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We respectfully dedicate this volume to Prof. Michael Havey
and Dr. Chris Kik for their work on Allium genome
construction. Without their pioneer spirit the Allium research
community could not have launched DNA marker breeding and
whole genome sequencing.



With respect to the photo:

From left to right: Dr. E.R.J. Keller, Dr. G. Galvan,
Prof. M. Shigyo, Dr. O.E. Scholten, Prof. M. Havey, Dr. A.W. van
Heusden, Dr. C. Kik.

The photo was taken in Dronten, the Netherlands on November
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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, phe-
notypic 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, map-
ping of genes, and for mapping of polygenic clusters or QTLs. Molecular
markers were also used in 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 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.
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, development of collab-
orative 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 is growing rapidly every day. However, the information is scat-
tered in research articles and review papers in journals and dedicated Web
pages of the consortia and databases. There is no compilation of plant gen-
omes 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 both to
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,
Dr. Christina Eckey and Dr. Jutta Lindenborn in particular, for all their
constant and cordial support right from the inception of the idea.

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.

Kalyani, India Chittaranjan Kole
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Preface to the Volume

The Allium vegetable crops including onion, garlic, leek and Japanese
bunching onion are one of the earliest domesticated crops, that has been
broadly cultivated and prized for its flavor, medicinal, and nutritional prop-
erties. The word “Allium” is derived from the Greek word aleo “ἀkόη” which
means “to avoid”, because of its offensive smell. References to these plants in
the Bible and the Quran reflect their importance to ancient civilizations both
as flavorful foods and as healing herbs. Currently, bulb onion annual pro-
duction was estimated to be approximately 93.16 million tons in 2016
according to FAOSTAT (accessed 2018), which ranked onion third after
tomato and watermelon in the global vegetable crops. The rigorous estima-
tion of the economic effect of these cash crops seems to be outside the
bounds of possibility due to the traditional utilization of some minorities as
an indigenous plant in the remote and backward village. Thus, Allium species
have made a significant contribution toward our dietary life.

During domestication, the genomes of many crop species have become
more complex, with increasing numbers of repetitive DNA sequences. For
instance, the paleontological species such as bulb onion, bunching onion,
garlic, etc., the transposon would be responsible for the enormousness of
genome size attributively together with a minor DNA restructuring by point
mutation. Such a complicated genome reorganization is estimated to cause
the speciation of Allium, which is the primary factor for reproductive isola-
tion followed by the enlargement of habitat range and the creation of noble
utilization forms in the species of this genus. Next-generation sequencing
(NGS) technologies allow hundreds of thousands to billions of nucleotide
reads, which help in understanding the genetics of complex traits and to
provide insights into genomic variation, (single-nucleotide polymorphisms
(SNPs), insertions/deletions (InDels) and other structure of variances (SVs)),
quantitative trait locus (QTL) introgressions, and have facilitated the devel-
opment of gene expression atlases and increased our understanding of the
signaling pathways involved in the responses of plants to biotic and abiotic
stressors. To proceed genome analysis of A. cepa and its functional study,
Allium international research community have developed several types of
artificially manipulated genetic stocks and applied these stocks to the latest
modern analysis technology.

The present book entitled “The Allium genomes” aims to present a full
picture of the state-of-the-art research and development of Allium vegetable
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crops, including species and genetic resources, genetics and gene mapping,
breeding and cytogenetics as well as taxonomical and ethnobotanical aspects.
The 14 chapters represented in this book will provide the readers with the
recent advances in Allium crop genomics, including (1) the economic and
academic importance of Allium species such as onion, leek, garlic and
Japanese bunching onion, (2) taxonomical and ethnobotanical aspects of
Allium species from Middle Asia with particular reference to subgenus
Allium, which could be of interest for innovative breeding concerning
pharmaceutical, ornamental, and edible traits, (3) an update of Allium genetic
resources, (4) the classical genetics of gene mapping for perspective onion
breeding, (5) the molecular cytogenetic progress in the study of the Allium
chromosomes and its applications in onion breeding, (6) the novel knowl-
edge of cytoplasmic genomes, (7) cytogenetic aspects of repetitive sequen-
ces, (8) molecular genetics of simple sequence repeat, (9) theoretical
description of gene annotation, (10) gene family evolution in Allium species,
(11) strategies and tools for sequencing in structural and functional genomic
resources, (12) the targeted and untargeted metabolomic profiling of bioac-
tive metabolites in Allium crops, (13) Progress to date and development of
new population resources for molecular mapping by NGS technology,
(14) the clarification of the impact on Allium plant breeding along with the
background history of the national and international genome initiatives. This
book attempted to maximize the involvement and collaboration between
Allium breeders and researchers all over the world to enhance the transfer of
laboratory-based innovations to end-user practice for the improvement of
Allium crops and food sustainability.

We are grateful to all our colleagues for their contribution. We wish to
record our thanks and appreciations for Prof. Chittaranjan Kole, the Series
Editor, for his assistance and guidance right from the inception till the
publication of this book.

