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This book series is dedicated to my wife Phullara,
and our children Sourav, and Devleena
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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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have been reported. In the USA, the consumption
is around one kg/capita/year. Garlic consump-
tion rose from 1.6 kg/capita/year to almost
3 kg/capita/year, in the last decades (Cavagnaro
and Galmarini 2007); one of the reasons, as was
mentioned for onion, is the consumer awareness
of health benefits associated with garlic intake
(Gonzalez et al. 2009). Different types of garlic,
hard neck, soft neck, Asian, Mediterranean or
Russian types are grown and consumed around
the world (Burba 2013a, b). Growers and con-
sumers’ preferences vary with geographic region,
cultural background and end-use. Although fresh
intact bulbs are the usual form of garlic traded in
commerce, fresh garlic preparations (e.g. chop-
ped, sliced or minced), as well as dehydrated
forms of condiments, are common in several
countries. In parts of Asia and North Africa,
garlic leaves are marketed. Garlic preparations
for the nutraceutical industry are also necessary
(Cavagnaro and Galmarini 2007).

1.4 Shallot (Allium cepa L.
Aggregatum Group)

Shallots are of much less economic importance
than onion and garlic. Shallot gross production
value for 2014 was US$2505 million (FAO
2017). The worldwide production is about
4 million tons in about 200 thousand hectares
(Table 1.3). This production can be overesti-
mated since FAO statistics add to shallots other
Alliums. Shallots are mainly produced by
small-scale growers. There are noticeable differ-
ences between shallots in many countries. Some
differences are linked to traditions or local

customs. In Asia, shallots are predominantly
small and round with a deep red colour, while in
France, Europe’s major shallot producer prefers
shallots that are more elongated and reddish
brown in colour. In the Netherlands and
Belgium, yellow-skinned shallots used to be very
common, but they are almost only grown by
hobby gardeners and on allotments (Brewster
2008).

The major production regions are France, The
Netherlands, the United States, New Zealand and
Great Britain for the so-called “long day vari-
eties”. These varieties grow slower and firmer,
and therefore can be stored for longer. They are
available all year-round.

Other important production regions can be
found in South East Asia and Africa. China,
Taiwan, Korea, Indonesia, Thailand, Turkey,
Tunisia and Nigeria are important shallot pro-
ducers. In America, the production is important
in Mexico and Ecuador. These are tropical cul-
tivars that grow with fewer hours of daylight and
humid environments, and also have pest and
disease resistance to grow in those environments
(Brewster 2008).

1.5 Leek (Allium ampeloprasum L.)

This vegetable, unlike an onion, is indifferent to
day-length, and the same genotype can be grown
and produce economic yield over a wide range of
latitudes (De Clercq and Van Bockstaele 2002).
Leeks are well adapted to cool conditions and are
harvested through the winter in Western Europe.
Leek gross production value for 2014 was
US$971 million (FAO 2017). Worldwide

Table 1.2 World garlic
cultivated area, production
and yield from 1970 to
2014

Year Area (ha) Production (tons) Yield (kg/ha)

1970 416,385 2,854,876 6856

1980 619,410 4,251,797 6864

1990 811,519 6,463,996 7965

2000 1,082,515 11,086,692 10,241

2010 1,336,544 22,557,355 16,877

2014 1,547,381 24,939,965 16,117

Source FAOSTAT (2017)
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production is around 2 million tons in about
130,000 ha (Table 1.4); nevertheless, this pro-
duction can be overestimated because FAO
statistics add to leek other alliums.

The main producers are Indonesia, Turkey,
Belgium, France, China, Republic of Korea,
Poland and Germany. It is an important crop in
Europe were about 30,000 ha are grown. France
is an important European Community (EC) pro-
ducer with nearly 9 thousand ha yielding about
200,000 tons. The average yield is 16.7 t ha−1

(Table 1.4). The monetary value of the crop is
quite high due to the high price per unit weight.

1.6 Japanese Bunching Onion
(Allium fistulosum L.)

The production of this vegetable is important in
East Asia. The annual production of Japanese
bunching onion in Japan is about 500,000 tons in
a cultivated area of 23,000 ha, in South Korea,
there is around 27,000 ha that produced around
723,000 tons, and in China, 545,000 ha produce
20,754,000 tons (Park 2012). The main produc-
tion areas are distributed in the southern part

of Japan, South Korea and China. In South
America, Colombia has a considerable produc-
tion of Japanese bunching onion for domestic
consumption.

Data on annual consumption per person shows
a marked difference in the consumption of Japa-
nese bunching onion; in Korea 6.6 kg/capita/year
are consumed, in Japan 1.7 kg/capita/year and in
China 5.1 kg/capita/year (Park 2012).

1.7 Other Minor Edible Alliums

Rakkyo (Allium chinense G. Don) and Chinese
chives (Allium tuberosum Rottl.) are also crops
of commercial importance in East Asia. Annual
Japanese production of rakkyo is about
30,000 tons; a high proportion of this production
is used for pickles. The annual Chinese chive
production is about 66,000 tons (Brewster 2008).

Chives (Allium schoenoprasum L.) are widely
grown by small farmers for use as a flavouring
herb. The total world area of commercial
production is about 1000 ha with large areas
in Denmark, New Zealand and Germany
(Brewster 2008).

Table 1.3 World shallots
cultivated area, production
and yield from 1970 to
2014

Year Area (ha) Production (tons) Yield (kg/ha)

1970 103,783 1,329,878 12,814

1980 125,642 1,924,840 15,320

1990 162,870 2,509,379 15,407

2000 193,808 3,359,098 17,332

2010 230,052 4,129,546 17,950

2014 219,367 4,165,600 18,989

Source FAOSTAT (2017)

Table 1.4 World leek and
other Alliums cultivated
area, production and yield
from 1970 to 2014

Year Area (ha) Production (tons) Yield (kg/ha)

1970 61,205 835,974 13,658

1980 57,425 741,939 12,920

1990 81,708 1,499,235 18,349

2000 99,748 1,625,155 16,293

2010 130,202 2,122,492 16,302

2014 133,433 2,236,771 16,763

Source FAOSTAT (2017)
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1.8 Allium Academics

Since the publication of the book Onions and
their Allies in 1963 by Jones and Mann (1963),
there has been great advances in scientific and
agronomical knowledge of Alliums. The book of
Jones and Mann contributed to agronomical,
physiological and breeding of Alliums. In 1985,
Fenwick and Hanley (1985), published a review
focused on food science aspects and uses of
Allium crops. Five years later Rabinowitch and
Brewster (1990a, b, c) edited a three-volume
book, Onions and Allied Crops. This book pro-
vided a very good review of aspects such as:
genetic resources, anatomy, pollination biology,
sulfur biochemistry, medicinal values and physi-
ology, among others, of Allium crops. A great
contribution to summarize Allium knowledge was
James Brewster´s book Onions and other Vege-
table Alliums published in 1994 and updated in
2008. Dr. Brewster, passed away in 2015, the
Allium community should recognize his contri-
bution to Allium science, not only for his book,
which is a reference book for students and agro-
nomist all over the world and has been translated
to several languages, but also for his studies about
onion physiology. Although Dr. Brewster is
usually thought of like an onion physiologist, his
passion for knowledge extended into the genetics
and breeding of the onion crops. His book relates
the production and utilization of Allium crops to
many aspects of plant science underpinning their
production and storage technologies. It covers
species and crop types, plant structure, genetics
and breeding, physiology of growth and devel-
opment as well as pests and diseases, production
agronomy, storage after harvest and the bio-
chemistry of flavour, storage carbohydrates and
colour and how this relates to nutritional and
health benefits. It provides many examples where
scientific knowledge helps to explain and
improve agronomic practice. This book is still the
standard reference work for many people. In
2002, the book Allium Crop Science: Recent
Advances, edited by Rabinowitch and Currah
(2002) made a great contribution to review the
advances occurred since the publication of
Onions and Allied Crops in 1990. Aspects such as

genome organization, exploitation of wild and
cultivated relatives for breeding purposes, fertility
and seed production of garlic; genetic transfor-
mation of onions; molecular markers in Alliums;
detection of garlic viruses and the propagation of
virus-free crops; bacterial and fungal diseases of
the Alliums; strategies of integrated pest man-
agement, among other aspects were covered.

Another important contribution was the
review regarding genome mapping and molecu-
lar breeding made by Cavagnaro and Galmarini
for garlic and McCallum for onion in 2007 in the
book Genome Mapping and Molecular Breeding
in Plants edited by Kole.

For garlic research advances, there is a com-
prehensive review in Spanish, edited by Burba
(2013a, b) in a five-volume book where aspects of
garlic crop situation, cultivars and seed produc-
tion, agronomy and post harvest are summarized.

Important contributions to divulge academic
and agronomic advances of Allium Science are the
Symposia organized by Edible AlliaceaeWorking
Group, established in 1994 by the International
Society for Horticultural Sciences (ISHS). The
Proceedings of these Symposia, published in Acta
Horticulturae, provide a good coverage not only of
scientific and agronomic advances but also eco-
nomic and marketing information about edible
Allium crops (Amstrong 2001; Burba and Gal-
marini 1997; Gokce 2016; Guangshu 2005; Wako
and Shigyo, 2012). The first Symposium was
hosted in Mendoza (Argentina) in 1994, and then
were hosted at Adelaide (Australia) in 1997,
Athens (United States) in 2000, Beijing (China)
2004, Dronten (The Netherlands) in 2007,
Fukuoka (Japan) in 2012, and the last one took
place at Nigde (Turkey) in 2015. The Symposia
have allowed opportunities for international sci-
entists, growers, seed companies, among others, to
meet and discuss the present and future develop-
ments of Edible Allium crops. Important items like
Molecular Breeding and Genomics, Growth
Physiology, Cultivation Techniques, Storage and
Processing, Pest and Diseases, Secondary
Metabolites and Phytochemicals and Genetic
Resources are discussed in these Symposia.

A brief analysis of the contributions made in
the last four Symposia indicates that 55% deal
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with onion, 30% with garlic, 3% are related to
leek and 12% to other Alliums. These results
suggested that there are few groups working with
leek, shallot and other minor Allium crops and
that most of the research is concentrated in onion
and garlic. A disciplinary analysis indicates that
24% of the contributions are related to genetic
and plant breeding, 22% to plant physiology,
21% to agronomy aspects of Allium crops, 15%
to plant protection, 12% to genetic resources and
6% of the contributions are related to crop
situation and economical value. This disciplinary
analysis indicates a relatively balanced situation
among the different approaches.

In recent years, there has been an outstanding
contribution to Allium knowledge. Perhaps the
field where more advances has been produced is
Genetics, Genomics and Breeding. Important
research groups like Dr. Mike Havey’s group at
the University of Wisconsin-Madison, Dr. Chris
Kik’s group at Wageningen, Dr. John McCallum
in New Zealand, Dr. Masayoshi Shigyo at
Yamaguchi University in Japan, Dr. Ludmila
Khrustaleva, from the University of Moscow,
Dr. Colin Eady in New Zealand, Dr. Borut
Bohanec in Slovenia, among others, have made
relevant contributions.

In onion physiology it was already mentioned
the contribution of Dr. J. Brewster. Dr. Brian
Thomas group at the University of Warwick
(UK) has contributed to understand the physiol-
ogy and genetic control bulbing in Allium species
in response to day-length. Regarding garlic
physiology, genetics and agronomy outstanding
contributions were made by Dr. C. Messiaen
from France, Dr. José Luis Burba, from Argen-
tina, Dr. Takeomi Etoh from Japan, Dr. P. Simon
from USA, and Dr. Rina Kamenetsky from the
Volcani Center of Israel, among others.

Dr. Olga Scholten from Wageningen has
contributed to study genetic aspects of Allium
diseases. Also, the work of Dr. Astley in the UK
and Dr. Keller in Germany has been very
important to the conservation and characteriza-
tion of Allium genetic resources.

All the recent advances have contributed to an
increase not only the knowledge, but also yields
and to have a more sustainable production.

1.9 Lessons Learnt and Challenges
for the Future

Although recent advances, especially in plant
breeding and genetics, have contributed to increase
yields and also to have a more sustainable pro-
duction; the demand for high-quality Allium veg-
etables will continue to increase in the future.
Vegetable production will be done using less
agrochemical products, so a great effort should be
made to introduce resistance to pests and diseases
into Allium crops, especially important are resis-
tance against soil-borne pathogens and nematodes.
Water will be used less wastefully, not only its
quantity but also its quality (e.g. salinity) will be
important; so the introduction of resistances to
abiotic stress should be a priority. The production
of Allium cultivars with better health-benefits will
also be required by consumers. Perhaps, higher
garlic productivity and quality will come from
work on fertile garlics (Etoh and Simon 2002;
Simon and Jenderek 2003). In addition, the market
for oriental vegetables, such as Chinese chives,
blanched Japanese bunching onions is likely to
increase. More efforts should be made to study the
so-called “minor edible Allium crops”.

Breeding strategies will need a multidisci-
plinary approach to solve Allium production
problems in the coming years. A team where
breeders work together with agronomists,
geneticists, molecular biologists, physicians,
plant pathologists, biochemists, nutritionists and
food science experts will be required. This strat-
egy will contribute to increasing competitiveness
of Allium agro-industrial chain, to diversify
varietal offer to access new markets, increase
consumption and also to adopt production
strategies that allow better yields, quality and
sustainability. In the near future, genetics will
have a very important role in the economic value
of Allium crops incorporating biotechnology tools
to plant breeding, such as: haploidy using gyno-
genesis, molecular markers and Allium transfor-
mation (Eady 2001). The generated knowledge
will help for example to establish integrate con-
trol systems toward the management of soil-borne
diseases. This teamwork will require a very good
communication with growers and industry.
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A big challenge is to incorporate in a practical
way basic genetic and genomic knowledge to
breeding programs. Allium species are notable
for their very large genomes, typically in the
range 10–20 Gbp (Ricroch et al. 2005), which
have complicated genomic studies and precluded
genome sequencing to date. Genetic map devel-
opment in onion and other Allium has been
limited by difficulty in developing, maintaining
and exchanging genetic stocks, high degrees of
heterozygosity and a dearth of sequence data
(McCallum 2007).

Comparative genomic approaches have been
widely used and proven in crop genetics, and are
of growing interest as improved sequencing
technologies enable ever broader and more
detailed surveys of germplasm. Online databases
integrating genetic map, marker, sequence and
germplasm are now key tools for exploiting such
data. Due to Allium economic significance, there
is a clear and pressing need for such resources.

Despite the rapid advances in sequencing
technologies, the enormous size of Allium
nuclear genomes will preclude full sequencing in
the short term. As large-scale DNA sequencing
technologies become more efficient and less
costly, the genomic DNAs of more and more
plants are being sequenced, assembled and
annotated. These complete sequences are extre-
mely valuable for the identification of specific
genes associated with important phenotypes. In
the case of onion, I certainly agree with Havey
(2016), who proposed an efficient strategy for an
international effort to sequence the onion nuclear
DNA and provide the sequences and annotations
on a freely accessible website. Deep transcrip-
tome sequencing is already underway. Reduced
representation approaches can be used to select
against repetitive DNAs and enrich for more
unique regions of the onion genome. These
genomic reads can be aligned against expressed
sequences of the transcriptome to identify pro-
moter and intronic regions. Dr. Havey suggests
that the international community should select
and focus on one doubled haploid line as the
common reference material for collaborative
sequencing efforts. A publically accessible

website should provide unrestricted access to the
sequence and annotations. These resources will
enable translational genomics of onion by pro-
viding researchers with tools to more efficiently
select for important traits in onion improvement.
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2Taxonomical and Ethnobotanical
Aspects of Allium Species
from Middle Asia with Particular
Reference to Subgenus Allium

Furkat O. Khassanov

Abstract
The genus Allium L. is a complicated poly-
morphous group of vascular plants of which a
number of species are used since ancient times
as vegetable crops. The number of wild Allium
species growing naturally in the Old and New
World is increasing every year due to new
discoveries and is currently estimated around
1000 species. The region encompassing the
Mediterranean, Middle Asia, Iran and Afgha-
nistan is the main centre of diversity of the
largest subgenus of the genus Allium, namely
Allium with circa 400 species and subspecies.
Nearly all ancestors of garlic and leek origi-
nate from this region and some of their closest
relatives are still present. Furthermore, there
are numerous wild Allium species present in
this region, which could be of interest for
innovative breeding concerning pharmaceuti-
cal, ornamental and edible traits. A revised
and updated list of the subgenus is presented
in this paper.

2.1 Introduction

Allium L. (Amaryllidaceae J. St.-Hil.) is the lar-
gest genus of the petaloid monocotyledons,
excluding orchids and is one of the most studied
groups of vascular plants because of its economic
importance. Every year a dozen new species
(mainly from the Eastern Mediterranean and
Middle Asian regions) are described and the
current total number of wild species described
exceeds 1000 (with about 50 subspecies). One of
the first descriptions of Allium species was given
by Halleir (1745) as “Moly foliis caulinis lance-
olatis floribus umbellatis, ex ala bulbiferum”.
A few years later Linneus (1753) described plant
species (including Allium) via binomial names
(Allium sativum, Allium schoenoprasum, Allium
angulosum, Allium nutans, Allium senescens and
Allium porrum). Afterwards, several taxonomic
classifications of the genus were proposed, start-
ing from Don (1832), who divided Allium species
into seven groups without taxonomical distinctive
generative characters. Then, Koch (1837) autho-
rized a classification in sections, and he distin-
guished the following sections: AnguinumG. Don
f. ex Koch, Rhizirideum G. Don f. ex Koch,
Molium G. Don f. ex Koch, Porrum G. Don f. ex
Koch, Schoenoprasum G. Don f. ex Koch and
Codonoprasum G. Don f. ex Koch. Fifty years
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later Regel (1875) wrote the first comprehensive
monograph of the genus in which more than new
100 species were described. Vvedensky (1935),
published a revision of the genus Allium occur-
ring in the Old World in the Flora of the Union of
Soviet Socialist Republics (USSR) and in 1971 he
described 17 new species in the Conspectus
Florae Asiae Mediae (Vvedensky and Kova-
levskaya 1971). A number of European and
American botanists also made important contri-
butions to Allium taxonomy (Hermann 1939;
Stearn 1944; Traub 1968, 1972; Wendelbo 1969,
1971). It was Kamelin (1973) who presented the
first subdivision of the genus into 6 subgenera and
20 sections. His classification was based on the
idea that primitive Allium species had 12 stamens.
According to him, these 12 stamens evolved into
two circles of stamens. The outer (=lateral) circle
of three separate stamens remained the same
whereas the inner circle stamens evolved into
three cusps each bearing three connate filaments
of which the central one carries an anther. The
stamens of the outer circle alternate with the cusps
of the inner circle. The form of the inner circle
cusps is the main character for taxonomic
research in several sections within this subgenus.

Hanelt and co-workers undertook a new
approach to elucidate the taxonomy of the Alli-
ums using molecular methods involving 450 Old
World Allium species (Hanelt et al. 1992). One of
the outcomes of this research became also the
monography “Nomenclator Alliorum: Allium
names and synonyms—a world guide” (Gregory
et al. 1998). Four subgenera, 39 sections and 682
species in the Old World and 84 American spe-
cies were identified, as well as 1170 species
names were included, over half of which were
generally considered to be synonyms. Two years
before, Mathew (1996) published a full revision
of subgenus Allium with multidisciplinary data.
Finally, a new classification of the genus based
on nuclear ribosomal DNA internal transcribed
spacer (ITS) sequences was published (Friesen
et al. 2006), and 15 subgenera and 72 sections
were recognized, namely (Nectaroscordum
(Lindl.) Asch. & Graebn., Microscordum
(Maxim.) N. Friesen, Amerallium Traub.,
Caloscordum (Herb.) R.M. Fritsch, Anguinum

(G. Don ex Koch) N. Friesen, Porphyroprason
(Ekberg) R.M. Fritsch, Vvedenskya (Kamelin)
R.M. Fritsch, Melanocrommyum (Webb. &
Berth.) Rouy., Butomissa (Salisb.) N. Friesen,
Cyathophora (R.M. Fritsch) R.M. Fritsch,
Rhizirideum (G. Don ex Koch) Wendelbo,
Allium, Reticulatobulbosa (Kamelin) N. Friesen,
Polyprason Radic and Cepa (Mill.) Radic).
Authors revealed three evolutionary lines: the
first line consists of first three above-mentioned
subgenera; the second line includes five next
ones and third line includes seven retained ones
including subgenus Allium.

A new Allium list with descriptions and results
of lectotypification already made by Allium
specialists in the past decade became necessary
and appropriate especially for scientists dealing
with Allium genetic resources. One of the best
revisions of subgenus Melanocrommyum was
made by Fritsch and co-workers (Fritsch et al.
2010; Fritsch and Abbasi 2013; Fritsch 2016)
based on nearly 30 years of studies on living
material originating from the whole area of dis-
tribution. His new classification included 160
species, affiliated to the 20 sections and 22 sub-
sections was based on molecular and morpho-
logical characters and marks the end-point of the
Gatersleben Allium classification approach.

2.2 Allium Subgenus Allium

The largest group within the genus is subgenus
Allium with more than 375 species and 35 sub-
species divided into 18 sections, however, a
detailed phylogenetic classification of this taxo-
nomically complex subgenus is still missing.
Altogether only about 40 species of this sub-
genus have been studied via DNA analysis.
Future research will probably detect more infra-
subgeneric groups, which occurs in temperate
Europe, the Mediterranean region, Near and
Middle East countries and North-west China,
with only a few species occurring outside this
area (Fig. 2.1). For example, Allium synnotii G.
Don (=Allium dregeanum Kunth) occurs in the
Southern hemisphere in South Africa, which
perhaps resulted from an early introduction of
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European settlers of a related taxon (de
Wilde-Duyfjes 1976). Furthermore, species like
Allium vineale L. and Allium ampeloprasum L.
are naturalized in North America (McNeal and
Jacobsen 2007) and Australia.

Taxonomical studies based on herbarium
material only is often inadequate, even on the
species level, because during the drying process
several diagnostic characters can change. For
example, important traits inAllium taxonomy, like
pedicels and perianth form and colour, do change
during drying. Thus, the large number of newly
discovered Allium taxa from the end of the twen-
tieth century could be explained because of this
phenomena. Subgenus Allium consists of two
large groups; one having simple cuspidated inner
filaments while another have three-cuspidated
inner filaments. Moreover, recently described
sections show different types of filaments (e.g.
teeth-like, lateral cusps shorter than anther-
bearing cusps or sometimes numerous), as well
as a keeled or tubercular-pitted form of bulblets
(Fig. 2.2) which never occur in other subgenera.

This might point to the presence of centres of
recent speciation in the region of Middle Asia,

Pakistan, Iran, Afghanistan and the Middle East.
The majority of the newly described sections are
widely supported by molecular data, whereas the
informal groups proposed by Mathew (1996),
were not supported (Friesen et al. 2006). Species
from subgenus Allium are ecologically restricted
to dry, open habitats mostly with a sparse vege-
tation cover, and are rarely found in open forests or
forest margins. Some species like Allium rubellum
and Allium griffithianum can occur in monotypic
associations in deserts and low mountains in
Middle Asia. In years with sufficient precipitation
and high spring temperatures, they can form
flowering carpets. The largest section within the
subgenus, namely Codonoprasum, together with
section Allium, is distributed mainly in the
Mediterranean. In Middle Asia, only several spe-
cies of tall garlic (Allium ampeloprasum, Allium
atroviolaceum) are growing in the pre-
mountainous cultivated zone. Section Codono-
prasum can be characterized as a heterogeneous
complex of small size Allium species occurring in
desert and mountainous regions having a broad
spectrum of vegetative and generative periods.
Sections Longivaginata and Brevispatha are

Fig. 2.1 Distribution of Allium subgenus Allium
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taxonomically close showing a large overlap of
asymmetric spathe traits as well as unusual late
flowering (in September). Furthermore, there are
several monotypic (Haneltia, Rechingeria,
Kopetdagia) and oligotypic (Mediasia, Spathu-
lata) sections which are endemic in Middle Asia.
Moreover, Allium kujukense Vved. was earlier
included in subgenus Allium, but Kamelin (1973)
surprisingly placed it into subgenus
Melanocrommyum as a separate section, namely
Vvedenskya Kamelin. Molecular analysis indi-
cated its unique origin and therefore this section
was later raised to the subgenus level (Friesen et al.
2006). However, it will be clear that more research
on this interesting subgenus is warranted to obtain
an in-depth insight into the taxonomic and evo-
lutionary relationships between the sections and
species occurring in the various sections.

The taxonomic classification below of sub-
genus Allium presents the current state of the art.

2.3 A Revised and Updated
Classification of Allium
Subgenus Allium (375 Species
and 35 Subspecies)

Type: A. sativum L.
Section 1. Allium (ca 125 species and 20 sub-
species). Typus: A. sativum L.
abbasii R.M. Fritsch, acutiflorum Loisel., affine
Ledeb., aksekiense Özhatay & al., albiflorum
Omelczuk, alibileA.Rich., altoatlanticumSeregin,
amethystinum Tausch, ampeloprasum L., ana-
tolicum Özhatay & B. Mathew, antalyense Eren &
al., armerioides Boiss., artemisietorum Eig &
Feinbrun, ascalonicum L., asirense B. Mathew,
asperiflorum Miscz. ex Grossh., atroviolaceum
Boiss., aucheri Boiss., aznavense R.M. Fritsch,
baeticum Boiss., barthianum Asch. & Schweinf.,
baytopiorum Kollmann & Özhatay, bourgeaui
Rech.f. (ssp. creticum Bothmer, ssp. cycladicum
Bothmer), brevipes Ledeb., calyptratum Boiss.,
cappadocicum Boiss. & Balansa, chamaespathum
Boiss., clivorum R.M. Fritsch, commutatumGuss.,
curtumBoiss. &Gaill. (ssp. aegyptiacumTäckh. &
Drar, ssp. palaestinum Feinbrun), damascenum
Feinbrun, deserti-syriaci Feinbrun, dictyoprasum
C.A. Mey. ex Kunth, dictyoscordum Vved.,
dilatatum Zahar., drusorum Feinbrun, ebusitanum
Font Quer, ekimianum Ekşi & al., eldivanense
Özhatay, enginii Özhatay & B. Mathew,
erubescens K. Koch, erzincanicum Özhatay &
Kandemir, esfandiariiMatin, fethiyenseÖzhatay&
B. Mathew, filidens Regel (ssp. filidens, ssp.
mogianense R.M. Fritsch & F.O. Khass.), filiden-
tiforme Vved., gabardaghense Fırat, fominianum
Miscz. ex Grossh., fritschii F.O. Khass. & Yengal.,
fuscoviolaceum Fomin, goekyigitii Ekim & al.,
gomphrenoides Boiss. & Heldr. ex Boiss., gorum-
sense (Regel) Boiss., gramineum K. Koch, gutta-
tum Steven (ssp. guttatum, ssp. dalmaticum
(A. Kern. ex Janch.) Stearn, ssp. sardoum (Moris)
Stearn, ssp. tenorei (Parl.) Soldano), heldreichii
Boiss., hemisphaericum (Sommier) Brullo, gypso-
dictyum Vved., hamrinense Hand.-Mazz.,

Fig. 2.2 Bulblets of Allium haneltii F.O. Khass. & R.M.
Fritsch
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ilgazense Özhatay, integerrimum Zahar., iranicum
(Wendelbo) Wendelbo, jajlae Vved., jubatum
J.F. Macbr., junceum Sm.(ssp. junceum, ssp. tri-
dentatum Kollmann, Koyuncu & Özhatay),
karakenseRegel, karyeteini Post, kayaeÖzhatay&
Koyuncu, koyuncui H. Duman & Özhatay, leu-
canthum K. Koch, longicollum Wendelbo, longi-
papillatum R.M. Fritsch & Matin, machmelianum
Post, macrochaetum Boiss. & Hausskn., mar-
eoticum Bornm. & Gauba, margaritiferum Vved.,
melananthum Coincy, melitense (Sommier &
Caruana ex Borg) Cif. & Giacom., multiflorum
Desf., nathaliae Seregin, nevsehirenseKoyuncu &
Kollmann, notabile Feinbrun, oltense Grossh.,
pardoiLoscos, pervariensisFirat& al.,pervestitum
Klokov, phanerantherum Boiss. & Hausskn.
(ssp. deciduum Kollmann & Koyuncu, ssp.
involucratum Ekşi & al.), pruinatum Link ex
Spreng., pustulosum Boiss. & Hausskn., polyan-
thum Schult. & Schult.f., ponticum Miscz. ex
Grossh. &Grossh., proponticum Stearn&Özhatay
(ssp. proponticum, ssp. parviflorum (Kollmann)
Koyuncu), pseudoampeloprasum Miscz. ex
Grossh., pseudocalyptratum Mouterde, pseudo-
phanerantherum Rech.f., pyrenaicum Costa &
Vayr., regelianum A.K. Becker ex Iljin, reuteri-
anum Boiss., robertianum Kollmann, rollovii
Grossh., rotundum L., rubrovittatum Boiss. &
Heldr., sandrasicum Kollmann, Özhatay & Both-
mer, sannineum Gomb., sativum L., scaberrimum
M. Serres, scabriflorumBoiss., scorodoprasum L.,
sinaiticumBoiss., sintenisiiFreyn, synnotiiG.Don,
sphaerocephalon L.(ssp. sphaerocephalon,
ssp. arvense (Guss.) Arcang., ssp. laxiflorum
(Guss.) Giardina & Raimondo, ssp. trachypus
(Boiss. & Spruner) K. Richt.), stearnianum
Koyuncu,Özhatay&Kollmann (ssp. stearnianum,
ssp. vanense Kollmann & Koyuncu), stylosum
O. Schwarz, subnotabile Wendelbo, talijevii
Klokov, talyschense Miscz. ex Grossh., trachy-
coleum Wendelbo, truncatum (Feinbrun) Koll-
mann & D. Zohary, tuncelianum (Kollmann)
Özhatay, B. Mathew & Siraneci, ugami Vved.,
valentinae Pavlov, vineale L., waldsteinii G. Don
f., wendelboiMatin, willeanum Holmboe.

Section 2. Brivedentia F.O. Khass. & Yengal.
in Öztürk, Seçmen & Gork (eds.), Plant Life in
South-West and Central Asia: 147 (1996)

(12 species, 2 subsp.). Typus: Allium brevidens
Vved.

brevidens Vved.(ssp. brevidens,
ssp. pshikharvicum R.M. Fritsch & F.O. Khass.),
chirchikense ined., circumflexum Wendelbo,
freitagii ined., hedgei Wendelbo, ionandrum
Wendelbo, michaelis F.O. Khass. & Tojibaev,
micranthum Wendelbo, miserabile Wendelbo,
nikolai F.O. Khass. & Achilova, ophiophyllum
Vved., turcomanicum Regel.

Section 3. Crystallina F.O. Khass. & Yengal.
in Öztürk, Seçmen & Gork (eds.), Plant Life in
South-West and Central Asia: 147 (1996).
(2 species). Typus: Allium crystallinum Vved.

crystallinum Vved., brevidentiforme Vved.
Section 4. Multicaulia F.O. Khass. & Yengal.

in Öztürk, Seçmen & Gork (eds.), Plant Life in
South-West and Central Asia: 148 (1996).
(6 species). Typus: Allium borszczowii Regel.

boissieri Regel, borszczowii Regel, fergan-
icum Vved., lehmannianum Merckl. ex Bunge,
rinae F.O. Khass., Shomur. & Tojibaev, oxianum
F.O. Khass. & Tojibaev.

Section 5.Unicaulia F.O. Khass. in Stapfia 95:
174 (2011). (3 species).Typus: Allium kotschyi
Boiss.

kotschyi Boiss., ravenii F.O. Khass., Shomur.
& Kadyrov, sosnovskyanum Miscz. ex Grossh.

Section 6. Spathulata F.O. Khass. & R.M.
Fritsch in O.A. Ashurmetov & al. (eds.), Plant.
Life in South-West. and Central Asia: Vth
Internat. Symp. Tashkent 1998 109 (2000) (2
species). Typus: Allium spathulatum F.O. Khass.
& R.M. Fritsch.

spathulatum F.O. Khass. & R.M. Fritsch,
formosum Sennikov & Lazkov.

Section 7. Mediasia F.O. Khass., Yengal. &
N. Friesen in Aliso 22: 389 (2006) (2 species).
Typus: Allium turkestanicum Regel.

turkestanicum Regel, yuchuanense Y.Z. Zhao
& J.Y. Chao.

Section 8. Avulsa F.O. Khass. in Öztürk,
Seçmen & Gork (eds.), Plant Life in South-West
and Central Asia: 149 (1996) (15 species).
Typus: Allium griffithianum Boiss.

bracteolatum Wendelbo,? bungei Boiss.,?
chloroneurum Boiss., choriotepalum Wendelbo,
fibrosumRegel, griffithiamumBoiss., jacquemontii
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Kunth, lamondiae Wendelbo, leucosphaerum
Aitch. & Baker, oshense ined., pamiricum Wen-
delbo, panjaoense Wendelbo, rubellum M. Bieb.,
sabzakenseWendelbo, umbilicatum Boiss.

Section 9. Brevispatha Valsecchi in Giorn.
Bot. Ital. 108(1–2): 92 (1974) (15 species and 2
subspecies). Typus: Allium parciflorum Viv.

antonii-bolosii P. Palau (ssp.antonii-bolosii
ssp. eivissanum (Garbari & Miceli) N. Torres &
Rosselló), azaurenum Gomb., balansae Boiss.,
callidyction C.A. Mey. ex Kunth, callimischon
Link (ssp. callimischon, ssp. haemostictumStearn),
cupani Raf., inops Vved., kirindicum Bornm.,
kollmannianum Brullo, Pavone & Salmeri, loja-
conoi Brullo, Lanfr. & Pavone, margaritae B.
Fedtsch., pentadactyli Brullo, Pavone & Spamp,
peroninianum Azn., ritsi Iatroú & Tzanoud., sind-
jarense Boiss. & Hausskn. ex Regel.

Section 10. Coerulea (Tzagolova) F.O.
Khass. in Öztürk, Seçmen & Gork (eds.), Plant
Life in South-West and Central Asia: 150 (1996)
(19 species and 2 subspecies). Typus: Allium
coeruleum Pall.

aemulans Pavlov, coeruleum Pall., caesioides
Wendelbo, caesium Schrenk, delicatulum Siev.
ex Schult. & Schult., elegans Drobow, eremo-
prasum Vved., gillii Wendelbo, glomeratum
Prokh., lasiophyllum Vved., montelburzense
R.M. Fritsch, Salmaki & Zarre, najafdaricum
R.M. Fritsch, oreophiloides Regel
(ssp. oreophiloides, ssp. salangense Wendelbo),
renardii Regel, scharobitdinii F.O. Khass. &
Tojibaev, svetlanae Vved. ex Filim., taciturnum
Vved., tatyanae F.O. Khass. & F. Karimov,
zaissanicum Kotukhov.

Section 11. Eremoprasum (Kamelin) F.O.
Khass., R.M. Fritsch & N. Friesen in Aliso 22:
389 (2006) (8 species). Typus: Allium sabulosum
Stev. ex Bunge.

confragosum Vved., incrustatum Vved.,
jaxarticum Vved., joharchii F.O. Khass. &
Memariani, popovii Vved., sabulosum Steven ex
Bunge, scrobiculatum Vved., transvestiens
Vved.

Section 12. Kopetdagia F.O. Khass. in M.A.
Öztürk, Ö. Seçmen & G. Görk (eds.), Plant Life
in South-West and Central Asia 1: 150 (1996) (3
species). Typus: Allium kopetdagense Vved.

kopetdagense Vved. in B. Fedtsch. & al.,
spirophyllum Wendelbo, stocksianum Boiss.

Section 13. Longivaginata (Kamelin) F.O.
Khass., R.M. Fritsch & N. Friesen in Aliso 22:
389 (2006) (6 species). Typus: Allium longi-
vaginatum Wendelbo.

arlgirdense Blakelock, autumniflorum F.O.
Khass. & Akhani, dolichovaginatum R.M. Fritsch,
jaegeri R.M. Fritsch, longivaginatum Wendelbo,
petri F.O. Khass. & R.M. Fritsch.

Section 14. Minuta F.O. Khass. in Öztürk,
Seçmen & Gork (eds.), Plant Life in South-West
and Central Asia: 150 (1996) (7 species). Type:
Allium minutum Vved.

aktauense F.O. Khass. & Esankulov, aniso-
tepalum Vved., minutum Vved., namanganicum
ined., orunbaii F.O. Khass. & R.M. Fritsch,
parvulum Vved., registanicum Wendelbo.

Section 2.15. Pallasia (Tzagolova) F.O.
Khass. in Sennikov: Flora of Uzbekistan. Vol.
1 Amaryllidaceae: 83 (2016). (11 species).
Typus: Allium pallasii Murr.

anacoleum Hand.-Mazz., capitellatum Boiss.,
eusperma Airy Shaw, grisellum J.M. Xu, lale-
saricum Freyn & Bornm., maowenense J.M. Xu,
pallasii Murray, sairamense Regel, schoenopra-
soides Regel, songpanicum J.M. Xu, tuchalense
F.O. Khass. & Noroozi.

Section 16. Rechingeria F.O. Khass. & Tir-
kash. in Stapfia 99: 214 (2013) (monotypic).
Typus: Allium rechingerii Wendelbo.

Section 17. Codonoprasum Rchb., Flora
Germanica Excursoria. Carolum Cnobloch, Lip-
siae: 878 (1830) (137 species and nine sub-
species). Typus: Allium oleraceum L.

achaium Boiss. & Orph. ex Boiss., aegilicum
Tzanoud., aeginiense Brullo & al., aetnenseBrullo
& al., agrigentinum Brullo & Pavone, albotunica-
tum O. Schwarz (ssp. albotunicatum, ssp. herma-
neum Kollmann & Shmida), antiatlanticum Emb.
& Maire, anzalonei Brullo & al., apergii Trigas &
al., apolloniensis Biel, Kit Tan & Tzanoud., apu-
lum Brullo & al., archeotrichon Brullo & al., ?
autumnale P.H. Davis, balcanicum Brullo & al.,
bassitense J. Thiébaut, bingoelense Yild. & Kılıç,
birkinshawii Mouterde, brachyspathum Brullo &
al., brevicaule Boiss. & Balansa, brulloi
Salmeri, brussalisii Tzanoud. & Kypr., calabrum
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(N. Terracc.) Brullo & al., candargyi Karavok. &
Tzanoud., carinatum L., castellanense (Garbari &
al.) Brullo & al., cephalonicum Brullo & al., chlo-
ranthum Boiss., convallarioidesGrossh., corsicum
Jauzein & al., croaticum Bogdanovic & al.,
cyprium Brullo & al.(ssp. cyprium, ssp. lefkarense
(Brullo & al.) Christodoulou&Hand), daninianum
Brullo & al., decaisneiC. Presl, deciduumÖzhatay
& Kollmann (ssp. deciduum, ssp. retrorsum
Özhatay & Kollmann), desertorum Forssk., dio-
medeum Brullo & al., dirphianum Brullo & al.,
djimilenseBoiss. exRegel, dodecanesiKaravok.&
Tzanoud., ekeri E. Kaya & Koçyiğit, euboicum
Rech.f., exaltatum (Meikle) Brullo & al., exile
Boiss. & Orph., favosum Zahar., flavum L.
(ssp.flavum, ssp. ionochlorumMaire, ssp. tauricum
(Besser ex Rchb.) K. Richt.), flexuosum d’Urv.,
fuscum Waldst. & Kit., galileum Brullo & al.,
garbarii Peruzzi, garganicum Brullo & al., glu-
maceum Boiss. & Hausskn. ex Boiss., greuteri
Brullo & Pavone, guicciardii Heldr., hirtovagina-
tum Kunth, hirtovaginum Candargy, huber-mor-
athii Kollmann, Özhatay & Koyuncu, hymettium
Boiss. & Heldr., ionicum Brullo & Tzanoud., ju-
lianum Brullo & al., karistanum Brullo & al., kas-
tambulense Kollmann, kossoricum Fomin,
kunthianum Vved., kurtzianum Asch. & Sint. ex
Kollmann, kyrenium Giusso & al., lazikkiyense
Koçyiğit & al., lehmannii Lojac., lenkoranicum
Miscz. ex Grossh., liliputianum Koçyiğit & al., li-
tardierei J.-M. Tison, longispathum F. Delaroche,
lopadusanum Bartolo & al., luteolum Halácsy,
macedonicum Zahar., maghrebinum Brullo & al.,
makrianumBrullo & al., maraschicum Koçyiğit &
Özhatay, marathasicum Brullo & al., marginatum
Janka, mauritanicum Brullo & al., meikleanum
Brullo & al., melanantherum Pancic, mi-
crospathum Ekberg, myrianthum Boiss., nebro-
dense Guss., occultum Tzanoud. & Trigas,
oleraceum L., olympicum Boiss., opacum Rech.f.,
oporinanthum Brullo & al., optimae Greuter,
orestis Kalpoutz. & al., paczoskianum Tuzs., pal-
lens L., paniculatum L., panormitanum Brullo &
al., pelagicum Brullo & al., perpendiculum
Koçyiğit & al., phalereum Heldr. & Sart., phi-
tosianumBrullo & al., phrygiumBoiss. & Balansa,
pictistamineum O. Schwarz, pilosum Sm., platak-
isii Tzanoud. & Kypr., podolicumBlocki ex Racib.

& Szafer, pseudoflavum Vved., pseudostamineum
Kollmann&Shmida, rausiiBrullo& al., retrorsum
(Özhatay & Kollmann) Brullo & al., rhodopeum
Velen., rumelicum Koçyiğit & Özhatay, rupestre
Steven, rupicola Boiss. ex Mouterde, samniticum
Brullo & al., samothracicum Tzanoud. & al., savii
Parl., schergianum Boiss., sibthorpianum Schult.
& Schult.f., sipyleum Boiss., stamineum Boiss.,
staticiforme Sm., tardans Greuter & Zahar., tardi-
florum Kollmann & Shmida, tauricola Boiss.,
tauricum Pall. ex G. Don f., telmatum Bogdanovic
& al., tenuiflorum Ten., therinanthum Brullo & al.,
tingitanum Brullo & al., trichocnemis J. Gay,
turcicum Özhatay & Cowley, tzanoudakisanum
Brullo & al., valdecallosum Maire & Weiller,
valdesianum Brullo & al, variegatum Boiss., ves-
cum Wendelbo, weissii Boiss., wiedemannianum
Regel, yildirimlii Dural.

Section 2.18. Haneltia F.O. Khass. in Stapfia
95: 174 (2011) (monotypic). Typus: Allium
haneltii F.O. Khass. & R.M. Fritsch.

2.4 Ethnobotanical Aspects of Wild
Allium Species from Middle Asia

More than 250 different Allium species are repor-
ted for the mountainous regions of Middle and
South-West Asia (Khassanov 1997). The use of
especially tasteful and curative wild Alliums has a
long tradition in several Middle Asian populations
with apparently deep historical roots. This might
be illustrated by the fact that people living in the
countryside (especially mountainous villages), as
well as urban areas, do have a long standing tra-
dition how to prepare special dishes from partic-
ular Allium plants. The economically most
importantAllium crop species (common onion and
garlic) are worldwide used as spices, vegetables
and medicinal plants. Traditionally, they play a
very important role in the daily diet. However,
there are also more than 80 endemic species in the
mountainous regions inMiddle Asia and therefore
information about the use of these species by local
population could be very important. During
the PharmAl Project (2002–2006) funded by
Volkswagen Stiftung, about 860 Allium samples
were collected, around 20 new species were
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identified, and 36 wild Allium species were
reported as edible ones in Uzbekistan (Khassanov
2007). First of all, local people are gathering and
cultivating wild relative onion species like Allium
oschaninii O. Fedtsch., Allium praemixtum Vved.
and Allium pskemense B. Fedtsch. Therefore,
populations of these species became rare and are
currently included in the Red Data Book of
Uzbekistan (Khassanov 2016a). The ancestral
species of garlic Allium longicuspis Regel is nat-
urally growing in the mountainous zone nearby
the settlements but is normally not used, but the
domesticated species A. sativum is cultivated in
every private garden. Section Allium s. l. is also
widely occurring in Uzbekistan and 21 species are
known from this section growing in Uzbekistan
(Khassanov 2016b). These species are used by the
local population as a garlic substitute. Another
group of important edible wild Alliums belong to
subgenus Melanocrommyum and are represented
by several species. One of the most interesting
wild species from a pharmaceutical point of view
is Allium tschimganicum B. Fedtsch (Fig. 2.3) =
Allium motor Kamelin & Levichev (motor,
moy-modor—in Tadzhik language means
“health”). The natural distribution area of this
rather tall species is rather small, comprising only

the Chatkal mountain range in Uzbekistan and
adjacent Kyrgyz and Kazakh territories.

Here it grows on shady slopes among bushes
and is easily recognized by a smooth, thin, and
quickly decaying sheath leaf. The leaves are
much collected in April–May. They are freshly
used as stuffing for a special variant of the
national pie dish “somsa”, which is highly
esteemed for a specific activity as a stimulant.
However, for persons having high blood pres-
sure, the consumption is less advisable (Umarov
1992). The use of A. tschimganicum became
known among people living in the Kirgiz terri-
tory of Chatkal mountain range during the 1970s,
first in the Parkent area of Uzbekistan (Umarov
1992). Today this species is also much collected
for consumption and has become rare in some
areas. One of the main characters of the species is
a reddish liquid coming out of the damaged tis-
sue of freshly plucked leaves. Another species of
pharmaceutical interest is Allium rosenorum R.
M. Fritsch (Fig. 2.4), which is naturally growing
in the shade under shrubs and trees in the
Pamir-Alay mountainous system (mainly Hissar
range) in Uzbekistan and Tajikistan.

Fresh and dried young leaves are also used
for the national soup dish “‘atolla”, which is

Fig. 2.3 Umbel of Allium
tschimganicum B. Fedtsch
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much esteemed as an appetizer and general
stimulant in Central Tajikistan (Keusgen et al.
2004, 2006).

2.5 Ornamental Wild Allium Species
from Middle Asia

This list of ornamental Allium species and culti-
vars consists of around 250 species, 20
hybrids/intraspecific taxa and 240 cultivars. Most
of the species of these genetic resources occur
mainly in two subgenera namely Allium and
Melanocrommyum. The list was compiled using
recently published catalogues (Fritsch 2015;
http://www.ipk-gatersleben.de/gbisipk-gatersle
bendegbis-i/spezialsammlungen/allium-review),
which were analysed for ornamental value.
Species and cultivars solely offered as a veg-
etable, spice or medical plant were ignored, but
those with a dual purpose including ornamental
characters were accepted. Many members of
subgenus Melanocrommyum are cultivated as
ornamentals in European and North American
gardens (Fritsch 2015). Most of these species
occur naturally in South-west and Middle Asia
where they are collected in nature and used as

vegetable, spice and medicinal plants by the
local people. The most cultivated species are
Allium cristophii Trautv., Allium stipitatum
Regel, Allium altissimum Regel, Allium afla-
tunense, Allium giganteum Regel and Allium
hollandicum R.M. Fritsch. The latter species
was described as a new species formed in the
process of many years of cultivation. Further-
more new ornamental Allium species could be
identified in Middle Asia, for example, Allium
backhousianum Regel (Fig. 2.5) = Allium gul-
czense B. Fedtsch. ex O. Fedtsch. growing
naturally in the mountains of Kyrgyzstan and
Uzbekistan (Alay and Fergan ranges).

The plants can grow up to 2 m tall, have very
beautiful multi-flowered umbels (10–15 cm in
diameter) and could be successfully cultivated in
regions with a humid climate. Another two rare
endemic species which have ornamental value,
Allium majus Vved., Allium isakulii R.M. Fritsch
& F.O. Khass (Fig. 2.6), and can be cultivated in
the countries with an arid climate in the
pre-mountainous zone. The latter Allium species
has the largest umbel within all wild Alliums
(20–40 cm in diameter) and its pedicels and
tepals remain straight-up after drying and do not
drop or twist after many years.

Fig. 2.4 Umbel of Allium
rosenorum R.M. Fritsch
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3Allium Genetic Resources

E. R. Joachim Keller and Chris Kik

Abstract
An overview of the developments in Allium
genetic resources during the past 25 years is
presented in this chapter. A first important
development has been the introduction and
further development of web-based genebanking
information systems (e.g. GENESYS, PLANT-
SEARCH), which facilitated the exchange of
data to a large extent between Allium collection
holders worldwide. These information systems
made it possible to obtain an overview of the
Allium genetic resources managed worldwide
and identify the gaps in collections which still
need to be filled, especially in the face of the
ongoing genetic erosion. A second important
area of progress has been the development of new
methods for the maintenance of Allium germ-
plasm, especially cryopreservation. This method
has made it possible to maintain Allium acces-
sions in a cheap and effective way. Themethod is
especially important for the conservation of

vegetatively maintained germplasm. Other
developments in Allium genebanking are the
improvement of the health status of the germ-
plasm kept in the collections and the continuing
characterization and evaluation of germplasm,
which stimulates the utilization of the Allium
genetic resources held in genebanks. Significant
changes could also be observed with respect to
acquisition and exchange of plant genetic
resources due to many and complex new regu-
lations on the legal and organizational levels due
to the adoption of the CBD and IT-PGRFA by
many countries. Itmakes the handling of the plant
accessions safer and more consistent but also
more circumstantial. Finally, we need to under-
line that in an increasingly changing world with
all the threats of genetic erosion and extinction
due to disappearance of traditional cultivation
methods, devastation of our environment and
climatic change, the conservation of genetic
resources is of prime importance for agriculture.
Especially for breeders, a highly diverse gene-
pool of a crop plant is an invaluable treasure. The
importance to keep this treasure will no doubt
become even more important in the future.

3.1 Introduction

This chapter is an update of the chapter on Allium
genetic resources written around 25 years ago by
Astley in the book entitled Onions and Allied
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Crops (Rabinowitch and Brewster 1990). In his
chapter, Astley wrote in much detail the different
genebanking procedures as regards to Allium
crops (Astley 1990). The present chapter can be
seen as an update of this chapter and will focus
on new genebanking activities that emerged
since 1990. These are first the improvements on
genebank information systems, which currently
allow for the first time a broad overview on
global Allium genetic resources. In this context,
also the Allium genetic resources present in
botanical gardens around the world can be taken
into account as a global portal is available for
botanical gardens. Genebank information sys-
tems also allow for the storage of a large quantity
of data, their efficient processing and easy pre-
sentation, such as images, scans of herbaria and
molecular marker management. Furthermore, the
standardization of characterization data using
descriptor lists has improved the utilization of
these information systems largely. Second, the
development of the newly introduced cryop-
reservation of Allium and its further improvement
will change the conservation of vegetative Allium
genetic resources significantly. These advance-
ments may also have an impact on breeding and
storage of generative germplasm as well since
pollen cryopreservation was developed too.
Third, virus infections in vegetative germplasm
are of major influence on agronomic perfor-
mance. Therefore, increasing consideration has
been given in the past two decades to this field.
Last but not least, all these activities would not
have been possible without cooperation among
the various institutions and persons worldwide
for mutual benefit using international organiza-
tions, concerted actions and projects.

3.2 Exploring and Collecting Allium
Genetic Resources

3.2.1 International Arrangements
on the Exchange of Plant
Genetic Resources

Since the beginning of the previous century,
researchers have warned about the detrimental

effects of genetic erosion on the crop level (see
for an overview: Frankel and Bennett 1970) and
since the 1980s also to crop wild relatives
growing in nature. Collecting germplasm of
landraces and wild relatives of cultivated crops is
of evident importance for a number of activities
such as the breeding of new cultivars and the
performance of innovative research. Genes are
conserved which could become important for
new resistances to (a)biotic stressors, yield or
even novel and previously not observed traits of
interest. In the past, expeditions were predomi-
nantly focussed on collecting landraces of many
crops (multi-crop expeditions). Currently, the
focus is more on collecting single crops and their
crossable wild relatives (single-crop expedi-
tions). The latter category has become increas-
ingly important as these crops’ wild relatives
prove to be interesting gene reservoirs (Hajjar
and Hodgkin 2007; Kik 2002).

Collecting of germplasm has become more
difficult in the past three decades as a paradigm
shift has taken place concerning the ownership of
plant genetic resources (PGR). Before the early
1990s, PGR were seen as a heritage of mankind
whereas after this time PGR were seen as
national sovereignty. This paradigm shift resul-
ted in the development of two international
arrangements, namely the Convention on Biodi-
versity (CBD1;) which entered into force in 1993
and the International Treaty on Plant Genetic
Resources for Food and Agriculture (IT-PGRFA
or IT2) which entered into force in 2004.
The CBD was negotiated by the Ministries of
Environment and focuses on all the biodiversity
in a country. As it was felt that the CBD did not
fully address PGR used in Food and Agriculture,
a novel agreement (IT) was negotiated by the
Ministries of Agriculture. The IT has a more
restricted focus compared to the CBD as it con-
cerns only the biodiversity that is under the
control of the government, so the biodiversity
that is present in state-owned nature reserves,
genebanks, etc. Furthermore, the IT focuses on a
very restricted part of the biodiversity, namely

1https://www.cbd.int/.
2http://www.fao.org/plant-treaty/en/.
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the so-called Annex 1 species, referring to a
species list in the annex of the IT.

A crucial component of both arrangements is
the fair and equitable sharing between donor and
recipient of the benefits arising from the use of
the PGR collected, which is part of the so-called
access and benefit sharing (ABS) component in
both arrangements. Recently, this ABS compo-
nent of the CBD was made more explicit and
resulted in the Nagoya protocol of ABS which
entered into force in 2014. As Allium species are
not Annex 1 species, collecting will take place
under the CBD. This implies that a bilateral
agreement between parties has to be negotiated
in which prior informed consent (PIC) and
mutually agreed terms (MAT, mostly in the form
of a material transfer agreement [MTA]) are of
crucial importance. This has to be negotiated
with the competent national authority on ABS
(CNA-ABS) in the country in which the col-
lecting takes place. However, as the CNA-ABS
is often very difficult to contact, does not respond
to any request, is reluctant to sign PIC and MAT
due to failed negotiations, or other reasons,
international collecting expeditions do not often
take place. This would not be a real problem as
the biodiversity in countries where Allium spe-
cies are growing would be protected via in situ
and ex situ measures. However, this is often not
the case, and combined with the fact that genetic
erosion is worldwide a continuing threat to the
existing biodiversity, it results, therefore, indi-
rectly in the loss of biodiversity. Hopefully, these
problems can be solved in the nearby future
when it is realized that access to and utilization
of PGR is of primary importance in the devel-
opment of improved cultivars (e.g. more
climate-resilient cultivars).

3.2.2 Collecting Allium Genetic
Resources

Several genebanks were active in the past col-
lecting Allium biodiversity. However, the major
activities took place at the Institute für Pflanzen-
genetik und Kulturpflanzenforschung (IPK) at
Gatersleben, Germany, collecting local Allium

plant genetic resources already since the 70s of
the past century (Hammer et al. 1977). Intense
relations developed with countries of the former
Soviet Union, especially to Georgia, which had a
climax between 1987 and 2003 (Keller et al.
2012a). Also in subsequent years important col-
lecting missions took place especially focussing
on subgenus Melanocrommyum (Fritsch
2016). An overview of the various collecting
missions performed is presented in Table 3.1.

This resulted in the build-up of the largest and
most diverse Allium collections worldwide: the
Taxonomic Reference Collection and the Allium
Crop Collection of IPK Gatersleben, covering, at
present 2772 accessions of 363 taxa and 80
hybrids (Table 3.2).

Ad hoc collecting missions involving Allium
species also took place at other organizations
than IPK. For example, a large collecting mission
in Greece focussing on Allium ampeloprasum
and crop wild relatives was carried out in 2009
coordinated by Kik (CGN, Wageningen, the
Netherlands) and Tzanoudakis (University of
Patras, Patras, Greece) collecting over 100
accessions (Fig. 3.1).3

Other large collections also acquired their
accessions by collecting and material exchange
actions. Some of the largest Allium collections are
in the USA (PGR Geneva 1135 seed-propagated
[J. Labate]; WRPIS Pullman 1280 vegetatively
propagated [B. Hellier]), 4 centres in South Korea
(1173 [H.-H. Kim]), World Vegetable Center
Taiwan (1129),4 InHort Poland (895 [M.
Olas-Sochacka)], CRI Czech Republic (817 [H.
Stavělíková; Petrzelova et al. 2016]), CIAF Spain
(ca. 500 [M. De Los Mozos Pascual]), and INRA
France (439 [F. Esnault]).5

Currently, the Research Institute of Horticul-
ture InHort at Skierniewice (Poland) performs
each year 4–6 multi-crop collecting missions
mostly in their own country but also in Latvia and
Estonia, which involve Allium (Olas-Sochacka,
pers. comm.). Most probably much more

3http://missions.cgn.wur.nl/TPSK/TPSK.htm.
4http://203.64.245.49/AVGRIS/#.
5Data were provided by their collection curators [names in
brackets] in March 2017.
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collecting missions involving Allium species have
been carried out in the past two decades. How-
ever, the extent of these activities is, unfortu-
nately unknown, because there is no global
information system on the acquisition of
germplasm.

3.3 Management

The debate on the relative merits of in situ and ex
situ management of PGR to which Astley (1990)
was referring to, has ended in the view that both
methods of management are complementary. In
the meantime, in situ management has been split
into two directions namely on farm management
(the management of landraces on the farm) and
nature management (in situ management) as it
was felt that both methods involve different ways
of management of plant genetic resources.

3.3.1 In Situ and on Farm
Management of Allium
PGR

Dealing with this issue Astley (1990) wrote that
‘There has been little direct effort to conserve
wild Allium taxa in situ although undoubtedly
various species occur in existing nature
reserves’. Also he wrote that ‘A further aspect of
in situ conservation is its value in the mainte-
nance of domesticates’. This text was followed
by some general remarks on this issue what was
later on called on farm management of PGR.
Since then very few studies/data have been pre-
sented on in situ and on farm management of
Allium PGR. As currently both methods (ex situ
and in situ/on farm) are recognized to be com-
plementary, it would be important to obtain more
data on these ways of management as regards to
Allium crops and species.

