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Dedication

Dr. Norman Ernest Borlaug,1

the Father of Green Revolution,

is well respected for his contri-

butions to science and society.

There was or is not and never

will be a single person on this

Earth whose single-handed ser-

vice to science could save

millions of people from death

due to starvation over a period

of over four decades like Dr.

Borlaug’s. Even the Nobel Peace

Prize he received in 1970 does

not do such a great and noble

person as Dr. Borlaug justice.

His life and contributions are

well known and will remain in

the pages of history of science.

I wish here only to share some

facets of this elegant and ideal

personality I had been blessed to

observe during my personal inter-

actions with him.

It was early 2007 while I was

at the Clemson University as a

visiting scientist one of my lab

colleagues told me that “some-

body wants to talk to you; he

appears to be an old man”. I took the telephone receiver casually and said hello.

The response from the other side was – “I am Norman Borlaug; am I talking to

Chitta?” Even a million words would be insufficient to define and depict the exact

feelings and thrills I experienced at that moment!

1The photo of Dr. Borlaug was kindly provided by Julie Borlaug (Norman Borlaug Institute for International Agriculture, Texas

A&M Agriculture) the granddaughter of Dr. Borlaug.
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I had seen Dr. Borlaug only once, way back in 1983, when he came to New Delhi,

India to deliver the Coromandal Lecture organized by Prof. M.S. Swaminathan on the

occasion of the 15th International Genetic Congress. However, my real interaction

with him began in 2004 when I had been formulating a 7-volume book series entitled

GenomeMapping andMolecular Breeding in Plants. Initially, I was neither confident
of my ability as a series/book editor nor of the quality of the contents of the book

volumes. I sent an email to Dr. Borlaug attaching the table of contents and the

tentative outline of the chapters alongwith manuscripts of only a few sample chapters,

including one authored by me and others, to learn about his views as a source of

inspiration (or caution!) I was almost sure that a person of his stature would have no

time and purpose to get back to a small science worker like me. To my utter (and

pleasant) surprise I received an email from him that read: “May all Ph.D.’s, future

scientists, and students that are devoted to agriculture get an inspiration as it refers to

your work or future work from the pages of this important book. My wholehearted

wishes for a success on your important job”. I got a shot in my arm (and in mind for

sure)! Rest is a pleasant experience – the seven volumes were published by Springer in

2006 and 2007, and were welcome and liked by students, scientists and their societies,

libraries, and industries. As a token of my humble regards and gratitude, I sent

Dr. Borlaug the Volume I on Cereals and Millets that was published in 2006. And

here started my discovery of the simplest person on Earth who solved the most

complex and critical problem of people on it – hunger and death.

Just one month after receiving the volume, Dr. Borlaug called me one day and

said, “Chitta, you know I cannot read a lot now-a-days, but I have gone through only

on the chapters on wheat, maize and rice. Please excuse me. Other chapters of this

and other volumes of the series will be equally excellent, I believe”. He was highly

excited to know that many other Nobel Laureates including Profs. Arthur Kornberg,

Werner Arber, Phillip Sharp, G€unter Blobel, and Lee Hartwell also expressed

generous comments regarding the utility and impact of the book series on science

and the academic society. While we were discussing many other textbooks and

review book series that I was editing at that time, again in my night hours for the

benefit of students, scientists, and industries, he became emotional and said to me,

“Chitta, forget about your original contributions to basic and applied sciences, you

deserved Nobel Prize for Peace like me for providing academic foods to millions of

starving students and scientists over the world particularly in the developing

countries. I will recommend your name for the World Food Prize, but it will not do

enough justice to the sacrifice you are doing for science and society in your sleepless

nights over so many years. Take some rest Chitta and give time to Phullara, Sourav

and Devleena” (he was so particular to ask about my wife and our kids during most of

our conversations). I felt honored but really very ashamed as I am aware of my

almost insignificant contribution in comparison to his monumental contribution and

thousands of scientists over the world are doing at least hundred-times better jobs

than me as scientist or author/editor of books! So, I was unable to utter any words for

a couple of minutes but realized later that he must been too affectionate to me and his

huge affection is the best award for a small science worker as me!

In another occasion he wanted some documents from me. I told him that I will

send them as attachments in emails. Immediately he shouted and told me:

“You know, Julie (his granddaughter) is not at home now and I cannot check email

myself. Julie does this for me. I can type myself in type writer but I am not good in

computer. You know what, I have a xerox machine and it receives fax also. Send me
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the documents by fax”. Here was the ever-present child in him. Julie emailed me later

to send the documents as attachment to her as the ‘xerox machine’ of Dr. Borlaug ran

out of ink!

Another occasion is when I was talking with him in a low voice, and he immedi-

ately chided me: “You know that I cannot hear well now-a-days; I don’t know where

Julie has kept the hearing apparatus, can’t you speak louder?” Here was the fatherly

figure who was eager to hear each of my words!

I still shed tears when I remember during one of our telephone conversations he

asked: “You know I have never seen you, can you come to Dallas in the near future by

chance?” I remember wewere going through a financial paucity at that time and I could

not make a visit to Dallas (Texas) to see him, though it would have been a great honor.

In late 2007, whenever I tried to talk to Dr. Borlaug, he used to beckon Julie to

bring the telephone to him, and in course of time Julie used to keep alive all the

communications between us when he slowly succumbed to his health problems.

The remaining volumes of the Genome Mapping and Molecular Breeding in

Plants series were published in 2007, and I sent him all the seven volumes. I wished

to learn about his views. During this period he could not speak and write well. Julie

prepared a letter based on his words to her that read: “Dear Chitta, I have reviewed

the seven volumes of the series on Genome Mapping and Molecular Breeding in
Plants, which you have authored. You have brought together genetic linkage maps

based on molecular markers for the most important crop species that will be a

valuable guide and tool to further molecular crop improvements. Congratulations

for a job well done”.

During one of our conversations in mid-2007, he asked me what other book

projects I was planning for Ph.D. students and scientists (who had always been his

all-time beloved folks). I told him that the wealth of wild species already utilized and

to be utilized for genetic analysis and improvement of domesticated crop species

have not been deliberated in any book project. He was very excited and told me to

take up the book project as soon as possible. But during that period I had a huge

commitment to editing a number of book volumes and could not start the series he

was so interested about.

His sudden demise in September 2009 kept me so morose for a number of months

that I could not even communicate my personal loss to Julie. But in the meantime, I

formulated a 10-volume series on Wild Crop Relatives: Genomic and Breeding
Resources for Springer. Andwhomelse to dedicate this series to other thanDr. Borlaug!

I wrote to Julie for her formal permission and she immediately wrote me: “Chitta,

Thank you for contacting me and yes I think my grandfather would be honored with

the dedication of the series. I remember him talking of you and this undertaking quite

often. Congratulations on all that you have accomplished!” This helped me a lot as

I could at least feel consoled that I could do a job he wanted me to do and I will

always remain grateful to Julie for this help and also for taking care of Dr. Borlaug,

not only as his granddaughter but also as the representative of millions of poor people

from around the world and hundreds of plant and agricultural scientists who try to

follow his philosophy and worship him as a father figure.

It is another sad experience of growing older in life that we walk alone and miss

the affectionate shadows, inspirations, encouragements, and blessings from the

fatherly figures in our professional and personal lives. How I wish I could treat my

next generations in the same way as personalities like Mother Teresa and Dr. Norman

Borlaug and many other great people from around the world treated me!
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During most of our conversations he used to emphasize on the immediate impact

of research on the society and its people. A couple of times he even told me that my

works on molecular genetics and biotechnology, particularly of 1980s and 1990s,

have high fundamental importance, but I should also do some works that will benefit

people immediately. This advice elicited a change in my thoughts and workplans and

since then I have been devotedly endeavoring to develop crop varieties enriched with

phytomedicines and nutraceuticals. Borlaug influenced both my personal and pro-

fessional life, particularly my approach to science, and I dedicate this series to him in

remembrance of his great contribution to science and society and for all his personal

affection, love and blessings for me.

I emailed the above draft of the dedication page to Julie for her views and I wish to

complete my humble dedication with great satisfaction with the words of Julie who

served as the living ladder for me to reach and stay closer to such as great human

being as Dr. Borlaug and express my deep regards and gratitude to her. Julie’s email

read: “Chitta, Thank you for sending me the draft dedication page. I really enjoyed

reading it and I think you captured my grandfather’s spirit wonderfully. . .. So thank

you very much for your beautiful words. I know he would be and is honored.”

Clemson, USA Chittaranjan Kole
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Preface

Wild crop relatives have been playing enormously important roles both in the

depiction of plant genomes and the genetic improvement of their cultivated counter-

parts. They have contributed immensely to resolving several fundamental questions,

particularly those related to the origin, evolution, phylogenetic relationship, cytolog-

ical status and inheritance of genes of an array of crop plants; provided several

desirable donor genes for the genetic improvement of their domesticated counter-

parts; and facilitated the innovation of many novel concepts and technologies while

working on them directly or while using their resources. More recently, they have

even been used for the verification of their potential threats of gene flow from

genetically modified plants and invasive habits. Above all, some of them are con-

tributing enormously as model plant species to the elucidation and amelioration of

the genomes of crop plant species.

As a matter of fact, as a student, a teacher, and a humble science worker I was, still

am and surely will remain fascinated by the wild allies of crop plants for their

invaluable wealth for genetics, genomics and breeding in crop plants and as such

share a deep concern for their conservation and comprehensive characterization for

future utilization. It is by now a well established fact that wild crop relatives deserve

serious attention for domestication, especially for the utilization of their phytomedi-

cines and nutraceuticals, bioenergy production, soil reclamation, and the phytoreme-

diation of ecology and environment. While these vastly positive impacts of wild crop

relatives on the development and deployment of new varieties for various purposes in

the major crop plants of the world agriculture, along with a few negative potential

concerns, are envisaged the need for reference books with comprehensive delibera-

tions on the wild relatives of all the major field and plantation crops and fruit and

forest trees is indeed imperative. This was the driving force behind the inception and

publication of this series.

Unlike the previous six book projects I have edited alone or with co-editors, this

time it was very difficult to formulate uniform outlines for the chapters of this book

series for several obvious reasons. Firstly, the status of the crop relatives is highly

diverse. Some of them are completely wild, some are sporadically cultivated and

some are at the initial stage of domestication for specific breeding objectives recently

deemed essential. Secondly, the status of their conservation varies widely: some have

been conserved, characterized and utilized; some have been eroded completely

except for their presence in their center(s) of origin; some are at-risk or endangered

due to genetic erosion, and some of them have yet to be explored. The third constraint

is the variation in their relative worth, e.g. as academic model, breeding resource,

and/or potential as “new crops.”
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The most perplexing problem for me was to assign the chapters each on a

particular genus to different volumes dedicated to crop relatives of diverse crops

grouped based on their utility. This can be exemplified with Arabidopsis, which has

primarily benefited the Brassicaceae crops but also facilitated genetic analyses and

improvement in crop plants in other distant families; or with many wild relatives of

forage crops that paved the way for the genetic analyses and breeding of some major

cereal and millet crops. The same is true for wild crop relatives such as Medicago
truncatula, which has paved the way for in-depth research on two crop groups of

diverse use: oilseed and pulse crops belonging to the Fabaceae family. The list is too

long to enumerate. I had no other choice but to compromise and assign the genera of

crop relatives in a volume on the crop group to which they are taxonomically the

closest and to which they have relatively greater contributions. For example, I placed

the chapter on genus Arabidopsis in the volume on oilseeds, which deals with the

wild relatives of Brassicaceae crops amongst others.

However, we have tried to include deliberations pertinent to the individual genera

of the wild crop relatives to which the chapters are devoted. Descriptions of the

geographical locations of origin and genetic diversity, geographical distribution,

karyotype and genome size, morphology, etc. have been included for most of

them. Their current utility status – whether recognized as model species, weeds,

invasive species or potentially cultivable taxa – is also delineated. The academic,

agricultural, medicinal, ecological, environmental and industrial potential of both the

cultivated and/or wild allied taxa are discussed.

The conservation of wild crop relatives is a much discussed yet equally neglected

issue albeit the in situ and ex situ conservations of some luckier species were initiated

earlier or are being initiated now. We have included discussions on what has

happened and what is happening with regard to the conservation of the crop relatives,

thanks to the national and international endeavors, in most of the chapters and also

included what should happen for the wild relatives of the so-called new, minor,

orphan or future crops.

The botanical origin, evolutionary pathway and phylogenetic relationship of crop

plants have always attracted the attention of plant scientists. For these studies

morphological attributes, cytological features and biochemical parameters were

used individually or in combinations at different periods based on the availability

of the required tools and techniques. Access to different molecular markers based

on nuclear and especially cytoplasmic DNAs that emerged after 1980 refined the

strategies required for precise and unequivocal conclusions regarding these aspects.

Illustrations of these classical and recent tools have been included in the chapters.

Positioning genes and defining gene functions required in many cases different

cytogenetic stocks, including substitution lines, addition lines, haploids, monoploids

and aneuploids, particularly in polyploid crops. These aspects have been dealt in the

relevant chapters. Employment of colchiploidy, fluorescent or genomic in situ

hybridization and Southern hybridization have reinforced the theoretical and applied

studies on these stocks. Chapters on relevant genera/species include details on these

cytogenetic stocks.

Wild crop relatives, particularly wild allied species and subspecies, have been

used since the birth of genetics in the twentieth century in several instances such as

studies of inheritance, linkage, function, transmission and evolution of genes. They

have been frequently used in genetic studies since the advent of molecular markers.

Their involvement in molecular mapping has facilitated the development of mapping
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populations with optimum polymorphism to construct saturated maps and also

illuminating the organization, reorganization and functional aspects of genes and

genomes. Many phenomena such as genomic duplication, genome reorganization,

self-incompatibility, segregation distortion, transgressive segregation and defining

genes and their phenotypes have in many cases been made possible due to the

utilization of wild species or subspecies. Most of the chapters contain detailed

elucidations on these aspects.

The richness of crop relatives with biotic and abiotic stress resistance genes was

well recognized and documented with the transfer of several alien genes into their

cultivated counterparts through wide or distant hybridization with or without

employing embryo-rescue and mutagenesis. However, the amazing revelation that

the wild relatives are also a source of yield-related genes is a development of the

molecular era. Apomictic genes are another asset of many crop relatives that deserve

mention. All of these past and the present factors have led to the realization that the

so-called inferior species are highly superior in conserving desirable genes and can

serve as a goldmine for breeding elite plant varieties. This is particularly true at a

point when natural genetic variability has been depleted or exhausted in most of the

major crop species, particularly due to growing and promoting only a handful of

so-called high-yielding varieties while disregarding the traditional cultivars and

landraces. In the era of molecular breeding, we can map desirable genes and poly-

genes, identify their donors and utilize tightly linked markers for gene introgression,

mitigating the constraint of linkage drag, and even pyramid genes from multiple

sources, cultivated or wild taxa. The evaluation of primary, secondary and tertiary

gene pools and utilization of their novel genes is one of the leading strategies in

present-day plant breeding. It is obvious that many wide hybridizations will never be

easy and involve near-impossible constraints such as complete or partial sterility. In

such cases gene cloning and gene discovery, complemented by intransgenic breed-

ing, will hopefully pave the way for success. The utilization of wild relatives through

traditional and molecular breeding has been thoroughly enumerated over the chapters

throughout this series.

Enormous genomic resources have been developed in the model crop relatives, for

example Arabidopsis thaliana and Medicago truncatula. BAC, cDNA and EST

libraries have also been developed in some other crop relatives. Transcriptomes

and metabolomes have also been dissected in some of them. However, similar

genomic resources are yet to be constructed in many crop relatives. Hence this

section has been included only in chapters on the relevant genera.

In this book series, we have included a section on recommendations for future

steps to create awareness about the wealth of wild crop relatives in society at large

and also for concerns for their alarmingly rapid decrease due to genetic erosion. The

authors of the chapters have also emphasized on the imperative requirement of their

conservation, envisaging the importance of biodiversity. The importance of intellec-

tual property rights and also farmers’ rights as owners of local landraces, botanical

varieties, wild species and subspecies has also been dealt in many of the chapters.

I feel satisfied that the authors of the chapters in this series have deliberated on all

the crucial aspects relevant to a particular genus in their chapters.

I am also very pleased to present many chapters in this series authored by a

large number of globally reputed leading scientists, many of whom have contributed

to the development of novel concepts, strategies and tools of genetics, genomics

and breeding and/or pioneered the elucidation and improvement of particular plant
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genomes using both traditional and molecular tools. Many of them have already

retired or will be retiring soon, leaving behind their legacies and philosophies for us

to follow and practice. I am saddened that a few of them have passed away during

preparation of the manuscripts for this series. At the same time, I feel blessed that all

of these stalwarts shared equally with me the wealth of crop relatives and contributed

to their recognition and promotion through this endeavor.

I would also like to be candid with regard to my own limitations. Initially I

planned for about 150 chapters devoted to the essential genera of wild crop relatives.

However, I had to exclude some of them either due to insignificant progress made on

them during the preparation of this series, my failure to identify interested authors

willing to produce acceptable manuscripts in time or authors’ backing out in the last

minute, leaving no time to find replacements. I console myself for this lapse with the

rationale that it is simply too large a series to achieve complete satisfaction on the

contents. Still I was able to arrange about 125 chapters in the ten volumes, con-

tributed by nearly 400 authors from over 40 countries of the world. I extend my

heartfelt thanks to all these scientists, who have cooperated with me since the

inception of this series not only with their contributions, but also in some cases by

suggesting suitable authors for chapters on other genera. As happens with a mega-

series, a few authors had delays for personal or professional reasons, and in a few

cases, for no reason at all. This caused delays in the publication of some of the

volumes and forced the remaining authors to update their manuscripts and wait too

long to see their manuscripts in published form. I do shoulder all the responsibilities

for this myself and tender my sincere apologies.

Another unique feature of this series is that the authors of chapters dedicated to

some genera have dedicated their chapters to scientists who pioneered the explora-

tion, description and utilization of the wild species of those genera. We have duly

honored their sincere decision with equal respect for the scientists they rightly

reminded us to commemorate.

Editing this series was, to be honest, very taxing and painstaking, as my own

expertise is limited to a few cereal, oilseed, pulse, vegetable, and fruit crops, and

some medicinal and aromatic plants. I spent innumerable nights studying to attain the

minimum eligibility to edit the manuscripts authored by experts with even life-time

contributions on the concerned genera or species. However, this indirectly awakened

the “student-for-life” within me and enriched my arsenal with so many new concepts,

strategies, tools, techniques and even new terminologies! Above all, this helped me

to realize that individually we know almost nothing about the plants on this planet!

And this realization strikingly reminded me of the affectionate and sincere advice of

Dr. Norman Borlaug to keep abreast with what is happening in the crop sciences,

which he used to do himself even when he had been advised to strictly limit himself

to bed rest. He was always enthusiastic about this series and inspired me to take up

this huge task. This is one of the personal and professional reasons I dedicated this

book series to him with a hope that the present and future generations of plant

scientists will share the similar feelings of love and respect for all plants around us

for the sake of meeting our never-ending needs for food, shelter, clothing, medicines,

and all other items used for our basic requirements and comfort. I am also grateful to

his granddaughter, Julie Borlaug, for kindly extending her permission to dedicate this

series to him.

I started editing books with the 7-volume series on Genome Mapping

and Molecular Breeding in Plants with Springer way back in 2005, and I have since
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edited many other book series with Springer. I always feel proud and satisfied to be a

member of the Springer family, particularly because of my warm and enriching

working relationship with Dr. Sabine Schwarz and Dr. Jutta Lindenborn, with whom

I have been working all along. My special thanks go out to them for publishing this

“dream series” in an elegant form and also for appreciating my difficulties and

accommodating many of my last-minute changes and updates.

I would be remiss in my duties if I failed to mention the contributions of Phullara –

my wife, friend, philosopher and guide – who has always shared with me a love of the

collection, conservation, evaluation, and utilization of wild crop relatives and has

enormously supported me in the translation of these priorities in my own research

endeavors – for her assistance in formulating the contents of this series, for monitor-

ing its progress and above all for taking care of all the domestic and personal

responsibilities I am supposed to shoulder. I feel myself alien to the digital world

that is the sine qua non today for maintaining constant communication and ensuring

the preparation of manuscripts in a desirable format. Our son Sourav and daughter

Devleena made my life easier by balancing out my limitations and also by willingly

sacrificing the spare amount of time I ought to spend with them. Editing of this series

would not be possible without their unwavering support.

I take the responsibility for any lapses in content, format and approach of the

series and individual volumes and also for any other errors, either scientific or

linguistic, and will look forward to receiving readers’ corrections or suggestions

for improvement.

As I mentioned earlier this series consists of ten volumes. These volumes are

dedicated to wild relatives of Cereals, Millets and Grasses, Oilseeds, Legume Crops

and Forages, Vegetables, Temperate Fruits, Tropical and Subtropical Fruits, Indus-

trial Crops, Plantation and Ornamental Crops, and Forest Trees.

This volume “Wild Crop Relatives: Genomic and Breeding Resources –

Vegetables” includes 13 chapters dedicated to Allium, Amaranthus, Asparagus,
Capsicum, Citrulus, Cucumis, Daucus, Lactuca, Lycopersicon, Momordica,

Raphanus, Solanum, and Spinacea. The chapters of this volume were authored by

58 scientists from 12 countries of the world, namely Argentina, Australia, China,

Denmark, India, Italy, Japan, Poland, South Africa, Thailand, UK and the USA.

It is my sincere hope that this volume and the series as a whole will serve the

requirements of students, scientists and industries involved in studies, teaching,

research and the extension of vegetable crops with an intention of serving science

and society.

Clemson, USA Chittaranjan Kole
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Chapter 1

Allium

Damaris A. Odeny and Satya S. Narina

1.1 Introduction

The word “Allium” comes from the Greek word

“aloe,” which means to avoid, and was given to the

genus because of the characteristic offensive smell of

its members. The genus Allium is one of the largest

plant genera and includes about 780 species. Cultiva-

tion of Allium species is reportedly very old and

as extensive as civilization itself (Block 2010). The

wealth of Allium species was mentioned in the ancient

civilizations both as flavorful foods and healing herbs.

Allium is a genus within the family Alliaceae and

belongs to the order Asparagales of the monocot divi-

sion. Asparagales and the Poales (which includes the

grasses) are two well-supported monophyletic orders

within the monocots (Rudall et al. 1997). The genus

Allium is mainly restricted to the regions that are

seasonally dry, with centers of diversity in Soutwest/

Central Asia, eastern Asia, and in North America.

Members of the genus Allium include many economi-

cally important crops such as onions (Allium cepa),
shallots (Allium oschaninii), leeks (Allium ampelopra-

sum var. porrum), scallions (Allium ascalonicum), gar-

lic (Allium sativum), chives (Allium schoenoprasum),
Japanese bunching onions (A. fistulosum), rakkyo

(A. chinense) and Chinese chives (A. tuberosum).

Others such as A. karataviense and A. christophii are
cultivated as ornamentals (Huxley et al. 1992).

Different communities use several wild Allium spe-

cies for different purposes while breeders use them as

sources of economically important traits for improving

the cultivated species. Many wild Allium species are

believed to have significant potential contribution to

the Allium breeding community and to the global food

and health needs. Despite the importance of these

species, there are very few studies and research invest-

ments on them. The taxonomy is not extensive and

conservation efforts have been limited. The limited

extent of genomic tools within the genus as a whole

has further limited research focus to cultivated species.

We provide here a brief review on wild Allium spe-

cies including basic botany, conservation initiatives,

contribution toward the development of cytogenetic

stocks, genetic tools, and improvement of the cultivated

species. The potential for more domestication and

commercialization of wild Allium species as a source

of income, nutrition, and medicinal remedy are also

mentioned.

1.2 Basic Botany of the Species

The taxonomy of Allium has been described as com-

plicated with a great number of synonyms and intra-

generic groupings (Klaas 1998). The genus comprises

either short- or long-lived perennials (Brewster 1998)

with characteristic storage organs (Fritsch and Friesen

2002). The typical storage organs are rhizomes, roots,

or bulbs.

The bulbs are generally enclosed in membranous

tunics, free or almost free tepals, and often in a sub-

gynobasic style (Friesen et al. 2006). The bulbs can be

large and single, or small, forming clusters (Le Guen-
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Le Saos et al. 2002) and range in size from 2–3 mm to

8–10 cm in diameter.

The leaves are tubular (as in onions) or flat arising

from the underground stem with long sheathing base,

which can give the appearance of a stem (Block 2010).

Many Allium species have basal leaves that wither

away from the tips downward before or while the

plant is flowering (http://www.absoluteastronomy.

com/topics/Allium). The inflorescence can be fascicu-

late, umbel or head like, few to many, and loose to

dense flowers have been reported (Fritsch and Friesen

2002). Flowering time varies with various Allium spe-

cies. Flowering has been recorded in spring, summer,

or autumn (Brewster 1998). A majority of Allium

species are outbreeders, but the occurrence of both

outbreeding and inbreeding forms in the same species

has been reported (Brat 1965).

Allium species contain nectaries, which are located

between the base of the ovary and the flattened wid-

ened base of the inner whorl of stamen and filaments

(Peumans et al. 1997). The ovaries are largely trilocu-

lar and the styles are single and slender (Fritsch and

Friesen 2002). The seeds can be angular or globular

(Fritsch and Friesen 2002). Polyembryony (the devel-

opment of multiple seedlings from a single seed) has

been observed in several Allium species within the

subgenus Rhizirideum (Specht et al. 2001).

1.3 Conservation Initiatives

As in many other crop species, there is evidence of

genetic erosion in Allium species (Mingochi and Swai

1994). Goodding’s onion (Allium gooddingii), a deli-

cate perennial with reddish-purple flowers and a pun-

gent onion aroma, was listed as a candidate for federal

endangered/threatened status (http://www.fws.gov/

southwest/es/Arizona/Goodings.htm). Allium roseum

var. odoratissimum, which is harvested from roadsides

during spring in Tunisia, is marketed very cheaply

creating the risk of genetic erosion. Allium roylei,

one of the most important sources of disease resis-

tance genes in the genus Allium (Kofoet et al. 1990), is

also a threatened species (Araki et al. 2010) and an

urgent plea for its conservation has been made (Kohli

and Gohil 2009). The need for protection of A. good-

dingii was recognized in 1998 by the Forest Service

and the Environmental Protection Agency of the

United States of America, which helped considerably

toward the protection of this species against erosion

(USFWS 2000). Ghrabi (2010) describes the need to

protect and domesticate A. roseum as an urgent

necessity.

Global networks have, therefore, been formed to

coordinate the collection, conservation, and utilization

of the genetic resources within the genus Allium.

Examples include the European Cooperative Program

for Plant Genetic Resources (ECPGR) AlliumWorking

Group, the United Kingdom Natural Resources Insti-

tute Onion Newsletter for the Tropics network, and the

Allium Improvement Newsletter (Astley 1994). The

Allium working group (http://www.ecpgr.cgiar.org/

Workgroups/Allium/Allium.htm) established in 1982

in Europe is one of the original six working groups

constituted during the first phase of ECPGR. The work

of the ECPGR Allium working group benefited signifi-

cantly from the work program of the European Genetic

Resources Allium project (ended 31Mar 2000), and the

research projects FAIR (1996–2001) and “Garlic and

Health” (1998–2003). In the framework of the European

Genetic Resources 20 Project, over 200 accessions of

wild taxa belonging to 35 species were collected and

preserved in Greek gene Bank, Greece (Samaras 2001).

In India, the National Bureau of Plant Genetic

Resources (NBPGR) conducted extensive plant explo-

ration in different Allium-growing states resulting in

the collection of over 2,200 accessions of Allium spe-

cies including wild relatives such as A. ampeloprasum,
A. auriculatum, A. ascalonicum, A. carolinianum,

A. chinensis, A. wallachi, A. tuberosum, and A. rubel-

lum (Singh and Rana 1994). NBPGR also introduced

over 1,100 accessions of Allium germplasm from over

40 countries (Singh and Rana 1994). In Tunisia, the

Medenine Institut des Regions Arides has recently

developed a research program to protect, conserve,

and domesticate A. roseum (http://www.uicnmed.org/

nabp/database/HTM/PDF/p5.pdf).

Given the outbreeding nature of most Allium spe-

cies, cryopreservation has been suggested as a viable

method of conservation (Volk et al. 2004) but this will

need to be combined with traditional field mainte-

nance, pollen storage, and in vitro culture (Working

Group on Allium 2009). Cryopreservation should be

done carefully due to the high risk of contamination

and virus infection.
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1.4 Role in Elucidation of Origin
and Evolution of Cultivated
Allium Species

The genus Allium is one of the largest genera of

perennial bulbous plants on earth. The use of internal

transcribed spacer (ITS) region of ribosomal DNA

recently classified the genus into 780 species, 56 sec-

tions, and 15 subgenera (Friesen et al. 2006). Earlier

molecular comparisons recognized 67 sections and 14

subgenera (Fritsch and Friesen 2002). The fact that so

many species exist suggests that a lot of evolutionary

differentiation has occurred (Stevenson et al. 1999).

Both morphological and molecular data have been

used to study evolution of the genus Allium. Wendelbo

(1969) initially suggested that all other groups in

Allium might be derived from rhizomatous species

without bulbs. Rhizomes are a distinct feature within

the subgenus Rhizirideum. More recent reports indi-

cate that rhizomes have evolved from an ancestral

bulbous life form that was subsequently lost at least

twice independently (Ricroch et al. 2005). Other Allium
species (A. caeruleum, A. proliferium, A. vineale,

A. carinatum, and A. scorodoprasum) have been

grouped as viviparous due to the development of top-

sets instead of flowers or intermingle with flowers in the

florescence (Kamenetsky and Rabinowitch 2001).

More molecular studies of the genus have given

insight into evolution of the cultivated Allium species.

Amplified fragment length polymorphism (AFLP)

studies in garlic clustered garlic clones very closely

with A. longicuspis suggesting that the two species

are not genetically distinct (Ipek and Simon 2001).

A. longicuspis and A. tuncelianum are genetically

identical to garlic and therefore, were earlier sug-

gested as possible ancestors of garlic (Block 2010).

However, DNA analysis indicated that neither A. long-
icuspis nor A. tuncelianum are ancestor species of

garlic (Block 2010).

In the subgenus Cepa, section Cepa, the closest

wild relative of A. cepa and A. fistulosum has been

identified as A. vavilovii and A. attaicium, respectively
(Klaas and Friesen 2002). A. oschaninii, on the other

hand, appears to be a sister group to A. cepa/A. vavi-

lovii evolutionary line (Friesen and Klaas 1998).

A. ampeloprasum is thought to be the ancestor species

of leek and kurrat (A. ampeloprasum var. kurrat)

(Block 2010).

The use of nuclear ribosomal DNA [ITS and exter-

nal transcribed spacer (ETS)] has been suggested to

provide sufficient resolution for investigating evolu-

tionary relationships within Allium (Nguyen et al.

2008). Nguyen et al. (2008) used combined sequences

from 39 native Californian Allium species with 154

ITS sequences available on GenBank to develop a

global Allium phylogeny with the simultaneous goals

of investigating the evolutionary history of Allium in

the Californian center of diversity and exploring pat-

terns of adaptation to serpentine soils (Nguyen et al.

2008). The ITS region alone was sufficient to resolve

the deeper relationships in North American species.

1.5 Role in Development of Cytogenetic
Stocks and Their Utility

Allium species show variation in several cytogenetic

characters such as basic chromosome number, ploidy

level, and genome size. Allium species are identified

by their symmetrical and uniform karyotypes, which

can often make chromosome identification difficult

(Stevenson et al. 1999). The somatic chromosome

number ranges from 2n ¼ 16–40 with basic chromo-

some numbers of x ¼ 7, 8, and 9 (Karpaviciene 2007).

The ploidy level varies from 2x to 16x (De Sarker

et al. 1997; Klaas 1998; Bennett et al. 2000) while the

2C DNA amounts per genome ranges from 16.93 to

63.57 pg (Ricrocha and Brown 1997). In a study of 25

Allium species, Jones and Rees (1968) found con-

siderable differences among 2C-values measured by

Feulgen densitometry. Ohri et al. (1998) confirmed

this in a survey of 86 Allium species (representing

all six subgenera), measured in 4C nuclei by Feulgen

densitometry. The same conclusions were drawn from

the study of genome size in 28 Allium species (Baranyi

and Greilhuber 1999).

To study chromosome organization within Allium

species, an integrated map of Allium cepa � (A. roylei
� A. fistulosum) was used (Khrustaleva et al. 2005),

which showed that Allium species recombination pre-

dominantly occurs in the proximal half of chromo-

some arms. Cytological analysis in populations of

A. roylei has reportedly revealed presence of complex

chromosomal configurations during male meiosis

and chromosomal heteromorphicity in somatic meta-

phase spreads (Kohli and Gohil 2009). Unstable
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B-chromosomes have also been reported in some

European populations of A. schoenoprasum (Stevens

and Bougourd 1994).

Overall, very little cytogenetic work has been done

in wild Allium species. The most notable is the use of

A. galanthum cytoplasm to develop cytoplasmic male

sterile (CMS) substitution lines of cultivated Allium
species (Yamashita 2005). More studies are required

in this area to improve our understanding of these

complex genomes. Significant utilization of wild

Allium cytogenetic stocks in the breeding of cultivated

species will depend a lot on our deep understanding of

the specific genomes involved.

1.6 Role in Classical and Molecular
Genetics

Allium genetics is poorly understood mainly due to the

large genomes of the Allium species. There have been

almost no classical genetic studies and the use of

molecular tools has only been recently initiated. The

few genetic studies in Allium species have focused on

specific traits of economic importance such as bulb

color, flavor, and disease and pest resistance.

Lack of genetic variability within some cultivated

Allium species necessitates the use of closely related

germplasm for the development of linkage maps. In

the section Cepa, for example, A. roylei has been

crossed with A. cepa and A. fistulosum to develop a

linkage map. A. roylei shows a unique position in the

taxonomy of the genus Allium (Fritsch and Friesen

2002). The nuclear DNA profile of A. roylei is related
to the species of Cepa and Phyllodolon though its

chloroplast DNA profile is related to the section

Schoenoprasum (van Raamsdonk et al. 2000). A. roylei
crosses easily with A. cepa and A. fistulosum. Crosses

between A. roylei and A. cepa yield fertile hybrids.

The first Allium linkage map based on an F2 popu-

lation of an interspecific cross between A. cepa and A.

roylei used AFLP markers (van Heusden et al. 2000a).

This map was later used to locate a resistance locus for

downy mildew (Peronospora destructor) to the distal

end of chromosome 3 (van Heusden et al. 2000b).

Downy mildew is a common and serious disease in

onions, which results in major yield losses. Kofoet

et al. (1990) reported that resistance to downy mildew

in A. roylei was controlled by a single dominant gene

named Pd1. The location of the resistance gene was

confirmed using genomic in situ hybridization (GISH)

and this resistance was successfully introduced into a

bulb onion cultivar by the use of conventional back-

crossing (Scholten et al. 2007).

Studies of resistance to anthracnose (Colletotri-

chum gloesporioides Penz) among A. cepa and

A. roylei (Galvan et al. 1997) revealed that the resis-

tance of A. roylei to the Brazilian anthracnose isolate

is dominantly inherited. The same study also sug-

gested that the resistance was most likely determined

by more than one gene (Galvan et al. 1997).

Another important trait in Allium species is bulb

color, which has been widely studied. The pigments

responsible for bulb color are flavonoids. Flavonoids

are common plant secondary metabolites that have

been shown to function as antioxidant agents (Sengupta

et al. 2004). Flavonoids are involved in UV protection,

plant–microbe interactions, fertility, and pigmentation

(Shirley 1996). Inheritance of bulb color has been

shown to be very complex (Masuzaki et al. 2006),

involving five major genes (Davis and El-Shafie 1967).

I and C are the genes concerned with the expression of

the pigmentation. C of the basic color factor is likely a

regulatory gene controlling chalcone synthase (CHS)

gene transcription (Kim et al. 2005). I is also presumed

to be a regulatory gene as it inhibits pigment formation

regardless of the other dominant genes (Kim et al.

2004). CHS is presumably located on chromosome

5A (Masuzaki et al. 2006) of A. cepa.

Although these genes have been studied in cul-

tivated Allium species, it is expected that the flavonoid

synthesis pathway in wild Allium species would con-

tain similar genes making such reports applicable in

the wild species.

1.7 Role of Wild Allium Species in Crop
Improvement

Wild Allium species act as a reservoir of important

traits that can be used to broaden the genetic base of

the cultivated Allium species. However, the relatively

long juvenile phase in most cultivated species and

severe inbreeding depression have further hindered

the use of wild Allium species for the improvement

of cultivated Allium species. There are a few reports

of interspecific gene introgression through classical
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breeding most of which have been done within the

section Cepa.
Genes for resistance to downy mildew and Botrytis

leaf blight (Botrytis squamosa) have been transferred

from A. roylei (Kofoet et al. 1990; de Vries and

Wietsma 1992) to A. cepa. A. roylei has also been

used as a bridging species to stably introgress disease

resistance genes from A. fistulosum into A. cepa.

A. fistulosum harbors a number of genes for resistance

to diseases and pests (Rabinowitch 1997). Although

A. fistulosum and A. cepa are grouped under the same

section, Cepa, the genome of A. cepa has a 28% higher

DNA content than A. fistulosum (Labani and Elkington

1987) making crosses between the two species

non-viable. Using the bridge-cross approach, A. fistu-

losum was stably integrated into A. cepa genome and

unique populations were developed in which the

important resistance genes segregated (Khrustaleva

and Kik 2000).

Breeding for increased flavonoid content has

become a major objective within Allium as people

pay more attention to health-promoting compounds.

In onions, flavonoid content has been the subject of

many studies (Masuzaki et al. 2006; Kim et al. 2009a).

Given the importance of flavonoids for human con-

sumption, it is important to find ways of developing

Allium cultivars that accumulate flavonoids to a larger

extent (Masuzaki et al. 2006) and the wild germplasm

presents a viable option. Allium ursinum (wild garlic)

and A. victorialis have been reported to contain novel

flavonoids (Andersen and Fossen 1995; Wu et al.

2009) that could be introgressed into garlic (A. sati-

vum). Although garlic breeding in the past was limited

to clonal selection of wild varieties or spontaneous

mutants, routine seed production has been developed

(Simon and Jenderek 2004) making it possible to

introgress genes from closely related species using

conventional means.

Higher fructan content is another trait of interest in

Allium that could be improved using wild species.

Fructans are a significant source of soluble dietary

fiber (Kleessen et al. 1997). Fructan consumption has

been correlated with lower rates of colorectal cancers

(Roberfroid and Delzenne 1998). Analyses have

reported that accumulation of fructans is associated

with greater thiosulfinate concentrations (Havey et al.

2004). Thiosulfinates have incredible health benefits

and have been shown to be abundant especially in

A. tuberosum L. (Kim et al. 2008). More screening of

the wild germplasm using traditional and molecular

means could reveal more novel sources for the improve-

ment of fructan content in the cultivated species.

Wild Allium species have played a role in creating

and restoring CMS in cultivated Allium species. CMS

is a maternally inherited condition in which a plant

is unable to produce functional pollen (Schnable

and Wise 1998). Male sterile plants are essential

to exempt breeders from the difficulty of emascula-

tion and results in the production of large numbers of

F1 seeds. Compared with genic male sterility, which

is controlled only by nuclear genes, the CMS system

allows easy propagation by using the appropriate

maintainer line (Yamashita et al. 2010). The cyto-

plasm of A. galanthum Kar. et Kir., a wild species in

section Cepa, has been used to develop a male sterile

line for shallot and bunching onion (Yamashita

et al. 1999) thus making it possible to produce hybrid

seeds in these species at a commercial scale. A. roylei
restores CMS (type T) in A. cepa (de Vries and

Wietsma 1992).

Embryo rescue has been employed where distant

crosses do not result in viable offspring. The pro-

cedure of embryo culture defines the techniques

used to promote development of an immature or

weak embryo into a viable plant. Depending on the

organ used, embryo rescue is referred to as embryo,

ovule, or ovary culture. Interspecific hybrids between

A. fistulosum L. and A. macrostemon Bunge have

been developed through ovary culture (Umehara

et al. 2006a). A. macrostemon is a perennial herb

with medicinal properties that propagates vegeta-

tively and grows wild in China, Korea, and Japan

(Fritsch and Friesen 2002). Embryo rescue has also

been done to improve the aroma profile of onions

(Keusgen et al. 2002). Embryo rescue of Allium spe-

cies is usually done on a phytohormone-free medium

(Umehara et al. 2006b).

Tsukazaki et al. (2006) proposed a “simple

sequence repeats (SSR)-tagged breeding” scheme to

enhance the rapidity, ease, and accuracy of variety

identification and F1 purity test in bunching onion.

Their breeding scheme could be extended to other

Allium species and utilized in backcrossing programs.

With the current progress in Allium transformation

(Eady et al. 2005; Kenel et al. 2010), it will be possible

to transfer genes of interest from distant wild relatives

into cultivated Allium species. Despite the few suc-

cesses in introgression of resistance genes within the
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section Cepa, there are many diseases and pests such

as neck rot (Botrytis allii Munn.), basal rot (Fusarium
spp.), black mold (Aspergillus niger Tiegheim) for

which sources of resistance are yet to be identified

(Singh and Rana 1994). There is potential in identify-

ing these genes from the wild germplasm. As domes-

tication of more Allium species is still going on, future

research will need to focus on optimization of screen-

ing, transformation protocols, and development of

more molecular markers for the newly domesticated

species.

1.8 Genomics Resources

Molecular tools for the improvement of Allium species

have been lacking and the huge nuclear genomes are

the major constraint. The first isolation of SSRs in the

genus Allium was from bulb onion (A. cepa) (Fischer

and Bachman 2000) only recently. In wild Allium

species, the AFLP linkage map developed using F2
population of an interspecific cross between A. roylei

and A. cepa was the first Allium genetic map based on

an interspecific cross (van Heusden et al. 2000a, b).

However, this effort resulted in two maps; one

map based on A. cepa markers and the second map

based on A. roylei markers. The two maps were not

integrated and 25% of the markers remained unlinked

(van Heusden et al. 2000a, b). More recently, SSR

markers have been developed and evaluated in both

cultivated (A. fistulosum, A. cepa) and wild Allium

species (A. roylei, A. vavilovii, A. galanthum, A. altai-

cum) (Araki et al. 2010).
A number of expressed sequence tags (ESTs) have

been developed for cultivated Allium species (Kuhl

et al. 2004; Kim et al. 2009b), even though none was

detected from the National Center for Biotechnology

Information (NCBI) database for wild Allium species.

ESTs are a useful resource for identifying full-length

genes and could be used in wild Allium species to

identify novel genes. SSRs and single nucleotide poly-

morphisms (SNPs) derived from ESTs are likely to be

transferred to the wild species as they are derived from

less variable regions of the genome. There are cur-

rently EST-derived SSRs developed from an analysis

of a bulb onion cDNA library (Kuhl et al. 2004)

that could be tested for transferability in wild

Allium species of interest. A garlic EST database

(Kim et al. 2009b) is also available for the develop-

ment and testing of more markers in interesting closely

related wild species.

There are no known reports of bacterial artificial

chromosomes (BACs) developed for the wild Allium
species but those developed for onion (Suzuki et al.

2002) and garlic (Lee et al. 2003) will be a starting

point toward the identification of candidate genes in

wild Allium species. Given the close phylogenetic

relationship between the Poales (includes the grasses)

and Asparagales (Chase et al. 2000), it is highly

expected that the advanced genomic resources avail-

able within the Poales (complete genomic sequence in

Oryza sativa L., assembled BAC contigs, compre-

hensive EST databases) could be used for genetic

improvement of Asparagales. However, only scant

colinearity has been observed so far at the recombina-

tional level between onion and rice (O. sativa L.)

(Martin et al. 2005). More analysis within the wild

Allium species may reveal more significant colinearity

and provide insights into the evolution of the Allium

species.

With the advances recently made in sequencing

technologies, more genomic resources will be devel-

oped at a faster and cheaper rate than was possible a

decade ago. These resources will make it possible to

exploit the useful genetic variation available within

the wild Allium species.

1.9 Scope for Domestication
and Commercialization

The genus Allium comprises about 700 species of

which less than 10% are cultivated but reports show

evidence that domestication is still going on (Fritsch

and Friesen 2002). There are several species of minor

importance grown as semi-domesticated types or as

wild economic species (Pandey et al. 2005) in India

and other parts of the world. Domestication has there-

fore been done for different purposes.

