such QTLs must be developed to facili-
tate the QTL pyramiding through MAS.

Plant Mildew Locus O (MLO) gene family
codes for protein possessing seven transmem-
brane domains and one calmodulin-binding
domain, topological reminiscent of metazoan
and fungal G-protein-coupled receptors (GPCRs)
(Devoto et al. 2003). The total number of MLO
genes in plant genome varies depending on plant
species (Deshmukh et al. 2014; Kusch et al.
2016). Specific homologs of the MLO gene
family have been primarily involved in the

interaction between plant and fungi causing the
powdery mildew disease. Some MLO genes act
as susceptibility factors (S gene) toward powdery
mildew. Loss or reduction in the function of
specific MLO genes results in resistance to
powdery mildew in several plant species (Pavan
et al. 2009). This type of resistance is known as
mlo-based resistance. The mlo-based resistance
has been shown to provide durable resistance in
barley and pea. The first MLO gene required for
powdery mildew pathogenesis was HvMLO in
barley (Büschges et al. 1997). Then MLO sus-
ceptibility genes have been functionally charac-
terized in several plant species including rice
(Oryza sativa L.) (OsMLO3; Devoto et al. 2003),
thale cress (Arabidopsis thaliana (L.) Heynh.)
(AtMLO2, AtMLO6 and AtMLO12; Consonni
et al. 2006), tomato (Solanum lycopersicum L.)
(SlMLO1; Bai et al. 2008), pea (Pisum sativum
L.) (PsMLO1; Humphry et al. 2011; Pavan et al.
2011), wheat (Triticum aestivum L.) (TaM-
LO_A1 and TaMLO_B1; Várallyay et al. 2012),
pepper (Capsicum annuum L.) (CaMLO2; Zheng
et al. 2013), tobacco (Nicotiana tabacum L.)
(NtMLO1; Appiano et al. 2015), lotus (Lotus

Fig. 10.2 Map illustrating a conserved minor QTL on
linkage group 6 conferring powdery mildew resistance
identified in RUM5 (a and b Chankaew et al. 2013)
compared with that in VC6468-11-2A (d Kasettranan

et al. 2010). Map of azuki bean (c Han et al. 2005) is used
to facilitate comparison between different maps. Rep-
rinted with the permission from Springer Nature. Source
Chankaew et al. (2013)
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japonicus (Regel) K. Larsen) (LjMLO1;
Humphry et al. 2011) and barrel clover (Med-
icago truncatula Gaertn.) (MtMLO1; Humphry
et al. 2011). Recently, a genome-wide survey of
the MLO family in eight legume species includ-
ing mungbean has been conducted (Rispail and
Rubiales 2016). Eighteen MLO genes were
identified for mungbean. These MLO genes dis-
tribute onto all the 11 chromosomes of the
mungbean reference genome (VC1973A) except
chromosome 6 (Fig. 10.3). Interestingly, among
all the MLO genes, VrMLO15 and VrMLO6
localizing on chromosome 4 are in the same
genome region with the major QTL qPMRUM5-
1 in RUM5 and qPMV4718-1 in V4718 for the
powdery mildew resistance reported by Chan-
kaew et al. (2013) (Fig. 10.4). In addition,
VrMLO12 locating on chromosome 9 is in the
same genome region with the major QTL
qPMRUM5-3 in RUM5 and qPMV4718-3 in
V4718 for the resistance reported by Chankaew
et al. (2013). This suggests that VrMLO5,
VrMLO6 and VrMLO12 are possibly the MLO
gene required for susceptibility to powdery mil-
dew in mungbean. Thus, these MLO genes can
be considered as candidate genes for
fine-mapping of powdery mildew resistance in
RUM5 and V4718.

10.3 Cercospora Leaf Spot Disease

Cercospora leaf spot (CLS) disease is among the
most important biotic stresses of mungbean
production in the humid tropics. The disease is
caused by the fungus Cercospora canescens Illis
and Martin. The disease is commonly widespread
in Asia and devastating in the warm, wet grow-
ing season. Cercospora is recognized by the
appearance of leaf spots that are circular to
irregularly shape with grayish-white centers and
reddish-brown to dark brown margins. The fun-
gus initially causes spotting on the mungbean
leaves. The spots increase in number and size
during flowering, but the increment is most rapid
at the pod-filling stage. In the susceptible vari-
eties, infection expands rapidly resulting in a
premature defoliation and reduction in the size of

pods and seeds (Grewal et al. 1980). The disease
can cause yield loss of up to 50% if there is no
protection (AVRDC 1984; Iqbal et al. 1995).

10.3.1 Sources and Genetics
of the Resistance
to Cercospora Leaf Spot

Mungbean germplasm resistance to Cercospora
leaf spot has been identified. Some of the resis-
tant accessions include EC27087-2, EC27261,
Blanco, STB#121, ML-1, ML-3, ML-5, ML-6,
LM612, PLM88, PLM926, PLM944, V4718,
Shanhua 1, LM013 yellow, Pusa 105, PDM 2,
PDM 14, PDM 15 and PDM 113 (Fernandez and
Shanmugasundaram 1988; Hartman et al. 1993;
Thakur et al. 1977). Some of these accessions
such as ML-3, ML-5 and V4718 are also resis-
tant to powdery mildew disease. The resistance
in ML-3 and ML-5, EC27087-2, EC27261 and
ML-1 is governed by a single dominant gene
(AVRDC 1974; Thakur et al. 1977). The resis-
tance in V4718 is also likely controlled by a
single dominant gene, although the segregation
of the resistance is continuous (Chankaew et al.
2011). The monogenic resistance in these
accessions is contradictory to the observation of
Mishra et al. (1988) who reported that the
resistance in Pusa 105, PDM 2, PDM 14, PDM
15 and PDM 113 is controlled by a single
recessive gene. AVRDC (1980) and Leabwon
and Oupadissakoon (1984) reported that the
resistance is conditioned by quantitative genes.

10.3.2 Genome Analysis
of Cercospora Leaf Spot
Resistance

Similar to E. polygoni causing powdery mildew,
C. canescens is an obligate fungus and the disease
incidence is seasonal. Breeding progress against
this disease is slow because the disease only
occurs in rainy seasons. Mungbean breeders have
tried to identify QTL and DNA markers associ-
ated with the resistance for MAS. However, up
until now, there is only one report on the QTL for
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the Cercospora leaf spot resistance in mungbean
(Table 10.1). This is possibly due to the scarce of
genomic tools and lack of reliable gene source

conferring the resistance. Gene mapping for
Cercospora leaf spot resistance was conducted on
F2 and BC1F1 populations developed from V4718

Fig. 10.3 Distribution of 18 mungbean MLO genes on mungbean reference genome, VC1973A (Kang et al. 2014).
Location of each MLO gene is based on Rispail and Rubiales (2016)
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Fig. 10.4 Comparative map illustrating co-localization
between quantitative trait locus (QTL) on linkage groups
(LG) 4 (A) and 9 (B) conferring powdery mildew
resistance in mungbeans RUM5 (qPMRUM5-1 and

qPMRUM5-3) and V4718 (qPMV4718-1 and
qPMV4718-3) (Chankaew et al. 2013) and MLO genes
on mungbean chromosomes. Locations of VrMLO genes
are based on Rispail and Rubiales (2016)

142 K. Laosatit et al.



as the resistance source using SSR markers from
various legume species (Chankaew et al. 2011).
V4718 showed a stable resistance in Taiwan
(Hartman et al. 1993), Thailand (Somta, unpub-
lished data) and China (Xin, unpublished data). In
both F2 and BC1F1 populations, QTL analysis
revealed a major QTL for the resistance, desig-
nated as qCLS. The QTL was located on LG3
between SSR markers CEDG117 and VR393 and
accounted up to 81% of the disease score varia-
tion. qCLS shows no linkage with any QTLs for
the powdery mildew resistance (Chankaew et al.
2013). This agreed with a previous report that
genes conferring resistance to CLS and powdery
mildew disease inherit independently (Thakur
et al. 1977). There is a high genome conservation
among legumes in the genus Vigna and among
Vigna species, common bean (Phaseolus vulgaris
L.) and soybean (Glycine max (L.) Merr.) (Boutin
et al. 1995; Isemura et al. 2007; Kaga et al. 2011).
For example, a QTL for seed weight is common
in mungbean, cowpea and azuki bean (Isemura
et al. 2007). Comparative genome analysis can be
useful for identification of genes/QTLs control-
ling other traits in mungbean. A major QTL,
qCLS9.1, for Cercospora leaf spot caused by C.
canescens in cowpea appears to be the same with
a major QTL for leaf spot disease caused by
Pseudocercospora griseola (Sacc.) Crous and U.
Braun in common bean (Duangsong et al. 2016).
However, the major QTL, qCLS9.1, for Cer-
cospora leaf spot in cowpea and the qCLS in
mungbean appears to be different loci. The
qCLS9.1 locates on LG9, whereas qCLS resides
on LG3. This suggests that the mechanism of the
resistance to C. canescens in mungbean V4718 is
different from that in cowpea. In soybean, there is
an attempt to identify gene(s) controlling resis-
tance to frogeye leaf spot disease caused by
Cercospora sojina K. Hara (Pham et al. 2015).
Since the Cercospora leaf spot in mungbean and
frogeye leaf spot in soybean are both caused by
Cercospora fungi, genes for the resistance in both
legumes may be the same. Fine-mapping, gene
expression and sequencing for the resistant gene
in the resistance soybean accessions PI 594891
and PI 594774 revealed three candidate genes:
Glyma13g25320, Glyma13g25340 and

Glyma13g25350 (Pham et al. 2015). Among
them, Glyma13g25350 is the most probable
candidate gene for C. sojina resistance because
(i) it is derived from a mutation that resulted in an
amino acid change for the protein function In PI
594774, but there is no such mutation in PI
594891, and (ii) PI 594774 and PI 594891 share
two common single-nucleotide polymorphisms
(SNPs) in the promoter region of this gene.
Annotation suggests that Glyma13g25350 is one
of heterotrimeric G-proteins (www.soybase.org)
which plays a central role in plant signal trans-
duction involving in programmed cell death in
plant immunity to pathogens (Zhang et al. 2012).
It is worth investigating whether Glyma13g25350
is involved in the resistance to C. canescen in
V4718.

10.4 Yellow Mosaic Disease

Yellow mosaic disease in mungbean is caused by
geminivirus (genus Begomovirus, family Gemi-
niviridae), which has a bipartite genome (DNA A
and DNA B). Although several begomoviruses
cause yellow mosaic disease in mungbean, two of
them are predominant, namely mungbean yellow
mosaic virus (MYMV) and mungbean yellow
mosaic India virus (MYMIV). MYMV is the
major pathogen responsible for the yellow mosaic
disease in western and southern India, Thailand
and Indonesia, while MYMIV is the main
pathogen for the yellow mosaic disease in central,
eastern and northern India, Pakistan, Bangladesh,
Nepal and Vietnam (Hussain et al. 2004; Malathi
and John 2009; Ilyas et al. 2010). Nowadays,
yellow mosaic disease is the most important and
devastating disease in mungbean production in
South Asia, especially India, and it is becoming a
major threat in mungbean production in Myanmar
and Thailand. Begomoviruses are transmitted by
whitefly (Bemisia tabaci) (Gennadius) (Hemi-
ptera: Aleyrodidae) and can infect mungbean at
all growth stages. In susceptible cultivars, the
disease can reduce seed yield up to 100% (Mar-
imuthu et al. 1981) or even kill the infected plants
at an early vegetative stage. Disease symptoms on
the leaf start as small yellow specks along the
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veinlets and spread over the lamina (Karthikeyan
et al. 2014). The symptoms vary from a few small
yellow specks or spots on a few leaves, to yel-
lowing or chlorosis of all leaves of the whole
plant followed by necrosis. In highly susceptible
plants, the symptoms include shortening of
internodes, severe stunting of plants with no yield
or with a few flowers and deformed pods (thin
and curling upward) producing small, immature
and shriveled seeds.

Chemical control of yellow mosaic disease by
eliminating the virus vector, whitefly, is ineffec-
tive, expensive and detrimental to the environ-
ment. Deployment of genetically improved
resistant mungbean cultivar(s) provides an effi-
cient, cost-effective and environmentally friendly
measure to manage the disease. Currently,
enhancing resistance to yellow mosaic disease is
a major goal in mungbean breeding programs in
India, Pakistan, Bangladesh and Myanmar.

10.4.1 Sources of Resistance
to Yellow Mosaic
Disease

Although many germplasms have been identified
as being tolerant or resistant to yellow mosaic
disease, in most cases the causative begomovirus
is not known and resistance evaluation does not
take account of the strain diversity among the
various strains of the virus and among biotypes
of the whitefly transmitter. Mungbean lines,
NM10-12-1, NM92 and NM94, have been repor-
ted to be resistant to yellow mosaic disease in
Pakistan and India (Ali et al. 1997; Chen et al.
2013; Kitsanachandee et al. 2013). NM92 and
NM94 are from the same cross combination car-
rying the resistance from 6601, a landrace mung-
bean of Pakistan (Ali et al. 1997). Possibly,
NM10-12-1 obtains the resistance from 6601
too (Kitsanachandee et al. 2013). The develop-
ment of NM92 and NM94 is a breakthrough in
mungbean breeding for the yellow mosaic disease
(Ali et al. 1997). Nonetheless, recent resistance
evaluation of mungbean against yellow mosaic
disease under field conditions in India where dif-
ferent begomovirus and white fly cryptic species

are predominant revealed that mungbean line
NM94 is tolerant to the disease in several locations
but highly susceptible in some locations (Nair et al.
2017). The evaluation also revealed high level of
tolerance in mungbean line ML-1628.

10.4.2 Genetics of the Resistance
to Yellow Mosaic
Disease

Inheritance studies of the yellow mosaic disease
resistance revealed monogenics or digenics of the
resistance, including single recessive gene
(Khattak et al. 2000; Reddy 2009; Dhole and
Reddy 2013; Cayalvizhi et al. 2017; Malik et al.
1986; Thakur et al. 1977), two recessive genes
(Shukla and Pandya 1985; Ammavasai et al.
2004; Vinod and Kandali 2012; Alam et al.
2014a; Bhanu et al. 2019) and single dominant
gene (Lekhi et al. 2018). The resistance in NM92
is controlled by a single recessive gene (Khattak
et al. 2000), while that in NM94 (BARImung 6
in the original paper) is controlled by two
recessive genes (Alam et al. 2014a). The differ-
ence in number of genes conferring the resistance
in NM92 and NM94 is surprising. The pedigrees
of NM92 and NM94 (BARImung 6) are nearly
identical (NM36 � VC2768B and NM36 �
VC2768A, respectively). Both of them acquired
the resistance from NM36 which is developed
from hybridization between 6601 and VC1973A
(Ali et al. 1997). Nonetheless, the difference in
number of genes conditions the resistance in
various resources provides opportunity for pyra-
miding those genes into a target genotype to
develop cultivar(s) with stable and durable
resistance to yellow mosaic disease.