Table 3.1 Survey on missions to collect wild Allium germplasm for the Taxonomic Reference Collection of IPK
Gatersleben, Germany, their main collectors and the number of accessions (from Keller et al. 2012a, updated by RM
Fritsch pers. comm.)

Country and years Number of
accessions

Afghanistan 2013, 2015, 2016 (M. Keusgen) 16

Altaj (Russia) 1991 (N. Friesen, K. Pistrick) 64

Armenia 2010 (R. Fritsch) 22

Bulgaria 1987 (J. Kruse, J. Schultze-Motel) 35

China 1988 (P. Hanelt) 15

Korea (DPR) 1986 (P. Hanelt) 20

Georgia 2002–2006, 2011 (M. Akhalkatsi, R. Fritsch, M. Keusgen, K. Pistrick) 152

Iran 1994, 2004–2008, 2010–2012 (M. Abbasi, R. Fritsch, M. Keusgen) 413

Kazakhstan 1990, 1992–1994, 1997 (R. Fritsch, F. O. Khassanov, K. Pistrick, J. Ruksans) 163

Kyrgyzstan 1992, 1994, 1997, 1998, 2013 (R. Fritsch, F. O. Khassanov, K. Pistrick, M.
Keusgen)

117

Mongolia 1985, 1987 (P. Hanelt, J. Kruse, K. Pistrick, Ch. Sanchir) 76

Rhodos (Greece) 2012–2014 (K. Pistrick, R. Kummer) 98

Tajikistan 1983, 1984, 1986–1988, 1990, 1991, 1994, 1997, 1998, 2003–2006, 2015–2016
(P. Hanelt, R. Fritsch, H. Hisoriev, M. Keusgen, I. Kudratov, P. Kurbonova, K. Pistrick)

490

Turkey 1995 (N. Friesen, R. Fritsch) 105

Turkmenistan 1995, 2002 (R. Fritsch, M. Keusgen, F. O. Khassanov) 62

Uzbekistan 1988, 1990, 1992–1995, 1997, 1998, 2003, 2005, 2006 (R. Fritsch, F.
O. Khassanov, I.I. Maltzev, I. Kudratov, K. Pistrick)
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3.3.2 Ex Situ Management of Allium
PGR

Standards for ex situ management have been
further developed and updated in the last years
for many species. Basic documents for all types
of management are provided in manuals from
Bioversity International (Cromarty et al. 1982;
Ellis et al. 1985a, b; Sackville Hamilton and
Chorlton 1997; Hong et al. 1998; Rao et al.
2006; Singh et al. 2012) and by FAO (2014).

3.3.2.1 Seeds
Current procedures concerning the various
aspects of Allium seed management do not differ
to a large extent to what Astley (1990) wrote on
this subject (see also Walters 2004). What can be
added are the effects of storage on seed germi-
nation. Mostly data obtained from rapid ageing
experiments are used to model seed survival of a
particular crop, but rapid ageing conditions do
not necessarily mimic real storage conditions.
However, data from real storage conditions are

Table 3.2 Survey on the living accessions of the Gatersleben Allium collections in 2016 (from Keller et al. 2012a,
updated by RM Fritsch pers. comm.)

Subgenus Crop Allium Collection Taxonomic
Reference Collection

subg. Allium 630 (10 species, 11 cultivar groups) 453 (85 species and subspp.)

subg. Amerallium Traub 2 (2 species) 149 (38 species)

subg. Anguinum (G. Don ex Koch) N.
Friesen

24 (4 species)

subg. Butomissa (Salisb.) N. Friesen 30 (2 species) 44 (3 species)

subg. Caloscordum (Herb.) R. M. Fritsch 3 (1 species)

subg. Cepa (Mill.) Radić 556 (11 species, 2 cultivar groups) 129 (19 species and subspp.)

subg. Cyathophora (R. M. Fritsch) R.
M. Fritsch

2 (1 species) 6 (1 species)

subg. Melanocrommyum (Webb &
Berthel.) Rouy

298 (74 species and subspp.)

subg. Nectaroscordum (Lindl.) Asch. &
Graebn.

3 (3 species)

subg. Polyprason Radić 15 (7 species) 68 (19 species)

subg. Porphyroprason (Ekberg) R.
M. Fritsch

8 (1 species)

subg. Reticulatobulbosa (Kamelin) N.
Friesen

1 (1 species) 65 (22 species)

subg. Rhizirideum (G. Don ex Koch)
Wendelbo s. strictiss.

20 (6 species) 141 (19 species)

subg. Vvedenskya (Kamelin) R.
M. Fritsch

2 (1 species)

Related genera of Allioideae or formerly
affiliated there

37 (19 species)

Intersectional or species hybrids 80 (in 15 cross combinations) 13 hybrids with unknown
parents

Sum of determined accessions 1336 (40 species, 13 cultivar groups, 80
named hybrids)

1436 (310 species, subspecies
and hybrids)

Not yet determined living accessions 131 191
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rare given the long time periods involved. In this
context, the records over the past 25 years on
storage and germination under real genebank
conditions involving Allium accessions main-
tained at the Centre for Genetic Resources, the
Netherlands (CGN) can be used as an example
(see for a general crop overview: Van Hintum
and van Treuren 2012; Van Treuren et al. 2013).

The storage method used at CGN has been
described, in general, by Astley (1990) and
involves the drying of the harvested seeds during
minimally one month in a conditioned storage
room (15 °C and 15% relative humidity). Before
storage, the viability of the seed is checked and
minimum germination thresholds of 60% (wild
material) and 80% (cultivated material) are
applied. After this check, the seed is vacuum
sealed in three-layered Al bags and stored at
−20 °C. On a regular basis, accessions are
checked for their seed viability.6

It turned out that this way of storage can be
considered as a safe method for the long-term
storage of Allium seeds at least for cultivated
material as there is a significant positive corre-
lation over a period of 25 years between regen-
eration and germination testing (Fig. 3.2). For
wild Allium material, only a limited number of

data points are present; therefore, no conclusions
can yet be drawn in case of this material.

Another example is the seed storage at IPK
Gatersleben. It differs in some aspects from that
in the CGN. After harvest, the drying process is
performed in two steps. The first step is the
preliminary drying in gauze sacs or large paper
bags at 18 ± 2 °C and 20 ± 3% relative
humidity, the second step is final drying at
18 ± 2 °C and 10 ± 3% relative humidity for at
least 3 weeks. Prior to storage, measurement of
seed moisture is performed targeting a value of
5–7%. For storage, the sample is split into three
parts, active sample, basic sample (backup), and
safety duplicates. Backup sample and safety
duplicates are stored in aluminium bags like in
CGN but at −18 °C. Targeted germination is
80%. The active sample is stored in tightly closed
glass jars at −18 °C. To keep the seed moisture
content at the targeted value of 5–7%, a silica gel
bag is added to the sample. Germinability should
be there at least 50% (K. Krusch and U. Loh-
wasser, pers. comm.). For the active Allium
samples, the germination percentage over the
years is presented in Fig. 3.3.

Both figures show that storage at −18 or
−20 °C is a feasible method to keep the germ-
plasm over some decennia without a decline of
germinability. Concluding from these different
storage strategies, one can say that the genebanks

Fig. 3.1 Collecting Allium
ampeloprasum and wild
relatives in Greece by Chris
Kik in 2009

6Tests performed according to the rules of the Interna-
tional Seed Testing Association ISTA.
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may vary their methods to some extent as long as
the recommendations of low moisture content
and cold temperature are followed.

3.3.2.2 Vegetative Material
A considerable part of the Allium genetic
resources cannot be managed nor stored as seed
either because of the general inability to form
seeds (garlic, great-headed garlic, haploids, ster-
ile hybrid material) or because of the traditional
breeding strategy as clonal varieties (shallot,
some ornamental Allium hybrids). This germ-
plasm must be maintained in the vegetative state.
This is also relevant for collection material
growing in inappropriate conditions and,

therefore, exhibiting only low seed set. Since the
maintenance of vegetative material requires
much higher efforts in terms of agricultural
measures and phytosanitary treatments, it is
always a special problem in plant collections.

Field culture is the most traditional method to
keep such collections. Perennial Allium may be
kept for several years in the same place. In most
plant collections, garlic and shallot are replanted
every year, shallot and a part of the garlic
germplasm are planted in spring and harvested in
summer. Another part of the garlic genepool can
be planted already in autumn and sprouts in early
spring. Garlic accessions forming bulbils can
also be kept over winter using these propagules.

Fig. 3.2 Allium germination
testing at CGN: the
correlation between the
number of years in between
regeneration and germination
testing and the annual change
in germination percentage
(modified from Van Treuren
et al. 2013)

Fig. 3.3 Survey on 1473
germination tests on A. cepa
seed samples in the year 2012
in relation to their storage
duration (box plot provided
by A Börner, IPK)
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Reasons for this annual maintenance strategy are
low winter hardiness and accumulation of
soil-borne diseases (e.g. nematodes) which latter
requires disinfection (e.g. by solarization). Since
no seed phase is included which would be an
obstacle for virus transmission, in most vegeta-
tive collections a considerable load of viruses can
be observed.

In Vitro Culture
In vitro culture is the first step to keep the
germplasm apart from the risks of infestation and
possible endangerments by bad weather condi-
tions. Taking shoot tips containing the meristems
from bulb bases or, if available, from bulbils,
disinfecting them, trimming the explants, and
cultivating them on artificial media usually starts
the culture, which then consists of a cycle of
growth and multiplication. Multiple shoots
develop from the original plantlets, which can be
stimulated by additional cutting and/or hormones
(Bhojwani 1980; Moriconi et al. 1990; Kahane
et al. 1992). The growth phase may be delayed
by cold storage between −1 and 10 °C,
depending on the material, allowing maintenance
of the material in slow-growth cycles (Keller
et al. 1997; Kästner et al. 2001; Keller and
Senula 2013). For mass propagation, the hor-
mone concentration may be augmented. The
upper limit of such high concentrations depends
on the occurrence of induced alterations of the
metabolism (hyperhydricity) and possible muta-
genic effects of the hormones once the concen-
tration is too high. Alternatively to the shoot tips
from bulbs or bulbils, pieces of the whole basal
plate or from young inflorescence bases may be a
good source of material. This had been described
for micropropagation of onion already earlier
(Dunstan and Short 1979). Inflorescence bases
are usable especially in species that form volu-
minous inflorescences such as garlic,
great-headed garlic, onion and shallot. There are
also reports on regeneration from callus culture
(Havranek and Novak 1973; Barandiaran et al.
1999) and somatic embryogenesis as being
usable for in vitro culture (Bockish et al. 1997;
Féréol et al. 2002). No successes have been
reported to cultivate protoplasts for conservation.

This was mainly due to microbial contamination
(Fellner 1993; Fellner et al. 1996).

The characteristic feature of in vitro culture,
namely the need to transfer the material from one
subculture to the next one and risks of infection
by fungi, latent bacteria or active vectors like
mites and thrips, are drawbacks of in vitro stor-
age. This weakness becomes evident after per-
petuation of culture cycles for many years, which
does not only delimitate the duration of in vitro
storage but can also influence the success of
cryopreservation when using in vitro cultures as
source material (Keller 2005). For Allium,
in vitro storage is mainly used as a background
for micropropagation, haploid production in
onion, and cryopreservation, not as a basis for
independent in vitro collections.

Cryopreservation
Cryopreservation, the storage of living material
at between −196 and −140 °C in or over liquid
nitrogen, is able to circumvent these drawbacks
(Fig. 3.4). For Allium, first success was described
by Niwata (1995), Hannan and Garoutte (1996)
and Makowska et al. (1999). Overviews were
given by Keller (2002), Keller et al. (2011a,
2012c), and Keller and Senula (2013). The main
crop for cryopreservation in Allium has been
until present garlic.

But other germplasms, such as shallot and top
onion (Kim et al. 2007a; Senula et al. 2010,
Keller and Senula 2016), and some wild species
(Keller et al. 2011a; Keller and Senula 2016) are
also considered, so far usually with lower suc-
cess. When the material is properly introduced
into cryopreservation, it is no longer endangered
by metabolic or genetic changes or infections.
Cryopreservation is a procedure requiring rela-
tively high labour input by well-skilled person-
nel, but this is counterbalanced by the very low
needs for the maintenance once the material is in
storage. Several critical factors need to be
considered:

(1) The size of the explant: usually explants
need to have a diameter of 0.5–1 mm and a
length of maximally 1–2 mm. If the explant
is too large, thermal tensions may destroy it
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during cooling or warming and/or cryopro-
tective substances may not enter all its parts.
If it is too small, the capacity to regenerate
may be lost (Baek et al. 2003; Keller 2002).

(2) The water status in the tissue: water exists in
manifold forms in the cell. It is the matrix of
cellular solutions (free water, e.g. in the
vacuole), and it forms hydration films around
ions and polar compounds (bound water).
During cooling, the free water molecules
form ice crystals at temperatures between 0
and −40 °C, depending on the concentration
of the solutes. Ice crystals may disrupt the
cellular structures. Then, on the way down to
the temperature of liquid nitrogen, several
structural changes of this ice may happen.
The same is true when the object is
rewarmed, where expansion of ice may be a
critical factor blowing and breaking the cells
open. These effects may be diminished by
removing a major part of the free water by
dehydrating treatments (pre-drying by
osmotically active solutions, cryoprotectants;
even by air drying).

Destruction of the tissue may follow two
ways: depending on the cooling speed, ice
crystals form first in the cell wall space and the
cell content is dried out because of the osmotic
water fluxes (slow freezing) or ice is formed

inside the cell (fast freezing), disrupting its con-
tent (Mazur 1965; Mazur and Schmidt 1968). In
an equilibrated stage, both tendencies counteract
and this equilibration was reached in
slow-freezing programmes. These were the first
cryopreservation programmes usable for plants.
Recently a more efficient method can be used for
a part of the objects, mainly for shoot tips. When
the cooling speed and the concentration of cry-
oprotective solutions are high enough, the object
may be transferred into vitrification. This is an
amorphous (‘glassy’—‘vitrum’: lat. glass) state
of water in solutions, not disrupting cellular
structures. However, breaks by thermal tension at
a very low temperature and during warming as
well as structural changes into ice (‘recrystal-
lization’) in the rewarming phase cannot be
excluded completely. Since the state of the tissue
water is one of the crucial factors, investigations
are running also for garlic (Zámečník et al. 2001,
2012; Zámecník and Faltus 2014; Lynch et al.
2016).

The influences of these factors depend on the
tissue type and its structural and biochemical
composition. It may vary rather individually in
the diverse explants, their conditions before
excision and the preparation method.
Pre-treatments and the cryo-procedure itself
exhibit stress to the object and may hurt it. Not
all explants may survive. Therefore, sufficiently

Fig. 3.4 Transferring shoot
tip explants excised from
garlic bulbils into cryotubes
for storing them in liquid
nitrogen by E.R. Joachim
Keller and Jiří Zámečník
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high numbers of individual explants need to be
collected for the given germplasm and tests on
the usability of the material and suitability of the
method are needed in every case. Usually
establishing optimum curves is needed in which
the reduction of survival caused by the treat-
ments in a control sample without liquid nitrogen
is recorded against the cryoprotective effects of
the treatments in liquid nitrogen. Furthermore,
since the regeneration of viable plants is the
ultimate criterion of cryopreservation, a regen-
eration control sample needs to be taken with
every charge of the cryoprotected material. The
sum of these calculations needs to give a result
satisfying the expectation that at least one (or
better more than one) living plant can be derived
from a charge of cryoprotected explants. Statis-
tical considerations about that were done by
Dussert et al. (2003).

The most detailed and comprehensive inves-
tigations on garlic cryopreservation were per-
formed by Kim in the South Korean Genebank at
Suwon. In course of his dissertation (Kim 2004),
he worked on all aspects of the cryopreservation
protocol (Kim et al. 2004a), beginning with the
explant preparation over cryoprotectant compar-
isons, details of the cryoprotectant uptake (Kim
et al. 2004b), features of the tissue water (Kim
et al. 2005b) and contents of cryoprotectant in
the cell (Kim et al. 2005a) until regeneration
efficiency. Furthermore, he invented alternative
loading and cryoprotectant solutions (Kim et al.
2009a, b), and he used alternative sources for
explants such as inflorescence bases using also
new protocols (Kim et al. 2006, 2007b). He also
worked on the use of cryopreservation for virus
elimination (cryotherapy—Kim et al. 2007a).
Finally, on the base of his experience, he was
able to include the major part of the South Kor-
ean garlic field collection and some other Allium
species to build up a large cryobank of Allium
(Kim et al. 2007b), actually the biggest one in the
world (Kim et al. 2012).

Other laboratories also contributed with
methodical investigations on comparing cry-
oprotectants (Volk et al. 2004b; Volk and Wal-
ters 2006), features of the tissue water measured
by thermal analyses (Zámečník and Šesták 2011;

Zámečník et al. 2001, 2012), age of usable
explants (Keller 2005), alternative explants such
as inflorescence bases (Keller and Senula 2016),
bulb bases (Lynch et al. 2011, 2012; Souch 2006;
Lynch et al. 2016), embryogenic callus (Sudar-
monowati 2001) and embryogenic cell suspen-
sions (Féréol et al. 2005) and management of the
collections including implementation of linked
research (Ellis et al. 2006; Keller et al. 2014,
2016; Zámečník 2002; Zámečník et al. 2007).
The largest garlic cryobank is that of the National
Agrobiodiversity Center at Suwon, South Korea
amounting to 1158 accessions (Kim et al. 2012).
For further cryo-collections of vegetative Allium
see Table 3.4.

International actions and projects consider-
ably contributed to the consolidation of this
technique (COST, EURALLIVEG, AEGIS—
Keller et al. 2011b, c, 2012a, b; Zanke et al.
2011).

It will not come as a surprise that the need of
skilled technical personnel and the observation of
such sophisticated factors is one of the main
reasons to have some reservations to use cryop-
reservation in the conservation of vegetatively
maintained PGR despite the fact that it is, indeed,
the only safe way to keep vegetative material in
the long time (Keller et al. 2008). The counter-
balance of the relatively high introduction costs
against the very low maintenance costs was,
therefore, already from early on a matter of
investigation (Dulloo et al. 2009; Keller 2006;
Schäfer-Menuhr et al. 1996). For garlic, it could
be demonstrated that in dependence on the type
of material and the specific maintenance methods
a break-even point is reached after 6–10 years,
after which cryopreservation is more
cost-effective than field culture. Since garlic is
relatively easy to maintain in the field, in contrast
to, e.g. potato, this critical point is reached later
in garlic than for potato (Keller et al. 2013b).
Thus, the maintenance strategy widely depends
on the germplasm considered. Very valuable
material (rare genotypes, virus-free clones, etc.)
may be more acceptable for cryopreservation
than ordinary varieties. Since recovering of the
plants from cryopreservation causes specific
costs, rarely requested material may come more
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into focus to be ‘put away’ into cryotanks than
frequently required germplasm. Increasing labour
costs for field workers may be an effect in favour
of cryopreservation moving the break-even point
to earlier times. In any case, cryopreservation
may serve as a safety backup for all kind of
material.

Pollen as natural propagules of genetic infor-
mation is also well suitable for storage of Allium
germplasm. Representing insect-pollinated spe-
cies, Allium has highly dehydrated pollen which
can already be stored at ambient temperature for
some time. Mean storability of Amaryllidaceae
pollen in air dry state was reported to be 38 days
and at favourable humidity even 75 days (Johri
and Vasil 1961). All the more, longer storage is
possible at low temperatures. Cryopreservation is
a suitable method for a long-term preservation of
Allium pollen. First protocols for Allium were
developed by Ganeshan and co-workers (Gane-
shan 1986; Ganeshan et al. 2008). It is easy to
keep the pollen in a dry state in capsules or
cryotubes. Senula and Keller (2014) used strips
of sandpaper for harvesting the pollen grains.
The strips were subsequently placed into dry
empty cryotubes. In principle, pollen storage is a
good complement to storage of seeds and vege-
tative plant material. If, like in some wild spe-
cies, low seed set or poorly germinating seeds are
available only, pollen represents an additional
source of genetic material. Due to the small size
of pollen grains, a more diverse material can be
stored than it may be possible by seeds. It has,
however, also some complications, because for
recovering a sample, always a crossing partner
must be present to regenerate the plants, and only

the genome of the germplasm can be kept, not
the plastome. Insofar, pollen storage is a com-
plementary strategy, not a method by its own.

In the collection of IPK Gatersleben, pollen
storage of Allium was started in 2010. To check
the suitability of the method, microscopical
comparisons of viability staining with germina-
tion in a suitable medium (Brewbaker and
Kwack 1963) were done on the pollen. Usually
staining results suggested better viability than
germination tests did, due to possibly still func-
tioning enzymes reacting with the dyes when the
grains were already damaged. The ultimate cri-
terion is the seed set. It was demonstrated in
model cases using onion and the wild species
A. obliquum L. In the years 2010–2012, a pollen
harvest campaign was performed in 176 acces-
sions of the Taxonomic Reference Collection of
IPK. The mean pollen germination rate was 21%.
Direct comparisons of pollen germination were
made in 159 accessions of Allium and some other
species of Amaryllidaceae. The germination rate
of cryopreserved pollen was 78% of the rate of
fresh pollen. In the species A. obliquum, seed set
with cryo-pollen was 60% of that by using fresh
pollen. In onion, this rate was only 25% (Senula
and Keller 2014). It was demonstrated that dif-
ferential scanning calorimetry (DSC) and
cryo-microscopy are suitable tools to investigate
water content before and demonstrate the
intactness of pollen after cryopreservation
(Senula and Keller 2014; Keller and Senula
2016).

Recent surveys on cryopreservation, including
Allium, are published in the comprehensive
manual edited by Reed (2008) and further book

Table 3.4 Survey on some cryobanks of vegetative Allium

Country Total in cryo Allium in cryo Data provided by Info date

Poland 167 167 Marta Olas-Sochacka 16.1.17

Czech Republic 413 127 Jiří Zamečník 7.2.17

South Korea 1675 1158a Haeng-Hoon Kim 5.4.17

USA 4362 (3903b) 135 (100b) Maria Jenderek 1.3.17

Germany 1491 160 Angelika Senula 6.3.17
aIncluding some accessions of A. cepa Aggregatum group, A. x proliferum, and A. macrostemon; baccessions with
>40% post-cryo-viability
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chapters and articles (Engelmann 2012; Nirmal
Babu et al. 2012; Keller et al. 2013a; Keller and
Senula 2013; Popova et al. 2015).

Fertility Restoration in Garlic
Significant progress has been made in the past
three decades concerning the ex situ maintenance
of garlic as in the past this was only possible via
vegetative maintenance. However, Etoh (1986)
collected potentially fertile garlic from the centre
of biodiversity of this species namely Central
Asia. Later on, it was proven that garlic having
the power to fertility restoration can be found in
many locations in Central Asia, which also
opened up the way to maintain at least part of the
garlic collections held worldwide via seeds. Fur-
thermore, fertile garlic also opened the way to
develop improved garlic cultivars by means of
sexual hybridization (Jenderek and Hannan 2000;
Etoh et al. 2001; Kamenetsky and Rabinowitch
2001; Kamenetsky et al. 2005; Shemesh-Mayer
et al. 2015).

3.4 Documentation

The utilization of collections depends for a con-
siderable part on their documentation, which is
needed to select accessions on the basis of their
value compared to other accessions. For this
passport, characterization and evaluation data
need to be arranged and administered. Whereas
in former times, data were collected on cards and
in notebooks, digitalized data management is
now the rule. Passport data covering the origin of
the germplasm are stored in databases, often
together with characterization data. One of the
best measures to document an accession is its
deposit in herbaria and fruit/seed collections.
Since some characters such as perianth form or
colour may change in the drying process, col-
lections of photographic pictures are valuable
complements, which can be presented in data-
bases. Management data are handled in genebank
information systems and laboratory information
management systems (LIMS). The material
becomes increasingly valuable when evaluation
data are recorded which may be the subject of

permanent observations over several growth
periods. Close cooperation with breeders and
other users can support these activities (see
Sect. 3.5).

There are several databases which can be
consulted on various information levels. It begins
with the correct botanical names. There is still a
considerable confusion concerning exact botani-
cal terms. For Allium, the Nomenclator Alliorum
should be used as the botanical standard (Gre-
gory et al. 1998). Additional information on this
topic can be gained by consulting databases
implemented by the Royal Botanic Garden Kew
(The Plant List7; WCSP8), The International
Plant Names Index IPNI,9 the Tropicos database
of the Missouri Botanical Garden10 and the
Germplasm Resource Information Network
(GRIN) taxonomy database.11 Here, the user can
find whether the name he/she has available is an
accepted one, a synonym or simply an error.
Further information can be derived from the
Global Biodiversity Information Facility GBIF.12

A survey over the number of accessions present
in a selected genebank and other information is
available amongst others via the GENESYS and
World Information and Early Warning System
(WIEWS)13 databases; harvest data of the main
crops including Allium are documented in the
FAOSTAT database,14 both implemented by the
Food and Agriculture Organization of the United
Nations FAO. In Europe, the European Cooper-
ative Programme for Plant Genetic Resources
provides a survey of the Allium accessions within
the EURISCO15 database (Weise et al. 2017).
Furthermore, there is the European Allium
Database (EALLDB),16 recently running at IPK

7http://www.theplantlist.org/.
8http://apps.kew.org/wcsp/home.do.
9http://www.ipni.org/ipni/plantnamesearchpage.do.
10http://www.tropicos.org/.
11https://npgsweb.ars-grin.gov/gringlobal/taxonomybrowse.
aspx.
12http://www.gbif.org/.
13http://www.fao.org/wiews-archive/wiews.jsp.
14http://www.fao.org/faostat/en/#home.
15http://eurisco.ipk-gatersleben.de/apex/f?p=103:1.
16http://ealldb.ipk-gatersleben.de/861/.
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Gatersleben. EURISCO and EALLDB use stan-
dardized passport datasets to describe accessions.
They are also step by step completed by char-
acterization and evaluation data.

Additionally to these general databases, spe-
cial databases provide information, often sup-
ported by comprehensive sets of images. IPK
Gatersleben provides an image database on its
most important garlic and shallot accessions, the
Garlic and Shallot Core Collection (GSCC)17 as
well as a database on wild Allium species Tax-
onomic Allium Reference Collection Database.18

GSCC comprises passport data, infraspecific
grouping, pictures of field plots, bulb and
inflorescences in and, in some cases, ontogeny of
the given accession (Colmsee et al. 2012).

In order to increase the international compa-
rability of crops in the diverse collections,
European Cooperative Programme for Plant
Genetic Resources (ECPGR) initiated the
so-called descriptor lists covering passport,
characterization and evaluation data. In the
course of a European project on genetic resour-
ces, a subset of 100 accessions of garlic was
characterized by minimum descriptors in IPK
(Keller and Senula 2001). These descriptors were
elaborated and refined together with other
working groups and were finally condensed in
the International Plant Genetic Resources Insti-
tute (IPGRI) minimum descriptor list of Allium
(IPGRI et al. 2001). This characterization cov-
ered 16 characters of garlic which were used to
identify the material such as the shapes and
structures of bulbs, their colour, ability to flower,
leaf attitude, etc. All these characters were used
to formulate infraspecific groups (Messiaen et al
1993) and can be set into relation with existing
classifications which are based on molecular
markers (Maaß and Klaas 1995; García Lampa-
sona et al. 2003; Ipek et al. 2003, 2005; Volk
et al. 2004a; Pinto da Cunha et al. 2014).

IPK hosts one of the largest crop species
herbaria. Herbarium voucher specimens have
been sampled during collecting missions and
from the living Taxonomic Allium Reference

Collection (8500 specimens including older
specimens at Gatersleben). The Crop Allium
Collection is documented by 2500 herbarium
vouchers from the Gatersleben field propagation
(Fritsch and Pistrick, pers. comm.). The others
come from the wild species collection. All this
material is a part of the Herbarium Gatersleben.
Recently, a project was funded to digitalize these
herbaria specimen in order to make the herbar-
ium more easily accessible. In the frame of the
ongoing IPK Herbarium digitalization (Pistrick
and Knüpffer 2013), 7260 scans with the stan-
dardized collecting and nomenclatural data have
been provided via the international database
system Virtual Herbaria JACQ19 and combined
with data from the Genebank Information Sys-
tem (GBIS)20 of the IPK in the Herbarium
Gatersleben.21 Image databases complement the
herbarium (IPK GSCC and IPK Taxonomic
Allium Reference Collection).

3.4.1 Global Crop Portals

A large improvement in the conservation and
utilization of plant genetic resources since the
2000s has been the development of global genetic
resources portals on the internet, which allow for
the first time online searches, in which the preci-
sion of the analysis depends, of course, on the
passport data included in the databases. These
global portals did not exist when Astley wrote his
chapter on the conservation of genetic resources in
the Onions and Allium Crops Vol I book (Rabi-
nowitch and Brewster 1990), as at that time only
paper versions existed of plant genetic resources
(e.g. Frison and Serwinski 1995). As different
catalogs were not easy to obtain and no common
format was used, it was difficult to analyze these
catalogs in combination. Fortunately, this has
changed dramatically in the past years.

According to the global portal on Plant Genetic
Resources for Food andAgriculture GENESYS,22

17http://www.ipk-gatersleben.de/databases/gscc.
18http://www.ipk-gatersleben.de/databases/allium.

19http://herbarium.univie.ac.at/database/collections.htm.
20http://gbis.ipk-gatersleben.de/.
21http://herbarportal.ipk-gatersleben.de/.
22www.genesys-pgr.org.
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there are 20,627 Allium accessions conserved and
according to the global portal of the Botanical
Gardens Conservation International PLANT-
SEARCH23 6270 Allium accessions are being
conserved. These numbers are, however, mini-
mum estimates as Allium accessions from gene-
banks of countries like PR China (n = 1030; H
Wang, pers. comm.), India (n = 2050; Khosa et al.
2016) and Japan (n = 1352; FAO 2014) are not
yet included in these databases. Without any
doubt, a significant improvement would be that
countries upload and refresh their Allium genetic
resources in both databases which could help the
protection of these valuable genetic resources.

Around 1000 Allium species are currently rec-
ognized (FOKhassanov, pers. comm.; Table 3.5).
The most recent classification of Allium species
worldwide has appeared in 2006 and was written
by Friesen, Fritsch and Blattner for the whole
genus and also for several subgenera (Friesen et al.
2006; Fritsch 2015, 2016; Fritsch and Gurushidze
2009; Fritsch et al. 2010; Fritsch and Abbasi
2013;Gurushidze et al. 2008). They recognized 14
subgenera and most Allium species occur in three
subgenera namely Allium, Amerallium and
Melanocrommyum (see Table 3.5).

In genebanks, most accessions are being
conserved namely 20,627, whereas in botanical
gardens 6270 accessions are maintained. Five
hundred and eighty-one (n = 581) species are
conserved worldwide, which is 56% of the
number of species (n = 1038) recognized.
Slightly more Allium species are being conserved
by genebanks (n = 445) compared to botanical
gardens (n = 409). This is for a large part due to
the large number of species conserved in gene-
banks of subgenus Melanocrommyum (n = 58)
and Allium (n = 54) compared to botanical gar-
dens (n = 9, respectively, n = 41). The percent-
age of species present in genebanks and botanical
gardens versus the total number of species rec-
ognized per subgenus is on average 56% and
varies for the different subgenera in between 33%
(Caloscordum) to 100% (Butomissa, Microscor-
dum, Nectaroscordum, Porphyroprason and
Vvedenskya).

On the basis of the statistical overview of
GENESYS, the number of holding institutes for
Allium species is 86. The countries with the
highest numbers of accessions conserved are
USA, Germany, Spain, Russia and United
Kingdom: all these countries conserve over 2000
accessions in their genebanks (Fig. 3.5).

The composition of the genebank collections
worldwide in terms of the biological status of an
accession (SAMPSTAT descriptor,24 Multi-Crop
Passport Descriptors v2, 2012) is presented in
Fig. 3.6. Landraces, improved/advanced cultivars
and wild material are the categories for which most
accessions are present. No GMO accessions are
reported in the genebank collections worldwide.

On the basis of the data from GENESYS, most
Allium accessions in genebanks worldwide are
conserved only as seed (n = 10,938) or in com-
bination with other conservation methods like
field, in vitro, cryo and other (n = 1361). Also, a
considerable number of accessions are cultivated
only in the field (n = 4417) or in combination
with other measures (n = 1954). Other single
methods of storage like in vitro, cryo and DNA
storage are less used. The GENESYS data can be
confirmed for Europe, where a recent overview
about maintenance methods and their duplication
was provided by EURISCO (Weise pers. comm.
3. 3. 2017; Table 3.6).

As GENESYS reports that ‘no historic records
are present (=false)’, it can be assumed that all
20,627 accessions are present in genebanks
worldwide. However, the availability of these
Allium accessions is far from clear as for 17,053
accessions it is not specified whether they are
available. Only 1999 accessions are reported
available for distribution and 1571 are reported
not to be available at present for distribution.

Safety duplication of seed accessions has
taken place to a large extent as 18,511 accessions
(90%) have been duplicated in 16 sites as
reported to GENESYS. Safety duplication of
Allium accessions at the Global Seed Vault in

23https://www.bgci.org.

24http://www.bioversityinternational.org/fileadmin/user_
upload/online_library/publications/pdfs/FAOBioversity_
multi_crop_passport_descriptors_V_2_Final_rev_1526.
pdf).
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Svalbard has also taken place to a large extent as
19,998 accessions (97%) have been duplicated at
the Vault. Safety duplication of vegetatively
propagated Allium species has also taken place.
In this context, a part of the Allium field collec-
tion of the Czech genebank at Olomouc was

duplicated in IPK in 1993 and 1994 (Maggioni
et al. 2002). Cryopreserved samples have also
been duplicated. In the frame of the European
Allium project EURALLIVEG,25 a trilateral

Table 3.5 An overview of the Allium genetic resources maintained worldwide on the basis of the global portals
GENESYS (genebanks: gb) and PLANTSEARCH (botanical gardens: bg), #: number, acc: accession

Subgenus Total #
of
species

# unique
species
in bg

# unique
species
in gb

#
species
in
common

Total #
species in
bg and gb

% # species in
bg and gb and #
species

#
acc
bg

# acc
gb

Allium 434 41 54 79 174 40 1442 7244

Amerallium 180 38 19 52 109 61 1341 524

Anguinum 14 3 2 1 6 43 115 45

Butomissa 4 0 0 4 4 100 196 223

Caloscordum 3 0 0 1 1 33 3 5

Cepa 32 5 7 17 29 91 873 10031

Cyathophora 5 1 0 2 3 60 78 18

Melanocrommyum 170 9 58 57 124 73 1080 526

Microscordum 1 1 0 0 1 100 7 0

Nectaroscordum 3 0 0 3 3 100 34 8

Polyprason 60 16 13 25 54 90 310 222

Porphyroprason 1 0 0 1 1 100 65 16

Reticulato-
bulbosa

85 13 10 15 38 45 203 117

Rhizirideum 45 9 9 15 33 73 408 353

Vvedenskya 1 0 0 1 1 100 0 3

? 115 1292

Total 1038 136 172 273 581 56 6270 20,627

Subgenera according to Friesen et al. (2006)

Fig. 3.5 The number of Allium accessions conserved per country based on GENESYS

25http://euralliveg.ipk-gatersleben.de/.
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safety duplication was established between the
Czech Republic, Germany and Poland covering
200 accessions (Keller et al. 2012c).

The amount of ordinary duplication among
accessions cannot be determined via GENESYS.
The European PGR database EURISCO26 allows
for such an analysis as the fields DONORCODE
and DONOR DESCRIPTION can be used as a
proxy for duplication. In Table 3.7 an overview
is presented on the percentage of duplication that
has taken place in European genebanks. This
percentage of duplication varies between 1 and
100% with an average of 47%. However, one
needs to be carefully interpreting these data as
they might give an overestimation of the per-
centage of duplication. This can, among others,
be due to the fact that collections from which
accessions were duplicated do not exist anymore
and as such the accessions that were originally
duplicated are not duplicated anymore. In case of
DEU, this applies to 79 accessions and in case of
NLD, this applies to 247 accessions, which
would lead to a percentage of duplication of 26
and 42% in case of DEU and NLD, respectively.

Eighty-nine percent (=18,409/20,627) of the
Allium genetic resources held worldwide are
cultivated species (Table 3.8).

The number of accessions of cultivated Allium
species (see for overview Fritsch and Friesen
2002) occupy, as expected, the major share
(91%) in genebanks compared to botanical gar-
dens (9%). The number of cultivated species held
in both genebanks and botanical gardens is 23 for
genebanks and 22 for botanical gardens.

3.5 Characterization, Evaluation,
Utilization and Distribution

To stimulate the use of PGR, it is of significant
importance to characterize (description of phe-
notypic traits) and evaluate (description of dis-
ease and pest resistances, biochemical traits,
molecular markers, etc.) the material present in a
collection.

CGN and to a lesser extent the German IPK
genebank have been chosen as an example in this
context. At CGN, ample consideration is given to
the characterization and evaluation of its collec-
tions. The total number of Allium accessions in

Fig. 3.6 The number of
Allium accessions per
biological status of the
material held in genebanks
worldwide based on
GENESYS

Table 3.6 The method of
conservation of Allium
accessions as provided by
EURISCO

Seed Field In vitro Cryoa Sum

Seed 7661 1224 16 89 8990

Field 4468 442 258 5168

In vitro 475 136 611

Cryo 340 340

Sum 7661 5692 933 823 15,109
aThe cryopreservation figure does not include the samples stored as pollen

26http://eurisco.ipk-gatersleben.de.
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the collection is modest namely 428. In total, 42
phenotypic traits were characterized and six
disease and one pest resistance trait(s) were
evaluated in the past (Table 3.9).

The characterization of the material was car-
ried out by CGN only, whereas the majority of
the disease and pest evaluations were carried in
combination with breeding companies. In the
latter case, CGN coordinated the evaluation
taking care of the distribution of accessions to
breeding companies and coordinating the data
management, whereas breeding companies did
the evaluations. The data obtained were sub-
jected to an embargo period, which did not last
longer than 5 years after an accession was eval-
uated. For many genebanks, however, the coop-
eration with breeding companies is not feasible
due to various reasons and this limits their gen-
ebank operation (Frese et al 2016a, b). IPK
published the characterization data of their garlic

and shallot core collections in their GSCC data-
base (Colmsee et al. 2012).

A policy focussed on the utilization of germ-
plasm together with a strict policy concerning the
online availability of the material, resulted in an
annual distribution rate in the last decade of 280
samples of Allium accessions from the CGN
genebank and 380 samples from the IPK gene-
bank. Therefore, over the last 10 years, both
genebanks accounted for the distribution of
around 6600 Allium samples in total (Fig. 3.7).

3.6 Exploitation of Wild Relatives

The species belonging to genepool 1 for the
various Allium crops are often not really known
as few species crossability studies have been
made to identify these genepools (e.g. Phillips
and Hubstenberger 1987; Van Raamsdonk et al

Table 3.7 Duplication of Allium accessions within Europe based on EURISCO data (dump: March 28 2017), using
donor code and donor description as a proxy for duplication; data kindly provided by S Weise (IPK, Germany)

Holding
country

No. of Allium acc
held

No. of Allium access with
DONORCODE/DONORDESCR

% of
duplication

ARM 57 1 2

AUT 44 15 34

AZE 40 1 3

BGR 816 374 46

CHE 50 48 96

CZE 817 666 82

DEU 2772 789 28

ESP 1882 262 14

FRAU 54 33 61

GBR 2153 1784 83

HUN 590 230 39

ITA 170 1 1

LTU 1 1 100

NGB 312 120 38

NLD 428 428 100

POL 548 320 58

ROU 176 15 9

SVK 5 5 100

UKR 229 20 9
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2000, 2003). The only crop/genepool 1 complex
that has been studied in some detail is A. cepa
and its wild relatives. In this context, A. galan-
thum, A. roylei, A. vavilovii, A. fistulosum, A.
oschaninii, A. pskemense and A. altaicum are
wild relatives that have been successfully cros-
sed with onion. However, as only part of the 32
species belonging to subgenus Cepa have been
studied, it would be of interest to carry out a
more in-depth study comprising more species
from this subgenus as wild relatives have proven
to be unique gene reservoirs for the improve-
ment of crops. This not only is true for onion,
but also for the other Allium crops (Kik 2002).
However, the number of crop wild relatives
accessions in genebank collections worldwide is

small (e.g. for onion less than 200 accessions)
and it would be of great interest to collect more
of these species not only for breeding new cul-
tivars but also for fundamental research.

For example, crosses between A. cepa and A.
galanthum showed that galanthum mtDNA in a
nuclear background of A. cepa resulted in cyto-
plasmic male sterility (CMS). This maybe of
importance for F1 hybrid breeding in onions as
an additional source of CMS next to the S and T
cytoplasm which are already known (Shigyo and
Kik 2008). Not only species crosses should be
considered within subgenera, but also between
subgenera as is the case for A. cepa (Cepa) and
A. roylei (Polyprason) (Khrustaleva and Kik
1998, 2000). This species cross proved to be of

Table 3.8 The number of accessions of cultivated Allium species (sensu Fritsch and Friesen 2002) conserved per
subgenus and in botanical gardens and genebanks. The total number of accessions held is 18539, of which 1679 are
held in botanical gardens and 16860 in genebanks

Subgenus/species #
accessions

Botanical
garden

Genebank Subgenus/species #
accessions

Botanical
garden

Genebank

Allium Butomissa

ampeloprasum 2013 161 1852 ramosum 103 45 58

sativum 4634 130 4504 tuberosum 299 142 157

macrostemon 23 14 9 Cepa

rotundum 127 30 97 fistulosum 975 105 870

Amerallium altaicum 136 42 94

canadense 49 38 11 cepa 8660 215 8445

hookeri 15 11 4 chinense 33 16 17

kunthii 12 7 5 oschaninii 48 18 30

neapolitanum 117 76 41 pskemense 66 38 28

ursinum 177 103 74 schoenoprasum 607 256 351

wallichii 30 26 4 x proliferum 81 0 81

Anguinum Polyprason

victorialis 150 104 46 obliquum 63 42 21

Rhizirideum

nutans 121 60 61

Table 3.9 The number of
traits, accessions and
observations characterized
and evaluated at the CGN
Allium collection

Type of
data

Number of
traits observed

Mean (min-max)
number of accessions

Mean (min-max)
number of observations

Phenotypic 42 137 (25–619) 244 (25–327)

Disease 6 38 (8–110) 44 (14–110)

Pest 1 49 73
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high interest for breeders due to the complete
resistance to Peronospora destructor, the causal
agent of downy mildew, which is present in A.
roylei (Kofoet et al. 1990; Scholten et al. 2007).
Currently, onion cultivars resistant to downy
mildew are used primarily in organic cultivation.
As A. roylei is also highly resistant to Botrytis
squamosa, the causal agent of onion leaf blight,
the breeding of new cultivars resistant to both
downy mildew and onion leaf blight seems to be
within reach for the near future (de Vries et al.
1992; Scholten et al. 2016).

Some of the widely used ornamental alliums
have also hybrid origin (Friesen et al. 1997).
Crosses with more or less distant species may be
facilitated by in vitro culture using embryo rescue
techniques. Their principle consists of the fol-
lowing facts: in angiospermous plants, the fertil-
ization is a two-way process. One of the two nuclei
of the male gamete fuses with the egg cell, the
other one with the diploid endosperm. Since the
second process fails in many distant crosses,
the embryo does not have nutritive tissue avail-
able. Cultivation on artificial media may support
the embryo development, therefore it is called
‘embryo rescue’. The first investigations were
performed byDoležel et al. (1980) on hybrids with
onion. Embryo rescue was used for crosses of
A. chinense with distant species (Nomura and
Oosawa 1990; Nomura et al. 1994). Crosses of
onion with 19 species of the subgenera Rhiziri-
deum and Allium were performed resulting in

primary hybrids in 19 combinations (Keller et al.
1996). Unfortunately, after colchicination chro-
mosome doubling no fertility restoration could be
reached (data unpublished). Genes from related
species may also be introduced by protoplast
fusion or gene transfer.Allium seems to be difficult
in this respect, due to complications in the in vitro
culture (Fellner and Havranek 1992; Fellner 1993;
Fellner et al. 1996), but some first indications of
successful culture and regeneration were pub-
lished (van der Valk et al. 1992; Song and Peff-
ley 1994; Karim and Adachi 1997; Barandiaran
et al. 1999). In an effort to introduce CMS into
leek, Buiteveld and Creemers-Molenaar (1994),
Buiteveld et al. (1998a, b) produced interspecific
hybrid plants based on somatic hybridization
between onion and leek, however, these plants
proved to be sterile. Ohsumi et al. (1992) produced
interspecific plants between onion and garlic,
however, also these plants proved to be sexually
sterile.

Although not strictly fitting into the exploita-
tion of wild Allium relatives, it is worth men-
tioning in this context the extensive research
carried out in genetic transformation of Allium
crops. Using Agrobacterium tumefaciens as a
vector, Zheng et al. (2004, 2005) and Eady et al.
(2008) managed to genetically transform A. cepa
and A. sativum. Introducing, for example resis-
tance to beet armyworm (Bt) into a background
of onion and garlic and silencing the lachryma-
tory factor (LF) in onion.
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Fig. 3.7 The annual distribution of Allium samples from the IPK (red) and CGN (blue) collections since distribution
was recorded at each genebank
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3.7 Phytosanitary Aspects

In the EU phytosanitary guidelines27, the seeds
and bulbs intended for planting of the cultivated
species A. cepa Common Onion group, A. cepa
Aggregatum group,28 A. schoenoprasum and
A. porrum are subjected to control for Dity-
lenchus dipsaci. For all the other Allium species
no control on Ditylenchus dipsaci is needed. The
control of the material is needed for imports to
and often exports from the EU and for transfer of
material within the EU.

3.7.1 Virus

In collections of vegetatively propagated crops,
which concern garlic, shallot and some minor
Allium germplasm, one of the most important
phytosanitary aspects is the colonization of the
plants by viruses. The infections are transmitted
by vectors like aphids and nematodes. In the life
cycle of plants, the distribution of most viruses is
blocked by the seed phase. In vegetatively
propagated germplasm, this phase is absent, and,
therefore, viruses may accumulate in the crops to
a dangerous level, not only reducing vigor and
yield but even endanger the existence of the
plants itself (Havranek 1974; Conci et al. 2003).
The first measure to manage the impact of

viruses is to record the virus incidence by
indexing them with biochemical (ELISA) or
molecular (RT-PCR) techniques (Karlová et al.
2009; Lunello et al. 2005; Leisova-Svobodova
and Karlova-Smekalova 2011). In the field of
IPK Gatersleben, onion yellow dwarf (OYDV),
leek yellow stripe (LYSV), garlic common latent
(GLCV) and shallot latent (SLV) viruses as well
as various allexiviruses (GarV-A, GarV-B,
GarV-C, GarV-D, shallot virus X) were found in
garlic (Keller et al. 1995, 2012a, c). Virus dis-
tribution was also screened in the Czech garlic
collection (Smékalová et al. 2010). Eradication
of viruses may be performed by meristem cul-
ture, thermo-, chemo- and cryotherapy. No one
of these complementary techniques will per se
result in 100 percent virus-free plants. Thus, after
the treatments, repeated indexing is needed to
prove the ‘virus-free’ state keeping in mind that
particles may persist below the detection limit
and provide the initial point for later new out-
breaks. Furthermore, different virus species may
be more or less easily eradicated. On the other
hand, the effect of various viruses may be very
different reaching from unimportant latent to
very influential ones. In genebanks, the impact of
these various viruses on the value of the germ-
plasm needs to be thoroughly assessed to decide
whether the germplasm can be distributed or not.
Finally, it is necessary to separate the cleaned
germplasm from the still infected material. Iso-
lation of them in tightly closed field cages against
aphids, as in vitro cultures or in cryopreservation
is needed.

In Allium, the main way of virus elimination
has so far been meristem culture. Since the
growth of the plant tissue is mostly faster than
the virus multiplication, the meristem proper and
the first leaf primordia may be free of viruses or
may contain a reduced level of them. If the iso-
lation succeeds to separate the freed from the
infected tissues, meristem culture may result in
healthy tissue which can be cultivated for
regenerating virus-free plants. First meristem
culture of Allium was published by a Czech
group (Havranek 1972). Later on, laboratories in
UK, Argentina, France, Germany and the
Netherlands followed (Walkey et al. 1987; Conci

27Concerning EU phytosanitary guidelines the following
directives are of importance:
1. Council Directive 2000/29/EC of 8 May 2000 on

protective measures against the introduction into the
Community of organisms harmful to plants or plant
products and against their spread within the Com-
munity (http://eur-lex.europa.eu/oj/direct-access.html;
2000, L169),

2. Commission Directive 2008/61/EC of 17 June 2008
establishing the conditions under which certain
harmful organisms, plants, plant products and other
objects listed in Annexes I–V to Council Directive
2000/29/EC may be introduced into or moved within
the Community or certain protected zones thereof, for
trial or scientific purposes and for work on varietal
selections (http://eur-lex.europa.eu/oj/direct-access.
html; 2008, L158/41).

28For historical reasons, this taxon is still mentioned as
Allium ascalonicum in the EU directive, however, this
name is invalid because it refers to another species.
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and Nome 1991; Keller et al. 1995; Verbeek
et al. 1995; Lot et al. 1998). In the Czech
Republic, Argentina and Brazil, intense activities
are running also recently (Fajardo et al. 2001;
Karlová et al. 2009; Smékalová et al. 2010; Celli
et al. 2016). In France and Argentina, virus-free
material is subject to marketing. Activities of
successful elimination of garlic viruses by means
of cryotherapy are reported from South Korea,
Japan and from Brazil (Ayabe and Sumi 2001;
Kim et al. 2012; Vieira et al. 2015). The principle
of cryotherapy is based on the fact, that meris-
tems better survive cryopreservation than differ-
entiated tissue around the meristem (Wang et al.
2009), thus acting in the same direction as
manual manipulations for tissue excision (it is the
so-called ‘cryo-knife’ Zámečník, EUR-
ALLIVEG). Activities to reinforce the effect of
meristem culture by heat treatments (ther-
motherapy) or chemicals (chemotherapy) were
also reported (Conci and Nome 1991; Senula
et al. 2000). In genebanks, virus-free material
requires isolation in all types of culture to protect
it from re-infection.

Since the treatments to free an accession of
viruses are costly and time consuming, their
benefit needs to be assessed. In genebank col-
lections, it may be the case that only the most
valuable material can be treated and not the main
bulk (Senula and Keller 2002). On the other
hand, in regular field production the higher
income earned by higher yields of virus-free
material in comparison to infected material, one
may justify consistent treatment of large quanti-
ties of material in commercial companies (Conci
et al. 2005) in conjunction with virus-free dec-
larations in the frame of a certification procedure
as it is the case in France (PROSEMAIL).29

3.8 Allium Networks

As for most crops, also for Allium, numerous joint
activities exist around the world in order to bun-
dle efforts for mutual benefit. In the 70s of the last
century, the Food and Agriculture Organization

of the United Nations (FAO) was aware of the
needs for consolidation of the activities related to
plant genetic resources and founded the Interna-
tional Board of Plant Genetic Resources (IBPGR)
in 1974.30 Currently, after transient re-naming
(International Plant Genetic Resources Institute
(IPGRI), 1991–2006 this organization is called
Bioversity International, and located in Rome,
Italy. The organization functions since 1994
under the umbrella of the Consultative Group on
International Agricultural Research (CGIAR;
founded in 1971)31 Fifteen research centres exist,
which have manifold cooperation with each
other. Several other institutions network interna-
tionally. Amongst them, the World Vegetable
Center, founded 1971 in Taiwan under the name
‘Asian Vegetable Research and Development
Center’ AVRDC, a member of the Association of
International Research and Development Cen-
ters AICRA,32 coordinates research projects on
Allium (Ebert 2011).33 It holds also a collection of
tropical and subtropical Allium germplasm. In
Europe, the establishment of ECPGR34 took place
in 1980 and is funded by national governments.
ECPGR consists at present of 21 working groups.
One of the first was the AlliumWorking Group,35

established in 1982 as one of the original six
Working Groups developed during the first Phase
of ECPGR. Its first Chairman was Dave Astley,
Institute of Horticultural Research, Wellesbourne,
UK. He was its Chairman until 2011, followed by
E.R. Joachim Keller, IPK, Gatersleben, Germany
(2011–2014) and, until today, by Helena Stavě-
líková (CRI, Dept. Vegetables and Special Crops,
Olomouc, Czech Republic). The Allium Working
Group has at present (February 2017) 66 mem-
bers out of 36 countries.36

29http://plant-certifie-ail.org/en/index.php.

30www.bioversityinternational.org/about-us/who-we-are/
history/.
31www.cgiar.org/.
32http://www.airca.org/.
33https://avrdc.org/.
34http://www.ecpgr.cgiar.org/about-ecpgr/overview/.
35http://archive-ecpgr.cgiar.org/working_groups/allium.
html.
36http://www.ecpgr.cgiar.org/working-groups/allium/.

3 Allium Genetic Resources 43

http://plant-certifie-ail.org/en/index.php
http://www.bioversityinternational.org/about-us/who-we-are/history/
http://www.bioversityinternational.org/about-us/who-we-are/history/
http://www.cgiar.org/
http://www.airca.org/
https://avrdc.org/
http://www.ecpgr.cgiar.org/about-ecpgr/overview/
http://archive-ecpgr.cgiar.org/working_groups/allium.html
http://archive-ecpgr.cgiar.org/working_groups/allium.html
http://www.ecpgr.cgiar.org/working-groups/allium/


Various non-governmental and private entities
should not be forgotten. Amongst them, the
Global Crop Diversity Trust,37 collecting and
bundling donations of private persons and orga-
nizations in favour of crop diversity, is of major
impact for plant genetic resources financing
international collaborative projects.

3.8.1 EU-Funded Allium Projects

Allium-related projects were and are the main
field of concrete activities. The direction of
Agriculture of the EU funded, in its first call for
the regulation 1467/94, a project entitled ‘Pro-
tecting future European Community crops: a
programme to conserve, characterize, evaluate
and collect Allium crops and wild species’
(1996–2001). In the course of the project
implementation, two sub-groups were formed as
the vegetatively propagated Allium genetic
resources required priorities different from the
seed-propagated ones. In the sub-project on
vegetative Allium germplasm, a preliminary
garlic core collection was established and mate-
rial was micropropagated using meristem culture
in the start phase. A number of 95 accessions
were freed from 5 viruses, the status of which
was proven by ELISA tests. Elaborate charac-
terization took place, which contributed to the
development of the Allium IPGRI descriptor list
(IPGRI et al. 2001). On the basis of 16 minimum
descriptors also a European garlic core collection
of 50 accessions was developed. The conclusions
of this project were further discussed in a special
follow-up meeting of the ECPGR Allium Work-
ing group in 2001. The main technical subjects
were characterization, virus elimination and
cryopreservation (Maggioni et al. 2002). In the
second call of regulation 870/2004, the Direc-
torate on Agriculture granted the project EUR-
ALLIVEG (‘Vegetatively propagated alliums,
Europe’s core collection with higher mainte-
nance safety at lower cost and better health
conditions’) from 2007 until 2011 (Keller et al.
2012b). Apart from the activities to use

molecular markers for describing the diversity
and excluding undesired duplicates, the main
subjects were cryopreservation and virus elimi-
nation. The main outcome of this project was the
establishment of an initial European Core Col-
lection of garlic covering 200 accessions which
fulfill the criteria of Most Appropriate Acces-
sions set by the European Genebank Integrated
System AEGIS.38 This core collection is pre-
served by a tripartite cryobank situated in the
Czech, German and Polish genebanks. This
safety duplication has been implemented in
March 2010. Safety duplication is now an
important constituent of the FAO genebank
standards (FAO 2014; Hanson 2017). Thus, all
the 200 accessions are safety-duplicated between
the three partners so that all of them are situated
in two places. Another joint action in this context
was a small project financed by ECPGR/AEGIS,
in the course of which three European partners
(genebanks from Germany, Poland and Portugal)
successfully adapted the droplet-vitrification
technique to cryopreserve bases of young garlic
inflorescences, which had been published by
Kim et al. (2006), to the European conditions
(Keller et al. 2011c).

Apart from these projects, directly focussed on
genetic resources of Allium, several research pro-
jects had a substantial impact on Allium
genebanking. In the years 1996–2001, a project
was funded by the General Directorate for
Research of EU named ‘Tailoring the onion crop
for the twenty-first century. The development of
high quality fresh and processed onions’ (FAIR
CT95-465). Though it was mainly focussed on the
organo-sulphur and carbohydrate metabolism, it
also contributed to the establishment of a working
collection of onion which proved to be very useful
for the evaluating the onion germplasm for
organo-sulphur and carbohydrate compounds
(e.g. Kahane et al. 2001). From 2000 to 2004,
another EU project on Allium was granted entitled
‘Garlic &Health, the development of high-quality
garlic and its influence on biomarkers of
atherosclerosis and cancer in humans for disease
prevention’ (QLK1-CT-1999-498). This project

37https://www.croptrust.org/. 38http://www.ecpgr.cgiar.org/aegis/about-aegis/.
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focussed on the potential health beneficial effects
of garlic, and produced amongst others detailed
data on the organo-sulphur metabolism in garlic
germplasm (Kik et al. 2001; Kamenetsky et al.
2007; Zheng et al. 2007; Huchette et al. 2007;
Jones et al. 2007; Espirito Santo et al. 2007; Siess
et al. 2007). From 2004 to 2006, a research grant
from the EU was obtained in the framework of the
SEAFOODplus project which was carried out in
the sixth framework programme of the EU. In this
research grant, research was carried out to analyse
the interaction between garlic germplasm and
arbuscular mycorrhizal fungi in the uptake of
selenium and conversion into organo-selenium
compounds (Larsen et al 2006).

For special research topics, such as cryop-
reservation of Allium, a COST grant was obtained
from the European Science Foundation (ESF).
The COST action 871 CRYOPLANET (‘Cryop-
reservation of Crop Species in Europe’—2007–
2010) brought together many researchers from
Europe to further develop cryopreservation by
scientific meetings and training courses including
Allium cryopreservation (Keller et al. 2011b).