A. komarovianum Vved was recently introduced

into cultivation in North Korea as a vegetable (Hanelt

2001). Other wild Allium species used as vegetable in

different parts of the world include A. fasciculatum in

Bhutan (Pandey et al. 2008) and A. roylei in India

(Kohli and Gohil 2009). Najjah et al. (2009) demon-

strated the potential of A. roseum as an antimicrobial

6 D.A. Odeny and S.S. Narina



agent against food poisoning bacteria. A. oschaninii,

A. pskemense, and A. praemixtum are used in Tajiki-

stan and Uzbekistan as spices. In the western Hima-

layas, dried leaves of A. stracheyi are used for

seasoning vegetable curries (Negi and Gaur 1991).

Allium vineale, a perennial from bulblets emits a

strong garlic or onion smell when crushed and has

potential for use as spice.

The use of curative members of the genus Allium

has a long tradition in several Asian populations with

deep historical roots (Keusgen et al. 2006). A. pske-

mense and A. praemixtum are used in Tajikistan and

Uzbekistan for medicinal purposes. In India, A. wall-
ichii, A. ampeloprasum, A. griffithianum, and A. tuber-

osum are used as medicine (Pandey et al. 2008).

A. roylei is used in India to relieve headache and fed

to horses to relieve colic (Kohli and Gohil 2009).

The potential of domestication of A. mongolicum in

China has been explored for its high nutritious, medic-

inal, and ecological value (Zi-Zhu et al. 2006). Wild

Allium species have also received attention as orna-

mentals due to a wide range of attractive colors and

persistence of floral or long vegetative cycle (Pandey

et al. 2008). Allium species are used in rock gardens,

herbaceous beds, perennial borders, as pot plants, as

decorative items, and in dry arrangements (Kamenetsky

and Fritsch 2002). Processed products of wild species

of A. auriculatum, A. carolinianum, A. griffithianum,
A. humile, A. roylei, and A. wallichii are reportedly in

great demand (Pandey et al. 2008).

Wild garlic capable of producing seed has played a

major role in generation of sexually producing garlic

enabling commercial seed production in garlic. As

important traits continue to be selected by end users

of various wild Allium species, more domestication of

these important species will need to be done in order to

protect them from overexploitation.

1.10 Some Dark Sides and
Recommendations for
Future Actions

The major problem faced with some wild Allium spe-

cies is their weediness. The most studied weedy

Allium is A. vineale (wild garlic), a perennial bulb

flower, native to Europe, North Africa, and western

Asia. A. vineale has a highly developed system of

reproduction (Ronsheim and Bever 2000), which

allows it to survive a wide range of environmental

conditions as well as various chemical and control

measures (Leys and Slife 1986). This species was

introduced in Australia and North America, where it

has become an invasive species. A. vineale is espe-

cially a problem among cultivated grasses (Ferguson

et al. 1992). Wild garlic is resistant to herbicides due

to the structure of its leaves, being vertical, smooth,

and waxy (Davies 1992; Block 2010). The use of

herbicides is not effective especially because

unsprouted underground bulbs may remain dormant

and gradually sprout over a 4–5 year period. More

knowledge of this species at DNA level would benefit

the development of novel control approaches.

The other problem is the strong odor of most spe-

cies within the genus Allium normally produced upon

damage of vegetative parts. Although evidence shows

that the substances responsible for the odor have

health benefits (Rose et al. 2005), stronger and more

offensive odors reduce their successful utilization in

breeding and consumption. Allelopathic effects have

been reported in several Allium species both cultivated

and wild (Djurdjevic et al. 2003). These plants release

allelochemicals by exudation, decomposition, leach-

ing, and vaporization. Such chemicals may be toxic

within the rhizosphere (Yu 1999) and have been

reported to inhibit germination of some plant species

(Djurdjevic et al. 2003).

The ongoing activities relating to collection and

conservation of genetic resources of Allium will

require much more support in the future, if exhaustive

collection of all species is to be achieved and genetic

erosion avoided. The use of more modern techniques

in germplasm enhancement through characterization

and conservation will be needed. More genomic

resources such as ESTs and molecular markers, as

well as transcriptome and/or genome sequence data

will be necessary in these species for more efficient

utilization of their resources. Breeders will also need

to come up with more long-term pre-breeding pro-

grams that will be necessary for the transfer of useful

traits from the wild to the domesticated species. More

investment in biotechnology-related research projects

in future will go along way toward the improvement of

these species.
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Chapter 2

Amaranthus

Federico Trucco and Patrick J. Tranel

2.1 Basic Botany of the Species

The Amaranthus genus (Magnoliophyta: Caryophylli-

dae) comprises 70 species grouped into three sub-

genera (Mosyakin and Robertson 2003). The most

economically important is the subgenus Amaranthus

proper, which includes the three species domesticated

for grain production: Amaranthus hypochondriacus,

Amaranthus cruentus, and Amaranthus caudatus.

Other species of amaranths have been domesticated

as leaf-vegetables, for fodder, as potherbs, or as orna-

mentals; among these species, A. tricolor, from South

Asia, is probably the most important (Sauer 1967).

This chapter, however, will focus on the wild rela-

tives of the grain crops, particularly on species of the

Amaranthus hybridus aggregate (A. hybridus proper,

A. retroflexus, and A. powellii), from which the

“pseudo-cereals” are believed to be domesticated.

Part of the discussion however – especially that deal-

ing with the development of genomic resources and

hybridization with potential for future breeding pro-

grams – will refer to wild species of the subgenus

Acnida, where increasingly studied dioecious (unisex-

ual) weeds are enlisted.

2.1.1 Subgenus Amaranthus

The subgenus Amaranthus consists of 20 species

of annual herbs that are monoecious (Mosyakin and

Robertson 2003), that is, have separate male and

female flowers. The species are native to the Americas,

with the exception of only one species of possible

European origin (Mosyakin and Robertson 2003).

Monoecious amaranths are primarily self-pollinated,

as female and male flowers are arranged in close pro-

ximity (Murray 1940). Stems are usually erect and

both axillary and terminal inflorescences are arranged

in cylindrical spikes or panicles (Mosyakin and

Robertson 2003). Much of the difficulty in taxonomic

discrimination of species within the group can be

attributed to attempts at recognizing taxa based on

pigmentation or growth forms, which are extremely

variable within amaranths (Sauer 1967). However,

examination of floral parts can result in constant

characters from which discontinuities can be used

to define well-established taxa. In this sense, tepal

(petals and sepals are combined in a single floral

whorl) number and morphology are commonly used

in taxonomic keys.

A. hybridus is a basal species in the crop subgenus

and conforms an interbreeding complex with two other

Amaranthus weeds: A. retroflexus and A. powellii.

As presented by Sauer (1967) A. hybridus originated
as a riverbank pioneer of eastern North America, with

earlier range expanding throughout milder and moister

regions to Mexico, Central America, and northern

South America. The earliest European records of

the species date back approximately 300 years, with

spread in Europe taking place primarily in the Medi-

terranean region. Spread of A. hybridus has been

slower than that of other Amaranthus weeds, espe-

cially when compared to A. retroflexus. Presence of

the species in western North America, eastern Asia,

Australia, and South Africa has been reported as of

early to mid 1900s. Today, A. hybridus is a worldwide

distributed weed of agricultural fields and other
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disturbed habitats, and it ranks among the 18 most

serious weeds in the world (Holm et al. 1991).

A. retroflexus, like A. hybridus and many other

amaranths, is a riverbank pioneer. Its earliest distribu-

tion expanded from the central-eastern United States

to adjacent Canada and Mexico. Sauer (1967) men-

tions that Linnaeus is blamed for introducing the weed

to Europe, where the species quickly spread. By early

1800s, it became a common weed in the temperate

regions of the Old World, reaching the Near East

and northern Africa soon after. Today, the species is

introduced or naturalized nearly worldwide, ranking

among the most widely distributed weeds of the world

(Holm et al. 1997).

A. powellii’s initial distribution included canyons,

desert washes, and other open habitats west of the

Cordilleran system of America, with wide gaps in

wetter regions of Central America. The earliest Euro-

pean record of this species is found in German her-

barium specimens from the late 1800s, and later

introductions can be interpreted from samples

of southern India and South Africa. Expansion of

A. powellii to eastern North America occurred only

during the last century.

Partially fertile hybrid swarms between these spe-

cies can be found in the United States, in areas where

their distributions overlap, and in Europe, where all

three species are recent immigrants. The amaranth

grain crop is derived of ancient domestications of

these species or their hybrids, or from their South

American close relative, Amaranthus quitensis.
A. hypochondriacus, one of the three grain amar-

anths, is cultivated as an alternative crop in North

America and Asia. Although initially thought to have

Asian origin, it is believed that this distribution is

secondary and that the species derives from an

A. powellii domestication in North America. Hybridiza-

tion has had a significant role in the evolution of

A. hypochondriacus, with several hybrid races cultivated

by American aborigines. Sauer (1967) identified stable

hybrid cultivars derived from crosses presumably

between A. hypochondriacus and local admixtures

of A. cruentus – an A. hybridus domesticated form

originating in southern Mexico or Guatemala – and

its progenitor. For instance, in the region of Reyes

(Michoacan), a cultivar grown to make special

“dark” tamales was a putative hybrid between A. hypo-

chondriacus and A. hybridus. Likewise, a Warihio

Indian crop from Rancho Trigo (Chihuahua) was clas-

sified as a hybrid between A. hybridus and A. powellii.

Another putative hybrid between A. cruentus and

A. hypochondriacus is cultivated in the region ofOaxaca

(southern Mexico) and is the same crop found in small

gardens in Madras, India.

A. caudatus, the grain amaranth of South America,

is thought to originate from a domestication of

A. quitensis in the Andean region (Sauer 1967). A. qui-

tensis is a weedy member of the A. hybridus aggregate,

with original distribution as a riverbank pioneer of

South America, in mountains in the northwest and at

lower elevations in the temperate south. Cultivation of

A. quitensis forms with incipient domestication is

observed from Ecuador to northern Argentina, mainly

for the production of pigments needed for coloring

of chicha and other maize dishes. Although some

cultivated forms of A. caudatus–A. quitensis are sus-

pected to be the result of interbreeding with A. cruentus,

the South American amaranths are not thought to

readily hybridize with the North American members of

this cluster.

2.1.2 Subgenus Acnida

The subgenus Acnida includes nine dioecious

species – that is, taxa with separate male and female

plants – which are native to North America and have no

immediate evolutionary relationship with the amaranth

crop. However, recent studies (Trucco et al. 2005a)

show that gene exchange may occur between Amar-

anthus tuberculatus, an infamous member of Acnida,

and A. hybridus – as discussed previously, a crop

progenitor with residual compatibility with some dom-

esticated forms. In fact, studies of A. tuberculatus and

A. hybridus gene exchange reveal interesting insights as
to how the genetic diversity of the dioecious taxon

may be available for crop improvement. In addition, as

A. tuberculatus is increasingly accepted as a model

organism for the study of weeds (Tranel and Trucco

2009), a wealth of genomic resources are being devel-

oped that may be of use for programs dedicated to

the crops. Since these matters will be discussed in

more detail in later sections of this chapter, we feel it

is pertinent to introduce the basic botany of the species

herein.

A. tuberculatus is an annual herb flowering during

the summer or fall. It has erect stems, which are
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usually branched and have terminal inflorescences in

the forms of linear spikes to panicles. Female flowers

usually have no tepals, although one or two rudimen-

tary tepals may be observed at times. Sauer (1972)

separated A. rudis (formerly A. tamariscina) as distinct
from A. tuberculatus, primarily based on utricle dehis-

cence and absence of female tepals.

Sauer’s A. rudis was first described in Oklahoma in

the 1830s and since has shown continuous northward

and eastward accretion into midwestern states, over-

lapping with A. tuberculatus, of static range, in sandy

and muddy streambanks, lakeshores, and pond mar-

gins, along the Missouri, Mississippi and Ohio River

systems (Sauer 1957, 1972). Where both A. tubercu-

latus and A. rudis coexisted, the record of the former

was on average 40 years prior to that of the latter.

Many of the samples collected in these areas were

classified as putative A. tuberculatus by A. rudis

hybrids, with a higher ratio of hybrids to non-hybrids

in artificial habitats compared to natural settings. In

Sauer’s assessment of dioecious amaranths (1957),

A. tuberculatus byA. rudis hybrids are themost abundant

hybrid combination. The author also notes that actual

hybridization among these species may be underesti-

mated due to the nature of morphological determina-

tions based on character intermediacy, which is often

diluted after a few generations of backcrossing with

the predominant genotype. More recent work using

molecular and morphological markers suggested both

species to be one and the same (Pratt and Clark 2001),

and a single polymorphic species, A. tuberculatus, is
presently recognized (Mosyakin and Robertson 2003).

Costea and Tardif (2003), however, encouraged rec-

ognition of the two entities at the variety level:

A. tuberculatus var. rudis havingmore weedy tendencies

than A. tuberculatus var. tuberculatus.

Over the last 20 years, A. tuberculatus has gone

from virtual anonymity to becoming the most signifi-

cant weed problem in the midwestern United States

(Steckel 2007), one of the world’s premier agricultural

regions. Success as a weed is attributed, among other

things, to its remarkable ability to evolve resistance

to herbicides. Herbicide resistance studies with

A. tuberculatus are discussed in detail in a later section.

Although of great concern from a weed management

perspective, the ability of this species to respond to

selection and the diversity of adaptations identified

thus far may be of potential profit to less orthodox

crop-breeding initiatives.

2.2 Conservation Initiatives

Wild species of amaranths, particularly those closely

related to the grain crops, are successful agricultural

weeds and found abundantly in areas from which they

are native. In situ conservation initiatives of wild

Amaranthus species are not known, though genetic

erosion problems are of concern (Grubben and van

Sloten 1981), and materials of interest are actively

collected for ex situ conservation. Ex situ conservation

of Amaranthus germplasm is not very laborious, since

seeds are small and long-lived, and efficient protocols

for seed regeneration and conservation of genetic

diversity exist (Brenner and Widrlechner 1998).

The most significant efforts at ex situ conservation

of amaranth germplasm were initiated during the late

1970s, mainly as a result of the amaranth breeding

initiative by scientists at the Rodale Research Center

in Pennsylvania (Kauffman 1992). At its peak, the

Rodale collection contained approximately 1,400

accessions, which were donated in 1990 to the North

Central Regional Plant Introduction Station, a part

of the USDA National Plant Germplasm System

(Brenner et al. 2000). The USDA collection is by far

the most comprehensive, including 3,200 accessions,

with close to 80% of the accessions representing dom-

esticated species. The A. hybridus aggregate (including
A. quitensis) is represented by less than 300 entries, and

51 entries are listed for A. tuberculatus.

Other germplasm collections are held by at least

60 different groups or institutions, although most of

these tend to have fewer than 100 entries (Brenner

et al. 2000). In general, non-domesticated germplasm

is poorly represented in these collections. However, at

the University of Illinois, for instance, seed collected

from several weedy populations of the midwestern

USA are conserved for herbicide resistance research

and genetic diversity studies.

2.3 Studies Using Molecular Markers

As discussed previously, grain amaranths are asso-

ciated to three putative progenitors: A. powellii,
A. hybridus, and A. quitensis. Evolutionary associations

are based on morphology, distribution, and some

degree of sexual compatibility among species. More

recently, molecular marker analyses have contributed
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to the elucidation of origin and evolution of cultivated

amaranths, and allied wild species have been critical in

these analyses. Hauptli and Jain (1984) were among

the first to use molecular markers to address evolution-

ary relationships among the grain amaranths. They

observed that with the exception of the A. caudatus –

A. quitensis pair, grain amaranths are more closely

related to each other than either is to their putative

wild progenitor. This work was based on isozyme poly-

morphisms and several authors have since expanded

molecular diversity studies in the genus.

In a study including both isozyme and random

amplified polymorphic DNA (RAPD) markers, Chan

and Sun (1997) generated molecular phylogenies of

cultivated and wild amaranths. These authors evalu-

ated 23 different species, including the three cultivated

for grain as well as accessions of all species in the

A. hybridus aggregate. For the crop species, they

obtained 15 and 240 polymorphic isozymes and

RAPD markers, respectively. The level of polymor-

phic markers increased slightly when considering

accessions from putative wild progenitors. Up to 70%

of all evaluated RAPD markers (600 in total) were

polymorphic when all 23 species were included in

the analysis. Both RAPD and isozyme data sets sup-

ported a monophyletic origin for grain amaranths, with

A. hybridus as the common ancestor.

However, molecular studies do not show unani-

mous consensus regarding the evolutionary origin

and proximity of crop–wild allies. Classical studies

dealing with hybrid fertility and chromosome numbers

tend to support the hypothesis of independent domes-

tication, with A. hypochondriacus and A. caudatus as

the most related crop species (Pal and Khoshoo 1972,

1973). Some molecular data supported a similar con-

clusion (Transue et al. 1994; Kirkpatrick 1995). How-

ever, studies based on restriction site variations in

nuclear and cytoplasmic DNA found that A. caudatus

and A. cruentus are more closely related to each other

and to their supposed progenitors than either is to

A. hypochondriacus (Lanoue et al. 1996). Isozyme

and RAPD markers were used by other authors and

findings tended to agree with the different evolution-

ary hypothesis presented herein (Ranade et al. 1997;

Zheleznov et al. 1997).

The assembly of different phylogenies with dif-

ferent evolutionary implications may result from the

intraspecific genetic variation found across amaranth

populations, from the residual cross breeding among

sympatric species, and from the choice of accessions

selected by researchers for each experiment. For

instance, Brenner et al. (2000) note that the number

of accessions surveyed by Chan and Sun (1997) was

limited, with approximately five accessions represent-

ing each crop species and fewer for most wild taxa.

Additionally, wild taxa surveyed were not from the

area of origin of domesticated material, so they could

not represent adequately the diversity within the puta-

tive progenitors. Other factors contributing to the

ambiguity of molecular phylogenies may be related

to the DNA-marker system employed. Many of the

early molecular studies used RAPD markers, which

are known to provide inconsistent results. Current

studies are applying microsatellite markers and geno-

mic sequencing to address evolutionary questions,

and these are discussed in more detail in Sect. 2.5.

Some molecular studies have been strictly dedi-

cated to weed species. Wetzel et al. (1999) generated

ribosomal ITS restriction-site-based PCR markers to

identify common amaranth weeds, which are difficult

to identify based on morphological evaluations with a

casual eye. Pratt and Clark (2001) used isozymes to

address whether A. rudis and A. tuberculatus should be

considered a single species or two. And Wassom and

Tranel (2005) used amplified fragment length poly-

morphism (AFLP)-based markers to assemble a phy-

logeny of both dioecious and monoecious Amaranthus
weeds. In this last study, eight weedy species were

considered, represented by 141 individuals from 98

different accessions. Interestingly, the dioecious

weeds A. palmeri and A. tuberculatus did not group

together, perhaps indicating independent evolution-

ary paths.

2.4 Interspecies Hybridization Studies

Hybridization studies have been very important

in establishing evolutionary relations and gene pools

accessible for conventional breeding programs.

Merritt Murray (1940) was one of the first to system-

atically assess interspecies hybridization within the

genus, in a study to elucidate the mechanisms involved

with sex determination in Amaranthaceae.

Murray classified monoecious species according

to the arrangement pattern shown by male flowers

in inflorescences. He identified two types of species,
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with type I plants having male flowers interspersed

with female flowers, whereas type II plants have

male flowers clustered at the terminal ends of inflor-

escences. Murray performed a number of different

crosses between and among type I monoecious species

(including A. caudatus, A. hybridus, A. retroflexus, and

A. powellii), type II monoecious species (A. spinosus),
and dioecious taxa. Crosses between monoecious spe-

cies produced hybrids with different ease, with type I

by type II crosses showing the most difficulty at hybrid

production. Hybrids were readily obtained among spe-

cies of the type I floral arrangement and between type I

species and dioecious taxa, suggesting evolutionary

proximity between these species. A. hybridus by

A. caudatus crosses were among the most prolific, con-

sistent with the weak pre-zygotic isolation expected of

closely related taxa. Interestingly, similarly prolific

were crosses between A. hybridus and A. caudatus

with A. tuberculatus (referred to as Acnida tamaris-
cina in Murray’s work), insinuating an evolutionary

relationship that is closer than is morphologically

apparent.

2.4.1 Hybridization Within Subgenus
Amaranthus

Grant (1959) has reviewed reports by different authors

on the occurrence of spontaneous Amaranthus

hybrids, validating in nature part of Murray’s green-

house results. In the studies cited by Grant, natural

hybrids were identified by character intermediacy

between A. caudatus or A. cruentus and species of

the A. hybridus complex. In some instances, hybrid

morphology suggested three-way hybridizations among

these species (Tucker and Sauer 1958), and the cyto-

genetic data produced by Grant were consistent with

this notion. The fact that hybrid forms may be

observed in nature indicates that first generation

hybrids are fertile enough to advance to more stable

generations. In this sense, speculations regarding the

possible hybrid origin of some domesticated forms

appear reasonable – see discussion from Sect. 2.1.1.

A somatic chromosome number of 32 or 34 was

observed for all 30 species analyzed by Grant, with

the exception of the polyploid A. dubius, with 64

chromosomes. Khoshoo and Pal (1972) used A. hypo-

chondriacus as the male parent in crosses with

A. hybridus and A. caudatus, all with 32 chromosomes.

Hybrids from these crosses showed the formation

of 16 bivalent chromosomal associations. However,

hybrids produced with A. hybridus showed much

greater pollen fertility than hybrids produced with

A. caudatus. Interestingly, A. hybridus by A. caudatus

hybrids here were seedling lethal, a phenomenon not

reported previously by Murray for this cross. Hybrid

fertility in this study is in consonance with the notion

that amaranth domestication occurred independently in

the crop species and that A. hybridusmay be evolution-

ary closer to A. hypochondriacus than to A. caudatus.

The two basic chromosome numbers are observed

among the grain crops and their putative progenitors.

While A. caudatus,A. hypochondriacus, A. hybridus and

A. quitensis have 32 chromosomes (n ¼ 16),A. cruentus
and A. powellii both have 34 (n ¼ 17) (Grant

1959). Pal et al. (1982) have explored the evolutionary

relationship between the two basic numbers in the

grain group by performing a dibasic cross between

A. hypochondriacus and an African race of A. hybridus

with 34 chromosomes. At metaphase I, the majority

of meiotic cells from the interspecific F1 showed 15

bivalent and 1 trivalent chromosomal associations.

Hybrid progeny (F2) showed 1:2:1 segregation for

32, 33 and 34 somatic chromosomes, respectively.

The observance of this meiotic configuration in the

dibasic hybrid suggested that n ¼ 17 arose through

aneuploidy, perhaps involving a reciprocal transloca-

tion resulting in a decrease in chromosome number

from n ¼ 17 to n ¼ 16. Other authors also have ana-

lyzed meiotic behavior in crop–wild hybrids, and

much of what we know about gene pool accessibility

and phylogenetic relations is derived from these

studies. Greizerstein and Poggio (1995) studied the

meiotic configuration of 13 different crop–wild and

wild–wild spontaneous hybrids and this information

was used to configure the first set of genomic formulae

for these species (Brenner et al. 2000).

Hybridization studies have been of great value for

breeders interested in crop improvement through tra-

ditional means. Hybrids with wild species have been

produced to address all major breeding objectives,

including raising yield, improving pest tolerance, and

improving grain harvestability. For instance, one of

the most widely utilized grain varieties in the USA,

A. hypochondriacus var. Plainsman, is derived from a

cross with a Pakistani A. hybridus accession used as

a source for earliness (Baltensperger et al. 1992).
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Interspecific crosses with A. hybridus have been used

to measure biomass heterosis and combining ability

with domesticated species, in a first step to exploit

heterosis in the development of cultivars improved for

forage, energy feedstock, or as vegetables (Lehmann

et al. 1991).

Brenner et al. (2000) report that crop–wild hybrids

have been produced to transfer A. powellii non-

dehiscence to A. cruentus and A. hypochondriacus

breeding lines, in efforts to reduce grain shattering.

The authors also propose that hybridization with

A. cannabinus, a wild dioecious species, may be useful

to obtain germplasm with greater seed size. In an

ongoing breeding program, weedy A. hybridus with

evolved herbicide resistance is being used to introduce

herbicide selectivity to A. hypochondriacus and

A. cruentus elite breeding lines (Federico Trucco

unpublished data). The introgression of herbicide

resistance from wild species and the potential implica-

tions of herbicide resistant cultivars is discussed in

more detail in Sect. 2.6.

2.4.2 Hybridization Between A. hybridus
and A. tuberculatus, A Species from
Subgenus Acnida

A recent aspect of research regarding hybridization

among wild crop relatives focused in the study of

gene flow between two problematic weeds that have

been already introduced, namely A. hybridus and

A. tuberculatus (Trucco et al. 2005b). Although this

research has been conducted from a weed science

perspective, the fact that A. hybridus is a common

progenitor to the domesticated species makes the find-

ings of these studies of value for breeders interested in

exploiting the diversity of the dioecious taxon. Previ-

ous experiments indicated that hybrids (F1s) between

A. tuberculatus and A. hybridus could be produced but

failed to quantify the extent to which this could occur

(Murray 1940). Also, subsequent introgression was

thought to be compromised by severe sterility in the

F1 (Sauer 1957), and the only viable BC1 progeny

were thought to be those derived from unreduced

gametes from the hybrid parent (Murray 1940), result-

ing in triploidy. First generation backcross progeny

would have a full complement of the recurrent species’

genome and only a haploid complement of the non-

recurrent parent, and exhibit sterility due to abnormal

chromosome pairing. These observations suggested

little if any chance for homoploid gene exchange

between A. tuberculatus and A. hybridus – that is,

gene exchange without changes in ploidy.

Tranel et al. (2002) were able to transfer a herbi-

cide-resistance allele of acetolactate synthase (ALS)

from A. hybridus to an advanced hybrid population

(BC2) – where A. tuberculatus was recurrently used

paternally – and with the use of DNA content data

suggested that introgression could occur in a homo-

ploid background. However, these authors did not

address directly the fertility and genome structure of

introgressants. Were heterozygous BC2s more fertile

than heterozygous BC1s, or F1s? Was the genomic

constitution of these introgressants recombinant (on

average 12.5% A. hybridus and 87.5% A. tuberculatus,

or a reconstitution of the F1)? What about introgres-

sion in the reciprocal direction? From a crop-breeding

perspective, all these questions need to be addressed in

order to establish the potential for conventional (sex-

mediated) gene pool exploitation.

Later experiments showed that hybrids can be pro-

duced at relatively high frequencies under field condi-

tions (Trucco et al. 2005a, b). In the case where the

monoecious parent was used maternally, the maxi-

mum hybridization frequency obtained accounted for

close to 50% of the believed intraspecific outcrossing

potential of the species. In the reciprocal case, more

than 200,000 hybrids could be obtained from a single

A. tuberculatus plant. These data indicated that little if

any gametic incompatibility exists between the stud-

ied species and that F1 production is unlikely to con-

stitute a significant bottleneck for gene introgression.

Although hybrid sterility was well documented by

Murray and Sauer, to the extent hybrids were quoted to

“run into a blind alley of sterility” (Sauer 1957), a

detailed assessment of hybrid fertility showed that as

many as 800 seeds could be recovered from a single F1
(Trucco et al. 2006b). This number is substantial

enough to allow expectations of successful gene intro-

gression. However, successful introgression is depen-

dent on recombination between the donor and

recipient genomes and this could be unveiled ade-

quately with the use of cytogenetic and molecular

markers. Using these tools to profile hybrid progeny

from backcrosses to the “pure” species, the following

observations were made by Trucco et al. (2005c):
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• Most BC1s (98%) were homoploid (2n ¼ 32), and

triploidy was not necessarily the product of unre-

duced hybrid gametes. This is in agreement with

Tranel et al. (2002) and in contrast to Murray

(1940). Production of unreduced gametes may

vary among populations and this may explain the

discrepancy observed in triploidy occurrence in

Murray’s work (100%) versus Trucco et al. (2%).

• Fertility restitution was not a strict function of

reconstitution of the parental species’ genomes; in

fact, hybrid sterility could be explained by as few as

five independently assorting loci. In which case,

advantageous alleles unlinked to these loci may

be introgressed quickly. The introgression of linked

alleles (genes linked to post-zygotic reproductive

barriers) may depend on the selection coefficient

and population size.

These authors also examined introgression of a

herbicide resistance allele of ALS from A. tuberculatus
to A. hybridus (a reciprocal of that evaluated by Tranel

et al. 2002), and they observed that the A. tuberculatus

allele could not be introduced into A. hybridus monoe-

cious background. Allele introgression was limited to

a small number of non-monoecious individuals exhi-

biting high sterility. The main speculation then was

that lack of introgression resulted from linkage of ALS

to a hybrid sterility locus associated with sex determi-

nation, a taxonomically discriminating character for

these species.

In a subsequent study by the same authors (Trucco

et al. 2009), 192 homoploid BC1s were evaluated at

197 AFLP loci, as well as at ALS and PPO (the gene

for protoporphyrinogen oxidase, the enzyme targeted

by a second family of herbicides). The parental popu-

lations used were polymorphic at the herbicide

target genes, and just as observed in the prior study,

A. tuberculatus’ ALS and PPO alleles could not be

transferred to A. hybridus monoecious background.

This indicated that gene exchange likely is limited by

a phenomenon beyond circumstantial linkage.

Indeed, Trucco et al. (2009) were unable to transfer

most of 133 AFLP markers from A. tuberculatus to

A. hybridus, with the exception of introgression in a

smaller group of non-monoecious BC1s, characterized

by anomalous phenotypes and high sterility. This

observation is striking as the authors uncovered a

very different scenario in the reciprocal exchange.

They were able to transfer from A. hybridus to

A. tuberculatus not only ALS and PPO alleles but

also most of the A. hybridus-specific AFLP markers.

Although introgression at some loci appeared to be

disfavored (i.e., showed negative segregation distor-

tion or a fecundity penalty), ALS and PPO alleles as

well as many of the AFLP-markers showed Mende-

lian segregation in backcross progeny with A. tuber-

culatus and no association with BC1 reproductive

output (measured as pollen viability or seed produc-

tion). This was not observed in progeny from rec-

iprocal backcrosses, where almost all A. hybridus

markers showed strong negative distortion and

increased introgression was associated with reduced

reproductive viability.

Taking monoecism and dioecism as the taxonomic

distinguishing characters for A. hybridus and A. tuber-

culatus, respectively, we may say that gene exchange

between these species is unidirectional. Even if we

considered non-monoecious A. hybridus backcross

progeny as being more “A. hybridus” than “A. tuber-

culatus,” the use of these individuals in crop-breeding

programs seems restricted by the dramatic fitness dis-

advantage at which they stand compared to their reci-

procals. In fact, there is no association between the

level of introgression measured in A. tuberculatus

BC1s and their relative seed output.

The data produced by these experiments indicate

that A. tuberculatus adaptations, some of which may

be of great value to the Amaranthus crops, may not be

transferred to A. hybridus, a species from which the

crops have evolved. Yet, crop adaptations may be

equally transferable to A. tuberculatus as those from

A. hybridus, and this may have alternative impli-

cations for crop breeders. First, crop traits such as

disease resistance or herbicide tolerance may end up

in a highly problematic weed, although crop erosion

with A. tuberculatus alleles should be of little con-

cern. Secondly, given that Amaranthus breeding is at

an early stage, the development of an A. tuberculatus
crop by transferring crop adaptations to this wild

relative may be a bold but profitable proposition.

Considering that the most distinctive crop adapta-

tions show simple inheritance (Brenner et al. 2000)

and that gene transfer may be accomplished readily,

the development of a dioecious crop seems within

reach. Such possibility could provide a unique oppor-

tunity for the exploitation of heterosis in amaranths.
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2.5 Genomics Resources Developed
for Amaranthus

Within the last 2 years, genomics resources have been

developed for Amaranthus species. Two research

groups independently developed microsatellite mar-

kers from A. hypochondriacus (Lee et al. 2008;

Mallory et al. 2008). In both cases, the markers were

demonstrated to be transferable to other cultivated as

well as weedy Amaranthus species. A preliminary

phylogenetic analysis using some of these markers

placed A. hybridus within multiple grain amaranth

clades, suggesting multiple domestication events

from A. hybridus (Mallory et al. 2008). Additional

Amaranthus microsatellite markers were obtained

recently from A. tuberculatus (Lee et al. 2009). Col-

lectively, these microsatellite markers will be valu-

able for more detailed phylogenetic studies, as well

as for various genetic studies and breeding efforts (e.g.,

population genetics, construction of genetic maps, map

based cloning, and marker-assisted selection).

A second genomics resource for Amaranthus is a

bacterial artificial chromosome (BAC) library from

A. hypochondriacus (Maughan et al. 2008). This

library contains over 35,000 clones averaging 147 kb,

or about a 10-fold coverage of the genome. Utility of

the library was demonstrated by using it to obtain the

full-length sequences of the ALS and PPO genes, both

of which encode important herbicide target sites

(Maughan et al. 2008). In addition to serving as a

source for candidate gene isolation and sequencing,

this BAC library could be used further to develop a

physical map of the Amaranthus genome, and could

serve as a scaffold for whole-genome sequencing.

A third Amaranthus genomics resource recently

obtained is shotgun sequence data from A. tuberculatus
(Lee et al. 2009). Using next-generation sequenc-

ing technology, over 40 Mbp of sequence was

obtained from A. tuberculatus. Included in the data-

set was a nearly complete sequence of the chloroplast

genome and partial sequences of most currently

known herbicide target-site genes. The dataset also

provided leads for microsatellite markers, mentioned

above. Although the dataset contains only partial

sequences for nuclear genes, such information serves

as a starting point for candidate gene isolation insofar

as designing primers for PCR-based approaches.

The same technology has been used to sequence the

A. tuberculatus transcriptome (P. Tranel unpublished

data). Both the genomic and transcriptomic datasets

are being made publicly available via the National Cen-

ter for Biotechnology Information (http://www.ncbi.

nlm.nih.gov/).

Finally, a forth resource in development is a collec-

tion of recombinant inbred lines (RILs) derived from

an initial crop–wild cross between A. hypochondriacus

and A. hybridus (P. Tranel unpublished data). The

initial F1 plant was selected based on herbicide resis-

tance (which was present in the A. hybridus parent,

used paternally in the cross) and over 200 lines derived

from selfing the F1 are being propagated via single-

seed decent. Given the expected high genetic diversity

among the RILs, they should provide an ideal popula-

tion for development of an Amaranthus genetic map.

A current need is the development of a facile genetic

transformation system for Amaranthus. Only modest

success has been reported in regenerating plants from

Amaranthus callus tissue (Brenner et al. 2000). There

is, however, one report of successful transformation of

A. hypochondriacus by inoculation of mature embryo

explants with Agrobacterium (Jofre-Garfias et al.

1997). It is surprising that there are not more reports

of Amaranthus transformation, and we do not know

if this is due to lack of effort or technical challenges.

Possibly the weedy species are more amenable to

genetic transformation and could serve as model sys-

tems for developing and optimizing protocols that

could then be adapted to the cultivated species.

2.6 Herbicide Resistances
in Amaranthus Weeds

A primary characteristic contributing to the infamy of

Amaranthus species as weeds of modern agriculture is

their demonstrated ability to evolve herbicide resis-

tance. Amaranthus weeds comprise over 5% of world-

wide cases of herbicide-resistant weeds and have

evolved resistances to diverse herbicide modes of

action (Heap 2010; Tranel and Trucco 2009). For

example, A. tuberculatus has evolved resistance to

herbicides that inhibit photosystem II (PSII), ALS,

PPO, and 5-enolypyruvyl-shikimate-3-phosphate syn-

thase (EPSPS) (Patzoldt et al. 2005; Legleiter and

Bradley 2008). In some cases, resistances to more

than one of these herbicide groups is present within a
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single population (or even within a single plant),

making control of A. tuberculatus a significant practical
problem. In the southeastern US, resistance to glypho-

sate (which inhibits EPSPS) has become widespread

in A. palmeri in recent years and is posing a very

significant weed management challenge (Culpepper

et al. 2006, 2008; Norsworthy et al. 2008).

The frequent occurrence of herbicide resistance in

Amaranthus weeds suggests it should be possible to

select the same traits in cultivated Amaranthus crops.
Alternatively, it should be possible to transfer the

resistance traits from the weeds to the crops via hybri-

dization (although see Sect. 2.4.2). For example, it

should be straightforward to cross grain amaranth

with A. hybridus containing resistance to ALS inhibi-

tors (Trucco et al. 2006a), and then obtain the herbi-

cide-resistant crop by recurrent backcrossing along

with selection for the resistance. Unfortunately, how-

ever, that these herbicide resistances are widespread in

many of the Amaranthus weeds would limit their

utility in the crop. Nevertheless, the only Amaranthus

species thus far to have evolved resistance to PPO

inhibitors is A. tuberculatus, and to EPSPS inhibitors

are A. tuberculatus and A. palmeri. Thus, resistance to

one or both of these herbicides in cultivated amaranth

may have value, particularly in regions where these

two weeds are not present.

The mechanism conferring resistance to PPO inhi-

bitors in A. tuberculatus was determined to be a

deletion of a glycine residue in a conserved region of

the PPX2 gene (Patzoldt et al. 2006). The gene was

predicted to encode both mitochondria- and chloro-

plast-targeted PPO, thereby resulting in herbicide-

insensitive enzymes in both organelles. Through genetic

transformation, one could insert the A. tuberculatus

herbicide resistant PPX2 into the crop species. The

homologous genewas obtained fromA. hypochondriacus
and also shown to contain the dual-targeting signal

sequences (Maughan et al. 2008). Site-directed muta-

genesis of the native A. hypochondriacus PPX2
to obtain the glycine codon deletion followed by trans-

formation would be another route to obtain resistance

to PPO inhibitors. This latter approach might be met

with greater public acceptance since the crop would

not be carrying a gene from a weed species (although

the encoded proteins from the two genes are over 97%

identical; Tranel and Trucco 2009).

A major challenge beyond the development of a

herbicide-resistant amaranth crop would be maintain-

ing the utility of the trait by preventing its escape into

coexisting Amaranthus weeds. In this regard, the body
of work on interspecific hybridization (reviewed pre-

viously herein) should provide the framework for the

development of adequate protocols for technology

stewardship.

2.7 Recommendations for Future
Actions

Amaranths have been a staple crop of pre-Columbian

cultures, and they have received interest in the last two

to three decades as an alternative crop. Much of the

recent interest in amaranths is based on the excep-

tional nutritional profile of the grain proteins, which

are rich in amino acids that are usually deficient in

other crops (Bejosano and Corke 1998). Additional

interest is generated by the oil and carbohydrate pro-

files of amaranth seeds, which present opportunities

for different industrial applications, from the use of

amaranth squalene as a cosmetic oil (Budin et al.

1996) to that of micro-sized starch in the formulation

of foods (Uriyapongson and Rayas-Duarte 1994).

Numerous studies have been conducted to develop

and optimize technologies aimed at exploiting these

amaranth properties (see works in Paredes-López 1994

for greater detail).

From an agronomic perspective, drought tolerance

and environmental plasticity are attractive traits pro-

moting amaranth adoption in areas where traditional

crops face greater challenges (Brenner et al. 2000).

Yet, modern amaranth cultivars still face several diffi-

culties, which have been overcome in most major

crops. Recent breeding efforts to try to solve some of

these difficulties have been modest, and very few

cultivars have been registered over the last decade.

In an unusual contrast, Amaranthus weeds have been

the subject of leading weed science research over the

same timeframe (see Tranel and Trucco 2009 for a

revision on the subject). In fact, weedy amaranths have

been proposed as a model system for the study of plant

weediness (Basu et al. 2004), and valuable genomic

resources are being generated with these species as

discussed in Sect. 2.5.

This chapter attempts to bridge the research con-

ducted by the weed science and the crop-breeding

communities, realizing that perhaps the path to
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improving important crop traits may be realized

through the judicious exploitation of the wealth

found in weedy amaranth resources. The discussions

regarding the patterns of gene exchange among the dif-

ferent taxonomic groups constitute a first and incom-

plete attempt at drafting a roadmap for the exchange of

adaptations among species. Similarly, the discussion

dealing with herbicide resistance covers a number of

possibilities yet to be explored by amaranth breeders.

It is important to note that the great success of amar-

anths as weeds is not found in any one adaptation but

in their ability to adapt quickly to changing weed

management practices. Infamy due to the evolution

of numerous herbicide resistant populations is a reflec-

tion of their adaptability, or from a different perspec-

tive a reflection of their ability to successfully respond

to selection. Interestingly, what constitutes a threat to

farm economies at one level may be the most valuable

asset for the development of competitive cultivars

at another. It is up to us to transform this serious

challenge into a beneficial force.
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Chapter 3

Asparagus

Akira Kanno and Jun Yokoyama

3.1 Introduction

Asparagus is known because of the important vege-

table plant, A. officinalis,which is cultivated through-
out the world. The cultivated area of A. officinalis is

more than 200,000 ha, mainly in China, Europe, and

Central and South America. Except for this species,

the utilization of other Asparagus species by humans

is limited. Some species are used as ornamental

plants (e.g., A. asparagoides, A. scandens, A. plumo-
sus, and A. falcatus), and some others are used for

medicinal purposes (e.g., A. cochinchinensis and

A. racemosus in Asia). However, this genus com-

prises more than 200 species and is widely distributed

in the Old World continents. Thus, a large amount of

untapped genetic resources exists within this genus.

Here, we provide an overview of the species diversity

and evolutionary relationships of genus Asparagus,
the developmental genetics that control its floral struc-

tures, and the generation of hybrids with cultivated

Asparagus and its wild relatives for future breeding

purposes.

3.2 Species Diversity and Phylogenetic
Relationships of Asparagus

3.2.1 Asparagaceae and Related
Families

The genus Asparagus was recognized based on

A. officinalis L. by Linnaeus in “Species Plantarum”

(1753). The genus was once placed within the huge

monocot family Liliaceae, but the family was exten-

sively reconstructed with other monocot families

based on morphological and molecular phylogenetic

studies. Asparagus is now the main genus of the

Asparagaceae, belonging to Asparagales (Dahlgren

et al. 1985; Angiosperm Phylogeny Group 2003;

Janssen and Bremer 2004; Stevens 2008).

Asparagales, one of the two major orders of

lilioid monocots, contains Asparagaceae and other 23

families (Stevens 2008). Dividing lilioid monocots

into two large groups was first proposed by Dahlgren

et al. (1985) and was supported by various studies of

molecular phylogenies with slight modifications of the

original concept (Chase et al. 2000a, b; Janssen and

Bremer 2004). For Asparagales, molecular phyloge-

netic studies indicated that Orchidaceae was a sister

family of all other families in Asparagales and Irida-

ceae is involved in Asparagales, although these two

families have both been treated as members of the

Liliales since the publication of Dahlgren et al. (1985).

Asparagaceae belongs to the monophyletic clade

with Laxmanniaceae and Ruscaceae (Fay et al. 2000).

These three families share apomorphic characteristics

such as steroidal saponins, articulated pedicels, and

helobial, thick-walled, pitted endosperm (Stevens

2008). Two closely related families of Asparagaceae
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are distributed almost allopatrically in the world: Lax-

manniaceae is predominantly distributed in Australia

and adjacent areas, whereas Ruscaceae is mainly

distributed in the northern hemisphere and Africa.

Laxmanniaceae comprises 15 genera and more

than 170 species that are divided into three groups:

Lomandra (five genera), Laxmannia (eight genera),

and Cordyline (two genera). Cordyline is cultivated

as ornamental plants. Phylogenetic analyses have

indicated that Ruscaceae is the sister group of Aspar-

agaceae, although statistical support for this idea is not

high (Fay et al. 2000). Ruscaceae is a large family that

contains 26 genera and more than 450 species. Some

of the represented genera are well known as ornamen-

tal plants, such as Convallaria, Dracaena, Ophiopo-

gon, and Ruscus. Ruscus, the nominal genus of the

family, draws particular interest because this genus

also has a “phylloclade” as Asparagus species

(Cooney-Sovetts and Sattler 1987). Although the

resemblance does not reflect a direct phylogenetic

relationship, the morphological characteristics may

have a similar genetic background.

Asparagaceae contains two genera, Asparagus and

Hemiphylacus. The latter genus was once treated as a

member of the Asphodelaceae, but molecular phylo-

genetic studies clearly indicated that the genus is not a

part of this family (Chase et al. 2000a). This genus was

monotypic for a long time [only the type species

H. latifolius has been known for more than 100 years

(Watson 1883)], but now comprises five species, all

distributed only in Mexico (Hernandez 1995). The

five species show quite restricted distribution ranges

and occur on limestone or rhyolitic areas. Although

the ranges are limited, the New World distribution of

this sister genus of Asparagus is in contrast to the Old

World distribution of Asparagus.

3.2.2 Species Diversity of Asparagus

Until now, about 400 taxa have been described under

the genus Asparagus since Linnaeus’s time. Among

them, about 210 taxa are considered to be accepted as

species (Tutin et al. 1980; Chen and Tamanian 2000;

African Flowering Plants Database 2008; Appendix 1).