10.4.3 Genome Analysis
of the Yellow Mosaic
Disease

Monogenic and digenetic inheritance of the
resistance to yellow mosaic disease in mungbean
suggests that the development of new resistant
cultivar(s) may not be difficult. The major
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difficulty is field screening for the resistance,
which is usually hampered by non-uniform
development of the disease due to the fluctua-
tion of the whitefly population in different loca-
tions and season, and by the variation in strains of
the viruses. MAS may overcome this difficulty.
Efforts to identify DNA markers associated with
yellow mosaic disease in mungbean have been
done by bulked segregate analysis (BSA). Lam-
brides et al. (1999) identified resistance gene from
NM92 in two RIL populations. Randomly
amplified polymorphic DNA (RAPD) marker
OPAJ20 was found linking to the gene. Selvi et al.
(2006) reported that RAPD marker OPS7900 is
linked to MYMV resistance in mungbean
ML-267. Later, sequence-characterized amplified
region (SCAR) marker MYMVR-583 developed
from a RAPD marker was found linking to the
MYMV resistance in mungbean TM-99-37
(Dhole and Reddy 2013). Two SCAR markers
CM9 and CM815 developed from RAPD are
associated with MYMV resistance in mungbean
KMG189 (Cayalvizhi et al. 2017). Linkage anal-
ysis revealed that the marker CM815 is 5.56 cM
away from the MYMV resistance gene, while the
marker CM9 co-segregates with the resistance
gene. Efforts have been made to locate QTLs for
yellow mosaic disease resistance in 10-12-1,
NM92 and NM94 (BARImung6) to the genetic
map (Table 10.1). A RIL population developed of
a cross between NM92 and TC1966 (wild
mungbean susceptible to yellow mosaic disease)
was evaluated for MYMIV resistance in India for
three years. QTL analysis by composite interval
mapping (CIM) in this population identified four
QTLs for the resistance (Chen et al. 2013). The
most significant and largest effect QTL,
MYMIVr9_25, was on LG9. It accounted for 59%
of the disease variation. SSR markers are closely
linked to the MYMIVr9_25, being about 1 cM
away from the QTL. However, only QTL
MYMIVr8_48.8 locating on LG8 was consistently
identified across all the three years. Another RIL
population derived from NM10-12-1 �
Kamphaeng Saen 2 (susceptible to yellow
mosaic disease) was evaluated for MYMIV
resistance under field condition in India and
Pakistan in 2012 and 2008, respectively. CIM in

this population revealed three QTLs for the
resistance in India (qMYMIV1, qMYMIV2 and
qMYMIV3) and two QTLs for the resistance in
Pakistan (qMYMIV4 and qMYMIV5) (Kit-
sanachandee et al. 2013). qMYMIV1, qMYMIV3,
qMYMIV4 and qMYMIV5 are conferred by
NM10-12-1, while qMYMIV2 is by Kamphaeng
Saen 2. Only QTL qMYMIV4 accounted more
than 20% of the disease variation and can be
considered as a major QTL. This QTL is probably
the same with qMYMIV4 because it is located in
the same genome region. SSR marker CEDG100
is located at the same position with the QTL
qMYMIV4. In another study, F2 and BC1F1 pop-
ulations developed from across between BAR-
Imung6 (NM94) and BARImung1 (susceptible)
were assessed for field resistance to MYMIV in
two locations in Bangladesh. QTL analysis in
these two populations gave the same results that
two major QTLs, qMYMIV2.1 on LG2 and
qMYMIV7.1 on LG7, confer the resistance in
BARImung6 (Alam et al. 2014b). The marker
interval CEDG275 and CEDG006 flanking the
QTL qMYMIV2.1 is only about 3 cM apart, while
the marker CEDG041 is closely linked to the QTL
qMYMIV2.1, being less than 1 cM from the QTL.
These two QTLs each accounted for over 40% of
the disease score variation. The result agrees with
Mendelian genetic and quantitative genetic anal-
yses that two recessive genes control the yellow
mosaic disease in BARImung6 (Alam et al.
2014a).

Linkage map comparison revealed that the
major QTL MYMIVr9_25 for the resistance in
NM92, qMYMIV4 (qMYMIV1) in NM10-12-1
and qMYMIV2.1 in BARImung6 are located to
the same linkage group and possibly the same
locus (Kitsanachandee et al. 2013; Alam et al.
2014b). This is very likely because the resistance
in NM92, BARImung6 and NM10-12-1 is all
derived from the same resistance source, 6601
(Ali et al. 1997). If these QTLs are truly the same
locus, fine-mapping and QTL cloning to identify
the function of this resistance locus should be
done because it showed stable resistance in dif-
ferent seasons, locations, environments and
genetic backgrounds. However, the challenge in
fine-mapping is that a large segregating
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population must be assessed for the resistance
under field condition where the variation of the
fields and whiteflies can be very high. Such
variation can hinder the accuracy of the pheno-
typic data and thus the accuracy of the
fine-mapping.

It appears from gene mapping for the yellow
mosaic disease that the genetics of resistance to
MYMIV and to MYMV are different. QTL anal-
ysis showed that at least two loci are involved in
the resistance to MYMIV. Successful marker
tagging for the resistance to MYMV by bulked
segregant analysis suggested that a single gene is
involved in the resistance, and this agrees with the
results from a segregation analysis that MYMV
resistance is monogenics (Selvi et al. 2006;
Dhole and Reddy 2013; Cayalvizhi et al. 2017).
Alam et al. (2014b) noted that SCAR marker
MYMVR-583 which is closely linked to a single
recessive gene governing MYMV resistance in
mungbean TM-99-37 revealed polymorphism
between the parents of F2 and BC1F1 mapping
populations, but this marker was not found asso-
ciated with the QTLs identified for the MYMIV
resistance. This supports the difference between
genetic control of the resistance to MYMV and
MYMIV.

Apart from the resistance to yellow mosaic
disease in the primary gene pool of mungbean,
scientists are also interested in the resistance in
the secondary gene pool. Black gram (Vigna
mungo (L.) Hepper) and rice bean (Vigna
umbellata (Thunb.) Ohwi and Ohashi) are con-
sidered the secondary gene pool of mungbean. In
general, level of resistance to yellow mosaic
disease in black gram is higher than mungbean,
while rice bean is immune to the disease (Gill
et al. 1983; Singh et al. 1998). Attempts have
been made to transfer the resistance from black
gram to mungbean (Gill et al. 1983; Singh et al.
1998; Lekhi et al. 2018; Sudha et al. 2013b).
High yield mungbean breeding lines with yellow
mosaic disease resistance are developed from
crosses between mungbean and black gram (Gill
et al. 1983; Singh et al. 1998). Resistance gene
analog (RGA) markers YR4 and CYR1 are
found to be completely linked with the resistance
to MYMIV in black gram (Maiti et al. 2011). The

complete association suggests that CYR1 is a
portion of the candidate disease resistance
(R) gene (Maiti et al. 2011). The marker CYR1 is
also associated with resistance in mungbean. Full
sequence of the R gene CYR1 is successfully
isolated from black gram (Maiti et al. 2012).
CYR1 codes a protein sequence of 1176 amino
acids with coiling structure at the N-terminus,
central nucleotide-binding site (NBS) and
C-terminal leucine-rich repeats (LRR) that
belongs to non-TIR-NBS-LRR subfamily of
plant R genes. In silico analysis of the NBS and
LRR regions of CYR1 and MYMIV-coat protein
(CP) showed that CYR1-LRR forms an active
pocket and interacts with MYMIV-CP during
docking. This suggests that CYR1 may act as a
signaling molecule involving in recognizing the
effector molecule of the patho-system to con-
tribute to plant–MYMIV incompatible interac-
tions (Maiti et al. 2012). CYR1 and YR4 are
used in the QTL mapping for MYMIV resistance
in NM10-12-1 (Kitsanachandee et al. 2013), and
BARImung6 (Alam et al. 2014a). These markers
showed no polymorphism between the parents of
mapping population in both studies. BLASTN
analysis of the complete sequence of CYR1 gene
and sequence of the SSR markers associated with
the major QTLs for MYMIV resistance in
NM10-12-1, NM92 and BARImung6 on the
reference genome of mungbean and azuki bean
(Vigna angularis (Ohwi) Ohwi and Ohashi)
revealed that CYR1 locates on different chromo-
somes with the QTLs for the MYMIV resistance
in these mungbeans (Somta, unpublished data).
This suggested that resistance to MYMIV in
mungbean and black gram is different. Similarly,
SSR marker CEDG180 which was found asso-
ciated with a major gene controlling MYMIV
resistance in black gram (Gupta et al. 2013)
showed no polymorphism between mapping
parents used by Alam et al. (2014b). Based on
the linkage map of mungbean reported by Ise-
mura et al. (2012), CEDG180 is located on
LG10. The difference in resistance genes
between mungbean and black gram provides an
opportunity to develop durable resistant cultivar
(s) by gene pyramiding. Gene mapping of the
resistance in black gram would be greatly helpful
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for identifying the resistance QTLs for molecular
breeding of the trait in black gram per se and
mungbean. It should be noted that up until now,
there is no report on gene or QTL mapping for
yellow mosaic disease in black gram.

Although rice bean is highly resistance to
yellow mosaic disease in general (Sudha et al.
2015), transferring yellow mosaic disease resis-
tance gene(s) from rice bean to mungbean is only
successful in a few cases (Sudha et al. 2013a;
Bhanu et al. 2017) due to low cross-compatibility
between the two species. As compared to black
gram, rice bean is genetically distinct from
mungbean (Tomooka et al. 2002; Sudha et al.
2015). Nonetheless, genetics of the resistance to
yellow mosaic disease in rice bean has been
reported. F1, F2 and F3 populations were gener-
ated from the cross between MYMV-susceptible
mungbean VRM(Gg)1 and rice bean
TNAU RED and evaluated for MYMV resis-
tance. Segregation analysis in these populations
revealed that the resistance in TNAU RED is
controlled by a single recessive gene (Sudha
et al. 2013b). DNA marker analysis showed
severe segregation distortion and chromosome
elimination in the F2 population and none of F2
progenies possessed homozygous allele from rice
bean (Sudha et al. 2013a). Such anomaly ham-
pers genetic and gene mapping studies for the
resistance. However, very recently, QTL map-
ping for the resistance in an F9 RIL population of
108 lines derived from the cross between VRM
(Gg)1 and TNAU RED was conducted by con-
structing SNP-based linkage map by genotyping
by sequencing (Mathivathana et al. 2019). The
population was evaluated for the MYMV resis-
tance in two years, 2015 and 2016. QTL analysis
revealed five QTLs: two (qMYMV4_1 and
qMYMV5_1) for 2015 and three (qMYMV4_1,
qMYMV6_1 and qMYMV10_1) for 2016. These
QTLs had low phenotypic variation explained,
for the resistance, being 10.11–20.04%. Only the
major qMYMV4_1 was consistently detected in
both years. It was located in a 1.2-Mb
(14,504,302–15,788,321) region on mungbean
chromosome 4. Although there are as many as 83
annotated genes in this genome region, 18 out of
these genes are suggestive as candidate genes at

the qMYMV4_1 based on their associated with
disease resistance in various plant species
(Mathivathana et al. 2019). Adding more mark-
ers can narrow down the qMYMV4_1 region and
reduce the number of candidate genes for this
QTL. Nonetheless, the number of QTLs detected
for the MYMV resistance in TNAU RED in this
study does not agree with the result from segre-
gation analysis that the resistance is controlled by
a single recessive gene (Sudha et al. 2013b).
Additional study is needed to confirm the con-
trast results.

Apart from black gram and rice bean, genome
information of the yellow mosaic disease in soy-
beanmay be useful for genetic improvement of the
resistance inmungbean. Genetic analysis and gene
mapping for MYMIV resistance were conducted
in RIL population derived from the cross JS335
PI171443 and F2 population developed from the
cross SL525 � NRC101 revealed that the resis-
tance is controlled by a single recessive gene and
that the resistance gene locates between SSR
markers GMAC7L and Satt322 on LG C2 or
chromosome 6 (Rani et al. 2017). Based on the
reference genome sequence of soybean, these
markers are 77.12 Kbp apart (position of
12,259,594–12,336,709 bp) and there are 12
genes in this region (www.phytozome.net). Two
of these genes, Glyma.06G151000 and Gly-
ma.06G150700, each codes for probable
serine/threonine-protein kinase that is known for
its role in signal transduction for the disease and
insect resistance in plants (Afzal et al. 2008).
These genes can be used as candidate gene for
MYMIV resistance in mungbean.

10.5 Bruchids

Bruchids or seed weevils (Coleoptera:
Chrysomelidae: Bruchinae) are stored insect
pests causing serious damage to legume seeds
worldwide. About 20 bruchid species are recog-
nized as devastating storage pests in different
pulse crops (Southgate 1979). Among them,
azuki bean weevil (Callosobruchus chinensis L.)
and cowpea weevil (Callosobruchus maculatus
Fab.) are the most serious species infesting
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mungbean in the tropics and subtropics. The
origin of azuki bean weevil is in Asia, whereas
that of cowpea weevil is in Africa. They are
polyphagous insects infesting wide host range in
the legume family. For example, hosts of cowpea
weevil include cowpea (Vigna unguiculata (L.)
Walps.), bambara groundnut (Vigna subterranea
(L.) Verdc.), mungbean, black gram, azuki bean,
faba bean (Vicia faba L.), chickpea (Cicer ari-
etinum L.) and pigeon pea (Cajanus cajan L.)
(Arora 1977; Anton et al. 1997; Desroches et al.
1995; Tuda et al. 2005; Srinives et al. 2007). At
present, both azuki bean and cowpea weevils can
be found in nearly all continents due to their
obligatory larval, pupal and pre-emergence
stages within the legume seeds which promote
their spreading through international seed trade.
Azuki bean and cowpea weevils can cause seed
damage of mungbean under both field and seed
storage conditions, but the greater losses occur in
the storage stage which may lead to a total
damage of the seed lot within 3–4 months (Sri-
nives et al. 2007). The bruchid infestation to seed
results in weight loss, low germination and
changes of nutrition in seeds. The damaged seeds
are not fit for human consumption or agricultural
and commercial uses (Talekar 1988). The bru-
chids also cause allergy to some consumers. In
addition, bruchid infestation may bring about a
negative publicity and lost in consumer trust in
the product brand. Several methods including
cultural, physical and biochemical methods can
be used to control the bruchid infestation (Mishra
et al. 2018), but those methods are impractical to
small-scale mungbean growers and traders and in
most cases are not effective. In addition, the use
of synthetic chemicals to control the bruchids is
unsafe for users and consumers and is environ-
mental unfriendly. Using host plant resistance is
the best method to manage the bruchids in
mungbean (Srinives et al. 2007). Although sev-
eral insect pests are of economically important in
mungbean, bruchids receive the most attention to
mungbean scientists and breeders. This is due to
its economic importance together with the facts
that (i) level of bruchid resistance is very high or
complete, (ii) inheritance of the resistance is

simple, and (iii) the standard protocol for resis-
tance evaluation is simple, easy and inexpensive.