3.9 Conclusions

An update is given on the progress that has been
made in the management of Allium genetic
resources over the past 25 years. A significant
development during the past twenty-five years
since Astley wrote his chapter on Allium genetic
resources in the book entitled Onions and Allied
Crops (Rabinowitch and Brewster 1990) has
been the introduction and further development of
web-based information systems (e.g. GENESYS,
PLANTSEARCH), which facilitated the
exchange of data to a large extent between
Allium collection holders worldwide. These
information systems made it possible to obtain an
overview of the Allium genetic resources man-
aged worldwide. However, these overviews are
at the moment not completely accurate as many
collection holders did not yet contribute to these
systems. Nevertheless, it became already clear,
that still, large gaps are present in Allium col-
lections worldwide, especially with respect to the

wild crossable relatives of the various Allium
crops. This warrants future collecting expeditions
to the centres of biodiversity of the various
species.

A second significant area of progress in
Allium genetic resources is the development of
new methods for the maintenance of Allium
germplasm. An important development in this
area was the introduction of cryopreservation.
This method has made it possible to maintain
Allium accessions in a cheap and effective way.
The method is especially important for the con-
servation of vegetatively maintained germplasm.
The more ‘traditional’ methods, such as ex situ
field and seed management were refined in the
past 25 years, but not essentially revolutionized.

Other developments in Allium genetic
resources are the improvement of the health
status of the germplasm kept in the collections
and furthermore the ongoing characterization and
evaluation of accessions, stimulating the utiliza-
tion of the Allium genetic resources.

Fundamental changes could also be observed
with respect to acquisition and exchange of plant
genetic resources everywhere in the world due to
many and complex new regulations on the legal
and organizational levels due to the adoption of
the CBD and IT-PGRFA by many countries. It
makes the handling of the plant accessions safer
and more consistent but also more circumstantial.

Finally, we need to underline that in a more
and more changing world with all the threats of
genetic erosion and extinction due to disappear-
ance of traditional cultivation methods, devasta-
tion of our environment and climatic change, the
conservation of genetic resources remains of
prime importance for agriculture. Especially for
breeders and researchers, this is true as a highly
diverse gene pool is for them an invaluable trea-
sure. The importance to keep this treasure will no
doubt become even more important in the future.
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4Classical Genetics on Gene Mapping

Ali Fuat Gökçe

Abstract
While onion (Allium cepa L.) plants have
significantly different morphologies in height,
leaves, scape, and inflorescence, their bulbs
differ in pungency, color, size, firmness, shape,
tightness of bulb scales and neck. As in other
vegetables, resistance to diseases, better quality,
high yield, and uniformity are the major breed-
ing achievements in onion. However, being a
biennial plant with alternative seed-to-bulb and
bulb-to-seed generations, the genetic progres-
sion of any desired trait in onion is relatively
slow. This chapter reviews general breeding
objectives, genetics and morphological markers
found in seed, seedling, leaf, scape, bulb scale,
and flower, genetics of some biotic and abiotic
stresses, and cautions for marker-assisted selec-
tion to develop maintainer lines.

4.1 Breeding Goals for Edible Onion

The Allium genus widely dispersed over temperate
and warm-temperate zones of the northern
hemisphere in Turkey, Iran, Iraq, Afghanistan,

Kazakhstan, and western Pakistan (Hanelt 1990).
The Alliums are very diverse with more than 500
species including important vegetable and orna-
mental types and typically grow in fairly infertile
places, in steppes, dry mountain slopes, stony or
stony open sites, or summer-dryflora (Hanelt 1990;
Jones and Mann 1963; Traub 1968). The edible
Alliums include several cultivated economically
and dietarily important species such as the bulb
onion (A. cepa), the closely related shallot (A. cepa
var. ascalonicum) and potato onion (A. cepa var.
aggregatum), chive (A. schoenoprasum), Chinese
chive (A. tuberosum), Japanese bunching onion
(A. fistulosum), garlic (A. sativum), leek
(A. ampeloprasum var. porrum syn. A. porrum),
and rakkyo (A. chinense) (Havey 1995a).

Common onion (A. cepa) is the most impor-
tant among the genus along with garlic (A. sati-
vum). Vavilov (1951) indicated its origin belongs
to the Central Asiatic Center, including north-
west India, all of Afghanistan, the former Soviet
republics of Tajikistan and Uzbekistan, and
Western Tian-Shan. Secondary centers for onion
are the Near-Eastern Center, the interior of Asia
Minor, Trans-Caucasus, the high ground of
Turkmenistan and Iran, whereas the Mediter-
ranean center was hypothesized to be the origin
of large-sized onions (Vavilov 1951). Common
onion is believed to be domesticated in fields of
the Afghanistan, Takistan, Tajikistan, or northern
Iran (Brewster 1994). They have been cultivated
for many centuries, and today, they are grown,
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traded, and consumed almost worldwide, and
traditionally maintained as open-pollinated pop-
ulations. The bulb onion, Chinese chive, chive,
Japanese bunching onion, and leek, on the other
hand, are mainly seed propagated (Havey
1995a).

Bulb formation in onion is affected by both
day length and temperature. Cultivated onions
that require 14 h or more to bulb are classified as
long-day, and those that bulb as day length
exceeds 11–12 h are considered to be short-day
onions (Pike 1986). Other than these two major
types, there is also a third group with bulb for-
mation in between these two major groups, called
as an intermediate day length type. Apart from
bulbing requirements, onion plants also come
with significantly different height, leaves, the
morphology of scapes and inflorescence. Fur-
thermore, onion bulbs differ in pungency, color,
size, firmness, shape, single center, and tightness
of bulb scales and neck. As in many other veg-
etables, breeding for resistance to diseases, better
quality, high yield, and uniformity are the major
goals for agricultural production in onion. The
consumer choices, on the other hand, are also
very important for onion breeding considering
wide differences in traditional cooking prefer-
ences of this worldwide grown vegetable in
every culture. With the growing concern on the
adverse effects of pesticide usage in agriculture
for human health and the environment and the
need to reduce the cost of using pesticide sprays,
breeding disease-resistant onion cultivars has
become one of the utmost onion breeding goals.
It is also important to mention that the pesticides
commonly used for the control of disease
spreading are no longer registered and, currently,
there are relatively few chemicals available for
onion growers. Unfortunately, being a biennial
plant with alternative seed-to-bulb and
bulb-to-seed generations, the genetic progression
is relatively slow in onion, and the breeding
studies require a double time period compared to
annual crops, which limits the achievement of
any desired trait in onion.

4.2 Overview of Basic Breeding
Traits

Bulb color, size, shape, pungency, amount of
total soluble solids, firmness, dormancy, resis-
tance to biotic stresses, and tolerance to abiotic
stresses are the most important bulb quality traits
for onion breeding. McCollum (1966, 1968,
1971) reported that bulb diameter and weight
were highly affected by environmental conditions
indicating low heritability, high heritability of
soluble solids (62–82%) with a negative genetic
correlation between soluble solids, and bulb size,
while the soluble solids, bulb shape, and size
were characterized by quantitative phenotypic
variation suggesting quantitative inheritance.
The QTL correlated with traits of pungency,
solids, and antiplatelet activity was later identi-
fied by Galmarini et al. (2001).

The bulb color is another important factor for
onion breeding which highly depends on the
consumer preferences in different locations of the
world. The first extensive study of the bulb color
inheritance identified an incompletely dominant
factor (I over i) as the inhibiting factor for the
expression of color (Rieman 1931). Later, Clarke
et al. (1944) proposed a three independent factor
scheme for bulb color development. Here, the
C gene that was completely dominant over c was
hypothesized to be definitely required for any
pigment formation in the onion bulb, and the
R gene was responsible for the development of
red color. A dominant allele at the G locus was
shown to be responsible for the golden bulb color
without any pink, and the red pigment is condi-
tioned by dominant L (El-Shafie and Davis
1967).

Fusarium basal rot (Fusarium oxysporum f.
sp. cepae), neck rot (Botrytis allii), white rot
(Sclerotium cepivorum), pink root (Pyrenochaeta
terrestris), downy mildew (Peronospora
destructor), purple blotch (Alternaria porri), and
leaf blight (Botrytis squamosa) are still among
the most common onion diseases causing sig-
nificant losses as reported by Havey (1993b).
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Resistances to some, but not all of these diseases
have been reported, including purple blotch
(Riollano 1943), downy mildew (Warid and
Tims 1952), Botrytis neck rot (van der Meer et al.
1970; Miyaura et al. 1985), and white rot
(Utkhede and Rahe 1978).

4.3 Classical Genetics of Onion

The biennial nature of the plant limits the study
of onion genetics compared to that of annual
crops requiring less time to understand the
genetics of most important traits. An outstanding
review of the biochemical, classical, and molec-
ular markers of onion emphasizing sources of
each was published by Cramer and Havey
(1999). Nevertheless, the availability of onion
germplasms possessing the genes nominated in
this report is currently unknown.

4.3.1 Morphological Markers Found
in Onion Seed, Seedling,
Leaf, and Scape

Table 4.1 summarizes the morphological mark-
ers identified in onion seed, seedling, leaf, and
scape.

The common onion seed coat color is black
controlled by the b locus with a genotype of
B (Davis 1966). However, homozygous recessive
genotypes with bb locus are characterized by a
brown seed coat (Davis 1966).

The morphological markers in onion seedling,
such as albino, pale green, yellow lethal, and
virescent, are mostly characterized by chlorophyll-
deficient mutants and, therefore, under the natural
selection pressure. For example, albinism (a) is a
recessive gene not interferingwith the growth of the
plant, whereas homozygous recessive (aa) plants
cannot even survive seedling stage (Jones et al.
1944; Rasmusson 1920). The pale-green-colored
onion seedlingswith the lethal locus pale green (pg)
cause the death of the newly emerging seedling
possessing homozygous recessive (pgpg) locus

(Jones et al. 1944). Jones et al. (1944) suggested
two yellow lethal genes with the observation that
some seedlings with yellow lethal allele also
specified with a morphological change in leaves,
glossy foliage. Seedlings with light-yellow leaves
that die shortly after germination were identified as
homozygous recessive (y1y1y2y2) in terms of the
yellow lethal loci, y1 and y2 (Jones et al. 1944;
Rasmusson 1920). Two recessive (vv) alleles,
virescent (v), were shown to result in seedlings
having pale-green foliage at low temperatures
(Jones et al. 1944). Virescent plants, as opposed to
other chlorophyll-deficient mutants, can survive
and the color of the foliage becomes similar to that
of nonvirescent foliage by development (Jones
et al. 1944). They are, however, characterized by
reduced bulb yield with smaller in size and lower
seed set, and therefore, are still considered to be
under the natural selection pressure.

The yellow lethal locus (y1) linked glossy
foliage, having no or weak wax on the surface of
the leaf, is caused by a recessive allele at the gy
locus. Glossy foliage locus was correlated with
the thrips (Thrips tabaci Lindeman) resistance
(Jones et al. 1944; Molenaar 1984). Scape
glossiness, however, is governed by separate
loci, which is conditioned by homozygous
recessive genotypes at both loci (gls1 and gls2)
(Molenaar 1984). The gls1 locus was reported to
be epistatic to gls2 and double glossy scapes
were characterized by two recessive alleles at
both loci (Molenaar 1984). A dominant allele at
the gls2 locus leads to an intermediary phenotype
between double glossy and single glossy scapes,
whereas a dominant allele at the gls1 locus pro-
duced single glossy scapes, irrespective of the
alleles at the gls2 locus (Molenaar 1984). These
three loci for glossiness were suggested to be
linked by Molenaar (1984).

Rabinowitch et al. (1984, 1991) described the
dwarf scape locus inheritance, dw1, as a single
gene, whereas the F3 segregation of families from
crosses between normal and dwarf cultivars
suggested the presence of several other loci
governing the variation in the scape height
(Horobin 1986).

4 Classical Genetics on Gene Mapping 55



Table 4.1 Morphological marker loci of onion seed, seedling, leaf and scape

Loci Genotypes Phenotypes Clarifications References

B bb Brown Brown seed coat. Wild-type is black Davis (1966)

Bb Black

BB Black

A aa Albino Albino. Chlorophyll-deficient seedlings.
Albino plants die soon after germination.
Under natural selection pressure, only carried
by heterozygous genotypes to the subsequent
generation

Jones et al. (1944),
Rasmusson (1920)Aa Green

AA Green

Pg pgpg Pale Pale green foliage. Seedlings soon die. Under
natural selection pressure, only carried by
heterozygous genotypes to the subsequent
generation

Jones et al. (1944)

Pgpg Green

PgPg Green

Y1 y1y1 Yellow Yellow lethal. Linked with glossy foliage Jones et al. (1944)

Y1y1 Green

Y1Y1 Green

Y2 y2y2 Yellow Yellow lethal. Not linked with glossy foliage Jones et al. (1944)

Y2y2 Green

Y2Y2 Green

y1y1/y2y2 Yellow Double gene action with a complete
dominance

Jones et al. (1944)

y1_1/_2_2 Green

_1_1/_2y2 Green

Y1Y1/Y2Y2 Green

V vv Virescent Virescent foliage. Virescent onion plants are
not as vigorous in growth as plants with
nonvirescent foliage

Jones et al. (1944)

Vv Vigorous

VV Vigorous

Gl glgl Glossy Glossy foliage. Correlated with resistance to
thrips

Jones et al. (1944)

Glgl Waxy

GlGl Waxy

Gls1 gls1gls1 Glossy Glossy scape 1. Reported as epistatic to gls2.
Correlated with thrips resistance.

Molenaar (1984)

Gls1gls1 Waxy

Gls1Gls1 Waxy

Gls2 gls2gls2 Glossy Glossy scape 2. Correlated with thrips
resistance

Molenaar (1984)

Gls2gls2 Waxy

Gls2Gls2 Waxy

gls1gls1/gls2gls2 Double
Glossy

Double gene action with an epistatic action of
the gls1 to gls2

Molenaar (1984)

__1__1/Gls2gls2 Mid
Glossy

Gls1gls1/__2__2 Single
Glossy

Gls1__1/Gls2_2 Waxy

Dw1 dw1dw1 Dwarf Dwarf seed stalk. Some other genes may also
be responsible in seed stalk height

Horobin (1986),
Rabinowitch et al. (1984),
Rabinowitch et al. (1991)

Dw1dw1 Tall

Dw1Dw1
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4.3.2 Morphological Markers Found
in Onion Scale

Onion bulbs with various scale colors are pre-
ferred by consumers in different locations of the
world and their genetics are summarized in
Table 4.2. The first extensive study of the bulb
color inheritance dates back to Rieman (1931),
where an incompletely dominant factor (I over
i) was described as the inhibiting factor for the
expression of color. Bulbs are white when I ho-
mozygous dominant (II), regardless of the other
genes. Clarke et al. (1944) proposed three inde-
pendent factors governing the pigmentation of
onion bulb;

(a) the I gene that was Rieman’s inhibiting factor,
(b) the C gene completely dominant over c and

needed for the production of any pigment,
and

(c) the bulb color is governed by a indepen-
dent third gene, where a dominant allele at
the G locus resulting a golden color without
any pink. The red pigment is governed by
the fourth L locus with a dominant L allele,
and the fifth locus R gene results in red color
(El-Shafie and Davis 1967).

Accordingly, when homozygous recessive at
I and a dominant allele at C, bulbs with a dom-
inant allele at R are red (iiC_R_), and with
recessive r alleles are yellow (iiC_rr). The
genotype of IiCCrr is buff white, of recessive
(iiccR_) and of dominant (II__) are white, and of
iiC-G-L-rr is golden (El-Shafie and Davis 1967).
Heterozygosity at L or R loci results in light-red
or pink scales. A complementary light-red bulb
color described by Jones and Peterson (1952)
was hypothesized to be conditioned by the
interaction of the R and L loci (El-Shafie and
Davis 1967). Although light-red bulb color was
later assigned to be governed by Crb-1 loci (King
et al. 1998a, b), the relationship among Crb-1, R,
and L are still unknown. Homozygous recessive
(iiC_ggllrr) bulbs are chartreuse, where a domi-
nant allele at the third locus, G, produces golden
bulbs (iiC_G_llrr) (El-Shafie and Davis 1967).
The homozygous dominancy at the fourth locus

L and the fifth locus R leads to dark-red bulbs
and, their heterozygosity at either locus results in
light-red or pink scales (El-Shafie and Davis
1967). Since the fifth locus R controls the
quantity of red pigmentations produced by the
epidermal cells of the scale, light-red or pink
bulbs are governed by a dominant R allele
(iiC_R_) and brown or yellow bulbs by the
recessive r allele (iiC_rr) (El-Shafie and Davis
1967).

4.3.3 Morphological Markers Found
in Onion Flower

Some loci governing floral morphology and
predominantly male sterility in onion flower have
been well studied due to its importance for
hybrid seed production (Table 4.3).

The trait observed in some plants, where the
perianth does not fully develop around the
reproductive organs and appear to be protruding
from the bud, is referred as exposed anthers (ea)
and governed by the recessive genotype at the
locus (Jones et al. 1944). Anthers can be both
green and yellow, and yellow anthers are con-
ditioned by the presence of two recessive alleles
of the ya locus (Jones et al. 1944). Although
there is no segregation data available, Davis
(1960) suggested white perianth to be recessive
and controlled by a single locus.

Cytoplasmic-genic male sterility (CgMS) is
formerly reported as CMS (cytoplasmic male
sterility). However, “cytoplasmic male sterility”
and “cytoplasmic-genic male sterility” are two
different types of male sterilities, both are
abbreviated as “CMS” causing confusion.
Herein, CMS will be used for cytoplasmic male
sterility and CgMS for cytoplasmic-genic male
sterility. The male-sterile (S) cytoplasm was first
described by Jones and Emsweller (1936). The
male sterility is governed by the interaction of the
cytoplasm, normal (N) male-fertile versus
male-sterile (S) cytoplasm, and a single nuclear
gene (Ms) (Jones and Clarke 1943). The domi-
nant allele at the nuclear male fertility locus Ms
restores the male fertility in plants with S cyto-
plasm (Jones and Clarke 1943). The recessive
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allele (ms) conditions male sterility in plants with
S cytoplasm (S-msms), which is called as
cytoplasmic-genic male sterility (CgMS) (Jones
and Clarke 1943). All the plants with N cyto-
plasm, on the other hand, are male-fertile irre-
spective of the genotype at the Ms locus, and
plants having S-MsMs and S-Msms genotypes
are male-fertile owing to the presence of a
dominant allele (Jones and Clarke 1943). Since
the cytoplasm of onion shows maternal

inheritance, CgMS can be maintained by cross-
ing plants that are genetically similar but differ-
ing in the cytoplasm, i.e., S-msms plants with an
N-msms maintainer line (Table 4.3).

The second source of CgMS in onion, the
T-cytoplasm, was discovered in the French cul-
tivar Jaune Paille des Vertus by Berninger
(1965). Here, as opposed to S cytoplasm, male
sterility is controlled by the interaction between
the T-cytoplasm and three independently

Table 4.2 Morphological marker loci of onion scale color

Loci Genotypes Phenotypes Clarifications References

I ii
Ii

Depends
on the
other loci

Inhibitor of scale color. Must be homozygous
recessive to form colored scales

Rieman (1931)

II Dominant
white

C cc Recessive
white

Colored bulb scales. Must be dominant to form
colored onion bulbs. All bulbs white when the
dominant allele is absent

Clarke et al. (1944)

Cc Depends
on the
other loci

CC

Crb1 See the R
and L loci

Complementary red bulb. May be either R or L Jones and Peterson
(1952)

G gg Depends
on the
other loci

Golden scale color. Recessive allele gives chartreuse.
Must have a dominant allele for red bulb color

El-Shafie and Davis
(1967)Gg

GG

L ll Depends
on the
other loci

Red scale color 2. Results in red onion bulbs when
dominant, particularly when the R locus is recessiveLl

LL

R rr Depends
on the
other loci

Red scale color 1. Recessive allele results in yellow
or brown-colored onion bulbs

Clarke et al. (1944),
El-Shafie and Davis
(1967)

Rr

RR

II_ _ _ _ White

_cc _ _ _ White

IiCc _ _ _ Buff white

IiCC _ _ _ Pale pink

iicc_ _ _ White

iiC_ggllrr Chartreuse

iiCCG_llrr Yellow

iiC_G_ rrL_ Golden

iiCcggL_rr Pink

iiCCggL_Rr Pink

iiCCggllRr Pink

iiCCggLLRR Red
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Table 4.3 Morphological marker loci of onion flower

Loci Genotypes Phenotypes Clarifications References

Ea eaea Exposed Exposed anther locus. In the exposed phenotype, Perianth
does not fully develop around anthers

Jones et al.
(1944)Eaea Normal

EaEa

Ya yaya Yellow
anther

Yellow anther locus Jones et al.
(1944)

Yaya Green anther

YaYa

Ms S-msms Male Sterile S cytoplasm with recessive alleles leads cytoplasmic-genic
male sterility (S-CgMS). Either N-cytoplasm or a nuclear
dominant allele at Ms locus leads male fertility. N-msms is
used to seed propagate S-msms

Jones and
Clarke
(1943)

S-Msms Male fertile

S-MsMs

N-msms

N-Msms

N-MsMs

Ta T-aa Depends on
the loci B&C

Nuclear male fertility restorer locus in T-cytoplasm
independent from B and C loci

Schweisguth
(1973)

T-Aa Male fertile

T-AA

Tb T-bb Depends on
the loci A

Nuclear male fertility restorer locus in T-cytoplasm
complementary with the C locus and independent from A
locusT-Bb Depends on

the loci CT-BB

Tc T-cc Depends on
the loci A

Nuclear male fertility restorer locus in T-cytoplasm
complementary with the B locus and independent from A
locusT-Cc Depends on

the loci BT-CC

Ta
Tb
Tc

T-aabbcc Male sterile
T1

T-cytoplasm with homozygous recessive alleles at A locus
and at either B or C locus leads cytoplasmic-genic male
sterility (T-CgMS)

Schweisguth
(1973)

T-aabbC_ Male sterile
T2

T-aaB_cc Male sterile
T3

T-A_ __ __ Male Fertile A dominant allele at either A locus alone or at both B and C
loci lead male fertilityT-aa B_ C_

N-_ _ _

N-aabbcc Maintains
T1, T2, and
T3

All N cytoplasmic individuals are male fertile

N-aabb__ Maintains T1
and T3

N-aa__cc Maintains T1
and T2

__ G-__ Male sterile Galantum cytoplasm leads the cytoplasmic male sterility
(CMS). Any male fertile can be used to seed propagate

Havey
(1999)
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inherited recessive nuclear genes. These three
loci were later renamed by Cramer and Havey
(1999) as Ta, Tb, and Tc, as the names a, b, and
c was previously assigned in onion. Among these
three loci, the Ta gene operates independently of
Tb and Tc, where all T-aa plants with the
T-cytoplasm are sterile given that plant has T-
bbcc. Loci Tb and Tc, on the other hand, act
complementarily, where all T-aabbcc plants are
sterile (Schweisguth 1973). Dominance at the
A locus or at both the B and C loci is required for
restoration of male fertility (Table 4.3).

Besides the S- and T-cytoplasmic-genic male
sterility (CgMS) sources, the third type of male
sterility, cytoplasmic male sterility (CMS), was
developed by Havey (1999) while crossing A.
galantum Kar. et Kir. with A. cepa L and back-
crossing the hybrid to A. galanthum. In this cross,
the male-sterile backcross progenies possess the
Galantum cytoplasm and the nuclear genome of
the A. cepa L. Thus, the Galantum cytoplasm
completely lacking the anthers leads to the male
sterility. Unlike S- and T-CgMS, no nuclear locus
is needed to have male-sterile individuals, and as
expected, there is no report on the male fertility
restorer locus for this CMS system.

4.3.4 Morphological Markers
of Biotic and Abiotic
Stresses in Onion

Fusarium basal rot (Fusarium oxysporum f.
sp. cepae), neck rot (Botrytis allii), white rot
(Sclerotium cepivorum), pink root (Pyrenochaeta
terrestris), downy mildew (Peronospora
destructor), purple blotch (Alternaria porri), and
leaf blight (Botrytis squamosa) are among the
diseases causing significant losses in onion pro-
duction, whereas the resistance of only a number
of them (Table 4.4) have been reported to date
(Havey 1993b; Cramer and Havey 1999).

Resistance to Fusarium basal rot was reported
to be conditioned by either one locus (Tsutsui
1991), or two loci, designated as Foc1 and Foc2
(Bacher 1989; Bacher et al. 1989). Bacher et al.

(1989) suggested that genes partially dominant
for both loci (Foc1foc1 Foc2foc2) showed resis-
tant genotype and that the gene effects (Foc1-
Foc1Foc2Foc2) at each locus were additive.

Resistance to pink root was reported to be
inherited as a single locus with a recessive allele,
designated as pr1 (Jones and Perry 1956; Nichols
et al. 1965; Cramer and Havey 1999). Based on
the observation of some crosses, pink root
resistance was also speculated to be multigenic
with additional loci required for the presence of
resistance (Nichols et al. 1965).

Resistance to downy mildew was proposed to
be controlled by two recessive alleles (s1 and s2)
at two dominant loci (Warid 1952; Warid and
Tims 1952). The highest resistance to downy
mildew was observed when both loci were
homozygous (s1s1s2s2) recessive (Warid 1952;
Warid and Tims 1952). The transfer of a single
dominant locus (Pd1) for downy mildew resis-
tance was reported from A. roylei Stearn to A.
cepa L. and was proposed by Kofoet et al. (1990).

In addition, resistance to purple blotch was
reported to be governed by a single gene resis-
tance when it is recessive (Ekanayake and Ewart,
1997). Walker (1923) reported pigmented onion
bulbs are resistant to onion smudge, whereas
nonpigmented onions are susceptible, and white
onion bulbs are susceptible to diplodia stain
while red and yellow bulbs are resistant (Sumner
1995). Based on these observations, resistances
to onion smudge and diplodia stain were believed
to be connected with another trait, onion bulb
pigmentation (Walker 1923; Sumner 1995).

Except the resistance to ozone, there is very
limited information on the resistance to abiotic
stresses as expected from such a complex trait.
Engle and Gabelman (1966) described resistance
to ozone observed in several onion inbred lines to
be dominant and proposed that the resistance was
associated with the closure of leaky stomata
which prevents inner tissues damage by ozone.
Since Engle and Gabelman (1966) failed to
designate this locus, Cramer and Havey (1999)
proposed Oz locus for resistance to ozone
(Cramer and Havey 1999).
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4.4 Molecular Marker Assisted
Selection

Plant breeding to develop the desired trait
requires quite a long time, especially in biennial
plants such as onion; therefore, development of
genetic maps and markers are essential to speed
up the process. Traits that are difficult to pheno-
type under field conditions due to environmental
effect can easily be selected in the laboratory,
depending on the presence of a closely linked
marker, since alleles tend to be inherited together.

Genetic markers can be classified as mor-
phological, isozyme, or DNA markers. Morpho-
logical markers are often undesirable in breeding
programs, due to their deleterious pleiotropic

effect. DNA-based molecular markers, on the
other hand, are often common and in sufficient
numbers enabling generation of detailed genetic
maps within single species. The earlier molecular
marker based genetic maps were reported both in
onion (King et al. 1998a, b) and between A. cepa
and A. roylei (van Heusden et al. 2000a, b).

4.4.1 Marker Development Linked
to Ms Locus

Although several morphological markers have
been described for onion (Tables 4.1, 4.2 and
4.3), most of the work on marker development is
quite specific to the identification of molecular
markers neighboring the nuclear Ms locus

Table 4.4 Morphological marker loci of biotic and abiotic stresses in onion

Loci Genotypes Phenotypes Clarifications References

Foc1 foc1foc1 Susceptible Fusarium basal plate rot resistance locus 1. Partially
dominant with Foc2 shows additive resistance with
Foc2

Bacher (1989), Bacher
et al. (1989)Foc1foc1 Partial

resistant

Foc1Foc1 Resistant

Foc2 foc2foc2 Susceptible Fusarium basal plate rot resistance locus 2. Partially
dominant with Foc1 shows additive resistance with
Foc1

Foc2foc2 Partial
resistant

Foc2Foc2 Resistant

Pr1 pr1pr1 Resistant Pink root resistance locus. Reported that other
modifier genes may be involved in resistance

Jones and Perry (1956),
Nichols et al. (1965)Pr1pr1 Susceptible

Pr1Pr1

Pd1 pd1pd1 Susceptible Downy mildew resistance locus 1. Dominant gene
transferred from A. roylei

Kofoet et al. (1990)

Pd1pd1 Resistant

Pd1Pd1

S1 s1s1 Resistant Downy mildew resistance locus 1. Reported in
Calred onion. Shows better resistance when both loci
homozygous recessive (s1s1 s2s2)

Warid (1952), Warid and
Tims (1952)S1s1 Susceptible

S1S1

S2 s2s2 Resistant Downy mildew resistance locus 2. Reported in
Calred onion. Shows better resistance when both loci
homozygous recessive (s1s1 s2s2)

S2s2 Susceptible

S2S2

Oz ozoz Susceptible Ozone tolerance locus. Individuals with recessive
alleles at the Oz locus susceptible to ozone stress.

Engle and Gabelman
(1966), Cramer and
Havey (1999)

Ozoz Tolerant

OzOz
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(Table 4.4) enabling the selection of maintainer
lines for hybrid seed production. Such markers
are quite important since they allow onion
breeders to retain only the maintainer plants (N-
msms), or to easily develop maintainer lines (N-
Msms) by reducing the number of plants to be
test crossed to a male-sterile line.

The identification of polymorphisms in the
chloroplast and mitochondrial DNAs that differ-
entiate N and S cytoplasms of onion allowed
breeders to identify the cytoplasm without crosses
(de Courcel et al. 1989; Holford et al. 1991; Havey
1993a; Satoh et al. 1993). Havey (1995b) and Sato
(1998) developed molecular markers to establish
the cytoplasm of an individual onion plant by the
polymerase chain reaction (PCR) which takes only
days, as opposed to years. Cytoplasmic determi-
nations are especially imperative given that
open-pollinated populations may completely pos-
sess S cytoplasm (Havey 1993a). That is especially
important in countries where hybrid-onion cultivar
seed has been reserved and used to improve
open-pollinated onion populations.

Segregation at the Ms locus was reported by
King et al. (1998a). However, since male fertility
restoration can be affected by the environmental
factors (van der Meer and van Bennekom 1969
and 1972) some families appearing male-sterile
at early stages can still shed pollen after over half
of the flowers in the umbel had dehisced. Gökçe
et al. (2002) suggested that the consistent
appearance of too few male-fertile plants may be
due to scoring the restoration of male fertility too
early, incomplete dominance, and/or reduced
penetrance of the dominant allele at Ms. Later
Melgar and Havey (2010) demonstrated that the
dominantMs allele shows incomplete penetrance,
requiring scoring male fertility restoration in S
cytoplasm over different environments and over
the entire pollination period of each umbel for
years to more confidently assign genotypes atMs.

4.4.2 Cytoplasmic-Genic Male
Sterility (CgMS)

The hybrid-onion seed production becomes
economically more feasible using CgMS.

Male-sterile plants possess S cytoplasm and are
homozygous recessive at the nuclear Ms locus
(S-msms). Male-sterile inbred lines can only be
seed propagated by crossing with a maintainer
line possessing normal (N) male-fertile cyto-
plasm and the homozygous recessive genotype at
the nuclear restorer Ms locus (N-msms). There-
fore, production of hybrid-onion seed is reliant
on the availability of maintainer lines (N-msms)
to seed-propagate the male-sterile (S-msms) lines
(Jones and Davis 1944). Development of main-
tainer lines (N-msms) from onion populations
with a high prevalence of the dominant allele at
Ms or the frequency of S cytoplasm, on the other
hand, has not been successful (Davis 1957;
Havey 1993a; Havey and Randle 1996; Little
et al. 1944; Satoh et al. 1993).

Sterile cytoplasm used to produce hybrid
onion in the USA traces back to an individual
plant discovered in the cultivar Italian Red at the
University of California Davis in 1925 (Jones
and Emsweller 1936). Bulbs from Italian Red
were selected from a commercial lot, planted,
and self-pollinated. One of those bulbs, Italian
Red 13-53, flowered normally, but failed to
produce seed and was only propagated by small
bulbs in the inflorescence (Jones and Emsweller
1936). The plants of genotype S-msms were used
as the female line in hybrid production and
CgMS was maintained by crossing S-msms
plants with a maintainer line (N-msms). The
male-sterile character of Italian Red 13-53 was
later incorporated into important commercial
onion inbreds by backcrossing (Jones and Davis
1944).

Numerous molecular markers have been
established to date to identify different cytoplasm
types to reduce time and labor required to iden-
tify cyto types by test crossing taking 4–8 years
due to the biennial cycle of onion (Havey 1995b;
Sato 1998; Engelke et al. 2003). Similarly, many
efforts have been made to identify molecular
markers closely linked to the Ms locus (Gökçe
et al. 2002; Bang et al. 2011, 2013; Havey 2013),
but their linkage phase validation in an unchar-
acterized population is needed before applying
them in molecular marker-assisted selection of
maintainer lines.
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4.4.3 Use of Cytoplasmic and Nuclear
DNA Markers Linked
to the Ms Locus

The nuclear and cytoplasmic onion genotypes
can be classified as N-msms, N-Msms, or S-Msms
by test crossing to a male-sterile plant (S-msms),
self-pollinating the male-fertile plant, and sepa-
rately scoring the male fertility of S1 and test-
cross progenies. The same procedure will
produce all male-fertile S1 and test cross phe-
notypes for N-MsMs and S-MsMs. For these
genotypes, a maintainer plant (N-msms) must be
crossed with N-MsMs and S-MsMs and proge-
nies from these crosses should be self-pollinated
and scored for male fertility to establish their
cytoplasms. The most commonly used source of
cytoplasmic-genic male sterility (CgMS) in
onion is conditioned by the interaction of
male-sterile (S) cytoplasm and the homozygous
recessive (S-msms) genotype at a nuclear male
fertility restoration (Ms) locus (Jones and Clarke
1943; Jones and Emsweller 1936).

Due to the biennial nature of onion, 4 to 8
years are necessary to determine if maintainer
lines (N-msms) can be selected from uncharac-
terized populations or segregating families
(Havey 1995b). Fortunately, molecular markers
flanking the Ms locus is available, the sequence
can be used to reveal polymorphism among
individuals or populations using the polymerase
chain reaction (PCR). These nuclear and
organellar markers can be used to select main-
tainer genotypes from onion populations or seg-
regating families and should reduce the number
of test crosses necessary to pinpoint maintainer
individual onion plants. Maintainer lines are used
to seed propagate male-sterile (S-msms) lines and
possess normal (N) male-fertile cytoplasm and
the homozygous recessive (N-msms) genotype at
Ms locus. Fortunately, PCR markers were
developed to distinguish N and S cytoplasms
(Havey 1995b; Sato 1998; Engelke et al. 2003)
and polymorphism flanking the Ms locus was
reported (Gökçe et al. 2002; Bang et al. 2011,
2013; Havey 2013). Identification of nuclear
markers closely linked to the Ms locus facilitates
the molecular-assisted selection of maintainer

lines. With the presence of these PCR markers,
one can define the cytoplasm or nucleus of an
individual onion plant in a day, as opposed to
years. However, breeders should consider two
possible cases while using molecular marker-
facilitated selection. The first is the possibility
that Ms linked marker is not the Ms gene to the
genotype. The molecular markers and Ms must
not be at or near linkage equilibrium to facilitate
molecular marker-assisted selection in a given
onion population and also that the marker and
Ms alleles might be repulsion phase of what
reported in the marker developed population
(Tekeli, 2015). The other case is that the bulb
onion is a diploid species with natural outcross-
ing rates ranging from 70 to 100% in the field.
Male-sterile plants must receive the male game-
tes from male-fertile plants in order to set seed.
Therefore, the frequency of the ms allele will
change over generations in onion populations
possessing S cytoplasm or mixtures of N and S
cytoplasms due to the natural selection since
male-sterile (S-msms) plants fail to produce male
gametes (Gökçe and Havey 2006).

Gökçe et al. (2002) evaluated the segragation
of the mapping families previously described
by King et al. (1998a) for linkage toMs locus and
reported a closely linked Ms marker. Gökçe and
Havey (2002) used Ms linked molecular marker
identified in their study in three different onion
populations to test the efficient use of this marker.
After evaluating the frequency of genotypes at the
molecular marker and Ms among plants from
three different onion populations, chi-square
analyses demonstrated that these two loci are at
linkage equilibrium indicating that adequate
generations of random mating had occurred to
reach linkage equilibrium assuming single Ms
locus (Gökçe and Havey 2002). Since
DNA-based markers linked to Ms locus are not
the alleles of the male sterility gene, they could
not be directly used to predict genotypes at Ms in
linkage phase unknown onion populations with-
out determination of allelic phases of theMs locus
and the molecular marker loci. Tekeli (2015) used
the Ms linked markers (Bang et al. 2013) in Ms
genotype known onion inbred lines and reported
that although markers and Ms alleles were at
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complete disequilibrium, they were at repulsion
phase of what reported by Bang et al. (2013).

Therefore, it is important to note that molec-
ular markers are useful when the breeder gener-
ates linkage disequilibrium by crossing among
restorer and maintainer onion genotypes. To use
the DNA markers flanking the Ms locus, one
should determine the alleles revealed by the
flanking DNA markers for the parents used in the
fertile-by-fertile cross. Coupling- or repulsion-
phase linkage with the recessive ms allele can be
identified. The segregation of the dominant and
recessive alleles at Ms can then be predicted
using these linked phase-known markers.
Although molecular characterization of nuclear
genotypes and the cytoplasm does not reduce the
onion breeding cycle (2 years per seed to seed
generation are still required), molecular identifi-
cation represents a more proficient use of
resources by decreasing the total number of
crosses and test crosses prerequisite to select
maintainer onion plants.
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5Cytological Details of Genome

Ludmila Khrustaleva

Abstract
This chapter presents a molecular cytogenetic
progress in the study of the Allium chromo-
somes and its application in onion breeding.
A crucial milestone in modern cytogenetics
has been the development of fluorescence
in situ hybridization (FISH) technology.
Thanks to FISH and numerous other technical
improvements it became possible to visualize
on chromosome repetitive and single-copy
DNA sequences that allowed to construct
cytogenetic maps and integrate them with
recombination maps. A complete set of alien
monosomic addition lines (AMALs) of A.
fistulosum with an extra chromosome from A.
cepa played an essential role for alignment of
Allium genetic maps to physical chromosomes.
The recent discovery of unusual Allium telom-
ere and the first achievement in the study of the
onion centromere provide insight into the
biology of this important functional structure
of chromosomes. The molecular cytogenetic
analysis of the Allium genome has revealed a
great species-specific diversity of the chromo-
some structure, which once again convinces us

in the complexity of the plant genome evolu-
tion. For the future, much more molecular
cytogenetic markers are needed to assist
whole-genome assembly in the ongoing
SEQUON—Onion Genome Sequencing pro-
ject. High-density cytogenetic maps will fill
the gaps between genome sequencing data and
the sub-chromosomal level.

5.1 Introduction

Each cell’s nucleus contains a certain number of
DNA molecules in each species. DNA molecule
is tightly coiled many times around proteins in
chromosome structure. An individual chromo-
some becomes visible under a microscope only
during cell division. The organization of genes,
tandem repeats, retrotransposons, satellite DNA,
and other chromosomal sequences related to the
frequency of recombination can be established
on the cytological study. In situ chromosome
analysis of the gene and other sequence locations
can provide a great deal of information for many
aspects of genetics and genome assembly that
can fully assist plant breeding.

Most Alliums are diploids (2n = 2x), with basic
chromosome numbers x = 8 (Eurasia and
Mediterranean basin), x = 7 (North America), or
x = 9 (Eurasia) (Havey 2002). Polyploids such as
triploids (A. rupestre, A. scordoprasum), tetra-
ploids (A. ampeloprasum, A. chinense, A. nutans),
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pentaploids (A. splendens), hexaploids (A. lin-
eare), and octoploids (A. nutans) also occur (Jones
and Rees 1968; Jones 1990; Konishi et al. 2011).
Genome sizes display 4.5-fold differences among
Allium species from 7 pg/1 C in A. altyncolicum
(Ricroch et al. 2005) to 31.49 pg/1C inA. ursinum
(Ohri 1998). Bulb onion (Allium cepa,
2n = 2x = 16) has one of the largest genomes
among crop plants, with its 17 pg (16 Gb) haploid
nuclear genome being more than 100-fold larger
than that ofArabidopsis. The huge genome of bulb
onion is placed in 8 large chromosomes and that
made this plant a good model in classical cyto-
genetics. However, from positions of modern
molecular cytogenetics, onion is a difficult subject
for scientific study. The mean condensation of an
onion mitotic metaphase chromosome has been
estimated at 249.6 Mb/lm, assuming uniform
condensation along the entire chromosome
(Khrustaleva and Kik 2001). This is much greater
than the condensation of the human chromosome
at 26.6 Mb/lm (Alberts et al. 1989) or tomato
chromosomes at 40.6 Mb/lm (Anderson et al.
1985). On an average, one onion chromosome
possesses the same amount of DNA as the entire
diploid genome of tomato. Chromatin condensa-
tion in onion chromosomes remains a riddle in
biology.

5.2 Allium Chromosome
Nomenclature and Homoeology
Relationships

Participants in a workshop on the onion chro-
mosome nomenclature held at the University of
Warwick, Coventry, U.K. on 8 September 1988
during the Eucarpia 4th Allium Symposium
agreed with Kalkman’s nomenclature (de Vries
1990). Since then, the nomenclature system
proposed by Kalkman (1984) has provided the
standard identification procedure of A. cepa
chromosomes. Cytogeneticists who have studied
the karyotype of A. cepa in several varieties of
LD, SD and multiplier genotypes including
shallots largely agreed to those of Kalkman
(Peffley and Currah 1988; de Putter and van de
Vooren 1988; de Vries and Jongerius 1988).

For six Allium species, de Vries and Jon-
gerius (1988) produced karyotype idiograms
based on morphometry and C-banding with the
chromosome nomenclature according to Kalk-
man’s standard system (Table 5.1). For these
species, chromosomes with the same rank order
number are not necessarily homoeologues. The
chromosomes known to be homoeologous are
the nucleolar organizing A. cepa and A. fistu-
losum chromosomes 6 because these satellite
chromosomes form bivalents clearly sharing
one nucleolus in pachytene and early diplotene
of an interspecific hybrid between A. cepa and
A. fistulosum (Jones and Rees 1968). Allium
cepa and A. roylei possess two 5S rDNA loci,
both localized on the short arm of the smallest
metacentric chromosome 7 (Shibata and
Hizume 2002; Fredotovic et al. 2014). Allium
fistulosum possesses one 5S locus on the short
arm of the smallest metacentric chromosome 7
(Son et al. 2012; Kirov et al. 2017). Thus, the
smallest metacentric chromosomes 7 of A.
cepa, A. roylei and A. fistulosum are homoeo-
logues. The homoeology relationships between
the remaining six chromosomes should be
proved in further cytogenetic studies of the
genus Allium.

5.3 Genes, Genetic Markers,
and Linkage Group Assignment
to the Chromosomes Via Alien
Monosomic Addition Lines

Alien monosomic addition lines (AMALs) con-
tain only one single chromosome of an alien
donor species in addition to the entire chromo-
some complement of the recipient species. The
genetic analyses of AMALs are an effective
approach to allocate genes and genetic markers
to physical chromosomes in wheat.

A unique resource—a complete set of mono-
somic alien addition lines, representing the eight
different chromosomes of shallot (A. cepa
L. Aggregatum group) in an A. fistulosum back-
ground (2n = 17, 16FF +C1-8) have been
developed (Shigyo et al. 1996, 1998).
Chromosome-specific genetic markers (ten
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isozymes, 5S rDNA and 16 RAPD markers)
(Shigyo et al. 1994, 1995a, b, 1996, 1997), genes
related to flavonoid and anthocyanin production
(Shigyo et al. 1997), genes involved in flavonoid
biosynthesis (partial sequence of candidate genes
CHS-A, CHS-B, CHI, F3H, DFR, ANS), and
3GT gene for glycosylation of anthocyanidin
(Masuzaki et al. 2006) have been assigned to the
individual shallot chromosomes (Table 5.2).

Using the AMALs, linkage groups based on
A. cepa-markers developed via the genetic anal-
ysis of an interspecific cross between A. cepa and
A. roylei with the AFLP marker were assigned to
the individual physical chromosomes of A. cepa
(van Heusden et al. 2000). The onion and shallot
accessions used in this study were genetically not
very different. More than 90% of their AFLP
fragments were equally sized in both the acces-
sions. Fifty-one AFLP markers of A. cepa that
were absent in A. roylei were distributed over all
eight linkage groups, thereby allowing the
assignment of these groups to chromosomes.
These 51 markers with their known chromoso-
mal origin, determined with the set of AMALs,
were used to find any correspondence between
the linkage groups and the physical chromo-
somes. The availability of a complete set of
AMALs allowed the detection of 186 A. cepa
chromosome-specific AFLP markers. Further 74
codominant onion EST-derived markers were
evaluated in the A. cepa x A. roylei interspecific
population, enabling the merging of the
AFLP-based maps (McCalum et al. 2012).

The AMALs were used to assign the onion
linkage groups constructed on the intraspecific
segregating population to physical chromosomes
(Martin et al. 2005). The low-density
intraspecific onion genetic map derived from
the BYG15-23 � AC43 segregating family
based primarily on restriction fragment length
polymorphisms (RFLPs) composed of 116
markers was developed (King et al. 1998). Later
100 new expressed sequence tag (EST)-derived
markers were added to the onion genetic map of
King et al. (1998) to produce the most detailed
intraspecific map to date, encompassing
1907 cM, and the linkage groups were assigned
to onion chromosomes (Martin et al. 2005).

Thus the AMALs developed by Shigyo and
his colleagues is the key resource that has
enabled alignment of Allium genetic maps to
physical chromosomes and facilitated a compar-
ative study among species (McCalum et al.
2012). The AMALs were also used to anchor
SSR-based maps in A. fistulosum to physical
chromosomes (Tsukazaki et al. 2008). Using the
AMALs and allotriploid-bunching onion single
alien deletions, 513 EST-derived markers were
assigned to the eight chromosomes of A. fistu-
losum and A. cepa (Tsukazaki et al. 2010). Data
concerning markers assigned in multiple studies
to the Allium physical map using AMALs have
been compiled and these data reveal extensive
synteny between A. cepa and A. fistulosum
(McCalum et al. 2012).

Table 5.2 Chromosome specific genetic markers of Allium cepa L. determined via AMALS

Chromosome Markera Source

1C Lap-1 Shigyo et al. (1995a)

2C Got-1, 6-Pgdn-2, CHS-A Shigyo et al. (1995a), Masuzaki et al. (2006)

3C Tri-1, CHI, F3H Shigyo et al. (1996), Masuzaki et al. (2006)

4C Mdh-1, CHS-B, ANS, 3GT Shigyo et al. (1996), Masuzaki et al. (2006)

5C Idn-1, Pgi-1 Shigyo et al. (1995b)

6C Adh-1, Got-2 Shigyo et al. (1994, 1995a)

7C 5S rDNA-3, DFR Shigyo et al. (1996), Masuzaki et al. (2006)

8C Gdh-1 Shigyo et al. (1995a)
aRAPD markers (see Shigyo et al. 1997) are not included in the table
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AMALs of A. cepa carrying extra chromo-
somes from A. roylei (RR, 2n = 2x = 16) were
constructed and all eight possible types of
A. cepa—A. roylei monosomic addition lines
(CC+R–CC+8R) were identified using the anal-
yses of isozymes, EST markers, and karyotypes
(Hoa et al. 2012). The availability of this
AMALs for scientists and breeders will extend
our knowledge about the A. roylei genome and
genetics and will improve the introgression of
desirable genes from A. roylei into A. cepa.

5.4 In Situ Direct Mapping
Genes/Markers on Allium
Chromosomes

How to visualize genes/markers and other DNA
sequences on physical chromosomes? Fluores-
cence in situ hybridization (FISH) provides
researchers with a way to visualize and map the
DNA sequence in a specific position of an indi-
vidual chromosome. FISH combines the chro-
mosome preparation of classical cytogenetics
with recombinant DNA technology. The
hybridization site of the labeled DNA probe on
chromosomal DNA is visualized using a
fluorescent reporter molecule directly or indi-
rectly bound to the probe.

5.4.1 rRNA Encoding Genes
Organized in Tandem
Arrays

The ribosomal RNA (rRNA) genes are arranged
in hundreds or thousands of tandem repeats and
are highly conserved between species. This
chromosome region is the most widely investi-
gated by FISH since the positions of these sites
are well known in the hundreds of plant species.
In higher eukaryotes, rRNA genes are organized
as two distinct multigene families comprised of
tandemly arrayed repeats. One family is repre-
sented by the 45 s rDNA which consists of a
transcriptional unit that codes for the 18S, 5.8S,
and 28S rRNAs, and an intergenic spacer (IGS).
Multiple copies of 45 s rDNA correspond to the

nucleolar organizer regions (NORs). The other
family codes for the 5S rRNA and consists of a
highly conserved coding sequence of 120 base
pairs (bp) which is separated from each coding
unit by an IGS. The 5S rDNA is not normally
associated with NORs (reviewed in Long and
David 1980). The 45S rDNA sequences were
shown to be on the NOR of the satellite chro-
mosomes and the 5S rDNA to be located, gen-
erally, on one of the other chromosomes (Gerlach
and Dyer 1980; Leitch and Heslop-Harrison
1992). Due to FISH technology, it was found
that the 45S rRNA genes are located not only on
the site of secondary constriction (NORs) but on
others sites where they were not previously
detected (Guerra et al. 1996). It is known that the
secondary constrictions represent only the
expression of rRNA genes which were active
during the last interphase and that other func-
tional sites may not form secondary constric-
tions, especially if located too close to the
terminal end of the chromosomes (Vanzela et al.
2003; Roa and Guerra 2012).

In A. cepa, the 45S rDNA were located on
short arm of NOR-bearing chromosome 6 and at
the distal region of the short arm of the smallest
chromosome 8 (Ricroch et al. 1992; Do et al.
2001; Mancia et al. 2015) (Fig. 5.1a). In A. fis-
tulosum, FISH probing with the 18S rDNA
(Hizume 1994) and 45S rDNA (Kudryavtseva
and Khrustaleva 2018 unpublished data)
(Fig. 5.1b) revealed the hybridization signal only
on the short arm of NOR-bearing chromosome 6.
In A. wakegi (2n = 2x = 16), a natural allodi-
ploid hybrid between A. cepa and A. fistulosum,
probing with 18S rDNA (Hizume 1994) and 45S
rDNA (Kirov and Khrustaleva 2018 unpublished
data) (Fig. 5.1c) revealed the fluorescent signals
on three chromosomes, at secondary constric-
tions of chromosomes 6 in A. cepa and A. fistu-
losum and on the short arm of chromosome 8 of
A. cepa. The parental origin of chromosomes was
proved by genomic in situ hybridization (GISH)
(Hizume 1994). The 5S rDNA genes have been
mapped to two loci (proximal and interstitial) on
the short arm of chromosome 7 of A. cepa
(Hizume 1994; Lee and Seo 1997) (Fig. 5.1d).
Shibata and Hizume (2002) analyzed the
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structure and chromosomal location of different
5S rDNA subunit of A. cepa using microdissec-
tion and FISH. The authors dissected separately
the proximal and distal segments of 5S rDNA
and used them as templates for PCR. They
showed that the long 5S rDNA unit was only

present distally and the short unit was predomi-
nantly located proximally on the short arm of
chromosome 7. In A. fistulosum, the 5S rDNA
genes have been mapped to one locus on the
short arm of chromosome 7 (Hizume 1994; Do
and Seo 2000; Kirov et al. 2017) (Fig. 5.1e).

Fig. 5.1 Application of FISH in the Allium genome
research. a Two-color FISH probing with 45S rDNA
(green) and 5S rDNA (red) in A. cepa. Photo by I. Kirov.
b FISH probing with 45S rDNA (green) in A. fistulosum.
Photo by N. Kudryavtseva. c FISH probing with 45S
rDNA (red) in A. x wakegi. Photo by I. Kirov. d FISH
probing with 5S rDNA (green) in A. cepa. Confocal
microscopy photo by D. Romanov. e Two-color FISH
probing with 5S rDNA (green) and HAT58 (red), the
arrows indicate polymorphic sites of HAT58 on the long
arm of chromosome7. Photo by I.Kirov f BAC-FISH

probing with the clone possessing of the LFS gene insert.
C0t-100 fraction was used as a block. Photo by
L. Khrustaleva. g Tyr-FISH probing with cocktail of
SNPs markers tightly linked to the Ms locus. Photo by
L. Khrustaleva. h FISH probing with HAT58, the arrows
indicate polymorphic sites of HAT58 on the long arm of
chromosome7. Photo by I. Kirov (i) Multicolor GISH in
the first generation of bridge-cross (A. cepa x (A. roylei x
A. fistulosum)), A. roylei (green), A. fistulosum (red) and
A. cepa (block DAPI, blue). Photo by L. Khrustaleva
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The FISH study of 15 Allium species showed that
the 5S rDNA were primarily located on chro-
mosomes 5 and/or 7 in diploid species and var-
ious chromosomes in alloploid species (Do and
Seo 2000).

5.4.2 Unique Genes Mapping
on Highly Condensed
Allium Chromosomes

5.4.2.1 BAC-FISH Mapping
While rRNA genes organized in tandemly
arrayed repeats can be easily localized by FISH,
unique genes have not been readily mapped on
physical chromosomes due to the technical
challenge of visualizing a small target DNA. In
plant species with small gene-rich genomes, such
as Arabidopsis thaliana (Koornneef et al. 2003)
or rice (Jiang et al. 1995), detection of specific
loci can be accomplished by FISH with large
genomic Bacterial Artificial Chromosome
(BAC) clones as probes. Unfortunately, the
onion genome contains families of abundant
repetitive elements (Stack and Comings 1979;
Pearce et al. 1996). So, any clone that includes a
copy of a repetitive DNA will hybridize across
the genome, making it unsuitable as a FISH
probe. Overcoming the technical difficulties for
the first time, BAC clones possessing the
lachrymatory factor synthase (LFS) gene were
mapped on the A. cepa chromosome (Masamura
et al. 2012) (Fig. 5.1f). The C0t-100 fraction was
used to block the repetitive sequence on a target
DNA. Two totally sequenced BAC clones,
2E8/10 and 4F10/155, were hybridized to the
mitotic metaphase chromosome. Sequence com-
parison of two BAC clones bearing LFS genes,
LFS amplicons from diverse germplasm, and
expressed sequences from a doubled haploid line
revealed variation consistent with duplicated LFS
genes. The BAC-FISH study showed that these
BAC clones are co-localized in the proximal
region of the long arm of the chromosome 5.
However, the clones can be distant from each
other up to 25 Mbp and still be located in the
same position because of high compactization of
mitotic metaphase chromosome and the

resolution limit of a conventional light micro-
scope. The results suggested that LFS in A. cepa
is transcribed from at least two loci and that they
are localized on chromosome 5. Genetic mapping
of polymorphisms detected by heteroduplex
analysis of LFS amplicons in the A. cepa x A.
roylei interspecific cross revealed co-segregation
with markers linked to chromosome 5 (Masa-
mura et al. 2012). The position of LFS on the
genetic map was linked with its position on the
physical chromosome (Fig. 5.2b).

5.4.2.2 ESTs Mapping
ESTs are attractive candidates for chromosomal
gene mapping because they possess
protein-coding sequences and often do not con-
tain dispersed repetitive DNA sequences that
may complicate FISH signals. These probes do
not require blocking of dispersed repeat sequen-
ces by Cot fractions. Unfortunately, detection of
such small unique sequences on plant chromo-
somes has been difficult because the length of the
target chromosomal DNA that can be routinely
visualized by FISH is 10 kb (Jiang et al. 1995;
Jiang and Gill 2006), which is longer than the
average gene length of 2.5–4.0 kb. To overcome
the FISH sensitivity limitation, Raap et al. (1995)
introduced the use of fluorescent tyramide con-
jugates as substrates for Horse Radish Peroxidase
(HRP) into FISH technology. The technique
combines the advantage of an enzymatic proce-
dure that provides signal amplification due to the
deposition of many substrate molecules, and that
of fluorescence-based detection, which is higher
than absorbency used in enzymatic detection.
With this method, the detection sensitivity can be
increased up to 100 times compared to the con-
ventional FISH procedure. Khrustaleva and Kik
(2001) have adapted for plant cytogenetics this
ultrasensitive FISH method termed tyramide-
FISH (Tyr-FISH). The authors were able to
visualize the position of T-DNA inserts as small
as 710 bp in transgenic shallots. Another prob-
lem faced by researchers is the presence of a cell
wall in plants that hampers the availability of the
target DNA sequence for the hybridization probe.
The chromosome preparation procedure has a
very strong impact on chromatin accessibility
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and short probe detection. Recently, a novel
method named “SteamDrop” for the preparation
of high-quality well-spread mitotic and pachy-
tene chromosomes of plants was developed
(Kirov et al. 2014, video of “SteamDrop” method
available at www.plantgen.com). The sequence
information about expressed sequence tags
(ESTs) and genes that have been sequenced or
partially sequenced are available publicly from
GenBank at the NCBI (http://www.ncbi.nlm.nih.
gov/genbank/) for the construction of primers or
oligonucleotides to produce a DNA probe for
in situ mapping. Using Tyr-FISH, the
EST-clones API15 (GenBank Accession Num-
ber: BE205550.1), API59 (BE205590.1), API23
(BE205556.1), API92 (BE205605.1), and API66
(BE205593.1) were visualized on chromosome 5
of A. cepa, which carries several QTLs and
desirable genes (Romanov et al. 2015).
These EST clones were previously mapped in the
same linkage group that was assigned to chro-
mosome 5 (King et al. 1998; Martin et al. 2005).
The position of these markers on the genetic map
was integrated with their physical position on a
chromosome. Through the integration of genetic

and cytogenetic maps, the distribution of
recombination events along onion chromosome 5
was estimated. The highest base pair/
centimorgan estimates were (0.8 Mb/cM)
between the markers API59-H3-15.0/9.5,
API92-E1-11.0/12.0, and API66-E5-6.7/9.5
located in the interstitial region and over 20 times
less (21.8 Mb/cM) for API23-H3-12.0/6.5 and
API15-E1-3.0 markers located in the proximal
region (Romanov et al. 2015).