The latest infrageneric classification divides Aspara-

gus into three subgenera: Asparagus, Myrsiphyllum,

and Protasparagus (Clifford and Conran 1987). The

African species belonging to the latter two subgenera

are sometimes treated as distinct from Asparagus

at the genus level (Obermeyer 1983). The subgenus

Asparagus comprises all dioecious species with uni-

sexual flowers, whereas the subgenus Myrsiphyllum

consists of hermaphroditic, southern African species

with shortly united tepals and annual aerial stems. The

remaining species with bisexual flowers, separated

tepals, and perennial stems are classified within the

subgenus Protasparagus (Clifford and Conran 1987).

Of these subgenera, Protasparagus is considered to

retain the primitive characteristics of the genus, such

as multiple ovules per locule and globular seeds

(Obermeyer 1983).

The center of species diversity is Africa, espe-

cially South Africa and adjacent regions. More than

half of the total species are distributed there, and

still undescribed species are also found there (e.g.,

Burrows and Burrows 2008). Most of the South

African Asparagus species are shrubby, and some

are climbers. The plant sizes vary extensively

among species, from less than 20 cm to more than

5 m. Madagascar, the large island adjacent to conti-

nental Africa, also has a considerable amount of

Asparagus species (A Catalog of the Vascular Plants

of Madagascar, http://www.efloras.org/flora_page.

aspx?flora_id¼12). Although only seven species are

currently listed as accepted names, another 13 spe-

cies are considered to be undescribed endemic spe-

cies of the island. Including those undescribed

species, 95% of Asparagus species are endemic to

Madagascar, suggesting a characteristic floral com-

position, as mentioned in other previous studies (e.g.,

Grubb 2003; Janssen et al. 2008). The Macaronesian

Islands, offshore of the northwestern coast of Africa,

also have some characteristic Asparagus species;

they harbor six species of Asparagus, five of which

are endemic to the islands. Two species, A. nesiotes

and A. umbellatus, have further diversified into allo-

patric subspecies in distant island clusters (Canary

and Madeire).

In the Eurasian continent, Europe (including north-

ern Africa) and China have a relatively rich flora

of Asparagus species. In China, 29 native species

are listed, of which more than half (15 species) are

endemic (Chen and Tamanian 2000). Most of the

Chinese endemic species are regional and are thought
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to be neo-endemic species that diversified relatively

recently in central to southern China.

Some narrow endemic species now face extinction

in the wild. For example, only 2–5 populations of

A. calcicolus, endemic to Madagascar, are left in

wild conditions. Asparagus mairei is only known in

the Kunming city of Yunnan, China. Although its

ranked category is listed as “Data Deficient” and its

detailed situation in the wild is unknown, an unde-

scribed species from Socorta, Yemen (“Asparagus
sp. nov. A”) is listed in the IUCN Red List.

3.2.3 Phylogenetic Relationships
of Asparagus

Phylogenetic relationships of Asparagus species

have been poorly understood because only a few

studies have been conducted so far. Lee et al.

(1997) suggested that dioecious species in Asparagus

(subgenus Asparagus) comprise a monophyletic

group based on restriction fragment length polymor-

phism (RFLP) analysis of chloroplast DNA (cpDNA)

using ten species of the genus. Stajner et al. (2002b)

conducted a phylogenetic study based on an RFLP

analysis of the nuclear DNA internal transcribed

spacer (ITS) region in ten Asparagus species and

revealed that European and African species comprise

distinct monophyletic groups. The most comprehen-

sive study of Asparagus phylogeny was conducted by

Fukuda et al. (2005) based on nucleotide sequences

of the intron of petB and the intergenic region

between petD and rpoA in the cpDNA. In this study,

24 taxa from all three subgenera were analyzed,

revealing the following results.

(1) The subgenera Protasparagus and Myrsiphyl-

lum do not consist of monophyletic groups. (2) The

subgenus Asparagus is monophyletic, as previously

mentioned. (3) Phylloclades evolved from leaf-like

forms to branch-like forms. (4) South Africa is con-

sidered to be the ancestral area of Asparagus, and

Eurasian species, except A. racemosus (the most

widely distributed Asparagus species), evolved once

from the African ancestor.

Even this analysis, however, only reveals an outline

of the evolutionary history of Asparagus because only

small amounts of useful phylogenetic information

were obtained from molecular data. This problem is

largely due to the diverse history of Asparagus itself.

Lee et al. (1996) and Kanno et al. (1997) suggested

that most species of this genus are very closely related

on the basis of their cpDNA physical map. Previously

conducted RFLP studies also faced challenges.

A nucleotide sequence study by Fukuda et al. (2005)

failed to detect any variation in the trnL-F intergenic

region or the trnL intron in the cpDNA, which are

frequently used for investigating intrageneric relation-

ships. These facts indicate that the degree of genetic

differentiation among Asparagus species is extremely

small, even though these species are morphologi-

cally diverse, such as in their shoot architectures,

phylloclade morphologies, and floral colors. There-

fore, Asparagus has undergone a recent, rapid radia-

tion of species. Recent studies have shown that plant

groups that dominate in the Cape Floral Province have

experienced relatively rapid radiations, and their evo-

lutionary patterns may contribute to the extremely

isolated and specialized floral composition in this

region (Richardson et al. 2001; Goldblatt et al. 2002;

Forest et al. 2007). Furthermore, the evolution of

extreme xeromorphic habits following phylloclade

formation may have been a key innovation that facili-

tated the radiation of Asparagus into arid to subarid

regions.

3.3 Chromosome Numbers and Ploidy
Evolution of Asparagus

The chromosome numbers of 38 Asparagus species

are known (Index to Plant Chromosome Numbers,

http://mobot.mobot.org/W3T/Search/ipcn.html). The

basic number of chromosome in Asparagus is

x ¼ 10, and diploid records have been made from

more than 70% of the 27 recorded species (including

species with an intraspecific polyploidy series, see

below). Others are tetraploids (12 species) or hexa-

ploids (five species). Some irregular counts are known

for Chinese species (2n ¼ 18 for A. dauricus, Lu and

Li 1999; 2n ¼ 16, 18 for A. filicinus, Ge et al. 1988;

Shang et al. 1992). The presence of B chromosomes

has been reported in eight species (Sheidai and
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Inamdar 1993). Polyploid species are well known in

African species, and ploidy-level evolution also con-

tributes in part to the diversification of Asparagus on

the African continent. Intraspecies ploidy variations

have been recorded from eight species, including

A. officinalis. Tetraploids of A. officinalis seem to

have originated at least twice independently from

diploid races (Moreno et al. 2008). In the case of

A. racemosus, the nominal variety (A. r. var. racemo-

sus) is diploid, whereas another examined variety,

A. r. var. subacerosa, is tetraploid, and yet another

variety, A. r. var. javanica, contains both diploid and

tetraploid individuals (Sheidai and Inamdar 1997).

Karyotypic analysis was conducted for 11 taxa

by Sheidai and Inamdar (1997). All the species were

found to have submetacentric chromosomes with

gradual decreases in size from the largest to the

smallest chromosomes. Secondary constrictions were

observed in one to seven chromosomes, and large

chromosomes tended to have the constrictions.

Interestingly, two ploidy-level variations of A. race-

mosus var. javanica showed different numbers of

chromosomes with secondary constrictions (diploid,

7; tetraploid, 2). This may indicate that chromosomal

rearrangements or genomic reductions occurred fol-

lowing polyploid formation.

In contrast, chromosome information on Hemiphy-

lacus, another genus in the Asparagaceae, is limited;

the only known number is 2n ¼ 112 (H. alatostylus:

Rudall et al. 1998). This species is considered 8x

or 16x, and thus the basic number of the genus is

x ¼ 7 or 14.

3.4 Sex Expression and Floral Homeotic
Genes in the Genus Asparagus

3.4.1 Floral Morphology in the Genus
Asparagus

The genus Asparagus contains dioecious and her-

maphrodite species. The dioecious species are clus-

tered into the subgenus Asparagus, and hermaphrodite

species into the subgenera Protasparagus and Myrsi-
phyllum. Phylogenetic analysis using ITS sequences

showed that dioecious species evolved from hermaph-

rodite species (Fukuda et al. 2005). Hermaphrodite

species have bisexual flowers that have stamens and

pistils in one flower, whereas dioecious species have

male and female flowers that have fertile stamens and

sterile pistils or sterile stamens and fertile pistils in

one flower (Fig. 3.1). A morphological analysis of

male and female floral development has been con-

ducted in A. officinalis (Caporali et al. 1994). Male

and female reproductive organs develop normally

at the beginning of floral development. After that, a

difference between male and female flowers becomes

visible. At stage �1, the style begins to develop in the

female flower, but not in the male flower. The degen-

eration of stamens in female flowers becomes visible

at stages 3 and 4 (Caporali et al. 1994). No detailed

analysis of floral development has been reported in

any other Asparagus species. As the morphological

differences between male and female flowers are

similar among some dioecious Asparagus species,

such as A. officinalis, A. maritimus, and A. schober-
ioides (Fig. 3.1), morphological events such as the

inhibition of style development in male flowers and

the degeneration of stamens in female flowers are

similar among these species.

3.4.2 Floral Homeotic Genes in the Genus
Asparagus

Molecular analyses of floral development have been

carried out in many kinds of plants. Dicot flowers

consist of four floral organs: sepals, petals, stamens,

and carpels. To explain the floral organ identity of

dicot flowers, the floral ABC model was proposed by

Coen and Meyerowitz (1991; Fig. 3.2a). According to

this model, class A genes specify sepals, class A and

class B, petals, class B and class C, stamens, and class

C, carpels. In contrast to dicot flowers, many monocot

flowers such as those of lily and tulip consist of two

whorls of the perianths, stamens, and carpels. To

explain this monocot floral morphology, the modified

ABC model has been proposed (van Tunen et al.

1993; Fig. 3.2b). According to this model, two whorls

of petaloid perianth are caused by the extended

expression of the class B genes. Class B genes have

been isolated from tulip, Agapanthus praecox, and
Alstroemeria ligtu, and the expression pattern of

these genes is consistent with the modified ABC

model (Kanno et al. 2003; Nakamura et al. 2005;
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Fig. 3.1 Flower of dioecious and

hermaphrodite Asparagus species.
(a) Male flower of Asparagus maritimus.
(b) Female flower of A. maritimus.
(c) Male flower of A. schoberioides.
(d) Female flower of A. schoberioides. (e)
A. densiflorus “Sprengeri.” (f) A. virgatus.
Bar ¼ 1 mm
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Hirai et al. 2007). Three class B genes have been

isolated from Asparagus officinalis, one DEFICIENS-

like (AODEF) and two GLOBOSA-like (AOGLOA

and AOGLOB) genes (Park et al. 2003, 2004).

In contrast to the case in tulip and Agapanthus, in

A. officinalis, the class B genes are expressed in

whorls 2 and 3 and not in whorl 1 (Park et al. 2003,

2004). This expression pattern is not consistent with

the modified ABC model, although A. officinalis has

two petaloid perianths. However, one A. officinalis
floral homeotic mutant has been reported; the perianth

of this mutant has a leaf-like structure in whorls 1

and 2, and stamens are replaced with carpels (Asada

et al. 2006) that appear very similar to those of the

putative B mutant in tulip (van Tunen et al. 1993).

Thus, the modified ABC model is basically applicable

in A. officinalis (Kanno et al. 2004).

As mentioned above, two GLO-like genes have

been isolated from A. officinalis (Park et al. 2004).

Phylogenetic analysis showed that these GLO-like

genes belong to a different group, and GLO-like

genes from Muscari armeniacum and Crocus sativus
have been classified into each cluster (Kanno et al.

2007; Fig. 3.3), indicating that duplication of GLO-

like genes found in A. officinalis,Muscari, and Crocus
occurred before the diversification of these species.

Like tulips, Muscari and Crocus have two whorls of

petaloid perianths, and GLO-like and DEF-like genes

isolated from these plants are expressed in the outer

two whorls of perianths (Kanno et al. 2003; Nakada

et al. 2006; Tsaftaris et al. 2006; Kanno et al. 2007),

even though GLO-like genes from A. officinalis are

expressed only in whorls 2 and 3, not in whorl 1 (Park

et al. 2004). Thus, the expression of two GLO-like

genes in whorl 1 was lost during the evolution of

Asparagus species. Within the genus Asparagus,
three class B genes were isolated from A. virgatus:

AVDEF, AVGLOA, and AVGLOB (Ito 2006; Fig. 3.3).

AVGLOA and AVGLOB are closely related to

AOGLOA and AOGLOB, respectively, and belong to

different groups, like AOGLOA and AOGLOB (Ito

2006; Fig. 3.3). Given that A. officinalis and A. virga-
tus belong to different subgenera, Asparagus and

Protasparagus, respectively, many Asparagus species

likely have duplicated GLO-like genes. Although the

expression patterns of GLO-like and DEF-like genes

have been analyzed only in A. officinalis, it would be

very interesting to analyze and compare the expression

pattern of class B genes among Asparagus species.

This would reveal when the expression of class B

genes in whorl 1 was lost during the specification of

genus Asparagus.

Another type of floral homeotic gene, the

AGAMOUS(AG)-like genes, was isolated from the

dioecious A. officinalis (AOAG1 and AOAG2; Kanno

et al. 2002) and the hermaphrodite A. virgatus (AVAG1
and AVAG2; Yun et al. 2004a, b). AG-like genes are

very important for the development of male and

a b

petalsepal carpelstamen

A C

B

carpelstamentepal
“petaloid”

tepal
“petaloid”

A C

B

W1 W2 W3 W4 W1 W2 W3 W4

Fig. 3.2 Classical (a, Arabidopsis thaliana) and modified (b, Tulipa gesneriana) ABC model
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female reproductive organs (Yanofsky et al. 1990;

Colombo et al. 1995). In situ hybridization analysis

showed that the AVAG1 and AVAG2 genes are

expressed in floral primordia, stamen and carpel pri-

mordia, and ovules (Yun et al. 2004a, b). In Silene

latifolia and Rumex acetosa, which are dioecious spe-

cies, the expression of the AG-like genes differs in

male and female flowers, and AG-like gene expression
is lower in depressed organs of male and female plants

(Hardenack et al. 1994; Ainsworth et al. 1995; Sather

et al. 2005). Although the detailed expression patterns

of AG-like genes from A. officinalis have not been

determined, comparative analyses of the expression

of AG-like genes in dioecious and hermaphrodite
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Asparagus species would reveal the relationship

between sex differentiation and the AG-like gene

expression in the genus Asparagus.

3.5 Functional Substances Found
in Asparagus

Most Asparagus species are poor sources of biologi-

cally active substances. They contain no cyanogenic

substrates, alkaloids, proanthocyanidins, ellagic acid,

or arbutin (Watson and Dallwitz 1992). Instead, steroidal

saponins/saponidins are present in most of the species.

As mentioned previously, Asparagus species other

than A. officinalis are rarely used by humans, but some

species have traditionally been used as foods or med-

icines. For example, tuberous roots of A. kansuensis

are edible and are used by local peoples (Chen and

Tamanian 2000). Tuberous roots of A. cochinchinensis
and A. racemosus are used as medicines, the former in

traditional Chinese medicine, and the latter as the

medicinal plant for the Indian Ayurveda as “satavari.”
A similar usage has been reported for A. lycopodineus

in Myanmar (H. Yamaji personal communication).

These medicinal usages are based on the presence of

saponins/saponidins.

Interestingly, some species of Asparagus contain

phytoecdysteroids, plant compounds that are analogs

of insect steroid hormones. Dinan et al. (2001)

reported that phytoecdysteroids occur in seven out of

16 species of Asparagus. The contents varied from

detectable to high concentrations depending on the

species. Phytoecdysteroids can act as insect deterrents

and may be useful for resistance to insect herbivores.

3.6 Introgression of Agricultural Traits
from Wild Asparagus into Asparagus
officinalis

3.6.1 Agricultural Traits of Wild
Asparagus

The genus Asparagus contains more than 200 species

and is distributed in Europe, Asia, and Africa.

A. officinalis is mainly cultivated all over the world

and is the most economically important species in this

genus. However, the genetic diversity of this species is

relatively low (Stajner et al. 2002b). Wild relative

species in the genus Asparagus have many agricultural

traits that A. officinalis does not have, such as salt

tolerance, drought tolerance, acid soil tolerance, and

disease resistance (Venezia et al. 1993). This is not

surprising, as the genus Asparagus contains numerous

species that are spread all over the world and are

adapted against various environments. A. maritimus
(¼ A. scaber) grows on sandy soils, mainly near the

coast (Tutin et al. 1980), and is known as a salt-

tolerant species (Venezia et al. 1993; Stajner et al.

2002a). A. kiusianus is distributed in Kyushu,

Japan, and grows on sandy soil near the seashore like

A. maritimus (Fig. 3.4). Although no reports have

described the analysis of salt tolerance in A. kiusianus,

this species appears to be highly resistant to

salt. Drought-tolerant species include A. acutifolius,
A. aphyllus, A. albus, A. stipuralis, and A. scoparius,

and A. tenuifolius is an acid soil-resistant species

(Bozzini 1959; Venezia et al. 1993; Gonzalez Castanon

and Falavigna 2008). These characteristics are likely

related to their habitats.

Among the agricultural traits, disease resistance has

been extensively analyzed in many Asparagus species.

A. officinalis production is reduced by infection

with many diseases. Thus, the introgression of disease

resistance into A. officinalis is an very important

objective in asparagus breeding, and a trial of intro-

gression of disease resistance from wild species was

reported as early as 1913 (Norton 1913). Well-known

diseases in A. officinalis are crown and root rot caused

by Fusarium, rust caused by Puccinia asparagi, purple
spot caused by Stemphylium, and stem blight caused

by Phomopsis asparagi. Disease-resistant species of

Asparagus have been reported by many researchers

and are listed in Table 3.1. As far as we know, the

first report of a disease-resistant species is on A. vir-

gatus, which is resistant to rust caused by Puccinia
asparagi (Norton 1913). As shown in Table 3.1, many

species have resistance characteristics. A. stipuralis is

resistant to rust caused by Puccinia asparagi, but is
susceptible to Fusarium crown and root rot (Gonzalez

Castanon and Falavigna 2008; Stephen and Elmer

1988). A. setaceus (¼ A. plumosus) is resistant to

Stemphyllum leaf spot and rust caused by Puccinia

asparagi, but is susceptible to Fusarium crown and

root rot (Kahn et al. 1952; Bansal et al. 1986; Stephen
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and Elmer 1988). A. virgatus is resistant to Stemphyl-

lum leaf spot, rust caused by Puccinia asparagi,
and stem blight caused by Phomopsis asparagi

(Norton 1913; Kahn et al. 1952; Bansal et al. 1986;

Sonoda et al. 2001). A. densiflorus is noteworthy

because this species is resistant to all four diseases

listed in Table 3.1 (Kahn et al. 1952; Thompson and

Hepler 1956; Bansal et al. 1986; Stephen et al. 1989;

Sonoda et al. 2001). To date, more than ten Asparagus

species have been identified as disease resistant,

but most Asparagus species have not yet been ana-

lyzed. It is likely that more Asparagus species show

disease resistance because the genus contains more

than 200 species.

3.6.2 Interspecific Hybridization Among
Asparagus Species

To introgress agricultural traits of wild Asparagus
into A. officinalis, interspecific hybridization was

carried out by hand-pollinated crossings, as listed in

Table 3.2. To our knowledge, the first interspecific

hybridization between Asparagus species was

reported by Norton (1913). In this report on the rust

resistance of A. officinalis, an interspecific hybridi-

zation between A. officinalis and a rust-resistant

species, A. virgatus, was tried, although this hybridi-

zation was not successful (Norton 1913). Another

hybrid between A. officinalis and A. davuricus
appeared to be successful because the progeny

showed hybrid characteristics, but the rust-resistance

status of A. davuricus was not known, and no detailed
analysis of this hybrid has been reported (Norton

1913) (Table 3.2).

Later, some research groups reported inter-

specific crossings among Asparagus species, mainly

with A. officinalis, such as A. officinalis � A. tenuifo-

lius, A. officinalis � A. brachyphyllus, A. officinalis �
A. maritimus, A. officinalis � A. acutifolius, and

A. officinalis � A. prostratus (Bozzini 1962a, b; Ito

and Currence 1965; Thevenin 1974; McCollum

1988a). McCollum (1988b) reported interspecific

hybridization mainly with A. densiflorus, which is

disease resistant, as mentioned above. Many of

the crosses, such as A. acutifolius � A. densiflorus,

A. falcatus � A. densiflorus, and A. virgatus �
A. densiflorus, were not successful. However, cross-

pollination between A. officinalis and A. oligoclonos

was successful, because they used this hybrid as bridge

crossing between A. officinalis and A. densiflorus

Fig. 3.4 Asparagus kiusianus. (a) A. kiusianus grow on sandy soil near seashore in Kyushu, Japan. (b) A plant of A. kiusianus.
(c) Red fruits of A. kiusianus
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(McCollum 1988b). Recently, an Italian group and

our group reported that A. maritimus, A. scho-

berioides, and A. kiusianus were able to be crossed

with A. officinalis (Ochiai et al. 2002; Ito et al. 2007,

2008), and the crossing of A. acutifolius and the

hybrid between A. maritimus and A. officinalis was

successful (Falavigna et al. 2008). All of the success-

ful crossings were among dioecious Asparagus

species, not between dioecious and hermaphrodite

species (Table 3.2). In one study, about 33,000

cross-pollinations between A. officinalis (dioecious)

and A. densiflorus (hermaphrodite) were carried out,

but these crossings were unsuccessful (McCollum

1988b). Because dioecious and hermaphrodite species

of Asparagus are not closely related, interspecific

hybridization between dioecious and hermaphrodite

species is likely to be difficult (Ito et al. 2008).

The production of somatic hybrids by electrofusion

between the dioecious A. officinalis and the hermaph-

rodite A. macowanii has been reported by Kunitake

et al. (1996). Because A. macowanii is resistant

to Stemphylium leaf spot (Bansal et al. 1986) and

Phomopsis asparagi stem blight (Sonoda et al. 2001),

these resistance traits might be incorporated into

A. officinalis by interspecific hybridization. However,

the obtained somatic embryos showed abnormal ger-

mination, and it was difficult to transfer them to soil

(Kunitake et al. 1996; Kunitake and Mii 1998). The

interspecific somatic hybrids had a chromosome num-

ber of 2n ¼ 50, although both of the parents had

Table 3.1 Disease resistance found in the genus Asparagus

Agricultural trait of interest Species References

Resistance to Fusarium A. densiflorus Stephen et al. (1989)

A. myersii (syn. A. densiflorus) Stephen and Elmer (1988)

A. sprengeri (syn. A. densiflorus) Stephen and Elmer (1988)

Resistance to Stemphyllum
leaf spot

A. densiflorus Bansal et al. (1986)

A. acutifolius Falavigna et al. (2008), Gonzalez Castanon and

Falavigna (2008)

A. aphyllus Falavigna et al. (2008), Gonzalez Castanon

and Falavigna (2008)

A. albus Falavigna et al. (2008), Gonzalez Castanon and

Falavigna (2008)

A. stipuralis Falavigna et al. (2008), Gonzalez Castanon

and Falavigna (2008)

A. asparagoides Highly resistant, Bansal et al. (1986)

A. compactus Highly resistant, Bansal et al. (1986)

A. larcinus Highly resistant, Bansal et al. (1986)

A. verticillatus Highly resistant, Bansal et al. (1986)

A. virgatus Highly resistant, Bansal et al. (1986)

A. retrofractus Low levels of infection, Bansal et al. (1986)

A. macowanii Low levels of infection, Bansal et al. (1986)

A. setaceus Low levels of infection, Bansal et al. (1986)

Resistance to rust

(Puccinia asparagi)
A. densiflorus Kahn et al. 1952; Thompson and Helper (1956)

A. maritimus Falavigna et al. (2008), Gonzalez Castanon and

Falavigna (2008)

A. acutifolius Gonzalez Castanon and Falavigna (2008)

A. aphyllus Gonzalez Castanon and Falavigna (2008)

A. albus Gonzalez Castanon and Falavigna (2008)

A. stipuralis Gonzalez Castanon and Falavigna (2008)

A. virgatus Norton (1913), Kahn et al. (1952)

A. plumosus (syn. A. setaceus) Kahn et al. (1952)

A. scandens Kahn et al. (1952)

Resistance to Phomopsis
asparagi

A. densiflorus Sonoda et al. (2001)

A. asparagoides Sonoda et al. (2001)

A. virgatus Sonoda et al. (2001)

A. macowanii Sonoda et al. (2001)
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Table 3.2 List of successful and unsuccessful hand-pollinated crosses among Asparagus species

Successful cross Unsuccessful cross References

A. officinalis � A. davuricus A. officinalis � A. virgatus Norton (1913)

A. officinalis � A. densiflorus
(¼A. sprengeri)

Kahn et al. (1952)

A. officinalis � A. plumosus
(¼A. setaceus)

A. officinalis � A. virgatus

A. officinalis � A. scandens

A. officinalis � A. tenuifolius Bozzini (1962a)

A. tenuifolius � A. officinalis A. officinalis � A. retroflactus Bozzini (1962b)

A. davuricus � A. scaber (¼A. maritimus) A. virgatus � A. officinalis

A. acutifolius � A. aphyllus A. densiflorus � A. officinalis

A. tenuifolius � A. scaber
(¼A. maritimus)

A. officinalis � A. brachyphyllus Ito and Currence (1965)

A. officinalis � A. scaber (¼A. maritimus) Thevenin (1974)

A. tenuifolius � A. officinalis

A. acutifolius � A. officinallis

A. officinalis � A. prostratus McCollum (1988a)

A. officinalis � A. oligoclonos A. officinalis � A. densiflorus McCollum (1988b)

A. prostratus � A. densiflorus

(A. officinalis � A. prostratus) �
A. densiflorus

A. acutifolius � A. densiflorus

A. aphyllus � A. densiflorus

A. arborescens � A. densiflorus

A. falcatus � A. densiflorus

A. laricinus � A. densiflorus

A. oligoclonos � A. densiflorus

(A. officinalis � A. oligoclonos) �
A. densiflorus

A. pastorianus � A. densiflorus

A. setaceus � A. densiflorus

A. virgatus � A. densiflorus

A. officinalis � A. densiflorus Marcellán and Camadro

(1996, 1999)

A. officinalis � A. schoberioides Ochiai et al. (2002)

A. officinalis � A. schoberioides Ito et al. (2007)

A. officinalis � A. maritimus A. officinalis � A. acutifolius Falavigna et al. (2008)

(A. officinalis � A. maritimus) � A. acutifolius A. maritimus � A. acutifolius

A. albus � A. officinalis

A. officinalis � A. stipularis

A. offcinalis � A. kiusianus A. officinalis � A. densiflorus Ito et al. (2008)

A. officinalis � A. virgatus

A. officinalis � A. asparagoides

A. officinalis � A. cochinchinensis

A. officinalis � A. verticillatus
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2n ¼ 20, suggesting that the abnormal growth of the

somatic hybrid may be partly due to an aberrant chro-

mosome number (Kunitake et al. 1996; Kunitake and

Mii 1998).

3.6.3 Edible Wild Asparagus

Asparagus is one of the most important vegetables

grown in the world. Edible asparagus is mainly of

the species A. officinalis. In addition to this species,

several Asparagus species have been reported to

be edible. Young shoots of A. acutifolius are eaten in

omelets, stewed, or boiled and consumed alone or

with scrambled eggs and fresh cheese in Italy, Spain,

Cyprus, and Turkey (Bonnet and Valles 2002; Ertug

2004; Pieroni et al. 2005; Tardio et al. 2006; Della

et al. 2006). A. acutifolius has been introduced

as an interesting niche crop for marginal areas in

Europe, and a cultivation technique has been reported

(Benincasa et al. 2007). The young shoots of

A. aphyllus, A. albus, and A. stipuralis are also har-

vested and eaten in omelets or with scrambled eggs in

Spain, although the geographical distributions of

these species are limited (Tardio et al. 2006). Outside

Europe, shoots and roots of A. flagellaris and

A. africanus, shoots of A. suaveolens, and fruits of

A. racemosus are eaten in sub-Saharan Africa (Peters

et al. 1992), and young A. wildemanii shoots arising

below the soil surface (like white asparagus) are

boiled and served with butter or used in soups, ome-

lets, and other dishes in Zimbabwe (Tredgold et al.

1986). The parts of these Asparagus species that

are eaten are mainly young shoots, and various spe-

cies are eaten in diverse areas. It is likely that many

other wild species of Asparagus are eaten around the

world.

3.6.4 Possibility of Asparagus Breeding
Using Wild Species

Asparagus (A. officinalis) is cultivated throughout the

world. Although this species includes many cultivars,

the gene pool of the species is relatively limited

(Stajner et al. 2002b). Nevertheless, the genus Aspar-

agus contains more than 200 species with the many

agricultural traits mentioned in Sects. 3.5 and 3.6.1.

One of these species, A. maritimus, shows resistance

to P. asparagi, and this resistance trait has been

inherited by an interspecific hybrid between A. mar-
itimus and A. officinalis (Falavigna et al. 2008). It is

expected that the agricultural traits of wild asparagus

will be introgressed into A. officinalis by continuing

interspecific crossing using hand pollination. Mean-

while, the molecular mechanisms of the disease

resistance traits will be clarified, and the gene(s)

responsible for disease resistance will be transferred

into A. officinalis by genetic transformation. In addi-

tion, the young shoots of several wild asparagus spe-

cies are edible, such as those of A. acutifolius and

A. stipuralis. Although a comparative analysis of

taste among Asparagus species has not been reported,

asparagus breeding using these wild Asparagus

species may produce interspecific cultivars with

new tastes.

Fig. 3.5 Interspecific hybrid between Asparagus schoberioides and A. officinalis. (a) A. schoberioides. (b) Interspecific hybrid.

(c) A. officinalis
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Appendix: A List of Asparagus Species in the World

Species Distribution Chromosome nos. Remarks

Asparagus acerosus Thunb. ex Schult. & Schult. f. South Africa Status uncertain

Asparagus acicularis F.T. Wang & S.C. Chen China

Asparagus acocksii Jessop South Africa Protasparagus acocksii
(Jessop) Oberm.

Asparagus acutifolius L. Europe, North Africa, West Asia 2n ¼ 20

Asparagus adscendens Roxb. India, Pakistan n ¼ 10, 2n ¼ 20

Asparagus aethiopicus L. Tropical Africa, South Africa Protasparagus aethiopicus
(L.) Oberm.

Asparagus africanus Lam. Africa, Arabian Peninsula 2n ¼ 20

Asparagus aggregatus (Oberm.) Fellingham &

N.L. Mey.

South Africa

Asparagus albus L. Europe, North Africa 2n ¼ 20

Asparagus alopecurus (Schltr. Ex Oberm.)

S.T. Malcomber & Sebsebe Demissew

South Africa Myrsiphyllum alopecurum
Schltr. Ex Oberm.

Asparagus altiscandens Engl. & Gilg Tropical Africa

Asparagus altissimus Munby Africa

Asparagus angulofractus Iljin China (SW Xinjiang), Kazakhstan

Asparagus angusticladus (Jessop) J.-P. Lebrun & Stork Tropical Africa, South Africa Protasparagus
angusticladus (Jessop)
Oberm.

Asparagus aphyllus L. Europe, North Africa, West Asia 2n ¼ 20

Asparagus arborescens Willd. Canary 2n ¼ 20

Asparagus aridicola Sebsebe Tropical Africa

Asparagus asiaticus L. India

Asparagus asparagoides (L.) Druce Africa 2n ¼ 20

Asparagus aspergillus Jessop Tropical Africa, South Africa Protasparagus aspergillus
(Jessop) Oberm.

Asparagus baguirmiensis A. Chev. Tropical Africa nom. nud.

Asparagus baumii Engl. & Gilg Tropical Africa

Asparagus bayeri (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus bayeri
Oberm

Asparagus bechuanicus Baker South Africa

Asparagus benguellensis Baker Tropical Africa

Asparagus bequaertii De Wild. Tropical Africa

Asparagus biflorus (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus biflorus
Oberm

Asparagus botschantzevii Vlassova Middle Asia

Asparagus brachiatus Thulin Tropical Africa

Asparagus brachyphyllus Turcz. China, Kazakhstan, Korea, Mongolia,

Tajikistan, Turkmenistan,

Uzbekistan

Asparagus breslerianus Schult. f. China, Kazakhstan, Mongolia, Russia,

Turkmenistan, Uzbekistan; SW

Asia

2n ¼ 20

Asparagus buchananii Baker Tropical Africa, South Africa Protasparagus buchananii
(Baker) Oberm.

Asparagus bucharicus Iljin Tajikistan

Asparagus burchellii Baker South Africa Protasparagus burchellii
(Baker) Oberm.

Asparagus burjaticus Peshkova Russia (Siberia)

Asparagus buruensis Engl. Tropical Africa

Asparagus calcicolus H. Perrier Madagascar

Asparagus capensis L. South Africa Protasparagus capensis
(L.) Oberm.

Asparagus caspius Schult. & Schult. f.

Asparagus clareae (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus clareae
Oberm.

Asparagus cochinchinensis (Lour.) Merr. China, Japan, Korea, Laos,

Vietnam, Philippines

2n ¼ 20

(continued)
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Species Distribution Chromosome nos. Remarks

Asparagus coddii (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus coddii
Oberm.

Asparagus concinnus Kies South Africa Protasparagus concinnus
(Baker) Oberm. &

Immelman

Asparagus confertus K. Krause South Africa Protasparagus confertus
(K.Krause) Oberm.

Asparagus consanguineus (Kunth) Baker Madagascar

Asparagus cooperi Baker South Africa 2n ¼ 40 Protasparagus cooperi
(Baker) Oberm.

Asparagus courtetii A. Chev. Tropical Africa nom. nud.

Asparagus crassicladus Jessop South Africa Protasparagus crassicladus
(Jessop) Oberm.

Asparagus dauricus Link China, Korea, Mongolia, Russia

(Far East, Siberia)

2n ¼ 18

Asparagus dauricus var. elongatus Pamp. China (Hubei)

Asparagus debilis A. Chev. South Africa nom. nud.

Asparagus declinatus L. South Africa Myrsiphyllum declinatum
(L.) Oberm.

Asparagus deflexus Baker Tropical Africa

Asparagus densiflorus (Kunth) Jessop Tropical Africa, South Africa n ¼ 20, 2n ¼ 40 Protasparagus densiflorus
(Kunth) Oberm.

Asparagus denudatus (Kunth) Baker South Africa Protasparagus denudatus
(Kunth) Oberm.

Asparagus denudatus subsp. nudicaulis Sebsebe Tropical Africa

Asparagus devenishii (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus devenishii
Oberm.

Asparagus divaricatus (Oberm.) Fellingham &

N.L. Mey.

South Africa Protasparagus divaricatus
Oberm.

Asparagus drepanophyllus Welw. & Baker Tropical Africa

Asparagus duchesnei L. Linden Tropical Africa

Asparagus dumosus Baker Pakistan (Sindh) n ¼ 30

Asparagus edulis (Oberm.) J.-P. Lebrun & Stork Tropical Africa, South Africa Protasparagus edulis
Oberm.

Asparagus elephantinus S.M. Burrows South Africa

Asparagus equisetoides Welw. ex Baker Tropical Africa

Asparagus exsertus (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus exsertus
Oberm.

Asparagus exuvialis Burch. South Africa, Namibia Protasparagus exuvialis
(Burch.) Oberm.

Asparagus falcatus L. Tropical Africa, South Africa,

Comoros, Madagascar,

Yemen, Sri Lanka

2n ¼ 20, 40 Protasparagus falcatus (L.)
Oberm.

Asparagus fallax Svent. Canary 2n ¼ 20

Asparagus fasciculatus Thunb. South Africa Myrsiphyllum fasciculatum
(Thunb.) Oberm.

Asparagus faulkneri Sebsebe Tropical Africa

Asparagus ferganensis Vved. Russia

Asparagus filicinus Buch.-Ham. ex D. Don China, Bhutan, Nepal, India,

Myanmar, Thailand

2n ¼ 16,18,20

Asparagus filicladus (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus filicladus
Oberm.

Asparagus flagellaris (Kunth) Baker Tropical Africa

Asparagus flavicaulis (Oberm.) Fellingham&N.L. Mey. South Africa

Asparagus fourei (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus fouriei
Oberm.

Asparagus fractiflexus (Oberm.) Fellingham &

N.L. Mey.

South Africa Protasparagus fractiflexus
Oberm.

Asparagus glaucus Kies South Africa Protasparagus glaucus
(Kies) Oberm.

(continued)
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Species Distribution Chromosome nos. Remarks

Asparagus gobicus Ivan. ex Grubov China, Mongolia

Asparagus gonocladus Baker India, Sri Lanka n ¼ 10,30,

2n ¼ 60

Asparagus graniticus (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus graniticus
Oberm.

Asparagus greveanus H. Perrier Madagascar

Asparagus griffithii Baker Afghanistan

Asparagus gypsaceus Vved. Central Asia

Asparagus hirsutus S.M. Burrows South Africa

Asparagus homblei De Wild. Tropical Africa

Asparagus humilis Engl. Tropical Africa

Asparagus intricatus (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus intricatus
Oberm.

Asparagus juniperoides Engl. South Africa Myrsiphyllum juniperoides
(Engl.) Oberm.

Asparagus kaessneri De Wild. Tropical Africa

Asparagus kansuensis F.T. Wang & T. Tang China (S Gansu)

Asparagus kasakstanicus Iljin Kazakhstan

Asparagus katangensis De Wild. & T. Durand Tropical Africa

Asparagus kraussianus J.F. Macbr. South Africa Myrsiphyllum kraussianum
Kunth

Asparagus krebsianus (Kunth) Jessop Tropical Africa, South Africa Protasparagus krebsianus
(Kunth) Oberm.

Asparagus laevissimus Steud. India n ¼ 10,20,

2n ¼ 40

Asparagus laricinus Burch. Tropical Africa, South Africa 2n ¼ 20 Protasparagus laricinus
(Burch.) Oberm.

Asparagus lecardii De Wild. Tropical Africa

Asparagus ledebourii Mishchenko South Caucasus

Asparagus leptocladodius Chiov. Tropical Africa

Asparagus leptophyllus Schischk. Armenia

Asparagus levinae Klokov Ukraine

Asparagus lignosus Burm. f. South Africa

Asparagus litoralis Steven Ukraine, Kazakhstan

Asparagus longicladus N.E. Br. Tropical Africa, South Africa Protasparagus longicladus
(N.E.Br.) B. Mathew

Asparagus longiflorus Franch. China

Asparagus longipes Baker Tropical Africa

Asparagus lujae De Wild. Tropical Africa

Asparagus lycopodineus (Baker) F.T. Wang & T. Tang China, Bhutan, India, Myanmar

Asparagus lynetteae (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus lynetteae
Oberm.

Asparagus macowanii Baker Tropical Africa, South Africa,

Madagascar

Protasparagus macowanii
(Baker) Oberm.

Asparagus madecassus H. Perrier Madagascar

Asparagus mahafalensis H. Perrier Madagascar

Asparagus mairei H. Lev. China (Yunnan (Kunming Shi))

Asparagus mariae (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus mariae
Oberm.

Asparagus maritimus (L.) Mill. Europe, North Africa

Asparagus martretii A. Chev. Tropical Africa nom. nud.

Asparagus meioclados H. Lev. China (Guizhou, Sichuan, Yunnan)

Asparagus merkeri K. Krause Tropical Africa

Asparagus microraphis (Kunth) Baker South Africa Protasparagus
microrhaphis (Kunth)
Oberm.

Asparagus migeodii Sebsebe Tropical Africa

Asparagus minutiflorus (Kunth) Baker Tropical Africa, South Africa Protasparagus minutiflorus
(Kunth) Oberm.

Asparagus mollis (Oberm.) Fellingham & N.L. Mey. South Africa Protasparagus mollis
Oberm.
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Asparagus monophyllus Baker Pakistan, Afghanistan, Iran

Asparagus mozambicus Kunth Tropical Africa

Asparagus mucronatus Jessop South Africa Protasparagus mucronatus
(Jessop) Oberm.

Asparagus multiflorus Baker South Africa Protasparagus multiflorus
(Baker) Oberm.

Asparagus multituberosus R.A. Dyer South Africa Myrsiphyllum
multituberosum (R.A.

Dyer) Oberm.

Asparagus munitus F.T. Wang & S.C. Chen China (SW Sichuan, Yunnan)

Asparagus myriacanthus F.T. Wang & S.C. Chen China (SE Xizang, NW Yunnan)

Asparagus natalensis (Baker) J.-P. Lebrun & Stork Tropical Africa, South Africa Protasparagus natalensis
(Baker) Oberm. 3.

Asparagus ndelleensis A. Chev. Tropical Africa nom. nud.

Asparagus neglectus Kar. & Kir. China (N Xinjiang), Afghanistan,

Kazakhstan, Mongolia, Pakistan,

Russia (E Siberia), Tajikistan,

Turkmenistan, Uzbekistan

May be synonym of

Asparagus

trichophyllus

Asparagus nelsii Schinz Tropical Africa, South Africa Protasparagus nelsii
(Schinz) Oberm.

Asparagus nesiotes Svent. Subsp. nesiotes Madeire n ¼ 30

Asparagus nesiotes subsp. purpuriensis A.Marrero &

A.Ramos

Canary 2n ¼ 60

Asparagus nodulosus (Oberm.) J.-P. Lebrun & Stork Tropical Africa, South Africa Protasparagus nodulosus
Oberm.

Asparagus officinalis L. Europe, North Africa, West Asia,

Russia, Kazakhstan, Mongolia

n ¼ 10,

2n ¼ 20,40

Asparagus oligoclonos Maxim. China, Japan, Korea, Mongolia, Russia

(Far East, Siberia)

2n ¼ 40

Asparagus oligophyllus Baker Asia?

Asparagus oliveri Fellingham & N.L. Mey. South Africa Protasparagus oliveri
Oberm.

Asparagus ovatus T.M. Salter South Africa Myrsiphyllum ovatum
(Salter) Oberm.

Asparagus oxyacanthus Baker South Africa Protasparagus oxyacanthus
(Baker) Oberm.

Asparagus pachyrrhizus Ivanova ex Vlassova Turkmenistan

Asparagus parviflorus Turcz. Russia (Siberia)

Asparagus pastorianus Webb & Berthel. North Africa, Macaronesia 2n ¼ 40

Asparagus pearsonii Kies South Africa Protasparagus pearsonii
(Kies) Oberm.

Asparagus pendulus (Oberm.) J.-P. Lebrun & Stork South Africa Protasparagus pendulus
Oberm.

Asparagus persicus Baker Russia 2n ¼ 20,40,60

Asparagus petersianus Kunth Tropical Africa

Asparagus planiusculus Burm. f. South Africa

Asparagus plocamoides Webb ex Svent. Canary 2n ¼ 20

Asparagus poissonii H. Perrier Madagascar

Asparagus popovii Iljin Turkmenistan

Asparagus przewalskyi N.A. Ivanova ex Grubov &

T.V. Egorova

China (Qinghai)

Asparagus pseudoscaber Grec. Europe

Asparagus psilurus Welw. ex Baker Tropical Africa

Asparagus racemosus Willd. China (S Xizang), Bhutan, India,

Malaysia, Myanmar, Nepal,

Pakistan, Sikkim; Africa,

Madagascar, Australia

n ¼ 10, 2n ¼ 20

Asparagus ramosissimus Baker South Africa, Madagascar Myrsiphyllum
ramosissimum (Baker)

Oberm.

Asparagus recurvispinus (Oberm.) Fellingham &

N.L. Mey.

South Africa Protasparagus
recurvispinus Oberm.

(continued)
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Asparagus retrofractus L. South Africa Protasparagus retrofractus
(L.) Oberm.

Asparagus rigidus Jessop South Africa Protasparagus rigidus
(Jessop) Oberm.

Asparagus ritschardii De Wild. Tropical Africa

Asparagus rogersii R.E. Fr. Tropical Africa

Asparagus rubicundus P.J. Bergius South Africa Protasparagus rubicundus
(P.J. Bergius) Oberm.

Asparagus sapinii De Wild. Tropical Africa

Asparagus scaberulus A. Rich. Tropical Africa

Asparagus scandens Thunb. South Africa Myrsiphyllum scandens
(Thunb.) Oberm.

Asparagus schoberioides Kunth China, Japan, Korea, Mongolia, Russia

(Far East, Kurile Islands, Sakhalin,

Siberia)

2n ¼ 20

Asparagus schroederi Engl. Tropical Africa, South Africa Protasparagus schroederi
(Engl.) Oberm.

Asparagus schumanianus Schltr. ex H. Perrier Africa, Madagascar nom. nud.

Asparagus scoparius Lowe North Africa (Morocco) n ¼ 10, 2n ¼ 20

Asparagus sekukuniensis (Oberm.) Fellingham &

N.L. Mey.

South Africa Protasparagus
sekukuniensis Oberm.