10.5.1 Sources of Resistance
to Bruchids

Resistance to bruchids in mungbean and some
other Vigna species is none or rare (Srinives
et al. 2007). No moderately or highly resistance
to C. maculatus is found in cultivated and wild
cowpea. No useful resistance to C. chinensis
has been identified in cultivated and wild azuki
beans. No resistance to C. maculates was dis-
covered in cultivated black gram. In mungbean,
some resistance accessions showing highly or
completely resistance against C. chinensis and
C. maculates have been identified in both wild
and cultivated mungbeans. The first resistance
source is identified in wild mungbean (V.
radiata var. sublobata (Roxb.) Verdc.) acces-
sion TC1966 (Fujii and Miyazaki 1987; Fujii
et al. 1989). TC1966 exhibits complete resis-
tance to both C. chinensis and C. maculatus.
Later, cultivated mungbean accessions V2709
and V2802 were found resistant to C. chinensis
(Talekar and Lin 1992). Wild mungbean
accessions ACC23 and ACC41 were reported to
be resistant to C. chinensis and C. maculatus
(Lambrides et al. 2000). Cultivated mungbean
accessions V1128, V2709, V2802 and V2817
were resistant to C. chinensis and C. maculatus
(Somta et al. 2007). Wild mungbean accession
Sub2 and cultivated accessions IC333175,
IC325770, IC329039, Dantan Sonamung, RS4,
RMG11 and Khargone 1 were identified resis-
tant against C. chinensis (Sarkar et al. 2011).
These accessions are highly or completely
resistant to C. chinensis and/or C. maculatus.
TC1966, ACC41, V2709 and V2802 have been
shown to be resistant to several bruchid bio-
types. TC1966 and ACC41 are also resistant to
graham bean weevil (Callosobruchus analis F.),
Callosobruchus phaseoli (Gyll.), common bean
weevil (Scanthoscelides obtectus Say.) and
Mexican bean weevil (Zabrotes subfasciatus
Boh.) (Fujii and Miyazaki 1987; Fujii et al.
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1989; Lambrides and Imries 2000; Kashiwaba
et al. 2003).

10.5.2 Biochemical Basis
of the Bruchid
Resistance

Secondary metabolites, storage proteins and
enzyme inhibitors in legume seeds are major bio-
chemical compounds causing resistance (antibio-
sis) to bruchid infestation. Feeding test using
artificial seed diets revealed that the resistance in
TC1966, V1128, V2709, V2802 and V2817 is due
to the presence of a particular biochemical in seeds
(Kitamura et al. 1990; Talekar and Lin 1992;
Somta et al. 2008a). The chemical substance for
resistance in TC1966 is water-soluble with high
molecular weight, and heat- and protease-stable
characteristics, suggesting that it may not be a
protein but a polysaccharide (Kitamura et al.
1990). Two novel cyclopeptide alkaloids, vignatic
acids A and B, were isolated from BC20F4 isogenic
lines carrying the Br gene from TC1966 (Suga-
wara et al. 1996). Feeding test showed that the
vignatic acid A provides resistance to C. chinensis.
Vignatic acid A is composed of L-tyrosine, 3(S)-
hydroxyl-L-leucine, L-phenylalanine and
2-hydroxyisocaproic acid, possessing a
14-membered ring (Sugawara et al. 1996). How-
ever, fine-mapping demonstrated that location of
the Va gene encoding vignatic acids is not the
same as the Br gene; the two genes are very near
with the distance of 0.2 cM apart (Kaga and
Ishimoto 1998). This indicates that vignatic acid is
not a principal factor responsible for the resistance.
A peptide compound “GIF-5” toxic to the bruchids
was also identified from a similar material that is
used for isolating vignatic acids (Kaga et al. 2000).
A cysteine-rich protein (VrCRP or VrD1) of the
plant defensin family has been isolated from
mungbean isogenic line VC6089A carrying the
resistance gene from TC1966 (Chen et al. 2002).
Feeding test revealed that VrD1 is lethal to C.
chinensis larvae. VrD1 protein is a specific
a-amylase inhibitor that inhibited a-amylase of the
bruchids (Liu et al. 2006). However, the DNA
marker developed from VrD1 was located on

different linkage groups with the gene conferring
the resistance (Br), indicating that VrD1 is not the
product of the Br gene (Isemura et al. 2012).
Proteome analysis in seeds of bruchid-susceptible
and bruchid-resistant isogenic lines derived from
TC1966 together with its susceptible parent
Osaka-Ryokuto suggested that chitinase, alanine
aminotransferase in membrane, and SalF1R,
beta-1,3-glucanase, protein phosphatase 2A, per-
oxidase BP 2A, provicilin and canavalin play
important roles in the resistance (Khan et al. 2003).
However, it has been shown that chitinases and
beta-1,3-glucanases from cowpea and common
bean are ineffective against C. maculatus and Z.
subfasciatus (Sales et al. 2000). Thus, the bio-
chemical basis for the resistance due to the Br gene
in mungbean is still not known. Additional
research is necessary to elucidate the factor(s)
responsible for bruchid resistance conferred by the
Br gene.

10.5.3 Genetics of the Resistance
to Bruchids

Seed resistance to C. chinensis and C. maculatus
in mungbean is a monogenic trait. The resistance
to C. chinensis in the wild mungbean TC1966 is
controlled by a single dominance gene locus,
designated Br, possibly in combination with
minor gene(s) and the resistance is dependent on
genotypes of the seeds (Kitamura et al. 1988;
Fujii et al. 1989). The resistance to C. chinensis
in wild mungbean ACC41 is controlled by a
single dominant locus (Miyagi et al. 2004). Also,
the resistance to C. chinensis in wild mungbean
Sub2 is controlled by a single dominant gene
with some modifiers (Sarkar et al. 2011). The
resistance to C. chinensis and C. maculatus in
cultivated mungbean V1128, V2709, V2802 and
V2817 is also controlled by a single dominant
gene with modifiers (Somta et al. 2007; Sun et al.
2008). An F2 population generated from a cross
between ACC41 and TC1966 showed no segre-
gation for the resistance to C. chinensis, sug-
gesting that ACC41 and TC1966 share the same
resistance gene (Lambrides and Godwin 2007).
Allelism test for the C. chinensis resistant in
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TC1966, V2709 and V2802 suggested that they
are controlled by the same or closely linked
genes (Sun 2007). Therefore, Br appears to
confer bruchid resistance in TC1966, ACC41,
V2709 and V2802.

10.5.4 Genome Analysis
of the Bruchid
Resistance

Genetic improvement of mungbean for bruchid
resistance using the Br gene should not be diffi-
cult; however, evaluating for the resistance is
time-consuming. To test for the resistance, dried
seeds of tested genotypes must be harvested
(takes about 3 months) and tested for the resis-
tance (about 2 months); thus, the overall process
of testing takes at least 5-month time. In addition,
bruchid population must be maintained all the
time. Moreover, all of the resistance germplasm,
especially the wild mungbean TC1966, ACC41
and Sub2, possess some undesirable agronomic
traits such as small seed size, pod shattering, hard
seededness, photoperiod sensitivity and deter-
minate growth habit. These defective traits may
accompany when transferring the Br gene to the
susceptible cultivars (linkage drag) (Watanasit
and Pichitporn 1996). These problems hamper
progress in genetic improvement of the resis-
tance, although some bruchid-resistant mung-
bean cultivars have been developed using the Br
gene (Lee et al. 2000; Yao et al. 2015). MAS can
accelerate developing the resistant plants and
reducing the linkage drag. Similar to the case of
gene mapping for powdery mildew resistance in
mungbean, mapping for bruchid resistance is
among the earliest work done for insect resis-
tance in crop plants. Young et al. (1992) used
RFLP markers to locate the Br locus conferring
C. chinensis resistance in an F2 population
developed from the cross between TC1966 and
VC3890 by considering the resistance to C.
chinensis as either qualitative or quantitative
trait. Linkage analysis and QTL analysis gave the
same result that the Br gene was located between
RFLP probe pA882 and pM151on LG VIII.

Later, additional RFLP markers were added to
the mungbean genetic map and LG VIII con-
taining the Br gene was re-named LG9. The Br
locus was labeled as the Bruc locus on this map
(Menancio-Hautea et al. 1993). Linkage mapping
for the resistance to C. chinensis in the RIL
population derived from the cross Berken �
ACC41 using RAPD and AFLP markers showed
that the resistance is linked to the RFLP marker
pR26 (Imrie and Lambrides 1998) which is clo-
sely linked to the Br gene in TC1966 (Young
et al. 1992), suggesting that they may be the
same Br gene conditioning bruchid resistance in
TC1966 and ACC41. Kaga and Ishimoto (1998)
conducted fine-mapping of the Br gene in
BC20F2 population of 414 individuals developed
from TC1966 using RAPD and RFLP markers.
The Br gene was narrowed down to a region of
0.7 cM between the RFLP markers Bng110 and
Bng143. Bng143 is 0.2 cM away from the Br
gene. Moreover, one BC20F2 individual pro-
duced vignatic acids but was susceptible to the
bruchid. These suggested that the vignatic acids
were not the principal factors responsible for
bruchid resistance. QTL analysis by evaluating
C. chinensis resistance in seeds of a RIL popu-
lation derived from Berken � ACC41 across
four environments (locations and years) revealed
that the resistance was controlled by a single
major QTL consistently located between RFLP
markers mgM213 and VrCS161 (Mei et al.
2009). The QTL analysis also revealed that the
resistance QTL was associated with a
seed-weight QTL. All these gene mapping stud-
ies used RFLP markers which are not suitable for
genome analysis and marker-assisted selection.
So efforts have been made to develop or identify
more suitable markers for the resistance. BAC
clones containing RFLP marker mgM213 closely
associated with the QTL for C. chinensis resis-
tance in ACC41 (1.3 cM away from the resis-
tance gene) were identified and used to develop
six sequence-tagged site (STS) and one SSR
markers (Miyagi et al. 2004). Two of those
markers, STSbr1 and STSbr2, co-segregate with
the marker mgM213. STSbr2 is also associated
with the Br gene in V2709 (Br1 gene in the
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original paper; Sun et al. 2008) and the C. chi-
nensis resistance in Sub2 (Sarkar et al. 2011).
Chen et al. (2007) developed some cleaved
amplified polymorphism (CAP) markers closely
linked to the Br gene in TC1996 from RAPD
markers, being less than 1 cM away from the Br
gene. Some CAP markers showed tighter linkage
with the Br gene than the original RAPD mark-
ers. Expressed sequence tag-simple sequence
repeat (EST-SSR) marker DMB-SSR158
(DMB158 in the original report) was found
co-segregated perfectly with the Br gene in
V2802 (Chotechung et al. 2011). SSR and
amplified fragment length (AFLP) markers were
added to the linkage map used by Chen et al.
(2007) for QTL analysis of C. chinensis resis-
tance. The result showed that DMB-SSR158 is
tightly linked (<0.1 cM) with the major QTL for
the resistance (Chen et al. 2013). The RFLP
linkage map of RIL population used to locate
QTL for the bruchid resistance in ACC41 (Mei
et al. 2009) was saturated with SSR markers from
mungbean and other related legumes, resulting in
mapping the Br gene between SSR markers
BM202 and Vr2-627 (Br1 gene in the original
paper; Wang et al. 2016; Zhao et al. 2010).
BM202 is only 0.7 cM from the Br gene.
Although most of these genomics studies had
concluded that a single gene control bruchid
resistance in mungbean, QTL analysis in 420 F2
plants of the cross between Jangan carrying the
Br gene from V2709 and Sunhwa, using SSR,
STS and CAP markers revealed that resistance to
C. chinensis is controlled by two major QTLs
that are closely linked (Hong et al. 2015).
One QTL was between markers GBssr-MB87
(MB87 in the original paper) to COPU11, while
another QTL was between markers RP to
COPU06. However, these two QTLs have not
been confirmed.

Apart from the localization of Br gene and
QTL for the bruchid resistance and identification
of marker associated with the Br gene, identifi-
cation of candidate gene(s) for the resistance has
been carried out. The recently available reference
mungbean genome sequence of mungbean line
VC1973A (Kang et al. 2014) is greatly helpful for
marker development, fine-mapping and gene

