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

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

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has 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, 8 crop and model plants, 8
model plants, 15 crop progenitors and relatives, and 3 basal plants is
accomplished, 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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Preface to the Series

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

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

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

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

New Delhi, India Chittaranjan Kole



Foreword

Mango (Mangifera indica L.) is one of the most ancient fruits of the Indian
sub-continent grown since as early as 2000 BC and is designated as the
“King of Fruits” in the Tropical world owing to its unique quality and high
nutritive value and vast diversity in color, size, and aroma. Besides, several
value-added and novel processed products form the part of popular mango
industry. It is the fifth most important fruit commodity traded worldwide,
along with bananas, apples, grapes, and oranges. At present, the world
produces over 42 M tons of fresh mango fruits in over 100 countries, while
India, China, Thailand, Mexico, Indonesia, Pakistan, Brazil, Egypt, and
Bangladesh are the major growers. Its cultivation has spread to almost all the
continents of the globe except Antarctica. The global production of mango is
projected to reach 65 million ton by 2028, with annual increment of 2.1
percent for the next one decade. While the production from the leading
exporting countries from Latin America and the Caribbean—critically
Ecuador, Brazil, Guatemala, Colombia, Costa Rica, and Mexico—is expec-
ted to reach 34 million ton, due to expected import demand from the major
importing countries.

Mango is an allotetraploid (2n = 40), highly heterozygous, and
cross-pollinated fruit tree with a small genome size of 450 Mb. It is reported
to have over 70 species scattered in the region extending from Northeastern
India to Southeast Asia. Both conventional and non-conventional crop
improvement attempts have led to the development of over three dozen
hybrids globally, though the existence of enormous genetic diversity in
M. indica has led to the identification of over 1200 registered chance seed-
lings, superior clones, hybrids, and rootstocks.
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The development of molecular tools in mango is extremely limited, and
thus its genes, genetics, and genomics remain scantly understood. The whole
genome sequencing and the development of genetic maps of this species are
important components in marker-assisted breeding and thereby targeted and
effective genetic improvement. The high heterozygosity in mango is a big
challenge in terms of whole genome sequencing-based SNP/polymorphism
discovery. Accordingly, there are several scientific groups/consortia, which
are involved in deciphering its complete genome information. Hence, com-
plete information on genetic resources including the development of large
numbers of SNP molecular genetic markers; development of genetic map of
mango; association of phenotypic traits to the genetic map to identify useful
unique markers for breeding; assessment of the genetic diversity in mango
germplasm collections; and sequencing, assembly, and annotation of the
mango genome are still to be achieved. The robust genetic resources will
facilitate identification of genetic components associated with useful traits for
hastening breeding efforts with precision. In this direction, next-generation
genomics tools, bioinformatics, and omics approaches could be used in
tandem to uncover large amount of genetic information. Advanced tech-
niques like RADSeq can be used for rapid marker discovery and genotyping
in crops like mango, which are highly heterozygous and out-breeding fruit
species. Further, allelic database of mango for varietal differentiation has
been reported though limited number of markers could not differentiate
genotypes. Such leads achieved globally are though limited in the form of
genomic resources in public domain which would thus be logically used as
research tool for mapping, QTL studies, and genome completion in near
future.

Considering the importance of the crop, i.e., mango the above book with
focus on genome and omics is a timely effort undertaken to compile and
present the up-to-date information in genomic science using state-of-the-art
tools on different aspects pertaining to mango. It has a wide diversity of
aspects like botany, germplasm and genetic resources, alternate flowering,
propagation, classical genetics and traditional breeding, in vitro regeneration
and genetic transformation, molecular mapping and breeding, genome
sequencing, organelle genome, functional genomics, genomic resources,
databases, etc. The effort made would go a long way in upgrading and
updating the available information, which is being added vigorously in
mango by the global scientific community. This is a monumental effort made
by Prof. Chittaranjan Kole on Mango—a crop very close to my heart. Prof.
Kole is an internationally reputed scientist with original contributions on crop
genomics and breeding including several horticultural crops made through
his researches in India and USA on fruit trees, vegetables, and medicinal and
aromatic plants. Out of his 126 already published books, 55 are directly on
horticultural crops and trees. “The Mango Genome” will remain as another
valuable contribution from him for the academic community. The informa-
tion compiled in this book would serve as a valuable reference source for
researchers, students, plant breeders, and other stakeholders alike interested
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in high-end mango research. I personally congratulate the authors and the
entire team of dedicated scientists who have contributed their reviews,
research findings, and above all compiled up-to-date information in this

publication.
New Delhi, India K. L. Chadha
April 2020 Former Deputy Director General (Hort.)