Asparagus setaceus (Kunth) Jessop Africa

Asparagus setiformis Kryl. Russia (Siberia)

Asparagus sichuanicus S.C. Chen & D.Q. Liu China (Sichuan, Xizang)

Asparagus simulans Baker Madagascar

Asparagus spinescens Steud. ex Roem. & Schult. South Africa Protasparagus spinescens
(Steud. ex Roem. &

Schult.) Oberm.

Asparagus squarrosus J.A. Schmidt Tropical Africa

Asparagus stellatus Baker South Africa Protasparagus stellatus
(Baker) Oberm.

Asparagus stipulaceus Lam. Tropical Africa, South Africa Protasparagus stipulaceus
(Lam.) Oberm.

Asparagus stipularis Forssk. Europe, Libya, Saudi Arabia,

North Africa

2n ¼ 20

Asparagus striatus (L.f.) Thunb. South Africa Protasparagus striatus
(L. f.) Oberm.

Asparagus striatus var. linearifolius Baker South Africa

Asparagus suaveolens Burch. Tropical Africa, South Africa Protasparagus suaveolens
(Burch.) Oberm.

Asparagus subfalcatus De Wild. Tropical Africa

Asparagus subscandens F.T. Wang & S.C. Chen China (S Yunnan)

Asparagus subulatus Thunb. Tropical Africa, South Africa Protasparagus subulatus
(Thunb.) Oberm.

Asparagus sylvicola S.M. Burrows Tropical Africa

Asparagus taliensis F.T. Wang & T. Tang ex S.C. Chen China (Yunnan)

Asparagus tamariscinus Ivanova ex Grub. Central Asia

Asparagus ternifolius Hook. f. Europe

Asparagus tibeticus F.T. Wang & S.C. Chen China (Xizang)

Asparagus transvaalensis (Oberm.) Fellingham &

N.L. Mey.

South Africa Protasparagus
transvaalensis Oberm.

Asparagus trichoclados (F.T. Wang & T. Tang)

F.T. Wang & S.C. Chen

China (C Yunnan)

Asparagus trichophyllus Bunge China, Mongolia, Russia (E Siberia) 2n ¼ 20

Asparagus turkestanicus Popov Turkmenistan

Asparagus uhligii K. Krause Tropical Africa

Asparagus umbellatus Link subsp. umbellatus Canary

Asparagus umbellatus Link subsp. lowei (Kunth) Valdes Madeire

Asparagus umbellulatus Sieber ex Baker Mauritius 2n ¼ 20

Asparagus undulatus (L.f.) Thunb. South Africa Myrsiphyllum undulatum
Oberm.
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Chapter 4

Capsicum

Orarat Mongkolporn and Paul W.J. Taylor

4.1 Introduction

Capsicum is an important crop grown worldwide as a

vegetable and spice crop. Capsicum is ranked among

the world’s one of the most important vegetables. The

world average annual production from 2000 to 2007

was approximately 23.9 million tons for fresh produce

and 2.5 million tons for dry chili from an average

world harvested area of 3.5 MHa (FAOSTAT 2008a).

Production has increased by approximately 22% since

2000. Figure 4.1 shows total production of chili (fresh

and dry forms) from different parts of the world in the

years 2005 and 2006, with Asia as the largest producer.

The world trade values of both fresh and dry Capsicum

have been fast growing from 1.7 in 2000 to 2.8 billion

USD in 2005 for fresh produce, and from 405 to 655

million USD for dry products (FAOSTAT 2008b).

In addition, Capsicum is importantly used in food

industries for flavoring and coloring, and is valued as

medicine and ornamentals.

4.2 Basic Botany, Origin, and Evolution
of Capsicum

The Capsicum species is a member of the Solan-

aceae family (tribe Solaneae, subtribe Capsicinae)

that includes tomato, potato, tobacco, and petunia.

Capsicum is native to the tropics and subtropics of

America. Four locations including southern USA and

Mexico to western South America, northeastern Brazil

and coastal Venezuela, eastern coastal Brazil, and

central Bolivia and Paraguay to northern and central

Argentina are suggested by Hunziker (2001) to be the

centers of distribution of Capsicum. To date, 31 spe-

cies have been identified as explained by Moscone

et al. (2007). The list of the 31 Capsicum spp. with

some taxonomic traits is provided in Table 4.1. Pre-

dominantly, Capsicums are perennial shrubs, while

some grow biennially and a few are trees.

Capsicum has various names, including pepper,

chile, chili, chilli, aji, and paprika. Among the 31 spe-

cies, five are domesticated including C. annuum L.,

C. baccatum L., C. chinense Jacq., C. frutescens L.,

and C. pubescens Ruiz & Pavón. (Heiser and Pickersgill

1969; IBPGR 1983). An up to date knowledge of

Capsicum evolution based on cytogenetic study was

summarized by Moscone et al. (2007). The Capsicum

species were distinguished into two groups based on

chromosome numbers, 2n ¼ 24 and 2n ¼ 26. Only

one species, C. annuum var. glabriusculum, is tetra-

poid (2n ¼ 4x ¼ 48) (Pickersgill 1977). Capsicum
chacoense appeared to be the most primitive taxa,

and the species with chromosome number 26 were

likely to be more advanced than the species with

2n ¼ 24. The Capsicum species, more advance

in evolution, exhibited more DNA content (1C or

haploid DNA content 3.35–5.77 pg) and heterochro-

matin amount (1.8–38.9% of the karyotype length)

(Pickersgill 1977).

A possible evolutionary relationship among theCap-

sicum species based on karyotype features proposed by

Moscone et al. (2007) is displayed in Fig. 4.2. All

Capsicum species shared a common ancestor, which

was a diploid with x ¼ 12. C. chacoense differentiated
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Fig. 4.1 Total world production of

chili in 2005–2006 (FAOSTAT 2008a)

Table 4.1 List of the 31 identified Capsicum species with some characteristics and geographic distribution (Moscone et al. 2007)

Species and variety Growth form Corolla shape and

color

Fruit shape and

color

Seed

color

2na Geographic distribution

C. annuum L. var.

annuum
Herb or

subshrub

(1–2 m)

Stellate; white

or cream

(exceptionally

violet)

Highly variable

shape; violet,

red, orange,

yellow or

green

Yellowish 241–3,10–13

482
Cultivated worldwide

var. glabriusculum
(Dunal) Heiser &

Pickersgill [syn.

¼ var. minimum

(Mill.) Heiser]

Herb or

subshrub

(1–2 m)

Stellate; white

or cream

Ovoid or

spherical; red

Yellowish 241–3 Southern USA, Mexico,

Antilles, Belize,

Honduras, El

Salvador, Panama,

Costa Rica,

Guatemala, Surinam,

Venezuela,

Colombia, Ecuador,

Peru, northern and

northeastern Brazil

C. baccatum L. var.

baccatum
Shrub

(0.6–3.5 m)

Stellate; white

with greenish

spots in the

throat

Ovoid or elliptic;

red

Yellowish 242–3,13–14 Colombia, Peru,

Bolivia, Paraguay,

southern and

southeastern Brazil,

northern Argentina

var. pendulum
(Willd.)

Eshbaugh

Shrub

(0.6–2 m)

Stellate; white

with greenish

spots in the

throat

Elliptic or

fusiform; red

or yellow

Yellowish 242–3,10–13 Cultivated in USA,

Mexico, Costa Rica,

Colombia, Ecuador,

Peru, Brazil, Bolivia,

Paraguay, Chile,

Argentina, India

var. umbilicatum
(Vellozo) Hunz.

& Barboza

Herb or shrub

(1.6–2 m)

Stellate; white

with greenish

spots in the

throat

Umbonate

umbilicate;

red

Yellowish 249,13 Cultivated in USA,

Mexico, Jamaica,

Peru, Brazil, Bolivia,

Paraguay, Argentina

C. caballeroiM. Nee Herb, shrub or

tree (1–7 m)

Campanulate;

lemon yellow

Spherical; red Yellowish ?19 Bolivia

C. campylopodium
Sendtn.

Shrub

(0.7–1.1 m)

Stellate; white

with golden

spots in the

throat

Spherical

compressed;

yellowish

green

Blackish 2610–11,13,17 Brazil

C. cardenasii Heiser
& Smith

Shrub (1 m) Campanulate;

violet lobules

with azure

throat

Spherical; red brownish 242–3,15 Bolivia

C. ceratocalyx
M. Nee

Shrub (1.5 m) Rotate; yellow

with green

spots in the

throat

Spherical; red ? ?19 Bolivia

(continued)
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Table 4.1 (continued)

Species and variety Growth form Corolla shape and

color

Fruit shape and

color

Seed

color

2na Geographic distribution

C. chacoense Hunz. Shrub

(0.4–0.8 m)

Stellate; white Ovoid or elliptic;

red

Yellowish 242–3, 6,

10–11,13
Southern Bolivia,

Paraguay, northern

and central

Argentina

C. chinense Jacq. Herb or shrub

(0.5–2 m)

Stellate; white or

cream

Spherical or

conical; red,

orange,

yellow or

white

Yellowish 242–3,11–13,

17
Cultivated in USA,

Mexico, Central

America, Ecuador,

Peru, Bolivia, Brazil,

Argentina, China,

Japan, Thailandb

C. coccineum
(Rusby) Hunz.

Herb or

climbing

subshrub

(1.5–3 m)

Stellate; yellowish

white with

purplish spots

in the throat

Spherical; orange

or red

Brownish ? Peru, Bolivia

C. cornutum (Hiern.)

Hunz.

Shrub

(1.2–1.8 m)

Rotate; white with

violet or

brownish spots

in the throat,

green in the

tube

Spherical

depressed;

yellowish

green

Blackish 2617 Brazil

C. dimorphum
(Miers) Kuntze

Shrub

(1.5–2 m)

Stellate; yellow,

sometimes

with violet

spots in the

throat

Spherical; orange

or red

Brownish ? Colombia, Ecuador

C. eximium Hunz. Herb, shrub

or tree

(0.6–4 m)

Stellate; white

with violet

lobules,

greenish in the

tube

Spherical; red Brownish 242–3,13 Southern Bolivia,

northern Argentina

C. flexuosum Sendtn. Shrub

(0.5–2 m)

Stellate; white

with greenish

spots in the

throat

Spherical

depressed;

red

Blackish 247,17 Paraguay, southern and

southeastern Brazil,

northeastern

Argentina

C. friburgense
Bianchetti &

Barboza

Shrub

(0.8–2.5 m)

Campanulate

urceolate; pink

or lilac

Spherical

depressed;

yellowish

green

Blackish 2617 Brazil

C. frutescens L. Herb or shrub

(1–2 m)

Stellate; white or

cream

Elongate; red Yellowish 242–3,11–13 Cultivated in USA,

Mexico, Central and

South America,

Africa, India, China,

Japan, Thailandb

C. galapagoense
Hunz.

Shrub (1–4 m) Stellate; white Spherical; red Yellowish 242–3 Ecuador

C. geminifolium
(Dammer) Hunz.

Shrub

(0.7–4 m)

Rotate; white or

yellowish with

violet spots in

the throat

Spherical; red Brownish ? Colombia, Ecuador,

Peru

C. hookerianum
(Miers) Kuntze

Shrub (1–3 m) Stellate; ocher Spherical; color

unknown

Brownish ? Southern Ecuador,

northern Peru

C. hunzikerianum
Barboza &

Bianchetti

Shrub (1–3 m) Stellate; white

with purple

spots in

lobules and

throat,

yellowish in

the tube

Spherical;

yellowish

green

Blackish ? Brazil

(continued)
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Table 4.1 (continued)

Species and variety Growth form Corolla shape and

color

Fruit shape and

color

Seed

color

2na Geographic distribution

C. lanceolum
(Greenm.)

Morton &

Standley

Herb or shrub

(1–5 m)

Stellate

campanulate;

white or

yellowish

Spherical; pale

orange or red

Brownish 2616 Mexico, Guatemala

C. mirabile Mart.

(syn. ¼
C. buforum
Hunz.)

Herb or shrub

(0.5–3 m)

Stellate; white

with purple

spots in the

lobules,

greenish in the

throat and tube

Spherical;

yellowish

green

Blackish 2611,17 Brazil

C. parvifolium
Sendtn.

Shrub or tree

(1.5–5 m)

Rotate; white with

purple spots in

the lobules,

greenish in the

throat and tube

Spherical; orange

or red

Brownish 248, 10–11,13,

17
Colombia, Venezuela,

northeastern Brazil

C. pereirae Barboza
& Bianchetti

Shrub

(0.5–3 m)

Stellate; white

with purple

spots in the

lobules,

yellowish in

the throat and

tube

Spherical;

yellowish

green

Blackish 265,17 Brazil

C. praetermissum
Heiser & Smith

[syn. ¼ C.
baccatum var.

praetermissum
(Heiser & Smith)

Hunz.]

Herb or shrub

(0.8–1.8 m)

Rotate; white with

purple lobule

margins and

greenish spots

in the throat

Spherical or

elliptic;

orange or red

Yellowish 242–3,14,17 Central and southeastern

Brazil, Paraguay

C. pubescens Ruiz &
Pav.

Shrub

(0.8–2 m)

Rotate; purple or

violet in the

lobules, white

or yellowish in

the tube

Turban shaped,

spherical or

elongate; red,

orange or

yellow

Blackish 242–3,10–13 Cultivated in Mexico,

Central and South

America

C. recurvatum
Witas.

Herb or shrub

(0.5–3 m)

Stellate; white

with greenish

spots in the

throat

Spherical;

yellowish

green

Blackish 2618 Brazil

C. rhomboideum
(Dunal) Kuntze

[syn. ¼ C.
cilatum (Kunth)

Kuntze]

Shrub or small

tree

(0.8–4 m)

Rotate; yellow Spherical; red Brownish 262–3 Mexico, Guatemala,

Honduras,

Colombia,

Venezuela, Ecuador,

Peru

C. schottianum
Sendtn.

Shrub

(1.2–3 m)

Stellate; white

with violet or

brownish spots

in the throat,

greenish in the

tube

Spherical;

yellowish

green

Blackish 265,17 Brazil

C. scolnikianum
Hunz.

Shrub (1.5 m) Campanulate;

yellowish

white

Spherical

depressed;

red

Brownish ? Ecuador

C. tovarii Eshbaugh,
Smith &

Nickrent

Shrub (1 m) Stellate; variable

color (purple

or cream with

greenish spots

in the lobules)

Spherical; red Brownish 242–4,15,20 Peru

(continued)
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at the earliest stage of the evolution line, and soon

after evolved the C. annuum complex (C. annuum,
C. chinense, and C. frutescens). The primitive group,

which is represented by species with white flowers,

comprises C. galapagoense, C. rhomboideum, and

C. parvifolium. The recent species group started with

C. baccatum and C. praetermissum, and three most

advanced groups were beyond this point. The first was

the group with purple flowered species (C. eximium,

C. cardenasii, C. pubescens, and C. tovarii), the second
was C. flexuosum, and the third was the most advanced

(majority were 2n ¼ 26) group with C. mirabile as

the core species.

The following taxonomic key to identify wild

Capsicum species was developed by Barboza and

Bianchetti (2005).

Table 4.1 (continued)

Species and variety Growth form Corolla shape and

color

Fruit shape and

color

Seed

color

2na Geographic distribution

C. villosum Sendtn. Subshrub or

shrub

(1–3 m)

Stellate; white

with violet or

brownish spots

in the throat,

greenish in the

tube

Spherical;

yellowish

green

Blackish 2617 Brazil

aMain chromosome report references: 1 ¼ Pickersgill (1971), 2 ¼ Pickersgill (1977), 3 ¼ Pickersgill (1991), 4 ¼ Eshbaugh et al.

(1983), 5 ¼ Moscone (1989), 6 ¼ Moscone (1990), 7 ¼ Moscone (1992), Moscone (1993), Moscone (1999), 10 ¼ Moscone et al.

(1993), 11 ¼ Moscone et al. (1995), 12 ¼Moscone et al. (1996), 13 ¼ Moscone et al. (2003), 14 ¼ Cecchini and Moscone (2002),

15 ¼ Cecchini et al. (2003), 16 ¼ Tong and Bosland (1997), 17 ¼ Pozzobon et al. (2006), 18 ¼ Moscone et al. (2007), 19 ¼ Nee

et al. (2006), 20 ¼ Tong and Bosland (1999)
bNewly added in this article

Fig. 4.2 Diagram showing possible evolutionary relationships between the Capsicum species based on karyotype studies (adapted

from Moscone et al. 2007)
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1. Style cylindrical, equal in width from the base to the apex. Fruit red, generally elliptical, ovoid, or sometimes globose. Seeds

yellowish-brown, the episperm smooth. Corolla 4–7.5 mm long.

2. Corolla stellate, unspotted, white or cream-colored, the lobes generally oblong, and more or less the same length as the limb

and tube. Filaments as long as or shorter than the anthers. Northern and northeastern Brazil (Acre, Amazonas, Maranhão,

Rondonia, Roraima) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. annuum var. glabriusculum (Dunal) Heiser & Pickersgill.

2. Corolla rotate, white with greenish-yellow spots on the lobes and limb inside, the lobes broader than long and markedly

shorter than the limb and tube. Filaments generally 1.5 times or more longer than the anthers.

3. Corolla with the inside margin white. South and southeastern Brazil (Espı́rito Santo, Mato Grosso do Sul, Minas Gerais,

Paraná, Rio de Janeiro, Rio Grande do Sul, Santa Catarina, São Paulo) . . . . . . . . . . . . . . . . . . . C. baccatum L. var. baccatum.

3. Corolla with the inside margin lilac or violet. Southeastern and west-central Brazil (Goiás, Minas Gerais, Paraná, Santa

Catarina, São Paulo) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. baccatum var. praetermissum (Heiser & Smith) Hunz.

1. Style clavate, widening from a moderately narrow base to a gradually broadened apex. Fruit generally yellow or yellowish-green

at maturity, rarely red-colored, globose or globose-depressed, or globose-compressed. Seeds generally brownish or blackish

(yellowish-brown only in C. parvifolium), the episperm foveolate with spine-like projections. Corolla (5.5) 6–15 (16) mm long.

4. Corolla entirely pink or lilac, clearly campanulate to urceolate, tube (5.5) 7–9 (11) mm. Leaves generally ovate. Eastern

Brazil (Rio de Janeiro) . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. friburgense Bianchetti & Barboza.

4. Corolla white with yellowish-green and sometimes also purple spots inside, stellate or rotate, never campanulate–urceo-

late, tube (2) 2.6–6 (8) mm. Leaves ovate, elliptical, or narrowly elliptical.

5. Pedicels non-geniculate at anthesis, the flowers pendant.

6. Shrubs or trees up to 4-m tall or more. Fascicles 5–20 flowered. Calyx 5-toothed. Anthers as long as or longer than

the filaments. Seeds yellowish-brown. Northeastern Brazil (Bahı́a, Ceará, Paraiba, Pernambuco, Piauı́, Rio

Grande do Norte) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. parvifolium Sendtn.

6. Shrubs 0.5–2 (3) m tall. Flowers solitary or the fascicles 2–3 flowered. Calyx toothless or with 5 minuscule teeth.

Anthers clearly shorter than the filaments. Seeds brownish or blackish.

7. Corolla white with yellowish-green spots in the lobes and limb inside, 5.5–6 mm long. Leaves membranac-

eous, ovate, 2–3 (3.5) times longer than broad, glabrescent to pubescent. Fruits red at maturity. South and

southeastern Brazil (Minas Gerais, Paraná, Rio Grande do Sul, São Paulo, Santa Catarina) . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. flexuosum Sendtn.

7. Corolla white with purple spots followed by an interrupted yellowish-green zone in the lobes and limb,

9–10 mm long. Leaves coriaceous, elliptical to narrowly elliptical, 3–5.5 (10) times longer than broad,

glabrate. Fruits yellowish-green at maturity. Southeastern Brazil (Espı́rito Santo, Minas Gerais) . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. pereirae Barboza & Bianchetti.

5. Pedicels geniculate at anthesis, the flowers twisted 90�.
8. Corolla lacking purple spots inside.

9. Calyx toothless. Corolla with yellow or golden spots in lobes and limb. Ovules 2 per locule. Androecium

heterodynamous with 3 short stamens and 2 long stamens. Fruits globose-compressed. Southeastern Brazil

(Espı́rito Santo, Minas Gerais, Rio de Janeiro) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. campylopodium Sendtn.

9. Calyx with 5, or 6–9 horizontal or recurved teeth. Corolla with greenish spots inside. Ovules 5–8 per locule.

Androecium homodynamous with all stamens equal in length. Fruits globose-depressed. South and

southeastern Brazil (Paraná, Rio de Janeiro, Santa Catarina, São Paulo) . . . . . . . . . . . .C. recurvatumWitas.

8. Corolla with purple or brownish or violaceous spots followed by yellowish-green zones inside.

10. Calyx toothless or sometimes with 5 tiny teeth. Southeastern Brazil (Minas Gerais, Rio de Janeiro, São

Paulo) .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. schottianum Sendtn.

10. Calyx 5–10 toothed.

11. Calyx with only 5 short teeth (0.5–3 mm long).

12. Plants glabrescent, the hairs antrorse. Leaves elliptical to narrowly elliptical. Southeastern Brazil

(Minas Gerais, Rio de Janeiro, São Paulo) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. mirabileMart.

12. Plants densely hairy, the hairs flexuous and patent on stems, petioles, pedicels, and sometimes

also on the leaf nerves beneath. Leaves ovate. Southeastern Brazil (Minas Gerais, Rio de Janeiro,

São Paulo) . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. villosum Sendtn.

11. Calyx up to 6–10 long teeth (3.2–6 mm long).

13. Shrubs 1.2–1.8m tall, densely hairy. Corolla (8) 9–12 (14) mm long. Leavesmembranaceous, ovate

to broadly ovate. Southeastern Brazil (Rio de Janeiro, São Paulo) . . . . . C. cornutum (Hiern) Hunz.

13. Shrubs up to 3-m tall, glabrate. Corolla 10–14 (16) mm long. Leaves coriaceous, slightly

ovate to elliptical. Southeastern Brazil (São Paulo) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . C. hunzikerianum Barboza & Bianchetti.
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Historically, Capsicum was domesticated about

7000 BC (Andrews 1984). Among the domesticated

Capsicum, C. annuum is the most important and

widely grown around the world. C. annuum is closely

related to C. chinense and C. frutescens, which are

known as the C. annuum complex (DeWitt and Bos-

land 1996). These three species are more widely

grown than C. baccatum and C. pubescens (the latter

two are limited only to South America). A taxonomic

key to identify domesticated Capsicum was provided

by the International Board for Plant Genetic Resources

(IBPGR 1983).

1. Seed dark, corolla purple . . . . . . . . . . . . . . . . . . C. pubescens

1. Seed straw-colored, corolla white or greenish white (rarely

purple) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2. Corolla with diffuse yellow spots at bases of lobes . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. baccatum

2. Corolla without diffuse yellow spots at bases of lobes . . . 3

3. Corolla purple . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

4. Flowers solitary . . . . . . . . . . . . . . . . . . . . . C. annuum

4. Flowers two or more at each node . . . . C. chinense

3. Corolla white or greenish white . . . . . . . . . . . . . . . . 5

5. Calyx of mature fruit with annular constriction at

junction with pedicel . . . . . . .. . . . . . . C. chinense

5. Calyx of mature fruit without annular constriction

at junction with pedicel. . . . . . . . . . . . . . . . . . . . 6

6. Flowers solitary . . . . . . . . . . . . . . . . . . . . . . . . 7

7. Corolla milky white, lobes usually straight,

pedicels often declining at anthesis . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C. annuum

7. Corolla greenish white, lobes usually slightly

revolute, pedicels erect at anthesis . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . C. frutescens

6. Flowers two or more at each node . . . . . . . . . . . 8

8. Corolla milky white . . . . . . . . . . . C. annuum

8. Corolla greenish white . . . . . . . . . . . . . . . . . 9

9. Pedicels erect at anthesis, corolla lobes

usually slightly revolute . . . . .C. frutescens

9. Pedicels declining at anthesis, corolla

lobes straight . . . . . . . . . . . . . C. chinense

4.3 Conservation Initiatives

The IBPGR was established in 1974 under the aegis of

the Consultative Group on International Agricultural

Research (CGIAR) to promote an international net-

work of genetic resources centers to further the collec-

tion, conservation, documentation, evaluation, and use

of plant germplasm, and thereby contribute to raising

the standard of living and welfare of people through-

out the world. IBPGR was renamed to IPGRI (Inter-

national Plant Genetic Resources Institute) in 1991

and recently was combined with the International

Network for Improvement of Banana and Plantain

(INIBAP) to a new operating organization Bioversity

International, or Bioversity for short.

With the concern for genetic erosion of crops espe-

cially grown in the tropics, Capsicum was one of the

high global priorities to be conserved. IBPGR and the

Centro Agronómico Tropical de Investigación y Ense-

ñanza (CATIE) in Costa Rica formed a global plan of

action for Capsicum genetic resources in 1979 and

decided on three priority areas for germplasm explora-

tion and collection. The first was in the South American

regions where Capsicum was thought to originate and

thus should be rich in wild species. The second was in

Central and South Asia, and the Mediterranean, and the

third was Southeast Asia, China, and Africa (IBPGR

1983). IBPGR also provided official descriptors for

characterization of the Capsicum germplasm.

Major collections are operated by several key insti-

tutes in USA, South America, Europe, and Asia. A

list of the Capsicum germplasm collections was

provided in a directory by IBPGR (1990), and recently

by Djian-Caporalino et al. (2007). Three key networks

for Capsicum germplasm collections, Germplasm

Resources Information Network (GRIN), The World

Vegetable Center (formerly Asian Vegetable Research

and Development Center, located in Taiwan –

AVRDC), and CATIE, provide accessible computer-

ized germplasm databases covering passport data,

characterization, evaluation, inventory, and distribu-

tion data important for the effective management.

GRIN is operated under the United States Department

of Agriculture (USDA) and has 3,210 accessions in the

collection as of December 2008 (http://www.ars-grin.

gov/cgi-bin/npgs/html/taxon.pl?8904). AVRDC is

now part of the System-wide Information Network

for Genetic Resources (SINGER), which is the germ-

plasm information exchange network of the Consulta-

tive Group on International Agricultural Research

(CGIAR) and its partners. AVRDC holds the largest

collection of Capsicum germplasm, the number of

accessions is 7,514 (as of December 2008: http://

singer.grinfo.net/index.jsp). CATIE has 14 regular

members of the South American countries.
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4.4 Role in Classical and Molecular
Genetic Studies

Genetic maps of Capsicum have been constructed

using both intra- and interspecific populations. The

latest Capsicum map was published by Paran et al.

(2004) as an integrated map from six distinct popula-

tions with 2,262 markers – 1,528 amplified fragment

length polymorphisms (AFLP), 440 restriction frag-

ment length polymorphisms (RFLP), 288 random

amplified polymorphic DNAs (RAPD), several known

genes, isozymes, and morphological traits. Only 320

common markers from two maps were used for the

map integration. The map contained 13 linkage groups

covering 1,832 cM with average marker density of 1

marker per 0.8 cM, which was much improved com-

pared to the most dense individual previous maps

(1 marker per 2.1 cM). The small linkage groups

obtained from the map integration indicated that

the map was not saturated, as the arrangement of the

linkage groups was still not corresponding to the 12

Capsicum chromosomes (named as P1 to P12). In

addition, chromosomes P1 and P8 were not congruent

with the intraspecific map of Lefebvre et al. (2002).

The six populations contributing to the map were

derived from four intraspcific C. annuum and two

interspecific C. annuum and C. chinense crosses.

Three wild accessions PI 152225 and PI 159234 of

C. chinense and C. annuum CM334 made up three of

the six populations.

The very first linkage map of Capsicum was con-

structed using interspecific populations of C. annuum

cv. NuMex RNaky and C. chinense PI 159234

(Tanksley 1984) to map enzyme-coding genes. How-

ever, a wide genome coverage map (containing 85

loci) was constructed by Tanksley et al. (1988) using

a different C. annuum parent crossed with the same

C. chinense. These populations have been used further

using tomato-derived markers as probes to compara-

tively study the genome structure of Capsicum and

tomato (Prince et al. 1993; Livingstone et al. 1999).

Capsicum contains fourfolds of the DNA amount

greater than tomato; however, it shares the same chro-

mosome number. Tanksley et al. (1988) reported that

there was high conservation of the gene repertoire of

the two species, but the gene order on their chromo-

somes was greatly modified. Livingstone et al. (1999)

suggested that there were 18 homeologous linkage

blocks covering 95% of the Capsicum and 98%

of the tomato genomes. Rearrangements of DNA,

i.e., translocations, inversions, dis- or associations,

and duplications or deletions differentiated these gen-

omes. In addition, two quantitative trait loci (QTL)

involving the flower number per node were originally

mapped from this cross (Prince et al. 1993).

Several intraspecific C. annuum populations were

produced to map disease-resistant genes, most of

which were doubled haploid progenies, and one was

a cross derived from the wild C. annuum CM 334

(Lefebvre et al. 1995). The map covered 59% of the

total Capsicum genome and located the gene positions

of resistance to tobacco mosaic virus (TMV), upright

fruit, and pungency. A more saturated map was

reported by Lefebvre et al. (2002), which was also

derived from integrated intraspecific C. annuum popu-

lations. The consensus map contained 12 linkage

groups corresponding to the basic chromosome num-

ber of Capsicum, 100 known-function gene markers

and added five more disease-resistant gene loci to the

map, i.e., pvr2, Pvr4, Tsw,Me3 (nematode resistance),

and Bs3 (resistance to Xanthomonas). Also the y locus

(yellow fruit color) was mapped. Details of Capsicum

molecular maps on parental species, population types,

types and number of markers with locations of impor-

tant genes, and QTLs were summarized by Djian-

Caporalino et al. (2007).

C. frutescens played a small role in mapping, while

most interspecific maps were derived from C. chinense

due to higher compatibility and fertility of the hybrid

progeny. Rao et al. (2003) used the wild C. frutescens

BG2816 to cross with C. annuum cv. Maor to study

yield-related traits. Maor is a common large-fruited

blocky cultivar, whereas BG2816 is a wild accession

with a small, more elongated, oval fruit. Ten yield-

related traits (i.e., fruit characters, fruit number, yield,

flowering, maturity, and seed weight) were mapped,

and 58 QTLs relating to the traits were identified on

the map.

4.5 Role in Crop Improvement Through
Traditional and Advanced Tools

C. annuum is the most important species of the genus

as it is widely grown at commercial scale. Therefore,

most breeding programs around the world are focused
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toward C. annuum improvement. Some interspecific

crosses among wild species have also been attempted,

however, only for taxonomical study purposes.

There are wild forms of all five domesticated spe-

cies, except C. pubescens (DeWitt and Bosland 1996).

Wild species and wild accessions of cultivated species

have played an important role in crop improvement,

especially for pest resistance. In Capsicum substantial

utilization of pest resistance from wild species intro-

gressed into elite cultivars to improve disease resis-

tance has been documented. It is important to consider

the crossability between species. Within each species

there are wild, semi-domesticated, and domesticated

accessions from the primary gene pool, which are

reciprocally crossable and produce fertile hybrids.

For domesticated Capsicum species, the secondary

gene pool includes wild and domesticated species

within the same genetic complex. In Capsicum there

are three complexes including the C. annuum
(C. chacoense, C. chinense, C. frutescens, and C. gal-

apagoense), C. baccatum (C. praetermissum and

C. tovarii), and C. pubescens (C. eximium and

C. cardenasii) complexes (Fig. 4.3; Djian-Caporalino

et al. 2007). Most interspecific crosses within the same

complex produce partially fertile hybrids without aids

such as embryo rescue. Crossability between two

species is not always reciprocally successful. Djian-

Caporalino et al. (2007) summarized more or less

successful interspecific crosses within the secondary

gene pool in Fig. 4.3. When crossing C. annuum with

C. chacoense or C. galapagoense, or crossing C. pub-

escens with C. cardenasii, it is recommended that

C. annuum and C. pubescens should be the female

parents to gain more success.

Genetic exchanges with the tertiary gene pool are

restricted because of genetic incompatibility. How-

ever, with the aid of embryo rescue, fertile hybrids

have been obtained. By using C. annuum as the female

parent to hybridize with C. baccatum, embryo devel-

opment after pollination was observed and rescued

(Yoon et al. 2006). Embryo rescue technique over-

comes embryo abortion (post-fertilization barrier);

however, there are cases where post-fertilization

embryo abortion occurred before the globular stage.

To overcome this type of genetic barrier, trispecies

bridge crosses can be an alternative. C. chinense was

used as the bridge parent to accomplish the hybridiza-

tion between C. annuum and C. baccatum (Yoon and

Park 2005). Wild C. chacoense, wild accessions of

C. chinense, and C. baccatum have been reported as

resistance sources of several diseases.

4.5.1 Resistance to Anthracnose

Anthracnose, caused by a complex of Colletotrichum

species, is considered a serious problem to chili pro-

duction in the tropics and subtropics worldwide, and

thus cause fruit yield losses to over 80% (Mahasuk

et al. 2009a). Typical anthracnose symptoms are

sunken necrotic tissues, with concentric rings of acer-

vuli that are often moist (Than et al. 2008; Montri et al.

2009).

Breeding for resistance to anthracnose began in the

early 1990s (Park et al. 1990a, b); however, to date

there is still no available commercial resistant variety.

The key factor that hinders the success of anthracnose

resistance breeding is the complexity of the causal

pathogen and also of the host–pathogen interaction.

As C. annuum lacks anthracnose resistance, inter-

specific hybridization is essential. A few wild varieties

from C. baccatum “PBC80” and “PBC81” and

C. chinense “PBC932” were identified to be highly

resistant (immune) to anthracnose (AVRDC 1998),

and recently C. baccatum “PI594137” has been newly

identified (Kim et al. 2008b). C. chinense “PBC932”,

small round fruited and pungent chili, was easily cross-

able with some C. annuum varieties without any aids.

Fig. 4.3 Genetic exchanges between and within gene pools in

the Capsicum genus. Arrows point female parent. Solid lines
indicate relatively successful fertile hybrids, broken lines indi-
cate very few hybrids with very low fertility. Adapted from

Djian-Caporalino et al. (2007)
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The resistance derived from PBC932 differentially

expressed at seedling and fruit stages. Interestingly,

three recessive genes co1, co2, and co3 were identified

as being responsible for the resistance at mature green

fruit (Pakdeevaraporn et al. 2005), ripe fruit, and seed-

ling (Mahasuk et al. 2009a), respectively. The co1 and

co2 genes were linked (approximately 25% recombina-

tion), while co3 was independent to the others. Since

anthracnose mainly infects chili fruit, the finding of

seedling resistance being independent to the fruit resis-

tance suggested that the selection process for fruit resis-

tance cannot be executed at seedling. In addition, the

selection for resistance should be assessed at different

fruit stages to obtain more durable resistance. The

recessive resistance from PBC932 was also confirmed

by a different study using different Colletotrichum
species (Kim et al. 2008a). Advanced breeding of

C. annuum lines with high resistance derived from

PBC932 is going on at AVRDC, Kasetsart University

(Thailand), and Seoul National University (Korea)

(Kim et al. 2007).

C. baccatum is another excellent source of anthrac-

nose resistance, containing the broadest spectrum of

resistance to the key Colletotrichum species (i.e.,

C. truncatum (formerly capsici), C. gloeosporioides,
and C. acutatum; Montri et al. 2009; Mahasuk et al.

2009b; Mongkolporn et al. 2010); however, the species

is not easy to cross with C. annuum. The introgression
of the resistance from PBC81 into C. annuum was

managed via embryo rescue technique, and then to

achieve advanced resistance, breeding was conducted

by backcrossing (Yoon et al. 2006). PBC80 was intro-

gressed into C. annuum via trispecies cross by using

C. chinense as a bridge (Yoon and Park 2005). The

resistance genes derived from C. baccatum accessions

PBC80 (Yoon and Park 2005) and PI594137 (Kim

et al. 2008b) appeared to be of single dominant gene

action. However, similar to C. chinense PBC932, the

resistance genes differentially expressed at different

fruit stages. In an intraspecific cross derived from

C. baccatum PBC80 and PBC1422, the resistance at

mature green and ripe red fruit stages appeared to be

controlled by a single recessive and single dominant

gene, respectively (Mahasuk et al. 2009b).

Nevertheless, pathotypes of each of the major Col-

letotrichum species causing anthracnose in chili have

been identified (Montri et al. 2009; Mongkolporn et al.

2010). Three pathotypes were identified for C. trunca-

tum isolates on differential genotypes of C. chinense –

PBC932 and C04714. Three pathotypes were

also identified for C. acutatum on C. baccatum –

PBC1422. For C. gloeosporioides six pathotypes

were identified at the green and five at the red fruit

stages on differential genotypes of C. chinense –

C04714, C. annuum – Bangchang, 83–168, Jinda and

C. frutescens – Kee Noo Suan and Karen. This result

will have profound effect on chili breeding programs

where novel sources of resistance genes from the

related species are being incorporated into the com-

mercial C. annuum varieties to enhance resistance to

anthracnose.

4.5.2 Virus Resistance

Viruses are also serious problems of chili and in some

cases whole fields of chili have been abandoned before

harvest (Green and Kim 1994). Around 70 viruses are

known to infect chili (Pernezny et al. 2009). Virus

infection can interfere with plant chlorophyll synthe-

sis, thus causing chlorosis and mottling of the foliage

producing the mosaic symptoms. However, viral

symptoms vary dramatically in both severity and

forms, with some disorders causing mottle, leaf puck-

ering, leaf distortion, shoe stringing, and plant stunt-

ing. Since there are a high number of viral pathogens

infecting chili, screening chili germplasm for resis-

tance to key viruses in different countries has been

performed by several breeders. Good resistance was

found in both cultivated and wild varieties of Capsi-

cum (Greenleaf 1986; Green and Kim 1994; Bosland

2000; Hernández-Verdugo et al. 2001; Suzuki et al.

2003).

Potyviridae is the largest and most economi-

cally devastating family of plant viruses (Kyle and

Palloix 1997). Typically several potyviruses regularly

coinfect a crop. Three potyviruses, potato virus Y

(PVY), tobacco etch virus (TEV), and pepper mottle

virus (PepMoV), predominate in Europe and North

America, while the Chili veinal mottle virus

(CVMV) is important in Africa and Asia. Kyle and

Palloix (1997) revised the nomenclature for the resis-

tance genes to potyviruses in Capsicum. Five gene loci

were identified (pvr1 to pvr5, reviewed by Kyle and

Palloix 1997). The pvr1, pvr2, Pvr4, and pvr5 were

derived from wild accessions of either C. annuum or

C. chinense, although some cultivars possessed some
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resistance pvr genes, such as Yolo RP10 (pvr21), Yolo

Y (pvr21), Florida VR2 (pvr22), and Avelar (pvr3).
The pvr1 derived from C. chinense PI 159236 and PI

152225 conferred the resistances to TEV-C, TEV-F,

PepMoV, PVY. The pvr22 derived from C. annuum PI

264281 and SC46252 conferred the resistances to

PVY (pathotypes 0 and 1) and TEV. The Pvr4 was

derived from C. annuum CM334 and resistant to PVY

(pathotypes 0, 1, and 2) and PepMoV. The pvr5 was

also derived from CM334 that is resistant to PVY

(pathotype 0). Newly identified Pvr7 was also derived

from PI 159236 that is resistant to PepMoV (Grube

et al. 2000). Comparative mapping conducted by

Grube et al. (2000) indicated a cluster of Pvr4, Pvr7,
and Tsw (resistance gene for Tomato spotted wilt

virus) on the Capsicum chromosome 10.

There have been several other screening trials

for more viral resistant sources in Capsicum wild

Table 4.2 List of wild accessions of Capsicum species and their disease-resistant sources

Capsicum species Accession Disease resistances/gene loci References

C. annuum CM334 (Serrano Criollo

de Morelos-334)

Phytophthora capsici Gil Ortega et al. (1991)

Pvr4 (PVY pathotypes 0, 1, and 2;

and PepMoV)

Dogimont et al. (1996),

Kyle and Palloix (1997)

pvr5 (common PVY strains) Dogimont et al. (1996),

Kyle and Palloix (1997)

Me (Meloidogyne spp.) Djian-Caporalino et al. (1999)

PI264281 pvr2 (PVY pathotypes 0 and 1; TEV) Kyle and Palloix (1997)

SC46252 pvr2 (PVY pathotypes 0 and 1; TEV) Kyle and Palloix (1997)

PM687 (inbred PI322719 –

a local Indian

population)

Bacterial wilt (Ralstonia solanacearum) Lafortune et al. (2005)

Meloidogyne spp. Djian-Caporalino et al. (1999)

PM217 (PI201234) Meloidogyne spp. Djian-Caporalino et al. (1999)

AC2258 (PI201234) Phytophthora capsici Ares et al. (2005)

C. baccatum PBC80 Colletotrichum spp. AVRDC (1998), Montri et al.

(2009), Mongkolporn

et al. (2010)

PBC81 Colletotrichum spp. AVRDC (1998), Montri et al.

(2009), Mongkolporn

et al. (2010)

C-153 TSWV Rosellol et al. (1996)

C. chacoense PI260435 Bs2 (Xanthomonas campestris pv. vesicatoria) Cook and Guevara (1984)

C. chinense 7204 Tsw (tomato spotted wilt tospovirus) Moury et al. (1997)

CNPH275 Tsw (tomato spotted wilt tospovirus) Boiteux et al. (1993)

ECU-973 Tsw (tomato spotted wilt tospovirus) Cebolla-Cornejo et al. (2003)

PI152225 L3 (tobacco mosaic virus) Boukema (1980)

pvr1 (TEV-C, TEV-F, PepMoV, PVY) Kyle and Palloix (1997)

Tsw (tomato spotted wilt tospovirus) Black et al. (1991), Boiteux

(1995), Jahn et al. (2000)

PI159236 L3 (tobacco mosaic virus) Boukema (1980)

pvr1 (TEV-C, TEV-F, PepMoV, PVY) Kyle and Palloix (1997)

Pvr7 (PepMoV) Grube et al. (2000)

Tsw (tomato spotted wilt tospovirus) Black et al. (1991), Boiteux

(1995), Jahn et al. (2000)

PI315008 L3 (tobacco mosaic virus) Boukema (1980)

PI315023 L3 (tobacco mosaic virus) Boukema (1980)

PI315024 L3 (tobacco mosaic virus) Boukema (1980)

PBC932 co1, co2, co3 (Colletotrichum capsici) Pakdeevaraporn et al. (2005),

Mahasuk et al. (2009a)

C. pubescens PI235047 Bacterial spot (Xanthomonas campestris
pv. vesicatoria)

Sahin and Miller (1998)
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accessions (Bosland 2000; Hernández-Verdugo et al.

2001; Suzuki et al. 2003) depending on the strains and

types of viruses. What matters is the introgression of

the identified resistance sources into cultivated or

elite varieties to be of wide practical use. However,

among those germplasm screened, C. chinense acces-

sions appeared to be mostly used for viral resistance

breeding, since the accessions contained resistances to

several viruses including potyviruses (as already men-

tioned above), Tomato spotted wilt virus (TSWV;

Black et al. 1991; Boiteux et al. 1993), and tobacco

mosaic virus (Boukema 1980). For example, PI

159236 and PI 152225 were used to generate interspe-

cific populations to identify resistance genes and

mapping for the location of the identified genes.

4.5.3 Phytophthora capsici Resistance

P. capsici Leon. causes fruit and root rot, and shoot

blight, and is considered to be a serious pseudo-fungal

disease of chili worldwide. P. capsici is a soilborne

pathogen and able to infect host plant at any develop-

mental stage causing sudden wilt to the plant. Accord-

ing to Bosland (2008), the meaning in Greek of

P. capsici is “plant destroyer of Capsicum.” The first

report of the resistance to P. capsici was by Kimble

and Grogan (1960); however due to the specificity and

complexity of the pathogen, successful chili breeding

for P. capsici resistance has been hindered. Capsicum
develops separate resistance systems to control the

disease infecting different organs. In addition, races

of P. capsici have been identified using differential

chili host genotypes. Oelke et al. (2003) found nine

races for Phytophthora root rot and four races for

Phytophthora foliar blight.

Several sources of partial resistance to P. capsici

have been identified (Kimble and Grogan 1960; Saini

and Sharma 1978; Palloix et al. 1990; Gil Ortega et al.

1991, 1992; Lefebvre and Polloix 1996; Ares et al.

2005). Two wild accessions of C. annuum, CM334

originated from Mexico and AC2258 originated from

Central America (derived from PI201234), contained

high levels of resistance to P. capsici (Ares et al.

2005). The resistance in CM334 was reported to be

controlled by two genes with dominant and recessive

epistasis (Reifschneider et al. 1992). Smith et al.

(1967) reported the resistance in AC2258 to be con-

trolled by two dominant genes without additive

effects. However, the number of genes involved in

the resistances and the mode of gene actions were

contradicted by other researchers due to the differ-

ences in the separation of susceptible and resistant

phenotypes. Similarly, QTLs were detected in both

resistant genotypes (Thabuis et al. 2001; Sugita et al.