identification in mungbean. Genome of
bruchid-resistant recombinant inbred line 59
(RIL59) derived from the cross TC1966 �
NM92 and transcriptome of RIL59, TC1966,
NM92 together with pairs of resistant and sus-
ceptible RILs which derived from the same F2
progenies of TC1966 � NM92 was sequenced
(Liu et al. 2016). Next-generation sequencing and
de novo assembly of the genome of the RIL59
revealed 42,223 genes. The number of annotated
genes in RIL59 is 14,512 genes higher than that in
the reference mungbean genome VC1973A.
Comparison of the transcriptomic sequences of
bruchid-resistant and -susceptible parental lines
and their offspring revealed 91 differentially
expressed genes (DEGs). The comparison also
revealed 408 nucleotide variations between
bruchid-resistant and -susceptible lines in regions
spanning 2 kb of the promoters of 68 DEGs in
which 282 nucleotide variations were found in
exons of 148 sequence-changed-protein (SCPs)
genes. Sixty-seven bruchid resistance-associated
genes, including DEGs and SCPs, were mapped
to the mungbean chromosome 5 where markers
associated with the Br gene OPW02a4 and
DMB-SSR158 are located. Based on the
sequencing results, some gene-specific markers
associated with the Br genes are developed,
including g779p, g34480p and g34458p. g779p
and g34480p exhibited 93.4% accuracy in pre-
dicting the resistance/susceptible genotypes.
However, the marker DMB-SSR158 exhibited
the highest accuracy, 98.3%. Jeong et al. (2015)
developed molecular markers from BAC library
made from genomic DNA of mungbean cultivar
Jangannogdu that receive the Br gene from
V2709 and used the markers in map-based clon-
ing for C. chinensis resistance using 450
near-isogenic lines of a cross between Jan-
gannogdu and Seonhwa (susceptible cultivar).
The results showed that a gene, named VrBURP1,
is the gene responsible for the C. chinensis
resistance in V2709. VrBURP1 encodes a protein
containing 457 amino acids (Fig. 10.5).
VrBURP1 protein is composed of a signal pep-
tide, repeated units and C-terminal BURP
(BNM2, USP, RD22 and PG1b) domain. They
also showed that VrBURP1 exists in V2709 and
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V2808 and TC1966 possess the same VrBURP1
allele, but different from V2709 and that
VrBURP1 exists in the resistant but not in the
susceptible mungbean. A gene coding for a pro-
tein containing BURP domain is also found
associated with the C. chinensis resistance in
TC1966 (Lin et al. 2016). Bruchid resistance
near-isogenic line VC6089A possessing the Br
gene from TC1966 and its susceptible parent
VC1973A was subjected to transcriptome
sequencing and proteomic analysis. These anal-
yses together identified three differentially
expressed genes/differential proteins, including
resistant-specific protein (g39185), gag/pol
polyprotein (g34458) and aspartic proteinase
(g5551). A real-time PCR analysis confirmed that
these genes were highly expressed in resistant
mungbeans (VC6089A, TC1966 and RIL59) and
less expressed in susceptible mungbeans
(VC1973A and NM92). These genes locate on
chromosomes 5, 1, and 7, respectively. g39185
and g34458 genes encode a protein containing a
BURP domain that covers a signal peptide, repeat
regions and a C-terminal BURP domain. g39185
BURP protein comprises 402 amino acids
(Fig. 10.5). The N-terminal BURP protein of
g34458 contains 433 amino acids (Fig. 10.5).
g39185 locates at the position 5236,101 on the
mungbean chromosome 5 near the Br gene (Lin
et al. 2016; Liu et al. 2016) which corresponds to
the annotated gene LOC106759697 encoding a
PG in the GenBank database. These results sug-
gest that g39185 is possibly the Br gene in
TC1966. Sequence alignment between VrBURP1
and g39185 and N-terminal BURP protein of
g34458 demonstrated that these proteins are very
similar but still different (Fig. 10.5). This sug-
gests that the Br genes in V2709 and TC1966 are
different. BURP domain-containing proteins have
only been found in plants. Expression patterns of
BURP domain-containing proteins are diverse
and most of their functions are still unknown,
although they are reported to play important roles
in maintaining normal plant metabolism or
development (Shao et al. 2011; Tang et al. 2014;
Li et al. 2016). The association between
VrBURP1 and g39185 and the bruchid resistance

in mungbean is interesting and worth further
investigation.

Chotechung et al. (2016) performed
high-resolution mapping for the Br gene in
mungbean V2802. They used mungbean reference
genome sequence data to identify locations of
RFLP markers Bng110 and Bng143 flanking to
the Br gene in TC1966 as reported by Kaga and
Ishimoto (1998) and developed new SSR markers
between these two markers for QTL analysis of the
resistance to C. chinensis and C. maculatus in 418
BC11F2 plants derived from a cross between
V2802 and Kamphaeng Saen 1 (KPS1). They
found that Bng143 and Bng110 are 1.72 Mbp
apart on the mungbean chromosome 5. QTL
analysis revealed a single major QTL, qBr, locat-
ing between markers VrBr-SSR013 and
DMB-SSR158 (Fig. 10.6). The qBr explained
about 93% of the total resistance variation. When
the resistance was considered as a qualitative trait,
DMB-SSR158 gene co-segregated perfectly with
the resistance. There are two annotated genes,
Vradi05g03940 and Vradi05g03950, between the
markers VrBr-SSR013 and DMB-SSR158. In fact,
VrBr-SSR013 and DMB-SSR158 are part of
Vradi05g03940 and Vradi05g03950, respectively
(Fig. 10.6). Vradi05g03940 (VrPGIP1) and Vra-
di05g03950 (VrPGIP2) encode a polygalactur-
onase inhibitor (polygalacturonase-inhibiting
protein; PGIP). Comparison of VrPGIP2 coding
sequences between bruchid-resistant mungbeans
V2802, V1128, V2817 and TC1966 and
bruchid-susceptible mungbeans KPS1, Sulu-1,
CM, together with an unknown accession mung-
bean lines revealed six single-nucleotide poly-
morphisms (SNPs) between the resistant and
susceptible mungbeans (Fig. 10.7) (Chotechung
et al. 2016). Three SNPs cause amino acid changes
in the VrPGIP2 sequence in the resistant mung-
bean (Fig. 10.8). The nucleotide sequence com-
parison also revealed that V2802, V1128, V2817
and TC1966 have the same VrPGIP2 allele
(Fig. 10.7). Based on these findings, they con-
cluded that VrPGIP2 is very likely the gene at the
Br locus. The same approaches were used to
investigate the candidate genes for the Br gene in
355 BC11F2 plants derived from a cross between
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V2709 and KPS1 (Kaewwongwal et al. 2017).
The results showed that a single major QTL,
qBr5.1, for the bruchid resistance in V2709 locate
in a confident region between markers VRID5 and
VrBr-SSR037 corresponding to the positions
5,410,272 to 5,647,621 on the mungbean chro-
mosome 5. qBr5.1 accounted for about 93% of the
bruchid resistance variation. Eight annotated genes
including VrPGIP1 and VrPGIP2 are in these
regions (Fig. 10.6). Sequence analysis revealed
that V2709 possesses different VrPGIP1 and
VrPGIP2, compared to V2802. Amino acid
mutations in VrPGIP2 (Fig. 10.8) and VrPGIP1

(Fig. 10.9) of V2709 occur in the regions that may
affect interactions between PGIP and polygalac-
turonase (Kaewwongwal et al. 2017). These results
suggest that the tightly linked markers VrPGIP1
and VrPGIP2 may be the genes at the Br locus in
mungbean V2709. Many SSR, STS and InDel
markers locating very close to the Br gene were
developed (Chotechung et al. 2016; Kaewwong-
wal et al. 2017). Recently, Liu et al. (2018) map-
ped Br gene for C. chinensis resistance in V1128
using an F2 population. Gene mapping by con-
sidering the resistance as a qualitative trait and
quantitative trait gave the same result that the Br

Fig. 10.5 Alignment of amino acid sequences of
VrBURP1, g39185 and N-terminal BURP protein of
g34458 (N-ter-BURP-g34458). Bold amino acids repre-
sent BURP domain. VrBURP1 sequence is from

mungbean Jangannogdu that harbors the Br gene from
V2709 (Jeong et al. 2015). g39185 and N-terminal BURP
protein of g34458 sequences are from VC6089A that
obtains the Br gene from TC1966 (Lin et al. 2016)
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gene (Br3 in the original paper) was located
between SSR markers DMB-SSR158 and a cluster
of markers (VrID5, VrBr-SSR032 and
VrBr-SSR033) (Fig. 10.6). The QTL region cor-
responded to the position 5,310,107 to 5,597,891
(288 kb) on the chromosome 5. There were ten
annotated genes including VrPGIP1 and VrPGIP2
in this region (Fig. 10.6). These further indicate
the association between VrPGIP1 and VrPGIP2
and the bruchid resistance/Br gene. Therefore, the
results from fine-mapping for the bruchid resis-
tance in V1128, V2709 and V2808 suggest that
VrPGIP2 alone or VrPGIP2 and VrPGIP1 are the
candidate gene(s) at the Br locus in these resistant
mungbeans. Enzyme inhibitor(s) is a major class
of plant biochemical that plays pivotal roles in
plant defense against phytophagous insects
(Lawrence and Koundal 2002), including bruchids

(Ishimoto and Kitamura 1989; Shade et al. 1994;
Ishimoto et al. 2006). Polygalacturonase (PG) is an
important digestive enzymes found in the midgut
of C. maculatus (Pedra et al. 2003; Pauchet et al.
2010; Nogueira et al. 2012). PG hydrolyzes
a-1,4-glycosidic bonds between galacturonic acid
units and acts preferentially on pectic acid. PGs
and pectinesterases degrade pectin into oligosac-
charides that can be absorbed in the insect gut.
VrPGIP2 may provide resistance to the bruchids
by inhibiting PG in the bruchid midgut to digest
seed starch and thus causing growth and devel-
opment retardation of the bruchids.

One of the problems in identifying the gene
responsible for bruchid resistance in mungbean is
the genome re-arrangement around the QTL
region containing the Br gene or the QTL for the
resistance. In a recent study, QTL mapping for C.

Fig. 10.6 Location of the Br locus detected in the BC11F2
[KPS1 � (KPS1 � V2802)] (Chotechung et al. 2016),
BC11F2 [KPS1 � (KPS1 � V2709)] (Kaewwongwal et al.

2017) and F2 (Jilyu7 � V1128) (Liu et al. 2018) popula-
tions and its positions and corresponding genes on
chromosome 5 of the mungbean reference genome
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chinensis resistance in two RIL populations (one
with 61 F12 lines from the cross TC1966 �
NM92 and another with 150 F7 lines from the
cross V2802 � NM94) using SNP markers from
genotyping by sequencing (Schafleitner et al.
2016). In both populations, the linkage map
constructed by ordering the markers based on
their positions on the reference genome sequence
of VC1973A and the one constructed based on
recombination frequency are strikingly different,
especially the chromosome 5 where the Br locus
locating. In the latter mapping strategy, chro-
mosome 5 of the map TC1966 � NM92 was
split into three LGs and the QTL region for the
bruchid resistance contained markers from
chromosomes 5, 4 and 3. Similarly, chromosome
5 of the map V2802 � NM94 split into two LGs
and the QTL region for the resistance harbored
markers from chromosomes 5, 4 and 3. More
importantly, the orders of the markers from the
chromosome 5 on the linkage map were highly
different from the reference genome. These
implied genome reorganizations in the reference
genome VC1973A. When some GBS-based SNP

markers around the QTL regions were converted
into PCR-based SNP markers (CAPS and
dCAPS markers) and used together with some
other PCR-based markers for QTL mapping of
the resistance, the results showed that the QTL is
located on the chromosome 5 and a gene
between positions 5,178,332 and 6,066,948 on
this chromosome confers the resistance. SNPs
associated with amino acid changes were found
in Vradi05g03780, Vradi05g03980 and Vra-
di05g04130. SNPs in Vradi05g04130 were
detected in both TC1966 and V2802. This gene
probably codes for LRR receptor-like
serine/threonine-protein kinase and can be con-
sidered as another candidate gene for the Br
locus. In addition, the study by Schafleitner et al.
(2016) also validated the association of the
markers DMB-SSR158, g779p, g34480p and
g34458p with the bruchid resistance.

Similar to the case of yellow mosaic disease,
mungbean scientists are also interested in the
bruchid resistance from the secondary gene pool.
Black gram and rice bean are more resistance to
bruchids than mungbean (Tomooka et al. 2000).

Fig. 10.7 Single-nucleotide polymorphism in the
VrPGIP2 (LOC106760237) sequences in mungbean
accession VC1973A (reference sequence), KPS1,
V2709, V2802, V1128, V2817 and TC1966. VC1973A

and KPS1 are susceptible to the bruchids, while V1128,
V2709, V2802, V2817 and TC1966 are resistant to the
bruchids. Polymorphic sites are presented in bold
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Fig. 10.8 Alignment of the protein sequences encoded
by VrPGIP2 (LOC106760236) from the accession
VC1973A (reference sequence), KPS1, V2709, V2802,
V1128, V2817 and TC1966. VC1973A and KPS1 are

susceptible to the bruchids, while V2709, V2802, V1128,
V2817 and TC1966 are resistant to the bruchids. Poly-
morphic sites are presented in bold
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Fig. 10.9 Alignment of the deduced amino acid
sequences encoded by VrPGIP1 in Sulu_1, CM,
GBXO01011683, KPS1, V1128, V2709, V2802, V2817
and TC1966. Sulu_1, CM, GBXO01011683 and KPS1

are susceptible to the bruchids, while V1128, V2709,
V2802, V2817 and TC19966 are resistant to the bruchids.
Polymorphic sites are presented in bold
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By employing the same RIL population derived
from interspecific hybridization between mung-
bean and rice bean (VRM(Gg)1 � TNAU RED)
used for QTL mapping for MYMV resistance
reported by (Mathivathana et al. 2019),
Mariyammal et al. (2019) reported identification
of C. maculatus resistance in this population
grown in two years by evaluating percentage of
damaged seeds, developmental period and per-
cent of adult emergence in two. In the popula-
tion, some RILs possessed seeds showing typical
characteristics of mungbean but resistance to C.
maculatus similar to the rice bean. In each year,
the number of QTLs detected for each trait was
one or two. At some QTLs, alleles from sus-
ceptible also conferred the resistance. However,
only two QTLs, qSD05 for percentage of dam-
aged seeds and qAE08 for percent of adult
emergence, were consistently detected in both
years. QSD05 was mapped between the positions
17,429,208 and 19,012,443 (1.58 Mb) on
mungbean chromosome 5, whereas qAE08 was
mapped between the positions 541,709,231 and
44,902,000 (3.19 Mb) on mungbean chromo-
some 8. These QTL accounted for about 35%
and 10% of the total variation trait variation,
respectively. Based on the functions of the
annotated genes in the 1.58-Mb genomic region
for the QSD05, 17 candidate genes were pro-
posed as candidate genes for the resistance
(Mariyammal et al. 2019). Among those 17
genes, Vradi05g10460 predicted to have protein
kinase superfamily protein/concanavalin A-like
lectin/- glucanase/protein phosphorylation func-
tion is interesting. Artificial seeds containing
Concanavalin A isolated from jack bean (Cana-
valia ensiformis (L.) DC) seeds are highly toxic
to C. maculatus (Oliveira et al. 1999). Artificial
seeds possessing a lectin isolated from seeds of
leguminous plant Griffonia simplicifolia are
detrimental to C. maculatus (Zhu et al. 1996).
Vradi05g10460 can be a major focused candidate
gene for bruchid resistance from rice bean for
breeding for the resistance in mungbean.