5.4.2.3 Markers Tightly Linked
to the Male Fertility
Restoration Locus (Ms)
of Onion

The importance of knowledge about the gene
position on the physical chromosome was clearly
demonstrated in the work on the Tyr-FISH
mapping of markers linked to Male Fertility
Restoration Locus (Ms) in A. cepa (Khrustaleva
et al. 2016). Hybrid onion seed is commonly
produced using cytoplasmic male sterility
(CMS). Seed propagation of male-sterile plants
(S msms) is possible by crossing with maintainer
(N msms) plants (Jones and Davis 1944) and

Fig. 5.2 Integration of the gene position on physical
chromosome into recombination map. a Ms locus visu-
alized on the long arm of chromosome 2 of A. cepa using
tyr-FISH. The chromosome extracted from metaphase on

Fig. 5.1g. b LFS locus visualized on the long arm of
chromosome 5 of A. cepa using BAC-FISH. The
chromosome extracted and straightened from metaphase
on Fig. 5.1f

74 L. Khrustaleva

http://www.plantgen.com
http://www.ncbi.nlm.nih.gov/genbank/
http://www.ncbi.nlm.nih.gov/genbank/


selection of superior maintainer lines is a primary
focus of hybrid onion breeding programs. To
more quickly determine genotypes at Ms, several
research groups have identified molecular mark-
ers from the genome or transcriptome showing
linkage to Ms (Gökçe et al. 2002; Gökçe and
Havey 2002; Huo et al. 2012; Yang et al. 2013;
Bang et al. 2013; Havey 2013; Park et al. 2013;
Kim 2014). Many markers linked to Ms have
been identified even though in some cases rela-
tively few clones or primers were screened. It is
known that genetically close markers may actu-
ally be far apart in terms of base pairs (or vice
versa) due to differences in the frequency of
recombination along the length of a chromo-
some. Thus, in chromosome regions experienc-
ing relatively low recombination showing tight
genetic linkage may be quite physically distant
from each other. Tyr-FISH probing with the
markers linked to Ms (SNPs and RFLP) revealed
the proximal locations of these markers close to
the centromere on the long arm of chromosome 2
(Khrustaleva et al. 2016) (Fig. 5.1g), a region of
lower recombination (Albini and Jones 1988).
The position of Ms on the genetic map was
linked with its position on the physical chromo-
some (Fig. 5.2a). Four markers were co-localized
at a relative position from the centromere
−0.1 ± 0.02 on high condense mitotic meta-
phase chromosome. On super-stretched pachy-
tene chromosomes, four markers were visualized
as a linear string of fluorescent signals measuring
7.4 ± 0.6 µm. If the lengths of super-stretched
pachytene chromosome are assumed to be 20
times longer than regular pachytene chromo-
somes and correspond to 1.5 Mb/µm (Koo and
Jiang 2009), the markers would be located across
a 10-Mb region. This does not diminish the
usefulness of these molecular markers to predict
genotypes at Ms; however, it does indicate that
eventual map-based cloning of Ms may be
arduous. As the cost of DNA sequencing con-
tinues to decline, the nuclear genome of onion
will eventually be sequenced and assembled.
Nevertheless, identification of candidates for Ms
may be difficult because flanking markers may
not locate onto a single contig.

5.5 Chromosomal Organization
of Repetitive DNA Sequences

5.5.1 Tandem Repeats

A tandem repeat in DNA is two or more adja-
cent, approximate copies of a pattern of nucleo-
tides. Tandem repeats are associated with
important chromosomal landmarks such as cen-
tromeres, telomeres, subtelomeric, and other
heterochromatic regions and have been widely
studied during the last decades (Henikoff et al.
2001; Jiang et al. 2003; Koo et al. 2011). The
first publication on chromosomal distribution of
tandem repeats in Alliums was written by Barnes
et al. (1985). A 375-bp fragment was isolated
from the BamHI digest of A. cepa genomic DNA
that was cloned and sequenced. The tritiated
plasmid DNA was hybridized to metaphase
chromosomes and detected on autoradiographs.
The 375-bp tandem repeats were located at the
telomeric ends of all chromosomes except on the
short arm of NOR-bearing chromosomes. The
375-bp tandem repeats constitute about 4% of the
A. cepa genome. Later, Irifune et al. (1995) iso-
lated a 380 bp DNA sequence in EcoRV digests
of the total genomic DNA of A. fistulosum and
showed with FISH that this tandem repeat had
the same chromosomal localization as the 375 bp
repeat in A. cepa. Moreover, the 380 bp DNA
sequence of A. fistulosum had 82% homology
with the 375 bp repeat of A. cepa. A copy
number of the 380 bp tandem repeat was esti-
mated about 2.8 � 106 per haploid genome of A.
fistulosum (Irufine et al. 1995) Using FISH and
PCR analysis of the A. fistulosum genome, Fes-
enko et al. (2002) showed that the 380 bp repeat
arrays possess inversions and are interspersed
with microsatellite and Ty1-copia retrotrans-
poson sequences. A 314-bp tandemly repeated
DNA sequence, named pAc074, with high
homology to the 375 bp repeat sequence was
isolated by PCR with a set of random primers
and FISH located it at the telomeric end of the A.
cepa chromosomes (Do et al. 2001). FISH with
the 375 bp repeat sequence probe derived from
A. cepa on the chromosomes of 27 species (in 37
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accessions) belonging to 14 sections of four
subgenera in Allium showed that the analyzed
closely related species possessed a very similar
satellite sequence at the telomeric end of their
chromosomes (Pich et al. 1996a). Taking all
things together, we may conclude that this repeat
had evolved already in progenitor forms of
Alliums and remained unusually well conserved
during speciation.

FISH analysis of BAC clones containing
about 100 kb inserts of genomic DNA of A. cepa
allowed to select, among the 91 randomly
selected clones, nine clones showing FISH sig-
nals at centromeric and proximal regions and
three clones showing telomeric signals (Suzuki
et al. 2001). Considering that they did not use
Cot-1 as a competitor DNA in the BAC-FISH
experiments, the BAC clones with distinct
localized signals might possess large arrays of
tandem repeats.

Tandem repeats are a valuable source of
cytogenetic markers for distinguishing individual
chromosomes (Albert et al. 2010). The repea-
tome analysis of A. fistulosum genome allowed to
identify novel tandem repeats in A. fistulosum
genome that can be used as cytogenetic markers
(Kirov et al. 2017). Using next-generation
sequencing data, authors identified two novel
tandem repeats HAT58 and CAT36, which
together occupy 0.25% of the A. fistulosum
genome with 160,000 copies of HAT58 and
93,000 copies of CAT36 per haploid genome.
FISH analysis showed that CAT36 is located in
the pericentromeric regions of chromosomes 5
and 6 of A. fistulosum. HAT58 occupied inter-
calary heterochromatin of chromosome 6, 7, and
8 associated with C-banding patterns (Fig. 5.1h).
Moreover, FISH with HAT58 revealed that this
tandem repeat is polymorphic because plants
with three type location patterns of this repeat
were observed: both homologous chromosome 7
with signals, only one homolog with signals and
missing signals on both homologs. Thus, HAT
58 might quickly spread to new genomic regions
resulting in polymorphic sites. This finding sug-
gests that the rapid evolution of the HAT58
repeat is still ongoing. HAT58 and CAT36 are
species-specific tandem repeats that were shown

for two closely related species A. cepa and A.
fistulosum, and A. wakegi (2n = 2x = 16), a
natural allodiploid hybrid between A. fistulosum
and A. cepa (Kirov et al. 2017).

5.5.2 Retrotransposons

Retrotransposons are the commonest class of
eukaryotic transposable elements. They are dis-
tinct from other transposons by their ability to
transpose via an RNA intermediate, which is
converted into extrachromosomal DNA by
reverse transcription before reinsertion.
Tyl-copia group retrotransposons are present
throughout the plant kingdom as highly hetero-
geneous populations of high copy number ele-
ments (Kumar 1996), and there are
100,000-200,000 copies within the A. cepa
diploid genome (Pearce et al. 1996). FISH to
metaphase chromosomes reveals that Tyl-copia
retrotransposons are distributed throughout the
euchromatin of all chromosomes of A. cepa but
are enriched in the terminal heterochromatic
regions, which contain tandem arrays of satellite
sequences (Pearce et al. 1996; Pich and Schubert
1998).

5.6 Centromere

The centromere is essential for the proper seg-
regation and inheritance of genetic information.
Visually, the centromere appears on metaphase
chromosomes as a primary constriction.
The DNA sequence underlying the centromere is
not evolutionarily conserved and, in most spe-
cies, is composed of megabases of rapidly
evolving tandem repeats (Melters et al. 2013). In
all flowering plants investigated so far, the cen-
tromere is generally composed of large arrays of
centromeric satellite repeats and centromeric
retrotransposons. The abundance and the
arrangement of these repeats vary substantially,
both within and among species (Jiang et al.2003;
Nagaki et al. 2004, 2009; Nagaki and Murata
2005). The satellite sequences that occur within
the centromeres of most eukaryotes are usually
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species-specific (Houben and Schubert 2003).
Among Allium species, centromeric DNA
sequences were identified only for A. fistulosum
by Chromatin Immuno Precipitation (ChIP) and
Tail-PCR (Nagaki et al 2012). Three clones with
inserts of CHIP isolated centromeric sequences
produced FISH signals on the centromere posi-
tion of all 16 chromosomes of A. fistulosum
(Fig. 5.1). These clones were sequenced and
their sequences are available in GenBank: Afi11
(AB735740), Afi19 (AB735741), and Afi56
(AB735743). The authors revealed two more
clones that produced the centromeric FISH sig-
nals but not on all 16 chromosomes. For Afi54
(AB735742), 12 strong and four weak signals,
and for Afi61 (AB735744), one strong signal pair
and 14 weak signals on the centromeres were
observed. The DNA sequence of these five
clones did not show similarity to annotated
genomic sequences in NCBI databases.

The centromeric and pericentromeric regions
of plant chromosomes are colonized by
Ty3/gypsy retrotransposons. Centromeric retro-
transposons belong to a number of lineages of the
chromo-virus family of Ty3/gypsy LTR (long
terminal repeat) retrotransposones (Neuman et al.
2011). Centromeric retrotransposons are found
between the centromeric satellite repeats (Cheng
et al. 2002) and they also can take the major role
in the centromeric structure (Li et al. 2013). The
presence of Ty3/gypsy-like retrotransposons in
the centromeric region of Allium cepa and Allium
fistulosum was reported by Kiseleva et al. (2014).
The putative copy number of Ty3/gypsy cen-
tromeric retrotransposons constituted about
26,000 for A. cepa and about 7000 for A. fistu-
losum. In silico identification of centromeric
retrotransposons has also been performed, fol-
lowed by their clustering. Using the NCBI Entrez
in the NCBI database, a total of 10,725 GSSs
(genome survey sequences) of A. cepa were
identified. These sequences were used as query
data for the RepeatExplorer server. FISH with
PCR product obtained with designed primers on
reverse transcriptase of Beetle1 and CRM
Ty3/gypsy elements showed strong hybridization

signals in the centromeric regions of A. cepa.
FISH on the chromosomes of A. fistulosum
showed hybridization signals of different inten-
sity in the centromeric region, as well as in other
chromosomal regions. The estimation of a
retrotransposon insertion time in the onion gen-
omes suggests a high activity of some of LTR
retrotransposons in their recent history (Vitte
et al. 2013). It is still unclear why some retro-
transposons insert selectively into the centromere
region. A possible explanation of this phe-
nomenon may be that the centromeric region of a
chromosome provides a safe environment for
retrotransposons reducing the chance of their
elimination from the genome via recombination,
which is suppressed in this region.

5.7 Telomere

The ends of eukaryotic chromosomes are capped
by a special structure called the telomere. The
telomere protects the termini of eukaryotic chro-
mosomes from degradation by nucleases, illegit-
imate fusion, and progressive shortening as a
result of incomplete replication of linear DNA
molecules at their 5′-ends. The DNA component
of the telomere is typically formed by long arrays
of a G-rich tandemly repeated short minisatellite
sequence that, depending on the organism, extend
for tens of base pairs to as much as 150 kilobase
pairs. In contrast to the centromere, the telomere
is highly conserved DNA sequence in large
groups of organisms, e.g., TTAGGG in verte-
brates (Cheng et al. 1989; Meyne et al. 1989),
TTTAGGG in plants (Richards and Ausubel
1988) and TTAGG in insects (Okazaki
et al.1993). The strong conservation of telomeric
repeats is likely a result of the interaction between
telomeric DNA and telomere-specific binding
proteins (Watson and Riha 2010). Surprisingly,
telomere composed of (TTTAGGG)n DNA
repeats typically for most of the plants was absent
in the Alliaceae family. For decades, scientists
have been trying to find out how Alliaceae sta-
bilize their chromosome ends in the absence of
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TTTAGGG sequences. Candidates for alternative
telomeric sequences included ribosomal RNA
genes or subtelomeric satellite sequences which
could be spread by homologous recombination
were suggested (Pich et al. 1996b). A possible
involvement of Ty1-copia retrotransposons was
also suggested for Allium (Kumar et al. 1997),
but the subsequent study did not support this idea
(Pich and Schubert 1998). To clarify the enigma
of the Allium telomere maintenance, extensive
studies of telomere evolutionary variability have
been performed in Asparagales plants. In a
number of families in this order, starting from the
divergence of the Iridaceae family, the typical
plant-type telomeric sequence (TTTAGGG)n had
been partly or fully replaced by the vertebrate-
type sequence (TTAGGG)n synthesized by
telomerase (Sykorova et al. 2003, 2006a, b).
However, the genus Allium was an exception
where neither of the plant-type repeats or their
known variants could be detected at chromosome
termini, and a corresponding telomerase activity
was absented as well (Fajkus et al. 2005; Syko-
rova et al. 2006a). Finally, in 2015 the group of
professor Jiří Fajkus reported that Allium telom-
eres are unmasked. The unusual telomeric
sequence (CTCGGTTATGGG)n is synthesized
by telomerase (Fajkus et al. 2016). Due to recent
advances in bioinformatics on transcriptomic and
genomic data in combination with conventional
approaches of molecular biology and molecular
cytogenetics, the researchers succeeded in finding
the unusual telomeric sequence of Allium and
demonstrate its synthesis by telomerase.

5.8 Integration of Recombination,
Cytogenetic and Sequence
(Contigs) Maps

Since King et al. (1998) published the first
genetic (recombination) map of Allium species,
AFLP, SSRa, and EST-derived SNP markers
have been employed to increase its marker den-
sity (McCallum et al. 2012). The densified
genetic maps considerably improved the effi-
ciency of the breeding process and expanded our
knowledge on the onion genetics. The genetic

maps display the linear order of genes or markers
and the recombination frequencies between
them. The distance between markers is expressed
in centi-Morgans (cM) and 1 cM is equal to 1%
of recombination. While genetic maps are
important in biology, they do not show the real
physical distance between gene/markers due to
unequal distribution of recombination frequen-
cies along the chromosomes. One cM on a
genetic map can be equivalent to a few kilobases
as well as to millions of base pairs of physical
distance (Khrustaleva et al. 2005; Sun et al.
2013; Si et al. 2015; Romanov et al. 2015).

Cytogenetic maps allow us to determine the
approximate distance between genetic markers,
but not the exact distance (number of base pairs).
Cytogenetic maps show the positions of geneti-
cally mapped markers on chromosomes, relative
to centromeres, telomeres, heterochromatin, and
euchromatin. It is important to note that cytoge-
netic mapping is an essential tool for the ordering
of markers in region where there is the absence of
recombination. The discrepancy between marker
positions on the genetic map and their actual
location relative to each other on the physical
chromosome in the region of the suppressed
recombination often occur (Szinay et al. 2008).
Multiple approaches have been used to develop
the integrated genetic and cytogenetic maps. For
instance, in wheat, 436 deletion lines were con-
structed to relate the deletions as landmarks to
recombination (Sandhu et al. 2001). However, this
approach cannot be used for diploid species as
onion because diploid organisms do not tolerate
large deletions. To overcome this problem,
Khrustaleva et al. (2005) applied a novel strategy
to relate markers with their position on a physical
chromosome. For the development of an inte-
grated map, the authors used Allium trihybrid
population, which originated from a cross between
Allium cepa and (A. roylei x A. fistulosum). This
population represents an ideal source for inte-
grated mapping, because in each chromosome
pair, one homoeologous chromosome originates
from the interspecific hybrid betweenA. roylei and
A. fistulosum and another nonrecombinant
homoeologous chromosome originates from A.
cepa (Fig. 5.1i). The recombination sites on the
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recombinant chromosome between A. roylei and
A. fistulosum were visualized via GISH.
The AFLP profiles of individual genotypes were
compared with the corresponding recombinant
chromosome. Simultaneously for A. roylei and A.
fistulosum, integrated physical and recombination
maps of chromosome 5 and 8 were constructed.
The integration of genetic and chromosome maps
demonstrated how genetic and physical distance
between markers varied depending on the marker
position on physical chromosome: the base
pair/centimorgan estimates were 1.4 Mb/cM in
the hotspot recombination and 74.3 Mb/cM in the
region of low recombination.

However, with an above mentioned approach
for integrated mapping, regions lacking recom-
bination will be not covered. The most direct and
effective way to construct cytogenetic maps for
organisms with large and complex genomes like
onion is to directly localize single-copy genes on
chromosomes. With this approach, the LFS gene
(Masamura et al. 2012) (Fig. 5.1f, 2b), the
EST-based markers (Romanov et al. 2015),
SNPs, and RFLP tightly linked to the male fer-
tility restoration gene (Khrustaleva et al. 2016)
(Fig. 5.1g, 2a) were mapped on physical chro-
mosome and integrated into genetic maps.

To conclude, the reader may be skeptical
about integrated mapping because now with the
next generation sequencing, the whole-genome
sequencing of any organism became fast and
robust. However, scaffold order arrangement and
whole-genome assembly remain challenge.
Recent publications showed massive discrepan-
cies between in silico assembled version of the
genome and nuclear genome. Mostly misas-
sembled genome sequences occurred in the
“cold” spot recombination regions (Yang et al.
2014; Karafiátová et al. 2013; Shearer et al.
2014). Therefore, the order and orientation of
sequenced scaffolds in pseudomolecules should
be corrected using independent physical meth-
ods, such as FISH and optical mapping. Optical
mapping has been used to improve de novo plant
genome assemblies (Tang et al. 2015). This
method allows to visualize the locations of the
restriction sites or sequence motifs under light
microscopes.

5.9 Application of Molecular
Cytogenetics in the Onion
Interspecific Breeding

Interspecies hybridization plays an important role
in bulb onion breeding since its gene pool
appeared to be rather depleted within its long
history of more than 5000 years of human cul-
tivation (Jones 1983). An ancestral species, A.
cepa, was lost together with the depletion of
multiple valuable properties. Closely related
species might be used as donors of economically
valuable properties in bulb onion breeding.
Effective identification of alien chromosomes is
essential for monitoring the alien genetic mate-
rial. Molecular markers, however, can only
reveal the regions from which they have been
derived. A large number of markers that repre-
sent different chromosomal regions would have
to be used to analyze a complete chromosome.
Furthermore, the presence of a marker (or a
syntenic group of markers) often does not dis-
tinguish whether one copy or multiple copies of a
particular chromosome are present in the plant
(Dong et al. 1999). Molecular cytogenetic iden-
tification of alien chromatin in breeding lines
includes determination of both genomic origin
and chromosomal specificity of a chromosome or
chromosomal segment. GISH provides a direct
visual identification of parental genomes in
interspecific hybrids and their backcross proge-
nies. GISH is a modification of fluorescent in situ
hybridization, when labeled total genomic DNA
of one parental species is used as a probe with
unlabeled genomic DNA from another species at
a higher concentration, which serves as a
blocking DNA, hybridizing with the sequences
in common with both genomes.

Allium fistulosum is a rich source of desirable
traits which are very beneficial for the breeding
of new onion (A. cepa) cultivars. The first
attempt of a gene transfer from A. fistulosum to
A. cepa using interspecific hybridization was
performed in 1935 by Emsweller and Jones. The
F2 plants proved to be largely sterile, although
occasionally seed set occurred upon selfing,
while they succeeded to obtain several sterile
BC1 plants. Levan (1936) could also obtain F2
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plants between A. cepa and A. fistulosum, and
only those with spontaneous chromosomal
duplication were shown to be fertile. Maeda
(1937) revealed that a number of the F2 deriva-
tives and backcross progenies with A. fistulosum
were mostly sterile and diploids. It was reported
that the F1BC3 plants with A. cepa cytoplasm
showed a certain level of fertility and a similar
morphology as A. cepa (Hou and Peffley 2000;
Peffley and Hou 2000). Pathak and colleagues
(2001) succeeded in producing the F3 progenies
resistant to stemphylium leaf blight with the high
level of pollen fertility (40–80%) and seed set
(20–60%). GISH analysis of F2 and advanced
generation of interspecific hybrids between A.
cepa and A. fistulosum that were relatively
resistant to downy mildew was reported by
Budylin and coleagues (Budylin et al. 2014).
The GISH analysis of its advanced generation
revealed that the F5 and BC1F5plants which
produced few seeds was amphidiploid with 32
chromosomes. In the same way, it was concluded
that a sterile BC1F5 plant was triploid possessing
eight A. fistulosum and 16 A. cepa chromosomes
and that a partially fertile BC1F5 plant was
amphidiploid with 4 recombinant chromosomes.
Because colchicine treatment was not used in any
generation of hybrids authors suggested the
presence of a spontaneous polyploidization.
The GISH analysis of recombinant chromosomes
allowed to suggest the formation of 2n gametes
as a result of second division restitution
(SDR) since both sister chromatids of recombi-
nant chromosomes remained in the same gamete.
Levan (1936) previously demonstrated polyploid
F2 plants as a result of a crossing between A.
cepa and A. fistulosum without the artificial
chromosome duplication, and explained this
phenomenon by 2n-gametes formation in both
macrosporogenesis and microsporogenesis.
Consequently, it seems that viable F2 zygotes
with triploid or tetraploid chromosome set might
be formed. Contrary to the studies of Budylin
et al. (2014) and Levan (1936), other scientists
reported the diploid F1, F2, and BC1 plants of
hybrids between A. cepa and A. fistulosum
(Emsweller and Jones 1935; Maeda 1937; Peffley
and Hou 2000; Hou and Peffley 2000). Levan

(1941) tried to explain inconsistencies between
his data and the results reported by Emsweller
and Jones (1935), and carried out a comparative
analysis of meiosis in his hybrids and hybrids
reported by them. Levan observed significant
differences in chromosomal behavior during
meiosis between his hybrids and the hybrids
obtained by Emsweller and Jones (1935) and
suggested that the origin of parental cultivars
played an important role in the polyploidization.
The hybrids of Emsweller and Jones (1935) and
Maeda (1937) were obtained from crossings
between “Yellow Danvers” of A. cepa and the
Japanese cultivars of A. fistulosum (“Nebuka” in
the first case and “Hidanegin” in the second).
Later Peffley and Hou (2000) and Hou and
Peffley (2000) obtained diploid BC1 and F1BC3

plants, respectively, as a result of interspecific
hybridization by using “Ishikura” as A. fistulo-
sum parent. In the crossing experiments resear-
ches of Levan (1936) and Budylin et al (2014),
the European cultivars of A. fistulosum were used
as a pollinator. Taking all these into considera-
tion, no fertile breeding line possessing a single
gene from A. fistulosum in the diploid back-
ground of A. cepa had been obtained despite
numerous reports on interspecific F1-5 hybrids
and its backcross progenies.

To circumvent the aforementioned problems,
an idea was born to useA. roylei as an intermediate
species to transfer genes from A. fistulosum to A.
cepa (de Vries et al. 1992). It was shown that
A. roylei crossed readilywith bothA. cepa (van der
Meer and de Vries1990) and A. fistulosum
(McCollum 1982). The appropriateness of this
strategy was fully confirmed by theGISH analyses
of several generations in the bridge-cross (A. cepa
x (A roylei x A. fistulosum)) (Khrustaleva and Kik
1998, 2000). The first and second bridge-cross
generations were fertile and the recombination
between chromosomes of A. cepa and A. fistulo-
sum occurred frequently. The power of GISH
analyses in breeding process was clearly demon-
strated in producing onion breeding lines resistant
to downymildew (Scholten et al. 2007). TheGISH
analysis of the advanced generations showed that
an A. roylei fragment bearing the gene locus Pd1
was located in the distal end of the long arm of
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chromosome 3 as reconfirmed by the genetic
mapping of van Heusden et al. (2000a).Moreover,
the GISH analysis could not detect the large A.
roylei segments on both homologous chromosome
3 in 14 downy mildew resistant plants of F1BC5S3
progeny 2348, a progeny that segregated for
resistance, and six plants from F1BC5S3 progeny
3591, a progeny that consisted of only resistant
plants. This observation allowed to hypothesize
the presence of the recessive lethal factor proxi-
mally located to the downy mildew resistant gene
within the large A. roylei segment. The further
developing of molecular marker closely linked to
downy mildew resistant gene validated this
hypothesis. Thus, the breeding process was com-
plicated by a lethal factor that seems to be
expressed only in an A. cepa background. By
crossing overs between homoeologus chromo-
somes, the downymildew resistance locus and the
lethal factor were separated and the remaining
small segment of A. roylei harboring Pd1 could be
made homozygous without any problems.

5.10 Summary and Perspectives
for the Future

To conclude it can be said that the FISH tech-
nology together with technical progress in gen-
ome sequencing and bioinformatics must be very
useful to study the molecular organization of
repeat and single-copy sequences along the
chromosomes. Summarizing past achievements
in the molecular cytogenetic study of alliums;
(1) A number of markers (SNP, RFLP, EST,

AFLP), genes (45S rDNA, 5S rDNA, LFS, and
Pd1) were mapped on the respective physical
chromosomes, (2) Several species-specific
markers for identification of individual chromo-
somes were developed, (3) Centromeric DNA
sequences for A. fistulosum and centromeric
Ty3/gypsy retrotransposons for A. cepa and A.
fistulosum were found and (4) The unusual
telomeric sequence (CTCGGTTATGGG)n of
alliums was discovered (Figs. 5.3 and 5.4).

For the future, the development of FISH
markers and construction of high-density cyto-
genetic maps will accelerate the ongoing genome
sequencing projects of A. cepa and A. fistulosum.
An integrated approach including different
sequencing strategies is needed due to problems
of whole-genome assembly. The approaches will
be comprised of long-size insert libraries,
long-read sequencing (e.g., PacBio sequencing),
and the Hi-C data on the basis of scaffolding as
well as genetic map, independent tools such as
cytogenetic mapping and optical mapping (Kor-
bel and Lee 2013; Cao et al. 2016; Chaney et al.
2016), etc. To anchor assembled pseudochro-
mosomes to each arm of the physical chromo-
somes of A. cepa and A. fistulosum as well as to
determine their north–south orientation, at least
32 probes, two probes per pseudochromosome
should be developed. Such a cytogenetic map
will contribute the progress of Allium breeding
via effective map-based cloning and accurate
genome assembly. The development of robust
cytogenetic markers will extend our knowledge
of Allium genome organization and evolution and
will fill the gaps between genome sequencing

Fig. 5.3 Idiograms of A.
cepa chromosomes with
indicated position of
FISH-mapped repetitive and
unique DNA sequences
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Fig. 5.4 Idiograms of A.
fistulosum chromosomes with
indicated position of
FISH-mapped repetitive and
unique DNA sequences

and sub-chromosomal measurement data. Fur-
thermore, the integration of linkage and cytoge-
netic maps will extend our scanty knowledge of
recombination rates and patterns in higher plants
and, probably, will shed light on several issues
through in-depth studies; (1) Why do the
recombination sites localize adjacent to the cen-
tromeres of A. fistulosum chromosomes?,
(2) Why do the recombination sites distribute
randomly on A. cepa chromosomes and (3) Why
is the recombination frequency of plants higher
than that of animals. In 1913, Alfred Sturtevant
constructed the first genetic map on the basis of
Morgan’s theories of crossing-over. James
Watson and Francis Crick had solved the
three-dimensional structure of DNA in 1953.
Today, we need to solve a big puzzle of the
organization and function of whole-genome.
Molecular cytogenetics will play an essential
role as a bridge between genomics, classical
genetics, and other biological disciplines.
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6Cytoplasmic Genome

Mai Tsujimura and Toru Terachi

Abstract
The chloroplasts and mitochondria are the
organelles essential for normal growth and
development of plants. They have their orig-
inal genomes, and genes encoded in these
organelles are expressed in concordance with
factors originating from the nuclear genome.
Researchers have analyzed cytoplasmic gen-
omes to understand this complicated mecha-
nism. The sizes of the chloroplast genome and
the mitochondrial genome are relatively small,
with the former being approximately 150 kbp
and the latter being several hundred kbp to
several Mbps. The widespread use of
next-generation sequencing (NGS) in recent
years has enabled sequencing of the entire
genome of chloroplasts and mitochondria with
relative ease and affordability. For example,
several chloroplast and mitochondrial gen-
omes have been sequenced for onions. Onions
carry several different types of cytoplasms
characterized by distinct cytoplasmic gen-
omes. In particular, male sterility induced by
certain types of cytoplasms is a trait that is
crucial to F1 hybrid breeding, and male
sterility phenotypes are determined by their

compatibility with the nuclear genome. This
chapter explains the cytoplasmic form of these
onion cultivars and lays out the characteristics
of the cytoplasmic genome of each one of
them.

6.1 Introduction

Cytoplasmic genomes are present in the cyto-
plasm and are distinct from nuclear genomes. In
plants, these include chloroplast and mitochon-
drial genomes.

Mitochondria originated from an endosym-
biosis between a host cell and an
alpha-proteobacterium 1.45 billion years ago.
Chloroplasts, on the other hand, originated from
the endosymbiosis of a cyanobacterium 1.5 bil-
lion years ago. The host cell took control over the
symbiotic fungi over the years, and eventually,
mitochondria and chloroplasts came to play their
own parts within the cell as an organ that syn-
thesizes adenosine triphosphate (ATP) and an
organelle responsible for carbon fixation,
respectively. The genome of each bacteria dis-
appeared as the host’s nuclear genome acquired
its genes. Although hydrogenosomes present in
certain anaerobic protists (e.g., Trichomonas)
have entirely lost their original genomes fol-
lowing an endosymbiotic process, mitochondria
and chloroplasts still retain their original gen-
omes with functional genes, which are crucial for
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proper functioning of the organelles and the
successful passage of hereditary information to
the next generation (Dyall et al. 2004; Keeling
2010; Dunning Hotopp 2011).

Particular attention should be drawn to the
distinct characteristics of the chloroplast genome,
the plant mitochondrial genome, and the animal
mitochondrial genome. The chloroplast genomes
of most plant species are composed of two
inverted repeats that separate a large single-copy
(LSC) region from a small single-copy
(SSC) region. The plant mitochondrial gen-
omes, on the other hand, are believed to take on
the shape of a circle, but the size and sometimes
even the structure of them vary with species. The
mammalian mitochondrial genomes are well
conserved, with almost identical structure and
encoded genes.

The genes encoded in the nuclear genome are
essential for these organelles to function normally.
Of all genes that are associated with mitochondria,
over 1000 are transferred to mitochondria. These
proteins are indispensable for normal photosyn-
thesis and respiration. Furthermore, genes origi-
nating from the nuclear genome are deeply
associatedwith the expression of genes encoded in
each organelle genome. A chloroplast contains
genes that use a plastid-encoded RNA polymerase
(PEP) and a nucleus-encoded RNA polymerase
(NEP). Although PEP and NEP use different
promoters, nearly all genes have both PEP and
NEP promoters like in most cases of bacterial
expression, and these promoters are transcribed as
polycistronic RNAs. Although mitochondria are
also expressed by the bacterial RNA polymerase,
they do not carry their own polymerase and
therefore are dependent on a nucleus-encoded
RNA polymerase (Borner et al. 2015; Hammani
and Giege 2014). Transcripts are subject to
post-transcriptional modifications, such as splic-
ing, RNA editing, and definition at their 3′ end and
5′ end.

The presence of signal transduction that
enables interactive control and regulation of
genes encoded in the nucleus and organelles has
also been identified, which plays a crucial role in
stress and development responses. Although not
much is known about the metabolic pathways

and biosynthesis of these genes, several mole-
cules have been identified to carry signals. These
molecular components are referred to as antero-
grade (nuclear to organelle) and retrograde (or-
ganelle to nuclear) signals, which affect signal
transduction pathways and switch gene expres-
sion on or off. Intermediates in the metabolic
pathways of reactive oxygen species (ROS),
calcium ion, and tricarboxylic acid (TCA) have
been demonstrated to be involved in these
mechanisms, and the alternative oxidase
(AOX) pathway, in particular, has been studied
extensively as a model for mitochondrial retro-
grade regulation (MRR) (Ng et al. 2014; Rhoads
2011).

In view of these facts, it is of extreme
importance to focus attention on cytoplasms
during the analysis of growth, development, and
functionality of plants, and it is also essential to
consider nucleus-cytoplasm compatibility. With
agricultural crops, cytoplasmic male
sterility/fertility restoration (CMS/Rf) systems
are often used for F1 hybrid breeding. The use of
a line exhibiting CMS as the female parent and a
line with restorer genes as pollen parent allows
for F1 hybrid seed production without the need
for emasculation. These systems are especially
useful for breeding agricultural crops not only
because hybrids often exhibit hybrid vigor but
also because they help protect information
regarding genes carrying superior traits. With a
typical CMS-Rf system, CMS-inducing genes
are present in mitochondria, whereas the genes
that restore male fertility are present in the
nuclear genome (Hanson and Bentolila 2004;
Bohra et al. 2016).

Furthermore, comparing cytoplasmic gen-
omes between different species or genera helps to
identify a lineage relationship between those
species or genera. The estimation of a lineage
relationship by using the nuclear genome can be
quite challenging with species that have large
nuclear genomes or polyploidy genomes. Cyto-
plasmic genomes, on the other hand, are extre-
mely small in size, and because they are
transmitted from mother to offspring, investigat-
ing cytoplasmic genomes can reveal maternal-
line ancestry.
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The widespread use of NGS in recent years
has enabled sequencing of the entire genome of
chloroplasts and mitochondria with relative ease
and affordability. As a result, organelle genome
data has been steadily accumulated from diverse
plant species, In fact, chloroplast and mitochon-
drial genomes have been completely sequenced
for several onion species. This chapter lays out
the characteristics of the cytoplasmic genome of
these onions.

6.2 Cytoplasm Species and Their
Origin in Onion

Onion, one of the most important crops in the
world, is a diploid species (2n = 2x = 16) that
has been cultivated for more than 5000 years
(Khosa et al. 2016). Onions are cultivated in 147
countries in the world, with the world’s onion
production reaching 111 metric tons in 2014
(FAOSTAT 2014).

No wild form of onions has ever been found,
and only cultivated varieties exist today. Allium
vavilovii, which can be crossed with Allium cepa,
grows naturally in the Tien-shan mountains and
the Pamir–Altai mountains, where onions are
believed to have originated (Kik 2002). Allium
and its close relatives are classified into four
grades, and it has been shown that A. cepa seems
to originate from A. vavilovii or from hybridiza-
tion between Allium galanthum and Allium fis-
tulosum (Gurushidze et al. 2007).

The presence of CMS in onions has long been
known, and onion was, in fact, the first crop to be
used for F1 hybrid breeding. Since the discovery
of CMS in onion by Jones and Emsweller (1936),
a considerable increase in crop yields has been
achieved through heterosis breeding (Khosa et al.
2016). To date, two types of male-sterility-
inducing cytoplasm, namely the CMS-S and
CMS-T types, have been widely used for com-
mercial breeding.

The CMS-S type shows normal development
until the tetrad stage of pollen development,
which is followed by degeneration of the proto-
plasm in the tetrads, resulting in empty pollen
grain (Holford et al. 1991a). CMS-T, on the other

hand, has an abnormal pollen meiosis (Kik
2002).

S-type cytoplasmic male sterility is restored to
fertility by a single nuclear locus (Jones and
Clarke 1943; Jones and Davis 1944), whereas
male sterility due to T cytoplasm is restored by
three independent loci: aa, bb, and cc (Sch-
weisguth 1973). The Normal-type cytoplasm, on
the other hand, does not exhibit sterility. These
three types of cytoplasms are identified by the
restriction fragment patterns of chloroplast and
mitochondrial DNAs.

Normal-type and CMS-T cytoplasms resemble
one another and are, therefore, categorized into the
M group, which is distinguished from the
CMS-S-type cytoplasm (de Courcel et al. 1989;
Holford et al. 1991b). In 2000, Havey showed that
the CMS-S type originates from Allium x pro-
liferum and that the CMS-T type and the Normal-
type originate from A. vavilovii (Havey 2000).

Not much progress has been made in the
improvement of Allium by use of wild-type
subspecies in introgression breeding. This is
attributable to the fact that onions are biennials
that have a 2-year life cycle and that there are a
limited number of onion species available for
breeding. A previous study has demonstrated that
while A. vavilovii can be crossed with A. cepa,
crossing the triploid ovum A. x proliferum with
A. cepa can be quite challenging (Kik 2002).

Introgression of A. fistulosum or A. galanthum
with A. cepa produces sterility. Although
CMS-induced by A. galanthum has been shown
to produce empty pollen grains that are pheno-
typically similar to the pollens produced by the
CMS-S type, CMS-S restorer genes do not
restore fertility to galanthum-CMS (Havey
1999). A single locus has been found to restore
male fertility in A. fistulosum (Japanese bunching
onion) in which CMS has been induced by
A. galanthum (Yamashita et al. 2005).

6.3 Chloroplast Genome

The chloroplast genomes are generally composed
of two inverted repeats that separate an LSC from
an SSC. This structure is common to all plants.
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The same is true for the following five chloro-
plast genomes identified so far for onions:
CMS-S type and Normal type identified by von
Kohn et al. (2013) and CMS-S type, CMS-T
type, and Normal-type identified by Kim et al.
(2015).

In the analysis performed by von Kohn et al.
(2013), 28 single nucleotide polymorphisms
(SNPs), 2 restriction fragment length polymor-
phisms (RFLPs), and 1 insertion–deletion
(InDel) were found in the genetic code between
the CMS-S type and the Normal type. Further-
more, an InDel of 45 bp was present in the accD
gene, with the CMS-S type showing the same
sequence as tobacco, orchid, and rice. InDels of
99, 59, and 50 bp were also present in the trnL-
trnT, psbM-petN, and rps16-trnQ intergenic
regions, respectively, with CMS-S having the
shorter sequence. An InDel of 90 bp was also
found in the rps4-trnT intergenic region, with S
having one repeat of 45 bp and N having three
tandem repeats of 45 bp.

In the analysis by Kim et al. (2015), on the
other hand, a SNP call for all the regions revealed
323 SNPs and 141 InDels between the CMS-S
type and the Normal type. Furthermore, SNPs at
four locations and InDels at two locations were
found between the Normal type and the CMS-T
type.

Between the two registered types of CMS-S,
differences were found in SNPs at three locations
and an InDel at one location (Table 6.1).
Between the two Normal types and the CMS-T
type, differences were found in SNPs at three
locations and InDels at two locations (Table 6.2).
None of the differences found in those SNPs and
InDels were specific to the Normal type or the
CMS-T type. Mutations seen in not only the S
type but also between the Normal types or

between N and T appeared to be interspecies
variation rather than mutations specific to
Normal-type and CMS-T type. These findings
suggest that while chloroplast genomes are use-
ful for distinguishing between the CMS-S type
and the Normal-type, they may be of little value
when it comes to distinguishing between the
Normal-type and the CMS-T type.

6.4 Mitochondrial Genome

As described in the previous section, it is
important to distinguish between different types
of onion cytoplasms because those that induce
CMS are used with the Normal-type to develop
F1 hybrids. Like chloroplast genomes, mito-
chondrial DNAs are also widely used for classi-
fication of onion cytoplasms, and as
demonstrated by Havey, these cytoplasms have
been classified into the CMS-S type, the
Normal-type, and the CMS-T type, the latter two
of which belong to the M group (Havey 2000).
These three types of cytoplasms (i.e., CMS-S
type, CMS-T type and Normal type) were first
identified through an RFLP analysis of mito-
chondrial DNAs, which revealed three types of
mitochondrial genomes (de Courcel et al. 1989).

A specific gene called orf725 in mitochondria
has been shown to induce CMS (Kim et al.
2009). This gene, which is a cox1 gene with an
additional sequence of 576 bp attached to its 3′
end, is found in both the CMS-S type and the
CMS-T type. This gene has been shown to be
transcribed in both CMS lines, and due to a stop
codon resulting from the editing at a position of
30 bases inward from the 3′ end, this gene in the
CMS lines turns out to be 184aa longer than the
normal-type cox1 gene. This additional sequence

Table 6.1 Positions of SNPs and InDels between two CMS-S chloroplast genomes

Position(KF728079; CMS-S type) Type KF728079; CMS-S type KM088014; CMS-S type

32,557 Substitution T A

32,559 Substitution A T

141,791 Substitution G A

153,338–153,355 InDel ACTCAAATTCGAGTGGAA –
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shows a high level of homology with orfA501,
which is a gene specific to the CMS cytoplasm of
chive (A. schoenoprasum L.) (Engelke and
Tatlioglu 2002), and according to protein struc-
ture prediction, it contains transmembrane
domains at two positions.

Although orf725 is transcribed in both CMS
lines, the normal-type cox1 is not transcribed to
the CMS-S type. However, in the CMS-T type,
the normal-type cox1 that is the same in size as
that of the Normal type is transcribed (Kim et al.
2009). Furthermore, as mentioned earlier, the
restorer genes in CMS-S and CMS-T are located
at different loci, and the growth process of sterile
pollen varies between these two cytoplasms. For
this reason, this gene has long been considered a
potential inducer of CMS; however, it has yet to
be identified whether it is common to both the
CMS-S type and the CMS-T type. On the other
hand, a separation experiment carried out by
using a line having a cytoplasm resembling
CMS-T not only revealed an F1 of 3:1 but also
successfully identified the presence or absence of
restorer genes by using the same locus markers
as those of the restorer genes of the CMS-S type
(Kim 2014). Thus, future research must reassess
CMS-T. In addition, it is not yet known what
systems are involved in the induction of male
sterility and how it is restored to fertility, which
would be an interesting topic to explore.

The plant mitochondrial genomes are far more
complicated than the plant chloroplast genomes.
Their sizes vary with species, ranging from
several mega-bases to several dozen kilo-bases.
Although the structure of plant mitochondrial
genomes is often expressed as a single master
circle, it has also been suggested that they may
exist as multiple circles or linear molecules.
Furthermore, mitochondrial genomes are char-
acterized by the many repeats they have, through
which numerous recombinant molecules exist.

Kim et al. were the first to identify the CMS-S
type of onionmitochondrial genome in 2016 (Kim
et al. 2016), followed by the identification of other
species of the CMS-S type (Tsujimura et al. 2018)
and then the Normal type by our group.

Figure 6.1 shows the RFLPs of the mito-
chondrial genomes we identified. TheTa
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comparison of our RFLPs with the RFLP pat-
terns presented by Courcel et al. shows that their
RFLP patterns resemble those of our CMS-S
type and Normal type (de Courcel et al. 1989).
Furthermore, it is evident that the CMS-S type
and the Normal-type are different species.

Interestingly, as it turned out, the CMS-S type
we identified seemed to exist as three circles.
Our initial NGS result found two circles, i.e., a

170-kbp (MC1) circle, and a 140-kbp circle.
MC1 contains a direct repeat of 3.4 kbp, and
when polymerase chain reaction (PCR) was
carried out by using primers that had been
designed to flank this repeat region, amplification
and recombination were observed with all primer
combinations. This PCR result suggests that the
direct repeat yields two circles. Furthermore,
another recombination occurred through a direct
repeat of 3.4 kbp in MC1, possibly giving rise to
two circles (Fig. 6.2). These findings suggest that
the CMS-S type could be mapped as a total of
three circles.

The Normal-type mitochondrial genomes, on
the other hand, was illustrated as a single circle,
according to the NGS result (Fig. 6.3). The total
genome length was approximately 310 kbp for
the CMS-S type and 537 kbp for the
Normal-type, the latter of which turned out to be
nearly 1.7 times longer than that of the
“Momiji-3” onion cultivar. The size difference
between these two species can be explained by
the number of repeat regions. In fact, the per-
centage of the entire genome occupied by repeat
regions was 1.5% for CMS-S-type and 30.7% for
the Normal-type. Although it is possible that
these repeat regions in the Normal-type induce
recombination that could give rise to multiple
circles like in the case of the CMS-S type, no
band patterns were detected with pulsed-field gel
electrophoresis (PFGE).

Table 6.3 summarizes the differences in the
gene regions into which protein is coded by the
CMS-S type and the Normal-type. Of the base
substitutions and InDels found a total of 14
positions, 12 were accompanied by amino acid
substitution, with a particularly significant dif-
ference, including a frameshift, found in cox1,
cox3, and nad6 (Fig. 6.4). Furthermore, we also
obtained information on transcripts for each line
by using RNA sequencing (RNAseq) and esti-
mated the transcribed regions with respect to the
coding regions.

In the case of cox1, the sequence after the stop
codon differed between the CMS-S type and the
Normal-type as previously reported, and with
the CMS-S type, cox1 was encoded as orf725.

M S 

9.4

6.6

4.4

23.1

1.1

(kbp)

1.4

2.2
2.3

HindIII BamHI
N S N 

Fig. 6.1 Restriction fragment patterns of onion mito-
chondrial genome. M: molecular marker, S: CMS-S-type
mtDNA, and N: Normal-type mtDNA
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R1

nad2d

nad2d

nad4L
atp4

A. cepa cv. Momiji -3 mtDNA_MC1_S
30074 bp

Fig. 6.2 Mitochondrial genome structure of A. cepa cv.
“Momiji-3”. Genes encoding proteins (red), rRNA
(green), and tRNA (black) are shown outside (forward

direction) and inside (reverse complementary direction)
the circle. A direct repeat sequence of 3.4 kbp (R1) is also
indicated as a box (purple) outside the MC1 circles

Fig. 6.3 Mitochondrial
genome structure of A. cepa
“Normal type”. Genes
encoding proteins (red),
rRNA (green), and tRNA
(black) are shown outside
(forward direction) and inside
(reverse complementary
direction) the circle

6 Cytoplasmic Genome 95



The C-terminus of the CMS-S type was longer
than that of the Normal-type by 184aa, with each
transcribed region covering the coding region. In
the case of cox3, due to frameshift caused by an
InDel of 5 bp at the 5′ side, the N-terminus of the
Normal type was shorter than that of the CMS-S
type by 43aa. The transcribed region started from
the same position in both genomes. In the case of
nad6, the C-terminus of the Normal type was
shorter than that of the CMS-S type by 75aa due
to an InDel. In both genomes, however, the
transcribed region ended within the coding
region. Even with Arabidopsis, transcription
termination in nad6 has been shown to occur
upstream of the stop codon, suggesting the
presence of a unique transcription termination
system (Raczynska et al. 2006; Forner et al.
2007). Because the position of transcription ter-
mination is almost identical between the CMS-S
type and the Normal-type, a similar transcription
system is probably at work in onions.

Western blot analysis of orf725, a suspected
inducer of CMS, using COX1 antibody demon-
strated differences between the CMS-S type and

the Normal-type (Fig. 6.5). No difference was
found, however, between the CMS-S lines that
have the Ms restorer gene and those that do not
have the Ms restorer gene. This implies that the
presence of a restorer gene does not affect the
translated products of orf725. Two hypotheses
can be inferred from this finding. First, genes
other than orf725 may actually be responsible for
inducing CMS. Genes such as the
above-mentioned cox3 and nad6 may show dif-
ferences even at the translation level. Alterna-
tively, there could be an unknown open reading
frame (ORF) that may exhibit unexpected effects.
Secondly, a restorer gene may be playing a part
in fixing a defect caused during the orf725
assembly process. cox1 is a subunit comprising
respiratory chain complex IV. It could be that,
even when no functional protein is produced
during the process of complex formation, the
helping hand from a restorer gene ensures that a
functional complex is produced. Further analysis
is needed, which may include the investigation of
the activity of respiratory chain complexes, to
verify these hypotheses.

Table 6.3 Nucleotide differences in the coding region of protein-coding genes between “Momiji-3” and “Normal
type”

Gene Position (Momiji-3) Momiji-3 Normal Description of differences

atp1 81 A C Synonymous substitution

atp6 92 A C Non-synonymous substitution

ccmFC 1168–1170 GGA TCC Non-synonymous substitution

ccmFN1 13–14 GA TC Non-synonymous substitution

519–524 TGGAAG – InDels without causing frameshift

cox1
(orf725)

1595 C T Non-synonymous substitution

1604–2151 Low homology within this region

cox3 52–58 GTATC – InDels causing frame shift

nad1 819–820 GA TC Non-synonymous substitution

nad4 297 T G Non-synonymous substitution

nad5 1314 A C Synonymous substitution

nad6 720–729 GACCT – InDels causing frameshift

rps7 268–269 GA TC Non-synonymous substitution

360 A C Non-synonymous substitution
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7Repetitive Sequences

Maki Yamamoto

Abstract
Repetitive sequences compose a major com-
ponent of genome constitution in the genus
Allium. They contribute to genomic amplifi-
cation by reciprocal translocation of repetitive
sequences within the chromosome, and thus
thought to enlarge the genome. The Allium
genome mainly consists of middle-repetitive
sequences. Only edible Allium species, such
as onion and Welsh onion have been studied
for their repetitive DNA characterization
based on sequence analysis of isolated DNA.
The repetitive sequences of onion have speci-
fic feature as compared with the other plants,
and the long repetitive sequences exist in the
telomeric heterochromatin regions and the
nucleolus organizer regions (NORs). Most of
the satellite DNA sequences are associated
with telomeric, subtelomeric, and centromeric
regions. Ty1-copia retrotransposon and
En/Spm-transposable element-like sequence
were found out in repetitive sequences of
onion. Lately, BAC DNA library and
genome-wide analysis using next-generation
sequencing and flow cytometry have con-
tributed to finer aspects of genome analysis.

The genus Allium sports telomeric sequences
different from the Arabidopsis-type
sequences, but novel information related to
telomeric sequences goes on increasing.
The retrotransposon element-like sequences
seemed not to be included in centromeric
sequences of the Allium genus as much as
other plants. However, Ty3/gypsy-like retro-
transposon was found out recently. Since the
repetitive sequence of Allium genome is
characteristic to the genus Allium, therefore,
further studies are needed for its exhaustive
utilization in other species of the genus for
their characterization and speciation.

7.1 Introduction

The genus Allium has relatively few, but very
large chromosomes, which directly reflect the
huge amount of nuclear DNA. The basic chro-
mosome number of the genus Allium is eight,
and most of the Allium species are diploid
(2n = 2x = 16). The cell nucleus of onion,
Allium cepa L (2n = 2x = 16) contains 16.75–
17.26 pg of DNA per 1C nucleus as deduced by
flow cytometry, that corresponds to the genome
size of about 1.6 � 104 Mbp (Doležel and
Greilhuber 2010). The genome size of Welsh
onion, Allium fistulosum (2n = 2x = 16) is esti-
mated to be 11.7 pg/1C or 1.2 � 104 Mbp
(Ricroch et al. 2005).
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The size of onion genome is biggest in culti-
vated crops. For example, its genome size is 6,
16, and 107 times greater than those of maize,
tomato, and Arabidopsis, respectively, and
equals that of hexaploid wheat. And each chro-
mosome of onion has the DNA amount of 75%
of the 1C nuclear genome of maize (Havey
2002).

The onion genome consists of middle-
repetitive sequences occurring in short-period
interspersions among low-copy regions (Jakse
et al. 2006; Havey 2002). Analysis of the satellite
DNA in bulb-onion shows that except for 375 bp
telomeric DNA that amounts to 4% of the gen-
ome (Barnes et al. 1985), 80% is constituted by
repetitive sequences. Only, 6% of the genomic
DNA is single copy, and the nature of the rest of
the 10% remains to be unknown (Stack and
Comings 1979). These repetitive sequences are
conserved beyond species. It has been observed
that chromosomes of different sizes form eight
bivalent chromosomes at the meiotic stage of
hybrids of onion and Welsh onion (Narayan
1988). There is no seed fertility in the hybrid
gametocyte. The origin of Allium genus is old,
but phylogenetic evolutionary research is lagging
behind. It is believed that species differentiation
may have occurred a long time ago because it is
quite difficult to realize artificial hybrids of the
existing interspecific Allium species. For exam-
ple, GISH experiment performed using total

genomic DNA from each species as probes in
Allium hybrids (onion � Welsh onion, Chinese
chives � Welsh onion), revealed distinct geno-
mic territories and clear chromosome identities
of the two genomes with no sign of intergenomic
introgression (Hizume 1994; Yamamoto 2015)
(Fig. 7.1).

In order to seek an answer to the presence of
large chromosome and huge genome size, there
could be two possibilities, (1) reciprocal
translocation by transposon or retrotransposon,
and/or (2) tandem duplication within the genome
by crossing-over via repetitive sequence. Jones
and Rees (1968) and Ranjekar et al. (1978) have
proposed genome duplication by reciprocal
translocation within the chromosome. A genetic
map based on restriction fragment length poly-
morphisms (RFLP) supports intrachromosomal
duplication as a mechanism contributing to the
large onion genome (King et al. 1998). Dupli-
cated RFLPs showing linkage could be due to
retroviral-like sequences in intrachromosomal
duplications, not whole genome, duplications
because this duplication frequency is less than
that reported for paleopolyploids but higher than
for diploid species.

It is thought that paleopolyploid of Allium was
established as autopolyploid or allopolyploid
several million years ago. During the course of
the evolutionary process of their diploidization,
the duplicated genes were purged out from the
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Fig. 7.1 GISH analysis of mitotic chromosomes of
Allium hybrids, using genomic DNA probes. a Negi-
Nira (A. tuberosum � A. fistulosum) and b A. wakegi

(A. cepa � A. fistulosum). * indicates A. fistulosum
chromosomes. Reproduced from Yamamoto (2015)
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genome. However, evidence to explain the
duplication of the onion genome has not been
elucidated yet. With regard to this problem, it has
been analyzed how the DNA of Allium changed
with evolution by a survey of nuclear DNA
amount by flow cytometry and genome GC
content (Ricroch et al. 2005). The GC content of
onion and green onions is about 39%, which is
lower than any angiosperms (Ricroch et al.
2005), corresponding to the GC content of Ara-
bidopsis rather than rice (Kuhl et al. 2004). There
is no correlation between GC content and phy-
logenetic correlation of Allium plants and gen-
ome size.

Phylogenetic analysis using internal tran-
scribed spacers (ITS), covering 30 species of
cultivated species and wild species revealed that
primitive species form bulbs, and those main-
taining bulbaceous in the process of evolution
have become larger genome size, but the species
changed to rhizomes has become smaller genome
size (Fig. 7.2) (Ricroch et al. 2005). As an
explanation, the species that produces rhizomes
has evolved from the corm shape of the ancestral
species to the subspecies Rhizirideum, followed
by the voluntary disappearance of the genome at
least twice within this subspecies. The phyloge-
netic positioning of onions has diverged from
species that evolved once from ancestral rhizome

species to Welsh onion, and recently it has
become bulbaceous, and its genome size is also
increasing. In fact, the genome size of onion is
28% larger than that of Welsh onion (Jones and
Rees 1968; Labani and Elkington 1987). This
difference (5.4 pg/1C) is comparable to the
nuclear genome of barley (Hordeum vulgare),
pepper (Capsicum annuum), and radish (Rapha-
nus sativus) (Bennett and Smith 1976).

7.2 Repetitive Sequences
in General

Repetitive DNA sequences are the main com-
ponent of eucaryote genomes and account for up
to 90% of the genome size. They can be called
satellite, minisatellite, and microsatellite DNA.
Satellite DNA sequences are considered to be a
fast-evolving component of eukaryotic genomes.
The tandem repeated sequences are composed of
the single unit that was highly conserved. The
single unit of the satellite DNA is 150–400 base
pairs (bp) in length. Repetitive sequences may be
species- or genus-specific and maybe cen-
tromeric or subtelomeric in nature. Repetitive
sequences accumulate variations in sequences
and copy number, accrued by the process of the
evolution. Therefore, those are important tools

Fig. 7.2 Comparative
phylogenetic analysis of
between genome size (pg) and
ploidy level in Allium species
(Ricroch et al. 2005)
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for taxonomic and phylogenetic studies and are
known as “tuning knobs” in the evolution (Kashi
et al. 1997; Kashi and King 2006). Repetitive
sequences have cytoplasmic, cellular, and
developmental effects and play a role in chro-
mosomal recombination and the genome evolu-
tion (Mehrotra and Goyal 2014).

7.2.1 Feature of Repetitive
Sequences in A. cepa

Repetitive sequences consisting of approximately
95% in the genome of A. cepa, have an essential
role as a component of a huge genome. The most
constituent of the genome is middle-repetitive
sequences (Stack and Comings 1979). The cae-
sium chloride (CsCl) density gradient method
shows that the onion genome contains 4%
satellite DNA. The satellite has a repeat length of
375 bp (Barnes et al. 1985). The experiment of
FISH was carried out in the genus Allium using
the 375 bp repetitive sequences as a probe. The
375 bp repetitive sequences probe were detected
at the end of chromosomes and the interstitial
regions at the section Cepa including onion and
the section Rhizirideum (A. roylei), but not
detected at the section Allium and the section
Schoenoprasum (Stevenson et al. 1999). Pich
and Schubert (1998) reported that this repetitive
sequence is distributed over all chromosome
ends except for the end of the short arm of
chromosome 6 in onion. At the end of the short
arm of chromosome 8, a 375 bp repetitive
sequence probe is colocated with rDNA, and
only rDNA is located at the end of the short arm
of chromosome 6. Furthermore, Ty1-copia
retrotransposon and En/Spm-transposable
element-like sequence were found out in repeti-
tive sequences of onion (Jakse et al. 2008). The
Cot analysis of A. cepa DNA indicates that onion
genome consists of two major middle-repetitive
sequences (Fractions I and II) and a single copy
sequence (Fraction III). Fraction I DNA is dis-
persed throughout the onion genome. Compared
with other plant species of Monocots, Ornitho-
galum virens (Liliaceae) and Secale cereale
(Poaceae), Fraction I is characteristic in onion

and long repeated sequences are present in
telomeric heterochromatin and nucleolus orga-
nizer regions (NORs) (Stack and Comings 1979).
As other satellite DNAs, pAc074 having a
repetitive sequence of 314 bp (Do et al. 2001)
and 370 bp sequences of ACSAT1, ACSAT2,
and ACSAT3 have been reported (Barnes et al.
1985). The pAc074 repetitive DNA probe was
detected on the ends of all chromosomes except
for the short arm of chromosome 6 by FISH
experiment on the onion chromosomes and was
simultaneously located with a 45S rDNA probe
on the subtelomeric region in the short arm of
chromosome 8 (Fig. 7.3) (Do et al. 2001).