2006; Minamiyama et al. 2007) using molecular

mapping approach. Introgression of these resistances

into elite varieties is being attempted.

More resistance sources of other important chili

diseases are listed in Table 4.2.
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Chapter 5

Citrullus

P. Nimmakayala, N. Islam-Faridi, Y.R. Tomason, F. Lutz, A. Levi, and U.K. Reddy

5.1 Introduction

Watermelon is an important crop in the United States,

whose farm value is estimated at $340 million (http://

www.watermelon.org). Economic and nutraceutical

importance of this crop is rapidly increasing through-

out the world. During the last century, the importance

of watermelon is steadily increased and accounts for

2% of the world area devoted to vegetable production

(FAO 1995; Levi et al. 2001a, b). Enhancing disease

and pest resistance of watermelon cultivars and

improving their response to environmental stress can

be accomplished by widening genetic diversity

through hybridization with wild Citrullus accessions

(Levi and Thomas 2005).

The family Cucurbitaceae consists of two well-

defined subfamilies, eight tribes, 118 genera, and

about 825 species (Robinson and Decker-Walters

1997; Jarret and Newman 2000). Cultivated water-

melon and its wild relatives belong to the genus Citrul-

lus of the subfamily Cucurbitoideae, tribe Benincaseae

Ser., Subtribe Benincasinae (Ser.) C. Jeffrey (Robin-

son and Decker-Walters 1997). The name of Citrullus

was first coined by Forskal in the year 1775 but

H. Schrader was the first who classified the genus

systematically, which was adopted by the Eighth Inter-

national Botanical Congress, 1954 to be included in

the Nomina Conservanda (Fursa 1972). Some of the

morphological traits of taxonomic importance in vari-

ous species of Citrullus genus are pollen structure,

anatomy of fruits, seed structure, presence or absence

of nectary flowers, characteristics of embryos, and

variations in chromosome karyotypes. Genus Citrullus
includes C. lanatus (var. lanatus (Thunb.) Matsum and

Nakai., var. citrides (Bailey) Mansf.), C. ecirrhosus

Cogn., C. rehmii De Winter., C. colocynthis (L.)

Schrad, and Acanthosicycos naudinianus (Sond.)

C. Jeffrey (Robinson and Decker-Walters 1997; Jarret

and Newman 2000). Genus Citrullus in a wild state

is distributed mostly in xerophytic habitats of

the northern (C. colocynthis) and southern Africa

(C. lanatus, C. ecirrhosus, C. rehmii, and A. naudinia-
nus). C. rehmii and C. lanatus are monoecious annuals,

whereas C. colocynthis, C. ecirrhosus, and A. naudinia-

nus are perennials (Jarret and Newman 2000).

According to Meeuse (1962) and Pitrat et al.

(1999), the species Citrullus lanatus (n ¼ 11) origi-

nated in the Kalahari region of Namibia and Botswana

(Bates and Robinson 1995; Robinson and Decker-

Walters 1997; Ellul et al. 2007). Cultivated water-

melon includes three subspecies: C. lanatus subsp.

lanatus (Shrad. Ex Eckl. et Zeyh.), C. lanatus subsp.

vulgaris (Shrad. Ex Eckl. et Zeyh.) Fursa, and

C. lanatus subsp. mucosospermus Fursa (Levi et al.

2001a, b). On the other hand, now all these three

species are under the var. group lanatus (Jeffrey

2001). Currently, the species C. lanatus (Thunb.

Matsum and Nakai) includes two botanical varieties,

namely var. lanatus (Bailey) and var. citroides
(Mansf). Cultivated watermelons belong to var. lana-

tus and have endocarps in wide ranging colors. The

var. citroides is cultivated in southern Africa, and also
called “Tsamma” or “citron” melon, whose rind is

used as preservative in pickles (Whitaker and Davis

1962; Fursa 1972; Whitaker and Bemis 1976; Burkill

1985; Jarret et al. 1997; Jeffrey 2001). The citron fruits

have green- or white-colored flesh and their taste
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varies from bland to bitter. Seed production fields

should be isolated from weedy citron types since

these two botanical varieties cross readily (Wehner

2008). The species Citrullus colocynthis (Schrad) is a

perennial herb known as bitter apple and is a desert

species with a rich history as a medicinal plant (Dane

et al. 2007). T.W. Whitaker considered C. colocynthis
to be a likely ancestor of watermelon as it is morpho-

logically similar to C. lanatus, and is freely intercros-

sable and produces fertile hybrids (Wehner 2007).

Dane et al. (2007) reported divergent lineages of

C. colocynthis that are from tropical Asia and Africa,

now widely distributed in the Saharo-Arabian phylo-

geographic region of Africa and in the Mediterranean

region. In earlier reports, isozyme and random ampli-

fied polymorphic DNA (RAPD) markers were

used extensively in molecular diversity and phyloge-

netic analyses in Citrullus spp. (Zamir et al. 1984;

Navot and Zamir 1986; Biles et al. 1989; Levi et al.

2001a, b).

5.2 Phylogenetic Relationships

Phenetic relationships among the main Citrullus spe-

cies and subspecies were examined by using isozymes

(Zamir et al. 1984; Navot and Zamir 1987) and nuclear

DNA markers (Jarret et al. 1997; Levi et al. 2000).

Dane et al. (2004) summarized domestication of

cultivated watermelon to be ancient and its cultivation

dates back to pre-historic times. It was grown by the

ancient Egyptians (Robinson and Decker-Walters

1997). Dane and Lang (2004) further reviewed about

introduction of watermelons to Europe by the Moors

during their invasion of Spain and to the Americas in

the seventeenth century on slave ships and have been

cultivated ever since in the western hemisphere. The

domesticated watermelon is classified as C. lanatus

var. lanatus, whereas wild citron, which is common

in central Africa, is classified as var. citroides (Bailey)

Mansf. Citron is a preserving melon as its rind is used

to make pickles (Dane et al. 2004). Wehner (2008)

reported that the fruits of citroides are used for food

for livestock in Africa. In West Africa, especially

Nigeria, Egusi-type watermelons with bitter fruit

(citroides) are cultivated for their seeds as they have

high edible oil content. Dane et al. (2004) reported

cpDNA variation after studying 55 C. lanatus types

and 15 C. colocynthis that are from diverse geographi-

cal areas. This study revealed insertion–deletion sites

(Indels) at ndhA, trnS–trnfM, and trnC–trnD regions

of cpDNA along with single nucleotide polymorph-

isms (SNPs) to separate lanatus and colocynthis
species. Dane and Lang (2004) also reported diagnos-

tic SNPs at ndhF and trnC–trnD of chloroplast to

distinguish between the var. lanatus and var. citroides,

respectively. In this study, several indels at ndhA,

trnS–trnfM and trnC–trnD regions, and several

substitutions at restriction sites were characterized

between colocynthis and lanatus. Dane and Liu

(2007) critically studied var. lanatus and var. citroides
using PCR-based restriction fragment length polymor-

phism (RFLP) such as cleaved amplified polymorphic

sequence (CAPS) of chloroplast regions to conclude

that they had a common ancestor and resolved subspe-

cies-specific haplotype fixation. This study identified

that the ancient citroides-type haplotype originated in

Swaziland and South Africa and followed colonization

routes from these areas to all over the world. Levi and

Thomas (2005) used 20 cpDNA and 10 mitochondrial

DNA probes for RFLP analysis for phylogenetic

analysis. A combined analysis of large data sets

(3,089 AFLPs and 127 SSR alleles) by Nimmakayala

et al. (2010) provided strong evidence of phylogenetic

signal that clearly resolved a tree with three clusters of

lanatus, citroides, and colocynthis supported by sig-

nificant bootstrap values. In this study, tree topologies

inferred by Neighbor-Joining analysis have resolved

the phylogenic relationships among the species with

special reference to established taxonomic classifica-

tion. Further, boundaries of various taxa belonging to

citroids, lanatus, and colocynthis could be drawn.

Clustering pattern of principal coordinate analysis

(PCA) with the shared polymorphisms using the

subsets of data between any two taxa combinations

helped to elucidate the introgression and interrelation-

ships among the species. This research resolved two

major groups of lanatus taxa, one of which has under-

gone wide introgressions with the taxa of citroids and

colocynthis.

Dane et al. (2007) characterized phylogeography

of the species C. colocynthis, a non-hardy species,

which is predominantly drought-resistant perennial

herbaceous vine, now widely distributed in the

Sahar-Arabian region in Africa and also in the Medi-

terranean region. This species was characterized

by angular stems, lobed leaves, solitary pale yellow
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flowers, and can produce up to 15–30 fruits (Dane

et al. 2007). Seeds are small, smooth, and brownish

in color (Robinson and Decker-Walters 1997). Dane

et al. (2007) further summarized that these species

were known since Biblical times as bitter apple and

were used to extract deadly poison. Fruits are widely

used medicinally as laxative because of colocynthin

content. The seeds are edible and used to make bread

as well as extract oil (17–19% oil with 80–85% unsat-

urated fatty acids) (Dane et al. 2007). The oil is edible

and also useful for candle light, medicinal, and indus-

trial purposes (Zohary and Hopf 2000). C. colocynthis

primarily accumulates citrulline under drought condi-

tions, which contributes to oxidative stress tolerance

(Yokota et al. 2002). Dane et al. (2007) characterized

several polymorphic intergenic cpDNA and a rela-

tively large intron (0.6 kb) of G3pdh to resolve geo-

graphical structure among the world collections of

C. colocynthis. The study revealed the migration of

the species from Africa into Middle East and Far

East. This study also revealed divergent haplotypes

in C. colocynthis population based on differential

patterns of adaptation.

Jarret and Newman (2000) amplified internal

transcribed spacer regions (ITS1 and ITS2) of the

18S–25S nuclear ribosomal DNA on: C. lanatus (var.

lanatus (Thunb.) Matsum and Nakai., var. citrides

(Bailey) Mansf.), C. ecirrhosus Cogn., C. rehmii De
Winter., C. colocynthis (L.) Schrad, and A. naudinia-

nus (Sond.). Cladistic and phenetic analysis in this

study resulted in robust tree placing the species

C. rehmii closure to the clade of C. lanatus. This

study confirmed the species status to C. rehmii and

indicated its closeness to the cultivated watermelon

than to the species C. colocynthis. Phenetic analysis

in this study resolved the branch separating C. rehmii

and C. lanatus from the species C. ecirrhosus with

high bootstrap values. The terminal placement of

annual species C. rehmii and C. lanatus, relative to

the xerophytic perennials C. ecirrhosus and C. colo-
cynthis in this investigation, supported the argument of

Jobst et al. (1998) concerning the derivation of annual

species from perennial forms. Leaves of C. rehmii
more closely resembled to those of C. lanatus rather

than to those of C. ecirrhosus, in which the leaves

were distinctly rigid with strongly recurved margins

(Meeuse 1962). The fruits of C. ecirrhosus are hard

and bitter with ellipsoid shape and maturity duration of

60 days after anthesis (Meeuse 1962). The fruits of

C. rehmii resembled more to C. lanatus, in which the

fruits are not hard and bitter but globose in shape

and mature within 30 days post-anthesis (Jarret and

Newman 2000). Martyn and Netzer (1991) reported

that the species C. ecirrhosus harbors several impor-

tant genes for disease resistance.

5.3 Genetic and Genomic Resources

5.3.1 Molecular Markers, ESTs,
and Unigenes

A large number of fruit-related expressed sequence

tags (ESTs) were developed by Ok et al. (2000) and

Levi et al. (2009). Several genomic and EST-specific

simple sequence repeat (SSR) markers were developed

in Citrullus species. Very interestingly, the SSRs

developed for watermelon will amplify as well as

show polymorphism indicating their transportability

across the other species/genera of cucurbits including

melon, cucumber, squash, and pumpkin (Figs. 5.1

and 5.2). The gel picture presented in Fig. 5.1 repre-

sents amplification pattern of a fruit-specific EST SSR

across various cucurbit genera. Figure 5.2 is from the

summary of transportability of 124 SSRs, showing

amplifications and polymorphic levels across the

genera.

Nimmakayala et al. (2010) amplified 127 alleles

using a set of 42 SSRs in 31 watermelon accessions.

A range of 2–15 alleles were amplified per SSR. The

number of specific alleles within the group was 20, 13,

and 7 specific to var. lanatus, var. citroides, and

Fig. 5.1 Gel showing resolution of a microsatellite across

various genera Cucurbitaceae family. 1. Citrullus colocynthis
(PI386016), 2. Citrullus lanatus var. citroides (PI482252),

3. Citrullus lanatus var. lanatus (PI 248178), 4. Lagenaria
siceraria, 5. Momordica charantia, 6. Cucumis melo var. aesti-
valis, 7. Cucumis melo var. europius, 8. Cucurbita moschata,
9. Cucurbita pepo, 10. C. pepo ssp. Texanana, 11. C. pepo ssp.

12. Fraterna, and 13. C. pepo ssp. Ozarkana

5 Citrullus 61



C. colocynthis, respectively. The shared alleles

between lanatus and citroides were 38, citroides and
colocynthis were 17 and colocynthis and lanatus were

25. SSRs are simple-to-use, multiallelic, and codomi-

nant marker systems that are sequence-based and pro-

duce highly repeatable amplifications. The SSRs in

this study generated important diagnostic markers

that are species-specific and can be of immense use

for resolving species conflicts that are reported to exist

between lanatus and citroides. A large set of fruit-

specific ESTs and assembled unigene resources for

various cucurbit crops are available at http://www.

icugi.org. However as stated, the SSRs mined from

these ESTs (about 315 can be accessed at http://www.

icugi.org) are usable and when tested on reference

accessions of Citrullus spp., all the SSRs amplified

single products and a large number of them were

polymorphic (U. Reddy unpublished data). This

resource will help to develop syntenic maps across

the cucurbit species and also will aid to identify heter-

ologous locations for important horticultural and dis-

ease-resistant traits. In addition, Dane et al. (2004)

identified diagnostic markers using cpDNA haplo-

types for lanatus and citroides types and used them

to track lineages with C. rehmii and C. ecirrhosus.

Jarret et al. (1997) developed seven SSRs and used

them to amplify 32 watermelon genotypes; they found

that SSR-derived polymorphisms are very efficient in

discriminating among various species. Guerra-Sanz

(2002) identified 19 SSRs from cDNA sequence data.

We recently isolated SSR markers in large scale

from a single run of watermelon genomic DNA using

454 Life Sciences sequencing technology. We have

characterized a total of 2,143 contigs that contain a

total of 2,727 SSRs from a pool of 13,176 contigs of

454 sequencing reads. We identified 1,025 SSR motifs

that could be used as potential molecular markers

based on their longer repeat lengths and quality of

flanking sequence for primer design (U. Reddy unpub-

lished data). Out of 2,727 total isolated microsatellite

regions, 1,346 were dinucleotide repeats (DNRs), 980

trinucleotide repeats (TNRs), 287 tetranucleotide

repeats (TTNRs), 83 pentanucleotide repeats (PNRs),

and 24 SSRs with hexanucleotide repeats. Dinucleo-

tide repeats constituted 49.36% of the total identified

repeats. The most common motif type of DNRs was

TA/AT (67.68% of DNRs) followed by AG/CT

(24.45% of DNRs) and AC/GT (7.88% of DNRs) in

watermelon genome.

5.3.2 Genetic Maps and QTLs

Densely-saturated genetic maps are very important in

breeding programs of crop plants. They are useful for

locating genes or quantitative trait loci (QTL) of vari-

ous traits (Lee 1995). Extensive linkage maps have

been constructed for such cucurbits as melon

(Baudracco-Arnas and Pitrat 1996; Wang et al. 1997;

Brotman et al. 2000; Oliver et al. 2000, 2001; Perin

et al. 2002) and cucumber (Park et al. 2000; Staub and

Serquen 2000). However in watermelon, only a few

linkage maps with minimal coverage have been

reported (Navot and Zamir 1986; Navot et al. 1990;

Hashizume et al. 1996; Xu et al. 2000; Hawkins et al.

2001).

The first genetic map of watermelon was con-

structed by Navot and Zamir (1986) in a segregating

population of C. lanatus � C. colocynthis, and later

Fig. 5.2 Polymorphic levels of various

microsatellites used across various Citrullus
species and the other cucurbit genera
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extended by Navot et al. (1990) into seven linkage

groups covering a length of 354 cM. Hashizume

et al. (1996) constructed a linkage map of 11 linkage

groups spanning only 524 cM with 58 random ampli-

fied polymorphic DNA (RAPD), one isozyme, one

restriction fragment length polymorphism (RFLP),

and two morphological markers. In 2003, Hashizume

et al. constructed another linkage map using an F2
population with 477 RAPD, 53 RFLP, 23 intersimple

sequence repeat (ISSR), and one isozyme markers that

covered 2,384 cM. Levi et al. (2001a, b) constructed a

linkage map of 17 linkage groups using 155 RAPD

markers and a sequenced characterized amplified

region (SCAR) marker covering 1,295 cM in a back-

cross population [PI 296341 (C. lanatus var. citroides)�
New Hampshire Midget (NHM, C. lanatus var.

lanatus)] � NHM. Another linkage map was con-

structed by Levi et al. (2002) using a testcross popula-

tion [Griffin 14113 (C. lanatus var. citroides) �
NHM] � PI 386015 (C. colocynthis) with 141

RAPD, a SCAR, and 27 ISSR markers segregating in

25 linkage groups covering a total distance of

1,166 cM. Lately, they added another 114 amplified

fragment length polymorphism (AFLP) markers to

this map (Levi et al. 2006). However, a significant

part of the genome (watermelon genome size

425 Mb; Arumuganathan and Earle 1991) has not

been saturated yet, and a good number of markers

therefore are still needed for construction of a high-

density map.

Many economically important traits of crop plants

are inherited as quantitative traits. The phenotypes

appear to be conditioned by several loci with strong

environmental effects. Quantitative traits were usually

analyzed using biometrical models before the discov-

ery of mapping techniques, and the biometrical

approach cannot completely explain the effects of

individual QTL controlling a trait. In recent years,

the availability of DNA markers coupled with biomet-

ric methods has helped to make considerable progress

in QTL mapping. The joint analysis of marker segre-

gation and phenotypic values of individuals or lines in

QTL mapping enables the scientists to detect and

locate the loci governing quantitative traits (Asins

2002). QTL analysis not only provides DNA markers

for efficient marker-assisted selection (MAS) in plant

breeding, but also resolves the interacting environ-

mental effects on important yield-related traits.

So far the detection and mapping of QTL for inter-

esting agronomic traits are hindered by the scarcity of

molecular markers (Danin-Poleg et al. 2002). Unfor-

tunately, there are very few markers identified so far in

watermelon which are linked to important agronomic

traits. A molecular marker linked to resistance to

Fusarium (Xu et al. 2000) and two other QTLs

controlling fruit traits, viz. rind hardness and Brix of

flesh juice (Hashizume et al. 2003), have been

reported. Special efforts are currently underway to

identify QTLs for important traits as well as to develop

recombinant inbred lines that will facilitate extensive

phenotypic evaluation at multiple locations (U. Reddy

unpublished data).

5.4 Fluorescent In Situ Hybridization
and Chromosome Organization
in var. lanatus and var. citroides

Hereunder is presented the first attempt of fluorescent

in situ hybridization (FISH) in var. lanatus (PI

270306) and its wild counterpart var. citroides (PI

244018), using 18S–28S rDNA and 5S rDNA probes.

Well-separated somatic chromosomes were prepared

from root meristems, using enzyme digestion tech-

nique for hybridization following the standard techni-

ques (Islam-Faridi et al. 2007). Chromosome spreads

that are presented below present very interesting chro-

mosome organization between cultivated watermelon

(Figs. 5.3 and 5.4) and its wild counterpart C. lanatus

Fig. 5.3 FISH with 18S–28S rDNA (green signals) and 5S

rDNA (red signals) on watermelon (var. lanatus, accession #

PI 270306) chromosome spread. (a) Late prophase chromosome

spread cell, and (b) interphase cell of var. lanatus
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var. citroides. In lanatus spread, we noticed that there

are two 18S–28S rDNA sites and one 5S rDNA site

(Figs. 5.3a, b and 5.4). The 5S rDNA site is located

interstitially and appears to be syntenic to one of the

18S–28S rDNA sites. As revealed by the interphase

FISH (Fig. 5.3b), the sites of 18S–28S rDNA and 5S

rDNA site are not linked. In contrary, there were three

different sites of rDNA in Citroides accession (PI

244018) (Fig. 5.5a, b), one was for 18S–28S rDNA

and two were for 5S rDNA, and all were on three

different chromosomes. These results clearly indicate

that there are major structural differences between

these subspecies.

5.5 Conclusions

Enhancing disease and pest resistance in watermelon

cultivars to improve their response to drought and

other biotic resistance is possible through hybridiza-

tion with wild Citrullus accessions as all the cultivars
are freely crossable and produce fertile hybrids. Since

the EST, unigene, and SSRs are highly conserved

across the Citrullus genera, it is possible to develop

dense maps with the positions of map locations

of important traits. Generating extensive molecular

cytogenetics resources, such as FISH, will allow inte-

grating the mapping information, BACs/physical

maps, and other probes that allow precise karyotype

analysis of various species. Mapping endeavors such

as high-throughput genotyping, developing reciprocal

recombinant inbred populations, multiple environ-

ment evaluation, and QTL localization will speed up

the introgression process as well as launch watermelon

breeding in the new era that would impact the produc-

tivity and quality of watermelon cultivars.
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Chapter 6

Cucumis

Jin-Feng Chen and Xiao-Hui Zhou

6.1 Introduction

The genus Cucumis L. is one of the important genera

of flowering plants. It includes cucumber (C. sativus L.)
and melon (C. melo L.), two of the most economically

important and widely cultivated vegetable crops in the

world (Pitrat et al. 1999). However, cucumber and

melon suffer from a range of devastating fungal, bac-

terial, viral, and insect diseases (Whitaker and Davis

1962). The wild Cucumis species are of economic

interest because they are a reservoir of potentially

useful genes such as biotic stress resistances. A com-

prehensive knowledge of these wild species is of great

importance for conservation and utilization of genetic

resources that can be employed for cucumber and

melon improvement.

6.2 Basic Botany of the Genus Cucumis

6.2.1 Taxonomy

Cucumis belongs to the family Cucurbitaceae, sub-

family Cucurbitoideae, and is currently placed in

the tribe Benincaseae (Jeffrey 2005). According to

Kirkbride (1993), the genus Cucumis is represented

by 32 species, among which two species of Cucumis,
C. sativus L. (Cucumber) and C. melo L. (melon), are

of great commercial importance. Besides cucumber

and melon, the species C. anguria (West Indian gher-

kin) and C. metuliferus (African horned cucumber)

are commercially cultivated in several areas as well

(Garcia-Mas et al. 2004). Other wild species originating

mostly from arid and/or semi-arid regions of Africa are

cultivated as ornamental plants (e.g., C. dipsaceus –

“hedgehog gourd” and C. myriocarpus – “gooseberry

gourd”) (Rubatzky and Yamaguchi 1997).

Taxonomy of Cucumis was first described by Lin-

naeus in 1753 (Ghebretinsae et al. 2007). According to

this classification, the genus Cucumis contains seven

species, all of which were cultivated or economically

useful. There have been a number of taxonomic place-

ments of Cucumis since the work of Linnaeus

(Pangalo 1950; Jeffrey 1962, 1967, 1980, 1990;

Kirkbride 1993; Schaefer 2007).

The most comprehensive placement of Cucumis

was proposed by Kirkbride (1993). On the basis of

his investigations, the genus Cucumis was divided into

two subgenera with different geographical origin and

basic chromosome numbers. Subgenus Melo (30 spp.,

n ¼ 12) was originated in Africa and was partitioned

into two sections (Melo and Aculeatosi), whereas

subg. Cucumis (two spp., n ¼ 7) was originated in

Asia. A detailed taxonomic depiction of the genus

Cucumis elaborated by Kirkbride (1993) is given in

Table 6.1. However, this taxonomic treatment was

challenged by the rediscovery of C. hystrix, a wild

Cucumis species of Asian origin possessing 24 chro-

mosomes. C. hystrix (2n ¼ 24) was successfully

crossed with cucumber (C. sativus, 2n ¼ 14) (Chen

et al. 1997). A new species C. � hytivus Chen

and Kirkbride was proposed in 2000 followed by

chromosome doubling of the F1 hybrid (Chen and

Kirkbride 2000).

Recently, on the basis of molecular phylogenetic

studies, 19 species of five genera including Cucumella,
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Dicoelospermum, Mukia, Myrmecosicyos, and Oreo-

syce have been transferred to Cucumis, resulting in 14

new combinations, two changes in status, and three

new names (Cucumis indicus, C. kirkbrideana, and
C. oreosyce). A complete morphological key to all

these species now included in Cucumis was provided

in Schaefer (2007).

6.2.2 Morphology

The genus Cucumis includes annual and perennial

taxa, and the fruit morphology is the most important

character within the genus (Fig. 6.1). Following mor-

phological descriptions are given by combining the

data from Kirkbride (1993), Rubatzky and Yamaguchi

(1997), and Kristkova et al. (2003).

6.2.2.1 Plants

Herbs, exceptionally semi-shrubs, usually having a

trailing or climbing growth habit, are monoecious, or

rarely dioecious or andromonoecious; root systems are

rarely woody (C. trigonus) and extensive, but usually

shallow and rarely tuberous (C. kalahariensis); stems

are angled, sulcate, not aculeate or rarely aculeate

(C. aculeatuc and C. ficifolius), and variously pubes-

cent or rarely glabrous, with non-breakaway hairs or

rarely breakaway hairs (C. sacleuxii); nodes are genic-

ulate or not geniculate. Each node has a single leaf and

a simple tendril (sometimes curling), except that of

C. humifructus, which has a fasicicle of five to eight

tendrils, and that of C. rigidus, which lacks them;

tendrils of C. insignis are either simple or bifid. Ten-

drils are variously pubescent, rarely glabrous, or rarely

aculeate.

6.2.2.2 Leaves

Simple and petiolate. Petioles vary in length (with

regard to the length of a leaf blade). They are not

aculeate or rarely aculeate and variously pubescent

or rarely glabrous, with non-breakaway hairs or rarely

breakaway hairs. The majority of species have a

uniform type of pubescence on the petioles. C. sagit-
tatus and C. thulinianus have two pubescence types

uniformly mixed over the entire petiole, and C. myr-

iocarpus has three types separated into distinct zones

Table 6.1 Taxonomy of the genus Cucumis (Kirkbride 1993)

Cucumis spp. Chromosome number (n)

Subgenus Melo
Section Aculeatosi
Serie Myriocarpus

C. myriocarpus

subsp. myriocarpus 12

subsp. leptodermis 12

C. africanus 12

C. quintanilhae –

C. heptadactylus 24

C. calahariensis –

Serie Angurioidei

C. anguria

var. anguria 12

var. longaculeatus 12

C. sacleuxii 12

C. carolinus –

C. dipsaceus 12

C. prophetarum

subsp. prophetarum 12

subsp. dissectus 12

C. pubituberculatus –

C. zeyheri 12 (24)

C. prolatior –

C. insignis 12

C. globosus 12

C. thulinianus –

C. ficifolius 12 (24)

C. aculeatus 24

C. pustulatus 12, 48, 72

C. meeusei 24

C. jeffreyanus –

C. hastatus –

C. rigidus –

C. baladensis –

Serie Metuliferi

C. metuliferus 12

C. rostratus –

Section Melo
Serie Hirsuti
C. hirsutus 12

Serie Humifructosi

C. humifructosi 12

Serie Melo

C. melo

subsp. melo 12

subsp. agrestis 12

C. sagittatus 12

Subgenus Cucumis

C. sativus 7

C. hystrix 12
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on the petioles, retrose–strigose on the base, hirsute in

the middle, and antrorse–strigose at apex; leaf blades

are 3- or 5-palmately lobed, trilobite, pentalobate,

heptalobate, or entire; Central leaf lobe is symmetri-

cal, entire, or sometimes pinnatifid; lateral leaf lobes

are asymmetrical, or sometimes symmetrical, entire,

or sometimes pinnatifid.

6.2.2.3 Inflorescences and Flowers

The inflorescence is unisexual and most species are

monoecious. C. humifructus has only androgynous

inflorescences (i.e., inflorescence with both male and

female flowers and the female flower below the male

ones), and C. metuliferus has mainly unisexual inflo-

rescence and a few gynecandrous ones (i.e., inflores-

cence with both female and male flowers and the

female flower above the male ones).

Male inflorescence consists of solitary flowers, or

fasciculate, racemose, paniculate, or rarely modified

compound dichasial from 1 to 18 flowered, sessile, or

rarely pedunculate. Male inflorescences are often mul-

tiflowered and rarely branched. When the inflores-

cences are branched, the male flowers are always

pedicellate. Male flowers are 5-merous; pedicel is

terete or rarely sulcate in cross section, variously

pubescent or rarely glabrous, and without bracteoles

or rarely subtended by a bracteole (C. heptadactylus).
Calyx consists of five or rarely four lobes, linear to

oblong, or narrowly to broadly triangular in outline,

acute to narrow in the apex, and variously pubescent

or rarely glabrous. Corolla is yellow, infundibular, or

rarely campanulate and is variously pubescent or

rarely glabrous. Corolla is fused into a basal tube.

Corolla leaves are elliptic to broad, ovate to shallow,

obovate to narrowly, or rarely oblong or broadly trian-

gular in outline, narrowly to broadly acute or obtuse,

and sometimes also mucronate at the apex. Three

stamens are free, with separation from the free portion

of the hypanthium above the ovary. Two of them are

2-thecate and one is 1-thecate. Filaments are terete or

radially compressed in cross section and are glabrous

or with basal puberculence and glabrous apically.

Anther theceae is sigmoid and glabrous with the

edges shortly pubescent. Anther connective is extended,

obovate, oblong to narrow, transversely broadly

Fig. 6.1 Fruit of some species of the genus Cucumis.
(a) C. anguria. (b) C. Dipsaceus. (c) C. myriocarpus.
(d) C. metuliferus. (e) C. hystrix. (f) C. Figarei
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oblong, or ovate, unilobate or rarely bilobate, obtuse

or rarely acute in the apex, minutely papillate, some-

times smooth, or rarely glabrous, fimbriate, or crenu-

late at the apex. Disk is cylindrical or rarely consisting

of three papillae and is glabrous.

Female flowers are solitary or rarely in fasciclate

inflorescences; sessile flowers arise from leaf axils,

very often from secondary branches. They are pedicel-

late and 5-merous. Pedicel is terete or sulcate in cross

section and is variously pubescent, with non-break-

away hairs or rarely with breakaway hairs. Hypan-

thium is hourglass-shaped. The constricted portion

and the lower bulge fused to the ovary. The upper

bulge of hypanthium is free from the ovary. Free

portion of hypanthium is campanulate. Ovary has

three to five placentas with numerous horizontal

ovules. Calyx has five, occasionally four or six lobes

of the same shape as male flowers. Corolla is yellow

and infundibular, with the same shape and types of

pubescence as male flower. Corolla tube is present or

absent. Three staminodes are present or rarely absent,

separating from the free portion of hypanthium above

the ovary. Style is terete in cross section, glabrous,

subtented by a circular disk, or rarely lacking one.

Stigma is copular, lobate, or sometimes entire or sub-

lobate, with one to six or rarely nine finger-like pro-

jections on the margin.

6.2.2.4 Fruits and Seeds

Fruits are pendulous; fruit is spherical, oval, oblong,

elongated, or blocky in shape and variable in size; fruit

surface varies in the number and size of scattered

spiny tubercles (warts), or sharp soft hairs. It can be

smooth and glabrous, sometimes deeply ridged or

covered with a corky (reticulate) netting (e.g., for

C. melo); skin color varies from pale to very dark

green, sometimes with longitudinal indentations or

stripes. In maturity, the skin color is white cream to

orange brown. Inferior flesh color can be white, green,

pink, or orange. The fruit stalk is referred to as a

pedicel. The pedicel is sulcate or sometimes terete in

cross section and is variously pubescent or rarely

glabrous.

Mature seeds have white, cream to yellow color.

They are smooth, compressed, ovoid to elliptic,

immarginate, with an acute edge, and unwinged or

rarely apically winged. C. humifructus develops its

fruits below ground.

6.2.3 Cytology

Cytologically, the genus Cucumis, like all other Cucur-

bits, is a less studied genus (Ramachandran andNarayan

1985). Most Cucumis species are diploid with 12 pairs

of chromosomes (2n ¼ 24): C. africanus, C. anguria,

C. dipsaceus, C. ficifolius, C. hirsutus, C. humifructus,

C. metiluferus, C. myriocarpus, C. melo, C. prophe-
tarum, C. pustulatus, C. sagittatus, C. sacleuxii,

C. zeyheri, and C. hystrix. Among these species, three

have also been reported to be polyploid: C. ficifolius,
2n ¼ 48 (Dane and Tsuchiya 1979; den Nijs and Visser

1985), C. pustulatus, 2n ¼ 48 (Ramachandran 1984;

den Nijs and Visser 1985; Ramachandran and Narayan

1985) or 2n ¼ 72 (Dane and Tsuchiya 1979), and

C. zeyheri, 2n ¼ 48 (Dane and Tsuchiya 1976, 1979;

Varekamp et al. 1982; Ramachandran 1984; den Nijs

and Visser 1985; Ramachandran and Narayan 1985).

C. sativus is the only species of Cucumis reported to

have a chromosome count of 2n ¼ 14 (Fig. 6.2).

There are two base chromosome numbers in Cucu-

mis: x ¼ 7 and x ¼ 12. Two different hypotheses have

been put forward to explain the relationship between

the two basic chromosome numbers. The fragmenta-

tion hypothesis suggests that x ¼ 12 has derived from

x ¼ 7 by fragmentation of particular chromosomes

followed by de novo regeneration of centromeres

(Bhaduri and Bose 1947; Ayyangar 1967). The fusion

hypothesis, on the other hand, says that the basic num-

ber x ¼ 7 might have arisen from x ¼ 12 possibly by

unequal translocation or fusion of non-homologous

chromosomes (Trivedi and Roy 1970). Comparative

genomics between C. melo and C. sativus may clarify

Fig. 6.2 (a) Chromosome numbers of C. hystrix. (b) Chromo-

some numbers of C. sativus
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the phylogeny of these species (Danin-Poleg

et al. 2001).

As for the karyotype of Cucumis, most studies have

focused on the cultivated species: cucumber and

melon (Figs. 6.3 and 6.4). However, discriminatory

information from karyotype analysis for detailing rela-

tionships in Cucumis has been difficult to access due to
the small chromosome size and poor stainability.

Ramachandran and Seshadri (1986) used C-banding

and pachytene analysis to compare the genomes of

cucumber and muskmelon (C. melo L.), but their

study did not differentiate chromosomes by measure-

ment, and their description of the chromosome mor-

phology and C-banding figures are equivocal.

Chromosomal DNA amounts varied in different spe-

cies of Cucumis (Ramachandran and Narayan 1985).

The DNA amounts varied from 1.373 to 2.483 pg in

diploids and from 2.846 to 3.886 pg in tetraploids. DNA

amount was not correlated with chromosome number

and periodicity. Tetraploids were found to have double

the quantity of nuclear DNA of diploids.

Fig. 6.3 Chromosome C-banding of Cucumis
sativus L

Fig. 6.4 Karyotypes (A1, A2) and their ideograms (B1, B2) of Jiashi and Huangjin melon according to Zhang et al. (2005)
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6.2.4 Origin and Distribution

The center of origin for Cucumis species is likely

Africa for the most wild species with chromosome

2n ¼ 24, while the Middle East and southern Asia

has been considered an important center of diversifi-

cation for melon and cucumber, respectively (Dane

et al. 1980; McCreight et al. 1993; Staub et al.

1999).

Cucumis species occurred in a large scale from

38�N to 37�S of the Old World, with more species in

the southern hemisphere than in the northern hemi-

sphere. With latitude rising, Cucumis species sharply

decreased in the northern hemisphere. There were

abundant species near the equator. Cucumis species

occurred in about 75 countries, but 90.6% of them

were from Ethiopia, Kenya, Somalia, South Africa,

and Tanzania. Somalia had more rare species in abso-

lute and relative. Thirty-three of 75 countries had only

one species (Liu 2007). Table 6.2 presents the details

of the distribution of Cucumis species.

6.3 Germplasm Conservation

There are some centers, which are engaged in the

conservation of Cucumis germplasm worldwide. In

the United States, plant germplasm is maintained and

evaluated by the US National Plant Germplasm Sys-

tem (NPGS). In Europe, the International Plant

Genetic Resources Institute (IPGRI) coordinates insti-

tutional germplasm holdings. In China, the Crop

Germplasm Resources Institute of Chinese Academy

of Agricultural Sciences (CAAS) is responsible for the

germplasm conservation.

Germplasm information can be found in some good

germplasm resources information network web ser-

vers, such as Germplasm Resources Information net-

work of United States (http://www.ars-grin.gov),

Chinese Crop Germplasm Resources Information Sys-

tem (http://icgr.caas.net.cn), N.I. Vavilov Research

Institute of Plant Industry of Russia (http://www.vir.

nw.ru), and the European Central Cucurbits Database

(http://www.comav.upv.es).

According to the American germplasm resources

information network, the regional plant introduction

(PI) station of NPGS at Ames, Iowa, houses about

1,486 C. sativus accessions of worldwide origin and

currently lists 3,074 accessions in its melon inventory.

The collection of wild species of Cucumis includes 48

C. africanus L. f. accessions, 50 C. anguria L. acces-

sions, 10 C. anguria var. anguria accessions, 17 C.

anguria var. longaculeatus J. H. Kirkbr. accessions,

one C. asper Cogn. accession, one C. canoxyi Thulin

& Al-Gifri accession, six C. dipsaceus Ehrenb. ex

Spach accessions, seven C. ficifolius A. Rich. acces-

sions, one C. heptadactylus Naudin accession, three C.

hirsutus Sond. accessions, one C. meeusei C. Jeffrey

accession, 42 C. metulifer E. Mey. ex Naudin acces-

sions, 21 C. myriocarpus Naudin accessions, two C.

myriocarpus subsp. leptodermis (Schweick.) C. Jeffrey

& P. Halliday accessions, three C. myriocarpus subsp.
myriocarpus accessions, three C. prophetarum L.

accessions, seven C. pustulatus Hook. f. accessions,

four C. sagittatus Peyr. accessions, one C. subsericeus
Hook. f. accession, eightC. zambianusWidrlechner et al.

accessions, and nine C. zeyheri Sond. accessions. The

collection also has 88 accessions labeled Cucumis sp.,
which may include some C. melo or C. metuliferous

accessions (http://www.ars-grin.gov/cgi-bin/npgs/

html/genform.pl; Table 6.3).

According to the AD HOC meeting on Cucurbit

genetic resources held in Turkey in 2002, the number

of accessions of Cucumis species, including landraces,
breeding material, and wild relatives, maintained in

European collections was 14,333. Among them, there

are 33 accessions of C. anguria, 31 accessions of

C. dipsaceus, 11 accessions of C. ficifolius, 7,553

accessions of C. melo, 11 accessions of C. metuliferus,

12 accessions of C. myriocarpus, 5,896 accessions of

C. sativus, 10 accessions of C. zeyheri, and 776 acces-

sions of C. spp. (Table 6.4).

In China, it is reported that there are 1,506 acces-

sions of C. sativus (Sheng et al. 2006) and 1,003

accessions of C. melo (Ma et al. 2003); however, the

collection of wild species is not clear.

Although Cucumis accessions are held by numer-

ous collections around the World, the most wild spe-

cies are less formal collections for research purposes

and through personal exchanges among scientists

throughout the world. Those wild species are often

not documented or represented in the NPGS base

collection or IPGRI collection, so samples acquired

through personal contact could be important.
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Table 6.2 Distribution of the genus Cucumis

Cucumis spp. Distribution

C. mriopcarpus Lesotho, Mozambique, South Africa, Zambia, Botswana, Zimbabwe

C. africanus Namibia, South Africa (Cap Province, Natal Transvaal), Angola, Lesotho, Zimbabwe,

Botswana

C. quintanilhae Botswana (southern most), South Africa (northern most Trasvaal)

C. heptadactylus South Africa (Cap Province, Transvaal, Orange Free State)

C. kalahariensis Botswana (central and northwestern), Namibia (northeastern)

C. anguria Angola, Botswana, Cape Verde Islands, Malawi, Mozambique, Namibia, South Africa,

Sierra Leone, Swaziland, Tanzania, Zaire, Zambia, Zimbabwe

C. sacleuxii Kenya, Madagasar, Tanzania, Uganda, Zaire

C. carolinus Ethiopia (southeast), Kenya (northeast)

C. dipsaceus Ethiopia, Kenya, Somalia, Tanzania, Uganda, possibly native to Sudan and southern Egypt

C. prophetarum Egypt, Mali, Mauritania, Senegal, Somalia, Sudan, Iran, Iraq, Nigeria (northern), Israel, Oman,

Saudi Arabia, Socotra, Syria, Unite Arab Emirates, Jordan, India (northeastern), Pakistan.

Chad, Ethiopia, Niger, Kenya, Rwanda, Tanzania, Uganda, South Yemen, Yemen

C. pubituberculatus Central, coastal Somalia

C. zeyheri Lesotho, Mozambique, South Africa (Cap Province, Natal, and Transvaal), Swaziland,

Zambia, Zimbabwe

C. prolatior Central and south central Kenya

C. insignis Ethiopia

C. globosus Tanzania

C. thulinianu Somalia, only near Erigavo

C. ficifolius Ethiopia Kenya, Rwanda, Tanzania, Uganda, Zaire (eastern most areas near the Rift Valley)

C. jeffreyanus Ethiopia, Kenya, Somalia

C. aculeatus Rarely from southern Ethiopia, Kenya, Rwanda, Tanzania, Uganda, Zaire (eastern)

C. pustulatus Chad, Ethiopia, Kenya, Nigeria, Sudan, Tanzania, and Uganda. Southwest Asia

(Saudi Arabia and Yemen)

C. meeusei Botswana (northern), South Africa (northern Cape Province), Namibia (northern)

C. hastatus Somalia (southern)

C. baladensis Somalia

C. rigidus Namibia, southern most area along Orange River, South Africa, northwestern Cap

Province along the Orange River

C. metuliferu Botswana, Ethiopia, Mozambique, Kenya, Malawi, Namibia, Senegal, South Africa,

Sudan, Swaziland, Tanzania, Uganda, Zaire, Zimbabwe, Cameral African Republic,

Liberia, Burkina, South Yemen, Yemen, Angola

C. rostratu Ivory Coast, Nigeria

C. hirsutus Botswana, Burundi, Congo, Kenya, Malawi, South Africa, Sudan, Swaziland, Tanzania, Zaire,

Zambia, Zimbabwe, Mozambique, Angola

C. humifrucutus Angola, Ethiopia (very rarely), Kenya, Namibia, South Africa (Transvaal), Zaire, Zambia,

Zimbabwe

C. melo Angola, Benin, Burkina, Cameroon, Cape Verd Islands, Central African Republic, Chad,

Egypt, Ethiopia, Gambia, Ghana, Guinea-Bissau, Ivory Coast, Kenya, Madagascar,

Malawi, Maldive Islands, Mail, Mauritania, Mozambique, Niger, Nigeria, Senegal,

Seychelles, Sierra Leone, Somalia, South Africa, Sudan, Tanzania, Uganda, Zaire, Zambia,

Zimbabwe, Iran, Iraq, Oman, Saudi Arabia, South Yemen, Yemen, Afghanistan,

Bangladesh, Burma, China, India, Japan, Korea, Nepal, Pakistan, Sri Lanka, Thailand,

Malaysia, Indonesia, New Guinea, Philippines, Australia, Fiji Islands, Guam, New Britain,

Papua New Guinea, Samoa, Solomon Islands, Tonga Islands

C. sagittatus Namibia, and South Africa (only northwestern Cape province), Angola (southwestern corner

next to Namibia)

C. sativus Burma, China (Yunnan province, GuangXi, GuiZhou), India, Sri Lanka, Thailand

C. hystrix Burma, China (Yun Nan province), India (Assam), Thailand, Myanmar
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6.4 Evolution and Phylogenetic
Relationships

Knowing the closest relatives and natural composition

of the genus Cucumis L. is important simply because

of the ongoing efforts by plant breeders worldwide to

improve melon and cucumber with traits from wild

relatives (Renner and Schaefer 2008). Quite a few

studies, using morphological, cytology, and molecular

characters such as isozymes, random amplified poly-

morphic DNA (RAPD), chloroplast simple sequence

repeat (cpSSR), and internal transcribed spacer (ITS),

have been carried out to determine the Cucumis
phylogeny.

Early studies on karyomorphological investigations

of 13 species in the genus Cucumis L. indicated that

South African annual species are the primitive and

identified five distinct groups in taxa with 2n ¼ 24.