10.6 Bean Bug

Bean bug or pod sucking bug (Riptortus pedestris
Fab.) (Heteroptera: Alydidae) (also known as
Riptortus clavatus) is an insect pest of grain
legumes including mungbean. This insect is an
important pest of soybean (Glycine max (L.)
Merr.) in Japan and Korea (Panizzi et al. 2000).
Adults and nymphs of the bean bug can cause
considerable yield loss and damage to seed
quality of legume crops by sucking sap from
developing pods and seeds (Sehgal and Ujagir
1988). Kang et al. (2003) reported that bean bug
caused damage to young pods of legume crops
such as soybean, mungbean and cowpea from
flowering time to pod ripening period. Bean bug
feeding can also transmit pathogens to the legume
plants. Bean bug develops into adult stage and
reproduces successively by feeding on dried
legume seeds and water (Kadosawa and Santa
1981). Although there has been no report on
genetic improvement for the resistance to bean
bug in mungbean, there are reports on genetics
and genome analysis of the resistance to this
insect. The wild mungbean TC1966 and culti-
vated mungbean V2709 which possessing the Br
gene conferring resistance to bruchids are also
resistant to bean bug (Ishimoto and Kitamura
1993; Jeong et al. 2015; Hong et al. 2015). The
resistance is due to the biochemical in seeds that
inhibits nymphal growth of the bean bug (Ishi-
moto and Kitamura 1991). Jeong et al. (2015)
isolated an active compound that shows inhibi-
tory growth effect against bean bug nymphs from
bruchid resistance mungbean. The active com-
pound has 4–5 carbonyl functional groups. The
Br gene possibly confers the resistance to bean
bug too (Ishimoto and Kitamura 1993; Kaga and
Ishimoto 1998). However, Hong et al. (2015)
demonstrated that the resistance in mungbean
Jagannogdu that obtained the Br gene from
V2709 is controlled by two genes with dominant
suppression epistasis and that the resistance genes
for bean bug and bruchid are different but closely
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linked to each other. Nonetheless, QTL analysis
in 420 F2 plants of the cross between Jan-
gannogdu and Sunhwa using a partial linkage
map of SSR, STS and CAP markers revealed that
the resistance to bean bug is controlled by a
single major QTL between markers RP and
COPU06. This QTL explains 42% of the resis-
tance variation. This QTL co-localized with a
major QTL for C. chinensis resistance. However,
the QTL for the bean bug has not yet been con-
firmed. In addition, due to a partial linkage map
that was used in the QTL analysis, other QTLs for
the resistance, if exists, are not detected in this
analysis. Co-localization between QTLs for the
bean bug and bruchid resistance is interesting.
VrPGIP1 and VPGIP2 are the candidate genes for
bruchid resistance in mungbean (Chotechung
et al. 2016; Kaewwongwal et al. 2017). PGIPs
play roles in the feeding behavior of heteropteran
insects. PvPGIP3 and PvPGIP4 in common bean
(Phaseolus vulgaris L.) inhibit PGs of mirid bugs
(Frati et al. 2006). VrPGIP1 and VrPGIP2 in the
resistance mungbean may also confer resistance
to the bean bug by preventing the digestion of
plant tissue and seeds by insect PGs.

10.7 New Genomics Approaches
for Resistance to Disease
and Insect Resistance
in Mungbean

Forward genetics, especially QTL mapping, is a
major approach in genome analysis of reaction to
biotic stresses in mungbean. Although several
QTLs have been identified for resistance to
powdery mildew disease, Cercospora leaf spot
disease, yellow mosaic disease, bruchids and pod
sucking bug in mungbean, the QTL intervals are
usually large. Conventional QTL mapping
requires genotyping of many individuals in a
segregating population using a large number of
suitable DNA markers such as SNPs and SSRs.
Not many markers of these types have been
developed for mungbean as compared to the
other legumes with similar economic importance.
In addition, SSR polymorphism in mungbean is

low (Chankaew et al. 2011, 2013; Gwag et al.
2006; Isemura et al. 2012; Kasettranan et al.
2010; Seehalak et al. 2009; Somta et al. 2008b,
2009; Tangphatsornraung et al. 2009). Nonethe-
less, since the number of genes/QTL controlling
resistance to the biotic stresses mentioned in this
chapter is only one or two genes (Alam et al.
2014a; Chankaew et al. 2011, 2013; Hong et al.
2015; Ishimoto and Kitamura 1993; Jeong et al.
2015; Kitamura et al. 1988; Reddy et al. 1994;
Reddy 2009; Somta et al. 2007; Thakur et al.
1977), it would not be difficult to identify the
candidate causative gene for the resistance. This
can be achieved by combining a bulked segre-
gant analysis and a whole-genome resequencing
(WGR) by next-generation sequencing (NGS),
known as Bulk-Seq (Zou et al. 2016) or
QTL-Seq (Takagi et al. 2013). BSA-Seq can be
used to rapidly genotype the resistance versus
susceptible DNA or RNA pools at thousands of
SNPs spreading across the genome. The marker
data generated from BSA-Seq can reveal a nar-
row genomic region harboring the resistance
gene or even the lesion of the resistance gene
(Zou et al. 2016). BSA-Seq has been used to
identify the causative genes for qualitative and
quantitative traits in plant species. For disease
and insect resistance, BSA coupled with WGR
has been used successfully in identifying a can-
didate gene for tomato yellow leaf curl virus
resistance in tomato (Solanum lycopersicum L.)
(Wang et al. 2018), major QTL for blast disease
resistance in rice (Oryza sativa L.) (Takagi et al.
2013) and the candidate genes for aphid (Aphis
gossypii Glover) resistance in cucumber (Cucu-
mis sativus L.) (Liang et al. 2016).

Due to a large difference in genome size of
mungbean cultivars and the reorganization in the
reference mungbean genome of VC1973A as
clearly shown in genome resequencing and
genome mapping of the bruchid resistance in
mungbean (Liu et al. 2016; Schafleitner et al.
2016). Additional reference genomes of the
mungbean with higher quality and more com-
pleteness should be developed for a more precise
genome analysis of important traits including
biotic stress resistance.
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10.8 Conclusion

Genetic improvement for resistance to powdery
mildew disease, Cercospora leaf spot disease,
yellow mosaic disease, bruchids and bean bug has
become permanent goals in breeding for biotic
stress resistance in mungbean. Resistance germ-
plasm and information on genetics of the resis-
tance in these biotic stresses are available.
However, a bottleneck to incorporate genes con-
ferring the resistance and screen for the resistant
genotypes is that evaluation for the resistance is
environmental-dependent. In most cases, the
resistance is controlled by one or two major
genes/QTLs providing highly resistance, appli-
cation of a marker-assisted breeding, especially
marker-assisted backcross selection, has a high
potential for improving the biotic stress resistance
in mungbean. Information on the resistance at the
genome level and genomic tools is well devel-
oped and thus can be readily used for the devel-
opment of bruchid-resistant genotypes. In
addition, the Br gene for the bruchid resistance is
interesting as it confers the broad-spectrum
resistance to bruchid biotypes and species and
possibly to bean bug as well. Gene cloning of the
Br gene can be useful for the breeding of bruchid
and insect resistance in other crops. The genomics
resources developed and the candidate genes
identified for the bruchid resistance from the
recent studies should facilitate the identification
of the Br gene in the near future. In cases of
powdery mildew disease, Cercospora leaf spot
disease and yellow mosaic disease, progress in
their genome analyses may be achieved by
comparative genomics approaches, especially the
powdery mildew in which MLO genes can be
used as candidate genes for the resistance. To
facilitate identification of the QTLs and causative
genes for biotic stress resistance in mungbean,
array-based high-throughput DNA markers and
genotyping platforms should be developed pos-
sibly by a consortium of mungbean research
laboratories. However, to conduct a
marker-assisted selection effectively, suitable
genotyping platforms such as kompetitive
allele-specific PCR (KASP) for SNP genotyping
assay must be developed for the mungbean

because most mungbean research and breeding
are in developing countries.
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11Genomic Approaches to Abiotic
Stresses in Mungbean
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Sudipta Shekhar Das Bhowmik, Grace Zi Hao Tan
and Sagadevan Mundree

Abstract
Mungbean (Vigna radiata (L.) R. Wilczek
var. radiata) is an important legume crop
widely produced and consumed throughout
Southeast Asia, cultivated on more than 6
million hectares worldwide. Minimizing the
impact climate variability has on production is
vital to smallholder farmers rely on mung-
beans as a source of income and nutrition
Abiotic stress factors such as drought, water
availability, heat and salinity pose a major risk
to global food security. Variability in the
climate and the increasing demand for food
crops means innovative approaches must be
implemented now to secure the food of
tomorrow. Conventional breeding programs
lead by the World Vegetable Centre and the
Australian National Mungbean Improvement
Program have dramatically increased the
yields, reliability and sustainability of mung-
bean crops worldwide. Breeders and research-
ers are building on that foundational work
through the implementation of genomic tech-
nologies. Sequencing the genomes of large
diverse sets of mungbean germplasm aims to
quantify how the genetic diversity present

among the world’s mungbean collections and
to identify genes associated with agronomi-
cally important traits. By combining sequence
and phenotyping data regions of the genome
associated with important traits link to, the
maintenance of photosynthetic pathways and
water-use efficiency can be targeted. Once
identified, those pathways can be directly
manipulated using genome-editing tools
reduce current breeding times by more than
half. Although abiotic stressors pose an
immediate and extensive risk, fortunately the
technologies and researchers needed to
address the issues exist today.

11.1 Introduction

The world population is increasing dramatically,
and from 1993 to 2017, the population grew by
two billion reaching 7.6 billion in mid-2017
(United Nations 2017). By 2050, the world
population is predicted to rise to 10.2 billion
people (United Nations 2017). Producing enough
food for the increasing population means food
production needs to increase by 70% (FAO
2009a). This is a challenge because there is very
little potential for future expansion of arable
lands due to climate variability and environ-
mental stresses compounding in severity (Eck-
ardt 2009; FAO 2009b, 2012; Cominelli et al.
2013). Drought, water availability, heat, and
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salinity significantly affect crop production
worldwide. A global synthesis of drought effects
on crop production of legume, cereal, tuber and
root by Daryanto et al. (2017) reported varying
yield reductions between crop species. When
subjected to a water deficit, yield loss in legumes
ranged from 20 to 80%. A similar loss of 25–
70% was recorded for root/tuber groups; how-
ever, cereals were not as severely affected with
losses of 25–40% (Daryanto et al. 2017). Chan-
ges in the global environment due to climate
change are predicted to cause further yield losses
(Eynard et al. 2005).

Mungbean (Vigna radiata) is an important
tropical pulse crop produced and consumed
widely throughout Southeast Asia including
India, China, Vietnam, Pakistan and Korea. More
than 6 million ha of cultivated land are used
worldwide for mungbean production, accounting
for approximately 8.5% of global pulses area
(Kim et al. 2015a). With high protein content up
to 27% in dry beans, rich in dietary fibre, vita-
mins and essential amino acids including
methionine and lysine, mungbean is one of the
most nutritious and economical sources of pro-
tein (Day 2013). Furthermore, low levels of
oligosaccharides make mungbean easily diges-
tible providing a good source of protein for a
wide range of consumers including infants and
the elderly (Ihsan et al. 2013). Mungbean also
plays a role in the productivity of other crops due
to increased soil health through reduced use of
nitrogen fertilizers and breaking disease chains
(Fernandez et al. 1988). Although mungbeans
possess many beneficial properties, the crop is
susceptible to abiotic stresses, especially water-
logging, salinity and extreme temperatures, see
review by Hanumantharao et al. (2016). For
example, in mungbean, a level of 50 mM NaCl is
reported to cause up to a 60% yield loss
(Hanumantharao et al. 2016).

In this chapter, we review the effects of abiotic
stresses on mungbean, current approaches and
resources for enhancing abiotic stress tolerance
and future directions for mungbean breeding in
the twenty-first century.

11.2 Abiotic Stress in Mungbean

Mungbean is considered an important crop for
global food security providing essential dietary
protein, carbohydrate, vitamins and minerals to
smallholder farmers. However, environmental
stresses mentioned earlier are severely limiting
the productivity of mungbean (Sarkar et al. 2017;
Hasanuzzaman et al. 2012). Abiotic stresses such
as drought, salinization of arable lands, flash
floods due to unseasonal rainfall, extreme tem-
perature fluctuations and soil degradation (acidity
and aluminium toxicity) are the main factors that
critically impact mungbean growth and yield.

A fast-growing, warm-season legume crop
requiring as little as 90 days to reach maturity
(Ranawake et al. 2011) also performs well under
low soil moisture due to its well-developed root
system (Kole 2007). Although considered to
withstand drought, mungbean yield is signifi-
cantly affected by drought stress conditions, with
reports indicating adequate water supply as the
critical environmental factor (Kramer et al. 1997;
Pandey et al. 1984). Themost susceptible stages of
development are flowering and pod filling result-
ing in high overall yield loss (Ghanbari and Javan
2015). The rapid expansion of drought-stressed
areas around the world and increasing population
are exacerbating the issues (Postel 2000). Many
studies have reported the negative effects of
drought stress on the growth, physiology and yield
components of mungbean (Ahmed et al. 2002;
Rafiei and Shirvan 2009; Ranawake et al. 2011).

Salinity is also a major problem globally
estimated to cause � 50% loss of arable land by
2050 (Hasanuzzaman et al. 2012). Salinity stress
induces ionic and osmotic imbalances leading to
secondary oxidative stress that has a detrimental
effect on the growth and metabolism by affecting
the integrity of the plant membrane, pigment
content, osmotic adjustments, water retention
capacity and photosynthetic activity (Munns and
Tester 2008; Pang et al. 2010; Saha et al. 2010).
Production of mungbean has been greatly affec-
ted due to salinity stresses worldwide (Sehrawat
et al. 2013). The adverse effect of salt stress on
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mungbean grain yield is most pronounced during
reproductive stages of growth (Ayers and West-
cot 1985; Minhas et al. 1990). High yield losses
at low concentrations of NaCl have been reported
by (Abd-Alla et al. 1998), caused by a reduction
in seed germination, fresh and dry biomass, shoot
and root lengths, photosynthesis and yield attri-
butes (Ghosh et al. 2015).

Mungbean cannot withstand water logging,
particularly during the early stages of growth
(Singh and Singh 2011). Water logging reduces
oxygen concentrations around the roots of mung-
bean under submerged conditions restricting gas
exchange and nodule activity (Singh and Singh
2011). Photosynthesis is the primary physiological
process inhibited as a result of water logging lead-
ing to extensive grain yield loss (Ahmed et al. 2002,
2006). Thus, mungbean is not suited to the wet
tropics with annual precipitation above 1000 mm
(Fernandez and Shanmugasundaram 1987).

Extreme fluctuations in temperature have a
direct effect on flower preservation and pod for-
mation in mungbean, particularly at temperatures
above 40 °C (Kumari and Varma 1983). Terminal
heat stress can severely affect mungbeans in
spring/summer causing a drastic reduction in seed
yield due to pollen sterility, lack of fertilization
and complete flower shedding (HanumanthaRao
et al. 2016; Kaur et al. 2015; Sinha 1977; Tickoo
et al. 1996).

Degradation of arable land mainly due to soil
acidity is a major factor that affects root growth and
nutrient availability mainly nitrogen, phosphorus
and potassium (Meena and Varma 2016). Acidic
soils make up approximately 30% of the world’s
total land area and more than 50% of the world’s
potentially arable lands, particularly in the tropics
and subtropics (Kochian et al. 2004; Meena and
Yadav 2014). Aluminium (Al) toxicity is a com-
mon problem in many productivity areas of the
world, and of the world’s arable soils, 30–40% are
affected by Al toxicity (Kochian et al. 2015).
Physiological and metabolic disorders, growth
inhibition and cell death are common symptoms
caused by aluminium toxicity (Panda et al. 2009).
Mungbean being a short maturity plant with
well-developed root systems is greatly affected by
aluminium toxicity (Nahar et al. 2017).