7.2.2 Distribution of Repetitive
Sequences in Allium
Genome Using BAC
Clones

A BAC DNA library of onion has been prepared
for molecular, cytological analysis (Suzuki et al.
2001). It consists of 48,000 clones covering 30%

10 μm 

Fig. 7.3 Detection of the pAc074 repetitive DNA probe
on the ends of all A. cepa chromosomes except for the
short arm of chromosome 6 by FISH experiment.
Reproduced from Do et al. (2001)
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of the whole genome of onion (1C = 15,000 Mb)
(average insert size: 100 kb). To cover most
(95%) of the onion genome, 450,000 clones are
required with an average insert size of 100 kb.
BAC-FISH analysis of the constituent sequences
of this BAC DNA library revealed that more than
80% contained repetitive sequences, 15% were
telomere and centromere, and 5% were
chromosome-specific sequences (Suzuki et al.
2001). Furthermore, using the onion BAC DNA,
when the Southern hybridization analysis with
the A. fistlosum genome of the same Cepa section
was carried out, for example, one 108 kb BAC
clone had one gene, but more than 50% of the
sequence was a transposon (Jakse et al. 2008).
We isolated 86 kb BAC DNA that seems to
contain onion alliinase gene and performed
35 kb sequencing analysis. As a result, the alli-
inase like gene (ALL1) was found and embedded
in the transposon-related sequences and highly
repetitive sequences in the onion genome (Do
et al. 2003). The 33.2% G+C content of the 35 kb
ALL1 region is similar to that of dicot plants and
lower than that of monocot cereal plants,
although onion is classified into monocots.
Sequence analysis of the 18,484 EST of onion
showed that among 11,008 unique sequences,
6,609 sequences (60%) were known proteins, but
0.8% (145 sequences) out of the total (18,484
sequences) were TE (transposable element), of
which 25% (36 sequences) are class I DNA
elements (mutator, Ac/Ds, En/Spm) and the
remaining 75% are class II DNA elements
(copia, gypsy, LTR retrotransposons) (Kuhl et al.
2004). Thus, the onion genome is composed of
various repetitive sequences.

7.2.3 Feature of Repetitive
Sequences
in A. fistulosum

The size of A. fistulosum genome (1C = 12,275,
Narayan 1988) is 1.2 � 104 Mb (Ricroch et al.
2005), which is 28% smaller than the onion
genome. Highly repeated DNA sequences with a
repeating unit of approximately 380 and 400 bp
were found in A. fistulosum. Three independent

clones containing a unit of 380 bp were isolated
from EcoRV digests of the total genomic DNA
of A. fistulosum. These units showed more than
94% sequence homology, and copy number was
estimated to be about 2.8 � 106 per haploid
genome (Irifune et al. 1995). A 400 bp new
tandem repeat (CL26) was obtained from the
genome DNA by the next-generation sequencing
data (Sheikh et al. 2016) and occupied 0.2% of A.
fistulosum genome. A total of 1100 BAC clones
were constructed from the A. fistulosum genomic
DNA. A single BAC clone possessing the CL26
tandem repeats were screened using the CL26
sequence. It was reported that CL26 was local-
ized in the subtelomeric region of short arms of
chromosome 6 and 8 in onion of the same section
Cepa, but was not detected in other species of the
genus Allium or the section Schoenoprasum
(Sheikh et al. 2016).

It is known that rDNA is localized at the end
of the short arm of chromosome 6 and 8 of
onion, and it substitutes for telomere (Pich et al.
1996). CL26 clearly shows that sequences
showing high homology with sequences in the
IGC spacer region of onion 45S rDNA exist by
analysis using BLASTN. CL26 is located in the
subtelomeric region of the short arm of chro-
mosome 6 in A. fistulosum, but no rDNA is there.
rDNA is co-localized with a repetitive sequence
of 378 bp in the subtelomeric region of the short
arm of chromosome 8 of A. fistulosum (Fesenko
et al. 2002).

7.3 Telomeric Sequences of Allium

Among the tandem sequences in genomes, the
telomeric sequence of the genus Allium is dif-
ferent from other plant species. In general, the
telomere sequence of higher plants is conserved
in the Arabidopsis-type sequence ((TTTAGGG)
n, in Arabidopsis) (Richards and Ausubel 1988),
and in other organisms such as vertebrate ani-
mals and insects, (TTAGGG)n in Humans
(Cheng et al. 1989; Meyne et al. 1989) and
(TTAGG)n in Bombyx (Okazaki et al. 1993) are
conserved. However, as exceptional cases, it was
reported that a typical sequence as described
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above lacked in the insect, Diptera (Biessmann
et al. 1990; Nielsen and Edstrom 1993; Biess-
mann et al. 1996) and in the plant, A. cepa (Fushs
et al. 1995; Pich et al. 1996). In Allium, FISH
experiments using a probe of Arabidopsis-type
sequence, PCR analysis, and Southern
hybridization analysis revealed that there was no
Arabidopsis-type repeat sequence in onion
telomere and whole genome at all (Fushs et al.
1995; Pich et al. 1996).

7.3.1 Characteristics of Telomeric
DNA Sequences
in the Genus Allium

Among the Asparagales, it is known that telom-
eres in Iridaceae and Amaryllidaceae are mutated
to human-type (TTAGGG)n (Sykorova et al.
2003c; Monkheang et al. 2016). Furthermore, as
far as the genus Allium of Allioideae belonging to
Amaryllidaceae, Allium telomere sequence has
been replaced by other sequences from human
telomere in the course of its evolution (Sykorova
et al. 2003c). The telomere sequence of higher
plants is generally Arabidopsis-type (TTTAGGG)
n, but in dicotyledonous plants, it has been
reported that the sequence of TTTAGGG does not
exist in a telomere of the genus Cestrum of
Solanaceae (Sykorova et al. 2003a, b). Thus, it
has become clear that telomere differentiation
occurs at the genus or family level.

Detailed analysis of Alliaceae telomeres was
attempted by Sykorova et al. (2003c, 2006).
Slot-blot hybridization was performed using the
genomic DNA of Alliaceae. Among various
telomeric sequences used as probes, Alliaceae
genomic DNA hybridized to Arabidopsis-type
sequence (ATSB; TTTAGGG), human-type
sequence (HUSB; TTAGGG), and/or
Tetrahymena-type sequence (TTSB; TTGGGG).
Species in Allium are divided into clades; clade1
has only small amounts of TTSB; clade2 has
strong signals of HUSB; clade3 shows a
heterogeneous pattern with these telomeric
probes. FISH experiments were conducted using
telomere sequences of various groups as probes.
In plants, other than Allium among Alliaceae, a

HUSB probe was detected in the telomeric
region of chromosomes. In Allium, however,
telomere sequences were detected in the inter-
posed portion of the chromosome, not in the
telomeric region. These results clearly showed
that the consensus telomeric repeats are not a
sequence of Allium telomeres.

7.3.2 Molecular Cytogenetic Analysis
of Repetitive Telomeric
Sequences in the Genus
Allium

In order to clarify the telomere sequence of
onion, several types of repetitive satellite
sequences constituting the onion genome were
analyzed as candidates for the telomeric or sub-
telomeric sequence. Although the 375 bp
sequence (Barnes et al. 1985) was detected only
at the end of some chromosomes (Stevenson
et al. 1999; Pich et al. 1996), the existence of
314 bp sequence newly obtained using the ran-
dom primer set (OPA07 primer; 5’-
GAAACGGGTG-3’) was confirmed by FISH
experiment that the sequence exists on all chro-
mosome ends excluding the rDNA region at the
terminal of the short arm of chromosome 6 of
onion (Do et al. 2001). The 314 bp sequence was
also sequenced and found to be 81, 81, and 78%
homologous to each 370 bp sequence of
ACSAT1, ACSAT2, and ACSAT3 (Barnes et al.
1985), respectively (Do et al. 2001) (Fig. 7.4).

Suzuki et al. (2001) conducted BAC-FISH by
selecting 91 clones from 48,000 clones of
Onion BAC library and found three clones
detected in all the terminal regions of the onion
chromosome (Table 7.1). The FISH analysis was
performed on onion chromosome and extended
DNA fiber using clones of 400 bp sequence
contained in two BAC clones (BAC 1-31 and
BAC 2-17), pAc074, BAC 1-31 and BAC 2-17
(Fig. 7.5) (Yamamoto 2002; Yamamoto and
Mukai 2007). Signals on chromosomes of both
BAC DNAs are not exactly the same, and since
sequence homology is expected to be low also
from DNA fiber FISH results, these are thought
to be a repetitive sequence specific to the vicinity
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of telomere rather than an onion telomere
sequence. When simultaneous FISH of 1-31 and
400 bp is performed on the same chromosome,
the 400 bp sequence is distributed more in the
terminal part of the chromosome. Both pAc074
and 400 bp sequences were subtelomeric
sequences of onion, and when FISH was per-
formed on the chromosomes of hybrid plants in
Allium, these were detectable at the end of the
chromosome of A. fistulosum (the section Cepa)
as well as onion, but were not detected at all on
the A. tuberosum chromosome (the section

Rhizirideum). Therefore, the structure of repeti-
tive sequences of the subtelomeric region is quite
different depending on the section (Yamamoto
2004).

In situ hybridization, with the 380 bp repeat-
ing unit (pAfi100) as a probe showed that the
repeated sequence of A. fistulosum is closely
associated with the C-heterochromatin located in
the terminal regions of all 16 chromosomes at
mitotic metaphase (Irifune et al. 1995).
From FISH results, although a 378 bp sequence
was detected at the end of all A. fistlosum

Fig. 7.4 The alignment of nucleotide sequences of the clone pAc074 and the satellite DNA sequences (ACSAT1,
ACSAT2, and ACSAT3) of A. cepa (Do et al. 2001)

Table 7.1 FISH signals of
91 onion BAC clones
(Reproduced from Suzuki
et al. 2001)

Detected region Number of clones

Centromere 9

Telomere 3

Entire chromosomes 68

Specific regions 4

No signal 7

Total 91

7 Repetitive Sequences 105



chromosomes (Fesenko et al. 2002; Sheikh et al.
2016), CL26 was located more proximal on the
short arm of chromosome 6 as compared to the
378 bp subtelomeric repeat location (Sheikh
et al. 2016).

7.3.3 Search for Allium Telomere
Sequence
by Next-Generation
Sequencing
(NGS) and Telomerase
Repeat Amplification
Protocol (TRAP) Methods

On the onion telomeric sequence, a search
for candidate sequences was attempted by next-
generation sequencing (NGS) (Fajkus et al.

2016). Repetitive sequences of fragments of up to
15 bp were searched using the TRFi (Tandem
Repeats Finder) of NGS, and 17 patterns were
obtained. Among them, searching for a tandem
sequence cleaved at BAL 31 of the nuclease
resulted in only a 12 bp minisatellite
(CTCGGTTATGGG). As for the BAL 31 treat-
ment, it is clear that the digested sequence is
present at the terminal end of the chromosome
because 45S rDNA is digested and 5S rDNA is
not digested, with BAL 31 treatment of 45S
rDNA sequence and 5S rDNA sequence as a
control. FISH experiments of two species
(A. ursinum and A. cepa) with different clade
revealed that this candidate sequence was
detected in the telomeric region of all chromo-
somes. Whether this sequence is synthesized
with telomerase was confirmed by the TRAP

10μm 

400bp 

400bp 

(a) 

(b) 

(d) 

(c) 

Fig. 7.5 FISH mapping on two BAC DNAs (a BAC2-17,
b BAC1-31) using 400 bp repetitive DNA probe, and on
onion chromosomes (c) using 400bp probe (green color)
and BAC 1-31 probe (red color), and extended DNA fibers

(d) using two BAC DNA as probes. (d) BAC 1-31 and
BAC 2-17 probes were detected with different color.
Reproduced from Yamamoto (2002), Yamamoto and
Mukai (2007)
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assay (Kim et al. 1994; Mieczyslaw et al. 1995).
Extract of the telomerase protein from the young
sprout tissue on day 5 of germination of A. cepa
and its reaction with the CTCGGTTACGGG
sequence as a telomerase substrate sequence (TS
primer) add to the telomere. Since the extension
product by telomerase was amplified by PCR
using TS primer and CX primer and a ladder of
seven bases could be confirmed by elec-
trophoresis, it was revealed that this candidate
sequence is an onion telomere sequence synthe-
sized by onion telomerase (Fajkus et al. 2016).

Elucidating the telomere sequence of the
genus Allium by analyzing single mutations in
the RNA template region of telomerase would
have value in understanding the process of real-
izing these unique sequences from Arabidopsis-
type through human-type. Such information
would help understand the evolution and differ-
entiation of the genus Allium. The data set of
onion’s BAC library (Suzuki et al. 2001) as
well as the onion genome projects “Sequon”
(http://www.oniongenome.net/) and “SCINET of
Allium” (http://alliumgenetics.org/) (McCallum
et al. 2012) are expected to become a useful tool.

7.4 Centromere-Specific Repetitive
Sequences

Functional proteins constituting kinetochores
first found CENP-A in humans (Moroi et al.
1980; Earnshaw and Rothfield 1985). CENP-A is
well conserved across species from yeast to
human. It has been reported that centromere-
specific protein (CENH3) in plants is also well
conserved. For example, antibodies of Welsh
onion CENH3 have an affinity for any cen-
tromeres of onion, Chinese chives and garlic as
well (Fig. 7.6) (Nagaki et al. 2012).

The centromere DNA sequence that binds to
CENH3 is composed of highly repetitive
sequences similar to the subtelomeric sequences
and consists of a region in which a sequence of
hundreds of base pairs is repeated about 10,000
times, so the centromere sequence occupies a
large proportion in the genome. Thus, although
the size of centromeric DNA closely resembles

among species, it is also known that the DNA
sequence itself is specific to species. There are
reports on garlic and onion in the genus Allium
(Nagaki et al. 2012). CENH3-specific DNA
sequences have already been reported for
monocotyledonous species: barley (Sanei et al.
2011), maize (Zhong et al. 2002), rice (Nagaki
et al. 2004), sugarcane (Nagaki and Murata
2005), and wheat (Li et al. 2012), and for
dicotyledonous species: carrot (Dunemann et al.
2014), cabbage (Wang et al. 2011), common
bean (Iwata et al. 2013), cotton (Luo et al. 2012),
pea (Neumann et al. 2012), potato (Gong et al.
2012), soybean (Tek et al. 2010), tobacco
(Nagaki et al. 2009).

7.4.1 Analysis of Centromeric
Sequences in Allium

Analysis of centromere DNA sequence is difficult
because of the following reasons: (1) it must
search from repetitive sequences in the genome;
(2) use of database homologs cannot be expected
due to different sequences depending on species,
and (3) cloning is difficult because of highly
repetitive DNA sequences. In particular, since the
species with large genome size such as Allium
contains a large amount and kinds of repetitive
sequences, it is more difficult to analyze. Nagaki
et al. (2012) succeeded in identifying centromeric
DNA sequences of Welsh onion by ChIP analysis
using the anti-AfiCENH3 antibody. These DNA
sequences were cloned, and five clones (Afi11,
Afi19, Afi54, Afi56, Afi61) were confirmed to be
localized in the centromere of chromosomes by
FISH experiment (Fig. 7.7) (Nagaki et al. 2012;
Yamamoto 2014, 2015).

7.4.2 Feature of Repetitive
Sequences in Centromere
Region of Allium
Chromosomes

With respect to five clones (Afi11, Afi19, Afi54,
Afi56, Afi61), Tail-PCR experiment revealed the
orientation of these clones and their peripheral
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structure (Fig. 7.8) (Nagaki et al. 2012). In this
investigation, the existence of a transposon-like
sequence has not been confirmed, and it was
suggested that the centromere-specific DNA
sequence of the genus Allium has a different
characteristic from a general centromere DNA
sequence in which a large number of transposon
sequences are present. However, this approach
has limitations to obtain sufficient clones to grasp
the whole centromeric-specific sequence. In the
future, it will be expected to explore in the
onion’s BAC library or to incorporate analysis by
the next-generation sequencing.

Recently, the presence of Ty3/gypsy-like
retrotransposon has been reported near the cen-
tromere sequence of onion and Welsh onion, as
opposed to the prediction that no transposon-like
sequence is present in such centromere sequence
of Welsh onion (Kiseleva et al. 2014). Analysis
from onion data of NCBI database showed that
Ty3/gypsy-like retrotransposon sequence in
onion and Welsh onion was present in 26,000
copies and 7,000 copies, respectively. For this
retrotransposon-like sequence, primers were
prepared from the known sequence of “Genome
Survey Sequence database” (ET 645811), and a

Fig. 7.6 Immunostaining of chromosomes of Allium species using an anti-AfiCENH3 antibody (Nagaki et al. 2012)
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10μm

Fig. 7.7 FISH using the
CENH3 ChIP clones,
(D) Afi11, (H) Afi19,
(L) Afi54, (P) Afi56,
(I) Afi61, on each centromeric
regions of all chromosomes in
A. fistulosum. Reproduced
from Nagaki et al. (2012)

bp
Fig. 7.8 Analysis of
centromeric DNA sequences
of A. fistulosum. Reproduced
from Nagaki et al. (2012)
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probe of 300 bp was prepared from each genome
by PCR and used for the FISH experiment. The
signal was mainly detected on the centromere of
the onion chromosome and was not necessarily
centromere-specific in Welsh onion (Kiseleva
et al. 2014). Furthermore, two repetitive
sequences (HAT 58 and HAT 36) isolated from
Welsh onion genome are derived from the
sequence in the peripherals of the centromere of
chromosome 5, 6, 7, and 8 by FISH experiments
(Kirov et al. 2017).
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8Simple Sequence Repeat

Hikaru Tsukazaki

Abstract
DNA markers are powerful tools for molec-
ular breeding or checking the genetic homo-
geneity of F1 hybrid seeds. For the simple and
fast approach to detect DNA polymorphisms,
simple sequence repeats (SSRs), which are
tandem repeats of short sequence motifs
(mainly 1–6 bases), are powerful markers
because of their codominant mode of inheri-
tance, higher reliability, and abundance in
genomes. In Allium, GT/CA repeats are
abundant than GA/CT repeats, and
AAG/CTT motif is the most frequent in the
trinucleotide SSRs. NGS technologies includ-
ing public sequence data will be a mainstream
for identifying new SSR markers.

8.1 Introduction

For the simple and fast approach to detect DNA
polymorphisms, Random Amplified Polymor-
phic DNA (RAPD), Amplified fragment length
polymorphism (AFLP), and Restriction Frag-
ment Length Polymorphism (RFLP) analyses

have been applied for genetic study in alliums.
Two polymerase chain reaction (PCR)-based,
simple and fast approaches for detecting DNA
polymorphisms, i.e., RAPD and AFLP analyses,
were previously applied to genetic studies of
Allium (Wilkie et al. 1993; Bradeen and Havey
1995; van Heusden et al. 2000; Ohara et al. 2005;
Ipek et al. 2005). However, these markers are
usually expressed as dominant characters. In
contrast, King et al. (1998) reported a linkage
map of bulb onion based on RAPDs and RFLPs,
the latter of which is expressed as a codominant
character and has high specificity over RAPDs
and AFLPs. Despite these advantages, RFLP
analysis is both time consuming and labor
intensive (Crockett et al. 2000). Thus, it is diffi-
cult for other populations or species to apply
these markers and compare genome components.

Simple sequence repeats (SSRs), on the other
hand, are powerful molecular markers because of
their codominant mode of inheritance, higher
reliability, and abundance in genomes over RAPD
(Jones et al. 1997). SSRs are tandem repeats of
short sequence motifs (mainly 1–6 bases) that
occur ubiquitously in eukaryotic genomes
(Weising et al. 1998; Zane et al. 2002; Kalia et al.
2011) (Fig. 8.1). Most of the SSRs are nuclear
SSRs, however, they are also distributed in mito-
chondria and chloroplasts. SSRs are highly useful
as molecular markers due to several reasons;
(1) widely dispersed throughout the genome,
(2) highly variable among varieties mainly due to
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variable numbers of repeats, (3) most SSRs are
probably nonfunctional, thus selectively neutral.
The SSR mutation rates (10−2–10−6 events per
locus per generation) are very high as compared
with the rates of point mutation at coding loci (Li
et al. 2002). High degree of allelic variation
revealed by SSR markers results from variation in
number of repeat motifs at a locus caused by
replication slippage and/or unequal crossing-over
during meiosis (Kalia et al. 2011). Thus, SSRs
are used for constructing linkage maps, marker-
assisted selection, phylogenetic studies, genomic
synteny analysis, and cultivar identification (Jones
et al. 1997; Bredemeijer et al. 1998). In this
chapter, I have reviewed the recent research about
SSRs in Allium.

8.2 Genomic SSRs (gSSRs)

Studies on the isolation of genomic SSRs in the
genus Allium are listed in Table 8.1. Fischer and
Bachmann (1998) reported for the first time iso-
lation of 30 genomic SSR (gSSR) markers from
bulb onion (A. cepa L.). However, these markers
were recalcitrant for wider use, due to their
complicated programs to amplify PCR fragments

(Fischer and Bachmann 2000) and the problems
with interpreting complex banding patterns.

Song et al. (2004) isolated 52 SSR clones
from bunching onion (A. fistulosum L.). They
screened with a mixture of (GA)15 and (GT)15
oligonucleotide probes from approximately
180,000 clones of a size-fractionated genomic
library. Although relatively simple, this method
needs to construct a genomic library and then
screen clones by repeated rounds of filter
hybridization using an oligonucleotide probe.

SSR-enrichment, on the other hand, has also
been developed to increase the proportion of
clones in a library containing the microsatellite
motif of interest. Several strategies for
microsatellite enrichment have been reported
(Edwards et al. 1996; Fischer and Bachmann
1998; Zane et al. 2002; Nunome et al. 2006) and
this technology is widely used for isolation of
SSR clones in Allium (Table 8.1).

Tsukazaki et al. (2007) isolated 1796 SSR
clones from SSR-enriched DNA libraries of
bunching onion. To increase the efficiency of
isolation of SSR-containing clones and to
decrease redundancy of effort in developing new
markers, they constructed 10 SSR-enriched
libraries. A total of 10,922 clones from each
SSR-enriched DNA library were randomly
selected and sequenced. Of them, 3752 (34.4%)
were found to contain more than five SSR motif
repeats and 1796 SSR-containing uniclones were
isolated. Some of these SSR loci were poly-
morphic among bunching onion inbred lines
(Fig. 8.2). Ma et al. (2009) and Cunha et al.
(2012) independently isolated SSRs from an
SSR-enrichment library of garlic (A. sativum L.).
Also, Zhang et al. (2014) isolated SSRs from an

Fig. 8.1 An example of simple sequence repeat
(SSR) motif (repeats of (AT)10 and (GT)9)

Table 8.1 Development of genomic SSRs in Alliums

Species Methods Number of clones References

A. cepa SSR-enrichment 30 Fischer and Bachmann (1998)

NGS sequencing 814 Baldwin et al. (2012a)

A. fistulosum Genomic libraries 52 Song et al. (2004)

A. sativum SSR-enrichment 1,796 Tsukazaki et al. (2007)

SSR-enrichment 139 Ma et al. (2009)

A. mongolicum SSR-enrichment 16 Cunha et al. (2012)

SSR-enrichment 38 Zhang et al. (2014)
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SSR-enrichment library of A. mongolicum
(referred to as wild onion or mountain onion).

Recently, next-generation sequencing
(NGS) technologies have enabled large amounts
of sequence data to be acquired. By using NGS
technologies, the development of genomic SSRs
markers was facilitated by genomic sequencing,
which has been shown to be highly efficient in
uncharacterized genomes without
SSR-enrichment (Abdelkrim et al. 2009; Castoe
et al. 2010). In Allium, Baldwin et al. (2012a)
identified 921 SSR motifs from bulb onion
genomic DNA using skim sequencing by
GS-FLX (Roche). It was estimated that the
trimmed sequence data (6.63 Mbps) represents
only 0.02% of the onion genome, 3% of all the
reads contained an SSR motif.

8.3 Genic-SSRs

Although SSRs constitute a large fraction of
noncoding DNA, a lot of SSRs are located in
transcribed regions of the genome. It has been
reported that noncoding (genomic) SSRs are
preferentially located in heterochromatic regions
(Frary et al. 2005; Ohyama et al. 2009), in

contrast, most genic-SSRs are found in euchro-
matin. Genic-SSRs have an advantage over
genomic SSRs because their variations often
directly affect the corresponding gene products
and even cause phenotypic changes (Li et al.
2004). Thus, genic-SSR markers can be used as
“perfect” markers.

Studies on the isolation of genic SSRs in the
genus Allium are listed in Table 8.2. In the years
preceding 2010, only medium-scale sequencing
of expressed sequence tags (ESTs) was con-
ducted in bulb onion (Kuhl et al. 2004) and garlic
(Kim et al. 2009).

Kuhl et al. (2004) isolated RNA samples from
immature bulbs, callus, and roots of bulb onion
and synthesized a normalized cDNA library.
A total of 20,000 clones were randomly selected
and sequenced, and 11,008 unique sequences
(unigenes) were obtained. From these ESTs, they
identified 336 SSRs and the frequency of SSR
sequence represented 1 SSR/25 kb sequence.

In garlic, Kim et al. (2009) obtained 7720
nonredundant garlic ESTs, however, they did not
describe EST-SSRs. Subsequently, Ipek et al.
(2015) found 132 SSR motifs in 125 ESTs by
screening of garlic ESTs reported by Kim et al.
(2009).

(a) (b)

AFAT13H10 

AFA09F08 

AFAT02E05

F1 (D x J)

Fig. 8.2 DNA polymorphisms among inbred lines of bunching onion. PCR fragments were separated by 3% agarose
gel (a) or DNA sequencer (b)
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Transcriptome sequencing utilizing NGS is a
powerful and cost-efficient approach for the dis-
covery of novel genes, especially in plants where
full-genome sequencing is not economically
feasible. In Allium, Sun et al. (2012) were the
first to obtain 127,933 unigenes from garlic by
transcriptome sequencing utilizing NGS.
Although they did not describe transcriptome
shotgun assembly (TSA)-derived SSRs
(TSA-SSRs), the data is available for identifying
SSR motifs.

Recently, several thousands of TSA-SSRs
were newly identified in bulb onion (Han et al.
2016), bunching onion (Liu et al. 2014; Tsuka-
zaki et al. 2015; Sun et al. 2016), and Chinese
chive (A. tuberosum Rottl. ex Spr., also called as
A. ramosum L.) (Zhou et al. 2015) by transcrip-
tome sequencing utilizing NGS (Table 8.2). For
example, Liu et al. (2014) isolated RNA samples
from mature leaves of waxy and glossy cultivars
of bunching onion, and RNA-Seq was conducted
using Hiseq 2000 (Illumina). A total of 42,881
unigenes were obtained by assembling from
47.3 M read pairs containing 9.55 Gbps, and
1558 SSRs were identified.

Tsukazaki et al. (2015) applied two NGS
technologies: the GS-FLX and HiSeq 2000 sys-
tems. For 454 GS-FLX sequencing, total RNAs
were isolated from nine tissue types
(two-week-old seedlings, leaf, roots, basal
meristem, immature flower bract, mature bract
(about one week before anthesis), opened flow-
ers, immature fruit, and sliced pseudostem),
synthesized a full-length normalized cDNA
library, and then sequenced. A total of 42,511

contigs were obtained from the sequence analysis
of 1.35 M high-quality reads. For sequencing
using the HiSeq 2000 system, eight samples
from three bunching onion inbred lines were
used to construct cDNA libraries. Each library
was constructed using 91 bps of the paired-end
sequence method. A total of 121,354 unigenes
were obtained from the analysis of 25.9–27.7 M
clean reads containing 2.33–2.50 Gbps. Finally,
a TSA set of 54,903 unigenes was obtained by
the integration of both the data sets. From these
unigenes, 2396 di- to pentanucleotide SSRs
among 2074 unigenes were found (3.8%). The
estimated frequency of SSR motifs detection was
0.14 SSR/kbp. In the case of bulb onion, the
frequency of SSRs was similar to the results
obtained for ESTs (2.8%; Kuhl et al. 2004) and
genomic skim sequencing (3%; Baldwin et al.
2012a).

8.4 Comparison of gSSR
and cDNA-Derived SSRs

8.4.1 Core Sequences

In general, plants are rich in AT/TA repeats
followed by GA/CT repeats, whereas GT/CA
repeat is the most common in mammals (Lager-
crantz et al. 1993; Kalia et al. 2011). AT/TA
repeats are difficult to isolate from genomic
libraries because they are palindromic (Powell
et al. 1996). Thus, (GA/CT)n and (GT/CA)n
probes were mainly used for plaque screening or
SSR-enrichment to isolate gSSRs.

Table 8.2 Development of genic SSRs in Alliums

Species Methods Number of clones References

A. cepa EST sequencing 336 Kuhl et al. (2004)

Transcriptome shotgun assemblies 4,437 Han et al. (2016)

A. fistulosum Transcriptome shotgun assemblies 1,374 Liu et al. (2014)

Transcriptome shotgun assemblies 2,074 Tsukazaki et al. (2015)

Transcriptome shotgun assemblies 1,892 Sun et al. (2016)

A. sativum EST sequencing 125 Ipek et al. (2015)
EST sequences was obtained from garlic
EST database (Kim et al. 2009)

A. tuberosum Transcriptome shotgun assemblies 2,125 Zhou et al. (2015)

116 H. Tsukazaki



In bulb onion, Fischer and Bachmann (1998,
2000) developed 30 bulb onion SSR markers, the
majority of which had GT/CA repeats (21 con-
tained GT/CA repeats, while 3 contained
GA/CTn). However, they did not describe the
(GT/CA)n: (GT/CA)n ratio, since they did not
(GA/CT)n probe for SSR-enrichment. In bunch-
ing onion, Song et al. (2004) revealed that
GT/CA repeats are surprisingly more frequent
than GA repeats (49 contained GT/CA cores,
while only one contained GA/CTn). Tsukazaki
et al. (2007) also showed that 74.1% of the
bunching onion gSSRs had GT/CA cores, while
only 17.5% had GA/CT cores (Table 8.3). These
results confirm that GT/CA repeats are far more
abundant than GA/CT repeats in the bunching
onion genome. In garlic, the GT/TG repeats are
also more frequently identified (27.0%) than
GA/CT repeats (11.5%) (Ma et al. 2009), nev-
ertheless, they did not use (GA/CT)n as a probe
for SSR-enrichment.

On the other hand, Baldwin et al. (2012a)
revealed that the 65% of all repeats were AT
cores by 6.6 Mbps of genomic skim sequence.
This strategy is not necessary for
SSR-enrichment, it will be valuable for identi-
fying new SSRs because SSRs with AT cores are
not fully identified in Allium.

As for the genic-SSRs, the frequency of trin-
ucleotide is higher than that of gSSRs. Kuhl et al.
(2004) revealed that trinucleotide SSRs (60%)
were more than dinucleotide (35%) of the total
detected EST-SSRs in bulb onion. Similar result
(33.9% of trinucleotides and 13.9% of dinu-
cleotides) was obtained by Liu et al. (2014),
(48.3 and 20.9%) Zhou et al. (2015), (50.9 and
22.0%) Sun et al. (2016), and (62.8 and 28.2%)
Han et al. (2016). Whereas, there are some
reports that dinucleotide cores are more abundant
than trinucleotide in cDNA-derived SSRs by
Ipek et al. (2015) (60% of dinucleotides and 26%

Table 8.3 The comparison of core motifs in bunching onion SSRs

gSSRs (Tsukazaki et al. 2007) genic SSRs (Tsukazaki et al. 2015)

Motif No. Frequency
(%)

Frequency
(%)

Average
repeats

No. Frequency
(%)

Frequency
(%)

Average
repeats

2bp 95.7 10.4 63.6 5.6

GT 1,331 74.1 10.5 368 15.4 5.7

GA 314 17.5 10.4 530 22.1 5.7

AT 151 4.1 7.9 614 25.6 5.5

GC 12 0.5 5.3

3bp 4.3 7.3 35.2 5.6

AAG 51 2.8 7.0 264 11.0 5.7

CCT 2 0.1 6.0 116 4.8 5.7

AGC 24 1.3 7.8 84 3.5 5.7

AAT 71 3.0 5.7

ATC 70 2.9 5.5

ATG 66 2.8 5.5

ACG 57 2.4 5.5

GGT 1 0.1 6.0 52 2.2 5.5

AAC 48 2.0 5.6

CCG 16 0.7 5.5

4bp 24 1.0 5.5

5bp 4 0.2 5.0

Total 1,796 100.0 10.2 2,396 100.0 5.6
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of trinucleotides) and Tsukazaki et al. (2015)
(63.6 and 35.2%), respectively.

Among the dinucleotide genic-SSRs, the fre-
quency ofGA/CT as a core nucleotide (22.1%)was
higher than GT/CA (15.4%) in bunching onion
transcriptome sequences (Tsukazaki et al. 2015)
(Table 8.3). Similar results were obtained for bulb
onion ESTs (GA/CT 10.1%, GT/CA 9.2%) Kuhl
et al. (2004) and bunching onion TSAs (GA/CT
8.7%, GT/CA 6.5%) Sun et al. (2016), whereas it
differs in Chinese chive TSAs (GT/CA 13.6% and
GA/CT 11.5%) Zhou et al. (2015).

In plants, the most frequent motif in the trin-
ucleotide SSRs is AAG/CTT, whereas
CCG/GCC is the most common in cereals (Li
et al. 2002). Tsukazaki et al. (2015) reported that
the most abundant motif in the trinucleotide
SSRs was AAG/CTT in bunching onion (11.0%,
Table 8.3). Since similar results were obtained
for bulb onion (12.5%, Kuhl et al. 2004; 5.9%,
Han et al. 2016), bunching onion (7.8%, Liu
et al. 2014; 14.7%, Sun et al. 2016), and Chinese
chive (13.3%, Zhou et al. 2015), AAG/CTT
motif seems to be the most frequent in Alliums.

The GC content of bunching onion nuclear
DNA was previously estimated at 37.9% (Kirk
et al. 1970) and 39.8% (Ricroch et al. 2005),
making it one of the lowest known values for
angiosperms (Kirk et al. 1970; Stack and Coming
1979). The GC content of bulb onion ESTs was
estimated at 41.9% and 30.4% in total and intron
regions, respectively (Kuhl et al. 2004). They
concluded that Asparagales (bulb onion) are
more similar to eudicots (Arabidopsis) than to
Poales (rice) for the genomic characteristics such
as exon usage and mean GC content, GC distri-
bution, and relative GC content at each codon
position (Kuhl et al. 2004). It is considered that
these reasons are in accordance with the differ-
ence of the most frequent trinucleotide motif
between Allium and cereals.

8.4.2 Polymorphisms
and Transferabilities

The sequences flanking the SSR motifs in the
genome are conserved within species and often

across the species within a genus and even across
related genera (Gupta and Varshney 2000). Both
genomic and genic-SSR markers can be trans-
ferred across species. However, genic-SSR
markers are expected to have a high transfer-
ability due to the conservation of transcribed
regions among related species (Kalia et al. 2011).
On the other hand, the polymorphism of
genic-SSRs seems to lower than that of gSSRs
for distinguishing the closely related genotypes
in general. Thus, gSSRs are superior over genic
SSRs for fingerprinting or cultivar classification
study especially in intraspecies.

Studies on the polymorphisms of SSR mark-
ers in Allium are listed in Table 8.4. gSSRs are
often recalcitrant to application across species
due to their low transferabilities. Nunome et al.
(2009) reported that the more than 90% of egg-
plant (Solanum melongena) gSSR markers were
well amplified in related species (S. linnaeanum
and S. incanum), while the transferabilities
decreased in tomato (55%) and pepper (31%). In
Allium, bulb onion EST-SSR markers gave high
(>75%) transferability in bunching onion and
garlic, whereas less (40%) in Chinese chive
(Tsukazaki et al., unpublished data). In contrast,
transferability of bunching onion gSSRs
decreased in these species (50% in bulb onion
and garlic, and 16% in Chinese chive) using 360
primer sets (Tsukazaki et al., unpublished data).
The transferability of bulb onion gSSRs in
bunching onion inbred lines was low (43.3%),
whereas that of bulb onion EST was 75.1%
(Tsukazaki et al. 2008). Baldwin et al. (2012a)
reported that only 25% of the bulb onion gSSR
markers amplified in bunching onion and A.
roylei. Khar et al. (2011) used 30 bulb onion
gSSRs developed by Fischer and Bachmann
(2000) to evaluate the genetic diversity of Indian
onion, and only three were able to amplify in
bulb onion lines as compared to bulb onion
EST-SSR where 16 of the 30 primers were
amplified.

Tsukazaki et al. (2008) reported that the effi-
ciency of polymorphism between bunching
onion inbred lines using bunching onion gSSRs
was 28.3%. The frequency of polymorphic
markers between bunching onion inbred lines in
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bulb onion EST-SSRs was low (11.0%) and it
was comparable to that in bulb onion gSSRs
(15.4%). On the other hand, Ma et al. (2009)
reported that only eight of 128 primer pairs
produced reproducible polymorphic bands in the
garlic germplasm. It is considered that the low
efficiency of polymorphic markers is due to its
clonal reproduction habit. Nevertheless, these
eight polymorphic SSR loci detected on an
average 8.0 alleles per locus with an average PIC
value 0.62.

The degree of polymorphisms in gSSRs tends
to be higher than in genic-SSRs, although it is
dependent upon the number of markers and
population size. For example, in the case of
bunching onion inbred lines, the average number
of alleles and PIC value or degree of hetero-
geneity (He) were 2.4 and 0.35 using TSA-SSRs
in contrast to 3.2–3.7 and 0.50–0.59 using gSSRs
(Song et al. 2004; Tsukazaki et al. 2007, 2011,
2015), respectively. These values increased when
population size became larger with wide genetic
diversity in Allium (Tsukazaki et al. 2006, 2010;
Zhao et al. 2011, Baldwin et al. 2012a)
(Table 8.4).

8.4.3 Application Using SSR Markers

As mentioned above, SSRs are powerful molec-
ular markers because of their codominant mode
of inheritance, higher reliability, and abundance
in genomes. Thus, SSRs are used for construct-
ing linkage maps, marker-assisted selection,
phylogenetic studies, genomic synteny analysis,
and cultivar identification (Jones et al. 1997;
Bredemeijer et al. 1998).

8.4.4 Linkage Map and QTL Analysis

The studies of linkage map constructions and/or
QTL analysis using SSR markers in Allium are
listed in Table 8.5. These studies are limited to
bulb onion and bunching onion. The first public
linkage map in Allium was developed by King
et al. (1998). Although this bulb onion linkage
map was based on RAPD and RFLP markers,

Martin et al. (2005) subsequently added 35
EST-SSRs, 43 single nucleotide polymorphisms
(SNPs), and 4 insertion–deletion (InDel) markers
on this map. Martin et al. (2005) also assigned
each linkage group to bulb onion chromosome
by using a complete set of Allium monosomic
addition lines (AMALs; 2n = 16 + 1, FF + 1A
to FF + 8A) developed by Shigyo et al. (1996).

McCallum et al. (2006) constructed a partial
onion linkage map based on bulb onion
EST-SSRs and compared to a linkage map of
Martin et al (2005). This map was subsequently
used to detect QTLs for fructan content and bulb
pungency (McCallum et al. 2006, 2007).

In bunching onion, Ohara et al. (2005) con-
structed linkage maps based primarily on AFLP
markers with 13 gSSRs using reciprocally
backcrossed progenies. Twenty-four SSR mark-
ers were subsequently added on these maps and
conducted QTL analysis of seedling growth
(Ohara et al. 2009).

Tsukazaki et al. (2008) constructed a
gSSR-based linkage map consisting of 17 groups
(Fig. 8.3). This is the first report of a linkage map
mainly based on SSR markers in the genus
Allium. With the 104 anchor markers, including
82 bunching onion gSSRs and 11 bulb onion
EST-SSRs, whose chromosome assignments
were identified in A. cepa and/or A. fistulosum,
via the use of a complete set of AMALs (Shigyo
et al. 1996) and six single-alien deletion lines
(Hang et al. 2004; Yaguchi et al. 2009), all
linkage groups were connected to the 8 basic
Allium chromosomes. This linkage map was then
used as a reference for constructing linkage maps
of the other bunching onion populations (Tsu-
kazaki et al. 2011; Wako et al. 2016), and QTL
analysis of pseudostem pungency (Tsukazaki
et al. 2012) and bolting time (Wako et al. 2016).
In addition, Tsukazaki et al. (2015) reported a
new bunching onion linkage map mainly based
on genic and genomic SSRs which consisted of
17 linkage groups (Fig. 8.4). This map was then
applied for QTL analysis of morphological traits
and pseudostem pigmentation (Tsukazaki et al.
2017). More than 200 genic-markers derived
from both bunching onion TSAs and bulb onion
ESTs were located on this map, however, a trial
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to compare linkage map between bunching onion
and bulb onion (Duangjit et al. 2013; Baldwin
et al. 2014) via genic-markers was very difficult
because of few orthologous markers.

8.4.5 Phylogeny Analysis, Genomic
Diversity, and Cultivar
Identification

SSR markers are more polymorphic than the
other markers because they are multi-allelic,
which are different from bi-allelic markers
(SNPs, etc.). In the case of bunching onion,
the degree of polymorphism within inbred
lines could be ranked as follows:

gSSRs > TSA-SSRs > TSA-derived InDels
(Tsukazaki et al. 2007, 2015). Hence, the poly-
morphic data using SSR markers is useful for
characterization of accessions in plant germ-
plasm collections and taxonomic studies.
Although gSSRs are often recalcitrant to appli-
cation across species due to their lower trans-
ferabilities, some phylogenic studies have been
conducted not only in intraspecies but also
among Allium spp.

The studies of phylogeny analysis and/or
cultivar classification using SSR markers in
Allium are listed in Table 8.6. Although Fischer
and Bachmann (2000) reported the first phy-
logeny analysis using SSR markers, these studies
have been mainly conducted in garlic and related

Table 8.5 Linkage map and/or QTL analysis using SSR markers in Alliums

Mapping
Population

Number of mapped SSR markers Application References

A. cepa F2 35 bulb onion EST-SSRs with RAPDs,
RFLPs and EST-derived SNPs and
InDels

Linkage map Martin et al. (2005)

F2 Not described in detail QTL analysis for bulb
fructan content

McCallum et al.
(2006)

F2 Not described in detail QTL analysis for bulb
pungency

McCallum et al.
(2007)

F2 17 bulb onion EST-SSRs with
EST-derived CAPSs, HRM and InDels

Linkage map Baldwin et al.
(2012b)

A. fistulosum BC1 13 bulb onion gSSRs, 1 bulb onion
gSSR with AFLPs

Linkage map Ohara et al. (2005)

F2 212 bunching onion gSSRs, 1 bulb
onion gSSR, 16 bulb onion EST-SSRs

Linkage map Tsukazaki et al.
(2008)

BC1 28 bulb onion gSSRs, 1 bulb onion
gSSR, 10 bulb onion EST-SSRs with
AFLPs

QTL analysis for
seedling growth

Ohara et al. (2009)

F2 199 bunching onion gSSRs, 8 bulb
onion EST-SSRs

Linkage map and
chromosome
assignment

Tsukazaki et al.
(2011)

F2 207 bunching onion gSSRs, 8 bulb
onion EST-SSRs with RAPDs

QTL analysis for
pseudostem pungency

Tsukazaki et al.
(2012)

F2 81 bunching onion TSA-SSRs, 96
bunching onion gSSRs, 33 bulb onion
EST-SSRs with TSA-derived CAPSs
amd InDels

Linkage map Tsukazaki et al.
(2015)

QTL analysis for
morphological traits
and pseudostem
pigmentation

Tsukazaki et al.
(2017)

F2 249 bunching onion gSSRs, 2 bulb
onion EST-SSRs

QTL analysis for
bolting time

Wako et al. (2016)
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species because of its clonal reproduction habit.
Ma et al. (2009) applied eight gSSRs to 90 garlic
accessions and clustered into two distinct groups
which were moderate related to geographical
location. Ipek et al. (2015) analyzed 31 garlic
accessions including A. longicuspis using 26
EST-SSRs. Twenty-one of these accessions had
been previously analyzed by Ipek et al. (2003)
who applied AFLP, RAPD, and isozyme mark-
ers. The clusters based on genetic relationships
between garlic accessions by EST-SSRs were
reflected in those by AFLP markers.

On the other hand, Fischer and Bachmann
(2000) applied 30 gSSRs to 83 onion accessions
and 24 from 16 species including three sections
Cepa, Schoenoprasm and Annuloprasum within
the subgenus Rhizirideum. A dendrogram based
on 83 onion accessions at 15 SSR loci partly
reflected the geographical origins of landraces.
McCallum et al. (2008) used 56 EST-SSRs and
four gSSRs for 89 inbred and open-pollinated
populations of wide geographical adaptation, and
principal coordinate analysis was performed. In

addition, Baldwin et al. (2012a) scored the 20
bulb onion gSSR markers in 12 individuals from
24 bulb onion populations covering latitude 44°
N to 37°S and used for discriminant analysis of
principal components analysis. They revealed
high degree of within-population heterozygosity
(He= 0.19–0.47) and within-population variation
(Fst = 0.26).

In bunching onion, Li et al. (2008) applied
both gSSR markers and sequence-related ampli-
fied polymorphism (SRAP) markers for analyz-
ing genetic diversity. Tsukazaki et al. (2010)
conducted a population diversity study using
SSR markers. They applied 30 bunching onion
gSSR to every 24 individuals from 30 bunching
onion open pollination cultivars originating
mostly from Japan. The analysis of molecular
variance (AMOVA) revealed that 77% of
molecular variance was within cultivars (varia-
tion among cultivars was 23%). From a cluster
analysis based on genetic distance from allele
frequencies of each locus, bunching onion culti-
vars were classified into three clusters. These

Fig. 8.3 Bunching onion chromosome map in the DJ
population mainly based on bunching onion genomic
simple sequence repeat (gSSR) markers (Revised from
Tsukazaki et al. 2008). It consists of 17 linkage groups
with 230 SSRs (212 bunching onion SSRs and 17 bulb
onion SSRs) and 26 bulb onion-derived non-SSR markers

(4 InDels, 17 CAPSs, and 4 dCAPSs) covering 2116 cM.
The genetic markers used to assign linkage groups to their
relevant chromosomes are marked with [1A] to [8A]
(assigned to A. cepa chromosomes) and [1F] to [8F] (to A.
fistulosum chromosomes)
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Fig. 8.4 Bunching onion linkage map in the FA popu-
lation mainly based on bunching onion Transcriptome
shotgun assembly (TSA)-derived markers (revised from
Tsukazaki et al. 2015). It consists of 17 linkage groups
with 367 markers (190 bunching onion TSAs, 96

bunching onion genomic SSRs, 39 bulb onion ESTs,
and 4 other markers) covering 1150 cM. Bunching onion
TSA-derived SSRs are indicated in italic with underlines
and bulb onion EST-SSRs are indicated in italic

Table 8.6 Phyrogenic analysis and cultivar classification using SSR markers in Alliums

Population size Number of SSR markers
used

Application References

A. cepa 83 bulb onion accessions 15 bulb onion gSSRs Phylogeny analysis Fischer and
Bachmann
(2000)

50< seedlings from 35
bulb onion populations

58 bulb onion EST-SSRs Phylogeny analysis Jakše et al.
(2005)

82 lines 56 bulb onion
EST-SSRs, 4 bulb onion
gSSRs

Phylogeny analysis McCallum
et al. (2008)

16 lines 24 bulb onion EST-SSRs Phylogeny analysis Mahajan et al.
(2009)

12 individuals from 24
bulb onion populations

20 bulb onion gSSRs Phylogeny analysis Baldwin et al.
(2012a)

A. fistulosum 20 lines 13 bulb onion gSSRs, 4
bulb onion gSSR

Phylogeny analysis Li et al. (2008)

24 individuals from 32
bunching onion cultivars

33 bunching onion
gSSRs

Cultivar classification
and cultivar identification

Tsukazaki et al.
(2010)

(continued)
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clusters corresponded to the expected three cul-
tivar groups, that is, “Kaga”, “Senju”, and
“Kujo”.

Tsukazaki et al. (2010) also tried to identify
cultivar by assignment test using these genotype
data. In the assignment test at the individual level,
89.1% of the individuals were assigned to their
original cultivar. When the assignment was con-
ducted based on groups each consisting of four
individuals, the percentage of correct assignments
was considerably improved (99.3%). These
results suggested that the assignment test
approach will be useful for cultivar identification
in allogamous bunching onions, which have large
within-cultivar genetic diversity.

8.5 Conclusions

As described above, SSRs are powerful molec-
ular markers because of their codominant mode
of inheritance, higher reliability, and abundance
in genomes, and therefore, SSRs are widely
applied for constructing linkage maps, QTL
analysis, phylogenetic studies, and cultivar
identification in Allium studies.

NGS technologies have enabled large
amounts of sequence data to be acquired in
Alliums. These technologies will be a mainstream
for developing new SSR markers. In addition, the
public NGS data should also be fully exploited

for developing SSR markers. However, Alliums
have a large and highly heterozygous genome
making the sharing of germplasm and analysis of
sequencing data complicated. Recently, Khosa
et al. (2016) reported a reference transcriptome
catalogue from multi organs of doubled haploid
bulb onion line, “CUDH2107”. However, the
author did not describe SSRs in this study, sev-
eral thousands of SSR markers may be obtained
by screening of sequence data.

To date, detailed comparison of linkage maps
from bunching onion and bulb onion has been
hindered thus far by the limited numbers of
common markers. It is considered that the
macrosynteny is highly conserved between
bunching onion and bulb onion by assigning the
common markers (Tsukazaki et al. 2008). How-
ever, it was reported that a minimum of 2
heteromorphic bivalents were observed in mei-
otic analysis of interspecific hybrids between
bunching onion and bulb onion (Peffley 1986),
suggesting that chromosomal mutations such as
translocation and inversion might be involved in
the speciation between bunching onion and bulb
onion. For detailed studies of such chromosomal
mutations, microsynteny will be facilitated at the
genome-wide level by plotting many more
common (orthologous) markers onto the maps of
both species, and these markers will also help to
further our understanding of Allium comparative
genomics.

Table 8.6 (continued)

Population size Number of SSR markers
used

Application References

A. sativum 90 accessions 8 garlic gSSRs Phylogeny analysis Ma et al. (2009)

95 core set including 3
related species

8 garlic gSSRs Phylogeny analysis Zhao et al.
(2011)

130 accessions 24 garlic gSSRs Phylogeny analysis Cunha et al.
(2014)

26 accessions 31 garlic EST-SSRs Phylogeny analysis Ipek et al.
(2015)
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9Gene Annotation

Hideki Hirakawa

Abstract
Due to the large genome size in Allium species,
annotated genome sequence information is
limited to the organelle genomes of Allium
cepa. On the other hand, there are several
annotated transcriptome sequences analyzed
by using NGS (RNA-Seq) in A. cepa (onion),
A. fistulosum (Japanese bunching onion),
A. tuberosum (Chinese chive), A. cepa Aggre-
gatum group (shallot), and doubled haploid
A. cepa. These genomic and genic data have
been released from the databases of Allium
species, such as AlliumMap, PlantNATsDB,
AlliumTDB, some databases in NCBI, PGDBj
as integrated database, and so on. As the
genomic and genic information are accumu-
lated, the studies of understanding gene func-
tions in Allium species would be accelerated.

9.1 Introduction

With the progress of NGS (Next Generation
Sequencing) technologies, the genome sequences
of different varieties have been determined in
diverse plant species. Currently, short reads are

mainly available by MiniSeq/MiSeq/NextSeq/
HiSeq/NovaSeq platforms using the single
molecule array technology developed by Illumina
(https://www.illumina.com). As for long reads,
PacBio RSII and Sequel using Single Molecule,
Real-Time (SMRT) sequencing technology have
been released from Pacific Biosciences (http://
www.pacb.com), and MinION/GridION/Prometh
ION using nanopore technology have been
released from Oxford Nanopore Technologies
(https://nanoporetech.com). To reconstruct the
genome sequence, the reads sequenced by these
NGS technologies are assembled, and then con-
tigs and scaffolds are constructed. After the gen-
ome assembly, gene annotations, such as
prediction of gene structures, transcripts, genes,
proteins, ribosomal RNAs (rRNAs), and transfer
RNAs (tRNAs), are generally carried out. Sub-
sequently, the functions of the genes are inferred
by similarity searches against databases (DBs).

As for the genome sequences of Allium spe-
cies, the chloroplast genome sequence of normal
(N) male-fertile and male-sterile (S) Allium cepa
(onion) (von Kohn et al. 2013) and the mito-
chondrial genome sequence of A. cepa (Kim
et al. 2016) have been determined. Gene anno-
tations such as gene prediction and prediction of
gene functions in the chloroplast and mitochon-
drial genomes were conducted. Although the
organelle genome sequences of A. cepa have
been determined, the nuclear genome sequence
has not been determined yet because of its
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enormous size. According to the C-value data-
base (http://data.kew.org/cvalues/CvalServlet?
querytype=1), the estimated genome sizes of
Allium species range from 7.4 Gb in A. sibiricum
to 72.9 Gb in A. validum. As well-known spe-
cies, the genome size of A. fistulosum (Japanese
bunching onion) was estimated to be 12.2 Gb,
and that of A. cepa was estimated to be 16.4 Gb.

In the PAG (Plant & Animal Genome XXIII
in 2015) conference, the genome sequence of the
doubled haploid line DH066619 of A. cepa was
presented by Richard Finkers at Wageningen UR
Plant Breeding in the Netherlands (https://pag.
confex.com/pag/xxiii/webprogram/Paper17794.
html) under the SEQUON project (http://www.
oniongenome.net). In the study, the genome size
of bulb onion (A. cepa Common onion group)
was estimated to be 16 Gb. De novo assembly
was carried out using paired-end reads of Illu-
mina HiSeq by the MaSuRCA program (Zimin
et al. 2013), and the total genome size was
10.8 Gb and consisted of 6.2 M contigs
(>500 bp) with an N50 length of 2776 bp. In
addition, the genome sequence of shallot
(A. cepa Aggregatum group) is currently being
determined by Yamaguchi University in Japan.

Due to the large size of the genome in Allium
species, many transcriptome analysis studies
have been subject to research targets. Currently,
de novo assembly of RNA-Seq analysis is carried
out to clarify gene contents at the genome-wide
level, and then the unigenes are constructed.
After the construction of unigenes, gene anno-
tations, such as prediction of gene structures,
transcripts, genes, proteins, ribosomal RNAs
(rRNAs), and transfer RNAs (tRNAs), are gen-
erally carried out.

In Allium species, there are no DBs related to
genome sequences. On the other hand, there are
some DBs related to transcripts, such as
AlliumMap (McCallum et al. 2012) (http://
alliumgenetics.org) for providing genetic maps
and marker data from multiple Allium species
and populations, PlantNATsDB (Chen et al.
2012) (http://bis.zju.edu.cn/pnatdb/) for provid-
ing natural antisense transcripts (NATs), the
Onion Transcriptome Database (http://onion.
riceblast.snu.ac.kr) for providing transcriptome

assembly and annotation data of A. cepa H6 and
SP3B, and so on. In this chapter, details of
AlliumTDB (http://alliumtdb.kazusa.or.jp)
released from Yamaguchi University, and some
DBs at the NCBI (National Center for Biotech-
nology Information) (https://www.ncbi.nlm.nih.
gov), and PGDBj (Plant Genome DataBase
Japan) (http://pgdbj.jp) are described.

9.2 Gene Annotation of the A. cepa
Organelle Genome

9.2.1 Chloroplast Genome

The chloroplast genome sequence of normal
(N) male-fertile and male-sterile (S) of A. cepa
has been determined by assembling the reads
sequenced by the 454 FLX platform (Roche
Diagnostics, Germany) using Newbler (Roche
Diagnostics, Germany), and the total lengths of
N and S were 153,538 bp (accession: KF728080)
and 153,355 bp (accession: KF728079), respec-
tively. Gene annotation was carried out by using
Dogma (Wyman et al. 2004), and the numbers of
genes, rRNAs, and tRNAs were the same
between the N and S cytoplasms, i.e., 135 genes,
8 rRNAs, and 38 tRNAs (von Kohn et al. 2013).
By comparing the chloroplast genome sequences,
polymorphisms that were useful for classifying
onion cytoplasms between N and S were identi-
fied (von Kohn et al. 2013).

9.2.2 Mitochondrial Genome

The mitochondrial genome sequence of A. cepa
has been determined by assembling the
paired-end reads sequenced by NextSeq 500
platform (Illumina, Hayward, CA) using a CLC
genome assembler v4.06 beta (CLC Inc., Aarhus,
Denmark) and GapCloser program v1.12 (BGI,
Shenzhen, P.R. China), and the total length was
316,363 bp (accession: KU3186712). Gene
annotation was performed by using the MITOFY
program (Alverson et al. 2010), and 39 genes
(25,497 bp length), 3 ribosomal RNAs (5104 bp
length), and 16 transfer RNAs (893 bp length)

130 H. Hirakawa

http://data.kew.org/cvalues/CvalServlet?querytype=1
http://data.kew.org/cvalues/CvalServlet?querytype=1
https://pag.confex.com/pag/xxiii/webprogram/Paper17794.html
https://pag.confex.com/pag/xxiii/webprogram/Paper17794.html
https://pag.confex.com/pag/xxiii/webprogram/Paper17794.html
http://www.oniongenome.net
http://www.oniongenome.net
http://alliumgenetics.org
http://alliumgenetics.org
http://bis.zju.edu.cn/pnatdb/
http://onion.riceblast.snu.ac.kr
http://onion.riceblast.snu.ac.kr
http://alliumtdb.kazusa.or.jp
https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
http://pgdbj.jp


were extracted. The functions of the genes were
predicted by sequence alignments against the
orthologous genes cloned from other plant spe-
cies (Kim et al. 2016).