Indian Council of Agricultural Research
Former ICAR National Professor (Hort.)
President, Indian Academy of Horticultural Sciences



Mango is one of the most ancient fruit trees of the world. This tree and its
parts, mainly leaves and fruits, have been cited profusely in the Sanskrit
literature. Its leaves and fruits were used in Hindu ceremonies and worships,
and the fruits had been a popular food for the masses. The mango fruit trees
are grown in India for at least the last 4000 years.

Scientific studies and mentions in literature by travelers suggest the
Indo-Burma region in the Indian Sub-continent to be the center of origin of
this crop. Presently, mango is grown as a popular fruit tree in the tropical or
subtropical regions of Asia and Africa. However, it was later introduced to
other continents and is grown now in pockets of some countries in North and
South America, Europe, and Australia. It is reportedly cultivated in 120
countries of the world; however, India, China, Thailand, Indonesia, and
Mexico contribute to the major share of production.

The mango fruit is not only a source of delicious food but also very rich in
the content of nutritional components and nutraceutical bioactives. Consid-
ering all these aspects, the mango fruit is rightly called as “the King of
fruits”! The mango tree caters to the needs of fuel for a large number of
families specifically in the rural and tribal areas of the developing countries.

In spite of such importance of mango tree, there is no book available that
presents a compilation on fundamental aspects such as basic botany, genetic
diversity, classical genetics, traditional breeding, and advanced research areas
including molecular genetics and breeding, genetic transformation, and
genomics. This book on “The Mango Genome” attempted to fill precisely
such a gap with 13 chapters. Chapter 1 presents a brief introduction on the
fruit tree with information on its ancient history, distribution, cultural sig-
nificance, nutritional and nutraceutical importance, and various usage.
Chapter 2 deliberates on the origin and distribution, taxonomy, morphology,
variability, phylogenetic relationships, and other botanical aspects such as
pollination, self-incompatibility, and polyembryony. Both sexual and asexual
means may be used for propagation in mango. However, the mode of
propagation depends on the existence of polyembryonic and monoembryonic
mango plants. Various vegetative propagation methods including cuttings, air
layering, and graftings are widely used in mango. Micropropagation has also
been practiced profusely. All these methods have been discussed in Chap. 3.
Genetic resources are highly useful in genetic improvement in an economic
plant species. Mango, Mangifera indica, has 69 wild allied species that serve
as the source of genes conferring mainly biotic and abiotic stresses. Some
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of these allied species are also used as rootstocks for the same purpose.
Chapter 4 depicts these characteristics of the wild gene pool useful for wide
hybridization. In addition, this chapter describes different varieties and cul-
tivars, and presents details on collection, characterization, conservation, and
utilization of genetic resources of mango. The extent of genetic diversity in a
crop helps in planning the breeding strategies. Chapter 5 enumerates the
methods used in characterization of genetic diversity in mango. These
includes morphological observations, biochemical characterization, and
molecular analysis employing molecular markers. Chapter 6 deliberates on
alternate bearing in mango, a phenomenon in perennial fruit crops that
invokes for understanding of the underlying mechanisms for planning
profitable orcharding. Chapter 7 presents the classical genetic studies
including mode of inheritance of qualitative and quantitative traits, charac-
terization and cataloguing of varieties, and sources of resistance or tolerance
of stresses in mango. This chapter also enumerates the breeding objectives,
different methods of breeding practiced, and the achievements made in this
fruit crop. Various in vitro culture techniques including in vitro shoot
establishment and micropropagation, in vitro regeneration through organo-
genesis and somatic embryogenesis, encapsulation and cryopreservation, and
embryo culture practiced in mango have been discussed in Chap. 8. In
addition, it presented the outcome of the researches on genetic transformation
in this crop. Molecular mapping of genes and QTLs followed by
marker-assisted breeding are useful techniques in recent plant genetic
improvement. These techniques are much more important in mango because
traditional breeding is constrained with long juvenile phase, high heterozy-
gosity, alternate bearing, polyembryony, heavy fruitlet drop, etc. Molecular
mapping itself is also constrained because of heterozygosity and long juve-
nile period. However, a number of molecular genetic maps have been con-
structed for mango using several molecular markers such as RFLP, AFLP,
SLAP, SNP but mainly for F1 populations. A number of genes and QTLs
have also been mapped in mango. These information have facilitated
marker-assisted selection, association mapping, and genome-wide associa-
tion studies. Chapter 9 elucidates these techniques and achievements of
molecular mapping and breeding in mango. Chapter 10 presents mango
genome sequences of four varieties reported by four groups including
Amrapali from India, “Tomy Atkins” from USA, “Kensington Pride” from
Australia, and “Hong Jian Ha” and “Alphonso” from China. The chapter also
enumerated sequences of mango transcriptome and chloroplast genome.
Chapter 11 depicts the first draft genome of mango chloroplast of the
“Langra” cultivar and enumerates many new functional genes in mango.
Chapter 12 presents the status of functional genomics resources generated
through studies on transcriptomics, proteomics, and metabolomics in mango
and their applications in trait mapping as well as in breeding for specific
target traits. The last chapter, Chap. 13, deals with all available, viz., linkage
map-based, whole genome-based, transcriptome-based, and SNP
marker-based genomic resources and database available which can be further
used for variety of development programs as well as intellectual property
protection.
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The chapters of this book have been contributed by 47 authors precisely
39 scientists from 7 countries including Brazil, China, India, Malaysia,
Spain, Thailand, and USA. I express my thanks to them for their lucid and
resourceful deliberations. I am also grateful to Dr. K. L. Chadha, former
Deputy Director General (Horticulture), Indian Council of Agricultural
Research (ICAR), former ICAR National Professor (Horticulture) and pre-
sently the President of the Indian Academy of Horticultural Sciences for
writing the Foreword of this book. He is an authority on one of the leading
fruit crops of the tropics and subtropics.