11.3 Current Approaches
for Enhancing Abiotic Stress
Tolerance in Mungbean

To minimize the effect of abiotic stress on mung-
bean, several strategies have been employed.
Among these, water and soil management practices
have facilitated agricultural production on soils
marginalized by salinity and drought. Achieving
additional gains while continuing to use these
approaches appear problematic. In recent years crop
improvement strategies basedonmolecularmarkers
and biotechnology techniques are overcoming the
limitations of traditional breeding efforts.

11.3.1 Conventional Breeding

Conventional breeding by means of selecting
desirable genotypes based on visual phenotypes
and crossing the elite lines is the most founda-
tional, accessible and easiest method of crop
improvement. The underlying principle is simple
—parents with desired traits are mated to gen-
erate superior offspring bearing the desirable
traits of both parents. It is a method tried, tested
and true since the dawn of agriculture and has
given rise to most modern crops and livestock
(Borlaug 1983).

Prior to the 1970s, mungbean was considered
unpopular amongst growers due to poor yields
and agronomic properties. Efforts at crop
improvement only began upon recognition of its
potential as a protein source and cash crop for
smallholder farmers, resulting in the launch of an
improvement program by the World Vegetable
Centre (AVRDC) within Asia (Shanmugasun-
daram et al. 2009). Despite this, progress was
slow, hampered by the lack offinancial support to
support R&D efforts. Some components of the
original plan could only be started in 1997 despite
the plan having been laid more than two decades
prior (Shanmugasundaram et al. 2009).

In parallel, yet independent to the work in
Asia were the breeding efforts advancing in
Australia. Kick-started by the introduction of
commercial varieties provided by the AVRDC in
the late 1960s and 70s mungbean breeding in
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Australia has grown exponentially (AMA 2015).
Improved varieties such as crystal generated
from the Australian breeding program revolu-
tionized the industry. Production doubled from
10,000 to 20,000 tonnes between the 1980s and
1996 to about 45,000 tonnes by the mid-2000s,
reaching a pinnacle of 150,000 tonnes in 2016
(AMA 2015).

Despite being independent ventures, the Asian
and Australian breeding programs share a fun-
damental aim to develop a crop more appealing
to growers (ACIAR 2016). Improvement in
yield, seed quality, synchronous maturity and
disease resistance remains core targets for
breeders (Shanmugasundaram et al. 2009)
though increasingly pressing challenges such as
climate change have led to a growing interest in
abiotic stress tolerance. Despite this growing
interest, there has been little advancement in
terms of actual outcomes. Much of this can be
attributed to the limitations of the existing
mungbean breeding programs as well as the
inherent complexity of the trait.

As an orphan crop, mungbeans have not
attracted as much R&D funding compared to
major crops like soybean or cereals. Genetic
information has been lacking in comparison, and
crop development has been primarily limited to
conventional breeding. While conventional
breeding is simple in principle, it is laborious and
time consuming to execute. Undesirable traits
from the parents are inherited along with the
desirable ones in a process known as linkage
drag, requiring several generations of selection
and backcrossing before a cultivar can be pre-
sented for release (Flint-Garcia et al. 2003).

The ease through which a trait can be bred in
or out depends on the number of genes governing
it (Agrawal 1998). Qualitative traits, such as
some disease resistance, can be coded for by a
single gene or a small group of genes (Moody
et al. 2003). On the other hand, quantitative traits
like abiotic stress tolerance are governed by
multiple genes and produce a range of pheno-
typic variations (Hill 2010). This is made even
more variable by the influence exerted by envi-
ronmental factors. Predictably, breeding for a

quantitative trait is more difficult compared to its
qualitative counterpart (Moody et al. 2003).

Where abiotic stress tolerance is concerned,
however, the complexity involved renders con-
ventional breeding next to impossible. Unlike
disease resistance which is dependent a small
number of resistance genes (R-genes), abiotic
stress tolerance is a summation of morphological
and biochemical interactions. Breeding and
selection based on phenotype alone would be
insufficient and will require the support of more
discriminating markers.

11.3.2 Marker-Assisted Selection

One way through which precise trait selection
can be done is marker-assisted selection (MAS).
Markers associated with a desired trait are used
to assist the selection process. Generally, markers
can be morphological, cytological, biochemical
or molecular/DNA—the term MAS, however, is
exclusively associated with molecular/DNA
markers (Jiang 2013).

MAShas several benefits, namely efficiency and
specificity. With DNA being used for screening,
marker detection is not dependent on plant matu-
rity, and there is less interference from environ-
mental factors. Advances in molecular biology and
the supporting technologies have also enabled
economical high-throughput screening (Wetter-
strand 2018). The capacity to distinguish between
alleles in genotypes allows breeders to make
selections based purely on genetics prior to phe-
notypic evaluation (Ota et al. 2007). This means
large breedingpopulations canbequickly narrowed
down prior to selection in the field, speeding up the
time it takes to integrate the desired traits.

Five types of DNA markers are commonly
used for MAS—restriction fragment length
polymorphism (RFLP), amplified fragment
length polymorphism (AFLP), random amplified
polymorphic DNA (RAPD), microsatellites or
simple sequence repeat (SSR) and
single-nucleotide polymorphism (SNP). Each has
their unique advantages and disadvantages, the
specifics of which as well as the general
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methodology and considerations can be found in
the review by Jiang (2013).

11.3.3 Mungbean Genome
Sequencing
and Molecular Markers

Understanding the genetic basis of important
agronomic traits such as abiotic stress tolerance
has been dramatically advanced through the use
of next-generation sequencing (NGS) (Varshney
et al. 2009). In recent years, nutritionally dense
legume crops such as mungbean have gained
global interest with major efforts made to unlock
the crops’ true potential through genomic tools
(Kim et al. 2015a). Although mungbean is pri-
marily grown by smallholder farmers in develop-
ing countries with limited funding, the importance
of mungbean worldwide has spurred many
researchers to explore genomic tools for crop
improvement (Noble et al. 2018; Schafleitner et al.
2015). The first draft whole-genome sequence
(WGS) of mungbean published by Kang et al.
(2014) has facilitated genomic research in mung-
bean with the aim of accelerating molecular
breeding. Two significant association mapping
populations have used the mungbean WGS as a
basis to anchor markers to a physical position in
the genome (Schafleitner et al. 2015; Noble et al.
2018). Both populations employed the same
genotype-by-sequencing (GBS) technology to
identify thousands of highly polymorphic single-
nucleotide polymorphisms (SNPs) markers to be
used in genome-wide association studies (GWAS).
Further advances in sequencing technology have
made it economical and feasible to re-sequence
large numbers of lines ushering in a new age of
genotyping by re-sequencing (Zhou et al. 2015).
Mungbean geneticists are taking advantage of
this cost-effective technology and are re-
sequencing many genetically distinct accessions
from the above populations as well as wild rela-
tives. Using this data to unravel the domestica-
tion history of mungbeans will provide an
opportunity to identify the genetic basis of
adaptation affecting agronomically important
traits.

Crop wild relatives (CWR) have been
underutilized in most breeding programs due to
the inherent difficulty of integrating only the
desired traits and a lack of accessions collected
and conserved in seed banks worldwide (Casta-
ñeda-Álvarez et al. 2016). Wild relatives have
become a major interest globally to increase the
productivity of crops as a result of limited genetic
diversity in domesticated cultivars (Castañeda-
Álvarez et al. 2016). Gene editing is proving to
be a pivotal method to introduce traits from wild
species and other closely related species which
cannot be achieved through conventional means
(Zsögön et al. 2017). Mungbeans are in an
excellent position to take advantage of CWR due
to Australian researchers gathering, evaluating
and conserving extensive collections of wild
relatives (Lawn and Rebetzke 2006). Develop-
ment of a pan-genome including CWR genome
sequences will be integral to understanding the
genetic diversity present within the crop’s gene
pool. Characterizing the core set of genes present
in all accessions and most importantly the dis-
pensable genome where many abiotic tolerance
traits are found but have been unwittingly lost
during domestication (Li et al. 2014).

11.3.4 QTL Mapping
and Genome-Wide
Association Studies
(GWAS) of Abiotic Stress
Tolerance in Mungbean

Abiotic stress tolerance is a quantitative trait with
complex inheritance that is difficult to measure,
and unstable over different environments (Desh-
mukh et al. 2014). Researchers have been using
DNA markers and linkage maps since the early
1990s to identify quantitative trait locus
(QTL) related to essential agronomic traits (Kim
et al. 2015b). The first studies used RFLP tech-
nology to analyse bruchid resistance (Young
et al. 1992) and seed weight (Fatokun et al.
1992), and since then, numerous QTLs have
been identified for mungbean traits such as
flower, leaf, pod and seed characteristics (Ise-
mura et al. 2012; Kim et al. 2015a). However,
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the outdated marker technology and traditional
linkage analysis used in these analyses lack the
resolution and allele richness of association
mapping (Huang and Han 2014). Proxy pheno-
typic traits such as plant height, maximum leaf
area, biomass and relative water content have
been used to identify potential drought tolerance
QTLs indicating possible candidate regions of
the genome (Liu et al. 2017).

Genome-wide association studies (GWAS)
take advantage of historic recombination events
of large diverse mapping populations to dissect
the genetic source of complex traits such as
abiotic stress tolerance (Huang and Han 2014).
Utilizing the World Vegetable Centre mini-core
and Australian diversity panel populations to
study complex traits such as drought and nutri-
tional content will provide greater precision
during analyses, helping identify false positives
and narrow down the genomic region associated
with the trait (Schafleitner et al. 2015; Noble
et al. 2018). The advantages of GWAS have been
demonstrated in other legume species to more
precisely identify QTLs controlling polygenic
traits such as drought and heat tolerance; soybean
(Dhanapal et al. 2015), chickpea (Thudi et al.
2014) and protein and oil content soybean
(Hwang et al. 2014), chickpea (Upadhyaya et al.
2016).

Nested association mapping (NAM) is a
technique used to dissect the genetic architecture
of complex traits by combining the advantages of
two traditional methods linkage analysis and
association mapping (Yu et al. 2008). The maize
NAM has been used to identify QTLs in flow-
ering time (McMullen et al. 2009) and southern
leaf blight (Kump et al. 2011). Researchers found
rather than a few large-effect QTLs controlling a
trait, it was the accumulative effect of numerous
small-effect QTLs that impacted these traits. To
enhance the productivity and resilience of
mungbeans, a NAM population has been devel-
oped as a resource for the mungbean community.
Consisting of twenty-six exotic founder lines
identified as the most genetically and phenotyp-
ically distinct genotypes from the Australian
diversity panel, these were then backcrossed to a
single elite commercial cultivar (Noble et al.

2018). To further increase the genetic diversity
within the population, four sub-populations were
made with wild relatives to capture unique alleles
not present in domesticated accessions. Overall,
the mungbean NAM is made up of 2000 RILs all
of which have been genotyped-by-sequenced but
are yet to be phenotype and analysed.

Marker-assisted selection (MAS) established
from QTLs which account for a large proportion
of phenotypic variance is effective for simple
Mendelian traits but becomes particularly chal-
lenging for complex traits (Deshmukh et al.
2014). The prediction model used in genomic
selection overcomes the shortcomings of MAS
and avoids marker bias by accounting for all
phenotypic and marker data to calculate a
breeding value for lines (Heffner et al. 2009).
Genomic selection is a prevailing approach that
will considerably speed up breeding times by
more reliably integrating complex polygenic
traits through selecting lines based on marker
information alone (Heffner et al. 2009).

11.3.5 Mungbean Transformation

Mungbean improvement through conventional
breeding has significantly improved overall yield
in recent years. However, efforts to develop
robust abiotic stress tolerance are lacking, leav-
ing the crop vulnerable. Many of the abiotic
stress tolerance traits such as salinity and drought
are polygenic, and often undesirable traits are
inherited through linkage drag (Turan et al. 2012;
Vikram et al. 2015). Genetic modification can be
used as a complementary tool in traditional
breeding programmes by providing a platform to
functionally characterize genes. Functional
characterization of the stay-green gene from rice
and sorghum (Hörtensteiner 2009; Jiang et al.
2007; Paterson 2008) can be targeted through
genome editing. A high-throughput, efficient,
transformation system is essential to deliver
genome-edited plants. Mungbean like other
legumes is very challenging to transform due to a
recalcitrant responses to in vitro regeneration
(Lambrides and Godwin 2007). Limited reports
are available on successful generation of
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transgenic mungbean using Agrobacterium-
mediated transformation with varying rates of
efficiency (Sahoo et al. 2016; Sahoo and Jaiwal
2009; Saini et al. 2007; Vijayan et al. 2006).
Further research is required to develop a high
efficiency, reliable and repeatable mungbean
transformation system to generate transgenic
mungbean for detail genetic studies.

Recent reports of genetic improvements for
abiotic stress tolerance in mungbean through
genome editing allowed the transfer of foreign
genes from distantly related species (Baloda and
Madanpotra 2017; Kumar et al. 2017; Sahoo
et al. 2016). The team led by Kumar and his
co-workers (Kumar et al. 2017), co-expressed
Arabidopsis NHX1 and bar genes through gene
stacking and significantly improved mungbean
tolerance to salinity, oxidative stress and herbi-
cide resistance (Kumar et al. 2017). Similar
gene-editing approaches for enhanced abiotic
stress tolerance in mungbean could complement
current breeding programs.

11.3.6 Genome Editing and Other
Molecular Technologies
to Bring Mungbean
Breeding
in the Twenty-First
Century

Genome editing is the generic term for a group of
technologies that enable the direct modification
of target genomes through the creation of
double-stranded DNA breaks (DSBs) and sub-
sequent “editing” by host DNA repair machinery
(Shah et al. 2018). The power of genome editing
is unprecedented. To put it into perspective, the
use of molecular breeding approaches has
accelerated the generation of new crop varieties
from 25 years to as little as seven (Zhang et al.
2018). Depending on the regulatory restrictions
imposed by the host country and the availability
of efficient plant transformation and regeneration
systems, genome editing may cut the time taken
to produce new crop varieties by as much as half.

Genome editing has already been used to
generate elite crop varieties, namely in grains

such as rice. To improve resistance to rice blast,
CRISPR/Cas was used to mutate the OSERF922
gene vital to disease progression (Xu et al. 2015;
Wang et al. 2016). In soybean, Huang and Han
(2014) used the TALEN genome-editing system
to mutate the fatty acid desaturase 2 genes,
FAD2-1A and FAD2-1B to increase the pro-
portion of monounsaturated fatty acids by up to
80%. The mungbean reference sequence, NAM
and other association mapping populations will
be integral to taking advantage of genome-
editing tools now and into the future (Kang
et al. 2014; Noble et al. 2018).