They are (1) C. leptodermis and C. africanus; (2)

C. ficifolius, C. hookeri, and C. dipsaceus; (3)

C. myriocarpus, C. zeyheri, C. prophetarum, Cucumis
species CUCU44/74, and C. anguria; (4) C. metuli-

ferus; and (5) C. sagittatus and C. melo (Singh and

Yadava 1984).

The crossability between species, chromosome

pairing, and pollen fertility in F1 hybrids were also

investigated for assessing species relationships and

Cucumis phylogeny. Deakin et al. (1971) were the

first to produce a comprehensive and monographic

account on relative cross-compatibility between

Cucumis species and pollen fertility of their F1 hybrids.

Their studies involved 14 species including culti-

vated C. melo L. On the basis of these data obtained,

they grouped Cucumis species into four major

groups. Singh and Yadava (1984) had investigations

on interspecific crossability in eight Cucumis
species (2n ¼ 24, C. melo, C. dipsaceus, C. anguria

var. anguria, C. anguria var. longipus,C. myriocarpus,

C. zeyheri, C. prophetarum, and C. species). Informa-

tion on chromosome pairing and pollen fertility of

the hybrids from 15 combinations had been utilized

for tracing the phylogenetic relationships among

these taxa.

Esquinas-Alcazar (1977) studied the alloenzyme vari-

ation and relationships in the genus Cucumis and divided
the genusCucumis into four groups. (1) Ser. angurioidei:

C. aculeatus, C. africanus, C. anguria, C. dipsaceus,

C. ficifolius, C. heptactylus, C. myriocarpus,

Table 6.3 Number of accessions of Cucumis species stored in

the regional plant introduction station of NPGS at Ames accord-

ing to the American germplasm resources information net work

(http://www.ars-grin.gov/cgi-bin/npgs/html/genform.pl)

Species Number

C. africanus L. 48

C. anguria L. 50

C. asper Cogn. 1

C. canoxyi Thulin & Al-Gifri 1

C. dipsaceus Ehrenb. ex Spach 6

C. ficifolius A. Rich. 7

C. heptadactylus Naudin 1

C. hirsutus Sond. 3

C. meeusei C. Jeffrey 1

C. metulifer E. Mey. ex Naudin 42

C. myriocarpus Naudin 21

C. myriocarpus subsp. leptodermis 2

C. myriocarpus subsp. myriocarpus 3

C. prophetarum L. 3

C. pustulatus Hook. f. 7

C. sagittatus Peyr. 4

C. subsericeus Hook. f. 1

C. zambianus Widrlechner et al. 8

C. zeyheri Sond. 9

Cucumis sp. 88

Table 6.4 Number of accessions of Cucumis species stored in

the main European genebanks and breeders’ collections (from

Ad-hoc meeting on Cucurbit genetic resources in Europe held in

Turkey, 2002)

Collection curator (Country) Cucumis

Genebanks

T. Piskunova (Russian Federation) 4,931

A. Börner (Gatersleben, Germany) 975

F. Nuez (Valencia, Spain) 798

E. Křı́stková (Czech Republic) 967

L. Krasteva (Bulgaria) 1,247

A. K€uç€uk (Turkey) 632

L. Horváth (Hungary) 383

M. Carravedo (BGHZ, Spain) 777

W. Dooijeweert (The Netherlands) 790

T. Kotlińska (Poland) 390

N. Polignano (Italy) 143

R. Farias (BPGV, Portugal) 119

J. Berenji (Yugoslavia) –

Breeders’ collections

M. Pitrat (France) 605

M. L. Gómez-Guillamón (CSIC, Spain) 561

S. Strajeru (Romania) 280

K. Abak (Turkey) 301

Total 13,899
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C. pustulatus, and C. zeyheri; (2) Ser. metuliferi:

C. aculeatus, C. metuliferus, and C. sagittatus (some

accessions); (3) Ser melo: C. melo and C. sagittatus

(some accessions); and (4) Ser. sativus: C. sativus.

From the evolutionary and systematic point of

view, Perl-Treves and Galun (1985) compared the

phylogenies of Cucumis based on cpDNA and

nuclear-coded isozymes. The comparison was carried

out for 21 Cucumis species and the two phylogenies

were found to share the main dendrogram features,

which also agreed well with most taxonomic data

available on Cucumis. Accordingly, most of the Afri-

can Cucumis species form a close group (“Anguria
group,” C. africanus, C. anguria, C. dipsaceus,

C. ficifolius, C. heptactylus, C. meesusei, C. myriocar-

pus, C. prophetarum, C. pustulatus, and C. zeyheri),
which was distant from the melon (C. melo), and from

a few other distant species (C. humifructus, C. metuli-

ferus, and C. sagittatus), all of which were far apart

from each other. The cucumber (C. sativus) was the

most distant species within the genus.

In 1989, C. hystrix Chakr., a wild Cucumis species,
was rediscovered in Yunnan, China, by Jinfeng Chen

(Chen et al. 1994). Subsequent research revealed that

C. hystrix has 2n ¼ 24 instead of 2n ¼ 14 as in the

Asian members. This finding challenges the basic

chromosome number theory that African Cucumis

have n ¼ 12 and that Asian Cucumis have n ¼ 7.

Isozyme patterns (Chen et al. 1995) suggested that

C. hystrix has closer genetic affinities with C. sativus

than with C. melo, even though C. hystrix and C. melo
possess the same number of chromosomes.

Chung et al. (2006) used nine chloroplast SSR

(cpSSR) markers to investigate the phylogenetic rela-

tionships among African Cucumis species (x ¼ 12)

accessions, C. melo accessions, C. sativus accessions,

and C. hystrix accessions. Sequence variation analysis
identified a group of African Cucumis species and a

group composed of C. melo, C. sativus, and C. hystrix

species leading to the conclusion that C. hystrix is the
progenitor species of C. sativus, or that they at least

share a common ancestral lineage.

Zhuang et al. (2006) investigated the phylogenetic

relationships in Cucumis species using RAPD. Their

focus was mainly on the analysis of genetic relation-

ship among C. hystrix, C. sativus, and C. melon and

C. � hytivus, a new synthetic species. On the basis of

results, a modified taxonomic system was proposed

that C. hystrix should remain in subgen. Cucumis,

although it had a chromosome number different from

that of C. sativus. With the interspecific hybrids C. �
hytivus as the third species, subgen. Cucumis was thus

made up by three species. Although the basic chromo-

some number and geographic location theorized were

challenged by the proposed system, the use of it will

likely assist in the exploitation of the wild Cucumis
species in Asia.

Using sequences of the internal transcribed spacer

(ITS) 1 and 2 regions of the nuclear ribosomal RNA

genes, Jobst et al. (1998) evaluated the phylogenetic

relationships among different members of the family

Cucurbitaceae. Six Cucumis species along with

C. melo and C. sativus were analyzed in the study

and the results obtained by ITS sequence data were

highly congruent with isoenzyme data of Puchalski

and Robinson (1990). Garcia-Mas et al. (2004) defined

phylogenetic relationships among Cucumis species

also using the nuclear ribosomal DNA ITS region

and microsatellite markers. In their study, the genus

Cucumis was splited into five groups: cucumbers,

melons, C. metuliferus, a group containing 12 wild

species of Cucumis, and Oreosyce Africana, and a

fifth group comprising C. sagittatus and C. globosus.

Kocyan et al. (2007) presented a multilocus chloro-

plast phylogeny for the Cucurbitaceae that included all

putative close relatives of Cucumis. Their results sup-

port a paraphyletic Cucumis, with Cucumela, Dicae-
lospermum, Mukia, Myrmecosicyos, and Oreosyce

nested among species of this genus. Although evolu-

tionary relationships are not completely resolved, fol-

lowing the discovery by Koeyan and coworkers that

Cucumis as traditionally circumscribed (Kirkbride

1993) was highly unnatural, two molecular phyloge-

netic studies reinvestigated species relationships in a

much more broadly circumscribed Cucumis (Ghebre-

tinsae et al. 2007; Renner et al. 2007).

Ghebretinsae et al. (2007) presented a comprehen-

sive molecular phylogeny of Cucumis and the tradi-

tionally related genera based on sequences from both

nuclear and chloroplast genomes. Their study used a

much more complete sampling of species within

Cucumis than did previous studies and includes repre-

sentatives of Cucumella, Dicaelospermum, Mukia,

Myrmecosicyos, and Oreosyce. Their combined phy-

logenetic analyses did not support Kirkbride’s (1993)

subdivision of Cucumis into two subgenera based

principally upon chromosome number and geographi-

cal distribution. Cucumis sensu Kirkbride (1993) is
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paraphyletic and the Asian Cucumis (subg. Cucumis of

Kirkbride) forms a well-supported clade nested within

African Cucumis s.s. They identified six clades within

the Cucumis complex, designated as Clades I, II, III,

IV, V, and VI. Clade I comprised all non-domesticated

African Cucumis s.s. after the exclusion of C. hirsutus,

C. humifructus, C. metuliferus, C. rostratus, and

C. sagittatus; C. hystrix and C. sativus were included

in Clade II. Clade III comprised C. melo and C. sagit-

tatus. Clade IV consisted of C. metuliferus and

C. rostratus. Clade V comprised four species of Cucu-

mella and Oreosyce. Clade VI consisted of C. hirsutus

and C. humifructus.
Based on these two recent molecular phylogenetic

studies of Cucumis, Renner and Schaefer (2008) sum-

marize what is now known about phylogenetic rela-

tionships in Cucumis. The phylogeny of Cucumis

resulting from combined nuclear and chloroplast data

(Fig. 6.5) implied that the deepest divergence lies

between the common ancestor of C. hirsutus/C. humi-

fructus and the stem lineage of the remainder of the

genus. The area of origin of Cucumis cannot be

inferred because its sister genus, Muellerargia, has

one species in Madagascar and the other one in tropi-

cal Australia and Indonesia. The next closest relatives

are in African/Asian clades including the genera Coc-

cinia, Zehneria, Neoachmandra, and Peponium, but

their exact position is still unresolved. The earliest

divergence events in Cucumis likely took place in

Africa. However, contrary to the traditional classifica-

tion (Kirkbride 1993), which grouped C. melo with the
African C. hirsutus, C. humifructus, and C. sagittatus,

melon instead is closest to an Australian/Asian clade.

6.5 Interspecific Hybridization
Among Cucumis Species

6.5.1 Progress of Interspecific
Hybridization

Interspecific hybridization is used to improve crops by

transferring specific traits, such as pest and stress resis-

tance, from their wild relatives (Bowley and

Taylor 1987). Interspecific hybrids in the Cucurbita-

ceae have been produced in several genera, including

Cucumis (Deakin et al. 1971), Citrullus (Valvilov

1925), Luffa (Singh 1991), and Cucurbita (Weeden

and Robinson 1986). In the genus Cucumis, an amphi-

diploid was reported from the cross of C. anguria L.

andC. dipsaceus E. ex S. (Yadava et al. 1986). However,

in the Cucurbitaceae only in Cucurbita interspecific

hybridization has been successfully utilized for crop

improvement (Robinson and Decker-Walters 1997).

Cucumis contains two species of economic impor-

tance: melon (C. melo L., 2n ¼ 24) and cucumber

(C. sativus L., 2n ¼ 14). The importance of wild

Cucumis species has long been recognized because

they possess resistance to pathogens, such as powdery

mildew, downy mildew, anthracnose, and Fusarium

wilt (Leppick 1966; Lower and Edwards 1986;

Kirkbride 1993). Genetic variation is relatively limited

in cucumber; thus, efforts to create interspecific

hybrids have become more critical and meaningful.

The first recorded attempt to make crosses between

cucurbits by removing the male flowers and transfer-

ring pollen by hand was made by Naudin. He was

unsuccessful in obtaining a cross between C. melo

and C. myriocarpus (Naudin 1859). Many more stud-

ies have also been attempted to make interspecific

crosses in Cucumis (Betra 1953; Andrus and Fassulio-

tis 1965; Deakin et al. 1971; Chelliah and Sambandam

1972; Fassuliotis 1977; Dane et al. 1980; Kho et al.

1980; Visser and den Nijs 1983; Singh and

Yadava 1984; den Nijs and Visser 1985; den Nijs

and Custers 1990; Chatterjee and More 1991, etc.).

The first comprehensive crossability analysis of the

genus was published by Deakin et al. (1971), who

observed that crosses among wild species were fre-

quently possible, but that all attempts to cross any of

these with the two cultivated species, C. sativus and

C. melo, failed. Raamsdonk et al. (1989) summarized

the data in two crossing polygons. The species

C. heptadactylus, C. humifructus, C. melo, and

C. sativus have never been successfully crossed with

any other species of Cucumis to produce a fertile F1
generation. The following species can be crossed to a

limited extent among themselves: C. africanus,

C. anguria, C. dipsaceus, C. ficifolius, C. metuliferus,

C. myriocarpus, C. prophetarum, C. pustulatus,
and C. zeyheri (Kirkbride 1993). Some wide-cross

attempts between cultivated and wild Cucumis species

are presented in Table 6.5.

A successful interspecific hybridization between

C. hystrix and C. sativus was reported (Chen et al.

1997). It was the first reproducible cross between a
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cultivated Cucumis species and a wild relative, and it

represented a breakthough in interspecific hybridiza-

tion in Cucumis. The success of this cross was even

more surprising because the parental species have

different chromosome numbers. The original F1

hybrid (2n ¼ 19), obtained by embryo rescue follow-

ing pollination of C. sativus by C. hystrix (Fig. 6.6),

has 7 chromosomes from C. sativus and 12 from

C. hystrix and was both male- and female-sterile. To

restore fertility, reciprocal crosses were made and the

Cucumella aspera, n=?

Oreosyce africana, n=?

Cucumella bryoniifofia, n=?

Cucumis anguria, n=12

Cucumis heptadactyfus, n=24

Cucumis zeyheri, n=12 or 24

Cucumis myriocarpus, n=12

Cucumis dipsaceus, n=12

Cucumis prophetarum subsp. prophetarum, n=12

Myrmecosicyos messorius, n=12

Cucumis metufiferus, n=12

Cucumis sagittatus, n=12

Cucumis sacleuxii, n=12

Cucumis sativus, n=7

Dicaelospermum ritchiei, n=?
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Cucumis spec. nov. HS414, n=?
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Cucumis melo subsp. agrestis, n=12

Cucumis melo subsp. melo, n=12

Cucumis humifructus, n=12

Cucumis hirsutus, n=12

Muefferargia timorensis, n=?
10 changes

Cucumis hystrix, n=12

Fig. 6.5 Parsimony tree for Cucumis based on combined chloroplast and nuclear DNA sequences according to Renner et al. (2007)
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chromosome numbers of the progeny were success-

fully doubled (Chen et al. 1998). Pollen grains were

produced by these progeny when C. hystrix was used

as the seed parent; the plants produced fertile flowers

and set fruit with viable seeds, indicating that fertility

was restored. This restoration of fertility marked the

creation of a new synthetic species, which has close

phylogenetic relationships with its parental species,

but is distinctively different from each parent. The

new species (Cucumis � hytivus Chen and Kirkbride;

Fig. 6.7) has genome HHCC, where H represents the

genome of C. hystrix and C represents the genome of

C. sativus and chromosome number 2n ¼ 4x ¼ 38

(Chen and Kirkbride 2000). This synthetic species

might be useful as a new Cucumis crop. In addition,

as a C. hystrix � C. sativus hybrid, it might be useful

as a bridging species for transfer of useful traits to

cucumber. Figure 6.8 shows the polygon of crossabil-

ity in Cucumis species.

6.5.2 Major Problems in Interspecific
Hybridization

6.5.2.1 Hybridization Barriers

Many experiments have indicated the presence of a

strong barrier to interspecific hybridization in Cucu-
mis. The nature of cross-incompatibility between

cultivated Cucumis species and their wild relatives

is not well understood. Incompatibility is character-

ized by delayed growth of pollen, or arrested pollen

tube growth to reach the ovules (Kishi and Fujishita

1969), as well as lack of cell division of the zygote,

and abortion of the endosperm (Kishi and Fujishita

1970).

Several traditional approaches in interspecific

hybridization have been used to overcome the hybri-

dization barriers in Cucumis. These include growth

Table 6.5 Wide-cross attempts between cultivated and wild Cucumis species

Cross Result Source

C. sagittatus � C. melo Embryos only Deakin et al. (1971)

C. metuliferus � C. melo Embryos only Fassuliotis (1977)

C. sativus � C. melo Globular stage embryos only Niemirowicz-Szczytt and Kubicki (1979)

C. metuliferus � C. melo Fertile F1 Norton and Granberry (1980)

C. prophetarum � C. melo Fruit with non-viable seeds Singh and Yadava (1984)

C. zeyheri � C. sativus Fruit with non-viable seeds Custers and Den Nijs (1986)

C. sativus � C. metuliferus Embryos only Franken et al. (1988)

C. melo � C. metuliferus Embryos only Soria et al. (1990)

C. sativus � C. hystrix Sterile plant (2n and 4n) Chen et al. (1997)

C. hystrix � C. sativus Fertile plants (4n) Chen et al. (1998)

Fig. 6.6 Production and chromosome counting of interspecific hybrids F1 between C. hystrix and C. sativus. (a) Embryo of hybrid.

(b) Regeneration from the young embryo. (c) Acclimatized plants. (d) Metaphase chromosomes of interspecific hybrid F1 (2n ¼ 19)
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regulator application (Custers and Den Nijs 1986),

pollen irradiation (Beharav and Cohen 1994), use of

mentor pollen (Kho et al. 1980), and bud pollination

(Chatterjee and More 1991). Biotechnological techni-

ques, such as somatic hybridization, have also been

applied as possible tools for overcoming these barriers

in Cucumis (Tang and Punja 1989; Chatterjee and

More 1991). Likewise, fusion of C. sativus and

C. melo protoplasts has been attempted, but the results

indicated that successful hybridization is still unpre-

dictable (Fellner et al. 1996).

The interspecific hybrid between C. sativus and

C. hystrix represents an important step in interspecific

hybridization in Cucumis. If C. hystrix and C. melo are

cross-compatible and if the F1 derived from either inter-

specific hybridization can bemade fertile through cross-

ing and/or chromosome doubling, then C. hystrix could

act as bridge species between C. melo and C. sativus.

Fig. 6.7 (a) Cucumis � hystivus plant in the field. (b) Chromosome numbers of Cucumis � hytivus. (c) Fruit of Cucumis �
hystivus

Fig. 6.8 Polygon of crossability in Cucumis species according
to Zhuang (2003). Arrows point to the female parent; moder-

ately to strongly self-fertile and cross-fertile hybrids (thick solid
line); sparingly self-fertile and moderately cross-fertile hybrids

(thin solid line); self-fertile, usually not cross-fertile hybrids

(dashed and dotted line); inviable seeds or seedlings (dashed
line); self-sterile and cross-sterile hybrids (thick dashed line);
self-sterile and cross-fertile hybrids (long dashed line); absence
of a line indicates that seed fruits were not obtained
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6.5.2.2 Post-fertilization Abortion and Embryo

Rescue

In higher plants, post-zygotic failure of hybrid embryos

is not often due to incompatibility between the parental

chromosomes, but incompatibility problems in the

endosperm. In such cases, embryos from interspecific

hybridization have to be rescued; otherwise, they will

fail due to embryo abortion and/or endosperm degen-

eration. Successful embryo rescue in tissue culture

allows further advances in interspecific hybridization.

Embryos can sometimes be rescued, even if they

are immature or lack endosperm (Laibach 1925). In

Cucumis, fruits with non-viable seeds were obtained in

the cross between C. prophetarum L. and C. melo

(Singh and Yadava 1984). The barriers between

these two species may be post-zygotic. If the embryo

rescue technique had been employed, the experiment

might have been successful.

6.5.2.3 Sterility in F1 Hybrids

A common problem on utilizing germplasm of wild

species for crop improvement was sterility in F1
hybrids. In many cases, this sterility was associated

with meiotic abnormalities and was a large obstacle

that followed hybridization and hindered utilization.

The ability to cross C. sativus and C. hystrix offered

the promise of introgressing desirable characters from

C. hystrix to C. sativus. However, self-pollination and

backcrossing of the F1 plants to either parent was

unsuccessful because the original hybrid was both

male- and female-sterile, probably because of the

non-functional gametes containing odd chromosome

numbers. When chromosomes were doubled, each

chromosome had a homologous partner for pairing

during meiosis; if there were no cytoplasmic incom-

patibility, the chromosome-doubled F1 hybrid might

have produced viable gametes, and fertility restoration

was anticipated.

External application of chemical agents is the usual

way to double chromosome number. Among various

agents, colchicine was one of the antimitotic sub-

stances most frequently used for this purpose (Chen

and Staub 1997). Colchicine at an aqueous solution of

0.05–0.5% (w/v) is believed to be most effective for

many plant species. Since colchicine is poisonous to

plants, germinating seeds or young seedlings are often

preferred for treatment because they grow rapidly and

recover more readily than more mature plants do.

When the experimental material does not respond

well to chemical treatment, in vitro chromosome dou-

bling (spontaneous polyploidy as a consequence of

tissue culture) could be an alternative (D’Amato

1977). When and how the polyoloidization happened

in tissue culture was not entirely clear, but it occurred

at a low rate during plant formation from axillary

buds (Adelberg et al. 1994), callus (Osifo et al. 1989)

and culture of protoplasts (Tabei et al. 1992). Poly-

ploidization can be generalized as a universal phenom-

enon in melon tissue culture (Ezura et al. 1992),

although genotype is an important factor in determin-

ing the rate of chromosome doubling (Adelberg and

Chen 1998).

6.6 Utilization of Wild Species

Although there are many wild Cucumis species, not all

of them have been fully and properly characterized and

documented. Still a few species have been actually used

in breeding programs, despite the fact that several of

them have been reported to have one or more excellent

features to be used as donors (Fassuliotis 1967; Norton

and Granberry 1980). Intergroup incompatibility has

been assigned as the main reason for this (Deakin et al.

1971; Fassuliotis and Nelson 1988). However, the

research work on transfer of useful genes from wild

relatives was strengthened with the successful interspe-

cific hybridization between C. hystrix and C. sativus.

6.6.1 Resistance in C. hystrix

C. hystrix is a wild species of Cucumis subgen. Cucu-

mis, which originated in Asia (Kirkbride 1993). It has a

sour taste that is not really like cucumber. As it has

been described before that although it bears morpho-

logical similarity with cucumber, its diploid chromosome

number is 24, the same number as in melon (Chen et al.

1997). Since the first interspecific hybridization suc-

cessfully made in 1997 and development of the syn-

thetic allotetraploid species (C. � hytivus Chen and

Kirkbride, 2n ¼ 4x ¼ 38) in 2000, several disease

screens were undertaken to characterize the response

of C. hystrix and its progenies derived from the inter-

specific hybridization to common cucurbit diseases

(Chen and Lewis 2000; Chen et al. 2004b).
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6.6.1.1 Gummy Stem Blight

Resistance evaluations were made in a field at Cornell

University using the highly virulent Didymella bryo-
niae isolate NY1. Resistance was found in C. hystrix

plants in the field (Fig. 6.9a, b). Few symptoms were

found on stem and slightly more on the leaves. There

was no segregation observed among the plants.

6.6.1.2 Downy Mildew

Resistance tests were conducted in Nanjing Agricul-

tural University, China. The disease index in C. hystrix

was 5.3, indicating that it is highly resistant to downy

mildew. This resistance was partially transmitted to the

C. hytivus, and the progenies from backcross. Com-

pared to the susceptible cucumber cultivar “Jinlu,” all

the materials derived from this interspecific hybridiza-

tion possess at least moderate resistance.

6.6.1.3 Viruses

C. hystrix was evaluated for resistance to four viruses:

CMV-C, WMV-2, PRV, and ZYMV in the field at

Cornell University. C. hystrix plants generally suf-

fered from the WMV-2 inoculation (Fig. 6.9c), but

showed stronger resistance to PRV and moderate

resistance to CMV-C and ZYMV (Fig. 6.9d).

6.6.1.4 Nematodes

Nematode resistance tests were carried out. The three

groups (C. hystrix, C. sativus, and reciprocal interspe-

cific hybrids) varied greatly in their response to

M. incognita. C. hystrix had a high level of resistance

toM. incognita with mean gall index of 1.8 (Fig. 6.10).

In contrast, cucumbers were confirmed as being highly

susceptible possessing a mean gall index of 4.8–5.0.

The interspecific F1 hybrid was intermediate in resis-

tance to the two parents, with a mean gall index 3.4. The

transmission of resistance was observed in backcross

progeny of the chromosome-doubled F1 to cucumber.

6.6.2 Synthesis, Characterization, and
Utilization of Novel Germplasm

6.6.2.1 Allotetraploid

The first repeatable interspecific hybridization

between cucumber (C. sativus L., 2n ¼ 14) and

C. hystrix (2n ¼ 24) was successfully made through

embryo rescue (Chen et al. 1997). Hybrid plants

(2n ¼ 19; 12 from C. hystrix and 7 from cucumber)

were sterile, but morphologically uniform. The multi-

ple-branching habit, densely brown hairs (on corolla

and pistil), orange–yellow corolla, and ovate fruit of

Fig. 6.9 Gummy stem blight resistance

shown in C. hystrix (a, b) in the field. C.
hystrix showing susceptibility to WMV-2

(c) and resistance to PRV, CMV-C, and

ZYMV (d)
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F1 hybrid plants were similar to that of the C. hystrix

parent, and the appearance of the first pistillate flower

was more similar to that of C. sativus parent. The

diameter and internode length of the stem and the

shape and size of leaves and flowers were intermediate

when compared to the parents.

To restore fertility, chromosome doubling of the F1
hybrid plants was carried out (Chen and Staub 1997).

Sixty-two chromosome-doubled plants were obtained.

The chromosome-doubled F1 plants were morpholog-

ically distinct from the parents and other progeny in

traits such as a curve on leaf margins and shorter and

stronger internodes. The fruits at two ploidy levels

vary in morphology (Fig. 6.11). While diploid fruit

(2n ¼ 19, seedless) was longer and spindle-like in

shape, the tetraploid fruit was shorter and column-

shaped. After fertility selection, two primary allotetra-

ploid produced fertile flowers and set fruit with viable

seeds (Chen et al. 1998). The restoration of fertility in

the chromosome-doubled F1 hybrid marks the creation

of a new combination of genomes and a new synthetic

species that did not exist previously.

Several photosynthetic characters of the hybrid

species Cucumis � hytivus Chen and Kirkbride

under weak light condition were studied (Qian et al.

2002). The light compensation point of allotetraploid

was 11.25 mE m�2 s�1. After treatment with low

intensity light for 2 weeks, the leaf contents of chloro-

phyll a and b increased, while the value of chlorophyll

a/b decreased, indicating that the allotetraploid has

good tolerance to low irradiance.

Zhuang et al. (2002) investigated the responses of

seedlings of the new species Cucumis � hytivus and
its progenies from backcross with cucumber to chill-

ing injury. The abnormal metabolism was observed in

C. hytivus as it was subjected to low temperature

treatment; however, the progenies from backcrossing

the new species to cucumber showed high tolerance to

chilling injury.

Chen et al. (2007) studied the genomic events in the

early generations of the synthesized allotetraploid.

Extensive genomic changes were detected by ampli-

fied fragment length polymorphism (AFLP) analysis.

The changes mainly involved loss of parental restric-

tion fragments and gain of novel fragments. The total

detectable changes were from 11.1 to 32.1%, and the

frequency of losing parental fragments was much

higher than that of gaining novel fragments. Although

no significant differences were detected in the recipro-

cal crosses, the data showed that the frequency of

sequence loss in C. sativus was two times higher

than that in C. hystrix. The results demonstrated that

the sequence elimination was the major event of geno-

mic changes, and it might provide the physical basis

Fig. 6.10 C. hystrix showing resistance to

root-knot nematode M. incognita (right),
susceptible control “Beijingjietou” (left),
and resistant control C. metuliferus
(middle)
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for the diploid-like meiotic behavior in the diploidiza-

tion of the newly formed allopolyploids.

In order to explore the molecular involvement of

epigenetic phenomena, cytosine methylation was

investigated in C. � hytivus by using methylation-

sensitive amplified polymorphism (MSAP) (Chen

and Chen 2008). Twofold difference in the level of

cytosine methylation in the reciprocal F1 hybrids and

in the allotetraploid was observed. Pattern analysis

found that 2.0–6.4% of total sites changed in both

the F1 hybrids and the allotetraploid compared to

their corresponding parents. 68.2–80.0% of the

changed sites showed an increase in cytosine methyl-

ation, and most of the methylated sites were from the

maternal parent. The extent of cytosine methylation

pattern changes was greatly decreased during selfing

process, suggesting stability in advanced generations.

Changes of gene expression played an important role

in the evolution of plant allopolyploids. Characters

of the changes of gene expression between the allotetra-

ploid C. � hytivus and its diploid parental species were

analyzed by using cDNA-AFLP technique. The results

indicated that most genes from parents could be stably

expressed in the allotetraploid, while some genes

expressed differentially. A total of 36 (3.37%) differen-

tially expressed transcripts were detected and classified

into three types: no expression of genes from parents,

expression of genes from one parent, and novel expres-

sion of new genes. The majority was the expression

of genes from one parent. The data also showed

that the genes from female parent were easier to be

changed. Those results indicated a rapid change in

gene expression in early generations of C. � hytivus.

In Cucurbitaceae, amphidiploidy was reported from

C. maxima � C. moschata (Pearson et al. 1951) and

C. anguria � C. dipsaceus (Yadava et al. 1986). There

were no successful efforts on the two most commer-

cially important Cucumis spp.: cucumber and melon.

C. � hytivus as a synthesized allopolyploid can be a

useful model system to study polyploidization andmay

also serve as a genetic bridge in Cucumis and thus is

a source for broadening the genetic base of C. sativus.

6.6.2.2 Allotriploid

A primary allotriploid cucumber (2n ¼ 3x ¼ 26;

HCC) was obtained through backcrossing the syn-

thetic allotetraploid (HHCC, maternal parent) to

cultivated cucumber (CC, paternal parent) (Chen

Fig. 6.11 Morphological comparison

between the interspecific hybrid and

synthetic allotetroploid C. � hytivus (a
and b). The interspecific hybrid F1 diploid,

sterile, hybrid plant from embryo rescue

(left) and its chromosome-doubled

tetraploid, fertile plant (right). (c) Female

flowers of F1 hybrid (left) and
allotetraploid (right). (d) Fruit of F1 hybrid
(left) and allotetraploid (right). (e) Seeds
harvested from the allotetraploid and its

diploid progenitors
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et al. 2003). The allotriploid showed many novel char-

acters, such as strong heterosis, sequential fruit set,

tolerance to low temperature and low light, and high

nutritional value of the fruit. In morphology, fruit

weight, number of branches, ovary length, fruit length,

and spine and mature fruit of progeny more closely

resembled their maternal C. � hytivus parent

(Fig. 6.12); developmental vigor (i.e., relative growth

rate) and leaf color (i.e., dark green vs. reseda of

C. � hytivus) were more similar to and characteristic

of the paternal, C. sativus, parent. Progeny were more

parthenocarpic than either parent bearing abundant

seedless fruit (i.e., 84.8% developed fruit under green-

house conditions). While their parents, C. � hytivus

and C. sativus, were lower (26.7 and 45.2%, respec-

tively) (Table 6.6).

Recently, 19 cucumber cultivars were used to make

crosses with C. � hytivus to identify crosses produc-

ing allotriploid fruits with viable seeds. Only three

crosses had fruits with viable seeds. However, this

marked significant progress toward commercial use

of this seedless novel cucumber. The putative allotri-

ploid plants were confirmed by molecular and cyto-

logical analysis.

6.6.2.3 Monosomic Alien Addition Lines

Two monosomic alien addition lines (MAALs) (14

CC + 1 H, 2n ¼ 15) were recovered among 252

regenerated plants, when the allotriploid was treated

with colchicine to induce polyploidy (Chen et al.

2004a). Both the putative MAALs, plant numbers

87 and 517, grew more slowly and were easily differ-

entiated morphologically from the allotriploids, C. �
hytivus, and C. sativus. The leaf shape of these plants

was palmate and hastate, respectively, in contrast to

the pentagon shape observed in allotriploid and the

wavy leaf edges observed in the allotetraploid C. �
hytivus. Fruit length of plant numbers 87 and 517 was

23.6 � 0.9 and 25.4 � 1.5 cm, respectively, much

longer than the allotriploids (12.1 � 2.1 cm)

(Fig. 6.13). Both plants showed white spines, charac-

teristic of C. sativus, in contrast to black spines

observed in progenies of the interspecific hybrids

from the female parent, C. hystrix, indicating that the

gene for black spines is not located on the alien chro-

mosome in either plant number 87 or 517; both

Fig. 6.12 (a) Fruit of Cucumis allotriploid plants derived from

a cross between C. � hytivus and C. sativus. (b) Chromosome

number of allotriploid plants

Table 6.6 Morphological characteristics of Cucumis hytivus, C. sativus L. cv. Beijing jietou, and allotriploid plants derived from a

C. hytivus � C. sativus mating

Traitsa Cucumis hytivus Allotriploid plantlets Cucumis sativus

Average number of branches 4.6 � 1.9b 4.9 � 1.2 1.3 � 0.6

Ovary length (cm) 1.3 � 0.2 1.9 � 0.2 5.4 � 0.7

Average fruit length (cm per fruit) 7.5 � 1.4 12.1 � 2.0 51.7 � 3.5

Average fruit weight (gm per fruit) 35.4 � 4.3 123.2 � 5.8 322.4 � 14.4

Mean pollen grain stainability (%) 21.9 � 2.6 9.8 � 2.5 94.4 � 4.28

Fruit length: diameter ratio 2.2 � 0.3 3.4 � 0.2 12.5 � 0.9

Parthenocarpic rate (%) 26.7 84.8 45.2

Fruit spine color Black Black White

Leaf color Reseda Dark green Dark green

Chromosome number 38 (4n) 26 (3n) 14 (2n)
aPrimary branch number was recorded before season-end vegetative decline; ovary length and pollen grain stainability were recored

at anthesis; five mature fruits were used for the determination of fruit weight, length and diameter fruit index, and spin color and leaf

color was observed during the vegetative growth period.
bData are shown with mean �SE.
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MAALs also showed a multibranching character rem-

iniscent of C. hystrix.
Alien chromosome addition lines harboring one

single chromosome from the wild species C. hystrix

might be used as a bridge to transfer genes of interest

originating in C. hystrix to individual chromosomes of

C. sativus via recombination or translocation events.

6.6.2.4 Introgression Lines

C. sativus–hystrix introgression lines were obtained

among progenies of interspecific hybrids after the allo-

tetraploid was backcrossed to cultivated cucumber.

These introgression lines were genetically stable and

differed from each other as well as their two parents

in many morphological traits (Fig. 6.14). Substantial

genomic changes were detected in introgression lines,

including C. hystrix-specific fragments, deletion of

fragments originally observed in C. sativus, and novel

bands not from both parents (Zhou et al. 2009).

Zhou et al. (2009) used SSR markers to detect

the introgression from C. hystrix to C. sativus, and

one locus at 210 bp was revealed and assigned to

introgressive fragment of C. hystrix genome in intro-

gression line 56. This line was characterized to have

small-sized leaf, short fruit, and multibranching habit,

which were closer to the wild parent (C. hystrix), and

had fertility as high as that of cultivated cucumber.

Moreover, this line was found to have a desirable

response to downy mildew and Fusarium wilt. Several

molecular markers linked to these introgressed traits

are now being developed. The introgression lines

could be used as vehicle for transferring desirable

characters from C. hystrix and valuable for the

improvement of cucumber cultivars.

6.6.2.5 New Pickling Cucumber F1 Hybrid

A new pickling cucumber line 7012A was developed

through subsequent backcrossing of the hybrid to

cucumber and selection from the selfed progenies

Fig. 6.14 Variation in fruit shape of introgression lines

Fig. 6.13 (a) Fruit of the monosomic alien addition lines

(MAAL). (b) Chromosome number of MAAL (2n ¼ 15)
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(Chen et al. 2005). This line was used to cross with an

elite American pickling cucumber line (7011A) from

the University of Wisconsin to produce F1 (Fig. 6.15).

The results indicated that the F1 has significant heter-

osis over its parents in yield and growth vigor. The

plants set uniform fruits with good quality. Fruits

could be set on both the main and lateral branches. It

has highest late yield and its total yield was higher

than all the other cultigens tested and this F1 was

subsequently designated as Ningjia #1.

6.7 Genomic Resources

The development of genomic tools in Cucumis species

has been very limited in spite of the importance of

these species. In recent years, there has been an effort

toward the development of genomic resources mainly

in melon and cucumber, the cultivated species of

Cucumis.

The Cucurbit genomics database of the Interna-

tional Cucurbit Genomics Initiative offers comprehen-

sive information on express sequence tags (ESTs) and

maps developed in the cucurbits. The version 2 of

melon EST collection contains 34,451 ESTs and pub-

lished genes, representing 16,128 unigenes. In cucum-

ber, 4,331 ESTs are also available from leaf, fruit, and

flower tissues representing around 3,000 unigenes.

Several genetic maps are available for melon and

cucumber. They have been constructed using different

types of molecular markers and populations; however,

these maps are still far from saturation (Garcia-Mas

2008).

Several bacterial artificial chromosome (BAC)

libraries have been constructed in melon (Luo et al.

2001; van Leeuwen et al. 2003) and cucumber (Nam

et al. 2005). A fosmid library of cucumber was also

constructed (Havey et al. 2008). These libraries can be

accessed from the website of the Clemson University

Genomics Institute (http://www.cugi.org). Construc-

tion of a BAC library of C. hystrix is now undergoing

in China.

The Cucumber Genome Initiative has reported the

progress of the sequencing of the cucumber genome.

The sequencing of the cucumber genome has been

completed and about 30,000 genes were annotated.

A genetic map was constructed, consisting of 1,200

diversity array technology (Dart) markers and 1,000

SSR (microsatellite) markers, distributed over seven

linkage groups. By fluorescent in situ hybridization

(FISH) mapping of 60 SSR-anchored fosimids, an

integrated genetic and cytogenetic map was con-

structed and chromosomal rearrangements between

subspecies of cucumber were discovered (Huang

et al., pers comm). The cucumber genome sequence

will provide a rich resource for investigating the path-

ways of gene and genome evolution.

Fig. 6.15 Fruit of Ningjia #1
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6.8 Recommendations for Future
Actions and Future Prospects

Wild species are an important reservoir of useful genes

and offer great potential to incorporate such genes into

commercial cultivars for resistance to major diseases,

insects, and tolerance to various abiotic stresses. More-

over, many of the useful alien genes are different from

those of the cultivated species and are thus useful in

broadening the sources of resistance/tolerance to vari-

ous stresses. However, despite the importance of wild

species of Cucumis, very little information is available

on the studies of wild species. Morever, use of exotic

germplasm for the development of lines and popula-

tions with unique traits has been limited. The applica-

tion of genetic markers to germplasm management or

for marker-assisted selection has not been clearly

defined in Cucumis. Therefore, we hope that future

attention should be paid to research on the wild species.

As a first step, germplasm acquisition of all the

Cucumis species available from every country should

be initiated. Our objective should not be limited to the

maintenance of germplasm. Instead, what is required

is a well-organized research program on germplasm

characterization, utilization, and enhancement.

An important long-term objective for Cucumis

breeders is the introduction of genes from wild rela-

tives. Some wild relatives, such as C. metuliferus

E. Meyer ex Naudin (nematode resistance) and

C. figarei Naudin (virus resistance), have long been

attractive to scientists. However, the limits to utiliza-

tion of wild relatives depend on the breeders’ ability to

produce interspecific hybrids, but hybrids may be ster-

ile. Future research should focus on producing fertile

interspecific hybrids through biotechnological or other

approaches.

The rapid advancement in the molecular genetics

has now opened a new era of technologies and the

application of MAS in crop breeding has become more

and more important. There is thus a need to develop

molecular markers tightly linked to the useful traits of

wild species. Generation and utilization of novel

genetic stocks such as introgression lines, substitution

lines, and deletion lines will further facilitate the

genetic analysis of complex agronomic traits and the

introgression of desirable genes into commercial cul-

tivars. Construction of the bacterial artificial chromo-

some (BAC) library of wild species of Cucumis, along

with the tightly linked markers of desirable traits, may

greatly promote the identification and isolation of use-

ful genes for cucumber and melon improvement.

Wild relatives are useful sources of characters

desired to improve cultivated Cucumis species.

Although many of these wild species are resistant to

pests and diseases or adapted to adverse environments,

the utilization of wild relatives is limited due to the

cross-incompatiability problems. However, the suc-

cessful development of the synthetic allotetraploid

species C. � hytivus Chen and Kirkbride via chromo-

some doubling of an interspecific hybrid between

cucumber and C. hystrix Chakr. provides a step toward
transferring desirable genes from the wild species

C. hystrix. Future works emphasized on map-based

cloning of the downy mildew and root-knot nematode

resistance genes from C. hystrix will be of great value

for the improvement of cucumber and melon.
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Chapter 7

Daucus

Dariusz Grzebelus, Rafal Baranski, Krzysztof Spalik, Charlotte Allender, and Philipp W. Simon

7.1 Introduction

The genus Daucus is a member of the Apiaceae

(Umbelliferae) family, which is one of the most

important families of angiosperms from an economi-

cal point of view. Apart from the cultivated carrot

(Daucus carota subsp. sativus Hoffm.), this family

comprises such important crop species as celery and

celeriac (Apium graveolens L.) and parsley [Petrose-

linum crispum (Mill.) Nyman ex A. W. Hill], as well

as many locally used vegetables and condiments: pars-

nip (Pastinaca sativa L.), fennel (Foeniculum vulgare

Mill.), dill (Anethum graveolens L.), coriander (Cor-
iandrum sativum L.), chervil (Anthriscus cerefolium

(L.) Hoffm.), lovage (Levisticum officinale W.D.J.

Koch), aniseed (Pimpinella anisum L.), cumin (Cumi-

num cyminum L.), caraway (Carum carvi L.), and

many others. Several species are used in traditional

medicine, including the members of Ferula and Dor-

ema, the sources of aromatic resins: asafoetida, saga-

penum, galbanum, sumbul, and ammoniacum

(Korovin 1959). The usage of umbellifers, particularly

as flavorings, spices, and in traditional medicine, is

connected with aromatic compounds that may occur in

all parts of the plant.

7.2 Daucus Botany, Taxonomy,
and Genetics

7.2.1 Botany

During the last half century, the genus Daucus was

described and revised several times including a

regional revision for the Flora Europaea (Heywood

1968), a checklist of species for the revision of

tribe Caucalideae (Heywood 1982), and worldwide

generic revision (Sáenz Laı́n 1981). Moreover, Dau-

cus was subject to several molecular and morpholog-

ical phylogenetic studies (Lee and Downie 1999,

2000; Lee et al. 2001; Spalik and Downie 2007). It

includes 21–24 species (Table 7.1) that are wide-

spread in the northern hemisphere, with few species

in South America and Australia. These are usually

herbaceous biennials, rarely annuals, growing from

slender to very stout taproots. As in most members of

umbellifer subfamily Apioideae, their leaves are pin-

natisect, the inflorescence is a compound umbel, and

the fruit is a schizocarp splitting into two one-seeded

mericarps. The fruit is oblong to ovoid, dorsally

compressed, with prominent longitudinal projec-

tions: three primary ribs on each mericarp, situated

above vascular bundles, and two secondary ribs,

situated between the primary ones (in valleculae),

above secretory canals (vittae). Primary ribs are cov-

ered with 2–4 rows of unbranched, semi-erect or

spreading hairs. On each secondary rib there is a

row of spines that may be glochidiate or simple at

the apex; these spines serve exozoochory.
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Table 7.1 Comparisons of taxonomic treatments of Daucus by Heywood (1968, 1982) and Sáenz Laı́n (1981) with results of

molecular phylogenetic studies concerning Daucus sensu lato clade (Lee and Downie 1999, 2000; Lee et al. 2001; Spalik and

Downie 2007)

Heywood (1968, 1982) Sáenz Laı́n (1981) Molecular studies

sect. Daucus sect. Daucus Daucus I subclade

D. carota L. D. carota D. carotaa

subsp. carota subsp. carota subsp. azoricus Franco

subsp. maritimus (Lam.) Batt. subsp. maritimus subsp. carota

subsp. major (Vis.) Arcang. subsp. gummifer subsp. drepanensis

subsp. sativus (Hoffm.) Arcang. subsp. hispanicus subsp. gadecaei

subsp. gummifer Hook. f. subsp. maximus
(Desf.)