For our international research community on Allium genomics, the lead-
ership of two scientific authorities in the last three decades will never be
forgotten in everyone’s mind. Dr. Michael Havey has been a USDA
Research Geneticist and Professor in the Department of Horticulture at the
University of Wisconsin–Madison since 1988. He had spent 30 years for his
research on the breeding, genetics, and genomics of the Alliums (onion and
garlic). Since 1988 at Wageningen, Dr. Chris Kik had been a senior
researcher for 17 years in the Plant Research International (PRI) formerly
known by the Centre for Plant Breeding and Reproduction Research
(CPRO-DLO). The activity of his research group was intense along with a
number of the EU projects including “Garlic & Health” during that time. Dr.
Kik also organized several collecting missions for plant genetic resources as
a head curator for crop plants in Centre for Genetic Resources, the Nether-
lands since 2005. Both of them are scientifically advanced and have high
standards of practical research on pre-breeding or DNA marker breeding in
Allium. Furthermore, both of global leaders, Dr. Havey and Dr. Kik have
spent a lot of time for training of young scientists from different parts of the
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world. In this book, most of the contributors consist of their favorite disciples
in different countries. As shown in a previous page, we would like to dedicate
this book to Prof. Michael Havey and Dr. Chris Kik with our great
compliments.

Yamaguchi, Japan Masayoshi Shigyo
New Delhi, India Anil Khar
Tottori, Japan Mostafa Abdelrahman
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1Economic and Academic Importance

Claudio R. Galmarini

Abstract
Allium species have been cultivated for thou-
sands of years for its therapeutic properties,
religious significance, taste and aroma. Most of
the cultivated crops evolved from wild relatives
that grow in central Asia. Nowadays, Alliums
aremajor vegetable crops cultivatedworldwide.
The most important crops of this family are
onion, garlic, shallot, leek and Japanese bunch-
ing onions. Worldwide the consumption of
these vegetable crops is increasing, one of the
reasons is consumer awareness of the potential
of these vegetables to enhance health, to
improve welfare and reduce the risk of diseases.
In this chapter, the economic importance of the
principal edible Alliums is described, informa-
tion is given about the academic contribution to
the knowledge of Allium crops in recent years,

and also future challenges are mentioned,
especially those related to plant breeding,
genetics and genomics, that will contribute to
increase yields, quality and to have a more
sustainable production.

1.1 Allium Economic Importance

Allium vegetables are the fourth most abundant
group of commercially produced nonleguminous
vegetables after potatoes, cassava and tomatoes
according to FAO (2017) statistics. Onion, garlic,
Japanese bunching onion, shallot and leek are the
most crucial edible Allium crops. Nevertheless,
over 20 other Allium species have been con-
sumed by humans (van der Meer 1997). There
are also Allium species used for ornamental
purposes, such as Allium aflatunense. Seed pro-
duction of Allium crops is also an important
economic activity. Allium vegetables gross pro-
duction value for 2014 was US$61,348 million
(FAO 2017); about 70% of this value is for dry
onion bulbs, 25% for garlic, 4% for green onions
and shallots and 1% for leeks. The production of
Allium crops, especially garlic and onion shows
an important increase since 2000, in great part,
this fact is explained by an increase in per capita
consumption, one of the reasons may be that
consumers are aware of the potential of these
vegetables to enhance health and prevent chronic
diseases.
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1.2 Onion (Allium cepa L.)

Onion is the most important Allium vegetable
crop. Nearly 88 million tons per annum are
worldwide produced (Table 1.1). Bulb onions
are produced in different latitudes, from subarctic
regions to regions close to the equator, although
they are best adapted to production in temperate
and subtropical areas (Brewster 2008). Onion
gross production value for 2014 was US
$42,743 million (FAO 2017). Due to the storage
and transport facility of the crop, there is a sig-
nificant international trade; about 20 million tons
are traded annually (FAO 2017). Due to this
global trade, and because of the many techniques
for growing and storing onions for sale
year-round, bulb onions are available throughout
the year in most countries. The use of onion F1
hybrids is increasing worldwide; this tendency
reaches different kinds of onion germplasm, such
as Granex, long-day storage and Spanish onions.

The leading producers are China (20,507,759
tons), followed by India (around 13,000,000 tons),
United States of America, Egypt, Iran, Turkey,
Pakistan, Brazil, Russia and Republic of Korea
(Data for 2014, FAO 2017).

The leading exporters include The Nether-
lands, China, Mexico, India, USA, Egypt, Spain,
New Zealand and Argentina. The main importers
are USA, United Kingdom, Malaysia, Germany,
Saudi Arabia, Japan, Canada, Czech Republic,
Republic of Korea and Brazil. As an example,
The Netherlands produces large quantities of
long-storing, spring-sown, pungent onions which
are exported between September and April,

mainly to Germany and UK. In a Mediterranean
country, like Spain, crops are planted in autumn
and harvested during spring and summer. In
large countries, like the USA, the market is
supplied year-round with onions from different
regions within the country and from bulbs that
come from Mexico or countries from the
Southern Hemisphere. The main producing areas
are Idaho-eastern Oregon, California, Washing-
ton, Georgia and Texas. Countries of the
Southern Hemisphere like Australia, New Zeal-
and, Argentina and Chile have an essential
export market in Europe, especially Germany
and UK, and also their production is sold in
Asian countries, like Japan and Malaysia, and
even in USA and Canada. In the case of South
America, Argentina is a vital onion exporter to
Brazil (Galmarini 2001).