A potential target for mungbean improvement
is the development of powdery mildew resistant
genotypes. The mlo gene family is a highly
conserved group of proteins that are grouped into
seven phylogenetic clades and have been linked
to disease susceptibility, plant reproduction and
root thigmomorphogenesis (Lyngkjær et al.
2000; Pavan et al. 2009). In particular, MLO
proteins from clades IV and V are important
genetic drivers of crop susceptibility to powdery
mildew (Rispail and Rubiales 2016). Plants that
are homozygous for recessive alleles at the mlo
locus are more resistant to penetration by pow-
dery mildew (Rispail and Rubiales 2016). The
relationship between mlo recessive alleles and
powdery mildew remains one of few examples of
monogenic traits that provide resistance in the
field. The monogenic nature of the mlo alleles
makes it an ideal target for genome-editing
strategies. Current studies have shown that
mungbean contains 1 and 6, clade IV and V mlo
genes, and therefore, further work is required
before this approach can be implemented into
breeding programmes.

Recent genome-wide association studies of
the mungbean diversity set identified nine SNPs
that play a significant role in seed colour (Noble
et al. 2018). Given that seed coat colour is a key
trait for the grading and evaluation of mungbean
seeds, these SNPs could be further investigated
to determine whether genome-editing strategies
could be utilized to produce shiny green mung-
bean varieties into backgrounds with abiotic
stress tolerance. Genome-editing strategies also
provide a pathway to overcome incompatible
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hybridisation during crossing. For example,
when cultivated mungbean (V. radiata) is
hybridised with black gram (V. mungo) or wild
mungbean (V. radiata ssp sublobata) sterility of
the progeny and poor morphonology character-
istics have historically prevented their use in
breeding programming (Lambrides et al. 1999).
There is potential to utilize genome-editing
strategies to introduce the traits from black
gram into cultivated mungbean without the need
to perform crosses. These are just a few exam-
ples; however, it is becoming apparent that
genome engineering will be a powerful tool for
the improvement of mungbean in the near future.

In recent years, we have witnessed the huge
impact abiotic stresses have had on agricultural
production across the world, due to significant
variability in climatic conditions. Mungbean, an
essential food security crop for many developing
nations, has been equally vulnerable to these
stresses and until recently, has received little
attention and support from the major R&D funding
agencies. During the past decade, conventional
breeding has been leapfrogged by significant
advancements in sequencing technologies and
genome manipulation tools such as genome edit-
ing. These advancements and technology plat-
forms will accelerate the development of more
resilient and nutritious crops, including mungbean.
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12Future Prospects and Challenges

Roland Schafleitner and Ramakrishnan M. Nair

Abstract
Legume crops play a key role for producing
proteins for human and animal nutrition. Sus-
tainable increase of plant protein production is
essential to satisfy the rising demand of a
growing world population. Breeding varieties
with high and stable yields and with optimized
nutritional value, which at the same time require
less input in terms of energy and labor is one of
the pathways for sustainable rise of mungbean
productivity. Mungbean is mainly used in
rotation with cereals. Therefore, producing an
economically viable harvest in the short time
window between two main crops, often under
stressful conditions of a hot and dry season, is an
important breeding aim for this crop. Breeding
improved varieties requires access to the genetic
diversity of the crop and crop wild relatives to
source new traits. As natural plant populations
are endangered by loss of habitats and climate
change, ex situ collections have gained
increased importance to conserve biodiversity
for crop improvement. Effective screening
methods for desired agronomical traits, includ-
ing biotic and abiotic stress tolerances and

pre-breeding technologies to introgress new
traits from non-adapted materials into elite lines
are facilitating breeding efforts. Often new traits
have to be sourced fromwild relatives. Crossing
barriers between different Vigna species and the
need of technologies to restore fertility add
additional complexity when traits have to be
sourced from wild species. Genomics methods
such as quantitative trait mapping or pange-
nomics studies elucidate the genetic basis of
traits of interest, andmarker assisted or genomic
selection are guiding breeding efforts. Well-
coordinated phenotyping efforts to collect and
analyze crop performance data across multiple
locations are essential for effective breeding of a
more productive, nutritious and resilient mung-
bean crop.

12.1 Introduction

One of the major challenges of humanity for the
next decades is producing sufficient food for a
growing world population, which is estimated to
reach 9.15 billion by 2050 (Alexandratos and
Bruinsma 2012). To satisfy the demand of this
number of people, an overall increase in agri-
cultural output of about 60% is required. Proteins
are essential macronutrient for the human diet.
Legumes are an important protein source either
for direct consumption by humans, or as feed for
meat, poultry or fish production. Especially, in
Asia, with a large vegetarian population, legumes
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contribute to meeting the protein requirement of
a growing population. Among the legumes,
soybean has the largest protein content (33–45%)
and mungbean and pea rank sixth with 21–33%
of protein in the seed (Salunkhe et al. 1985).

Achieving food production increases in a
sustainable manner will be critical to avoid fur-
ther natural resource degradation and damage to
the environment. Reducing the energy require-
ment of agriculture and lowering the release of
greenhouse gases into the atmosphere and for
food production will become increasingly
important. Legume crops are an important com-
ponent of sustainable production systems. They
release 5–7 times less greenhouse gases such as
CO2 and nitrous oxide per unit area compared
with other crops. Their capacity to establish
symbiosis with microorganisms that fix nitrogen
from the air save approximately 277 kg CO2

ha−1 and per year, an amount which is otherwise
emitted by processes for industrial nitrogen fix-
ation (Stagnari et al. 2017). In addition, legume
cultivation can increase the phosphorous avail-
ability at the rhizosphere level (Latati et al.
2016). Phosphorus is an essential macronutrient
for plants. Rock phosphate required for produc-
ing phosphorous fertilizers is an increasingly
scarce resource and reducing the phosphorus
fertilizer amount for crop production makes
agriculture more sustainable.

Increasing mungbean production can be
achieved by three approaches: improving the
yield of the crop by breeding, extend the culti-
vation surface into new areas, and integrate a
short-duration mungbean crop into an existing
cropping system like inter-cropping with maize
or sorghum. For making work any of these
approaches, mungbean cultivation must be
attractive and profitable for farmers. This implies
that production methods have to be adapted to
the needs of the farmers. In developing countries,
mungbean is hand harvested, with two or three
times picking. Hand-picking requires labor
resources that are becoming scarce, so mungbean
varieties that mature synchronously and are
amenable to machine harvest are the key for
keeping mungbean production attractive for

farmers. Access to good quality seed by farmers
and the implementation of good agricultural
practices is paramount for mungbean to compete
in high-premium market segments like the sprout
segment.

12.2 Access to Genetic Diversity
for Breeding

Breeding needs access to genetic variation for the
traits to be improved. Genetic variation that is not
found in breeding populations, needs to be
sourced from germplasm accessions stored in
genebanks or found in the wild. Access to seed
from genebanks and to passport and evaluation
information of germplasm accessions is speeding
up the identification of new genetic variation for
breeding. Specialized populations for trait
screening such as core collections or improved
screening methods like focused identification of
germplasm set (FIGS) improve the access to
diversity. Core collection diversity sets for
mungbean are available (Liu et al. 2008; Bisht
et al. 1998; Barkley et al. 2008; Moe et al. 2012;
Schafleitner et al. 2015; Noble et al. 2018).
Introgression line populations containing frag-
ments of wild genomes provide access to new
traits not available in the cultivated genepool in
materials that can be easily crossed with elite
varieties. In various crops, such as tomato or
wheat, available trait variability was strongly
increased by such lines (Eshed and Zamir 1995;
Pestsova et al. 2001). Nested association map-
ping (NAM) populations have a similar function
and display the alleles of a biodiverse set of lines
in the background of a selected line (McMullen
et al. 2009). A NAM population created for
mungbean is under construction (Col Douglas,
personal communication). Multi-parent advanced
generation inter-cross (MAGIC) populations
combine alleles of biodiverse parents in a set of
inbreeding lines in a novel manner (Pascual et al.
2015). The development of such resources will
improve access to novel alleles and facilitate
breeding and gene mapping. Developing resistant
varieties in response to emerging diseases like
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dry root rot, bacterial diseases (halo blight and
tan spot) and to growing infestation by stem fly
and thrips will be essential.

12.3 Stabilize Yields and Adapt
Mungbean to More Stressful
Environments

Short-duration legumes such as mungbean fit
into most cereal production systems in tropical
and subtropical regions. As a rotation crop,
mungbean increases overall productivity and
sustainability of the system. Several studies
demonstrated the beneficial effect of a short-term
mungbean crop on the yield and quality of the
following crops in terms of increased cereal yield
and quality (Kayani et al. 2010).

Heat and drought tolerance make mungbean
suitable for the time of the year when cereal
crops would fail. The overall stress tolerance of
the crop makes it also a good option for agri-
cultural production in marginal areas with a high
risk of drought and heat stress and low soil fer-
tility. Its capacity to mature rapidly and produce
yield in only two months lets it escape seasonal
stress factors better than plants with a longer
vegetative period.

Short-duration mungbean is often cultivated
during the hot and dry season. Current varieties
have relatively high levels of heat and drought
tolerance. Investigation of a very small set of four
lines suggested a linear relationship between leaf
conductance and net photosynthetic or transpi-
ration rates, suggesting that productivity is
strongly correlated with water use (Hamid et al.
1990). Investigations on larger germplasm may
yield lines with more variation in water use
efficiency. Optimization of irrigation schedules is
an alternative way of genetic improvement to
increase mungbean production under
water-limiting conditions (Pannu and Singh
1993; Nakhlawy et al. 2018).

Most varieties can cope with temperatures
above 40 °C, but still higher heat tolerance is
required for mungbean cultivation during the hot
and dry season. Mungbean under field conditions
gradually adapts to heat (Hanumantha Rao et al.
2016). Flower shattering is one of the conse-
quences of excessive heat, but may also be
associated with thrips infestation (Chhabra and
Kooner 1985). Climate change is likely to make
stressful environments even harsher, affecting
crop production in various ways, including by
drought and heat spells or by flooding. Stress-
tolerant short-duration mungbean may be less
affected by climate change than other more heat
and drought-susceptible species. The elevated
CO2 level that contributes to climate change,
however, may have a beneficial effect on plant
growth. Elevated CO2 concentrations resulted in
taller mungbean plants with larger leaf area, root
length and more dry matter, including pods and
seed than ambient CO2 grown plants at all
growth stages (Srivastava et al. 2001). Response
to high CO2 was highest at early growth stages.
The quest for genotypes with superior response
to elevated CO2 by producing more grain has not
yet started for mungbean.

Saline soils are an increasing problem in arid
regions, where salt of low-quality irrigation
water or leaching from lower soil layers accu-
mulate in top soils. Mungbean is known to be
salt susceptible, and in addition, symbiotic
microorganisms may be affected by salt stress,
lowering the overall performance of the crop on
saline soils (Hanumantha Rao et al. 2016).
Variation in salt tolerance in V. radiata has been
found, but not yet systematically analyzed and
mobilized for breeding. Inoculation of mungbean
seed with consortia of Rhizobia with plant
growth-promoting bacteria showed good results
in pot trials (Ahmad et al. 2012), but more
research is needed to recommend this method for
broad application on saline soils. The introduc-
tion of tolerance from wild relatives, as discussed
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further below, may help increasing salt tolerance
of mungbean.

12.4 Exploit Variation in Phenology
to Improve Yields
of Short-Duration Mungbean

Introgression of mungbean as a catch crop in
cereal systems requires short-duration varieties
with high yields that are adapted to the local
conditions. Short-duration varieties have less
time for photosynthesis and generally yield less
than long-duration varieties. Accelerating plant
establishment and early growth can reduce the
yield gap between short- and long-duration
varieties. Seed priming by soaking the seed in
water before planting has shown the potential to
accelerate plant growth (Rashid et al. 2004).
Early flower induction and early maturation are
key traits of short-duration mungbean. Up to
6.5 days earlier flowering and up to 9.6 days
earlier maturation compared to control lines was
achieved by gamma-ray mutagenesis in com-
parison to un-mutated controls (Khan and Goyal
2009). Large seed is associated with more vig-
orous seeding growth (Khattak et al. 2003),
consequently, combining earliness with large
seededness may reduce the yield gap for
short-duration varieties. Further, increases in
yield could be achieved by better matching the
crop duration to the available time window and
the target environment (Chauhan and Williams
2018).

Phenology in mungbean shows high plastic-
ity. Mungbean is a quantitative short-day plant
with variation in optimum mean diurnal tem-
peratures for flowering (Summerfield and Lawn
1987). Crop models are excellent tools to
investigate and predict crop duration. Chauhan
and Rachaputi (2014) used an APSIM model
(Carberry et al. 1992) that measures phenology
by separating plant development into different
stages, such as sowing to emergence, emergence
to the end of the basic vegetative phase, a
photoperiod-induced phase which ends at floral
initiation and a floral development phase which
ends at 50% flowering. Three of these stages

have been modeled as a function of temperature;
only the photoperiod-induced phase ending at
floral induction has been modeled as a function
of temperature and photoperiod. The model has
been found to be reasonably accurate for pre-
dicting mungbean phenology.

12.5 Improve Yield Potential
of Mungbean

Dry matter accumulation is a function of leaf area
index, light extinction coefficient, the duration of
light interception and radiation use efficiency.
The interaction between these factors under
various environmental conditions can be inves-
tigated with crop models to define an ideotype
that is well suited for specific target environ-
ments (Chauhan and Williams 2018). Modulat-
ing leaf area and form could adapt mungbean
better to the irradiation and evaporation condi-
tions of new target areas with the potential to
augment light interception. Mungbean leaves
with narrower leaflets would allow better light
distribution within the canopy than the broad
leaves of most accessions, leading to higher yield
potential (Lee et al. 2004). Leaf formation and
senescence rates affect solar radiation intercep-
tion. Higher temperatures can result in quicker
canopy development, but similar conditions can
enhance senescence, especially under drought
conditions. Genetic variation in both leaf
appearance and senescence rates could be useful
for breeding lines that maintain leaf area longer
for more dry matter accumulation and grain fill-
ing (Chauhan and Williams 2018).

Harvest index for mungbean is around 0.3,
which is low compared to about 0.5 in soybean
and peanuts (Bushby and Lawn 1992; Robertson
et al. 2004; Singh and Singh 2011).
Non-synchronous flowering is a major contribu-
tion to the low harvest index. The ideal pho-
toperiod for flower induction and harvest index
may be different, leading to a trade-off between
these traits (Chauhan and Williams 2018).
Choosing an appropriate planting time that
ensures a suitable photoperiod for ontogenetic
development is not a suitable approach when the
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crop should fit in a short cropping window
between two other crops. Searching variation in
photoresponse and harvest index in mungbean
germplasm, perhaps even in near relatives, pro-
ducing lines with variation in this trait and sub-
sequent model-based analysis of the traits for
specific target environments will be a suitable
approach to improve mungbean yields by
increasing harvest index.