I thank Dr. Zuzana Bernhart, the Executive Editor, Life Sciences of
Springer Nature and Mr. Praveen Anand Sachidanandam of the Production
Division of Springer Nature for their cooperation right from inception till
completion of this book project.

Hope this book becomes useful for the students, teachers, and scientists
interested in this fruit tree and the concepts and techniques dealt with.

New Delhi, India Chittaranjan Kole
July 2020
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Shailendra Rajan

Abstract

Mango, the “King of Fruits,” is an econom-
ically important fruit in various parts of the
world. In addition to its excellent tropical
flavor, mangoes embody nutrition and make
eating healthy and delightful sensory experi-
ence. Though mango cultivation is reported
from more than 120 countries, merely 15
countries have share of more than 1% in its
world production. More than 60% of world
mango production comes from India, China,
Thailand, Indonesia, and Mexico. Major por-
tion of mango production is consumed as
fresh mangoes; however, dozens of its pro-
cessed products are also being commercially
produced. Mangoes are low in sodium while
there is ample quantity of potassium, phos-
phorous, and calcium in the fruit. Apart from
nutritional benefits for human health, mangi-
ferin and lupeol, native bioactive compounds
in  mango, have  exhibited several
health-promoting characteristics including
antitumor-promoting activity.
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1.1 Introduction

Mango is one of the most important fruits grown
in the tropics and subtropics of the world. The
Mango tree is not merely revered as a religious
object but also is valued owing to its enormous
economic potential as all its parts are considered
usable and are used for various purposes (Singh
1960). It is a source of food, fuel, and fodder,
mostly in the traditional Asian countries. The
Mango fruit is a livelihood for millions of people
across the globe banks. Apart from its numerous
usages, it is a rich source of nutrients and several
rare bioactive compounds. Mango acts as a
source of vitamin A for millions of people living
in different subtropical, semi-arid, and tropical
regions of Africa and Asia. Mango also finds a
place in the high-tech commercial cultivation in
Western hemisphere and is fast emerging as a
super food fruit. The ripe mango fruit has a
distinctive combination of taste and flavor.
Realizing as a super fruit, the consumption and
area under its cultivation are increasing inces-
santly. But the king of fruits is also facing several
challenges due to perennially changing climate
and emerging biotic stresses under varied agro-
ecologies. It is becoming an export crop com-
modity for several countries resulting in inter-
national export market competition.

C. Kole (ed.), The Mango Genome, Compendium of Plant Genomes,
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