The completed A. cepa chloroplast and mito-
chondrial genome sequences with annotation
have been used as fundamental information for
elucidating the evolution of onion Cytoplasmic
Male Sterility (CMS).

9.3 Gene Annotation of Unigenes

There are several reports related to the sequencing
of transcripts using short reads by RNA-Seq
methods in Allium species, i.e., 54,165 unigenes
in A. cepa (Kim et al. 2015), 42,881 unigenes in
A. fistulosum (Liu et al. 2014), 293,475 unigenes
in A. cepa (Rajkumar et al. 2015), 60,031 uni-
genes in A. tuberosum (Zhou et al. 2015), 53,837
unigenes in A. fistulosum (Sun et al. 2016),
117,189 unigenes in A. cepa (Zheng et al. 2016),
54,047 unigenes in A. cepa (Han et al. 2016),
271,665 unigenes in the doubled haploid of A.
cepa (Khosa et al. 2016), and 56,161 unigenes in
the doubled haploid of A. cepa Aggregatum
group (Abdelrahman et al. 2017). The gene
annotations conducted in these studies are sum-
marized in Table 9.1. The number of unigenes
assembled by Rajkumar et al. was 293,475 in
A. cepa, which was highest among the species
investigated, while that assembled by Sum et al.
was 53,837 in A. fistulosum, which was lowest
among the studied species. In most of the studies,
Trinity was used for the assembly. The databases
used for functional annotation were non-redundant
proteins (NR) (ftp://ncbi.nlm.nih.gov/blast/db/
FASTA/nr.gz), NT (https://www.ncbi.nlm.nih.
gov/nucleotide/), RefSeq (https://www.ncbi.nlm.
nih.gov/refseq/), and KOG (COG) (Tatusov et al.
2003) in NCBI, Swiss-Prot (https://www.ebi.ac.
uk/uniprot/) and UniProt (http://www.uniprot.org)
in EMBL, KEGG (http://www.genome.jp/kegg/),
Gene Ontology (GO) (http://geneontology.org),
InterPro (https://www.ebi.ac.uk/interpro/), Pfam
(http://pfam.xfam.org/), The Arabidopsis Infor-
mation Resource (TAIR) (https://www.
arabidopsis.org), and the International Rice

Genome Sequencing Project (RAP-DB) (http://
rapdb.dna.affrc.go.jp).

As an example of an annotation procedure in
transcriptome analysis, the detailed strategy of
gene annotation in transcriptome analysis of the
A. cepa Aggregatum group conducted by Yam-
aguchi University in Japan is presented below.

9.4 Unigene of the Allium cepa
Aggregatum Group

To understand physiological traits such as the
biosynthetic pathway of saponins in Allium,
expression analyses of monosomic addition lines
(MALs) of the Japanese bunching onion (A. fis-
tulosum, FF) with an extra chromosome from
shallot (A. cepa Aggregatum group, AA) were
investigated (Abdelrahman et al. 2017). The
RNA-Seq reads sampled from bulbs of AA were
sequenced by a HiSeq 2500 platform (Illumina)
(accession: DRA005096) for use as reference
sequences in the expression analyses. The reads
including the adaptor sequence and low-quality
nucleotides were excluded, and the remaining
reads were assembled in each sample by Trinity
r20121005 (Grabherr et al. 2011). The contigs
obtained in each sample were clustered and
representative contigs in each cluster were fur-
ther assembled; the resultant contigs were
defined as unigenes. As a result, 56,161 unigenes
were constructed and submitted to similarity
searches against the databases of TAIR
(TAIR10) and RAP-DB (IRGSP-1.0; http://rgp.
dna.affrc.go.jp/IRGSP/), and NCBI NR using the
BLASTX (Altschul et al. 1997) program with an
E-value cutoff of 1E-10. The results showed that
29,746 (52.9%), 29,307 (52.1%), and 33,365
(59.4%) genes were similar to the genes of
TAIR, RAP-DB, and NR, respectively. The gene
annotations were carried out to the unigenes of A.
cepa Aggregatum group, the genes of Oryza
sativa and Arabidopsis thaliana based on the
Gene Ontology (GO) (http://geneontology.org).
The 56,161 unigenes of A. cepa Aggregatum
group, 35,626 genes of O. sativa (IRGSP-1.0),
and 27,655 genes of A. thaliana (Araport11;
https://www.araport.org) were conducted to
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InterProScan (Hunter et al. 2009) searches
against InterPro database. As results, 16,943
(30.1%) of 56,161 unigenes in A. cepa Aggre-
gatum group, 20,926 (58.7%) of 35,626 genes in
O. sativa, and 17,093 (61.8%) of 27,655 genes in
A. thaliana were assigned to GO functional cat-
egories. The unigenes of A. cepa Aggregatum
group were constructed by de novo assembly of
RNA-Seq reads and contains partially predicted
genes, while the genes of O. sativa and
A. thaliana are basically full-length as they are
predicted from the genome sequences. Therefore,
the percentage of the unigenes assigned to GO
categories in A. cepa Aggregatum group was
lower than those in O. sativa and A. thaliana.
The distribution of the genes assigned to bio-
logical processes (BP), cellular components
(CC), and molecular functions (MF) in A. cepa
Aggregatum group, O. sativa, and A. thaliana are
shown in Fig. 9.1. The distributions of the GO
categories were similar among them, which
indicated that the functional characterization of
the unigenes of A. cepa Aggregatum group is
considered to be valid. The most frequently
observed gene functions in A. cepa Aggregatum
group were “metabolic processes (7352 genes)”
and “cellular process (6410)” in BP, “cell
(4471)”, “intracellular (2696)”, and “membrane
(2118)” in CC, and “binding (9547)” and “cat-
alytic activity (7069)” in MF. The number of
genes categorized into the GO is shown in
parentheses. Gene annotation was also carried
out for unigenes by quantifying the expression
levels in each organ. RNA-Seq data from 30
cDNA libraries of roots, bulbs, and leaves of AA,
MALs, and FF were mapped onto the unigenes
by Bowtie 2 v2.2.0 (Langmead and Salzberg
2012) in end-to-end mode. Based on the number
of reads mapped onto the unigenes, RPKM
(Reads Per Kilobase per Million mapped reads)
values were calculated for each gene. The genes
with different expression levels in the roots,
bulbs, and leaves of AA and MALs were com-
pared to those of FF, then the RPKM fold change
and false discovery rate were calculated to find
differently expressed genes. Gene annotation was
performed using the AlliumTDB (http://
alliumtdb.kazusa.or.jp). By mapping the

unigenes onto the KEGG metabolic pathways, 50
unigenes in the roots, bulbs, and leaves of AA
and MALs were found to be related to saponin
biosynthesis. The RPKM values were also cal-
culated for the MALs and their parental lines
(FF1A, FF2A, FF3A, FF4A, FF5A, FF6A,
FF7A, FF8A, AA, FF) sampled from bulbs,
roots, and leaves against unigenes of DHA_Bulb.
Here, FF1A means that the chromosome addi-
tional line, in which chromosome 1 of AA was
added to FF. The differential gene expression
analysis revealed many up-regulated genes in the
biosynthetic pathway of steroidal saponins in the
extra chromosome 2 from the shallot (FF2A) line
(Abdelrahman et al. 2017).

9.5 Genome Sequencing
of the Doubled Haploid
of Shallot

Gene annotation in Allium species has been car-
ried out in several studies for the following plant
species: A. cepa (Kim et al. 2015; Rajkumar et al.
2015; Zheng et al. 2016; Han et al. 2016; Khosa
et al. 2016), A. fistulosum (Liu et al. 2014; Sun
et al. 2016), A. tuberosum (Zhou et al. 2015), and
A. fustulosum with an extra chromosome from
the A. cepa Aggregatum group (Abdelrahman
et al. 2017). In these studies, de novo assemblies
of RNA-Seq data were conducted to understand
the genes, but it is considered that the construc-
tion of unigenes is not sufficient to understand
the gene structures, since it is difficult to recon-
struct the complete gene structure merely by
assembling short reads. Recently, full-length
cDNA sequences were made available by the
Iso-Seq method (http://www.pacb.com/
applications/rna-sequencing/) using PacBio
reads, but only the genes expressed in the sam-
ples were sequenced. To more completely clarify
the overall gene structures and expression pat-
terns, information on the whole genome
sequence is considered to be necessary.

Currently, de novo assembly of the doubled
haploid of shallot is being carried out using Illu-
mina short reads by Yamaguchi University in
Japan. The total lengths of contigs and scaffolds
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obtained are close to the estimated genome size
(16 Gb), but the N50 length of the scaffolds is still
short because many repetitive sequences are
contained in the genome. Recently, as long read
sequencers, Sequel (http://www.pacb.com/
products-and-services/pacbio-systems/sequel/)
has been released from Pacific Biosciences (http://
www.pacb.com), and MinION (https://
nanoporetech.com/products/minion), GridION
(https://nanoporetech.com/products/gridion), and
PromethION (https://nanoporetech.com/products/
promethion) have been released from Oxford
Nanopore Technologies (https://www.
nanoporetech.com). All of these tools are useful
to extend the assembled genome sequence. In
addition, as a new technology, BioNano Genomics
Irys (https://bionanogenomics.com/products/irys/)
and Saphyr (https://bionanogenomics.com/

products/saphyr/) Systems (http://bionano
genomics.com) using optical mapping technology
have been developed, and have been applied to
scaffolding or the detection of structural variations.
Chromium has been released from 10x Genomics
(http://www.10xgenomics.com), which uses
GemCode technology for phasing, scaffolding, and
detecting structural variations. Dovetail Genomics
(http://dovetailgenomics.com) has developed Chi-
cago method to scaffold with a wide range of
information within chromatin structures, which are
especially useful for anchoring the scaffolds. In
particular, NRGene (http://www.nrgene.com) has
developed the DenovoMAGIC assembler (http://
www.nrgene.com/technology/denovomagic/),
which successfully assembles many plant and
animal genomes, such as Aegilops tauschii (wheat
ancestor), bovine, maize, strawberry (heterozygote
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Fig. 9.1 Distribution of GO categories for the unigenes
in DHA_Bulb. The number of unigenes of Allium cepa
Aggregatum group assigned to GO categories are shown

in red bar. The numbers of the genes of Oryza sativa and
Arabidopsis thaliana are shown in orange and green,
respectively

136 H. Hirakawa

http://www.pacb.com/products-and-services/pacbio-systems/sequel/
http://www.pacb.com/products-and-services/pacbio-systems/sequel/
http://www.pacb.com
http://www.pacb.com
https://nanoporetech.com/products/minion
https://nanoporetech.com/products/minion
https://nanoporetech.com/products/gridion
https://nanoporetech.com/products/promethion
https://nanoporetech.com/products/promethion
https://www.nanoporetech.com
https://www.nanoporetech.com
https://bionanogenomics.com/products/irys/
https://bionanogenomics.com/products/saphyr/
https://bionanogenomics.com/products/saphyr/
http://bionanogenomics.com
http://bionanogenomics.com
http://www.10xgenomics.com
http://dovetailgenomics.com
http://www.nrgene.com
http://www.nrgene.com/technology/denovomagic/
http://www.nrgene.com/technology/denovomagic/


octoploid), canola, and ryegrass (heterozygous)
using Illumina short reads. This software can be
applied to any genomes with high heterozygosity
or high polyploidy. By using the technologies
described above, it will be possible to improve the
scaffolds of the shallot genome sequence currently
in progress.

9.6 Databases

9.6.1 AlliumTDB

To provide the transcript data in Allium species
accumulated in the project led by Yamaguchi
University, AlliumTDB (Allium Transcript
DataBase; http://alliumtdb.kazusa.or.jp) has been
constructed. The top page of AlliumTDB is
shown in Fig. 9.2. In AlliumTDB, unigenes
constructed in each of 12 plant materials, i.e., the
doubled haploid of onion (DHC) sampled from
leaves (dataset name: DHC_Leaf), the doubled
haploid of shallot (DHA) sampled from leaves,
bulbs, and roots (DHA_Leaf, DHA_Bulb,
DHA_Root), an F1 hybrid of DHA � DHC
sampled from leaves, bulbs, and stems (F1_Leaf,
F1_Bulb, F1_Root), A. roylei sampled from
leaves, bulbs, and stems (A.roylei_Leaf, A.roy-
lei_Bulb, A.roylei_Root), A. fistulosum sampled
from stems (FFStem), and A. fistulosum with
shallot 5A chromosome sampled from stems
(FF_5AStem), have been released. Users can
perform a BLAST search at the “BLAST”
page (http://alliumtdb.kazusa.or.jp/blast.html) by
selecting the databases, i.e., unigenes constructed
from each of the 12 plant materials described
above, unigenes of A. cepa constructed from EST
sequences assembled by the Kazusa DNA
Research Institute (GI_kazusaEST), and unige-
nes of A. fistulosum (A.fistulosum_Unigene)
assembled with the reads of DHA_Bulb,
FFStem, and FF_5AStem. In the “KEYWORD”
page (http://alliumtdb.kazusa.or.jp/keyword.html
), users can search the genes by keywords in the
results of BLAST searches against the TAIR,
RAP-DB, and NCBI NR databases. Here, for
example, we searched for the sequence infor-
mation of CL1023.Contig2_DHA_Bulb. Users

can browse the sequence of the unigene
(Fig. 9.3a) and the expression profiles of the
unigene in the 12 samples (Fig. 9.3b). In the
profile, RPKM values of the MALs and parents
(FF1A, FF2A, FF3A, FF4A, FF5A, FF6A,
FF7A, FF8A, AA, FF) sampled from bulbs,
roots, and leaves are listed. The results of the
BLAST searches against the TAIR, RAP-DB,
and NCBI NR databases are summarized in
Fig. 9.3c, and the corresponding unigenes in the
other samples are shown in Fig. 9.3d. In the
table, the unigene set name (DB), unigene
sequence name (AC), %identity (Iden), %posi-
tive (Posi), BLAST score (Score), E-value
(E-value), and unigene length (Annotation) are
listed. At the top of the “LIST” page (http://
alliumtdb.kazusa.or.jp/list.html), the table of the
RPKM values calculated for the doubled haploid
of shallot (DHA_Bulb) of the 12 samples
described above is available. These tables can be
downloaded at the “LIST” page.

9.6.2 NCBI

The sequence information of Allium species has
been registered in GenBank (https://www.ncbi.
nlm.nih.gov/genbank/), dbEST (https://www.
ncbi.nlm.nih.gov/dbEST/), Gene (https://www.
ncbi.nlm.nih.gov/gene/), Protein (https://www.
ncbi.nlm.nih.gov/protein/), and so on. Genic
data such as complete, partial CDSs or RNAs of
A. cepa (garden onion, 578,293 sequences), A.
sativum (cultivated garlic, 79,605), A. fistulosum
(welsh onion, 55,680), A. munzii (Munz’s onion,
242), A. przewalskianum (228), A. ampeloprasum
(broadleaf wild leek, 222), A. wallichii (194), A.
cyathophorum (188), A. tuberosum (Chinese
chives, 183), A. canadense (meadow garlic, 135),
A. prattii (109), and A. spicatum (108) has been
registered. In dbEST, EST (Expression Sequence
Tag) sequences of A. sativum (cultivated garlic,
22,771) and A. cepa (garden onion, 20,204) have
been registered. NGS (Next Generation
Sequencing) data derived from the genome
sequences of A. cepa (garden onion, 5), A. sati-
vum (cultivated garlic, 2 entries), and A. fistulo-
sum (welsh onion, 1), and that derived from
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transcript sequences of A. cepa (garden onion,
11), A. sativum (cultivated garlic, 9), A. fistulosum
(welsh onion, 2), A. cepa var. Aggregatum (shal-
lot, 2), A. fistulosum with A. cepa monosomic
additional line (1), A. ampeloprasum (broadleaf
wild leek, 1), A. amphibolum (1), A. ascalonicum
(wild onion, 1), A. bidentatum (1), A. chinense
(rakkyo, 1), A. commutatum (1), A. macrostemon
(1), and A. tuberosum (Chinese chives, 1) have
been registered at the NCBI SRA database (https://
www.ncbi.nlm.nih.gov/sra/). The genome
sequence of A. cepa has not been published, but
the genome sequence of A. cepa could be con-
structed by using the NGS data registered in the
SRA database. Once the genome sequence of A.
cepa has been determined, it would be useful for
finding genome-wide polymorphisms such as
SNPs and InDels or for expression analysis. By

using these data, gene annotations in Allium spe-
cies could be performed for gene finding or
functional analyses. In addition, the common
names written here were taken from the PLANTS
Database released by the Natural Resources Con-
servation Service at the USDA (United States
Department of Agriculture; https://plants.usda.
gov).

9.6.3 PGDBj (Plant Genome DataBase
Japan)

Along with the advances in the studies of plant
sciences, the genomic and genic sequences and
DNA markers of a variety of types of plants have
been clarified, and numerous studies on these
topics have been published. After the genome

Fig. 9.2 Top page of the AlliumTDB
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Fig. 9.3 Gene information in AlliumTDB. The gene
information of CL1023.Contig2_DHA_Bulb in DHA_-
Bulb is shown. a Unigene name. b Expression profiles of

the unigene. c RPKM values of the chromosome addition
lines. d Corresponding unigenes in the other samples
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sequencings, many databases related to the
determined sequences were released. To integrate
the plant genome information, the Plant Genome
DataBase Japan (PGDBj: http://pgdb.jp) was
developed (Asamizu et al. 2014; Nakaya et al.
2017). As shown in Fig. 9.4, the top page (http://
pgdbj.jp/en/) has a cross-search system against
the three internal databases (DBs) of PGDBj
(Ortholog DB, Plant Resource DB, and DNA
marker DB) and external DBs related to
metabolome [KNapSAck (http://kanaya.naist.jp/
KNApSAcK/) and MassBase (http://webs2.
kazusa.or.jp/massbase/)]. In Ortholog DB, 1.14
million genes of 40 plant species in Viridiplantae
and 0.8 million genes of 213 Cyanobacteria have
been registered. Orthologous genes were defined
based on the top hits of all-vs-all BLAST sear-
ches. Currently, Allium species are not included
in the 40 plant species, but their orthologous
genes can be searched based on the genes of
Poaceae (Brachypodium distachyon, Oryza
brachyantha,Oryza sativa, Setaria italica). In the
Plant Resource DB, 0.85 million genes of six
plant species and citrus resources for

approximately 900 individuals have been regis-
tered. In the DNA marker DB, 260,000 DNA
markers such as SSLPs (Simple Sequence Length
Polymorphisms) and SNPs (Single Nucleotide
Polymorphisms) of 65 plant species (http://pgdbj.
jp/plantdb/plantdb.html?ln=en) and 14,000 QTLs
of 45 plant species are available. These markers
have been manually curated from the literature. In
PGDBj, A. cepa and A. fistulosum have been
registered. The summary of the contents for A.
cepa and A. fistulosum have been released at
http://pgdbj.jp/plantdb/plantinfo.html?ln=en&cmd
=entry&ppid=t4679 and http://pgdbj.jp/plantdb/
plantinfo.html?ln=ja&cmd=entry&ppid=t35875,
respectively. The contents of A. cepa are shown in
Fig. 9.5. Currently, 220 markers, including 68
CAPS, 17 InDel, 2 SCAR, 46 SNP, 113 SSR, and
24 others, and 59 QTLs have been registered in A.
cepa, and 33 SSR markers have been registered in
A. fistulosum. By using the cross-search system,
PGDBj would be helpful for researchers to obtain
genomic information including gene annotation
efficiently.

Fig. 9.4 Top page of the
PGDBj (Plant Genome
DataBase Japan)

140 H. Hirakawa

http://pgdb.jp
http://pgdbj.jp/en/
http://pgdbj.jp/en/
http://kanaya.naist.jp/KNApSAcK/
http://kanaya.naist.jp/KNApSAcK/
http://webs2.kazusa.or.jp/massbase/
http://webs2.kazusa.or.jp/massbase/
http://pgdbj.jp/plantdb/plantdb.html?ln=en
http://pgdbj.jp/plantdb/plantdb.html?ln=en
http://pgdbj.jp/plantdb/plantinfo.html?ln=en&cmd=entry&ppid=t4679
http://pgdbj.jp/plantdb/plantinfo.html?ln=en&cmd=entry&ppid=t4679
http://pgdbj.jp/plantdb/plantinfo.html?ln=ja&cmd=entry&ppid=t35875
http://pgdbj.jp/plantdb/plantinfo.html?ln=ja&cmd=entry&ppid=t35875


9.7 Conclusion

Currently, there is no publication on the genome
sequences of Allium species. On the other hand,
transcript sequencing has been carried out using
NGS for mainly A. cepa, A. fistulosum, and A.
tuberosum, and genome information such as the
sequences of unigenes and gene annotations are
available in the literature or databases. Although
the transcript sequences of the other Allium

species are available, the number of sequences is
not sufficient, because they were sequenced for
EST or cDNA by the Sanger method. In the
future, transcript sequences of Allium species will
be accumulated in a public database, and more
functional information such as orthologous or
paralogous genes will be clarified. In addition,
the whole genome sequence of Allium species
will be determined by NGS or new technologies,
and then novel genes could be identified and
their functions investigated in more detail. By

Fig. 9.5 Summary of the genome information registered for Allium cepa in PGDBj
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referring to the genomic and genic information,
the studies of gene functions in Allium species
would be accelerated.
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10Gene Family Evolution in Allium
Species

Jiffinvir Khosa, Robyn Lee, John McCallum
and Richard Macknight

Abstract
During evolution, plant genomes have under-
gone duplications, deletions and rearrange-
ments resulting in a wide variation in genome
size and number of gene family members
between different species. The variation in
gene families is an important mechanism for
adaptation to different environmental condi-
tions. Allium species, such as bulb onion
(Allium cepa), have a large unsequenced
genome. However, high throughput transcrip-
tome sequencing datasets are now available
which provide an efficient way to identify the
genes present in different Allium species. With
this knowledge, strategies to accelerate phys-
iological and genetic analysis for enhanced
breeding can be developed. In this chapter, we
will describe how RNA sequencing is provid-
ing a better understanding of Allium genetics
and survey the diversity of gene families
involved in bulbing, flowering, male fertility,
flavonoid biosynthesis and sulphur assimila-
tion in bulb onion. In general, we found that
onion has a similar number of gene family

members to other monocots, such as rice,
which have much smaller genomes. This is
consistent with the large genome size of
Allium being due to a massive expansion of
repetitive DNA.

10.1 Introduction

Over the last 17 years, the sequencing of plant
genomes has provided tremendous resources for
identifying genes underlying agriculturally
important traits and equipping breeders with new
tools to enhance the breeding of new cultivars
(Varshney et al. 2014). The sequencing of the
bulb onion genome and other Allium species has
been hampered by their very large genome size
(16 Gbp) and complex structure (McCallum
2007; Khosa et al. 2016b). The bulb onion gen-
ome is about 40 times larger than the rice gen-
ome (0.4 Gbp), which is well annotated and
provides an excellent reference for comparing to
other grasses (McCallum 2007; Jakse et al.
2008). Analysis of the genomes of other plant
species has revealed that increases in genome
size are largely due to whole-genome duplica-
tions and an increase in repetitive DNA. For
example, it is thought that the ancestor of grasses
had five chromosomes, and genome duplication
resulted in first 10 chromosomes, then the current
12 chromosomes in rice. The large increase in the
genome size of other grasses (for example,
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2.4 Gbp for maize and 17 Gbp for wheat) has
been the result of duplication and increase in
repetitive sequences (Wendel et al. 2016).

The Allium genus is very large, comprising
972 accepted species (see theplantlist.org) that
are widely distributed over the Holarctic region
from the dry subtropics to the boreal zone
(Fritsch and Friesen 2002). While most species
grow in open, sunny, rather dry sites in arid and
moderately humid climates, Alliums have also
evolved to grow in diverse habitats. Ornamental
and vegetable Alliums exhibit correspondingly
wide variability in stature, branching, storage
organs, and floral structures (Hanelt 1990). Bulb
onion (Allium cepa) has been cultivated for over
4000 years, and carvings of onions exist on the
pyramid walls highlighting their importance in
the Egyptian diet. Crop domestication resulted in
strong genetic selection for key genes (and
specific variants) that control the plant structures
and physiological attributes which distinguish
crop plants from their wild relatives (Doebley
et al. 2006; Baldwin et al. 2013). Analysing the
diversity of key gene families involved in plant
architecture and adaptation within and among
domesticated Allium and their wild allies may
provide insights into the key genes under selec-
tion during domestication and dispersal
(Ross-Ibarra et al. 2007).

In this chapter, we compare gene families
involved in the regulation of key traits of bulb
onion, such as bulbing, flowering, male fertility,
flavonoid biosynthesis, and sulphur assimilation
with the corresponding gene families present in
other plants. The comparison suggests that the
large genome in genus Allium is not due to the
widespread expansion of individual gene fami-
lies. This is consistent with a recent prediction
that bulb onion has about 35,000 protein-coding
genes, similar to other plants that have small
genomes such as Arabidopsis (27,416) and rice
(37,544) (Wendel et al. 2016; Sohn et al. 2016).
While in cases, individual gene families have
undergone expansion, other gene families con-
tain fewer members than other plant species.
Thus, rather than large-scale gene or genome
duplications, the large genome in genus Allium is

likely to be the result of a massive expansion of
the amount of repetitive DNA (King et al. 1998;
Jakse et al. 2008).

10.2 RNA Sequencing for Gene
Identification in Genus Allium

RNA sequencing (RNA-Seq) provides a power-
ful way to identify the genes in species with large
genomes (Mutz et al. 2013; Martin et al. 2013).
RNA-Seq has been used in Allium species, such
as bulb onion, garlic, bunching onion and chives
to identify candidate genes regulating various
traits (Khosa et al. 2016b). A wide range of
genotypes and tissues have been sequenced using
different platforms (Table 10.1). The focus of
these RNA-Seq studies has been on developing
molecular markers and discovering candidate
genes, involved in bulbing, flowering, flower
development, fertility restoration, sulphur
biosynthesis and allergenicity (Table 10.1). In
addition, transcriptome data has been generated
in bulb onion treated with cold temperatures in
an effort to better understand freezing tolerance
mechanisms (Han et al. 2016). Recently, a
comparative transcriptome analysis of nine dif-
ferent Allium species has been carried out to
better understand morphogenesis and evolution
of fistular leaves in genus Allium (Zhu et al.
2017).

The number of protein-encoding genes in bulb
onion has been estimated to be about 35,000.
However, the number of predicted transcripts
from these studies is often very high (up to
293,000 unique transcripts), due to multiple
transcripts being derived from a single gene and
the presence of transcripts that do not encode
functional proteins (Table 10.1) (Sohn et al.
2016). These large transcriptome datasets pro-
vide an opportunity to compare the number of
genes in particular gene families with those of
other plant species. The number of distinct genes
in each transcription factor gene family varies
between plant species. However, overall bulb
onion has a similar number of transcription fac-
tors to rice (Table 10.2). The variation of gene
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Table 10.1 Summary of published RNA sequencing projects in different Allium species

Species Sequencing
platform

Genotype Gene
identification

Number of
transcripts

Tissue References

Bulb onion Illumina
HiSeq 2000
platform

CUDH2107 Genes
involved in
flower
development

271,665 Leaves, floral buds
from unexpanded
umbels, unopened
florets from expanded
umbels, open florets
with pollen, older
flowers and roots

Khosa et al.
(2016a)

Illumina
HiSeq 2000

36,122 and 36,101 Cold tolerance 93,637 Leaves Han et al. (2016)

Illumina
HiSeqTM

2500

Chalinghuangpi NAC
transcription
factor

117,189 Leaves Zheng et al.
(2016a)

Illumina
HiSeq 2000

Pusa Madhavi Identification
of allergens
and epitopes

293,475 Bulb Rajkumar et al.
(2015)

HisSeqTM

2500,
Utah Yellow Sweet
Y1351

Carbohydrate
metabolism

79,376 Bulb Zhang et al.
(2016)

Illumina
HiSeq 2000

H6, SP3B – 165,179 Six weeks whole
seedlings

Kim et al. (2014)

Illumina
HiSeq 2000

Bravo, Jumbo,
Babosa, California
Red, Pukekohe
Longkeepe, Rio
Tinto, Rumba,
Sapporo Yellow
Globe and South Port
White Globe

– 46,596;
36,897;
99,010;
81,574;
99,761;
81,975;
103,178;
69,206 76,187

Leaves of 4–
8-week-old plants

Scholten et al.
(2016)

454
sequencing

CUDH2150 Identification
of FT gene
family

24,106 Leaves and shoot
meristem at the 4–5
leaf stage

Baldwin et al.
(2012)

PacBio
RSII system

Eumjinara and
Sinsunhwang

– 99,247 Flower, leaf, bulb and
root

Sohn et al.
(2016)

ABI PRISM
3730XL
analyzer

506L and H6 Male fertility
restorer genes

32,674 Unopened flowers Kim et al. (2015)

Roche 454
FLX

OH1 and 5225 – 27,065; 33,254 Vernalized bulbs,
tissue from leaves,
unopened umbels,
bulbs and roots

Duangjit et al.
(2013)

Illumina
HiSeq 2500

– – 117,189 Leaves Zhu et al. (2017)

Illumina
Hiseq 2000

Orlando PCD related
genes

45,891 Bulb scales Galsurker et al.
(2017)

Shallot Illumina
HiSeq 2500

– – 83,186 Leaves Zhu et al. (2017)

Garlic Illumina
HiSeqTM
2000

Cangshan 15 Genes
involved in
organic
sulphur
biosynthesis

127,933 Vegetative buds Sun et al. (2012)

(continued)
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Table 10.1 (continued)

Species Sequencing
platform

Genotype Gene
identification

Number of
transcripts

Tissue References

– Cangshan 15 Shoot apex
sprouting

45,363 Dormant and
sprouting garlic shoot
apex

Sun et al. (2013)

Fertile garlic clone
#87

Photoperiodic
flowering;
flower
development
and
organosulfur
metabolism

240,000 Root, Basal plate,
Leaf, Clove,
Inflorescence and
Flowers

Kamenetsky
et al. (2015)

Fertile #87 (F87) and
male-sterile #96
(MS96)

Genes
involved in
male sterility
and fertility

– Flower (Early, Mid
and late)

Shemesh-Mayer
et al. (2015)

HiSeqTM
2500

ChalingZiPiSuan 135,360 Bulbs, and whole
plant

Liu et al. (2015)

Illumina
HiSeq 2500

– – 132,225 Leaves Zhu et al. (2017)

Bunching onion GS-FLX;
Illumina
HiSeq 2000

Ki,’’ ‘‘F’’ and ‘‘A.’’ – 42,511;121,354 2-week-old seedlings,
leaf, roots, basal
meristem, immature
flower bract, mature
bract (about 1 week
before anthesis),
opened flowers,
immature fruits and
sliced pseudostem

Tsukazaki et al.
(2015)

Illumina
HiSeq 2000

Bian Gan and glossy
BianGan

Waxy cuticle
biosynthesis

73,128 Leaves Liu et al. (2014)

Illumina
HiSeq 2000

Zhangqiu Genes
involved in
sulphur and
selenium
metabolism

103,286 Leaves, false stem,
basal plate and root
were collected from
14-day old seedlings

Sun et al. (2016)

Illumina
HiSeq 2500

– – 128,372 Leaves Zhu et al. (2017)

Chinese Chive Illumina
HiSeq 2000

– – 150,154 Leaves, shoots and
roots

Zhou et al.
(2015)

A. ascalonicum Illumina
HiSeq 2500

– Leaves Zhu et al. (2017)

A. chinense Illumina
HiSeq 2500

– – 121,008 Leaves Zhu et al. (2017)

A. macrostemon Illumina
HiSeq 2500

– 161,681 Leaves Zhu et al. (2017)

A. tuberosum Illumina
HiSeq 2500

– 148,715 Leaves Zhu et al. (2017)

A. porrum Illumina
HiSeq 2500

– 189,713 Leaves Zhu et al. (2017)

F1 (A. roylei and
A. fistulosum)

Illumina
HiSeq 2000

PRI 91021–8 – 10,361 Leaves of 4–
8-week-old plants

Scholten et al.
(2016)
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family sizes in transcription factors is most likely
due to gene duplication and deletions that alter
gene family sizes (Guo 2013).

10.3 Evolution of the FLOWERING
LOCUS T (FT) Gene Family
in Bulb Onion

The FT gene family is found in all taxa of plants
and encodes phosphatidylethanolamine-binding
domain proteins (PEBP) (Kardailsky et al. 1999;
Turck et al. 2008). The number of PEBP-like
genes vary greatly between different plant spe-
cies; in model plant Arabidopsis, six FT-like
genes, FT, TSF (Twin sister of FT), MFT
(Mother of FT), BFT (Brother of FT), TFL1
(Terminal flower like 1) and ATC (Arabidopsis
thaliana relatives of centroradialis) have been
found, whereas in rice, 13 FT-like genes have
been identified (Table 10.3) (Turck et al. 2008;
Zheng et al. 2016b). Phylogenetic analyses sug-
gest that the PEBP gene family can be divided
into three subfamilies: MFT, TFL1, and
FT (Karlgren et al. 2011). The FT- and TFL1-like
genes are highly conserved in sequence, but

exhibit antagonistic functions: FT acts as an
activator of flowering, whereas TFL1 acts as a
repressor (Turck et al. 2008; Wickland and
Hanzawa 2015). FT is produced in the leaves
under inductive environmental conditions, and
the protein is transported to the shoot apical
meristem for flowering initiation (Kardailsky
et al. 1999; Turck et al. 2008). The average
number of FT-like genes in monocots is
approximately six times higher than in eudicots
(Table 10.3). The expansion of FT-like gene
families in recent lineages might be due to tan-
dem and segmental duplication in their genomes
(Zheng et al. 2016b). In bulb onion, we identified
six FT-like genes, and their phylogenetic rela-
tionship with other monocot FTs revealed that
these FT-like genes belong to the FT-like group
(Lee et al. 2013).

FTs can act as universal flowering signals in
plants, but some members are involved in a
diverse range of functions (Pin and Nilsson 2012).
FT genes have been found to play an important
role in the regulation of poplar growth, heterosis
in tomato, stomata opening, potato tuberization
and bulbing in onions (Hsu et al. 2011; Krieger
et al. 2010; Kinoshita et al. 2011; Navarro et al.

Table 10.2 Number of members in different transcription factor families in monocots

Gene family Bulb oniona Rice (indica)b Wheatb Maizeb Sorghumb Phalaenopsis (orchid)b

bHLH 162 169 324 308 297 96

NAC 147 158 263 189 180 85

ERF 132 138 181 204 172 91

MYB 121 121 263 203 145 108

WRKY 109 109 171 161 134 67

C2H2 105 113 224 179 140 93
aKhosa et al. (2016a)
bhttp://planttfdb.cbi.pku.edu.cn/ on 15-3-2017

Table 10.3 Number of FT-like genes and their functions in different plant species

Species FT-like genes Functions References

Bulb onion 6 Bulbing and flowering Lee et al. (2013)

Rice 13 Flowering Zheng et al. (2016b)

Maize 15 Flowering Zheng et al. (2016b)

Sorghum 11 Flowering Zheng et al. (2016b)

Potato 3 Tuberization and flowering Navarro et al. (2011)

Poplar 2 Bud cessation and growth Böhlenius et al. (2006)
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2011; Lee et al. 2013). Three FT-like genes of
bulb onion (AcFT1, AcFT2 and AcFT4) influence
flowering time in the Arabidopsis ft-1 mutant
(Lee et al. 2013). AcFT1 acts as a mobile signal to
vigorously promote flowering, whereas AcFT4
represses flowering, and AcFT2 only marginally
alters Arabidopsis flowering time. Expression
analysis of FT-like genes in bulb onion indicates
that, during the juvenile stage of the bulb onion
life cycle, AcFT4 is upregulated and acts antag-
onistically to repress AcFT1 under both
non-inductive, short day (SD) and inductive long
day (LD) length conditions. When the onion plant
reaches a certain developmental stage, under
inductive day length conditions, AcFT4 is
downregulated, and AcFT1 is upregulated to
induce bulbing. Further, AcFT4-overexpressing
onion plants never form bulbs and have a similar
appearance to leeks; AcFT1-overexpressing
plantlets form bulb-like structures whilst still in
tissue culture. Expression and functional studies
indicate that AcFT1 acts as a promoter and that
AcFT4 act as an inhibitor of bulbing. AcFT2
might act as a flowering promoter as it is only
expressed in vernalized and flowering onion
plants (Lee et al. 2013). Among other alliums,
expression of FTs in garlic (Allium sativum L.)
has been studied and show that AsFT1 is
expressed at higher levels in bulbing plants, and
AsFT4 acts antagonistically to it, however, it is
not known whether they are involved in bulbing
regulation (Shalom et al. 2015). B-box sequences
(regions which determine FT function) of FT1,
FT2 and FT4 among different Allium species
show a high degree of conservation (Khosa et al.
unpublished). This indicates that the role of FTs
in the regulation of storage organ formation and
flowering might be conserved in different alliums.

10.4 Circadian Clock and Bulbing

There are a number of parallels between the
photoperiodic control of onion bulb formation
and the photoperiodic induction of flowering in

other plants (Brewster 2008). The circadian clock
enables plants to respond to changes in seasons
and to regulate different development processes
(Sanchez and Kay 2016). In the photoperiodic
flowering pathway of Arabidopsis, expression of
clock genes GIGANTEA (GI) and FLAVIN-
BINDING, KELCH REPEAT, F-BOX1 (FKF1)
coincides in long days (LD), enabling the
GI-FKF1 proteins to form a complex that binds
to CYCLING DOF FACTOR 1 and 2 (CDF1
and CDF2), targeting them for ubiquitin-
dependent degradation, thereby releasing CON-
STANS (CO) from repression. CO then accumu-
lates in LD and initiates transcription of FT,
which in turn initiates flowering after the FT
protein moves from the leaves to the shoot apical
meristem (Sawa et al. 2007; Johansson and
Staiger 2015). In the majority of plant species,
single copies of GI and FKF1 are found, but in
plants with a highly duplicated genome, such as
maize and orchid, they occur in multiple copies
(Table 10.4). In bulb onion, there are two copies
of GI and one copy of FKF1. This indicates that
certain genomic regions in bulb onion genome
have undergone duplication, leading to multiple
copies of some genes, but not all (Taylor et al.
2010). Similar to bulb onion, potato responds to
day length for the formation of underground
storage organs (tubers), and it has been shown
that StGI and StFKF1 regulate circadian clock
genes to activate the potato FT orthologue,
StSP6A, expression for tuber initiation (Kloost-
erman et al. 2013). This indicates that photope-
riodic pathway genes have evolved to regulate
diverse developmental stages, such as under-
ground storage organ formation. Similar to Ara-
bidopsis, bulb onion AcGI and AcFKF1 show
maximum expression at dusk; however, it is not
yet known whether they are involved in bulbing
(Taylor et al. 2010; Lee et al. 2013). Further-
more, AcFKF1 is differentially expressed in SD
and LD onions, and this might be responsible for
day length sensitivity and timing-of-bulbing dif-
ferences between SD and LD onions, but it needs
further investigation (Taylor et al. 2010).
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10.5 Flower Development

The genes involved in the specification of floral
organ identity and flower development have been
identified and characterized in a wide range of
plant species. These studies indicate that com-
mon mechanisms of flower development occur
across plant species (Thomson et al. 2017). The
majority of floral identity genes belong to the
MADS box gene family, with a few exceptions,
such as APETALA2 (AP2) (Ng and Yanofsky
2001; Becker and Theißen 2003; Wellmer et al.
2014; Thomson et al. 2017). These floral organ
identity genes are grouped into five classes (A, B,
C, D and E) based on their role in flower
development. Genes in class A + E specify
sepals, A + B + E petals, B + C + E stamens,
C + E carpels, and D ovules, have been identi-
fied in different plant species (Wellmer et al.
2014; Thomson et al. 2017). The diversification
(number and expression pattern) of MADS box
genes involved in flower development con-
tributes towards the floral diversity in the plant
kingdom (Irish and Litt 2005; Heijmans et al.
2012). Alliums as a genus are notable and highly
valued for their floral diversity (Hanelt 1990).

The bulb onion flower consists of fives whorls
of floral organs viz: outer perianth, inner perianth,
outer stamens, inner stamens, and carpels (Jones
and Emsweller 1936). Recently, we identified
various genes involved in flower development

including MADS box genes (Khosa et al. 2016a).
The phylogenetic relationship of bulb onion
transcripts encoding ABCDE-like genes with
those of other monocots indicates these transcripts
belong to the ABCDE model (Fig. 10.1). Tran-
scripts encoding B class genes AP3 and PI show a
close relationship with each other, while C and D
class transcripts cluster together in the same clade.
Bulb onion E class genes, AGAMOUS LIKE6
(AGL6) and SEPALLATA3-like (SEP3-like),
grouped in separate clades. AP3 and PISTILLATA
(PI) are members of a paralogous gene lineage,
whereas C and D class genes are thought to have
arisen from gene duplications during the evolution
of angiosperms. E class genes diverged from other
MADS box genes most recently (Becker and
Theißen 2003; Theißen et al. 2016; Chanderbali
et al. 2016). The number of genes encoding class
B proteins is higher in bulb onion and other
Asparagales (orchids) than in grasses and Ara-
bidopsis (Table 10.5). Different studies indicate
that ABCDE genes underwent duplication in
Asparagales to result in diverse floral structures
(Mondragón-Palomino 2013; Tsai et al. 2014; Cai
et al. 2015; Otani et al. 2016; Dodsworth 2017).
The bulb onion MADS-box genes are highly
expressed in floral organs (Khosa et al. 2016a). In
the future, it would be desirable to study the
expression of ABCDE genes to have a better
understanding of their role in flower development
and whether any of the paralogous members play
a divergent role.

Table 10.4 The number of GIGANTEA and FKF1 homologues identified in various species

Plants GIGANTEA FKF-1 References

Arabidopsis 1 1 Higgins et al. (2010)

Rice 1 1 Murakami et al. (2007), Higgins et al. (2010)

Brachypodium 1 1 Higgins et al. (2010)

Barley 1 1 Higgins et al. (2010)

Maize 2 2 Dong et al. (2012)

Soybean 3 2 Li et al. (2013)

Medicago 1 – Kim et al. (2013)

Bulb onion 2 1 Taylor et al. (2010)

Oncidium orchid 2 2 Chang et al. (2011)

Cymbidium sinense 2 – Zhang et al. (2013)
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LEAFY (LFY) is a plant-specific transcription
factor involved in floral meristem identity and in
the initiation of floral development in plants
(Moyroud et al. 2010). In genus Allium, the LFY
orthologue has been identified in bulb onion,
shallot, bunching onion and garlic (Rotem et al.
2007; Yang et al. 2016). The LFY homologs of

different Allium species exhibit a high level of
sequence conservation and a close phylogenetic
relationship. In garlic, two alternatively spliced
transcripts of LFY have been identified, and only
the unspliced variant is associated with the
transition from vegetative to floral organ differ-
entiation (Rotem et al. 2007). Similar to other

AP3

PI

AG like

AP1 like

SEP3

AGL6

E class

A class

C class

D class

B class

Fig. 10.1 Phylogenetic relationship of bulb onion transcripts encoding ABCDE-like genes with those of other
monocots

Table 10.5 The distribution of gene homologues involved in ABCDE model of flower development in different plant
species

Class Gene
name

Bulb
onion

Erycina pusilla
(orchid)

Cymbidium sinense
(orchid)

Arabidopsis Rice

A AP1/FUL 2 3 1 4 4

B AP3 4 3 6 1 1

B PI 2 1 1 1 2

C AG 3 4 3 4 5

E AGL6 1 3 1 2 2

E SEP3 1 2 1 1 2

Adapted from Khosa et al. (2016a), Lin et al. (2016), Xu and Kong (2007)
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species, LFY in garlic and bulb onion is highly
expressed during floral transition and floral organ
development (Neta et al. 2011; Yang et al. 2016).
Arabidopsis plants overexpressing AcLFY exhi-
bit early flowering and a series of morphological
malformations (Yang et al. 2016). In the future, it
would be interesting to determine the interaction
of LFY with other floral integrators to activate
genes involved in floral development.

10.6 Male Sterility and Fertility
Restoration

Hybrid development of bulb onion varieties
became economically feasible with the discovery
of cytoplasmic male-sterility (CMS) systems.
Various physiological and genetic studies have
given us better insights into the origin, distribu-
tion and factors regulating CMS in different plant
species (Chen and Liu 2014). In many species,
most restorer genes (restorers of fertility, Rf or
Rf) cloned so far belong to pentatricopeptide
repeat (PPR) protein family, which contain a
characteristic PPR motif of 35 amino acids
(Schnable and Wise 1998; Chase 2007; Chen and
Liu 2014; Islam et al. 2014). In bulb onion, a
wide range of molecular markers have been
identified for the identification of male-sterile
and maintainer (male-fertile sister) lines (Khosa
et al. 2016a). The floral parts of male-fertile and -
sterile plants were used for transcriptome
sequencing (RNA-Seq), and bulked segregant
analysis (BSA) to identify candidate genes
involved in fertility restoration (Kim et al. 2015).
Candidate genes involved in male fertility
restoration gene (Rf) in bulb onion have been
identified.

A total of 483 transcripts containing the PPR
motif have been identified, and among them, 41
transcripts of Rf-like PPR genes were found. The
number of PPR and Rf-like genes identified in
bulb onion is consistent with that in other plant
species (Fujii et al. 2011; Sykes et al. 2017).
However, the bulb onion Rf-like genes identified
so far are not in linkage disequilibrium (LD) with
the male sterility locus (Ms). Instead of a
PPR-like gene, AcPMS1 (a regulator of DNA

mismatch repair, MMR) seems to be the most
plausible candidate gene responsible for the
restoration of male fertility in onion CMS. In
Arabidopsis and tomato mismatch repair genes
are responsible for reduced pollen development
and induction of CMS (Li et al. 2009; Dion et al.
2007; Sandhu et al. 2007). Also, in other crop
plants, various non-PRR genes control fertility
restoration. (Chen and Liu 2014). It is possible
that the real causal gene for fertility restoration
has been missed during screening for homozy-
gous SNPs and differentially expressed genes.
Deep RNA, or whole genome, sequencing of
mitochondrial sequences from male-sterile and
fertile plants is required for better understanding
of the evolution and molecular basis of CMS in
onion (Kim et al. 2016).

The identification of fertile garlic flowering
clones enabled researchers to identify the genetic
basis of male sterility. RNA seq of male-fertile
and male-sterile developing flowers led to the
identification of >16,000 differentially expressed
genes. The genes involved in the development of
reproductive organs such as AP3, MMD1, MS2
and glycerol-3-phosphate acyltransferase 2
(GPAT2) show high expression in male-fertile
plants, whereas genes involved in energy flow,
respiration and mitochondrial functions show
high expression in male-sterile plants
(Shemesh-Mayer et al. 2015). Similar results
have been reported during RNA-Seq of Japanese
bunching onion male-sterile and fertile plants
(Liu et al. 2016). These studies suggest that
respiratory restrictions and/or non-regulated
programmed cell death of the tapetum can lead
to energy deficiency and consequent pollen
abortion (Shemesh-Mayer et al. 2015; Liu et al.
2016). In future, functional characterization of
the putative role of these genes in male sterility
and fertility restoration will give us new clues
about CMS system in genus Allium.

10.7 Flavonoid Biosynthesis

RNA-Seq data has been used to identify key
genes in flavonoid production (Khosa et al.
2016b; Schwinn et al. 2016). Onions have a wide
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variation in bulb colour due to variation in the
production of different flavonoid compounds,
such as red anthocyanins, pale yellow flavanols,
and bright yellow chalcones. Anthocyanins, fla-
vanols, and chalcones are all products of the
flavonoid biosynthetic pathway. The key genes
involved in anthocyanin biosynthesis pathway
such as anthocyanidin synthase (ANS) gene, di-
hydroflavonol 4-reductase (DFR), chalcone syn-
thase (CHS) and chalcone isomerase (CHI) have
been identified, and mutation in these genes leads
to different bulb colour (Masuzaki et al. 2006;
Khar et al. 2008). In the bulb onion genome,
DFR and ANS occur in single copies, however, in
some other plants they are found in multiple
copies (Table 10.6). The multiple copies of these
genes also show differential expression in dif-
ferent organs, and different catalytic activities,
which indicates that gene duplication might play
a role in diversifying the functions of DFR
enzymes (Huang et al. 2012).

Anthocyanin synthesis is regulated by a tran-
scriptional activation complex consisting of
R2R3-MYB, bHLH and a WD-repeat
(WDR) proteins. This complex acts directly
upon the promoters of flavonoid biosynthetic
genes (Xu et al. 2015). Recently, four R2R3-
MYB factors that putatively regulate flavonoid
production have been identified in bulb onion
transcriptomic datasets (Schwinn et al. 2016).
TheMYB genes from bulb onion and lilies cluster
with the SG1/PAP1 clade and these sequences

are absent in Poaceae and Orchidaceae indicating
divergence of these transcription factors within
Asparagales. The MYB1 and anthocyanin
biosynthetic genes, DFR and CHS, exhibit high
expression in red onions. Transient overexpres-
sion, and knockdown experiments of the MYB1
gene leads to induction and inhibition of antho-
cyanin production, respectively (Schwinn et al.
2016). Bulb onion MYB1, overexpressed in
transgenic garlic, results in strong red pigmen-
tation in the callus, leaves and leaf bases, but not
in control plants. Onion MYB1 is closely related
to that of dicots and complements the antho-
cyanin MYB mutant of snapdragon (Schwinn
et al. 2016).

10.8 Sulphur Assimilation
and Metabolism

The genes involved in sulphate assimilation
pathway are present in photosynthetic organisms,
fungi, and many bacteria for the synthesis of
sulphur-containing amino acids, and a range of
other metabolites such as glucosinolates and
alliins (Takahashi et al. 2011). Different Allium
species have a high content of organosulphur
compounds, and in recent years the genomic
basis of sulphur assimilation has been studied,
especially in bulb onion. Various key genes
involved in organosulphur biosynthesis pathways
have been reported in bulb onion, garlic and

Table 10.6 The distribution of key gene homologues involved in the anthocyanin biosynthesis pathway

Species Dihydroflavonol-4-reductase Anthocyanidin
synthase

References

Arabidopsis 1 1 https://www.arabidopsis.org/

Tomato 1 1 Bongue-Bartelsman et al. (1994)

Potato 1 1 De Jong et al. (2003)

Medicago 2 1 Xie et al. (2004), Pang et al. (2007)

Lotus japonicus 6 – Shimada et al. (2005)

Rice 1 2 Shih et al. (2008)

Populus
trichocarpa

2 2 Huang et al. (2012)

Bulb onion 1 1 Kim et al. (2004a, b)
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bunching onion (Brewster 2008; McManus et al.
2012; Kamenetsky et al. 2015; Sun et al. 2016).

In the sulphur assimilation pathway, sulphite
reductase (SiR) is a key enzyme involved in the
reduction of sulphite for the synthesis of sulphur
compounds in bulb onion and other plants
(Takahashi et al. 2011; McManus et al. 2012).
Bulb onion have single functional SiR copy,
whereas the rice and poplar genomes have two
copies (Kopriva 2006; McManus et al. 2012).
Further, phylogenetically, the Allium SiR groups
with those of Eudicots; the SiR genes of Poales
form an independent clade. This is consistent
with large-scale phylogenetic relationships,
based on EST and genome sequences (Kuhl et al.
2004). Recently, a large number of isoforms
encoding different enzymes involved in sulphur
metabolism have been identified in a garlic
transcriptome dataset (Kamenetsky et al. 2015).
The majority of these genes were expressed in a
wide range of organs except reproductive organs.
This indicates that cysteine sulphoxides are
synthesized in leaves and roots, and then
translocated to the underground storage organ
(Kamenetsky et al. 2015).

10.9 Future Prospects

Over the last decade or so, large amount of
genomic data has been generated for different
plant species providing us with insights into the
genome, gene family and evolution. Advances in
technology have led to significant reductions in
the cost of generating this data, and offer new
avenues for gene discovery. While there is still
limited genomic data for Allium species such as
bulb onion. Transcriptomic datasets have now
been generated for bulb onion, and other Allium
species, leading to gene discovery and marker
development. These resources have been utilized
to identify the different gene families involved in
regulation of bulbing, flowering, bulb colour,
fertility restoration and sulphur metabolism.
Insights into the evolution and neofunctional-
ization of genes have been garnered, and there is
a lot more to discover yet. In coming years,

RNA-Seq along, with whole genome sequencing,
will lead to a comprehensive understanding of
the different gene families in bulb onion and the
Allium genus as a whole.
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11Structural and Functional Genomic
Resources Developed

Go Suzuki, Turgut Yigit Akyol and Shusei Sato

Abstract
Structural genomic resources of Allium plants
have been less developed because Allium
species have a relatively large genome size. In
this background, there have been few reports of
construction of BAC libraries of Allium
species. Nevertheless, the BAC clones of
Allium cepa (bulb onion) developed as a partial
library can be used for not only molecular
cloning of novel onion genes but also used as
FISH probes in molecular cytogenetic studies.
The BAC sequencing and BAC FISH analyses
in A. cepa revealed that the highly repetitive
elements, such as retrotransposon, are major
components of the large chromosomes. With
the development of next-generation sequencing
technologies, transcriptome level sequencing
and assembly has been applied to several

Allium species, such as bulb onion, shallot,
garlic, bunching onion, and Chinese chive. To
activate the accumulating transcriptome infor-
mation as practical genomic resources of
Allium research, a number of attempts have
been made for anchoring unigenes onto the
genetic map of Allium species. Several data-
bases are available on the Internet that provide
information about Allium transcriptome,
genetic map, and DNA markers.

11.1 Introduction

Allium species have a relatively large genome
size (Labani and Elkington 1987; Ricroch et al.
2005; Zonneveld et al. 2005), resulting in tech-
nical difficulty of genomic analysis in molecular
genetic studies. Because of large genome size,
the structural genomic resources of Allium plants
have been less developed. A bacterial artificial
chromosome (BAC) library was one of the most
important genomic tools in the genome era, when
genome projects and comparative genomics
studies were done manually, using the molecular
cloning method (Thomas et al. 2000; Zhang and
Wu 2001). In the last two decades, there have
been few reports of the construction of BAC
libraries of Allium species: to our knowledge,
BAC libraries of garlic (Allium sativum) and bulb
onion (Allium cepa) to date have been reported
by Suzuki et al. (2001) and Lee et al. (2003).
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These valuable Allium BAC clones can be effi-
ciently used as fluorescence in situ hybridization
(FISH) probes in molecular cytogenetic studies.
In addition, several gene-specific BAC clones
were screened in A. cepa, revealing genomic
organization of bulb onion genes (Do et al. 2004;
Jakse et al. 2008; Masamura et al. 2012; Suzuki
et al. 2013). In the first half of this chapter,
construction of the BAC library of A. cepa and
its usage will be summarized in short.

Large genome size of Allium species also pre-
vented the development of resources for functional
genomic analysis. Analysis of expressed sequence
information was the practical approach for cre-
ation of functional genomic resources in Allium
species, and limited information was accumulated
in the era of conventional Sanger sequencing.
The development of next-generation sequencing
(NGS) technology increased the amount of
sequence data and reduced the cost of data pro-
duction. NGS made expressed sequence analysis
into the so-called transcriptome analysis, and the
transcriptomic studies expanded functional geno-
mic resources forAllium species. In the second half
of this chapter, numbers of transcriptome analyses
applied for Allium genomic research are summa-
rized. In order to use the transcriptome information
as an actual functional genomic resource, it is
important to link the gene level information with
functional annotation to genetic map information.
These approaches are also summarized in this
chapter. To utilize the accumulated information as
functional genomic resource, the system to support
data access is also essential, and thus the databases
providing the information related to functional
genomic studies in Allium species are listed.

11.2 Structural Genomic Resources
Developed

11.2.1 Construction and Stock
of the BAC Library
of Allium Cepa

The haploid genome size of A. cepa is about
15,000 Mb, which is almost 120 times larger than
Arabidopsis thaliana (Arumuganathan and Earle

1991; Lysak et al. 1998). A partial BAC library of
A. cepa consisting of 48,000 clones with average
100-kb insert size DNA, which represent approxi-
mately 0.32 genome equivalent, was constructed
using Korean cultivar Cheonjudaego (Suzuki et al.
2001). To construct this BAC library, high molec-
ular weight (HMW) DNA embedded in agarose
plugs was prepared from protoplast cells isolated
from leaves. The purified plugs were sticky, and the
HMW DNA was difficult to be digested (data not
shown). However, relatively longer incubation (1 h
in 37 °C) with HindIII lead to successful partial
digestion. The size-fractionated DNA ranging from
ca. 100 to 150 kb (Fig. 11.1a) was then inserted
into the pBeloBAC11 vector (Kim et al. 1996), and
was electroporated into Escherichia coli strain
DH10B. The average insert size of 100 kb was
determined by NotI digestion of randomly selected
270 clones (Fig. 11.1b).

These 48,000BACcloneswere pooled into 480
glycerol stocks, corresponding to only five 96-well
plates and kept in −80 °C (Suzuki et al. 2002).
Although this BAC library did not cover the whole
genome, some targeted BAC clones were obtained
by using PCR screening from three-dimensional
(3D) superpools of BAC DNAs (Fig. 11.2a). At
first, with gene-specific primer sets, PCR screening
was performed using 5 plate superpools, 12 col-
umn superpools, and 8 row superpools as template.
When a candidate pool was identified, positive
clone(s) could be screened by a colony PCR
method using colonies obtained from a glycerol
stock of the positive pool (100 clones are pooled in
each glycerol stock) (Fig. 11.2b). Under this
strategy, BACs containing a root alliinase gene
(ALL1), lachrymatory factor synthase (LFS) genes,
and a RAD21 gene were successfully identified
and analyzed (Table 11.1) (Do et al. 2004; Masa-
mura et al. 2012; Suzuki et al. 2013).