Hybrid breeding has been a successful strat-
egy to increase crop yields and overall plant
vigor. For grain legumes hybrids such as pigeon
pea (Cajanus cajanus) yield advantages of 30–
50% have been reached in hybrids (Saxena et al.
2016). Information on improved hybrid vigor of
mungbean is already available for a long time
(Ramanujam et al. 1974), but no attempts for
commercial hybrid production were made.
Mungean is a cleistogam species, which means
that fertilization is taking place while the flower
is closed, which hinders hybrid production.
A chasmogamous mutant of mungbean has been
developed (Sorajjapinun and Srinives 2011) and
candidate genes for this trait were mapped (Chen
et al. 2016), so breeding for non-cleistogamous
mungbean is possible. However, successful
hybrid production for field crops needs a work-
able cytoplasmic male sterility system and fer-
tility restorers, both components are still not
available for mungbean.

12.6 Biofortification
and Consumption

Mungbean is rich in easily digestible protein with
a concentration of about 24–28% in seed. When
mungbeans are combined with cereals, the result
is a complete protein. In addition, mungbeans
contain minerals such as iron (up to 0.06 g kg−1)
and zinc (up to 0.04 g kg−1) (reviewed by Nair
et al. 2013). However, concerted efforts are
required to improve protein quality (by increas-
ing the sulfur-containing amino acids) of mung-
bean by conventional plant breeding. Increased
bioavailability of micronutrients through
improved processing, storage and cooking;
improved varieties with increased density of

micronutrients, decreased levels of inhibitors or
increased levels of promoters of food absorption;
promoting awareness about the quality of
mungbean and developing customized recipes
would all pave the way for better diets and higher
mungbean consumption. There is a growing
demand for the development of mungbean vari-
eties suited for the premium sprout market seg-
ment and nutrient-dense varieties would help to
add more value to the product. It is important to
encourage the domestic consumption of mung-
bean in countries like Myanmar, where the
market is predominantly skewed towards the
export market. This strategy would help in
tackling nutritional issues as well as reduce the
risks of fluctuating export prices faced by
farmers.

12.7 New Traits for Mungbean
Breeding

Some breeder-desired traits may be absent in the
cultivated genepool and have to be sourced from
wild relatives. While some relatives of mungbean
are easily crossed with cultivated lines, crossing
barriers limit the use of more distant species in
mungbean improvement. Crosses between culti-
vated mungbean and its presumptive wild
ancestor V. radiata ssp. sublobata are easy to
perform and offspring is fertile (Kitamura et al.
1988). Most of these hybrids were made to
introgress bruchid resistance into cultivated
mungbean. V. mungo can also be crossed with
mungbean, but the fertility of the hybrid depends
on the lines used for making the crosses. Mung-
bean yellow mosaic disease resistance and
improved methionine content have been sourced
from this species for mungbean breeding. More
distant Vigna species are difficult to cross (Pan-
diyan et al. 2010). However, the development of a
RIL population to map bruchid resistance by
crossing Vigna radiata with Vigna umbellata is
promising (Mariyammal et al. 2019). A few fer-
tile hybrids were obtained in crosses with V.
vexillata and a few other species, but in most
cases, embryo rescue over two generations of
backcrossing was required to restore fertility. In
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general, pollen from the wild (or distant) relative
is harvested to fertilize V. radiata. Overcoming
fertility barriers in wide crossings is one of the
key challenges in using wild Vigna species as a
source for new traits for improving mungbean.

12.8 Genomics for Mungbean Crop
Improvement

Genomics tools have become essential compo-
nents for plant science and crop improvement.
Sequence information of crop plants and wild
relatives is used to determine the available
diversity and to map traits of interest for breeding.
Genomics contributes to both the analysis of the
genetic base of traits and the prediction of plant
performance based on sequence information.
Access to biodiverse plant material segregating
for the trait(s) of interest, polymorphic markers
for genotyping and high-quality phenotypic data
are preconditions for meaningful genomic stud-
ies. Quantitative trait locus (QTL) mapping has
revealed several loci associated with disease and
pest resistances as well as with domestication and
yield in mungbean (chapter “Molecular marker
resources and their application” in this book).
Genome-wide association studies to tackle traits
in germplasm panels are just taking off in
mungbean (Noble et al. 2018). The availability of
various germplasm sets and coordinated efforts to
phenotype these panels and the ease to get
markers for genotyping will facilitate these stud-
ies. Markers associated with traits of interest can
be used to combine these traits with other desir-
able properties. Genomic selection (Heffner et al.
2009) will be the next development step to
accelerate mungbean breeding.

Getting markers to conduct genotype–pheno-
type associations are not limiting anymore. DNA
sequencing has become quite affordable and
technologies were put in place for genotyping
populations with large numbers of single
nucleotide polymorphisms (SNPs) at low cost.
Genotyping by sequencing (GBS) and single
primer enrichment technology (SPET) are highly
cost-effective methods for simultaneous marker
development and genotyping and improved

technologies are continuously developed. For
example, skim-based GBS (skimGBS) applying
low-coverage whole-genome sequencing has
been developed for high-resolution genotyping
(Golicz et al. 2015). In SkimGBS, the parents of
a population are submitted to whole-genome
re-sequencing at about 30� sequencing depth
and the offspring is sequenced at much lesser
depth (approximately 1�). The parental reads are
mapped to the reference genome and SNPs are
called (Lorenc et al. 2012). The progeny reads
are mapped to the same reference, SNPs are
identified and the SNP density is enhanced by
imputing missing genotypes. The resulting maps
allow for accurate definition of cross-over
breakpoints and significantly improve mapping
compared to conventional GBS. SkimGBS has
been successful for general marker discovery,
haplotype identification, recombination charac-
terization, QTL analysis, genome-wide associa-
tion studies and genomic selection on a range of
different plant species (Golicz et al. 2015; Bayer
et al. 2015), but was not yet performed on
mungbean.

High-quality reference sequences are a key for
successful genotyping. Genotyping by sequencing
aswell aswhole-genome re-sequencing depend on
correctly assembled reference sequences. But the
genomes of genotypes under investigation may
show structural differences compared to the ref-
erence sequence. In mungbean, Liu et al. (2016)
reported differences in genome size of up to
50 MB among four cultivated mungbean lines,
including line VC1973A which was used for pro-
ducing the mungbean reference sequence (Kang
et al. 2014). This finding indicates that beside
mutations leading to SNPs, major genome rear-
rangements have taken place during breeding of
landraces and varieties. Like SNPs, the structural
differences may be associated with phenotypes.
Structural rearrangements may implicate copy
number or presence–absence variations of genes.
Many agronomically important traits are known to
be associated with copy number variants or gene
presence/absence variants, such as the response to
photoperiod (Diaz et al. 2012) or nematode resis-
tance in soybean (Cook et al. 2012), to name just
a few.
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If genotyping is based on mapping short reads
of some 100 bp length coming from biodiverse
germplasm to a reference sequence for subse-
quent SNP calling, highly polymorphic regions
are not captured, as the reads cannot be mapped
unambiguously to such sequences. In addition,
structural changes larger than the mapped frag-
ments remain undetected. Genetic mapping can
detect chromosomal rearrangements provided
that each rearranged part is tagged with markers,
but the detection is specific for the mapping
population. Consequently, sequencing and
assembling of one or a few genomes clearly do
not depict the genomic diversity of a species. In
contrast, sequencing a set of biodiverse lines and
de novo assembly of the sequencing reads to a
pangenome would give a much more accurate
picture of the available genomic diversity (Golicz
et al. 2015).

Ideally, a pangenome covers the entire gene
set of all strains of a species. With dropping
sequencing costs establishing pangenomes, a
concept that originally has been developed to
analyze bacterial species becomes more and more
applicable also for plants. Practical limitations are
sampling constraints, the resources available for
sequencing and sequence assembly and the
computing capacity for sequence analysis. The
choice of biodiverse material is most critical for
the quality of pangenome studies (Golicz et al.
2015). A usual approach is to investigate the
diversity in a large collection with conventional
genotyping, and then select a diverse subset for
pangenome assembly. Published pangenomes
contain sequences of seven to many thousands of
individuals (Li et al. 2014; Hirsch et al. 2014).
Pangenome analysis results in estimating how
many genes or gene families are present in all the
investigated individuals, which genes are com-
mon in all lines, and which are specific for certain
lineages (Golicz et al. 2015). Pangenome analy-
sis, in addition to SNP information, also pinpoints
structural rearrangements.

The major challenge of pangenome studies is
the correct assembly and alignment of frag-
mented genome sequences obtained by the
next-generation sequencing. Miss-alignments
may mask structural variants; therefore,

sequencing technologies that yield longer reads
are preferred to improve the correctness of the
assembly. Current long-read sequencing tech-
nologies suffer from low accuracy, but tools are
becoming available to overcome this constraint
(Rang et al. 2018). A number of pangenome
analysis tools are becoming available improving
ortholog detection, pangenome storage, analysis
and visualization (Vinuesa et al. 2018; Zekic
et al. 2018; Yang et al. 2018).

Pangenome analysis can provide unpreceded
insight in crop evolution and diversity. A study on
66 accessions of cultivated and wild rice revealed
introgression of “wild” DNA in cultivated rice spe-
cies and genetic exchange among cultivated species
and gave insight into functional allele diversity
(Zhao et al. 2018). By following the evolutionary
route of well-characterized quantitative trait
nucleotides, information on the origin and selection
point for these traits was obtained, showing that
most of the naturally occurring variants in rice are of
low frequency. Such low-frequency traits usually
cannot be mapped in genome-wide association
studies using usual sized germplasm panels. Such
pangenome studies yield information on genepools
where specific traits can be sourced plus markers
associated with the traits. Knowledge gained about
the frequency of the desired alleles can guide
germplasm screening and pre-breeding activities.

Pangenomes have been constructed for the
legume crop soybean (Lam et al. 2010; Li et al.
2014). The first soybean pangenome was estab-
lished by DNA sequencing and de novo assem-
bly of sequencing reads from seven Glycine soja
accessions, the wild relative of cultivated soy-
bean (Glycine max). Comparisons between the
individual sequences identified lineage-specific
genes, genes with copy number variation or
large-effect mutations. Some variants showed
evidence of positive selection and specific
mutations may contribute to agronomic traits
such as biotic stress resistance, seed composition,
flowering and maturity time, organ size and
biomass (Li et al. 2014).

A pangenome study in V. radiata and near
relatives has not yet been conducted. Such a
study could inform about the domestication his-
tory of mungbean and pinpoint genetic diversity

12 Future Prospects and Challenges 187



that is useful for improving adaptation to diverse
environments. Mapping of complex traits would
be enhanced by pangenome studies through
improved mapping accuracy and inclusion of
copy number variants that cause trait variation.
Association of traits with specific loci would
become more accurate and reliable, and insight
into the functional allele diversity for breeder-
desired traits in mungbean would reveal new
alleles for crop improvement.

12.9 Improving Trait Mapping

Trait mapping makes use of plant genotypes with
contrasting traits. Bulked segregant analysis
compares groups of lines with extreme opposite
values of a specific trait of a bi-parental population
and identifies markers that are associated with this
trait types (Michelmore et al. 1991). QTLmapping
tests for marker-trait associations in segregating
populations. If the marker genotyping of the
extreme pools is replaced by whole-genome
re-sequencing, the technology is called QTL-Seq
(Takagi et al. 2013). The technique has been pro-
ven to be a quick and cost‐effective method for
QTL identification. It has been applied on various
legume species, including chickpea, pigeonpea
and groundnut (reviewed byVarshney et al. 2018).
The high-marker density and especially the precise
phenotyping over various seasons allowed nar-
rowing down the QTL loci for quantitative traits
such as seed weight and plant biomass to small
genomic regions with a few genes (Singh et al.
2016). Techniques likeQTL-seq should be applied
to map breeder-desired traits for mungbean. The
crucial requirement for the success of such an
approach is, as outlined above, high-quality phe-
notyping data.

12.10 Genomic Prediction
and Genomic Selection

Genomic selection has been proposed as a
superior method for the rapid selection of
favorable genotypes that accelerates breeding
(Crossa et al. 2017). Instead of markers

associated with a trait of interest, genomic
selection uses breeding values for selection. The
breeding values are estimated by
genomic-enabled prediction for each marker in a
training population that was extensively pheno-
typed over locations and seasons and was also
well genotyped (Heffner et al. 2009). The sta-
tistical complexities of genomics prediction
models, especially genomic genotype by envi-
ronment interactions impose great challenges to
the technology.

Once available, the breeding values can be used
to select favorable genotypes in large breeding
populations, minimizing the need for phenotyp-
ing, saving time and resources for breeding, and
enhancing the genetic gain per generation, espe-
cially for multigenic traits with low heritability
such as yield and stress tolerance (Crossa et al.
2017). For legumes, only a few genomic selection
studies were reported so far (reviewed by Varsh-
ney et al. 2018). Investment in legume breeding
(except soybean) is lower than, for example, cereal
breeding, consequently, there are less multi-
location and multi-season evaluation data avail-
able for legume crops, which limits the estimation
of breeding values. Less investment in legume
breeding also means that legume breeding popu-
lations generally are small, reducing the scope of
genomic selection. Nevertheless, genomic selec-
tion is also useful in small populations to increase
the genetic gain of lowheritability traits, especially
when selection should be performed for multiple
traits simultaneously. Methods for genomic pre-
diction and calculating prediction accuracies are
available (Crossa et al. 2017).

12.11 Conclusion

To cope with the expected rise of demand,
mungbean production needs new improved
high-yielding disease resistant and abiotic
stress-tolerant varieties that are well adapted to
their target environment and production system.
To produce such varieties, the breeders need
access to mungbean diversity. Access to diversity
is enhanced through specific populations such as
core collections, introgression line populations or
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lines that combine the diversity of founder lines
such as NAM or MAGIC populations.

There are several different pathways for
improving mungbean yield potential, like chan-
ges in phenology or light interception capacity.
Crop growth models are helpful tools to estimate
the impact of changes in plant phenotypes on
yield development in specific environments.
Once the traits to be targeted and genetic
resources harboring these traits are identified,
genomics-aided breeding can be conducted.
These works are generally initiated by identify-
ing molecular markers associated with the trait(s)
of interest and pangenome analysis adds crucial
information to such mapping studies. Improving
complex multigenic traits and simultaneous
selection for multiple traits may better be
achieved by genomic selection than by selection
with markers identified in QTL studies. Avail-
ability of multi-location and multi-seasonal phe-
notypic data for mungbean training populations
would open the path for genomic selection in this
species.
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