Heywood

(¼D. maximus)

subsp. gummifer

subsp. hispanicus (Gouan) Thell. D. capillifolius subsp. maritimus

subsp. hispidus (Arcang.) Heywood D. crinitus subsp. hispanicus

subsp. gadecaei (Rouy & Camus)

Heywood

D. gracilis subsp. maximus

subsp. drepanensis (Arcang.)
Heywood

D. guttatus D. aureus

subsp. rupestris (Guss.) Heywood D. involucratus D. biseriatus Murb.b

D. capillifolius Gilli D. jordanicus D. capillifolius

D. gracilis Steinh. D. montevidensis D. crinitus

D. guttatus Sibth. & Sm. D. pusillus D. gracilis

D. involucratus Sibth. & Sm. D. sahariensis D. muricatus

D. jordanicus Post D. syrticus D. sahariensis

D. littoralis Sibth. & Sm. D. tenuisectus D. syrticus

D. maximus Desf. D. tenuisectus

D. sahariensis Murb. sect. Meoides Athamanta della-cellae Asch. & Barbey ex E. A.

Durand & Barratte

D. syrticus Murb. D. setifolius Pachyctenium mirabile Maire & Pamp.

D. tenuisectus Coss. ex Batt. Pseudorlaya minuscula (Pau ex Font Quer) Laı́nz

sect. Anisactis Pseudorlaya pumila (L.) Grande

sect. Meoides Lange D. durieua (¼ D.
hochstetteri)

Tornabenea annua Bég. ex A. Chev.

D. crinitus Desf. D. glochidiatus Tornabenea tenuissima (A. Chev.) A. Hansen &

Sunding

D. setifolius Desf. D. montanus

Macaronesian Endemics group

sect. Anisactis DC. sect. Chrysodaucus Cryptotaenia elegans Webb

D. durieua Lange D. aureus Monizia edulis Lowe

D. glochidiatus (Labill.) Fisher & C.A. Mey. Melanoselinum decipiens Hoffm.

D. hochstetteri A. Braun ex Engl. sect. Platyspermum

D. montanus Humb. & Bonpl. ex Spreng. D. bicolor (¼ D.
broteri Ten.)

Daucus II subclade

D. littoralis D. arcanus Garcia-Martin & Silvestre

sect. Leptodaucus Thell. D. muricatus D. bicolor

D. pusillusMichx. (¼D. montevidensis Link
ex Spreng.)

D. broteri

Incertae sedis D. conchitae

sect. Chrysodaucus Thell. D. conchitae Greuter D. durieua

D. aureus Desf. D. glochidiatus

D. guttatus

sect. Platyspermum (Hoffm.) DC. D. involucratus

D. muricatus (L.) L. D. montanus

D. pusillus

(continued)
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7.2.2 Taxonomy

Daucus and its presumed relatives were classified by

Heywood (1982) in the tribe Caucalideae along with

other umbellifers characterized by the presence of

secondary ribs and spines. Following the classification

of Okeke (1978), Heywood (1982) recognized 21 spe-

cies distributed among seven sections. The section

Daucus includes the highly polymorphic D. carota,
the nomenclatural type of the genus (Heywood

1968). Sáenz Laı́n (1981) reduced some of Heywood’s

subspecies of D. carota to synonymy and recognized

only five sections. However, subsequent molecular

and morphological studies demonstrated that both

classification systems are incongruent with phylogeny.

In these analyses, Caucalideae sensu Heywood (1982)

were placed into two separate clades and the Daucus

clade allied with members of tribe Laserpitieae. The

fruits of the latter are also characterized by the pres-

ence of secondary ribs but they have wings rather than

spines (Lee and Downie 1999, 2000; Lee et al. 2001).

The clade comprising Daucus and its relatives as well

as former members of the Laserpitieae was therefore

recognized as subtribe Daucineae in tribe Scandiceae

(Downie et al. 2000; Lee et al. 2001). These studies

also revealed that the genus is not monophyletic as its

inclusive branch of Daucinae, hereafter named Dau-
cus sensu lato (s.l.) clade, includes four subclades with

only two of them comprising species traditionally

placed in the genus; these two branches are designated

as the Daucus I and Daucus II subclades (Spalik and

Downie 2007). The Daucus I subclade includes the

wild ancestor of the cultivated carrot with all of its

subspecies, several Mediterranean members of the

genus, and some species that were traditionally

placed in other genera: Athamanta della-cellae,
Pachyctenium mirabile, and two members of Pseu-

dorlaya (Table 7.1). Surprisingly, two representa-

tives of Tornabenea, a genus encompassing 5–6

species endemic to Cape Verde (Brochmann et al.

1997; Schmidt and Lobin 1999), were placed among

subspecies of D. carota. Contrary to the members of

Daucus, the fruits of Tornabenea have wings and are

wind dispersed; therefore, this genus was tradition-

ally placed in tribe Laserpitieae (Pimenov and Leo-

nov 1993). The Daucus I subclade is sister to a group

of three Macaronesian endemics: Monizia edulis and

Melanoselinum decipiens from Madeira and Crypto-
taenia elegans from the Canary Islands. The Daucus

II subclade comprises the remaining members of

Daucus including its American and Australian repre-

sentatives. It is sister to Agrocharis, an African member

of Daucinae. As reconstructed with dispersal-

vicariance analysis (Ronquist 1997) using nuclear

DNA (nrDNA) internal transcribed spacer (ITS) phy-

logeny, the ancestral area of the Daucus s.l. clade

includes the Mediterranean region. The colonization

of Macaronesia by its members occurred at least

twice from the western Mediterranean, as well as a

single long-distance dispersal to North America,

with subsequent dispersals to South America and to

Australia (Spalik and Downie 2007).

Table 7.1 (continued)

Heywood (1968, 1982) Sáenz Laı́n (1981) Molecular studies

sect. Pseudoplatyspermum Thell.

D. bicolor Sibth. & Sm. Agrocharis subclade

A. incognita (C. Norman) Heywood & Jury

A. melanantha Hochst.

A. pedunculata (Baker f.) Heywood & Jury

Hitherto unexamined

D. jordanicus

D. littoralis

D. montevidensis

D. setifolius

Tornabenea spp.
aThe subspecies of D. carota are listed to show the extent of sampling rather than to uphold their taxonomic position. Molecular

studies confirmed that these taxa are very closely related and should be included within D. carota; however, most of these names

should be reduced to synonymy
bPreviously recognized in Pseudorlaya
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Because of the aforementioned polyphyly, the cur-

rent classification system of Daucus is untenable.

Two solutions need to be considered (1) to adopt a

broad definition of Daucus that encompasses all spe-

cies placed in the Daucus s.l. clade, or (2) to split

Daucus into smaller genera, at least to those equiva-

lent to the Daucus I and Daucus II subclades. How-
ever, both solutions cause serious problems. With

morphologically distant species included, particu-

larly M. edulis and M. decipiens, it is difficult to

define the Daucus s.l. clade based on morphological

characters that may be used to construct a key. On

the other hand, a detailed study of fruit morphology

and anatomy failed to find any good characters deli-

miting the Daucus I and Daucus II subclades (A.

Wojewódzka and K. Spalik unpublished data). Addi-

tionally, the most detailed phylogeny of theDaucus s.

l. clade was based on analyses of a single marker,

nuclear ribosomal DNA ITS (Spalik and Downie

2007), whereas the analyses including cpDNA

restriction sites and rps16 intron sequences were per-

formed for a much smaller selection of taxa (Lee and

Downie 2000). Several potential members of the

clade have not been examined for molecular data

yet (Table 7.1). Therefore, additional data from

both molecular and morphological markers are nec-

essary before any workable classification system of

Daucus is proposed.

7.2.3 Nuclear Genome

The nrDNA content in D. carota is 0.5 pg per 1C

nucleus and the genome is estimated at 473 Mbp

(Arumuganathan and Earle 1991; Bennett and Leitch

1995). Bennett and Smith (1976) estimated the 1C

DNA content of D. carota, including several subspe-

cies, to range from 1.0 to 2.0 pg. Estimates for 1C

content of otherDaucus areD. aureus 1.1 pg, D. blan-
chei 4.7 pg, D. crinitus 3.9 pg, D. littoralis 3.0 pg, D.

montanus 5.5 pg, D. muricatus 2.5 pg, D. subsessilis

(D. durieua) 1.9 pg, and D. syrticus 1.2 pg. Ca. 40%

of the D. carota genome is presumed to be highly

repetitive. The chromosome number in Daucus spe-

cies comprise 2n ¼ 18 (D. carota, D. capillifolius, D.
sahariensis, D. syrticus), 2n ¼ 20 (D. broteri, D.

guttatus, D. littoralis, D. muricatus), 2n ¼ 22 (D.

aureus, D. involucratus, D. tenuisectus, D. crinitus,

D. montevidensis, D. pusillus), 2n ¼ 44 (D. glochi-

diatus), or 2n ¼ 66 (D. montanus) (Rubatzky et al.

1999; Iovene et al. 2008). It is assumed that x ¼ 11 is

the basic chromosome number in the Apiaceae, and

x ¼ 10 and 9 are its derivatives (Pimenov et al.

2003). Fluorescent in situ hybridization (FISH)

experiments revealed that the ten Daucus species

investigated, including a putatively disomic tetra-

ploid D. glochidiatus, invariably produced two sig-

nals for 5S and two signals for 18S–25S rDNA, thus

indicating the presence of one locus for each rDNA

type. Tentative karotypes were produced for eight

species, i.e., D. broteri, D. capillifolius, D. carota,
D. crinitus, D. guttatus, D. littoralis, D. muricatus,

and D. pusillus (Iovene et al. 2008).

7.2.4 Biology and Genetics of D. carota

Daucus carota (wild carrot, Queen Anne’s Lace,

bird’s nest weed), an outcrossing diploid species (2n
¼ 2x ¼ 18), is the most widespread species of the

genus Daucus, presently appearing in temperate

regions all over the world. Central Asia is usually

indicated as the place of origin of domesticated carrot

(Small 1978; Simon and Goldman 2007), while most

subspecies occur rather in the Mediterranean and

therefore this region is the endemism center of the

species. Daucus carota usually develops seedlings in

the autumn, which are then vernalized during winter

to induce flowering next summer. Hence, D. carota

can usually be described as a “winter annual” (Simon

and Goldman 2007), even though some accessions

can be annual, biennial, or triennial (Lacey 1986).

The species shows great morphological plasticity,

resulting in the presence of a range of distinct phe-

notypes (Small 1978), including cultivated carrot,

which is believed to be directly derived from

wild carrot (Simon 2000). It also shows a high

level of molecular diversity, as revealed by investi-

gations employing isozyme markers (St. Pierre et al.

1990) and DNA polymorphisms (Nakajima et al.

1998; Bradeen et al. 2002). Wild and cultivated car-

rots intercross freely, which has significant implica-

tions both for the historical development of the

modern cultivated carrot and for the future of carrot

breeding.
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7.3 Conservation and Utilization
of Wild Daucus Species

The diversity of plant life across the globe is under

threat from a combination of human-mediated habitat

alteration and a changing climate. The need to increase

crop productivity to feed an evergrowing human pop-

ulation is a real challenge, made even harder by a

changing environment and consequent alterations in

the distribution and severity of plant pests and dis-

eases. For carrots, like other crop plants, crop breeding

and improvement programs can develop new varieties

adapted to less favorable conditions but novel sources

of genetic variation must be available to breeders. The

wild species of Daucus potentially represent such a

resource but their conservation and accessibility to

researchers and breeders must be assured for future

use. Daucus species, like other crop wild relatives, can

be conserved in both an in situ and ex situ manner.

A summary of current knowledge and conservation

efforts is presented below.

7.3.1 In situ Conservation

In situ conservation depends mainly on the geographi-

cal distribution of a given species overlapping with a

protected area. A global assessment of the degree to

which wild Daucus species are protected in situ has

yet to be published. Such an assessment would be a

major undertaking involving the collation of distribu-

tional datasets and comparative analysis of protected

areas as described by Maxted et al. (2008a). Similar

investigations have been undertaken for endemic spe-

cies (Riemann and Ezcurra 2005) and other crop wild

relatives (for example, Aegilops spp; Maxted et al.

2008b). Such studies aid evidence-based conservation

strategies, emphasizing the need for protected areas in

regions containing high levels of diversity. An assess-

ment based on globally comprehensive data for Dau-
cus species is required to determine if current in situ

(and ex situ) conservation strategies are adequate. The

required datasets are currently collated in a piecemeal

manner. National and regional examples of well-cata-

loged in situ conservation are in various stages of

development. One example is The National Biodiver-

sity Network Gateway (http://www.searchnbn.net),

which describes species distribution and protected

areas in the UK. It is then possible to determine

whether a species record falls within or overlaps with

a protected area. The NBN Gateway shows that four

Daucus taxa are recorded in the UK at the time of

writing; D. carota subsp. carota, D. carota subsp.

gummifer, D. carota subsp. sativus (presumably feral

populations of cultivated carrot) and D. glochidiatus

(introduced via sheep’s wool from Australia; Stace

1997). All of these species have a recorded spatial

distribution that overlaps with one or more protected

areas in the UK.

7.3.2 Ex Situ Conservation of Daucus
Species

There are several major collections of Daucus germ-

plasm in gene banks across the world (see Simon et al.

2008 for a summary). These collections are mainly

based around the cultivated carrot, as this material

has been of the most interest to plant breeders and

researchers. Wild carrot (D. carota subsp. carota) is

generally well represented as it is the closest relative

of cultivated carrot. Most Daucus species tested have

seed, which is described as in “orthodox” meaning that

it can be successfully maintained under long-term

standard conditions of low seed moisture and temper-

ature (Hong et al. 1998).

The most significant collections of wild Daucus

species are based in Europe and the USA. The Euro-

pean collection is decentralized; accessions are held at

various gene banks in ten different countries. Material

in the European collections originates from 46

countries in total. These collections are described

and cataloged by the EURISCO database (http://

eurisco.ecpgr.org), which provides a simplified

method of searching for accessions of interest. The

Daucus germplasm collection in the USA is managed

by the Agricultural Research Service of the USDA and

is also cataloged as an internet searchable database

(see http://www.ars-grin.gov/npgs/index.html). A

summary of the wild Daucus accessions in both the

US and European collections can be seen in Table 7.2.

Other smaller collections of wild Daucus material

exist, including the Daucus working collection of

the Julius-K€uhn-Institute, held at the Institute of

Horticultural Crops, Quedlinburg, Germany and the
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Millennium Seed Bank in the UK. A slightly different

approach is used in the French “Carrot and other

Daucus species” network. Here, accessions are con-

served and characterized in a coordinated effort

between public and commercial institutions (see

Briard et al. 2007). Currently, ten wild Daucus taxa

are conserved within the network (E. Geoffriau per-

sonal communication).

Representation of wild Daucus species (with the

exception of D. carota subsp. carota) in the collec-

tions is patchy (see Table 7.2). Some species listed in

the taxonomic treatments of Heywood (1968, 1982) or

Sáenz Laı́n (1981), such as D. gracillis, D. jordanicus,

D. conchitae, and D. setifolius are not represented at

all. Some species have a reasonable number of acces-

sions conserved, such as D. bicolor, D. muricatus,

D. guttatus, and D. broteri. The differences in the

taxonomic systems used make direct comparisons

between the European and US collections difficult.

For the purposes of this chapter, an attempt has been

made to standardize the taxonomy of samples based on

Heywood (1968, 1982) and Sáenz Laı́n (1981).

Table 7.2 A summary of the wild Daucus accessions in the EURISCO and ARS-GRIN databases

Genus Species Subtaxon Accessions at EURISCO Accessions at ARS-GRIN TOTAL

Daucus aureus 4 2 6

Daucus bicolor 22 – 22

Daucus broteri 3 15 18

Daucus capillifolius – – –

Daucus conchitae – – –

Daucus crinitus 1 3 4

Daucus durieua – – –

Daucus glochidiatus – – –

Daucus gracilis – – –

Daucus guttatus 4 22 26

Daucus involucratus 5 3 8

Daucus jordanicus – – –

Daucus littoralis 3 – 3

Daucus montanus – – –

Daucus muricatus 23 2 25

Daucus pusillus 1 2 3

Daucus sahariensis – 3 3

Daucus setifolius – – –

Daucus syrticus 1 6 7

Daucus tenuisectus – – –

Daucus carota Unknown/other wild 231 120 351

Daucus carota carota 111 21 132

Daucus carota commutatus 6 3 9

Daucus carota drepanensis – – –

Daucus carota gadecaei 3 – 3

Daucus carota gummifer 9 1 10

Daucus carota hispanicus 2 – 2

Daucus carota hispidus 2 – 2

Daucus carota major 4 3 7

Daucus carota maritimus 7 2 9

Daucus carota maximus 18 4 22

Daucus carota rupestris – – –

Daucus Unknown/other 152 24 176

Total wild Daucus Accessions 848

Databases were queried on 22 June 2010 and material with a sample status of “wild or natural” (EURISCO) and “wild” (ARS-GRIN)

were selected. The taxonomy of samples was unified as far as possible following Heywood (1968, 1982) and Sáenz Laı́n (1981),

with addition information from GRIN taxonomy for plants (http://www.ars-grin.gov/cgi-bin/npgs/html/index.pl). This was done to

ensure synonyms were accounted for, and not to uphold any particular taxonomic system for the group
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Synonyms were accounted for using the GRIN Taxon-

omy for Plants resource (http://www.ars-grin.gov/cgi-

bin/npgs/html/index.pl). Samples with a taxonomic

designation not listed in Table 7.2 or without an

accepted synonym were included in either Daucus
“unknown/other” or D. carota “unknown/other.”

This standardization was essential to begin to under-

stand the depth of sampling of wild Daucus taxa, and

is not intended in any way to be a formal taxonomic

treatment of the group. It is likely that a small number

of duplicate accessions exist between the two collec-

tions, as samples can arrive in gene banks via different

donors, but originate from a single sample collected

from a wild population. It is apparent that further

sampling from across the geographic ranges of most

species is desirable. This will ensure that the samples

of wild Daucus maintained in these ex situ collections

are representative of the natural genetic diversity of

each species so that this diversity can be conserved

and made available for future use.

As has been discussed earlier in this chapter, the

taxonomy of this group of species is challenging and

open to debate. Ex situ collections often rely on the

taxonomic designation assigned to an accession by its

original donor. As can be seen from Table 7.2, some-

times material is donated that has not been properly

identified to species or subspecies level; a total of 147

of the 176 Daucus “unknown/other” accessions are

listed simply as Daucus spp. There is a huge potential

value in this material in terms of genetic diversity,

but effort is required to correctly classify it so that it

can be more easily used for research and breeding.

Not all gene banks have the resources and expertise

to validate the identity of accessions routinely. Addi-

tionally, as the taxonomy of a genus such as Daucus

is revised, it is inevitable that material will occasion-

ally be donated using out-of-date classifications, and

some gene banks use different taxonomic standards.

More work is needed to ensure that samples in ex situ

collections are identified correctly using standard

classifications. Table 7.1 at the beginning of this

chapter lists non-Daucus species, which are sug-

gested to lie within the Daucus sensu lato clade

based on the results of molecular studies. None of

the non-Daucus species listed are present in either the

EURISCO or GRIN catalog, however, the genera

Athamanta and Cryptotaenia are represented by a

very small number of accessions within the European

collections.

7.3.3 Threats to Daucus Species

Daucus species vary in their distribution patterns.

Some occupy a relatively limited geographical area

while others are more widespread. Examples of Dau-

cus species with a limited geographical distribution are

given in Table 7.3. Species with highly restricted dis-

tributions may be more at risk of genetic erosion and

extinction in the wild. The closest relative to cultivated

carrot (D. carota subsp. carota; wild carrot or Queen

Anne’s Lace) is very widely distributed across temper-

ate regions of the world and as such is unlikely to

require special conservation efforts at the moment.

The most obvious threat to wild Daucus species

growing outside of protected areas is loss of habitat,

either through adoption of land into agriculture,

changes in agricultural practice, or urban develop-

ment. The effect of climate change on the geographi-

cal range of Daucus species may mean that current in

situ conservation efforts may not be adequate. Jarvis

et al. (2008) modeled the effect of climate change on

wild relatives of three crop species and suggested that

where species are predicted to undergo significant

reductions in range size, the collection and conserva-

tion of adequate samples in ex situ collections as well

as in situ is vital.

Locally maintained cultivated selections of carrot

landraces are being replaced by cultivars adapted for

large-scale production, as is typical for most vegetables

worldwide. As this trend continues, the ability to estab-

lish ex situ populations of wild D. carota will

be enhanced, albeit to the detriment of future carrot

breeders.

7.3.4 Conservation Summary

Wild Daucus species are currently conserved in both

in situ and ex situ. The extent and adequacy of in situ

Table 7.3 Daucus species with a potentially limited geo-

graphic distribution

Species Distribution

D. capillifolius Morocco, Libya

D. gracilis Algeria

D. jordanicus Israel (Palestine)

D. tenuisectus Morocco
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conservation is unclear. Some wild species such as

D. carota subsp. carota are distributed across temper-

ate regions of the world and are unlikely to be under

threat. However, this species is the closest relative of

cultivated carrot and is the most likely to be geneti-

cally altered through introgression. Ex situ collections

of wild Daucus exist, but several species are not pres-
ent, and further work is required to correctly identify

and classify existing accessions. A combined assess-

ment of in situ and ex situ collections will identify

species which are not adequately conserved or repre-

sented and this will allow future collecting exercises

for ex situ conservation to be targeted efficiently.

7.4 Role in Elucidation of Origin and
Evolution of Allied Crop Plants

7.4.1 Genetic Diversity of D. carota

Small (1978) investigated more than 400 D. carota

populations and 100 herbarium specimens using a set

of morphological traits. The D. carota complex was

divided into two partially overlapping groups named

subspecies aggregate gingidium and subspecies aggre-

gate carota. The latter comprised a sharply divergent

group of cultivated carrots and two subgroups of the

wild D. carota (Fig. 7.1).

That study formed a basis for subsequent research

aiming at characterization of genetic diversity using

molecular tools. Several molecular marker techni-

ques have been developed and widely utilized for

investigation of genetic diversity in D. carota. St.

Pierre et al. (1990) used eight isozyme systems, i.e.,

phosphoglucose isomerase (PGI), triose phosphate

isomerase (TPI), leucine amino peptidase (LAP),

alcohol dehydrogenase (ADH), glutamate dehydroge-

nase (GDH), malate dehydrogenase (MDH), phos-

phoglucomutase (PGM), isocitrate dehydrogenase

(IDH), and 6-phosphogluconate dehydrogenase

(6-PGD), to carry out an extensive study on the

diversity of the wild and the cultivated D. carota,

comprising 168 accessions from 32 countries. In

total, they identified 16 putative loci coding for 34

alleles. A greater proportion of the total variability

was found within than between populations. Subspe-

cies carota was the most diverse, while subsp. major

(the authors followed Heywood’s classification) was

the most uniform. St. Pierre et al. (1990) found no

support for defining clearly separated groups, as pro-

posed by Small (1978), neither in relation to the

taxonomic classification nor to the geographic locali-

zation of the populations under investigation. More-

over, no sharp division between the wild and the

cultivated D. carota could be inferred from the iso-

zyme analysis. These conclusions were further sup-

ported by the results of a study utilizing amplified

fragment length polymorphism (AFLP), inter-simple

sequence repeat (ISSR), and other DNA markers

(Bradeen et al. 2002) on a collection of 124 acces-

sions, showing that the genetic diversity of D. carota

was high and non-structured. However, unlike

St. Pierre et al. (1990), Bradeen et al. (2002) reported

that the cultivated and the wild accessions formed

separate, only marginally overlapping clusters. The

difference between the wild and the cultivated mate-

rials was even more pronounced in the study of Shim

and Jørgensen (2000), who used AFLP markers to

compare five Danish wild populations and five carrot

cultivars. They reported that the wild D. carota were

clearly different from the cultivated carrots. More-

over, the genetic distance between the wild popula-

tions reflected the geographic distance. Analysis of

restriction fragment patterns of mitochondrial DNA

was another approach used to study genetic diversity

of D. carota. Ichikawa et al. (1989) used four restric-

tion endonucleases, i.e., PstI, SalI, XbaI, and XhoI,

and showed that wild carrot and D. capillifolius, a
close relative to D. carota, had mtDNAs of different

types than those characteristic to domesticated car-

rots. Mitochondrial genomes of 80 individuals repre-

senting wild D. carota populations of different origin

were studied by Ronfort et al. (1995). Restriction

fragment length polymorphism (RFLP) analysis of

mtDNA digested with EcoRV and HindIII and hybri-

dized to probes coxI, atp6, and coxII revealed the

presence of 25 mitotypes, indicating a high level of

intraspecific polymorphism of the D. carota mito-

chondrial genome. Interestingly, a larger portion of

that variability could be attributed to intrapopulation

diversity, with 4.4 mitotypes present on average in a

single population. On the other hand, all mitotypes

were specific to a single geographic region, i.e.,

France, Greece, and Crete. A summary of research

programs using molecular markers for investigating

genetic diversity in Daucus is given in Table 7.4.

98 D. Grzebelus et al.



7.4.2 Genetic Diversity in the Genus
Daucus

A few studies utilizing molecular markers to investi-

gate relationships between Daucus species have been

reported. Nakajima et al. (1998) performed a small-

scale investigation on genetic diversity within the

genus Daucus, involving 26 accessions, including 6,

13, and 7 accessions representing Daucus species,

wild D. carota, and cultivated D. carota, respectively.
They used random amplified polymorphic DNA

(RAPD) and AFLP systems, both on the nuclear and

the mitochondrial genomes. Clusters resulting from

the molecular marker experiments were generally in

good agreement with the taxonomic classification;

however, the comparison of the nuclear and the mito-

chondrial genomes suggested that some accessions

might have had different evolutionary histories. They

reported that results of RAPD and AFLP analysis was

in good agreement, while in the above-mentioned

study of Bradeen et al. (2002), poor correlation

between AFLP and ISSR was observed. Vivek et al.

(1999) analyzed cpDNA and mtDNA of nine Daucus

species using RFLP polymorphisms identified with 14

heterologous probes of Petunia cpDNA and four

probes of maize mtDNA, after restriction digestion

with 10 nucleases. Thirty-seven nucleotide substitu-

tions and one insertion were revealed on cpDNA,

which allowed grouping of accessions concordant to

their taxonomic classification. Analysis of mtDNAs

was more efficient, allowing identification of 209

polymorphisms. Variation of the mitochondrial

genome was higher than that of the chloroplast

genome, enabling differentiation of accessions within

the section Daucus. Notably, mitochondrial RFLP

profiles differed for fertile and male-sterile cyto-

plasms.

7.4.3 Chemical Composition and
Chemotaxonomy

Several attempts were commenced to broaden our

knowledge on the Apiaceae family through investiga-

tion of chemotaxonomic relationships. The occurrence

of characteristic phenolics, terpenes, saponins, fatty

acids, polysaccharides, and proteins was proposed to

delimit Apiaceae tribes and genera (Crowden et al.

1969; Harborne 1971; Hegnauer 1971). However, the

relationship inferred from sequences of nuclear ribo-

somal DNA internal transcribed spacer regions (rDNA

E D F

C A

B

subsp. agg. gingidiumsubsp. agg. carota

var. sativus

‘western’ carrot

subsp. sativus

cultivated carrot

wild carrot

var. atrorubens

‘eastern’ carrot

DNA markers

mtDNA restriction patterns

Fig. 7.1 Postulated relationships in the Daucus carota com-

plex. The graph representing groups differentiated on the basis

of morphological observations was adopted from Small (1978).

Letters represent morphologically different groups within

the D. carota complex: A – cultivated, orange-rooted, B –

cultivated, intermediate between A and C, C – cultivated,

non-orange (purple or yellow), D – wild, non-Asian, with

unpubescent, highly dissected leaves, E – wild, Asian, with

pubescent, poorly dissected leaves, F – wild, with relatively

undissected, glossy leaves. The dashed line shows division

between the wild and the domesticated D. carota revealed by

DNA markers Shim and Jørgensen (2000), Bradeen et al.

(2002), and mtDNA restriction patterns (Ichikawa et al. 1989)
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ITS) did not support phylogenetic assumptions based

on the distribution of those secondary metabolites

(Katz-Downie et al. 1999). Chemotaxonomical studies

at a species level were much less advanced as it is

difficult to find key components of sufficient variation.

In this context, studies of Daucus spp. are fragmentary

and concern only selected constituents. The most com-

plex data is available for fruits. This is related to the

taxonomical relationship between Daucus and other

members of the Apiaceae, among which there are

several species rich in characteristic volatiles. Much

less attention was given to root and leaf composition.

Polyacetylenes are unstable compounds and occur

ubiquitously in Apiaceae including several Daucus

species. Nine Daucus species have been evaluated

and the presence of polyacetylenes has been positively

verified (Table 7.5). The main polyacetylene of Dau-

cus is falcarinol, previously known also as carotatoxin,
possessing two –C � C– bonds. It is usually accom-

panied by a derivative falcarindiol with the additional

hydroxyl group. In roots of cultivated carrot falcarin-

diol-3-acetate was also identified, but it is not known

whether this polyacetylene occurs in wild carrots. The

distribution of polyacetylenes in root organ is not

uniform. In cultivated carrot, they appear mainly in

oil droplets localized in oil ducts running along the

root length in periderm/pericycle parenchyma (Garrod

and Lewis 1979; Czepa and Hofmann 2003, 2004).

These observations were confirmed using the non-

destructive Raman spectroscopic approach (Baranska

and Schulz 2005). The same technique, applied to wild

carrot, revealed a different polyacetylene distribution.

In the root of D. c. subsp. maritimus, falcarindiol

dominates and it is much more uniformly distributed

across root phloem with higher amounts occurring

additionally in the periderm. A similar pattern of dis-

tribution was also found in the subspecies D. c. subsp.

gummifer, D. c. subsp. commutatus, and D. c. subsp.
halophilus (Baranska et al. 2005). It is speculated that

falcarindiol increases resistance of carrot cultivars to

Table 7.4 Summary of research projects investigating genetic diversity in the genus Daucus using molecular markers

Species examined Genome investigated Marker system used Reference

D. carota mt, cp Restriction fragment patterns DeBonte et al. (1984)

D. capillifolius

D. pusillus

D. carota Nuclear, cp Isozyme

Restriction fragment patterns

Matthews and Widholm (1985)

D. capillifolius

D. pusillus

D. carota mt Restriction fragment patterns Ichikawa et al. (1989)

D. capillifolius

D. carota Nuclear Isozyme St. Pierre et al. (1990)

D. carota mt RFLP Ronfort et al. (1995)

D. carota mt RFLP Bowes and Wolyn (1998)

D. carota Nuclear, mt RAPD, AFLP Nakajima et al. (1998)

D. aureus

D. guttatus

D. muricatus

D. pussilus

D. carota mt, cp RFLP Vivek et al. (1999)

D. aureus

D. broteri

D. capillifolius

D. glochidiatus

D. guttatus

D. littoralis

D. muricatus

D. pusillus

D. carota Nuclear AFLP Shim and Jørgensen (2000)

D. carota Nuclear, mt AFLP, ISSR Bradeen et al. (2002)

mt mitochondrial genome; cp chloroplast genome
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Mycocentrospora acerina and D. c. subsp. hispanicus

to root knot nematodes (Frese 1983).

Biennial and perennial Apiaceae develop storage

roots that function as a sink of assimilates utilized for

the development of stem and inflorescences in the

second vegetation year. They usually contain sucrose

accompanied by hexose, glucose, and fructose, as in

the edible carrot (Hegnauer 1971). Starch and pectins

can also function as storage carbohydrates. They are

present in considerable amounts, for example in roots

of D. c. subsp. maritimus, as revealed by spectromet-

ric analyses. The presence of starch was also con-

firmed by histochemical iodine staining of a root

section. In the analyzed specimen, starch accumulated

in the pith (a parenchymatic center of the root),

phloem, and peripheral parenchyma while xylem tis-

sue was devoid of starch. The presence of starch in the

pith was not observed in edible carrot, which may be

explained by its much smaller core than in wild carrot.

In contrast, pectins were uniformly distributed

throughout root section with a noticeable decrease

along the secondary cambium only. The intensity of

pectin characteristic signals in the Raman spectrum of

D. c. subsp. maritimus suggests that this linear poly-
saccharide has a low degree of esterification, e.g., it

contains only a few esterified galacturonic acid groups

(Baranska et al. 2005). Other saccharides are not reported

in Daucus except of umbelliferose. This characteristic

to Apiaceae family trisaccharide (a-D-galactopyranosyl-
20-a-D-glucopyranosyl-2-b-D-fructofuranoside) is a raffi-
nose isomer and was found in three D. carota

subspecies including D. c. subsp. carota, although in

small amount only (Crowden et al. 1969; Goris 1983).

Daucus fruits are dry with a hard pericarp being

highly lignified (Drude 1898; Baranski et al. 2006).

The fruit wall covers the seed composed mainly of

endosperm and small embryo. Thus, endosperm occu-

pies the majority of the seed volume and serves as a

storage tissue. Daucus endosperm is rich in proteins

that account for 11–29% of the tissue (Kleiman and

Spencer 1982) (Table 7.5). As in other Apiaceae, two

classes of protein bodies are present in D. c. subsp.

carota seed: globoid bodies with nitrogen-rich storage

proteins of 2–10 mm in diameter and a second type

Table 7.5 Selected constituents of Daucus root, canopy, and seed

Species Root

polyacetylenesa
Canopy

flavonoids

Seed

Flavonoids Proteins

[%]

Oil

[%]

Fatty acids

PA

[%]

LA

[%]

C18:2

[%]

Others

[%]

Iodine

value

D. aureus + Lu Ap Chr Lu 19 23 76 7 11 6 91

D. broteri Lu 19 19 75 5 12 8 100

D. carota subsp.

carota
+ Lu-7G Ap Lu Qu 22 27 71 12 12 5 102

D. c. maritimus + 17 18 70 12 11 7 188

D. c. maximus 19 19 73 10 11 6 150

D. crinitus + Lu Lu Ka Qu 21 12 74 10 11 5 91

D. durieua Lu Ka Qu Lu

D. glochidiatus Qu Qu

D. guttatus + 21 23 65 16 12 7 105

D. involucratus Qu-3G

D. littoralis Lu Qu 11 10 80 4 10 6 95

D. montanus Ap Lu Qu

D. muricatus Lu Lu 18 11 75 7 11 7 92

D. pusillus + Ap, Lu Ka

Qu

20 22 75 7 12 6 117

D. setifolius Qu Ap Lu Qu 29 16 51 13 25 11 106

D. syrticus Ap Lu Qu

Reference Crowden et al. (1969) Harborne

(1971)

Kleiman and Spencer (1982)

Flavonoids: Ap apigenin; Chr chrysoeriol; Ka kaempferol; Lu luteolin; Qu quercetin; 3G 3-glucoside; 7G 7-glucoside

Fatty acids: PA petroselinic acid (C18:1D6); LA linoleic acid (C18:1D9)

Blanks not studied
aPolyacetylenes were also detected in D. c. subsp. gummifer, D. c. subsp. commutatus and D. c. subsp. halophilus (Baranska et al.
2005)
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with crystal inclusions. Both types of protein bodies

never occur together in one cell. Crystals often aggre-

gate forming large globoid druses that disappear

within 5 days after seed germination. Additionally,

calcium-rich inclusions are also present and they per-

sist in germinating mericarps. Druses in wild carrot

may be composed of up to 100 individual globoid

crystals or calcium-rich crystals and have 6–10 mm
and are much bigger than those in endosperm of cara-

way, dill, and anise (Spitzer and Lott 1982a). Globoid

crystals are probably phytate molecules as they

contain mainly P, K, and Mg elements (Spitzer and

Lott 1982b). In contrast, calcium-rich crystals are

identified as whewellite (calcium oxalate) (Spitzer

and Lott 1982c).

Analysis of storage proteins revealed differences in

protein composition between species. For this purpose,

protein extracts can be separated using gel electrophore-

sis and stained with amido black. Nine to 12 anodic

bands of different intensity were distinguished in

extracts from D. aureus, D. c. subsp. carota, and D. c.

subsp. gadecaei. The species also differed in enzymatic

activity of esterases and peroxidases, both enzymes

occurring in several izoforms (Crowden et al. 1969).

Other important components of endosperm and

embryo are lipid vesicles (Spitzer and Lott 1982a).

Fatty acids may constitute up to almost 30% of Dau-

cus seed. The composition of fatty acids varies

between species but the main compound found in all

studied Daucus is petroselinic acid (C18:1D6), a

unique and characteristic fatty acid in the Apiaceae

family. Daucus species contain it in the amount of

50–80% of all fatty acids identified and belong to the

taxa in the family with the highest proportion of pet-

roselinic acid (Kleiman and Spencer 1982) (Table 7.5).

The second important fatty acid is C18:1D9 linoleic

acid that together with C18:2 lipids constitutes

14–38% of total fatty acids. Thus, C18:1 and C18:2

make up 90–95% of the fatty acid profile. Despite their

high proportion, the iodine value, informing on the

degree of lipid unsaturation, varies considerably

between species from 90 for D. aureus, D. crinitus,

D. muricatus, and D. littoralis to around 150 for D. c.
subsp. maximus and almost 200 for D. c. subsp. mar-

itimus thus indicating a varied composition of the

remaining 5–10% of fatty acids.

Phenolic compounds are important plant metabo-

lites often appearing in distinct taxa. Both flavones

and flavonoles are present in Daucus species making

them rather unusual in the Apiaceae family. Flavones

are considered more evolutionarily “advanced” com-

pounds and they progressively replace flavonols

(Harborne 1971). The distribution of flavonoids varies

depending on the species and plant organ (Table 7.5).

The flavone luteolin is present in the canopy of most

studied Daucus species. It can also exist as 7-gluco-

side. A second common compound is quercetin (fla-

vonol), which was found in four species (Crowden

et al. 1969). The presence of flavonoles is more con-

served in seeds. Quercetin is found in almost all spe-

cies and additionally, kaempferol occurs in D. crinitus
and D. pusillus. The seeds usually contain flavone

luteolin accompanied often by apigenin. Chrysoeriol

was found only in D. aureus. These compounds occur

in seed usually as flavone-7-glucosides and flavonol-

3-glucosides. However, other glycosides may also be

observed like 5-glucoside, 40-glucoside, 7-rhamnosyl-

glucoside, 7-diglucoside, or 7-glucosylglucuronide.

Quercetin may also occur as 3-di- or 3-triglucoside

in D. littoralis and 3-rutinoside in D. crinitus
(Harborne 1971). Additionally, a unique phenylpropa-

noid myristicin was identified in D. glochidiatus,

D. montanus, and D. carota (Harborne 1971). Furano-
coumarins are also ubiquitous in Apiaceae, however,

Daucus are rather poor in these compounds. A survey

of nine species demonstrated umbelliferone (7-hydro-

xycoumarin) only in D. c. subsp. carota seed

(Crowden et al. 1969).

Apiaceaeous plants are rich in volatiles, which are

constituents of essential oils present in leaves, umbels,

and seed. In most studied species, monoterpene hydro-

carbons dominate and make up 25–75% of all volatile

components. They are usually followed by sesquiter-

pene hydrocarbons while oxygenated terpenes do not

usually exceed 10%. Another important fraction may

be phenylpropanoids; D. c. subsp. carota essential oil

can be composed of 45% of these compounds (Rossi

et al. 2007). Almost 100 fractions were identified in

Daucus essential oils making this genera one of the

richest reservoirs of volatiles in Apiaceae. The com-

position of these oils is highly species-specific and

according to Harborne (1971) can be of significance

in chemotaxonomy, e.g., geranyl acetate and carotol

are characteristic for Daucus. Recent chromatogra-

phy-mass spectrometry studies of various D. carota

subspecies revealed high variation of the essential oil
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composition at species level. The most common

components are b-bisabolene, elemicin, (E)-methyl-

isoeugenol, myrcene, a-pinene, and sabinene but

their amounts vary depending on species and plant

organ, and additionally on developmental stage

(Table 7.6). A range of composition is reported in

different studies, which can be related to the use of

different plant material, grown in different conditions,

and to varying in physiological/developmental state.

Also some analyses were performed from leaf extracts

while other studies utilized a mixture of leaves and

umbels and this may contribute to the observed varia-

tion. It is therefore not surprising that values obtained

by different authors and listed in Table 7.6 are incon-

sistent to some extent. In general, however, seeds

contain more essential oils than stems and leaves and

their amount increases with ripening. Thus among the

most important components, b-bisabolene, elemicin,

and (E)-methyl-isoeugenol content increases two- to

fourfold in comparison to other components in ripe

umbel of D. c. subsp. carota. For D. c. subsp. halo-

philus, only the content of elemicin increases signifi-

cantly (over fourfold). On the other hand, limonene,

myrcene, a-pinene, and terpine-4-ol are more pro-

nounced in the umbel at flowering stage.

Spectroscopic measurements can provide informa-

tion on chemical composition of complex biological

samples. Using a wide wavelength range, the spectra

carry information of all chemical compounds present

in the specimen. Data collected from individual seeds

using Fourier-transform Raman spectroscopy pro-

duced convincing results allowing designation of

seeds into distinct groups based on the similarity of

the obtained spectra. Comparison of these spectra

showed that D. pusillus and D. capilifolius were the

most homogenous species among those used in the

study. It was, therefore, possible to discriminate these

two species from each other and from the seeds of

D. broteri. In contrast, D. carota was highly heteroge-

neous and delimitation at intrageneric level was highly

problematic, which was in accordance to previous che-

motaxonomical inferences (Baranski et al. 2006).

7.5 Role in Classical and Molecular
Genetic Studies

The market value of the edible carrot is smaller than

that of rice, wheat, potato. or tomato. However, there

are some advantages of using Daucus in genetic inves-

tigations, e.g., a wide spectrum of phenotypic diversity

among wild and cultivated D. carota; availability of

interspecific Daucus hybrids; presence of a well-

defined system of cytoplasmic male sterility (CMS);

and ease of cell, tissue cultures, and plant regenera-

tion. Classical genetic studies involving wild Daucus

have not been frequent, owing to their reproductive

biology, small and difficult to manipulate flowers, and

significant inbreeding depression. Therefore, to date

no reports are available on the development of Daucus
cytogenetic stocks, such as substitution or addition

lines, employing wild materials. Technology for pro-

duction of D. carota doubled haploid lines is being

developed (Adamus et al. 2004; Górecka et al. 2009),

but it has not been used for wild Daucus.

7.5.1 Use as Parents in Wide Crosses

Hauser and Bjorn (2001) and Hauser and Shim (2007)

noted the existence of hybrids between cultivated car-

rot and D. carota subsp. carota in fields in Denmark,

and found that hybrids were likely to survive and

produce offspring in natural grassland environments.

Wijnheijmer et al. (1989) also described evidence of

introgression from cultivated carrot into D. carota

subsp. carota in the Netherlands. It is possible to

create hybrids between cultivated carrot and other

Daucus species such as D. capillifolius (Ellis et al.

1993). Also, manual pollination of a range of Daucus
accessions with pollen of cultivated carrot resulted in

seed set and subsequent development of fertile plants

(Nothnagel et al. 2000). They used subspecies of

D. carota and accessions labeled as D. halophilus,

D. hispidifolius, and D. maximus. Steinborn et al.

(1995) also reported on the production of intersubspe-

cific hybrids between D. carota subsp. sativus and

other D. carota subspecies. They analyzed the inheri-

tance of plastid and mitochondrial genomes in prog-

eny obtained from those crosses. RFLP analysis of

cpDNA and mtDNA proved that the cytoplasm was

inherited exclusively from the maternal plant and

Vivek et al. (1999) demonstrated strictly maternal

inheritance of a plastid RFLP in carrot. Recently,

Camadro et al. (2008) reported the successful creation

of hybrid embryos but not mature seed in crosses

between cultivated carrot and D. pusillus under labo-

ratory conditions, indicating incomplete reproductive

barriers between the two species. The authors postu-

lated that the hybrids could provide carrot breeders
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ó
ra

et
al
.

(2
0
0
2
)

T
av
ar
es

et
al
.

(2
0
0
8
)

T
av
ar
es

et
al
.

(2
0
0
8
)

F
la
m
in
i

et
al
.

(2
0
0
7
)

F
la
m
in
i

et
al
.

(2
0
0
7
)

B
la
n
k
s:
N
o
t
id
en
ti
fi
ed

b
y
th
e
au
th
o
rs
;
n
d
:
N
o
t
d
et
ec
te
d
in

th
e
sa
m
p
le
;
tr
:
T
ra
ce
s
am

o
u
n
ts
;
U
n
d
er
li
n
ed

v
al
u
es
:
th
e
p
re
d
o
m
in
an
t
co
m
p
o
u
n
d
s

a
T
h
e
n
am

e
D
.
gi
n
gi
di
u
m

L
.
su
b
sp
.
gi
ng

id
iu
m

is
u
se
d
b
y
th
e
au
th
o
rs

b
V
al
u
es

fr
o
m

tw
o
lo
ca
ti
o
n
s
ar
e
g
iv
en

as
th
ey

d
if
fe
r
co
n
si
d
er
ab
ly

c
V
al
u
es

ar
e
o
b
ta
in
ed

fr
o
m

a
m
ix
tu
re

o
f
al
l
ae
ri
al

p
ar
ts

d
P
h
en
y
lp
ro
p
an
o
id
s
ar
e
n
o
t
d
is
ti
n
g
u
is
h
ed

fr
o
m

te
rp
en
es

104 D. Grzebelus et al.



with genes of interest, such as resistance or tolerance

to abiotic and biotic stresses.