11.2.2 Molecular Cloning of Genomic
Regions Containing Bulb
Onion Genes

Do et al. (2004) reported that a novel root alli-
inase gene, ALL1 (alliinase-like 1), was identified
from the BAC screening in A. cepa. The first PCR
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screening of alliinase BACs revealed that 4F4 and
5G5 pools were positive (Suzuki et al. 2002).
Then, from the 2nd PCR screening of these pools,
the positive BACs, 4F4-77 (86 kb) and 5G5-67
(105 kb), which overlapped each other, were
successfully obtained (Do et al. 2004). This result
suggested that the partial BAC library of A. cepa
could be used for molecular cloning of bulb onion
genes. Although, at that time, only a part of the
4F4-77 BAC (35 kb) could be sequenced by the
conventional dideoxy chain termination method
using model 310 DNA sequencer (Applied
Biosystems), many repetitive sequences (includ-
ing retrotransposons and MITE elements) were
found in the 5’- and 3’-flanking regions of the
ALL1 gene (Table 11.1). Such highly repetitive
nature of the ALL1-flanking regions was con-
firmed by genomic DNA gel blot analysis
hybridized with the flanking subclones (Do et al.

2004). Thus, the ALL1 BAC showed interesting
structural genomic characteristics of A. cepa.

Similarly, the 2E8/10 and 4F10/155 BACs
were found to contain the LFS genes (Masamura
et al. 2012), and the 3B1-60 BAC (100 kb)
containing the AcRAD21-1 gene was obtained
from the BAC screening in A. cepa (Suzuki et al.
2013). It is noteworthy that NGS technology,
such as 454 GS FLX system (Roche), could be
applied for sequencing of these BAC clones
(Masamura et al. 2012; Suzuki et al. 2013). In the
flanking regions of the LFS and AcRAD21-1
genes, retrotransposon-related sequences were
also found, indicating that such highly repetitive
characteristics of intergenic regions are common
in A. cepa (Table 11.1).

Jakse et al. (2008) also determined sequences
of the 1G-12-89 BAC (108 kb) with degenerated
sulfite reductase fragments and the S1-D12 BAC
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Fig. 11.1 BAC library construction in Allium cepa.
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was partially digested with HindIII, was subjected to
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fractionated DNA was used as a BAC insert. b Insert
check of the BAC clones. Randomly selected BAC
clones were digested with NotI, and subjected to PFGE
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(94 kb) without genes, in addition to 460
BAC-end sequences from 316 BACs.
These BAC sequences revealed the estimated
mean gene density of A. cepa as one gene per
168 kb (Jakse et al. 2008); this gene density is
extremely low when compared to plants with
small genome size, such as Arabidopsis. Highly
repeated retrotransposon sequences between
genes and the low gene density in A. cepa sug-
gested that retroelements could expand genome
and chromosome sizes in Allium species. As for
other sequence characteristics of the Allium
genome, average GC content in the sequenced
regions of bulb onion BACs was 33–36%
(Table 11.1), which is similar to Arabidopsis
genome (The Arabidopsis Genome Initiative
2000). Thus, the BAC clones for sequencing are
useful resources revealing genomic organization
and sequence characteristics of Allium species.

11.2.3 Molecular Cytogenetic Use
of BAC Clones in A. Cepa

Large chromosomes in plants generally contain a
number of complex repetitive sequences,
including retroelements, which influence their
genome sizes and chromosome evolution (San-
Miguel and Bennetzen 1998; Shirasu et al. 2000;
Neumann et al. 2006; Suzuki et al. 2012; Zhang
et al. 2004). Actually, chromosomes of A. cepa
are very large in size (chromosome length of
almost 20 µm observed in the mitotic meta-
phase), and it is consistent with the fact that BAC
clones of A. cepa contain many repetitive
sequences and retroelements as described above.

In the conventional cytogenetic analysis,
plants with large chromosomes are advantageous
for karyotyping and visualizing chromosomes’
movement in the cell division, because the large
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chromosomes are easy to observe under micro-
scopes. On the other hand, in the molecular
cytogenetic analysis (e.g., FISH), complex
repetitive elements make it difficult to detect the
particular locus on the large chromosome(s). In
the FISH analysis, longer DNA fragments for the
probes are usually better; because the amount of
fluorescence labeling depends on the fragment
length, and signal intensity of the fluorescence is
quite important for the detection. Therefore,
BAC clones with large target DNAs are known
to be efficient probes for FISH analysis. How-
ever, the BAC clones obtained from large plant
chromosomes typically contain complex repeti-
tive elements, which can hybridize with many
dispersed genomic DNA to disturb the
single-signal detection. Actually, in A. cepa, the
FISH signals probed with specific BACs without
competitive DNAs were frequently observed on
entire chromosomes (Suzuki et al. 2001; 2012). It
can be noted that appropriate usage of the BAC
probes with competitive DNAs (e.g., C0t-1)
resulted in successful detection of the specific
locus; FISH signals of the 2E8/10 and 4F10/155
BACs with LFS genes were detected on the
proximal region of the long arm of chromosome
5 in A. cepa (Masamura et al. 2012).

The FISH analysis of randomly selected BAC
clones without competitive DNAs (random
BAC FISH analysis) can visually reveal the
repetitive nature of the plant genome (Suzuki

et al. 2001; 2012; Matsuba et al. 2015). The
random BAC FISH of monocot plants revealed
that less unique and denser dispersed signals of
BAC FISH were observed in species with larger
chromosomes in both the Poales and Asparagales
species (Suzuki et al. 2012).

11.3 Functional Genomic Resources
Developed

11.3.1 Transcriptome Analysis
in Onion, Bunching
Onion, and Garlic

Due to the fact that Allium species have huge
genome size, transcript information has been
considered as a practical functional genomic
resource of Allium species. During the era of
conventional Sanger sequencing technology,
only medium-scale sequencing of ESTs was
conducted in bulb onion (11,008 ESTs; Kuhl
et al. 2004) and garlic (4752 ESTs; Kim et al.
2009). The development of next-generation
sequencing technology changed the situation,
and transcriptome level sequencing and assembly
has been successfully applied to Allium species.

A number of transcriptome sequencing of
bulb onion (A. cepa Common onion group) using
NGS platforms have been carried out targeted to
the identification of IgE epitopes, adaptation to

Table 11.1 Onion BAC clones sequenced to date

BAC
clone no.

Insert
length (kb)

Gene(s)
contained

Repetitive element(s)
contained

Average GC content (%)
in the sequenced region

Reference

4F4-77 86 ALL1 retrotransposon,
MITE

33.2* Do et al. (2004)

5G5-67 105 ALL1 n.d. n.d. Do et al. (2004)

2E8/10 n.d. LFS retrotransposon-like n.d. Masamura et al. (2012)

4F10/155 n.d. LFS retrotransposon-like n.d. Masamura et al. (2012)

3B1-60 100 AcRAD21-1 retrotransposon-like n.d. Suzuki et al. (2013)

1G-12-89 108 MYB-
related

transposon-like 34.2 Jakse et al. (2008)

S1-D12 94 no gene retrovirus or
transposon

36.2 Jakse et al. (2008)

*this GC content was calculated from the 35-kb sequence
n.d., not determined
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cold stress, and analysis of sucrose metabolism
(Rajkumar et al. 2015; Han et al. 2016; Zhang
et al. 2016). Along with these target oriented
transcriptome analyses, an approach for devel-
oping reference transcriptome catalog was also
carried out (Khosa et al. 2016). As the highly
heterozygous nature of bulb onion genome
makes an analysis of sequencing data compli-
cated, homozygous double haploid line
“CUDH2107” was selected as the target of the
transcriptome analysis aimed to reference catalog
creation. A total of 271,665 transcript contigs
were generated by assembling accumulated 396
million 100 bp paired-end Illumina reads, and
the obtained contigs were analyzed with respect
to gene ontology (GO). As a major research
target of Allium species, the reference transcrip-
tome data on doubled haploid bulb onion repre-
sent a valuable resource for genetic and genomic
studies of Allium spp.

Shallot (A. cepa Aggregatum group) is rec-
ognized as a potential genetic resource for Allium
crop improvement because of their adaptability
to environmental stresses and thus it has been
applied for several important material resources
such as the monosomic addition lines (MALs) of
the Japanese bunching onion (Allium fistulosum)
with an extra chromosome from the shallot
developed by Shigyo and colleagues (Shigyo
et al. 1996). With the aim to make the best use of
these resources, transcriptome analysis of dou-
bled haploid shallot (accession “Chiang Mai”)
was carried out by applying Illumina sequence
technology (Abdelrahman et al. 2017). Around
25 million qualified reads were accumulated
from three organs (bulb, leaf, and root) and
assembled into unigenes. The data set of 56,161
bulb unigenes was used as reference data set and
annotated by similarity search against rice and
Arabidopsis protein databases as well as nr
database.

In garlic (A. sativum), the first NGS based
transcriptome analysis was reported on RNA
from the renewal buds, and it resulted in de novo
assembly of 128,000 unigenes which were
annotated and analyzed with respect to GO and
metabolic pathways (Sun et al. 2012). In order to
apply transcriptome information on genetic

studies and breeding in garlic, the transcriptome
analysis of fertile garlic was carried out. Over 32
million 250-bp paired-end reads were assembled
into an extensive transcriptome of 240,000 con-
tigs (Kamenetsky et al. 2015). Among these
contigs, 102,000 highly expressed ones were
annotated and analyzed for gene ontology and
metabolic pathways. As containing a large
number of specific reads in inflorescences and
flowers, the transcriptome of fertile garlic repre-
sents a new resource for research and breeding of
garlic as well as for the development of effective
molecular markers for useful traits, including
fertility and seed production.

In bunching onion (A. fistulosum), a
large-scale transcript analysis was carried out by
using two types of NGS platforms, GS-FLX and
HiSeq 2000. By using GS-FLX platform, 42,511
contigs with an N50 of 1,114 bp were obtained.
Then the unigene sequences obtained from
HiSeq 2000 platform were mapped onto the
42,511 contigs to combine the two datasets, and
finally, a total of 54,903 unigenes were obtained.
The accumulated unigene sequences were
applied for marker creation for development of
genetic linkage map (Tsukazaki et al. 2015).
Another large-scale transcriptome analysis of
bunching onion was carried out by using Illu-
mina HiSeq 2000 platform. A total of 53,837
unigenes with an average length of 619 bp were
assembled, of which 35,250 were annotated in
public protein databases. Based on the annota-
tion, candidate unigenes involved in sulfur,
selenium, and vitamin metabolism were revealed.
A total of 2014 SSR markers were developed,
which facilitated genetic linkage mapping and
enabled the analysis of genetic diversity in A.
fistulosum (Sun et al. 2016).

Reduction in the cost of sequencing by NGS
technologies expanded the targets of transcrip-
tome data collection. In this context, Zhou et al.
(2015) reported the transcriptome data of Chi-
nese chive (Allium tuberosum). By assembling
52 million reads obtained by Illumina
HiSeq 2000 sequencing platform, a total of
60,031 unigenes were obtained, of which 35,648
were annotated in public protein databases.
Using the Kyoto Encyclopedia of Genes and
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Genomes (KEGG) pathway database, 21,361
unigenes were mapped onto 128 pathways. SSR
sequences applicable for marker creation were
identified on 2125 sequences. This dataset can be
considered as the most comprehensive functional
genomic resource that will facilitate further
genetic research on Chinese chive and related
species.

The NGS-based transcriptome analysis was
also applied for comparative genomic analysis of
Allium species. For the purpose of analysis of
fistular leaf formation, the transcriptomes of nine
economically important Allium species, includ-
ing six species with fistular leaf (A. cepa L. var.
cepa, A. cepa var. aggregatum, A. fistulosum, A.
ascalonicum, A. chinense and A. macrostemon)
and three species with solid-leaf (A. sativum, A.
porrum and A. tuberosum), were accumulated
(Zhu et al. 2017). By comparing the unigene
sequences obtained by assembling 99.9–128.9
million Illumina paired-end sequencing of leaf
transcriptomes of nine Allium species, it was
found that many genes that were potentially
related to programmed cell death either exhibited
rapid diversification in fistular-leaved species, or
were conserved in solid-leaved species in evo-
lutionary history. This research indicated the
practical approach for evolutional and phyloge-
netical study in Allium species based on com-
parative genomic analysis, and thus accumulated
transcriptome sequence information will be used
as valuable genetic resource in the Allium species
with huge genome sizes.

11.3.2 Anchoring Transcriptome
Information
onto Genetic Map

Considering the application of accumulated
transcriptome information as a functional geno-
mic resource, its linkage to the genetic map
information is one of the key issues. Genetic map
development in onion and other Allium species
has been limited by difficulty in developing and
maintaining the mapping population as well as
high degrees of heterozygosity. The first pub-
lished genetic map of an Allium species was

developed by King and colleagues (King et al.
1998) in the intraspecific onion cross
“BYG15-23 x AC43” by using cDNA clone
based RFLP markers. As the onion ESTs proved
to be an excellent source of codominant
PCR-based markers for genetic analyses in
onion, this map was subsequently augmented
with SNP and SSR markers derived from EST
sequencing. Due to the transferable nature of
EST-based markers, these markers were applied
for map-based genetic analysis of a number of
traits using intraspecific onion crosses (Gokce
et al. 2002; Khar et al. 2008; McCallum et al.
2006, 2007). In order to increase the efficiency of
PCR-based marker design from next-generation
sequence data, a web-based toolkit enabling
rapid development of sets of PCR assays target-
ing sequence variants identified from Illumina
and 454 sequence data was developed (Baldwin
et al. 2012).

Genetic map of bunching onion has been
developed in several larger mapping pedigrees
by using SSR and AFLP markers (Ohara et al.
2005; Tsukazaki et al. 2008), and applied for
QTL analysis of seedling vigor (Ohara et al.
2009). NGS derived sequence information has
been applied on bunching onion genetic map by
anchoring SSR markers created from bunching
onion genome sequences and onion EST
sequences analyzed by NGS (Tsukazaki et al.
2010).

To increase the anchored markers on genetic
maps of Allium species, mapping population of
interspecific cross between onion and Allium
roylei, which is the only Allium relative known to
readily produce fertile hybrids with onion, was
constructed (Meer and Vries 1990; van Heusden
et al. 2000). Since A. roylei also crosses with
bunching onion, trihybrid A. cepa x (A. roylei x
A. fistulosum) populations were constructed for
the purpose of introgression of A. fistulosum
genetics into onion (Khrustaleva et al. 2005). By
using reliable SNP information obtained by the
assembly of transcriptome sequencing from the
interspecific F1 hybrid between A. roylei and A.
fistulosum and nine onion cultivars, 667 SNP
markers were anchored on the genetic map of
trihybrid population (Scholten et al. 2016). These
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interspecies cross mapping populations have also
been applied for the efforts on the integration of
genetic map information generated by onion and
bunching onion (McCallum et al. 2012).

Another valuable genetic resource that has
enabled alignment of Allium genetic maps to
physical chromosomes and facilitated compar-
ison among species is the sets of bunching
onion-shallot alien MALs developed by Shigyo
and colleagues (Shigyo et al. 1996). By adapting
the polymorphism between shallot and bunching
onion, MALs can be used to allocate the markers
onto physical chromosomes. A number of genetic
linkage maps in shallot and bunching onion were
aligned to physical chromosomes by taking this
advantageous feature of MALs (van Heusden
et al. 2000; Martin et al. 2005; Tsukazaki et al.
2010, 2015). Transcriptome data of MALs were
accumulated by using NGS technology in a study
aimed to identify the candidate genes related to
physiological characters of each line. The
obtained transcriptome sequence reads from each
MAL were mapped onto doubled haploid shallot
(accession “Chiang Mai”) unigene sequence, and
transcription level of each unigene was evaluated
by RPKM (Reads Per Kilobase of exon per Mil-
lion mapped reads) value (Abdelrahman et al.
2017). As an advanced application of this map-
ping data, SNP discovery and genotyping were
carried out. By comparing the genotype call of
parental bunching onion and shallot transcrip-
tome mapping data, SNP sites with alternative
homozygous call in bunching onion and reference
homozygous call in shallot were selected.
Anchored chromosome of corresponding unige-
nes was estimated based on the genotype calls of
one of the MAL with heterozygous call, and more
than 20,000 unigenes were anchored onto the
chromosome (Manuscript in preparation). These
anchoring markers would be useful for the pro-
ceeding genome sequencing project.

Along with the progress of NGS technologies,
a new strategy named genotyping by sequencing
(GBS) is becoming an increasingly important
and cost-effective tool for the detection and
scoring of SNPs in a large segregating popula-
tion (Deschamps et al. 2012). Due to the enor-
mous genome sizes, however, the genome DNA

targeted GBS would be difficult in Allium spe-
cies even in taking RAD sequencing approach.
Thus, transcriptome-based approach for GBS
was tested. Transcriptome data were accumu-
lated from mapping population derived from F1
hybrids between doubled haploid of shallot and
doubled haploid of bulb onion, and mapped onto
shallot unigene sequences. Genotyping of the
SNPs detected by mapping of transcriptome
reads from doubled haploid of bulb onion were
carried out based on the mapping results of
transcriptome sequences from mapping popula-
tion. By using genotype information on 98 lines
of mapping population obtained by transcrip-
tome based GBS, a high-resolution genetic
linkage map with 610 genotype blocks com-
posed of around 4400 unigenes was constructed
(Manuscript in preparation). As shallot unigenes
were also used as chromosome anchoring
markers based on MALs transcriptome analysis,
8 linkage groups obtained by transcriptome
based GBS were allocated to physical chromo-
somes (Fig. 11.3). With the sequence and
annotation of the unigenes mapped on the link-
age map, the linkage map will be a useful
resource for genome sequencing and breeding of
Allium species.

11.3.3 Databases Providing Allium
Genomic Resource
Information

The AlliumMap database provided the informa-
tion on genetic map and marker data from mul-
tiple Allium species and populations. The
integrated genetic map information constructed
by using the mapping population of interspecific
cross between onion and A. roylei provided a
valuable bridge between the genetics of onion
and A. fistulosum (McCallum et al. 2012).
A large number of EST-SSR markers anchored
onto the interspecific genetic linkage map are
valuable resources for genetic and genomic
studies of Allium species. This database is cur-
rently not available, but the contents of the
database will be valuable to be integrated into
other databases in the near future.
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VegMarks, a web database for genetic map
and DNA markers for vegetable crops developed
by National Institute of Vegetable and Tea Sci-
ence (NIVTS), is available at [http://vegmarks.
nivot.affrc.go.jp/]. This database contains
detailed information on A. fistulosum marker
characteristics such as ID number, map position,
nucleotide sequence of the clones/PCR primers,
and polymorphism data among varieties/
accessions. This database is updated regularly
and provides a link to other genome resource
related sites that might be useful for Allium
research.

A database for Allium EST-based information
is available at [http://webtom.cabgrid.res.in/ogr/].
This database, named as the Onion Genomic
Resource (OGR), contains the integrated infor-
mation on the basis of 20,204 EST of bulb onion
retrieved from NCBI. The accumulated ESTs
were assembled into contigs that were used for
gene prediction and annotation. Primers for
amplification of SSR identified on the assembled
contigs are available along with SSR markers in
the published literature. With the aim to accel-
erate traditional improvement program by

supplementing molecular data for precise and
faster selection, the database and web interface
have been designed in MySQL and PHP for
user-friendly access.

The database for NGS-derived data-based
information is also established. “Allium Tran-
scriptome DataBase” (TDB) at [http://alliumtdb.
kazusa.or.jp] provides the unigene sequences of
doubled haploid of shallot and onion, A. roylei,
and bunching onion with annotation (Abdelrah-
man et al. 2017). Target sequences can be
accessed by BLAST searches (BLASTN,
BLASTP, TBLASTN, TBLASTX) against the
unigene sequences on the “BLAST” page and/or
the keyword search against the results of the
BLAST search against TAIR10 pep, IRGSP, and
NR in each gene is available on the “KEY-
WORD” page. The detailed information includ-
ing sequence, expression profile, BLAST search
result against protein databases, and corre-
sponding unigenes can be obtained at each page
of DHA bulb unigene (Fig. 11.4). Expression
profile contains RPKM data in bulb, root, and
leaf of shallot and A. roylei as well as RPKM
data of MAL. Information on the assigned

Fig. 11.3 Color map of RNA-seq based genotyping. An
example of color map of RNA-seq based genotyping of
the F2 mapping population derived from hybrids between
doubled haploid of shallot and doubled haploid of bulb
onion. Each row corresponds to a single unigene. The
first three columns indicate chromosome number,

genotype block, and unigene code, respectively. The
remaining columns (from the fourth column) show the
genotype of a single F2 line. Three different genotypes,
homozygous shallot, homozygous bulb onion, and
heterozygous are colored by pink, yellow, and white,
respectively
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chromosome based on the genotype information
on MAL will be presented in the near feature. By
integrating the accumulated information on the
basis of reference unigene, this database will
provide the basis of Allium genomic resources.

11.4 Conclusion

Although the availability of the structural genomic
resources in Allium species has been restricted to
date, the recent rapid progress of NGS technology
is making the whole genome sequencing
extremely easier than before. Actually, genome
sequencing of A. cepa is now ongoing as
SEQUON project [http://www.oniongenome.net]
by using HiSeq 2500 NGS sequencer (Illumina).
On the other hand, many SSR markers have

already been developed (Tsukazaki et al. 2007,
2015) and the integrated map database is available
online (McCallum et al. 2012) inAllium species. In
the post-genome era, the BAC resources and FISH
techniques as described above are expected to
connect the NGS whole genome sequence and the
EST-derived marker-based map in Allium species.
NGS technologies also have a sound applicability
in functional genomics research of Allium species.
As the NGS technologies become a routine part of
biological research, studies focused on the func-
tionality of the genomic sequences of Allium
species are expected to increase in the near future.
Along with the studies that are mentioned in this
chapter, future research on the structural and
functional genomic resources will provide sub-
stantial insight regarding the improvement of the
yield of Allium species.

Fig. 11.4 Allium transcriptome database (AlliumTDB). a The top page of AlliumTDB. b An example of the detailed
information on a unigene of DHA bulb
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12Metabolomics of Allium Crops

Yuji Sawada

Abstract
Metabolomics is the broad study of small
molecules and can involve either quantitative
or comparative analysis of metabolic profiles of
various biological groups, belonging to differ-
ent genotypes, developmental stages, stress
responses or tolerance, storage conditions, and
methods of cooking or fermentation.Allium is a
rich source of diverse metabolites, such as
fructooligosaccharides, amino acids, peptides,
and a variety of secondary metabolites. The
Alliummetabolites not only affect economically
important traits such as color, flavor, and
pungency but also play an important role in
plant physiology and in promoting human
health. Thus, Allium metabolomics may reveal
the agricultural potential ofAllium. This section
will summarize plant metabolomics and case
studies of Allium omics approaches.

12.1 Introduction

After the establishment of omics platforms, the
study of plant metabolism has transitioned from
the study of individual gene functions tometabolic

system research. Advancement in nucleotide
sequencing, for example, has provided omics
information infrastructure for components of the
central dogma: genome, transcriptome, and pro-
teome (Mochida and Shinozaki 2011). Such
nucleotide sequence-based omics approaches
measure similar chemical properties, and common
standardized analytical platforms are thus avail-
able for microbes, plants, and animals. However,
the target molecules of metabolomics have diverse
chemical properties, which make standardized
comprehensive metabolomics challenging (Sum-
ner et al. 2003; Fiehn et al. 2005; Fiehn et al. 2008;
Manach et al. 2009; Kumar et al. 2017).

Mass spectrometry (MS) is a major instrument
that has high sensitivity and broad metabolite
detection capabilities. MS-based metabolomics
approaches have facilitated the detection of
hundreds of metabolites having diverse bioac-
tivities in Allium crop, which has attracted the
attention of many researchers (Morrissey and
Osbourn 1999; Guillet et al. 2000; Oleszek and
Marston 2000; Graf et al. 2005).

Liquid chromatography is a widely used
separation technique, which is suitable for high
to medium polar plant-specific metabolites, e.g.,
flavonoids, terpenoids, and alkaloids (Cimpan
and Gocan 2002; Graf et al. 2005; Negi et al.
2011). Liquid chromatography is coupled with
mass spectrometry (LC–MS) to achieve broader
detection and annotation of metabolites for plant
metabolomics (Becker et al. 2012; Beltran et al.
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2012; Creek et al. 2012; Vinaixa et al. 2012;
Zhou et al. 2012). Comprehensive analysis of
diverse metabolites can be achieved by combin-
ing multiple instruments and methods (Naz et al.
2014). Gas chromatography and capillary elec-
trophoresis techniques, for example, coupled
with MS are used for the analysis of metabolites
generated by central carbon metabolism, e.g.,
amino acid, organic acid, and carbohydrate
metabolism, that are common to all living
organisms (Ramautar et al. 2009; Koek et al.
2011). In this section, we focus on LC–
MS-based metabolomics for Allium using three
types of methodologies: widely targeted meta-
bolomics, un-targeted metabolomics, and ele-
mental composition analysis (Fig. 12.1).

12.2 Widely Targeted
Metabolomics

Selected reaction monitoring (SRM) using
LC-tandem quadrupole (QqQ)-MS offers tar-
geted metabolite analysis (Fig. 12.1a). More than
a hundred SRM conditions have been used to
conduct widely targeted metabolomics (Yost and
Enke 1979; Sawada et al. 2009; Tsugawa et al.
2014a, b). In a previous study conducted in our
laboratory, a small amount of sample (single
grain (ca. 40 µg/ml extract of a seed) of model
plant Arabidopsis thaliana) was successfully
used for widely targeted analysis, and approxi-
mately 100 metabolite profiles were detected
(Sawada et al. 2017). Using LC-QqQ-MS, more
than hundreds of metabolites have been detected
in Allium.

Environmental stress affects plant growth and
yield, and identification of a practical biomarker
is a major requirement for the breeding of
stress-tolerant crops. In this regard, because of its
high adaptability to tropical and subtropical
environment, shallots (Allium cepa L. Aggrega-
tum group) constitute an important genetic
resource for the breeding of common onion
(Phuong et al. 2006). Omics evaluation will
allow the identification of such practical biolog-
ical markers. Using LC-QqQ-MS, the common
onion, shallot, and its F1 hybrid were evaluated

and 113 targeted metabolites were detected using
analytical criteria (Abdelrahman et al. 2015). The
principal component analysis and volcano plot
analysis clearly showed genotype-specific
metabolites, which can be used as metabolic
markers of environmental tolerance. Further
integrated omics approaches, e.g., linkage map-
ping and correlation analysis between transcrip-
tome and metabolome, can elucidate the
gene-to-metabolite networks in environmental
responses or stress tolerance.

Allium crops have diverse sulfur-containing
metabolites that are the source of their character-
istic flavors. In Allium crops, S-alk(en)yl-L-cystein
sulphoxides (ACSOs) are the precursors of both the
flavors located in cytoplasm and the hydrolytic
enzyme alliinase that is found in the vacuole. These
ACSOs are hydrolyzed and result in the formation
of volatile sulfides upon disruption of cells of
Allium plants during cutting or crushing. Trans-S-
1-propenyl-L-cysteine sulfoxide (PRENCSO) has
been detected as themost abundant ACSO in onion
by quantitative HPLC analysis (Yamazaki et al.
2011). The ACSOs of onion undergo changes
during storage. The temperature of the stock room
is an important factor for this metabolic change
(Kopsell et al. 1999). Owing to the high analytical
load of huge number of samples for such onion
storage experiments (use of biological replicates,
different temperature conditions, storage periods,
and 2-year test), in one of our studies, we used
LC-QqQ-MS due to its high sensitivity and
high-throughput metabolomics (Kamata et al.
2016). In these onion storage tests, we also used
classical quantitative HPLC for the detection of
PRENCSO and related sulfur-containing metabo-
lites, including S-2-carboxypropyl glutathione
(2-CPGTH), gamma-glutamyl-S-1-propenyl-L-
cysteine (GG-PRENCS), gamma-glutamyl-S-1-
propenyl-L-cysteine sulfoxide (GG-PRENCSO),
and 3-carboxy-5-methyl-1,4-thiazane sulfoxide
(cycloalliin). In the validation, five-metabolite
profiles identified using LC-QqQ-MS-based
metabolomics were similar to those using quanti-
tative HPLC analysis. At low storage temperature
(0 and 5 °C), the five sulfur-containingmetabolites
had similar metabolic profiles. In the 2-year test,
2-CPGTH and GG-PRENCSO were able to
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decrease an increase in PRENCSO and cyloalliin.
A visible change in the phenotype was noted in
which the leaves of some bulb onions grew after
storage for 4 months at 5 °C, which suggested that
the dormancy of the onion bulb was broken. At a

storage temperature of 20 °C, the onion blub
sprouted after 4months. Themetabolic profiles and
visible phenotype support the FAO recommenda-
tion of 0 °C as the ideal long-term storage tem-
perature for onions.
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Fig. 12.1 Overview of plant metabolomics. a Widely
targeted metabolomics of LC-QqQ-MS provides hundreds
of metabolic profiles utilizing the selected reaction
monitoring (SRM) conditions, which are optimized by
using authentic standard compounds. In SRM mode, an
ion with relevant molecular weight (precursor ion) is
selected by first quadrupole (Q1), and the selected ion is
fragmented by second quadrupole (Q2). Finally, the
fragmented ion (product ion) is selected by third
quadrupole (Q3). b Un-targeted metabolomics of

LC-QTOF-MS provides data-dependent analysis
(DDA) for almost all detectable precursor and product
ions. Isolated precursor ion by Q1 is fragmented by Q2,
and the product ions are measured by flight tube base on
the time-of-flight. c Ultrahigh-resolution mass spectrom-
etry (UHR-MS) of FTICR-MS is used for elemental
composition analysis. In sulfur-containing metabolites,
stable isotopes of 32S and 34S are separated and detected
by UHR-MS, and the difference and natural abundance
ratio are used for identification of sulfur ion
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12.3 Un-targeted Metabolomics

LC-quadrupole time-of-flight (QTOF)-MS pro-
vides un-targeted metabolomics utilizing
high-resolutionMS and tandemMS (MS/MS). To
illustrate, un-targeted MS/MS of data-dependent
analysis (DDA) can detect almost all detectable
metabolites in a sample matrix, followed by a
public MS/MS database search that allows us to
narrow down putative structures (Fig. 12.1b)
(Smith et al. 2005; Sawada et al. 2012; Sakurai
et al. 2013; Wishart et al. 2013; Tsugawa et al.
2015). At present, we have more than 1.6 million
MS/MS tags in plant samples including Ara-
bidopsis, rice, wheat, soybean, pear, and onion
(Matsuda et al. 2009; Saito and Matsuda 2010;
Matsuda et al. 2012). Reference MS, MS/MS, and
category database have helped to improve the
annotation and classification of un-targeted meta-
bolomics (Nakayama et al. 2014; Tsugawa et al.
2015; Tsugawa 2018).

Toward comprehensive metabolic profiling of
common onion bulb, LC-QTOF-MS coupled with
two chromatographic methods assisted in detec-
tion and annotation of more than a hundred
metabolites. This analytical workflow detected
polar and semi-polar onion metabolites such as
fructooligosaccharides, proteinogenic amino
acids, peptides, sulfur-containing metabolites,
flavonoids, and saponins (Bottcher et al. 2017).
Comparison analysis between onion cultivars
revealed cultivar-specific metabolite accumula-
tion patterns. The association between metabolic
profiles and their related loci will be elucidated by
metabolome linkagemapping (Kumar et al. 2017).

Fermentation of Allium foods enhances its
antibacterial, antigenotoxic, and antiproliferative
activities (Millet et al. 2012), and use of the
sequence-based omics approaches is challenging
for the analysis of such fermented foods. Meta-
bolic differences between fresh and black garlic
have been assessed by LC-QTOF-MS
(Molina-Calle et al. 2017). Ninety-five metabo-
lites in polar extracts of fresh and black garlic
were successfully annotated, and multivariate

discriminant analysis suggested that the major
change in metabolic profile occurred within the
first 5 days. The fermentation of black garlic
affected three metabolite species: organosulfur
compounds, amino acids, and saccharides. This
study can provide valuable information with
regard to optimizing the fermentation process for
the production of bioactive compounds.

12.4 Elemental Composition
Analysis

Different plants have characteristic metabolites,
and their structural diversity is not wholly elu-
cidated. To explore these unidentified metabo-
lites through classical approaches, the individual
metabolites need to be isolated and characterized
(Nakabayashi et al. 2009). Un-targeted metabo-
lomics has been used for the detection of
unknown metabolites, followed by the annota-
tion utilizing similarity search with reference MS
and MS/MS databases (Tsugawa 2018).

Ultrahigh resolution (>250,000 full width at
half-maximum) and mass accuracy (<1 mDa) of
LC-FTICR-MS can provide the precise elemental
composition of the detectable ions (Nakabayashi
and Saito 2013, 2017). As a case study, the
sulfur-containing metabolites of Allium crops
were analyzed by LC-FTICR-MS (Fig. 12.1c)
using a 13C-labeled onion bulb, and elemental
compositions of ACSOs and glutathione deriva-
tives were successfully ascribed (Nakabayashi
et al. 2013). Using the same technique, a novel
S-containing metabolite “asparaptine” was iden-
tified in Asparagus, which is an inhibitor of
angiotensin-converting enzyme that plays a major
role in hypertension (Nakabayashi et al. 2015).
Sulfur-containing metabolites were also identified
in garlic using LC-FTICR-MS (Nakabayashi
et al. 2016). Exploring novel sulfur-containing
metabolites will contribute to the advancement of
cost-effective metabolic breeding and study of
biologically active sulfur-containing metabolites
present in Allium crop.
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12.5 Future Aspects for Allium
Metabolomics

Allium metabolomics will elucidate characteristic
metabolites and their accumulation patterns
among accessions, landraces, cultivars, and
storage and fermentation conditions. The indi-
vidual bioresource-specific metabolic patterns
can be used for molecular breeding of Allium
crops while the broad metabolic profiles of
Allium bioresources can be used for integrated
omics approaches. The integration of metabo-
lomics and transcriptomics will provide insight
into the molecular mechanism of Allium
metabolite biosynthesis. The metabolic profiles
can also be used for elucidation of the molecular
architecture underlying environmental responses
and stress tolerance in Allium.

12.6 Conclusions

This chapter introduced recent advances in
Allium metabolomics. These advancements will
contribute to the improvement of Allium crops
via metabolic and genetic marker-assisted
breeding. Allium metabolomics also provides
opportunities to identify novel metabolites with
innovative biological activities that may allow
improved environmental adaptation or that can
be utilized to promote human health.
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13Molecular Mapping of Genes
and QTL: Progress to Date
and Development of New Population
Resources for NGS Genetics

John McCallum, Samantha Baldwin, Richard Macknight,
Jiffinvir Khosa and Martin Shaw

Abstract
Ability to conduct molecular analyses in Allium
species was previously limited by the power of
available technologies to sample very large
heterozygous genomes in a cost-effective man-
ner. The emergence of third-generation
long-read sequencing technologies, coupled
with maturing strategies for population geno-
mics in non-model systems provides exciting
opportunities for Allium crops. Now that these
technical advances have removedmajor barriers
to progress, it is necessary to consider the
horticultural resources to which we can apply
such technologies. This will hasten delivery of
genetics tools that will ultimately benefit breed-
ers, farmers, and consumers of Allium vegeta-
bles. Here, we describe progress to date
in Alliummapping, with an emphasis on onion,
and review approaches used on other non-model
systems that could be applied. We also present
strategies we have developed over the past
decade to establish genetic stocks for onion
suited tomodern population genomics analyses.

13.1 Introduction: Status,
Challenges, and Forward
Strategies For Allium Mapping

Owing to the large genome sizes of Allium spe-
cies (1 N > 1010 bp) molecular mapping has
been based on sampling polymorphisms
in the gene space with evolving technologies.
The current reference map of onion is based on
the map of USDA-ARS family BYG15-23 �
AC43, built initially with cDNA RFLP mark-
ers (King et al. 1998), and then augmented with
PCR-based markers (Martin et al. 2005), and
then second-generation transcriptome sequenc-
ing (Duangjit et al. 2013). This map was
anchored to physical chromosomes using a set of
A. cepa - A.fistulosum monosomic alien addition
lines originally developed by Shigyo et al.
(1997). These lines have similarly been used to
anchor linkage maps in A. fistulosum based on
genomic SSR and transcriptome-derived mark-
ers (Tsukazaki et al. 2008, 2015). Although the
PCR-based SSR and SNP marker assays used to
date for these studies have been the standard
diagnostics employed over the past two decades,
they pose challenges for new entrants. These
include reproducibility (especially for genomic
SSRs), portability (especially for SNPs), scala-
bility (SSR and SNP), and accessibility (propri-
etary platforms such as LGC Group Kasp https://
www.lgcgroup.com/kasp/). The challenge for
researchers without large in-house data or marker
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libraries is to link genes and/or polymorphisms
with anchored features on maps. Although the
studies to date have employed manual markers or
relatively low-plex genotyping strategies, future
strategies must accommodate targeted or global
genotyping by sequencing data and bulk
assignment to maps or assemblies.

Although it is likely that first generation
genome assemblies of onion may be developed
in the near future, the usefulness of these to the
community will depend on how scaffolds can be
ordered in relation to the gene space and aligned
with genetic knowledge. We suggest that the
major challenge facing Allium genome research
is not technical but rather how to achieve better
connectivity across studies based on some com-
mon stocks, coordinates, diagnostics, and com-
munity data curation.

Our previous review (McCallum 2007) pro-
vides a summary of progress in onion genetic
mapping just prior to the availability of
second-generation sequencing. Despite the
remarkable explosion in genome analysis tech-
nology and bioinformatics over the past decade,
progress in gene and QTL mapping in Allium
species, as indicated by published literature, has
been remarkably limited. Despite the vast eco-
nomic and cultural value of Allium crops such as
onion and garlic, recent progress is insufficient
compared to the remarkable progress made in
numerous non-model species without economic
value (Ellegren 2014). A major factor that may
be limiting public R&D in Allium genetics is the
ongoing consolidation of the global seed indus-
try, most notably acquisitions and mergers by
biotech companies (Dunwell 2016; Maisashvili
et al. 2016; Bonny 2017). This trend has been
accompanied by a corresponding decline in
public vegetable genetics R&D and a smaller
research community. Modern applied genomic
research requires access not only to analytical
services but also specialist bioinformatics and
appropriate genetic stocks. The trends of the past
10 years suggest that progress in Allium genetics
is currently limited not by technology so much as
horticultural capability and genetic resources.

This review considers research progress and
the question of what resources are needed for

Allium mapping to develop stronger collabora-
tions, better science, and outcomes for business
and consumers alike. To provide some context
for discussion of strategies for applying
next-generation sequencing for Allium genetics
we describe our research experience using
doubled-haploid onion materials, emphasizing
practical aspects of population development and
plant husbandry. These details are not typically
captured in scientific publication but are a sig-
nificant barrier to entry for new researchers.

13.2 Progress in Genetic Mapping

13.2.1 Cytoplasmic Male Sterility
(CMS)

Because the use of CMS underpins most com-
mercial Allium breeding, improved genetic tools
for selecting cytotypes and nuclear restorer loci
continue to be key targets for Allium genetics.
The detailed high-resolution mapping of restorer
loci is an exception to the generally low resolu-
tion and power of most Allium mapping. Earlier
genetic mapping studies of the Ms locus, which
conditions restoration of onion S-cytoplasmic
male sterility, placed it on chromosome 2 but
these RFLP-derived markers proved to be in
linkage equilibrium with Ms (Gökçe and Havey
2002). The set of SNP markers developed by
Duangjit et al. (2013) was, however, shown to
provide three SNP markers in linkage disequi-
librium with Ms. Using markers from these maps
to generate intron-spanning probes for a sensitive
tyramide-FISH method allowed Khrustaleva
et al. (2016) to construct a physical map of the
Ms region. Importantly, this showed that the
locus lies in a region of lower recombination.
Additional codominant PCR-based markers were
developed by Bang et al. (2011) from RFLP
markers on the USDA-ARS SNP map.

Recent transcriptome analyses in onion
(Khosa et al. 2016) and bunching onion (Liu
et al. 2016) have provided some putative candi-
dates for mitochondrial and nuclear genes
underpinning CMS and nuclear restorer genetics,
but these have not directly contributed useful
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targets for mapping. By contrast, Korean
researchers using variations of bulked segregant
analysis (BSA; Michelmore et al. 1991) have
provided very useful anonymous genomic and
candidate gene markers for onion CMS fertility
restoration. By using classic RAPD-BSA, Park
et al. (2012) identified RAPD markers distin-
guishing male-sterile and -fertile bulks and con-
verted these to more portable codominant
markers (Bang et al. 2013), shown to be useful
for both S and T cytoplasms (Kim 2014). They
subsequently used RNA-SEQ in a BSA approach
to identify 30 contigs that they confirmed to be in
complete LD with Ms by association analysis
(Kim et al. 2015). This kind of approach
employing a combination of large segregating
populations, association panels, and pool
sequencing is a very powerful strategy for major
genes segregating in non-model organisms such
as onion. The other groups who have developed
Ms-linked markers are Huo and collaborators
(Huo et al. 2015) who reported that the AcSKP1
gene is very tightly linked. These researchers
also identified that pectin methylesterase (PME)
expression in flower buds is Ms-linked by
cDNA-SRAP (Huo et al. 2012).

Validation of these markers by Havey and von
Kohn (2017) in North American onion germ-
plasm confirmed tight linkage of the marker
Jnurf13 (Kim 2014) with Ms and complete
linkage of AcPMS1. However, a similar study in
Indian germplasm by Khar and Saini (2016)
found that none of the markers evaluated were in
complete disequilibrium with Ms. This may
reflect the greater diversity of Indian SD/ID
germplasm and highlights the challenges of
transferring markers in an out-breeding crop with
a poorly characterized genome.

13.2.2 Genetic Mapping of Color

Among the earliest morphological markers used
in onion are skin color phenotypes due to flavo-
noid pigmentation (Cramer and Havey 1999).
Classic genetic studies demonstrated that at least
3 loci (I, C and R) conditioned onion color
(Clarke et al. 1944). Molecular studies of

expression and allelic variation in genes encoding
anthocyanin biosynthesis led to identification of
structural or trans-regulator variants of chalcone
synthase (CHS), dihydroflavonol 4-reductase
(DFR) and anthocyanidin synthase (ANS) as
putative candidates for the C (Kim et al. 2005a, b,
c, d), R (Kim et al. 2004a, b, 2005a, b, c, d) and
L loci (Kim et al. 2005a, b, c, d), respectively.
Khar et al. (2008) studied co-segregation of color
phenotypes and SNPs in a larger family than these
earlier studies, confirming that red color was
conditioned by the DFR gene and a locus more
loosely linked to the ANS gene (L2). Assignment
of genes encoding flavonoid biosynthesis in
onion by Masuzaki et al. (2006a, b) revealed the
chromosomal assignment of the major flavonoid
biosynthetic genes, as well as locating the
3-glycosyltransferase activity responsible for
anthocyanin glycosylation to chromosome 4.
Khar et al. (2008) reported that markers reported
by Kim et al. were not informative in their fam-
ilies and suggested that absence of red coloration
is due to multiple mutations, selected at multiple
occasions in the domestication and breeding of
onion. This was confirmed by subsequent studies
of Kim and coworkers who showed that flesh
color phenotypes might be conditioned by mul-
tiple distinct mutations in DFR and ANS genes
(Song et al. 2014; Kim et al. 2009; Park et al.
2013; Kim et al. 2017; Kim et al. 2014a, b).
Experience by breeding companies also suggests
that developing universal markers to
loss-of-function alleles, such as brown alleles of
DFR, will be challenging until reference sequence
and detailed re-sequencing data become avail-
able. In an attempt to identify the C locus Baek
et al. (2017) used BSA of RNA from pools of
yellow or white bulbs. The data were used for
differential expression analysis to determine reg-
ulatory and biosynthetic genes but also to design
markers to the C locus based on polymorphisms
that fitted the expected allele heterozygosity sta-
tus for C. A completely linked marker in the
GST1 gene was identified but not expected to be
the functional gene for C locus.

Global genetic mapping studies of pigmenta-
tion have been carried out on onion bulb colors
by Duangjit et al. (2014) and on Japanese
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Bunching Onion (JBO; Allium fistulosum) pseu-
dostem color by Tsukazaki et al. (2017). JBO
pigmentation QTL were detected on Chromo-
somes 4 and 5, with the latter (qPig5a-2) being a
major gene. Binary quantitative genetic analysis
for red versus yellow color in the OH1 � 5225
onion family showed that this could be modeled
by interactions between a locus on chromosome
7 mapping to the DFR gene and two linked loci
on chromosome 4 that likely correspond to the
L1 and L2 loci.

13.2.3 Flavor

The most distinctive chemical attribute of Allium
vegetables are the organosulfur compounds
which impart flavor and other bioactivi-
ties (Block 2010). Discovery of the onion
Lachrymatory Factor Synthase (LFS) gene by
Imai et al. (2002) established that tearing arises
due to a specific enzyme activity. Based on evi-
dence from the second-generation sequencing of
a DH onion, BAC sequencing, interspecific
linkage mapping and FISH it was possible to
show that this is encoded by duplicated genes on
onion Chromosome 5 (Masamura et al. 2012).
By using the same BAC and mapping resources,
it was also possible to characterize the genome
organization and map locations of onion sulfite
reductase gene and its expressed pseudogene
(McManus et al. 2012). Tsukazaki et al. (2012)
mapped a major pungency QTL in A. fistulosum
to a region of chromosome 2 and developed a
useful marker from this. The relationship of this
QTL to onion pungency QTL is not clear.

The market classes, culinary properties, and
Allium bulb and stem tissues are in major part
determined by the balance of fructo-
oligosaccharides to hexoses. Carbon physiology
is central to growth and productivity, and
although there have been no major advances in
this area, this area seems ripe for integrative
genetic and physiological studies. Two recent
studies by Zhang et al. (2016) and Han et al.
(2016) have provided quite large and highly rel-
evant transcriptome datasets from developing and
stored bulbs, respectively. There is a tight

connection between carbohydrate metabolism
and flowering physiology, and it was not sur-
prising that genetic mapping of onion- bolting
revealed a putative association between bulb
sucrose and bolting linked to a region on Chro-
mosome 3 containing an invertase gene (Baldwin
et al. 2013a, b). Integrative global transcriptome-
based genetics now provides the potential to tease
out the genetic and physiological factors deter-
mining variability in Allium carbon metabolism.

13.2.4 Adaptive and Morphological
Loci

The adaptive phenotypes and appearance of Alli-
ums are central to breeding goals and may often
constrain the ability to access genetic diversity.
Some of the key genes involved in regulation of
bulb and flower formation were identified by tra-
ditional methods (Taylor et al. 2010) but
RNA-SEQ methods have enabled a rapid expan-
sion in the knowledge of key gene families and
variation underlying development and adaptation
in garlic (Kamenetsky et al. 2015) and onion (Lee
et al. 2013; Khosa et al. 2016; Manoharan et al.
2016). In contrast to these transcriptome approa-
ches within a single species, Zhu et al. (2017) used
a comparative approach to identify candidate
genes for the fistular leaf phenotype. With the
growing availability of such catalogs in Allium
species such as those reported by Han et al. (2016)
and Sun et al. (2015), and bioinformatics tools to
support comparative transcriptomics, this kind of
evolutionary approach deserves wider usage.

One of the key adaptation traits in Allium is
variation in vernalization requirements for flow-
ering (Brewster 2008). Genetic mapping in both
onion and A. fistulosum has located QTL associ-
ated with bolting (premature flowering). Using a
wide cross between a long day (LD) dou-
bled-haploid (DH) onion “CUDH2150” and a
highly adaptable short day/intermediate day
(SD/ID) Indian landrace “Nasik Red” we were
able to map and validate a major bolting QTL
AcBlt1 to chromosome 1 (Baldwin et al. 2013a,
b). These studies were conducted in uncontrolled
field conditions on large population sizes.
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By contrast, Wako et al. (2016) used a combi-
nation of field and heated glasshouse evaluations
to map bolting time QTL in two A. fistulosum
families. In addition to utilizing the SaT03 family
employed earlier for QTL mapping (Tsukazaki
et al. 2012) they used a cross between an
ever-flowering line “Ki” and late-flowering “C”.
Reproducible QTL for bolting time were detected
on chromosome 2 in both “Ki x C” and SaT03
families. In addition, a reproducible QTL on
Chromosome 1 was detected in “Ki x C” in the
open field but not in a heated glasshouse. We
hope that the use of controlled phenotyping and
orthologous gene markers may permit testing the
homology of this QTL with onion AcBlt1 in the
near future. Although a number of key flowering
genes have been placed on the Allium genetic
maps in these two studies, there is currently no
strong evidence for linkage of candidates to QTL.

A conspicuous form of morphological varia-
tion in onion is seen in the leaf wax variants
originally reported in classical studies by Jones
et al. (reviewed by Cramer and Havey 1999).
Glossy and semi-glossy types with lower epicu-
ticular waxes show reduced susceptibility to onion
thrips (Jones et al. 1935), and the more practical
semi-glossy types are, therefore, attractive as a
genetic strategy to mitigate impacts of this serious
pest. Damon et al. (2014) confirmed that glossy
and semi-glossy types contained lower leaf waxes
andthese phenotypes were associated to reduce
thrips load. They then conducted QTLmapping of
the leaf wax chromatographic phenotypes, iden-
tifying two major QTL on chromosomes 2 and 5
associated with different pathways (Damon and
Havey 2014). Similar phenotypes have been
reported in A. fistulosum (Yang et al. 2017) and
RNA-SEQ comparisons performed between
glossy and wild-types (Liu et al. 2014), but no
mapping has yet been reported.

Considerable progress has been reported in
interspecific disease resistance, most notably the
dominant downy mildew resistance from A. roylei
backcrossed into onion (Van der Meer and De
Vries 1990). Observations of skewed segregation
in F2 populations using the original introgressions

motivated analysis by FISH and AFLP which
revealed that the introgression contained a lethal
gene (Scholten et al. 2007). The markers enabled
identification of rare crossovers and selection of a
homozygous introgression which was deployed
to commercial hybrid varieties. Kim et al. (2016)
reported a simple PCR marker that can be used
for tagging this introgression based on linkage to
SNPs in the map of Duangjit et al. (2013).
Resistance to Botrytis leaf blight has been intro-
gressed into onion from A. roylei and genetically-
characterized but not mapped (Hyde et al. 2015).
However Scholten and colleagues (Scholten et al.
2016) were able to map this resistance in a hybrid
population to A. roylei chromosome 6 using a set
of SNP assays developed by RNASEQ of onion
genotypes and an A. fistulosum x A. roylei F1
hybrid. We hope that wider access to genotyping
and data platforms will enable more work like this
that can enhance Allium sustainability and quality
in the future.

13.3 Future Strategies
and Resources

The choices for conducting powerful and eco-
nomical genome analysis in Allium are growing
as service costs fall and bioinformatics tools
expand. Recently Jo et al (2017) used a
double-digest GBS method to develop a
reference-free genetic map of an F2 onion pop-
ulation, demonstrating that this widely used
method can be employed in large Allium gen-
omes. This study did not assign linkage groups to
the physical map but indicates the potential for
using modern reduced-representation methods to
conduct genetic analyses. Currently, one of the
most fertile areas in genetics is employing cre-
ative NGS strategies to conduct genome scans or
population genetic studies (Matz 2017). There is
great scope for relatively economical Allium
population genetic analysis using mature tech-
nologies such as pool sequencing (Schlötterer
et al. 2014). The limiting factor for applying such
technologies is the horticultural research context.
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We broadly categorize the critical areas as
materials, information and horticultural strategy.

13.4 References and Control
Materials for Allium Research

Ahallmark of good science is the use and choice of
controls. Model systems research clearly demon-
strates that selecting and distributing common
reference stocks is the key to building research
capability and community. Maize is a good
example where the choice of key reference lines
and mapping populations has enabled deep basic
and commercial research (Schnable et al. 2009;
Tian et al. 2011; Coe et al. 2002). Themost critical
barrier to raising the standard of Allium research is
an absence of reference lines that can be used to
develop integrated data sets among research
groups. Onion poses many challenges for the
choice and exchange of reference materials. The
default option for a reference or control line in
most agronomic and genetic studies is usually a
local landrace or hybrid favored by local industry.
This approach ensures a perception of local rele-
vance for funding bodies but limits global rele-
vance and applicability. Seedlots for such
“control” lines may be unavailable or may be
agronomically inappropriate, e.g., adapted to dif-
ferent photoperiod. An obvious alternative to
variable open-pollinated standards is the use of
commercial hybrids or publicly available inbreds
released from US public breeding programmes
(Goldman et al. 2001). However, the maintenance
of inbreds especially involving CMS is not
straightforward and onion “inbreds” can still har-
bor significant genetic variability (McCallum
et al. 2008).

Although the exchange of DNA samples has
enabled some collaborations among research
groups, the usefulness of this approach has been
limited by the practicalities of producing sufficient
DNA and exchanging mapping data. By contrast,
the best example of the successful exchange of
genetic resources in Allium genetics has been the
use A. cepa - A. fistulosum monosomic alien
addition lines developed by Shigyo et al. (1997).
Although these stocks have only permitted

chromosome-level mapping of genes and pheno-
types, they have contributed significantly to
anchoring and sharing of genetic marker data in
A. cepa and A. fistulosum. The key to success of
these stocks has been the simplicity of exchange
(only 10–12 samples), ease of genotyping (inter-
specific polymorphisms are easily identified or
dominant) and trivial data analysis. The avail-
ability of RNA-SEQ from these lines (Abdelrah-
man et al. 2017) now offers the potential for
performing this assignment in silico. We expect
that these resources will provide the foundation of
a more global Allium framework gene map.

13.5 Information

The establishment of RNA-SEQ as a routine typ-
ing methodology has led to numerous publica-
tions, providing opportunities as well as
bioinformatics challenges for would-be Allium
genetics researchers. These studies have employed
a variety of genotypes at different physiological
stages and have distributed data as supplementary
data, bespoke databases, and/or public reposito-
ries, or have not released such data. To date, there
does not appear to have been any efforts to con-
struct consensus gene indices or agree on common
stocks. Among studies in onion, that of Kim et al.
(2014a, b) is notable in that it employed a DH
reference line “H6” (Walker 2010), as we did in
both mapping (Baldwin et al. 2012a, b) and more
recent transcriptome studies (Khosa et al. 2016).
Excellent transcriptome catalogs have been
developed for garlic, most notably that of
Kamenetsky et al. (2015) but applications to date
appear to be limited to marker design for finger-
printing genetic resource collections (Liu et al.
2015) due to lack of fertile accessions for genetic
stock development. Similarly, Zhou et al. (2015)
have generated a seedling transcriptome catalog
for A. tubersosum, opening the way for genetic
studies of this widely cultivated vegetable.

We previously published a database compiling
mapping and marker data from Allium genetic
mapping experiments (McCallum et al. 2012).
This is still available at http://alliumgenetics.org/
but has proved challenging to migrate and

186 J. McCallum et al.

http://alliumgenetics.org/


maintain since it is based on CMAP
(Youens-Clark et al. 2009) which uses deprecated
web technologies. This curation and technology
problem has also affected other initiatives, nota-
ble RobustDb (Bhasi et al. 2010). A more recent
publication (Shukla et al. 2016) describes an
online database based on data extracted from
Genbank. These resources are at great risk of
“URL decay” (Wren et al. 2017) since they are
reliant on usage, citation and potentially unreli-
able funding and institutional support. There is a
clear need for community-curated resources.
Submission of curated, integrated data sets into
Genbank is challenging for projects with limited
bioinformatics resources. The use of generic
collaborative platforms like Cyverse (http://www.
cyverse.org/; Merchant et al. 2016) that support
community collaborated data and workflows
(Grover et al. 2017) may provide a more
future-proofed solution that could encourage
greater participation in Allium genetics. Rather
than focus on providing database functionality
and interactive graphical features, it may be more
important to focus on curated, accessible
source-controlled tabular data that could serve
multiple analytical uses, including reproducible
analyses and web applications. The use of a
source-control model such as Github could also
provide a simple basis for managing tabular
community data. We have provided SQL dumps
of the AlliumMap (McCallum et al. 2012) CMAP
database at https://github.com/
PlantandFoodResearch/AlliumMap/ to assist
access to this data.

13.6 Doubled-Haploid Onions
as Reference Materials

Although there has been a long history of
research concerning the development of doubled
haploids for onion breeding (Martínez 2003;
Bohanec 2002; Campion et al. 1995), this has
rarely provided genotypes with fitness and
fecundity suitable for breeding and genetics. Use
of DH lines has been key to more recent tran-
scriptome (Duangjit et al. 2013; Kim et al.
2014a, b; Khosa et al. 2016) and metabolic

analyses (Abdelrahman et al. 2015; Joshi 2014).
An exception to the generally low fitness of DH
onion genotypes is a series of DH lines extracted
for the synthetic “YIX-A” which were released
by Cornell University (Hyde et al. 2012; Alan
et al. 2004). These have proven to be very
practical in our hands and one selection is cur-
rently the subject of a whole genome sequencing
initiative (http://www.oniongenome.net/).
The DH lines referred were provided under MTA
from the Cornell University Plant Breeding
Department and we can provide these direct to
researchers who have signed the same agree-
ment. In future, these may be available from gene
banks (Martha Mutschler pers comm.). The use
of DH lines extracted from an F1 plant to provide
full-sib haploid mapping families as practiced by
Duangjit et al. (2014) is a highly attractive but
technically challenging strategy.

13.7 Development
and Propagation of Large F2
Stocks for Molecular Mapping

In order to encourage greater experimentation by
existing and new entrants into the research
community, we now summarize our current
practices for onion population development,
developed over the past 20 years. Although these
methods have been influenced by commercial
breeding practices, they are focused on experi-
mental stock development. This work was car-
ried out in a temperate intermediate/long day
environment in Lincoln New Zealand (43.6 °S,
172.4 °E). We focus on field horticultural prac-
tices employed during research on adaptive and
carbon physiology of onion (Baldwin et al.
2013a, b; Baldwin et al. 2012a, b; Revanna et al.
2013). In a companion article (Khosa et al.
2018), we describe methodologies for propaga-
tion under controlled environments.