Onion prices tend to fluctuate widely from
year to year making onion production a risky
business. Since there is a global market in onion
bulbs, there is little that producers in any one
region can do to control the market and stabilize
prices. One strategy is to add value to the pro-
duction or produce particular products. An
example of the latter is the sweet onion market.
The production of this type of onions is very well
developed in the United States, especially in
Georgia and Texas. Moreover, in countries like
Peru and Chile, sweet onions are produced to
export to the United States market from January
to May.

About 1% of the world onion cropped area is
produced for the dehydration industry; never-
theless, this is an essential activity for

Table 1.1 World onion
cultivated area, production,
yield and consumption
from 1970 to 2014

Year Area (ha) Production
(tons)

Yield
(kg/ha)

Consumption
(kg/capita/year)

1970 1,334,693 16,748,643 12,549 4.15

1980 1,616,802 22,400,015 13,854 4.63

1990 1,885,700 30,609,791 16,228 5.29

2000 2,838,022 49,966,784 17,606 7.46

2010 4,174,459 78,984,889 18,921 10.53

2014 5,298,873 88,475,089 16,679 10.97

Source FAOSTAT (2017)
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diversification. The production is concentrated in
China, USA, India and Mexico in the Northern
Hemisphere and in Argentina in the Southern
Hemisphere. The industry uses cultivars that
have high solids and pungent white bulbs.

Onion dry bulb production has increased
through the years, mainly due to an increase in
yields and the cropped area. The world average
yield is about 16 t ha−1. Nevertheless, there are
growers that harvest more than 100 tons per
hectare, due to good growing conditions, irriga-
tion and excellent agronomic practices.

Since 1970, onion consumption has increased
almost three times (Table 1.1). The average
consumption is around 10 kg/capita/year, never-
theless in countries like Greece, Albania, Iran,
Kuwait, Uzbekistan, and yearly onion consump-
tion per capita is over 20 kg (FAO 2017). One
reason for consumption increase may be the
health-benefits that this vegetable brings to
humans. The beneficial health-effects attributed to
onions are essential for consumers and breeders
(Galmarini 2010). Onion consumption has
been associated with decreased cardiovascular
events, because of their hypocholesterolemic,
hypolipidemic, anti-hypertensive, antidiabetic,
antithrombotic and anti-hyperhomocysteinemia
effects, as well as with many other biological
activities including antimicrobial, antioxidant,
anticarcinogenic, antimutagenic, antiasthmatic,
immunomodulatory and prebiotic activity
(Corzo-Martinez et al. 2007). Garlic and onion
have phytochemicals categorized as functional
foods; some of them are fructans, flavonoids and
organo-sulphur compounds (Galmarini et al.
2001).

Onion seed market is also important, around
50,000 tons are yearly produced (FAO 2017).
Onion represents an important percentage of the
total vegetable seed economic value commer-
cialized in the world. Onion seed production is
performed both in the Northern and Southern
hemispheres. The main producing countries are
the USA, The Netherlands, Japan, Turkey,
China, Spain, Italy, France, Australia, Chile,
Argentina and South Africa.

1.3 Garlic (Allium sativum L.)

Garlic is the second most widely cultivated
Allium with a current worldwide production of
24.9 million tons per annum, cultivated in
1.5 million hectares (FAO 2017). Garlic gross
production value for 2014 was US$15,129 mil-
lion (FAO 2017). Since 1970, world garlic pro-
duction has increased more than 10 times, while
cultivated area increased around four times,
indicating an increment in yield (Table 1.2). In
addition to fresh consumption, the production of
dried and processed garlic products for use in the
food industry and as dietary health food supple-
ments is an important activity.

Garlic is mainly grown in temperate areas.
The garlic bulb is well adapted to storage and
transportation, and there is an important inter-
national trade. The main producing and export-
ing country is China, which produces around
80% of the total world production. Garlic output
in China exceeded the figures recorded by the
world’s second-largest producer, India, more
than tenfold. Other important producers are
South Korea, Egypt, Russia, Myanmar, Spain,
USA, Uzbekistan, Argentina and Brazil. The
leading exporters are China, Spain, and Argen-
tina, while the leading importers are Indonesia,
Brazil, Vietnam, Syria, USA, Pakistan, Rus-
sia, Germany, Italy and France (FAO 2017).
China dominates the fresh and dehydrated gar-
lic international market, being the leading
exporter.

According to FAO (2017), the world average
yield is about 16 t ha−1 of dry garlic; although
there are countries with an average yield over
30 t ha−1, due to good growing conditions, irri-
gation and excellent agronomic practices.
Although garlic production history shows a
steady increase during the past 45 years, the most
dramatic increase in total production and yield
has been observed in the past 15 years; the
increase in yields of garlic produced in China is
in great part responsible of this change.

Regarding consumption, in some countries
like the Republic of Korea 10 kg/capita/year
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