The germplasm used in this study included
seed lots obtained by the former DSIR (Grant
and Carter 1986) and a series of diverse landrace
accessions from the EU Allium collection (pre-
viously at HRI Wellesbourne; http://ealldb.ipk-
gatersleben.de/861/). Because such seed lots are
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usually of highly variable age and quality, and in
very limited quantities we germinate on moist
paper towels at 25 °C and transfer viable
seedlings (< 10 mm) to Jiffy-7 Peat Pellets
(http://www.jiffypot.com/en/products/jiffy7.html
). These can be conveniently managed in cell
trays and then transplanted to the field or glass-
house once they reach the 3–4 leaf stage. These
plugs minimize dehydration and transplant
shock. For direct sowing of uncoated seed, we
use Earthway 1001-B garden seeders (https://
earthway.com) fitted with a custom Blank Seed
Plate (Cat # 18106) drilled with twelve 4 mm
holes at 30 mm spacing 4 mm from the plate
edge. Alternatively, a Radish plate (Cat # 18101)
may be used after filing the lugs off flush with the
plate.

Although we typically propagate our experi-
mental populations in sections of commercial
production fields provided by growers or breeding
companies, special care is needed when first
propagating such mal-adapted, valuable, and
limited materials with lower fitness and seed
quality compared to commercial cultivars and
breeding lines. Commercial herbicide regimes
may impact on growth and weak stands may
require manual weeding. Other options we have
used include propagating sets of 8–12 plants in
20L tubs with trickle irrigation in a tunnel house
and propagating small trials transplanted through
synthetic mulch cloth under drip irrigation
(Fig. 13.1).

During propagation of doubled-haploid stocks
these should be visually inspected for evidence
of phenotypic variation that might suggest con-
tamination before or during sowing. The Cor-
nell DH lines are conspicuously uniform in plant
form and bulb shape, though these may vary
considerably year-to-year (Figs. 13.2 and 13.3).
Once plants are mature, as judged by leaf col-
lapse in * 50% of plants (“top-down”), we lift
all the plots gently and allow plants to cure in the
field for about 1 week. Severely mal-adapted
materials such as SD fresh market types or very
LD types may require pre-emptive removal and

Fig. 13.1 Detail of a small experimental plot of a DH x
landrace F2 population transplanted in synthetic mulch
cloth under drip irrigation

Fig. 13.2 Bulbs of Cornell University DH Onion geno-
type “CUDH2107”

Fig. 13.3 Bulbs of Cornell University DH Onion geno-
type “CUDH2122”
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other special treatment. If conditions are cool
and/or damp it is preferable to remove sensitive
and valuable materials to a warm, dry, and
well-ventilated environment for curing. After
removal from the field in shallow slotted produce
crates we will typically cure bulbs for a further
1–2 weeks in a well-ventilated tunnel or glass-
house prior to clipping off leaves and placing in
storage. We store onions in a small cool store
at * 5°C with humidity maintained at 65–70%
RH by a domestic dehumidifier.

If we need to sample bulbs for chemical or
molecular analysis, they can be bisected and the
bases saved for flowering in the spring. We
usually place cut bases in net fruit bags with
labels and then allow them to dry in a glasshouse
for 3 days before dipping in a 5% solution of
Carbendazim. Dipped or painted bulbs are best
planted rather than stored to minimize losses.
Bulb tissues are a good source of DNA or RNA,
provided that high-salt precipitations are used to
reduce carbohydrate coprecipitation.

After storage for 4–5 months, we select bulbs
for crossing or seed production and plant into a
soil/peat mix in 18–20 L bins with drainage holes
in an unheated tunnel house. Initially, the soil
mix is maintained just sufficiently moist to mit-
igate peat dust risks. When bulbs have rooted and
sprouted we install trickle irrigation on a timer
set to provide modest watering twice daily.
Watering duration is increased once plants are
flowering, especially in periods of greater sum-
mer heat. For pair crossing or self-pollination, we
bag the umbels in a perforated bread bag prior to
flower opening and seal the base with electrical
tape. Just prior to flowers opening, we cut the
bag corner and introduce pupae and/or flies of the
species Lucilia sericata (common green bottle
fly; usually sourced from pet food suppliers),
resealing with a paper clip. It is important to
shade umbels bagged in this manner to minimize
heat stress on flies and flowers alike. We do not
normally emasculate since the F1 hybrid progeny
of the wide crosses we are concerned with are
conspicuous by their size, vigor, and bulb color
phenotypes compared to DH parents. Molecular
marker tests may be used to confirm hybridity.
For limited-mass-pollinations, we cage a single

tub containing 6–12 bulbs or 2–3 such tubs
where we wish to ensure larger useful population
sizes. When inflorescences emerge, we place a
simple frame constructed from 1.8–2.1 m � 16
mm plastic-coated garden stakes as uprights,
inserted into a frame constructed with dowels
inserted into 19 mm irrigation corner elbows. It
is desirable to tie inflorescences together at this
stage so that umbels do not lie against the cage
material later. Prior to splitting the leafy spathe
that encloses the umbel we cover the frame with
2 mm mesh cover sewn in a tube and close this at
the top with plastic twine (Fig. 13.4). As flowers
open we introduce blowflies that we have pre-
viously hatched from pupae in a warm dry
environment. Pupae may be introduced directly
into cages but emergence may be less. To pro-
long the working life of pollinators, especially
where nectar or flower numbers are limiting we
provide stale beer soaked into paper towels in a
cup. Blowflies do not work as effectively in lar-
ger cages over 1 m3. In such cases, small bum-
blebee boxes used for glasshouse pollinations are
more effective. An alternative means to

Fig. 13.4 Limited mass cages at peak flowering
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cross-pollinate pair crosses or small cages is to
do this manually using instruments such as a
makeup brush or feather duster (dedicated to a
cross or cage). This requires enclosures to have
zips or other means of access.

When flowering has ended irrigation is
maintained until seed development is complete
as evidenced by black appearance. At this stage,
irrigation is turned off and plants allowed to dry
until the black seed is evident on the top of the
umbel. Umbels are clipped off and placed in a
heavy paper or cloth bags and dried in cool, low
humidity conditions. Cleaned seed should be
stored in cool, low humidity conditions.

Following pollination, especially if this is
limited, some genotypes may spontaneously
form bulbils or “topsets” in the inflores-
cences (Brewster 2008). These enable clonal
multiplication of F1 plants (Fig. 13.5). Topset
production may be forced by trimming unopened
flowers from the umbel base after splitting of the
leafy spathe and painting with dilute benzy-
ladenine (Dunstan and Short 1979) in a wetting
agent. Dry topsets may be stored for several
months, planted in the spring and mass-
pollinated, enabling large-scale production of
F2 seed. Alternatively, many wide hybrids are
highly multicentred and produce lateral “cloves”

that that can be split before or after flowering to
enable mass pollinations of clonal F1 plants over
one or more seasons.

We refined these strategies during the devel-
opment of the ”Nasik Red � CUDH2150” F2
families used to map bulb and adaptive
traits (Baldwin et al. 2013a, b; Revanna et al.
2013; Baldwin et al. 2012a, b). Since the
low-solids DH line “CUDH2150” proved very
hard to grow and store we conducted pair
crossing between the much better-storing geno-
types “CUDH2122” (used for skim genomic
sequencing and SSR development in Baldwin
et al. 2012a, b) and “CUDH2170” (used for
RNASEQ in Khosa et al. 2016) and landrace and
other selections used in these studies. We con-
firmed the observations of Hyde et al. (2012) that
these DH lines form vigorous F1 hybrids which
are very practical to handle. Segregation of bulb
phenotypes in one such F2 family is shown in
Fig. 13.6. This population segregates strongly for
a multicentred trait that may be homologous with
the tillering trait analysed by QTL mapping in
A. fistulosum (Tsukazaki et al. 2017).

13.8 Conclusion

In times of rapid and ongoing change in genetic
technologies, it can be very challenging for
horticultural researchers to choose among these
and access informatics required to exploit them
fully. Realizing the promises of Allium QTL and
gene mapping will require developing a new
generation of shared resources that extend
beyond national and institutional boundaries.
Although funding is frequently tied to local
business needs, it is essential that wider initia-
tives are developed that can raise the quality of
Allium genetics for academic publishing and
business application. We encourage new and
existing Allium genetics researchers to design
their research to both leverage and contribute to
community germplasm and data sources.

Fig. 13.5 Topset production an F1 umbel from the cross
“CUDH2107 x Southport White Globe”
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14Impact of the Allium Genomes
on Plant Breeding

Michael J. Havey

Abstract
A better understanding of the structures and
characteristics of the chloroplast, mitochon-
drial, and nuclear genomes have played sig-
nificant roles in the genetic improvement of
Allium crops. In this chapter, I will reflect upon
the practical use of this genomic information
for genetic improvement of the Alliums.

14.1 The Chloroplast Genome

The chloroplast DNAs of the Alliums are similar
in sizes and structures to that of other angios-
perms. In onion, the chloroplast DNA is a cir-
cular mapping molecule with two inverted
repeats that separate large (LSC) and small
(SSC) single copy regions, as is true for most
other angiosperms (Havey 1991b; Katayama
et al. 1991). Its size is approximately 153 kilo-
bases with a GC content of 36.8% (von Kohn
et al. 2013; Kim et al. 2015c). Slight differences
reported for the estimated sizes of the chloroplast
DNAs of onion cytoplasms are likely due to
small indels across intergenic regions. The
overall gene content is similar to other members

of the monocot order Asparagales, except for
numerous differences with the cpDNAs of the
orchids (Von Kohn et al. 2013).

Polymorphisms in the Allium chloroplast
DNAs have proven useful for phylogenetic
analyses. Havey (1991b) identified polymorphic
restriction enzyme sites in the chloroplast DNAs
among major cultivated Alliums and observed
that maternal phylogenies agreed with morpho-
logical classifications. Havey (1992b) then used
chloroplast polymorphisms to assess maternal
phylogenies among plants in Allium sections
Cepa and Phyllodolon, revealing that Allium
vavilovii and Allium altaicum were the likely
progenitors of bulb (Allium cepa) and bunching
(Allium fistulosum) onions, respectively, and that
related Allium galanthum, Allium pskemense, and
Allium oschaninii were placed more basal to the
cultivated forms. A similar phylogeny was
reported by Yamashita et al. (2001) using
chloroplast and mitochondrial polymorphisms.
Maternal phylogenies of Allium sections Cepa
and Phyllodolon were consistent with crossabil-
ities among the species (Havey 1992b; Raams-
donk et al. 1992).

Polymorphisms in specific coding and non-
coding regions of the chloroplast DNAs have also
been used for phylogenetic analyses of specific
groups within the genus Allium. For example, Li
et al. (2010) used polymorphisms in the chloro-
plast rps16 gene and Huang et al. (2014) in two
noncoding regions of the chloroplast DNAs
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(trnL-F and rpl32-trnL) to estimate phylogenies in
Allium subgenus Cyathophora. Li et al. (2016)
used the matK, trnH-psbA, and rps16 regions to
demonstrate the monophyletic origin of species in
Allium subgen. Anguinum.

Although cytoplasmic male sterility (CMS) is
likely conditioned by the mitochondrial DNA,
numerous chloroplast polymorphisms distinguish
the normal (N) male-fertile and male-sterile (S
and T) cytoplasms of onion. Courcel et al. (1989)
and Holford et al. (1991) used using gel elec-
trophoresis of restriction enzyme digestions of N-
and S-cytoplasmic chloroplast DNAs and
revealed numerous banding differences. Subse-
quent studies using DNA-gel-blot hybridizations
(Havey 1993, 2000; Satoh et al. 1993), indels or
polymorphic restriction enzyme sits in PCR
amplicons (Havey 1995; Sato 1998; Kim and
Yoon 2010), and single nucleotide polymor-
phisms (SNPs) (Von Kohn et al. 2013) revealed
numerous polymorphisms distinguishing these
two cytoplasms. This relatively large number of
polymorphisms led to the recognition that S
cytoplasm of onion is an alien cytoplasm intro-
gressed into bulb onion populations in antiquity
(Havey 1993, discussed below). Havey (2000),
Engelke et al. (2003), and Kim et al. (2009b)
identified mitochondrial polymorphisms between
N and T cytoplasms, which are much more clo-
sely related to each other relative to S cytoplasm.
Even though CMS in onion is likely associated
with the mitochondrial DNA, maternal trans-
mission of both the mitochondrial and chloro-
plast DNAs allows for polymorphisms in either
genome to be used to classify onion cytoplasms.

Other alloplasmic sources of CMS exist for
the Alliums. The cytoplasm of A. galanthum has
been introgressed into bulb onion (Havey 1999),
shallot (Yamashita and Tashiro 1999, 2004), and
bunching onion (Yamashita et al. 1999) to gen-
erate new sources of CMS for hybrid seed pro-
duction (discussed below). No nuclear restorers
of male fertility were detected in onion for the
galanthum CMS (Havey 1999). The cytoplasm
of Allium rolyei has also been introgressed into
A. cepa and conditioned male sterility (Vu et al.
2011). These interspecific sources of CMS offer
the opportunity to diversify cytoplasms used for

hybrid seed production and reduce the genetic
vulnerability due to predominant use of S cyto-
plasm (Havey 2000).

14.2 The Mitochondrial Genome

The mitochondrial (mt) DNAs of the Alliums are
not well characterized. Kim et al. (2016a)
sequenced, assembled, and annotated the mt
DNA of S-cytoplasmic onion. As expected, it
maps as a circular molecule of approximately
316 kb and carries the coding regions for major
genes for oxidative respiration, transfer and
ribosomal RNAs, and significant amounts of
chloroplast DNA from intergenomic transfers
(Kim et al. 2016a). A chimeric gene (orf25)
comprised of part of the cox1 gene and another
sequence has been proposed as the candidate for
the male sterility conditioned by S cytoplasm
(Kim and Yoon 2010; Kim et al. 2016a).
Sequencing of other sources of CMS from onion
[such as T and T-like cytoplasms (Havey 2000)],
bunching onion (Moue and Uehara 1985), and
chive (Allium schoenoprasum) (Tatlioglu 1982;
Potz and Tatlioglu 1993; Engelke and Tatlioglu
2000) should provide insights into unique and
potentially common mechanisms of CMS among
the Alliums, as well as clarify mechanisms of
nuclear male fertility restoration. Although the
mt DNA has not been widely used to estimate
phylogenies due to structural variation among
closely related plants, there are examples of its
use in the Alliums. Yamashita et al. (2001)
reported that similar phylogenies were estimated
using polymorphisms in the cp and mt DNAs,
and Kik et al. (1997) used mt DNA variation to
estimate relationships among species within
Allium ampeloprasum complex and found that
accessions within a mitochondrially defined
clade were crossable.

14.3 The Nuclear Genome

Most of the cultivated Alliums are diploid
(2n=2x=16) plants and show disomic inheritance
ratios, including garlic (Allium sativum),
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Japanese bunching onion, bulb onion, and chive
(Eickmeyer et al. 1990; Cramer and Havey 1999;
Ipek et al. 2005; Zewdie et al. 2005;Tsukazaki
et al. 2008). Leek (A. ampeloprasum) is an
autotetraploid (2n=4x=32) and shows tetrasomic
inheritance (Berninger and Buret 1967). The
nuclear genomes of the Alliums have numerous
unique characteristics including enormous sizes
(Ohri et al. 1998; Ricroch et al. 2005) with little
evidence of recent polyploidization event(s),
relatively low GC contents (Kirk et al. 1970;
Kuhl et al. 2004), and large stretches of the DNA
with degraded (Pearce et al. 1996; Jakse et al.
2008) and intact (Vitte et al. 2013; Kim et al.
2015d) transposable elements. Onion is often
used in the classroom for cytogenetic analyses
because it possesses relatively few, huge chro-
mosomes. The nuclear DNA of onion is one of
the largest among cultivated plants at approxi-
mately 15,290 megabase pairs (Arumuganathan
and Earle 1991) per 1C nucleus, and on average
each onion chromosome carries an amount of
DNA equal to 75% of the 1C content of the
maize nuclear genome (Bennett and Smith 1976).
Molecular studies have revealed unique charac-
teristics of this extremely large genome. The GC
content of onion DNA is 32%, one of the lowest
known for any angiosperm (Kirk et al. 1970;
Stack and Comings 1979). Density gradient
centrifugation revealed a 375 base pair (bp)
telomeric sequence representing 4% of the gen-
ome (Barnes et al. 1988). Stack and Comings
(1979) used Cot reassociation kinetics to reveal
three repetitive fractions in the bulb onion gen-
ome. The first fraction represents approximately
41% of the genome and is repeated approxi-
mately 21,600 times, fraction two comprises
about 36% of the genome and is repeated
approximately 225 times, and fraction three
comprises about 6% of the genome and consists
of low-copy DNAs. Approximately 10% of the
DNA was not detectable by reassociation kinet-
ics (Stack and Comings 1979). The results of
these studies indicate that the onion genome
likely consists of middle-repetitive sequences
occurring in short-period interspersions among
low-copy regions (Stack and Comings 1979).

Enormous genome size differences exist
among closely related Alliums (Ohri et al. 1998).
For example, bulb onion has 28% more nuclear
DNA than A. fistulosum (Labani and Elkington
1987; Jones and Rees 1968); this difference of
5.4 pg per 1C nucleus is approximately equal to
the total 1C DNA content of barley (Hordeum
vulgare), pepper (Capsicum annuum), or radish
(Raphanus sativus) (Bennett and Smith 1976).
This increase in DNA content cannot be attrib-
uted to duplication of one or a few chromosomes,
and Jones and Rees (1968) and Ranjekar et al.
(1978) proposed that intrachromosomal duplica-
tions contributed to increased chromosome sizes
in onion. Ohri and Pistrick (2001) observed no
relationship between genome size and phenology
for Allium species across six subgenera, indicat-
ing that life history was not a significant factor
contributing to genome size differences. Jones
and Rees (1968) and Narayan (1988) studied
interspecific hybrids between A. cepa and A.
fistulosum and observed that all eight bivalents
were asymmetric, indicating that DNA differ-
ences were spread across all eight chromosomes.
However, size differences among individual
bivalents varied from a maximum of 60% to a
minimum of 20% (Jones and Rees 1968).
Pachytene pairing in interspecific hybrids
between the bulb and bunching onions revealed
loops and overlaps, which is the evidence for the
accumulation of repetitive sequences or tandem
duplication of chromosome segments (Jones and
Rees 1968). King et al. (1998) observed rela-
tively high frequencies of dominant restriction
fragment length polymorphisms (RFLPs), which
could have resulted from duplication and dele-
tion events after unequal crossing over. Masa-
mura et al. (2012) studied the genomic region
carrying the tearing factor, lachrymatory factor
synthase (LFS), and demonstrated that the region
carries at least two tandemly arranged copies of
LFS. The origin of tandemly repeated regions
could also be due to retrotransposition events, in
which a transcribed RNA is converted back to
DNA and gets inserted into the genome at a
nearby location. The prevalence of localized
tandem duplications will become apparent once
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we have annotated sequences of the Allium
genomes. Doubled-haploid (DH) lines of onion
and other Alliums are useful for molecular
analyses because any polymorphisms within a
single DH must be among paralogous regions
(Baldwin et al. 2012).

Telomeres are located at the end of chromo-
somes and are required for stable maintenance and
transmission of chromosomes. Almost all plants
possess the Arabidopsis-type telomere as repeats
of the TTTAGGG motif (Fuchs et al. 1995).
However, some species of the Alliaceae and Lil-
iaceae are unique because they do not possess this
widely conserved telomeric repeat (Fuchs et al.
1995; Pich et al. 1996). The previously identified
375 base pair GC-rich satellite DNA (Barnes et al.
1988) was proposed to have replaced the
Arabidopsis-type telomere in A. cepa (Pich et al.
1996; Pich and Schubert 1998); however subse-
quent research revealed that the telomeres of
A. cepa are repeats of the unusual sequence
CTCGGTTATGGG (Fajkus et al. 2016).

14.4 Nuclear 45s Ribosomal
(R) DNA

The nuclear genome carries highly repeated
sequences encoding the 5 and 45s rDNAs. The
5s region exists as tandemly arrayed repeats of
120-bp coding sequence with a non-transcribed
spacer of variable sizes (Garcia et al. 2014). In
chive and onion, two 5s clusters exist in each
species located on chromosomes 6 and 7,
respectively (Shibata and Hizume 2002a). The
45s coding region exists as multiple copies of
tandemly arrays of three conserved regions
encoding the 5.8, 18, and 26s rRNAs (Garcia
et al. 2014). Two internal transcribed spacers
(ITS) separate the three rRNA-coding regions,
and an intergenic spacer (IGS) separates the
rRNA-coding and ITS regions. Differences have
been observed in the Alliums for the relative
proportion of rDNA and number of nucleolus
organizer regions (NOR) per cell (Maggini and
Garbari 1977; Maggini et al. 1978). In situ
hybridizations of the nuclear 45s rDNA revealed
the locations and numbers of NORs in bulb and

bunching onions (Schubert and Wobus 1985;
Ricroch et al. 1992). In bulb onion, NORs were
located on chromosomes 6 and 8; bunching
onion possessed NORs on chromosomes 5 and 8.
For both species, the smallest chromosome (#8)
carried a NOR. Schubert and Wobus (1985)
observed that recombination can occur between
chromosomes carrying NOR regions, resulting in
exchanges of terminal regions termed “NOR
jumping”. Schubert et al. (1983) used differences
in the NORs between A. cepa and A. fistulosum
to establish the interspecific origin of diploid
viviparous onion.

The sizes of the 45s rDNA repeats are
approximately 11.8, 13.1, 11.5, 10.4, and 12.3 kb
for bulb onion, bunching onion, garlic, leek, and
chive, respectively, due primarily to length dif-
ferences in the IGS (Havey 1992c). Variation in
the ITS regions has been widely used alone and
with chloroplast sequences to estimate phyloge-
nies in the Alliums (Havey 1992c; Li et al. 2010;
Huang et al. 2014). Friesen et al. (2006) reported
ITS sizes between 612 and 661 bp among Alli-
ums and polymorphisms in the ITS have been
used to clarify relationships among Alliums and
related genera (Hirschegger et al. 2010). Li et al.
(2016) used in both regions to estimate
phylogenies among 12 taxa in Allium subgenus
Anguinum, and reported that this group is
monophyletic even though species are indigenous
to disjoined regions in the high mountains of
southwestern Europe to eastern Asia and in
northeastern North America. Huang et al. (2014)
reported that phylogenies estimated using both
ITS and chloroplast sequences were better
resolved than those produced with only one of the
regions and that major clades were consistent
with earlier estimations reported by Friesen et al.
(2006).

14.5 Interspecific Hybridizations

There are numerous examples of asexually and
sexually propagated Alliums that resulted from
interspecific hybridizations. Top-setting (vivi-
parous) onions [Allium x proliferum (Moench)
Schrad. syn. A. cepa L. var. viviparum (Metzger)
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Alefeld] exist that are interspecific hybrids with
16 chromosomes, eight from bulb onion or
shallot and eight from bunching onion (Havey
1991a; Hizume 1994; Shibata and Hizume
2002a, b). Analyses of the chloroplast and
mitochondrial DNAs of top-setting interspecifics
revealed that A. fistulosum was most commonly
the female parent (Havey 1991a; Yamashita and
Tashiro 2001). Top-setting onions are widely
grown [e.g., A. wakegi Araki in Japan or TS6007
in North America (Havey 1991a)], and may have
originated from independent interspecific
hybridizations. Amphidiploids from interspecific
hybrids between bunching and bulb onions can
be seed propagated and commercially grown as
green bunching onions [an example is the culti-
var “Beltsville Bunching” (Jones and Clarke
1942)]. “Delta Giant” is grown as an asexually
propagated shallot and resulted from an inter-
specific hybrid between A. fistulosum and shallot
(Perkins et al. 1958). There also exist viviparous
forms of Japanese bunching onion (Havey
1992a) and presumably bulb onion that are not
the result of interspecific hybrids. These are
likely homeotic variants in which normal flower
production has been replaced with vegetative top
sets, and growers or gardeners noticed these
unique plants and propagated them asexually.

Two examples of triploid (2n=3x=24)
top-setting onions are “Ludujka” from the Adri-
atic region (Puizina and Papes 1996) and “Pran”
from India (Koul and Gohil 1971). Puizina et al.
(1999) reported that both plants had identical
banding patterns for a set of RAPD markers and
may have a common origin. Although A. cepa is
clearly one of the parents of most diploid and
triploid top-setting onions, A. fistulosum may not
always be a second parent (Havey 1991a, b;
Maab 1997; Puizina et al. 1999). Puizina and
Papes (1996) studied top-setting onions from the
Adriatic region and reported that bulb and
bunching onion were parents of both diploid and
triploid types, indicating that multiple inter-
specific hybridizations may have occurred giving
rise to these asexually propagated Alliums.
Puizina et al. (1999) undertook GISH analyses
and concluded that one parent of triploid
top-setting onions may be A. roylei, disagreeing

with results of other researchers (Havey 1991a;
Maab 1997; Klaas 1998). Therefore, one or two
other parental species of these triploid top-setting
onions remains unknown. “Pran” is especially
important because it may have been the donor of
male-sterile (S) cytoplasm widely used to pro-
duce hybrid onion seed (Havey 1993).

Unique interspecific hybrids have been pro-
duced between garlic and bulb onion (Ohsumi
et al. 1993) and between bunching onion and
chive (Umehara et al. 2006). This latter inter-
specific hybrid produced more carotene than
either parental species (Umehara et al. 2006).
Although there are no reports of subsequent
commercial use, these interspecific hybrids can
be asexually propagated and may become unique
vegetable products. Elephant garlic (A. ampelo-
prasum var. giganteum) is mostly an asexually
propagated hexa- (2n=6x=48) or octoploid
(2n=8x=64) that resulted from interspecific
hybridization(s) of uncertain origin(s)
(Hirschegger et al. 2006, 2010).

14.6 Introgression Research

There are relatively few examples of successful
introgression of beneficial traits from one Allium
species into another. One could consider pink
root resistance in the amphidiploid “Beltsville
Bunching” to be an example of successful uti-
lization of a disease resistance from A. fistulosum
in a cultivar grown and consumed as a green
onion. The most successful interspecific intro-
gression is downy mildew resistance from
A. roylei to the bulb onion. Kofoet and Zinker-
nagel (1990) identified A. roylei as a source of
downy mildew resistance. The interspecific
hybrid and backcrosses to bulb onion were
completed at Wageningen in Holland (de Vries
et al. 1992). Introgression of this resistance
proved to be difficult because the resistance allele
was linked in coupling phase to a lethal factor,
and only after isolating a recombination event
was it possible to produced plants homozygous
for the resistance allele (Scholten et al. 2007).
Downy mildew resistance from A. roylei has
been successfully commercialized and widely
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accepted by growers, providing the best example
of the successful interspecific transfer of a major
disease resistance in the Alliums.

Many researchers have produced interspecific
hybrids between bunching and bulb onions and
completed numerous backcrosses to A. cepa
(Emsweller and Jones 1935; Maeda 1937; Peffley
and Mangum 1990; Peffley and Hou 2000), and
there is strong evidence of recombination
between chromosomes of the two species
(Stevenson et al. 1998; Hou and Peffley 2000;
Budylina et al. 2014). Nevertheless, there are no
examples of successful transfer and deployment
of a beneficial trait from A. fistulosum to bulb
onion. The reason for this may be the location of
genes in the two species. Localization of chias-
mata near the centromere has been reported for
numerous Alliums, including A. ampeloprasum,
A. fistulosum, Allium kochii, and Allium
cyathophorum (Koul and Gohil 1970; Stack and
Roelofs 1996; Maeda 1937; Ved Brat 1965). For
autopolyploids such as leek (A. ampeloprasum),
localized chiasmata would avoid the formation of
multivalents among large metacentric chromo-
somes and increase the likelihood of balanced
gametes. However, it is not clear what advantage
results from chiasmata localized near the cen-
tromere of a diploid species such as bunching
onion. Fiskesjo (1975) observed that the terminal
ends of bunching onion chromosomes were lar-
gely heterochromatic. If gene-rich (euchromatic)
regions are concentrated near the centromeres of
bunching onion, successful transfer of desirable
traits to bulb onion may be difficult because the
interspecific hybrids show more randomly located
as opposed to localized chiasmata (Maeda 1937;
Stevenson et al. 1998; Khrustaleva and Kik
1998), which could transfer largely heterochro-
matic regions from bunching onion to bulb onion.

14.7 Genomic in Situ Hybridization
(GISH)

GISH analyses have proven to be very useful
to document origins of interspecific hybrids,
establish chromosome compositions of alien
addition lines, and reveal recombination among

chromosomes for interspecific hybrids. The
technique involves labeling of the DNA of one
species with a fluorescent dye and blocking with
unlabeled DNA from the other species to reduce
any cross hybridization with the labeled DNA.
GISH analyses have revealed little cross
hybridization among chromosomes of closely
related Alliums, indicating that the genomes have
accumulated enough sequence diversity to the
point of becoming unique. GISH analyses have
revealed the interspecific origins of top-setting
(Puizina et al. 1999; Shibata and Hizume 2002b)
and ornamental Alliums (Friesen and Klaas
1998), as well as recombination among chromo-
somes in progenies from interspecific hybrids. As
mentioned above, there is little to no evidence of
successful introgression and commercialization
of a beneficial trait from A. fistulosum to A. cepa,
in spite of many instances of interspecific
hybridizations and backcrossing (Emsweller and
Jones 1935; Maeda 1937; Peffley 1986; Peffley
and Hou 2000). Initially, there were questions
regarding the extent of recombination between
chromosomes of bunching and bulb onions due to
incomplete synapsis and synaptic irregularities
(Albini and Jones 1990). Because there is a little
cross hybridization between the repetitive DNAs
of most closely related Alliums, chromosome sets
can often be clearly differentiated. GISH was used
by Stevenson et al. (1998) to reveal recombinant
chromosomes after meiosis in an interspecific
hybrid between bunching and bulb onions. Hou
and Peffley (2000) observed telomeric regions
from bunching onion in advanced backcrosses to
bulb onion, demonstrating that recombination
among chromosomes had occurred. Budylina
et al. (2014) analyzed progenies advanced back-
cross or selfing generations of interspecific
hybrids between bunching and bulb onions and
conclusively revealed recombination between
chromosomes 7 from the two Alliums. This study
also demonstrated that restitution gametes must
have occurred during self-pollinations or back-
crossing to produce progenies at 3x or higher
ploidies with complete sets of chromosomes from
both parental species. Extensive recombination
between the chromosomes of A. fistulosum and A.
roylei (Khrustaleva and Kik 1998; Khrustaleva
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et al. 2005) was revealed by GISH, providing a
potentially useful approach to enhance intro-
gression of genomic regions from A. fistulosum
into bulb onion (Khrustaleva and Kik 2000).
GISH was used to evaluate the prevalence of bulb
onion chromosomes during backcrossing of an
interspecific hybrid between A. galanthum as the
seed parent to bulb onion, and by the BC3, there
was little evidence of genomic regions from A.
galanthum in progenies (Yamashita et al. 2000).
In another study of progenies from backcrossing
of an A. galanthum-fistulosum interspecific
hybrid to A. fistulousm, GISH revealed that a
nuclear male fertility restoration locus for the
galanthum cytoplasm had been introgressed from
A. galanthum into the nuclear genome A. fistu-
losum (Yamashita et al. 2005).

GISH has been used successfully to monitor
the chromosome complement of progenies for
the development of alien monosomic addition
lines of the Alliums. Complete sets of monosomic
addition lines have been developed for shallot (A.
cepa) carrying individual chromosomes from
bunching onion (Hang et al. 2014), bunching
onion carrying individual chromosomes from
shallot (Shigyo et al. 1996), and shallot and bulb
onion with individual chromosomes from
A. roylei (Vu et al. 2012). GISH clearly estab-
lished the alien origin of additional chromosomes
towards the development of monosomic lines
(Shigyo et al. 1998; Vu et al. 2012).

Vu et al. (2012) analyzed the monosomic
addition lines of A. fistulosum carrying single
chromosomes from shallot (A. cepa var. aggre-
gatum) for resistance to Fusarium oxysporum
f. sp. cepae (FOC). The monosomic line carrying
shallot chromosome 2 showed the highest resis-
tance to FOC, indicating that this chromosome
carries genes conferring FOC resistance from A.
cepa. In another study, Galván Vivero (2009)
evaluated a mapping population from A. cepa x
(A. roylei x A. fistulosum) for resistance to
Fusarium basal rot, and was able to assign
resistance from A. roylei to chromosome 2 and
from A. fistulosum to chromosome 8. In both of
these cases, resistances to FOC could be poten-
tially introgressed into bulb or bunching onions
and given their interspecific origins (Galván et al.

2008), it should be relatively easy to use GISH or
identify molecular markers across the alien
chromosome segment to monitor introgression
during backcrossing.

14.8 Fluorescent in Situ
Hybridization (FISH)

FISH is a useful technique to visualize the
locations of specific DNA clones on chromo-
somes. Initially, large DNA fragments were
required such as those cloned into bacterial arti-
ficial chromosomes (BACs). However, larger
clones may carry commonly repetitive sequences
which can hybridize to many locations across
chromosomes. FISH of random onion BAC
clones of *100 kb revealed that approximately
75% produced signals across chromosomes,
11–15% hybridized to discrete regions such as
centromeres or telomeres, and relatively few
(2–4%) hybridized to discrete chromosome
regions (Suzuki et al. 2001, 2012). This indicates
that repetitive sequences on the BACs commonly
exist across the onion chromosomes. FISH sig-
nals can be augmented by hybridizing tandem
repeats (Kirov et al. 2017) or approaches such as
tyramide (t)-FISH which amplify signals
(Khrustaleva and Kik 1998). Romanov et al.
(2015) used t-FISH to visualize the locations of
genetically linked cDNA clones along chromo-
some 5 of onion and revealed that tightly linked
markers can be physically distant. In onion,
recombination tends to occur interstitially with
centromeric or telomeric regions experiencing
significantly fewer chiasmata (Albini and Jones
1988). Molecular markers tightly linked to the
nuclear male fertility restoration locus of onion
were localized near the centromere of chromo-
some 2, in a region of relatively low recombi-
nation (Khrustaleva et al. 2016). This
observation explained the relatively large num-
bers of markers tagging the Ms locus (Gökçe
et al. 2002; Bang et al. 2011; Yang et al. 2012;
Bang et al. 2013; Havey 2013; Park et al. 2013;
Kim 2014; Kim et al. 2015a), even though in
some cases, few polymorphisms were evaluated
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or relatively small family sizes at maximum
linkage disequilibrium were used.

14.9 Nuclear Polymorphisms

The enormous sizes of the nuclear genomes of
the Alliums have little to no bearing on genetic
analyses or improvement. Of greater effect is the
biennial generation time which significantly
slows progress, as well as the relatively high
costs of storing bulbs or plants for vernalization
and crossing with insects. Prior to 1980, there
were only 22 genetic loci described for onion
(Cramer and Havey 1999) and only one linkage
reported between yellow lethal (yl) seedlings and
leaf glossiness (gy) (Jones et al. 1944). Relatively
few loci were described in the other cultivated
Alliums as well, and no reported linkages. The
large sizes of the Allium genomes have no effect
on genetic linkages, which are determined by the
numbers and positions of chiasmata along the
chromosomes. Onion has a mean number of
chiasmata of 19.2 per meiosis (Albini and Jones
1988), indicating that there would be, on aver-
age, one crossover per arm with approximately
three additional crossovers distributed across the
eight bivalents at meiosis. This average number
of crossovers is similar to other cross-pollinated
diploid plants and therefore the construction of a
genetic map of onion (and the other diploid
Alliums) should not require any more genetic
loci than other plants. However, the huge nuclear
genomes of the Alliums result in enormous
physical distances (in kilo- or mega-basepairs of
DNA) between tightly linked markers, which
negatively impacts map-based cloning of
important genes.

A plethora of molecular markers have been
developed for onion and to a lesser extent the
other cultivated Alliums. Restriction fragment
length polymorphisms (RFLPs) were the first
molecular marker used to develop a genetic map
of onion (King et al. 1998). RFLPs were costly
and labor intensive, requiring isolation of large
amounts of genomic DNA, digestion with a
restriction enzyme, gel electrophoresis and blot-
ting, and probe hybridization. The enormous

nuclear genome of onion made detection and
mapping of RFLPs challenging, requiring
radioactive labeling of DNA probes to high
specific activities (Bark and Havey 1995). Nev-
ertheless, RFLPs provided robust estimates of the
phylogenies of important onion populations
(Bark and Havey 1995), introgression of S
cytoplasm into elite onion populations (Havey
and Bark 1994), and development of the first
genetic map of onion (King et al. 1998; Martin
et al. 2005). These markers were successfully
used to identify chromosome regions controlling
male fertility restoration (Gökçe et al. 2002), as
well as pungency, soluble solids content, and
health-enhancing antiplatelet activity (Galmarini
et al. 2001).

After about 1995, development of molecular
markers in the Alliums focused on polymor-
phisms detected using the polymerase chain
reaction (PCR), including randomly amplified
polymorphic DNAs (RAPDs), amplified frag-
ment length polymorphisms (AFLPs), simple
sequence repeats (SSRs), and single nucleotide
polymorphisms (SNPs). There have also been
numerous PCR-based markers developed using
cleaved amplified polymorphisms (CAPs) or
similar approaches for specific RFLPs or candi-
date genes.

RAPDs were a popular marker in the 1990s
because they required little DNA, no cloning,
and no prior sequence knowledge (Wilkie et al.
1993; Bradeen and Havey 1995). Single decamer
primers were most commonly used added to a
PCR reaction with genomic DNA; if sequences
homologous to the decamer existed in both for-
ward and reverse orientations and positions were
relatively close to each other, an amplicon was
produced. Polymorphisms in the priming sites
would result in dominant markers appearing as
presence/versus absence of amplicons, or if an
insertion or deletion (indel) existed between the
sites, a codominant marker could occur.
Although initially regarded as both plentiful and
easy to detect, RAPDs proved to be inconsistent
with DNA isolations and PCR conditions and
were especially challenging when amplifying
from the huge genome of the Alliums (Bradeen
and Havey 1995). RAPDs are primarily a
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dominant marker, which is less useful in highly
heterozygous crops such as the Alliums, in which
inbreds can retain relatively high levels of
heterozygosity.

AFLPs are dominant and anonymous markers
that result from restriction enzyme digestion of
the DNA, ligation of specific primers onto the
restricted sites, and PCR amplification. They are
anonymous because no sequence information is
produced, and the presence of an amplicon is
dominant over its absence. An advantage of
AFLPs for plants such as the Alliums is that
relatively rare cutting enzymes can be used to
reduce the numbers of amplicons produced. For
example, digestion with an enzyme recognizing
relative rare six or eight base pair sequences,
coupled with a more frequently cutting enzyme
recognizing a four-bp motif has been used to
reduce the number of amplicons and enhance
their resolution (Heusden et al. 2000). Genetic
maps based primarily on AFLPs have been pro-
duced for bunching onion (Ohara et al. 2005) and
from interspecific progenies (Heusden et al.
2000). AFLPs have been successfully used to
assess genetic diversity among garlic accessions
and elimination of duplications in germplasm
collections (Ipek et al. 2003; Volk et al. 2004).

SSRs were the first codominant, PCR-based
molecular marker that is both highly repeatable
and commonly polymorphic among Allium pop-
ulations and among individual plants within a
cultivar. Sequencing of genomic fragments
(Song et al. 2004; Tsukazaki et al. 2007; Baldwin
et al. 2012) and cDNAs (Kuhl et al. 2004;
McCallum et al. 2001, 2008; Jakše et al. 2005;
Tsukazaki et al. 2015) produced high numbers of
sequences that have been mined for SSR motifs.
Unique priming sites on both sides of the puta-
tive SSR were identified and polymorphic
amplicons produced. SSRs identified from the
transcriptome often correspond to different
numbers of amino acids in membrane-spanning
regions that may not negatively affect protein
function (Jakše et al. 2005). SSRs have been
used for genetic mapping (Martin et al. 2005;
Masuzaki et al. 2006; Tsukazaki et al. 2008),
estimation of nuclear phylogenies among onion
populations and related Alliums (Fischer and

Bachmann 2000; McCallum et al. 2008; Araki
et al. 2010; Khar et al. 2011; Baldwin et al.
2012), and assessment of genetic diversity within
germplasm collections (Zhao et al. 2011).
Eventual sequencing of the Allium nuclear gen-
omes should reveal large numbers of SSRs for
genetic and phylogenetic studies.

SNPs are the most useful molecular markers
because of their abundance and ease of geno-
typing using high throughput platforms. SNP
identification has been primarily focused on the
transcriptome by sequencing highly inbred or
doubled-haploid lines in order to avoid poly-
morphisms among paralogous sequences (Jakše
et al. 2005; McCallum et al. 2008; Duangjit et al.
2013; Tsukazaki et al. 2015). Large numbers of
SNPs have been identified and genotyped using
platforms such as KASPar (Duangjit et al. 2013;
Damon et al. 2014), as well as gel resolution of
insertion–deletion (indel) events (Tsukazaki et al.
2015). However, segregation analyses to estab-
lish alleles at loci have been completed for only
about 600 onion SNPs (Duangjit et al. 2013;
Damon et al. 2014).

14.10 Marker–Phenotype
Associations

Although the genetics of many morphological
characteristics have been characterized and used
for Allium improvement (Cramer and Havey
1999), there are relatively few examples of
specific associations of traits with markers or
candidate genes. Identification of DNA poly-
morphisms within candidate genes or the devel-
opment of molecular markers tightly linked to
important traits offer great potential for the
genetic improvement of the Alliums, especially
given the relatively high cost of vernalizing bulbs
and crossing with insects. The genetics of onion
bulb colors are the best example of classical
genetic analyses followed by candidate gene
identification. Rieman (1931) named the
codominant inhibitor (I) locus which when
homozygous dominant conditions white bulbs
over yellow or red, and that red, yellow, or white
bulbs were conditioned by an allelic series at the
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W locus. Jones et al. (1944) built upon Rieman’s
(1931) work and presented the naming of loci in
use today. Their results agreed with Rieman’s
observation that the I locus is codominant, in that
plants homozygous dominant at I have white
bulbs, and plants heterozygous at I show a light
yellow or “buff” color. Jones et al. (1944) rec-
ognized that in addition to the I locus, a basic
color factor (C) locus requires a dominant allele
to produce red or yellow bulb colors; the
homozygous recessive genotype (cc) conditions
white bulbs (termed recessive white). Jones et al.
(1944) identified the R locus at which a dominant
allele conditions red bulb color and the
homozygous recessive genotype yellow bulbs.
Results did not support the allelic series at Rie-
man’s W locus, and segregations could be
explained by three loci (I, C, and R; Jones et al.
1944). Jones and Peterson (1952) observed that
crosses between yellow onions from North
America and Brazil occasionally produced red
bulbs, which can be explained by the interaction
of two complementary loci. El-Shafie and Davis
(1967) worked out the genetics of bulb color
using North American populations and proposed
that red bulbs are conditioned by dominant
alleles at both of two complementary loci (Jones’
R locus and the L locus). Their results agreed
with Rieman (1931) and Jones et al. (1944) that
white bulbs can be conditioned either by a
dominant allele at the I locus, or the homozygous
recessive genotype at the C locus. El-Shafie and
Davis (1967) named the golden (G) locus, at
which dominant alleles condition a golden yel-
low bulb color and the homozygous recessive
genotype produces chartreuse bulb color. Khar
et al. (2008) and Duangjit et al. (2014) demon-
strated that an additional locus (L2) also interacts
with R to condition red bulb color, and is linked
to L at approximately 6 cM on chromosome 3.
Recessively inherited gold-colored bulbs have
significantly lower amounts of the flavonoid
quercetin and co-segregated with a premature
stop codon in the chalcone isomerase (CHI) gene
(Kim et al. 2004c).

The L and R loci map to chromosomes 4 and
7, respectively (Masuzaki et al. 2006), and the
C locus to chromosome 6 (Khar et al. 2008).

Mapping of polymorphisms in candidate genes in
the biosynthetic pathway for anthocyanins
demonstrated that the L locus encodes antho-
cyanidin synthase (ANS; Kim et al. 2004b,
2005a) and R locus Dihydroflavonol 4-reductase
(DFR; Kim et al. 2004a). Kim et al. (2005c,
2006, 2009a, 2016b) and Song et al. (2014) have
described many polymorphisms, indicating that
significant variation has accumulated among
alleles at these two loci or potentially among
alleles across paralogous loci. However, there
may still be uncharacterized loci controlling bulb
colors in onion, which have not been studied
simply because no one has undertaken the
research. It may be that mutations at trans-acting
factors or different structural genes in the
anthocyanin biosynthetic pathway have occurred
and are waiting to be discovered and described. It
is important that researchers carefully determine
if a unique bulb color phenotype is a new locus,
or potentially an allele at a previously described
locus. Cases in point are the naming of the crb-1
locus controlling red bulb color (King et al.
1998) or the recessive p locus putatively con-
trolling pink bulb color (Kim et al. 2004b), which
have been subsequently recognized as alleles at
the L or R loci (Khar et al. 2008; Kim et al.
2005b).

14.11 CMS and Production
of Hybrid Seed

The Allium inflorescence is an umbel with many
perfect flowers. Outcrossing is encouraged by
protandry (Currah and Ockendon 1978), in
which pollen is shed before the stigma elongates
and becomes receptive within an individual
flower. However flowers in the umbel mature at
different times, first at the top of the umbel and
subsequently downward across the umbel
(Currah and Ockendon 1978). Therefore in a
single umbel, there will be both mature pollen
and receptive stigmas at the same time, and
self-pollination can occur (Jones 1923). This
allows for inbreeding to develop more uniform
inbred lines for hybrid development (Jones and
Davis 1944). However, the production of hybrid
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seed requires systems of male sterility to ensure
hybridity. For the onion, systems of cytoplasmic-
genic male sterility (CMS) are used to produce
hybrid seed. The most widely used source of
CMS was discovered by Dr. Henry Jones and
colleagues and is conditioned by the interaction
of male-sterile (S) cytoplasm and one nuclear
male fertility restoration (Ms) locus (Jones and
Clarke 1943). The first onion hybrid (Calred)
was produced by asexually propagating a single
S-cytoplasmic plant (Italian Red 13–53) as the
female parent. Afterwards, Jones and Davis
(1944) developed the approach to seed propagate
male-sterile plants (S msms) by crossing with
maintainer plants that are N cytoplasmic and
homozygous recessive at Ms. S cytoplasm was
backcrossed into numerous market classes of
onion to develop male-sterile lines for hybrid
production.

S cytoplasm is a divergent cytoplasm that was
introgressed into onion population(s) sometime
in antiquity, as evidenced by the plethora of
polymorphisms in both the chloroplast and
mitochondrial DNAs (Havey 1993, 2000; Kim
et al. 2009b; Kim and Yoon 2010). A likely
scenario was that an interspecific hybrid, such as
a top-setting onion such as “Pran”, grew sym-
patrically with diploid bulb onion, and occa-
sional crossing occurred and viable seed was
produced (Havey 1993). These progenies would
possess the cytoplasm of the interspecific hybrid,
and after multiple generations of backcrossing to
onion, the cytoplasm would be introgressed into
the onion population.

Berninger (1965) identified a second source of
onion CMS in the French population “Juane Pais
der Vertus”; this cytoplasm is closely related to N
cytoplasm and likely arose as a variant of the
wild-type onion cytoplasm. T cytoplasm has
been used to produce hybrids in Europe and
possibly other markets. Schweisguth (1973)
proposed that male fertility restoration was con-
ditioned by dominant alleles at two to three
complementary loci. Independent sources of
CMS different from S cytoplasm and more clo-
sely related to T cytoplasm have been used to
produce hybrid onion seed (Havey 2000).

CMS has also been genetically characterized
in chive [Tatlioglu 1982, 1994 (cited in Engelke
and Tatlioglu 2000)] and Japanese bunching
onion (Moue and Uehara 1985). In chive, a series
of detailed studies revealed that male fertility
restoration for CMS in chive is conditioned by
three loci, one of which stably restores male
fertility (X locus), one that restores only at higher
temperatures (T locus), and a third that restores
only after tetracycline treatment (a locus) (Tatli-
oglu 1987; Tatlioglu and Wricke 1988; Engelke
and Tatlioglu 2004). Potz and Tatlioglu (1993)
demonstrated that chive CMS was associated
with DNA polymorphisms in the mt, but not cp,
DNA. Gel blot hybridizations using mitochon-
drial genes revealed numerous differences
between N and S cytoplasms of chive, and
presences of an 18 kilo-Dalton protein were
associated with CMS (Potz and Tatlioglu 1993).
Subsequently, Engelke and Tatlioglu (2000)
studied numerous sources of the male sterility
phenotype and revealed extensive mitochondrial
diversity within chive, and identified molecular
markers distinguishing chive cytoplasms
(Engelke and Tatlioglu 2003). In Japanese
bunching onion, CMS was originally described
by Moue and Uehara (1985), and additional
sources of CMS were subsequently identified in
two (“Zhangqiu” and “Guangzhou”) populations
of bunching onion (Yamashita et al. 2010). CMS
in both chive and Japanese bunching onion are
used commercially to produce hybrid seed.

14.12 Future Prospects

Transcriptome sequencing is an efficient
approach to generate sequence information from
expressed regions of the genome and has been
widely used in the Alliums. Kuhl et al. (2004)
and Baldwin et al. (2012) undertook sequencing
of normalized cDNA libraries from onion popu-
lations. Subsequent transcriptome sequencing
has been completed for garlic (Kamenetsky et al.
2015, Havey and Ahn 2016), Japanese bunching
onion (Liu et al. 2014; Tsukazaki et al. 2015),
and bulb onion (Duangjit et al. 2013; Kim et al.
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2015b; Sohn et al. 2016). These efforts have
produced reference transcriptomes for these
Alliums, however, there is not a comprehensive
assembly of sequences into a single database for
individual species or across the Alliums. Some
transcriptome sequencing has targeted specific
germplasm or traits, such as fertile garlic
(Kamenetsky et al. 2015), reduced epicuticular
waxes (Liu et al. 2014), bulb storage (Chope
et al. 2012), or anthocyanin biosynthesis (Sch-
winn et al. 2016). These studies provide a
snapshot into gene expression across the major
Alliums; however, a coordinated effort is neces-
sary to sequence cDNAs from a variety of tissues
or treatments so that a more global view of gene
expression can be developed.

A major resource for Allium improvement will
be the sequencing of the nuclear genomes from
all of the cultivated Alliums. The enormous sizes
of these Allium nuclear DNAs represent signifi-
cant challenges for sequencing, assembly, and
annotation. Historically short read technologies
have been combined with end sequencing and
fingerprinting of large insert libraries (such as
BACs) to build sequence contigs and scaffolds
towards building a genome assembly. This has
been cost prohibitive for large genomes such as
those found in the Alliums. However, with the
development of longer read technologies, it is
now feasible to generate large sequence reads for
assembly and annotation. Pilot sequencing of
onion genomic regions revealed very low gene
densities and long stretches of degenerated
transposable elements (Jakše et al. 2008);
however, Vitte et al. (2013) identified intact
retroelements in onion sequences. It will be
interesting to determine to what extent the onion
genome is comprised of relatively young, intact
retrotransposons versus more ancient elements
that have significantly degraded. Nevertheless,
sequencing indicates that gene densities are
likely very low in the Alliums, with individual
genes separated by long tracts of sequences with
few definitive characteristics.

Future sequencing efforts should concentrate
on doubled-haploid lines to ensure complete
genetic uniformity of the lines, and for mining
of the sequences for SSRs and SNPs. Our

community must work together to ensure that
independent sequencing efforts are coordinated
and result available to the community at large.
These sequence resources will enable researchers
to identify causal mutations for major pheno-
types, allowing breeders to select desirable phe-
notypes before flowering to greatly increase
selection efficiency, towards the production of
new, value-added cultivars for growers, proces-
sors, and consumers.
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Abstract
Allium, an enormous genus, contains hundreds
of species with significant economics, culi-
nary, and medicinal value. Several Allium
species, including onion, shallot, garlic, leek,
and Japanese bunching onion are extensively
consumed, but genetically remain poorly
understood. Allium species are famous for
their large genomes, mostly in the range of
10–20 Gbps, which have complicated the
genomic studies and genetic map develop-
ment. Recent growth in NGS technology is
making the whole genome sequencing easier
than before and the ongoing progress for
completing Allium cepa genome sequencing is
being expected through Sequon-Onion Gen-

ome Sequencing Project (http://www.onion-
genome.net/). In addition, transcriptome
analyses have been widely used in various
Allium species and an open-access Allium
transcriptome database (http://alliumtbd.
kazusa.or.jp) has recently been released,
which contains valuable transcriptome and
sequence information of onion, shallot, Japa-
nese bunching onion, and Allium roylei.
Progress in Allium metabolomics is still slow
in comparison with other vegetable crops.
Therefore, extensive efforts are needed in this
area, which can bridge the gap between
phenotype and genotype. In this future per-
spective chapter, we have given a brief
introduction to the current understandings of
Allium omics as well as genetic resources, and
provide perspective on future directions for
research in this field.

Since the “Green Revolution” occurred between
the 1930s and 1960s, research into fundamental
aspects of plant growth and development, and
stress physiology have revolutionized global food
production. However, as the global climate
becomes increasingly unpredictable and the glo-
bal population continues to rise, it is clear that the
need for sustainable food production will push
current crop cultivars and modern agriculture
production methods to the edge in the near future.
Advances in understanding plant biology and
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omics technologies generate new solutions for
food security under changing environmental
conditions. New germplasm and gene candidates
that are projected to improve crop yields and other
agronomic traits under stress have to pass long
development phases based on large-scale field
evaluation. Therefore, the combination of novel
molecular tools, automated screening methods,
and economic assessment combined with
decision-making algorithms should be the key
goal for crop genetic improvement in the future.

Although significant progress has been made
in Allium genomics, there is still a considerable
gap between the phenotype and the genotype; a
gap which must be linked in order to breed elite
cultivars suitable for sustainable agriculture under
unpredicted and dynamic global climate changes.
The genus Allium is one of the most economically
important monocot families which include sev-
eral important crop plants such as bulb onion,
garlic, shallot, and Japanese bunching onion.
Bulb onion and garlic are consumed daily all over
the world because of their cuisinal and medicinal
properties. Bulb onion is characterized by a large
diploid genome (haploid genome size is about
15,000 Mb) and unique telomeric sequences with
lower GC content (*36.8% of onion DNA) in
the coding region. Onion genome is five times
greater than the human genome, and 120 times
greater than Arabidopsis, which makes complete
genome sequencing of onion a significant chal-
lenge. Enormous genome-size differences exist
among closely related Allium species. For exam-
ple, bulb onion has 28% more nuclear DNA than
A. fistulosum, whereas garlic has 7% smaller
nuclear DNA than bulb onion. Recent sequence
studies of bulb onion BACs demonstrated that the
majority of the sequences were similar to
retroelement and transposons, indicating that
onion genome exhibited low gene densities and
high frequencies of repetitive DNA as major
components of large chromosomes. The BAC
clones of onion developed as a partial library can
be used not only for molecular cloning of novel
onion genes but also can be used as FISH probes
in molecular cytogenetic studies.

Although the availability of the structural
genomic resources in Allium species has been

restricted to date, the recent rapid progress of
NGS technology is making the whole genome
sequencing remarkably easier than before. Actu-
ally, genome sequencing of A. cepa is now
ongoing through SEQUON project (http://www.
oniongenome.net) by using Illumina HiSeq 2500
sequencer. In addition, transcriptome sequencing
is an efficient approach to generate sequence
information from expressed regions of the gen-
ome and has been widely used in the Alliums. For
example, transcriptome sequencing has been
completed for garlic, Japanese bunching onion,
and bulb onion, and open access Allium tran-
scriptome database (http://alliumtdb.kazusa.or.jp)
was recently released which contained a valued
transcriptome and sequence information of A.
roylei, shallot, and bulb onion. These efforts have
produced reference transcriptomes for these Alli-
ums. In the future, a coordinated effort is neces-
sary to sequence cDNAs from a variety of tissues
or treatments so that a more global view of gene
expression can be developed. Future sequencing
efforts should concentrate on doubled haploid
lines to ensure complete genetic uniformity of the
lines, and for mining of the sequences for SSRs
and SNPs. An international Allium research
community must work together to ensure that
independent sequencing efforts are coordinated
and results available to the community will enable
researchers to identify causal mutations for major
phenotypes. The output information will enable
breeders to select desirable phenotypes to
improve selection efficiency, toward the produc-
tion of new, value-added cultivars for growers,
processors, and consumers.

The introduction and further development of
web-based genebanking information systems
(e.g., GENESYS, PLANT SEARCH) has facili-
tated the exchange of data to a large extent
between Allium collection holders worldwide and
provided an overview of the Allium genetic
resources managed worldwide. However, a sig-
nificant gap still exists in Allium collections
worldwide, especially with respect to the wild
crossable relatives of the various Allium crops,
and thus, a more contribution from collection
holders is needed in the coming future. In addi-
tion, significant future progress in Allium genetic
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resources maintenance is required. The devel-
opment of new methods for the preservation of
Allium germplasm through the introduction of
cryopreservation will enable the maintenance of
Allium accessions in a cheap and efficient way.
The cryopreservation method is important for
the conservation of vegetatively maintained
germplasm. Fundamental changes could also be
observed with respect to acquisition and
exchange of plant genetic resources everywhere
in the world due to many and complex new
regulations on the legal and organizational
levels. Therefore, we need to underline that the
threats of genetic erosion and extinction due

to the disappearance of traditional cultivation
methods, the devastation of our environment
and climatic change, the conservation of genetic
resources remains of prime importance for
agriculture. Together with a number of the
brightest young generations all over the world, a
highly integrated initiative that brings together
scientists and natural genetic resources world-
wide is a necessary step and perhaps the only
practical and efficient way to identify the func-
tional diversity of alleles for agriculturally use-
ful genes from the wild/landrace progenitors,
and to apply the findings to Allium crop genetic
improvement.
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