Apart from the gametic hybridization, efforts were

carried out to produce somatic hybrids. Dudits et al.

(1977) obtained a somatic hybrid between D. carota
subsp. sativus and D. capillifolius with intermediate

leaf morphology and white and fleshy roots. The

hybrid plants usually contained 36 chromosomes, but

other chromosome numbers, ranging from 34 to 54,

were also observed, the latter likely originating from

triple fusion of protoplasts. Matthews and Widholm

(1985) analyzed chloroplast and mitochondrial

composition of D. carota � D. capillifolius somatic

hybrids by comparing cpDNA and mtDNA restriction

patterns to both parental species. While plastid DNAs

in the hybrids were identical to that of D. carota and

different from D. capillifolius, mtDNA examination

revealed the presence of numerous rearrangements in

the hybrids, including the presence of novel, unique

bands, absent in both parents. The hybrids contained

two isoforms of homoserine dehydrogenase, of which

one was D. capillifolius specific and the other one was
unique to the hybrid (not D. carota specific). Analysis

showed that expression levels of key enzymes

involved in amino acid synthesis in the hybrids were

slightly higher than in either parent. Asymmetric

fusion between D. carota and D. capillifolius was

performed by Ichikawa et al. (1987), where D. carota
nuclei from iodoacetamide-treated protoplasts were

fused with D. capillifolius cytoplasm from X-irradiated

protoplasts. Putative cybrids were morphologically

similar to D. carota and contained 17 (2n � 1) or 34

(4n � 2) chromosomes, as counted for four plants and

one plant, respectively. Again, mtDNA restriction pat-

tern analysis showed the presence of unique bands

indicating possible rearrangements in the mitochon-

drial genome of the hybrids.

7.5.2 Molecular Genetic Linkage Maps

The most detailed presently available genetic linkage

map of D. carota has been developed using a segre-

gating F2 population from an intersubspecific cross

between the North American wild carrot QAL

(D. carota subsp. carota) and the cultivated carrot

inbred B493 (D. carota subsp. sativus). The map was

originally developed using a set of 250 AFLP markers

(Santos and Simon 2002), and then supplemented with

gene-specific size and SNP (single nucleotide poly-

morphisms, Just et al. 2007), DcMaster and Krak

transposon insertion sites (Grzebelus et al. 2007; Grze-

belus and Simon 2009). Currently, the map comprises

381 markers and spans 1,242.0 cM and 1,474.7 cM, for

the QAL and B493 genomes, respectively (Table 7.7).

The map was originally developed to investigate

genetic factors determining carotenoid content in car-

rot roots. Santos and Simon (2002) identified quantita-

tive trait loci (QTLs) affecting the concentration of

different carotenoids, explaining from 15.8, 21.7, 26.4,

37.7, and 44.2% of the total phenotypic variance, for

lycopene, x-carotene, b-carotene, a-carotene, and

phytoene, respectively. Just et al. (2007) positioned

on the map 22 genes involved in carotenoid biosyn-

thesis and metabolism, providing gene-specific

codominant polymorphisms for eight of the nine link-

age groups. The map served as a tool for localization

of transposon copies belonging to the DcMaster and

Krak families of PIF/Harbinger elements. It was

shown that insertion sites of both families were highly

polymorphic between the wild and the cultivated

D. carota. They were uniformly distributed in both

genomes; however, differences in saturation between

the QAL and the B493 genomes were observed for

linkage groups 2 and 5, which were identified as those

carrying the most important QTLs for carotenoid con-

tent. Hence, transposition events might in part be

responsible for the emergence of carotenoid-colored

roots.

Table 7.7 Summary information on the genetic linkage map of

D. carota for the cross between the wild carrot QAL and the

cultivated inbred line B493

Marker type QAL B493

AFLP dominant 100 97

AFLP codominant 4 4

Genic 24 24

SCAR 2 2

SSR 2 2

DcMaster Transposon Display 28 23

Krak Transposon Display 35 34

Total 195 186

Length of map (cM) 1,242.0 1,474.7

Average distance between markers (cM) 6.37 7.93
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7.6 Role in Crop Improvement Through
Traditional and Advanced Tools

7.6.1 Utilization of Wide Crosses in Carrot
Breeding

The relatively poor valorization of Daucus genetic

resources is a limiting factor for their wider utilization

in carrot breeding programs. Few projects aiming at

better characterization of genetic properties of existing

germplasm collections have been undertaken. The

major effort on evaluation of European Daucus collec-

tion, including domesticated carrot and its wild relatives,

was conducted under the framework of the GENRES

project in the years 2000–2003. Detailed characteris-

tics of the project are available at http://www2.war-

wick.ac.uk/fac/sci/whri/research/gru/eucarrot/. The

USDA has been evaluating the US Daucus collection

for traits of potential interest to plant breeders and

germplasm curators since 1986 and nine traits from

diverse open-pollinated cultivars, wild carrot, and wild

Daucus species that have found their way into modern

cultivars have been summarized (Simon 2000). Two

areas where wild germplasm greatly contributed in the

improvement of modern cultivated carrot are dis-

cussed below.

7.6.1.1 Introduction of the Petaloid Type

of Cytoplasmic Male Sterility

into Cultivated Carrot

The petaloid cytoplasm, known as “Cornell petaloid”

was first discovered by Munger in 1953. In the 1970s,

another source of petaloid CMS, “Wisconsin petal-

oid,” was found (Morelock et al. 1996), and more

recently yet another source, “Guelph petaloid,” was

identified in Ontario, Canada (Wolyn and Chahal

1998). It is likely that, despite a large geographic

distance, all of these sources are related, suggesting

that a single evolutionary event was responsible for

the origin of the “sterile” cytoplasm (Bowes and

Wolyn 1998). In male sterile plants of this type,

additional petals replace anthers. A specific combi-

nation of “sterile cytoplasm” and nuclear alleles is

required to produce male sterile plants. The cytoplas-

mic factors determining CMS are located in the

mitochondrial genome, but the exact mechanism

governing male sterility in carrot is still not known.

CMS was introduced into carrot breeding materials,

providing a very efficient tool for a mass scale pol-

lination control. The CMS system is nowadays

widely used to assure cross-pollination in the course

of F1 cultivar seed production and molecular tools

differentiating “sterile” and “normal” cytoplasms

were developed (Szklarczyk et al. 2000; Bach et al.

2002).

Owing to the importance of CMS to the seed

industry, efforts have been undertaken to obtain

new sources of male sterility through intra- and inter-

specific crosses. Steinborn et al. (1995) examined

several crosses of D. carota subsp. sativus with a

range of wild D. carota subspecies. They confirmed

the exclusively maternal inheritance of mitochon-

drial and chloroplast genomes and reported another

source of CMS in D. carota subsp. gummifer. In

addition to the “gummifer” CMS, Nothnagel et al.

(2000) identified two more CMS sources – in

D. carota subsp. maritimus and D. carota subsp.

gadecaei. Feasibility of these new CMS systems for

carrot breeding remains to be examined.

7.6.1.2 Introduction of Resistance to Carrot

Fly from D. capillifolius

Carrot root fly (Psila rosae) is the most devastating

pest of carrot and other umbellifers grown in temper-

ate regions. Resistance sources from domesticated

carrot can provide a maximum of 50% reduction in

carrot fly damage, while much higher levels of resis-

tance were observed in wild Daucus (Ellis 1999).

D. capillifolius was found to be resistant to P. rosae

due to its foliage and root characteristics. It was shown

that crosses between D. carota subsp. sativus and

D. capillifolius were readily obtained (McCollum

1975). In order to introduce the carrot fly resistance

of D. capillifolius into cultivated carrot, crosses with

partially resistant cv. ‘Sytan’ were produced (Ellis

et al. 1993). As a result of the project, a set of F5 and

F6 lines with significantly improved resistance to car-

rot fly were produced, however, none of those lines

was as resistant as D. capillifolius. Finally, carrot cv.

‘Flyaway’ was released in 1993.
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7.6.2 Genetic Transformation

There are no existing reports concerning genetic modi-

fication of Daucus wild relatives to date. However,

cultivated carrot has been extensively engineered

using modern biotechnological approaches. Carrot

was one of the first species used in transgenic research

probably mainly due to earlier successful establish-

ments of in vitro techniques using carrot as a model

plant. Nowadays, a large number of available reports

indicate that carrot can be engineered using both vector

and non-vector methods. Although there is no commer-

cial release of any transgenic carrot, the research

reports show a broad range of possible modifications

that can be potentially fixed in future cultivars. The

subject has been recently reviewed by Baranski (2008).

Beyond carrot, several successful attempts of genetic

transformation in various Apiaceae species are known.

The published data indicate that optimized protocols

can be developed for some species and then utilized for

application purposes. A number of Apiaceae species

are rich in phytochemicals of significant pharmaceuti-

cal, dietary, and culinary importance. Thus, it is not

surprising that research towards high-throughput pro-

duction of these compounds is evolving. Review of

existing data shows that furanocoumarins, essential

oils, saponins, and phenylpropanoids are secreted by

hairy roots in bioreactors after successful Agrobacter-

ium rhizogenes-mediated transformation. Although the

amounts of these metabolites in hairy roots are often

much lower than in organs of growing plants, an effi-

cient hairy root biomass production may be a conve-

nient source of phytochemicals (Baranski 2008).

Experience gained from carrot and related genera

suggests that wild Daucus can be amenable to genetic

transformation, too. Although these species have no

commercial value they are known to be rich in meta-

bolites of phytopharmaceutical importance. Hairy root

culture in bioreactors thus may become an interesting

alternative for novel utilization of these resources.

7.7 Scope for Domestication
and Commercialization

Historically, oils extracted from Daucus species had a

variety of medicinal uses like other members of the

Apiaceae. Recent investigations have focused on the

antimicrobial properties of oil components from dif-

ferent taxa such as D. carota subsp. halophilus

(Tavares et al. 2008), D. carota subsp. carota

(Ahmed et al. 2005; Kumarasamy et al. 2005; Rossi

et al. 2007), and D. reboudii (Djarri et al. 2006).

Polyacetylenes containing unique carbon–carbon

triple bonds, which are derivatives of a fatty acid –

crepenynic acid, are the most characteristic com-

pounds found in Daucus roots. Polyacetylenes are

considered as bioactive compound of adverse, toxic

effect to animals and human beings. However, recent

studies suggest that in low doses some of them, e.g.,

falcarinol, can also act beneficially to health exhibiting

anti-inflammatory activity and inhibiting proliferation

of tumor cells both in vitro and in vivo (Christiansen

and Brandt 2006).

7.8 Gene Flow Between Cultivated
and Wild Carrot

As mentioned earlier, cultivated carrot can freely

hybridize with other D. carota subspecies. The most

common wild relative is D. c. subsp. carota, which

invades open grasslands, meadows, road sides, and

rural areas. Its geographical distribution is wide:

Europe, North Africa with Canary Islands, North,

South, and Central America, Siberia, Central and

East Asia, and Australia. It commonly grows in the

vicinity of production carrot fields and is a serious

problem for seed producers, since it can pollinate

cultivated carrot, resulting in impurity of commercial

seed lots. Root producers often identify intercrossed

individuals that possess characters of both cultivated

and wild form (Wijnheijmer et al. 1989). Investiga-

tions indicated that white-rooted individuals bolting in

the first year in commercial fields were hybrids

between cultivated carrot (female) and wild (male)

parents (Hauser and Bjorn 2001). The problem of

contamination with wild pollen has been well recog-

nized and seed production guidelines have adopted

rules to minimize unintended pollination. Restrictions

arise from the fact that carrot is cross-pollinated by a

large number of insects (Lamborn and Ollerton 2000)

and that pollen can be effectively transported for a

long distance. The same applies to wild carrot since,
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for example, hoverflies (Eristalis tenax L.) fly to

a distance of 60 m, but pollen of wild carrot is viable

for 10 days so it can be effectively transported up to

600 m before pollination (Umehara et al. 2005). Thus

for production of carrot foundation seed, to ensure 95%

purity a minimum distance of at least 1,000 m is

required from any other field with flowering plants

and from habitats of wild relatives. Bees carry pollen

in excess of 6 km in some instances so commercial seed

production in the USA keep cultivated orange carrots

with differing root shapes at least 3 km apart, and other

root colors at least 5 km apart. Moreover, Magnussen

and Hauser (2007) described the existence of hybrids in

natural populations, implying that gene flow occurred

from carrot fields to closely growing wild populations.

Gene flow to/from other Daucus species is rather

unlikely. Although carrot can hybridize with D. capil-

lifolius, successful seed set after crossing with few

other Daucus species was achieved only after manual

pollination or in laboratory conditions. Spontaneous

hybridization with D. capillifolius might occur if both

species are present in close proximity. Since D. capil-
lifiolius grows on a very limited area in North Africa

the appropriate measures of the species conservation

may considerably lower the chance of its contamination.

Another route of gene flow can occur is via seed.

Although cultivated plants usually do not flower since

they are harvested in the first vegetation year, some

plants can bolt as discussed earlier. Early bolting

hybrids can set seed. Carrot seed can be dispersed by

wind and animals, but anemophily is of little impor-

tance in terms of gene flow and invasiveness since the

distances to which seed is transported by wind is short.

Experiments using controlled air velocity showed that

carrot seed is scattered no longer than 3 m from the

source plant (Umehara et al. 2005). On the other hand,

fruit morphology encourages dispersal by animals.

The small seed size and large number of spines enable

dry fruit to attach to animal fur as well as to human

clothing. There is no data available to what extent

endo- or epizoochory contributes to Daucus dispersal,

but a recent experiment by Manzano and Malo (2006)

showed that carrot seed adhered to sheep wool can be

transported for 400 km by animals from the North to

Southwest Spain. After 28 days of flock movement,

12% of seed adhering to sheep wool still remained

attached and 7% was still attached after the next 5

months. This indicated that the impact of animal

movement in some regions should be taken into con-

sideration. Another possible mode of seed dispersal is

carriage by car and farm equipment. Usually carrot

seed is produced in one region and then transported to

root production areas. Mud attached to car undersur-

faces and wheels can also accommodate viable seeds

and enables their transport over a very long distance

(Schmidt 1989). Any of these seed dispersal mechan-

isms gives evidence that seed can be transported to,

and potentially germinate in a new location. While the

above examples suggest possible ways carrot seed can

disperse, they do not indicate to what degree long

distance dispersal occurs in nature and whether these

examples are relevant to successful gene flow and

introgression into wild habitats.

Wild carrot is a weedy plant that can enter new

locations, but it still has not been determined how fast

settlement can become established. Umehara et al.

(2005) found new wild carrot plants about 10 m away

from the original site of maternal plants after 1 year and

about 100 m after 2 years, probably due to the cumula-

tive effects of seed dispersal by animals and humans.

The persistence of seed is an important issue when

considering gene flow. Carrot seed has some dormancy

and does not always germinate under favorable condi-

tions, thus it can persist in soil. The seed mortality of

wild carrot, 1 year after sowing in June in the Oregon

(USA) prairie, was high (45–65%), but not related to

vertebrate predation, which can be informative for risk

assessment to non-target organisms. Twenty-eight per-

cent of the seed survived the first winter and most

germinated the next year while about 40% of surviving

seed was viable in the soil and germinated the second

year. No viable and ungerminated seed was found after

the second year (Clark and Wilson 2003). These data

indicated that in some conditions carrot seeds can per-

sist in soil for at least 2 years. This agrees with finding

of Magnussen and Hauser (2007) who deduced the

presence of F2 or backcross hybrid plants in natural

habitats using molecular approaches.

A successful hybridization event does not necessar-

ily imply gene introgression into a wild population. The

observations made by Hauser (2002) show that hybrids

are less tolerant to frost than wild plants and that this

susceptibility is inherited from the cultivated parent.

Without an acclimatization period, hybrid plants died

at �8�C as did cultivated carrot, and after acclimatiza-

tion some hybrids survived but at a low rate (below

10%). Climatic conditions and genetic background cer-

tainly are of great importance, but the results clearly
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indicated that outbreeding depression resulting from

gene escape from a cultivated to wild form of carrot

can significantly limit gene flow so that hybrids pro-

duced have lower ability to survive in exposed habitats.

7.8.1 Potential Gene Flow from
Transgenic Carrot to its Wild
Relatives

Although wild Daucus have not been the subject of

genetic modification, a large number of transgenic

crops have been developed and are being introduced

into environment. It is, therefore, important to discuss

the potential consequences of gene flow from released

transgenic carrot to wild Daucus. Cultivated carrot

(D. c. subsp. sativus), the closest relative of the wild

D. carota, has been transformed worldwide and can

potentially be utilized in agriculture. Although, there

are no commercial transgenic carrot cultivars released

to date, 16 field trials were conducted in 1993–2002 by

seed companies; three of which were registered in the

Netherlands and 13 in various states of USA. Trans-

genic carrot was modified with tobacco chitinase, glu-

canase, and osmotin, and with petunia osmotin to search

for increasedAlternaria dauci resistance; and with cow-

pea cysteine proteinase inhibitor to search for root knot

nematode resistance. Altered glyphosate tolerance and

nutritional quality was also examined. For the latter two

projects, information on the introduced genes was pro-

prietary and consequently not available. In addition, all

projects utilized the neomycine phosphotransferase II

(nptII) gene conferring resistance to kanamycin derived

antibiotics as a selectable marker (USDA Information

System for Biotechnology). There has been no further

official deliberate release of transgenic carrot into the

environment since 2002, but this does not infer that no

transgenic cultivars will be registered in future. As sev-

eral field trials have already been completed, one may

anticipate that transgenic carrot is being proposed for

release into the environment.

The potential impact of transgenic cultivars on wild

carrot includes consideration of several issues (1) Can

cultivated carrot hybridize with the wild relatives? (2)

Can hybrids grow and flower? (3) Can pollination

occur between hybrids and wild relatives? (4) Can

cultivated transgenic carrot escape agricultural sys-

tem? (5) Can such refuges establish invasive popula-

tions? and (6) Can gene flow increase fitness? The first

three questions relate to reproductive biology, seed

dispersal, and persistence (see Sect. 7.8) while the

remaining ones require information on what genes

are introduced.

It is obvious that wild carrot can receive transgenes

via gene flow directly from transgenic crop or via

hybrids that can serve as bridge plants. How these events

can affect wild habitats depends on the transferred gene

construct and its impact on population fitness. There-

fore, a comprehensive answer is possible only after a

case-by-case assessment. As there is no proposed

release of transgenic Daucus at present there is no

opportunity to judge the potential impact of gene flow.

Assuming that production of a novel transgenic carrot

cultivar is allowed, the crop would certainly be culti-

vated for both root and seed production. As discussed

earlier, root production is of little importance in gene

flow as long as the plants are harvested before flowering.

Appearance of bolting carrots can easily be controlled

and appropriatemeasures can be applied to discard them

from commercial fields before anthesis. Uncontrolled

fields can be, however, a source of transgenic pollen,

additionally to plants at seed production fields.

Evaluations of natural habitats of wild carrot grow-

ing in a close proximity to carrot production fields

indicate that although some hybrids can be identified

they are infrequent (Magnussen and Hauser 2007).

Only 4% of wild plants collected from field edges

and roadsides close to carrot fields were identified as

hybrids using AFLP markers. The introgression of

deleterious genes resulted in maladaptation of hybrids

to the conditions in the wild and subsequent loss of

genes from cultivated parent in favor of the wild

parent (Hauser 2002). On the other hand, the release

of disease resistant cultivars may have a different

effect. Jensen et al. (2008) showed that both wild and

cultivated carrots died after inoculation with Scleroti-

nia sclerotiorum and subsequent disease development,

and that they had the same survival rate. This indicates

that wild carrot is susceptible at a level similar to that

of cultivated carrot. Wild carrot may therefore benefit

from introgression of resistance genes introduced by

transgenic carrot. Populations with transgenes may

have increased adaptiveness and be quicker to colo-

nize new habitats or increased survival in environment

where Sclerotinia occurs. On the other hand, non-

infested resistant wild carrot may not serve as a

pathogen reservoir thus limiting its propagation and
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incidence of crop disease. Another pathogen, Alter-

naria dauci, is common causal agent of leaf blight

recognized worldwide. It can also infest wild carrot

and cause severe plant damage as shown by Schouten

et al. (2002). However, wild populations examined in

the Netherlands were hardly infested and showed a very

high tolerance in field experiments. This is strong evi-

dence that those populations may possess resistance

mechanisms against A. dauci. Introgression of trans-

genes conferring resistance from an A. dauci resistant
transgenic crop would then have negligible effects on

the fitness of wild carrots, and would unlikely lead to

any changes in the wild carrot population.

7.9 Recommendations for Future
Actions

The existing collections of Daucus genetic resources

have recently been significantly enriched in the germ-

plasm originating from the Mediterranean, the Middle

East, Central Asia, and northern Africa. The need for

thorough evaluation and valorization of these

resources is urgent, as they can provide a basis for

developments in carrot breeding for the coming years.

At present, several national and international pro-

grams are being realized, but there is a need for a

formal platform integrating these activities. One of

the primary targets for utilization of the genetic

resources is the development of cultivars suitable for

organic and sustainable production. Carrot is impor-

tant in the rotation of organic vegetable production

systems. Wild materials can provide sources of resis-

tance to a range of biotic and abiotic stresses,

providing additional quality to organic and conven-

tional farming. Breeding carrots for higher productiv-

ity and quality in all farming systems, and greater

adaptation of carrot to warmer climates with concen-

trated human populations will also benefit from

diverse collections of well-characterized germplasm.
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Chapter 8

Lactuca

Michael R. Davey and Paul Anthony

8.1 Introduction

Leafy vegetables, of which lettuce is one of the most

important, form an essential component of a well-

balanced diet. Globally, lettuce (Lactuca sativa L.) is

grown as a salad crop and consumed mainly in the

fresh state. Lettuce is a self-fertile, annual species of

the family Asteraceae, with a chromosome comple-

ment of 2n ¼ 2x ¼ 18. It exhibits considerable mor-

phological and genetic variation, and is classified

according to its leaf shape and size. Seven phenotypi-

cally distinct groups (morphotypes) are recognized

(Kristkova et al. 2008), these being (1) Crisphead,

Iceberg or Cabbage, (2) Butterhead, (3) Cos, (4) Leaf

or Cutting, (5) Latin, (6) Stem or Asparagus and (7)

the Oilseed Group (Ryder 1999). Crisphead cultivars

(cvs.) have compact, large heads while Butterhead

types have crumpled, soft-textured leaves. Cos types

are characterized by long, oval, dark upright green

leaves, forming oblong heads or hearts, while leaf

types produce a rosette of loose leaves. Latin cvs. are

intermediate between Butterhead and Cos types, form-

ing loose heads with oval leaves. The young fleshy

stems of stem-type cvs. are eaten after being cooked.

Oil-seed type lettuces bolt rapidly and may be primi-

tive forms of L. sativa.

Lettuce may have originated in the Mediterranean

region, the Middle East and Southwest Asia. It was

cultivated in Europe during the late 1400s, prior to

introduction into America where Crisphead cvs. were

selected (de Vries 1997). Lettuce ranks about 26th

compared to other fruit and vegetables in terms of its

contribution to the human diet, following tomato and

orange with regard to bulk consumption in the US. At

least 70% of US lettuce production occurs in the field

in California, with a farm gate value for iceberg lettuce

exceeding $9.8 million. Other regions of cultivation

include Canada, northern Europe and Mexico, South

America, South Africa, the Middle East, Japan, China

and Southeast Australia. Nineteen million tons of let-

tuce was produced in 2002 (FAOSTAT website 2003),

of which the US produced about 4 million tons and

2 billion lettuce heads. The consumption of lettuce is

increasing annually because of its popularity as a

vegetable, necessitating the generation of new vari-

eties to meet consumer demands. Whilst sexual hybri-

dization will continue to generate new varieties,

molecular procedures and tissue culture-based techni-

ques provide an important under-pin to classical

breeding approaches.

8.2 Genetic Improvement of Lettuce
by Traditional Breeding

8.2.1 Requirement for Germplasm
Collections

In an extensive review, Ryder (2001) discussed some

of the current and future issues relating to lettuce

breeding. The breeding of cultivated lettuce is targeted

to improve agronomically important traits, with

increase in disease resistance being a major target.

Other characteristics for modification include leaf

shape and head formation, pigmentation, increasing
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tolerance to biotic and abiotic stresses and the intro-

duction of male sterility to facilitate sexual hybridiza-

tion. Improved leaf quality and succulence, a decrease

in latex and bitter taste, reduced nitrate accumulation

and an extension of shelf-life following harvest, are

also traits being addressed by breeders.

Well-administered plant collections are essential as

a source of donor and recipient material for breeding.

Many workers have collected plants from the wild in

attempts to maximize the biodiversity of germplasm

available for sexual hybridization. In order to investi-

gate geographical distribution of species, spatial pop-

ulation structure, plant microevolution, ecology,

domestication and genetic variability of host–parasite

interactions, Lebeda et al. (2001) collected wild Lac-

tuca species and the related genera, Chondrilla and

Mycelis. Most species biodiversity was in France.

Lactuca serriola f. serriola, L. serriola f. integrifolia,

L. saligna and L. viminea subsp. chondrilliflora were

common in Italy and France, but only L. serriola

(prickly lettuce) was plentiful in Austria, the Czech

Republic, Germany, the Netherlands and Switzerland.

In subsequent studies to assess the geographical distri-

bution of wild Lactuca species, Lebeda et al. (2004)

reported that at least 98 wild Lactuca species have

been described, with 17 species in Europe, 51 in

Asia, 43 in Africa and 12 in the Americas (mainly in

North America), although the documentation is poor

that described taxonomic relationships, ecogeography

and variability. Generally, more details are available

relating to geographical distribution of L. serriola,
L. saligna, L. virosa, L. perennis, L. quercina and

L. tatarica, representing the primary, secondary and

tertiary gene pools of L. sativa. Later, Lebeda et al.

(2007) focused attention on L. serriola collected from

the Czech Republic, Germany, the Netherlands and

the United Kingdom. Seed was harvested in an east

to west transect from 50 locations, giving a total of 800

seed samples. L. serriola f. serriola was dominant in

the Czech Republic and Germany, both f. serriola and

f. integrifolia were present in pure and mixed stands in

the Netherlands, whereas L. serriola f. integrifolia was

dominant in the United Kingdom. L. serriola was

recorded at altitudes up to 410 m, in a range of habitats

and in populations of different sizes from 20 to more

than 1,000 plants in areas from 25 to 10,000 m2 in size.

Associated plant communities also differed. Some

wild lettuce populations were noticeably infected

with Bremia lactucae (downy mildew) and powdery

mildew (Golovinomyces cichoracearum), although

B. lactucae was recorded only in the Czech Republic;

G. cichoracearum was more common in continental

Europe. Other investigators (Beharav et al. 2006)

screened 962 genotypes of L. serriola, 43 of L. saligna
and 22 of L. aculeata from Israel, Jordan, East Turkey,

Armenia, Kazakhstan and China for their resistance to

lettuce downy mildew, the fungal strains used in these

assessments being isolated from lettuce cultivated in

Italy and Israel. Eighty-three genotypes of L. serriola
and three genotypes of L. saligna were resistant to

infection. Such genotypes may carry previously

unknown disease resistance genes and could be suit-

able for incorporation into breeding programs. In par-

ticular, L. serriola, the probable progenitor of

cultivated lettuce, is an important source of genetic

material for improvement of cultivated lettuce.

Occasionally, germplasm maintained locally or in

international collections may need to be reclassified at

the taxonomic level. For example, Dolezalova et al.

(2004) evaluated 49 accessions of 24 wild Lactuca

species, a sexual hybrid (L. serriola � L. sativa) and
the related speciesMycelis muralis. Screening of chro-

mosome number, relative DNA content and isozyme

polymorphism, resulted in 17 accessions being reclas-

sified, with L. alpina, L. dentata, L. denticulata,

L. homblei, L. livida, L. quercina and L. squarrosa

(syn. L. indica) being absent, although these species

had been reported previously in the Czech National

Germplasm Collection. Additionally, it was not possi-

ble to identify L. homblei unambiguously because of

the lack of herbarium specimens. This species may

have been L. schweinfurthii or L. logenspicata.

An accurate description of lettuce germplasm is

essential to assist plant breeders. Thus, Kristkova

et al. (2008) listed 55 descriptors, 15 of which were

supported by figures. Such a list discriminates intra-

specific variation found within L. sativa, verifies old

cvs. and identifies duplication and omission in germ-

plasm collections. Descriptors of wild Lactuca species
are also relevant in studying morphological variability

and relationships between Lactuca species. Markovic

et al. (2007) stressed the importance of assessing wild

species, including those of Lactuca, for their potential

as gene donors, or as possible vegetables in their own

right. These authors stated that only 30 or so vegetable

species are cultivated compared to about 150 species,

which could be exploited. Importantly, such wild spe-

cies contain more vitamins and minerals than many
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existing cultivated crops. Markovic et al. (2007) indi-

cated the diversity of germplasm from Serbia and

Montenegro that could be developed in this way.

8.2.2 Hybridization of Cultivated Lettuce
with Wild Lactuca Species

Any breeding program to improve specific character-

istics, such as enhancing the nutritional value of vege-

tables, including lettuce, must commence with an

assessment of variation within existing germplasm.

In this respect, Mou (2005) evaluated 562 lettuce

genotypes, including crisphead, leaf, romaine, butter-

head, Latin and stem types, together with the wild

species L. saligna, L. serriola and L. virosa for their

carotenoids. Carotenoid antioxidants, such as b-carotene
and lutein, have important health benefits. The author

recorded a significant difference in pigment content of

wild and cultivated lettuces, with more b-carotene and
carotenoids in wild species compared to cultivated

lettuce. These investigations are fundamental in iden-

tifying the most suitable germplasms for hybridization

in attempts to increase the pigment content of

cultivated lettuce.

Lettuce is an obligate self-pollinating species; pol-

len is shed from the anthers before stigma emergence,

ensuring 100% self-pollination. Consequently, intro-

gression of genes into L. sativa by sexual hybridization

is not a trivial issue. Three approaches have been

employed to prevent self-fertilization, these being the

manual removal of anthers, misting with water desig-

nated flowers to remove self-pollen prior to cross-

pollination and the exploitation of male-sterile lines

as pollen recipients. All these techniques are tedious

and time consuming. Male sterile lines must be gen-

erated, or identified if they occur naturally. Maison-

neuve (2003) reported the results and some of the

difficulties of crossing sexually L. sativa with the

wild species L. virosa, the latter being a reservoir of

genes for resistance to B. lactucae, lettuce mosaic

virus (LMV), beet western yellows virus (BWYV)

and aphids. This wild species has the same chromo-

some complement as L. sativa. This author had to

employ embryo rescue (see also later) to generate

interspecific F1 hybrids. Although the latter were ster-

ile, it was possible to effect backcrosses using lettuce

as the male parent, resulting in limited seed produc-

tion. A useful reference with supporting literature is

that of Gibson et al. (2007), who described a procedure

for male-sterile lines as pollen recipients, combined

with Megachile rotundata bees to effect pollination.

A synopsis of some of the earlier papers relating to

lettuce breeding has been presented by Davey et al.

(2007, 2008).

Other interspecific hybrids have been easier to gen-

erate. For example, Zdravkovic et al. (2003) hybri-

dized L. sativa with the wild species, L. saligna, with

the aim of producing cv(s) with the genes for resis-

tance to virus diseases from the wild parent and

acceptable morphological characteristics from

L. sativa. Using the same parental combination,

Jeuken and Lindhout (2004) developed backcross

inbred lines (BILs) in which chromosome segments

from the wild species, L. saligna were introgressed

into L. sativa, through four to five backcrosses and

one generation of selfing. Marker-assisted selection

(see later) commenced in the fourth backcross genera-

tion. BIL association mapping enabled the location of

12 morphological traits and amplified fragment length

polymorphism (AFLP) markers to be determined.

Jeuken and Lindhout (2004) indicated that such BILs

would be essential in future genetic studies in Lactuca

which, indeed, has been the case. Thus, in subsequent

experiments, the same research group compared quan-

titative trait loci (QTL) mapping approaches using

BILs with F2 populations (Jeuken et al. 2008). They

detected and mapped quantitative resistances to

downy mildew in a set of 29 BILs of L. sativa contain-

ing genome segments introgressed from L. saligna.

Jeuken et al. (2008) identified six QTLs using BILs

but only three in the F2 approach, with two common

QTLs. They highlighted the importance of exploiting

more than one technique to dissect complex genetic

characteristics.

Since downy mildew is a major disease of lettuce,

considerable effort has been invested in evaluating the

resistance of both cultivated and wild Lactuca species

to this fungus. Lebeda et al. (2006) assessed the phe-

notypic and histological responses of L. sativa and its

wild relatives L. saligna and L. virosa and sexual

hybrids of L. sativa � L. serriola, to two races (CS2,

CS9) of B. lactucae. With the exception of genotypes

of cultivated lettuce, all accessions and hybrids exhib-

ited incomplete or complete resistance to both races of

the pathogen. Such studies that contribute to
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increasing understanding of host–pathogen interac-

tions should facilitate progress in developing resistant

cvs. of lettuce.

Big vein, an economically damaging disease of

lettuce, is incited by Mirafiori lettuce big vein virus

(MLBVV), the latter being transmitted by the soil-

borne fungus Olpidium brassicae. Partial resistance
to the disease is present in some cvs. of L. sativa,

but complete resistance has been identified only

in L. virosa. In an attempt to introgress complete

viral resistance into L. sativa, Hayes and Ryder

(2007) tested progenies of backcross hybrids between

L. virosa and L. sativa. Complete resistance to

MLBVV was not found, although these investigations

suggested that L. virosa has alleles that, when intro-

gressed into L. sativa, confer partial resistance and that
such alleles are different to those already present in

partially resistant cvs. of L. sativa.

Other investigators have attempted to increase

aphid resistance in lettuce. For example, McCreight

(2008) introgressed the Nr gene from L. virosa acces-

sion PIVT280 into European cvs. and US-adapted cvs.

of L. sativa. Sources of resistance against new strains

of lettuce aphid were also sought through glasshouse

screening of 1,203 accessions of lettuce, including

1,047 of L. sativa, 7 of L. perennis, 18 of L. saligna,

125 of L. serriola and 6 of L. virosa. Two new sources

of resistance were found in L. serriola PI491093 and

L. virosa PI274378.

Germination of lettuce seed is inhibited by warm

soil temperatures above 25�C, which affect seedling

emergence and crop establishment. However, genetic

variation for tolerance to high temperatures also exists

amongst accessions of L. sativa and related wild spe-

cies. For example, seeds of L. serriola UC96US23

exhibited 100% germination at 37�C, although seeds

of L. sativa cv. Salinas were inhibited above 31�C.
Argyris et al. (2008) developed a recombinant inbred

line population from a cross between the cv. Salinas

and UC96US23, followed by screening of the seed-

lings to germinate at high temperatures. A QTL for

high-temperature germination (Htg6.1), together with

other QTLs, were identified in this investigation and

candidate genes related to seed dormancy mapped to

check their colocation with the thermoinhibition QTL.

Such studies should provide information for elucidat-

ing the physiology of thermoinhibition and the devel-

opment of lettuce cvs. tolerant to establishment under

warm conditions.

8.3 Application of Molecular
Technologies to Lettuce
Improvement

Several recent studies have focused on the applica-

tion of molecular technologies to identify genes and

markers to facilitate breeding programs. Earlier pub-

lications relating to traits for morphological charac-

teristics and disease resistance by authors such as

Ryder (1999), Ryder et al. (1999), Kesseli et al.

(1994), Waycott et al. (1999) and Frijters et al.

(1997) are discussed in Davey et al. (2007, 2008)

and are not presented in detail again here. However,

references not included in the earlier review, and

more recent publications are presented in the present

discussion.

8.3.1 Molecular Characterization
of Lactuca Germplasms

Witsenboer et al. (1997) applied selectively amplified

microsatellite polymorphic locus (SAMPL) analysis to

45 lettuce cvs. and five wild Lactuca species. These

workers reported that SAMPL analysis is more appli-

cable to intraspecific than to interspecific compari-

sons. Importantly, dendrograms generated by

SAMPL analyses were similar to those based on

restriction fragment length polymorphism (RFLP)

and AFLP markers. In the following year, Koopman

et al. (1998) investigated the phylogenetic relationship

between Lactuca species and genera based on the

internal transcribed spacer (ITS-1) sequences from

97 accessions representing 23 Lactuca species and

related genera. A clade with L. sativa, L. serriola,

L. dregeana, L. altaica and L. aculeata represented

the primary gene pool. L. virosa and L. saligna were in

the secondary pool with L. virosa possibly being of

hybrid origin. Other species such as L. quercina,
L. viminea and L. sibirica and L. tatarica represented

the tertiary pool. Van de Wiel et al. (1999) isolated

microsatellite loci to distinguish L. sativa cvs. and to

screen the diversity of genetic resources. These micro-

satellite-amplifying primer sets from L. sativa yielded

products in L. serriola, the nearest relative to

cultivated lettuce, but were less applicable to the

more distinct species, L. saligna and L. virosa.
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The target region amplification polymorphism

(TRAP) marker technique provided a powerful approach

to fingerprint lettuce germplasm (Hu et al. 2005). These

authors fingerprinted 53 L. sativa cvs. and three acces-

sions from each ofL. saligna andL. serriola. Themarkers

used discriminated all cvs. and also revealed the evolu-

tionary relationship amongst three lettuce species, indi-

cating that L. sativa is more closely related to L. serriola

than to L. saligna. Leaf and butterhead type lettuces

had relatively high genetic variability, and iceberg type

moderate variability, with romaine types the lowest. In

a subsequent report to investigate polymorphismusing 54

L. sativa cvs. representing five horticultural types impor-

tant to North America, Simko and Hu (2008) used the

samewildLactuca germplasm as used byHu et al. (2005)

to identify three main subpopulations in L. sativa that

were well separated from wild species. These authors

emphasized the importance of combining data from

molecular markers with statistical models in order to

avoid spurious associations in populations under investi-

gation. Other investigators have exploited AFLP mar-

kers. Jeuken et al. (2001) produced an interspecific

AFLP marker map of Lactuca with 12 EcoRI/MseI

primer combinations and two independent F2 populations

of L. sativa � L. saligna. This map provided an opportu-

nity for use in the mapping of QTL and marker-assisted

selection. Similarly, Jansen et al. (2006) used AFLP

marker data on 1,390 accessions representing six lettuce

morphotypes, to determine genetic diversity within gene

bank accessions of self-fertile species. In the same year,

Syed et al. (2006) produced a detailed linkage map of

lettuce using molecular makers based on a novel lettuce

retrotransposon and the nucleotide binding site-leucine-

rich repeat (NBS-LRR) family of disease resistance asso-

ciated genes, combined with AFLPmarkers to generate a

458 locus genetic linkage map. Markers were mapped

in an F2 population from an interspecific cross between

L. sativa and a wild isolate of L. serriola from northern

Europe. This information of genetic diversity within

accessions is relevant to the maintenance of accessions

within collections. The data from these experiments cor-

related well with linkage maps generated previously.

More recently, Truco et al. (2007) developed an

integrated map of 2,744 markers from seven intra- and

interspecific mapping populations. Such markers are

useful for marker-assisted selection, candidate gene iden-

tification, studies of gene evolution and possible gene

flow from cultivated into wild species.

Large plant populations are important in assessing

disease resistance and the identification of germplasms

most relevant for incorporation into breeding pro-

grams. In determining the frequency of disease resis-

tance genes in natural plant populations, Kuang et al.

(2006) analyzed the frequency and variation of the

Dm3 gene in 1,033 accessions of 49 natural popula-

tions of L. serriola. Inoculation with B. lactucae carry-

ing the avirulence gene Avr3 showed Dm3 was present

in only one of the wild accessions analyzed. The

authors proposed that the low frequency ofDm3 speci-

ficity in populations of wild species may be due toDm3

specificity having evolved recently, to deletions of the

whole gene or to gene conversions. They concluded

that the total number of resistance genes may be high in

any species, indicating the scale of germplasm conser-

vation required to ensure the availability of material

suitable for sexual hybridization. In their more recent

study, Kuang et al. (2008) screened 696 accessions

from 41 populations of L. serriola using AFLP mar-

kers, and showed that eastern Turkish and Armenian

populations were the most diverse. These populations

may be located in the center of origin and diversity of

L. serriola. Seven hundred and nine accessions

screened by the microsatellite MSATE6 resulted in

the detection of 366 haplotypes. Kuang et al. (2008)

concluded that the extensive genome diversity in popu-

lations from these regions may have resulted from

abiotic and biotic stresses in the regions of origin of

L. serriola. Lactuca germplasm has also been evalu-

ated at the cytological level. For example,Matoba et al.

(2007) karyotyped L. sativa and its wild relatives

L. serriola, L. saligna and L. virosa. Fluorescence in

situ hybridization (FISH) of 5S and 18S rDNAs

revealed that L. sativa was closer to L. serriola and

L. saligna than L. virosa, the data correlating with the

earlier molecular analyses of Witsenboer et al. (1997),

van de Wiel et al. (1999) and Hu et al. (2005). Matoba

et al. (2007) demonstrated that there was lack of telo-

mere-mediated chromosomal rearrangements amongst

the Lactuca chromosomes.

8.3.2 Characterization of Plastid
Genomes

Other investigations have focused on plastid genomes.

For example, Dhingra and Folta (2005) devised a
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universal high-throughput, rapid PCR-based tech-

nique to amplify, sequence and assemble plastid

genome sequences from total plant DNA of diverse

species, including DNA of lettuce. The technology

facilitates assessments of variability across both

cultivated and wild species, and is a useful tool in

plastid structural genomics. Likewise, Kanamoto

et al. (2004) reported the complete genome sequence

of lettuce chloroplasts, while Timme et al. (2007)

made a comparative analysis based on the sequence

data of the plastid genomes of Lactuca and

Helianthus, both members of the Asteraceae. The

Helianthus chloroplast genome was 151,104 bp and

the Lactuca genome 152,772 bp in size. These work-

ers discussed new DNA sequences for use in species-

level phylogenetics, including the trnY–rpoB,

trnL–rpl32 and ndhc–trnV spacers. Such detailed

analyses in the Asteraceae contribute to an improved

understanding of plastid evolution in flowering

plants. Additionally, studies of plastid genomes will

be of relevance to vector construction and the target-

ing of genes in plastid transformation in lettuce and

other vegetables.

8.3.3 Molecular Analysis for Product
Quality

Investigations have also been carried out to predict the

characteristics that should be integrated into future

cvs. of lettuce to maximize product quality. Thus,

Zhang et al. (2007) investigated shelf-life in cultivated

lettuce using 60 F9 recombinant inbred lines (RILs)

from a cross between L. sativa cv. Salinas and the wild

species L. serriola acc. UC96US23. QTL for shelf-life

colocated most closely with those for leaf biophysical

properties, the latter including plasticity, elasticity and

break strength. These characteristics are targets for

molecular breeding for improved shelf-life. The data

generated by Zhang et al. (2007) indicated that the

ideal lettuce cv. should have small cells with strong

cell walls. Such an investigation confirms the way in

which molecular finger printing technologies will

facilitate marker-assisted breeding which, in the case

of leafy vegetables, should result in an improvement in

salad leaf quality.

8.3.4 Molecular Characterization
of Lettuce Pathogens and Plant
Resistance Genes

Since pathogens have the potential to devastate com-

mercial production of lettuce, it is not unexpec-

ted that considerable effort has been invested in

applying molecular approaches to evaluate the varia-

bility of these disease-inciting pathogens. Barak

and Gilbertson (2003) studied genetic diversity of

Xanthomonas campestris pv. vitians, the causal

agent of bacterial leafspot of lettuce, using strains

of the bacterium collected from different geographi-

cal locations. All strains were tested for pathogenic-

ity on lettuce and their genetic diversity assessed by

gas-chromatographic analysis of bacterial fatty acids,

polymerase chain reaction (PCR) analysis of repeti-

tive DNA sequences, DNA sequence analysis of the

internal transcribed spacer region 1 (ITS1) of the

ribosomal RNA and RFLP analysis of total genomic

DNA. These authors concluded that although diver-

sity was detected in bacterial strains from the same

location, diversity was greatest amongst strains from

different geographical regions. Targeting of virulent

phenotypes of B. lactucae in natural populations of

L. serriola from the Czech Republic, France and

Germany, led Lebeda and Petrzelova (2004) to report

variation both between spatially isolated popula-

tions and within populations of the pathogen. An

extremely useful review of the genetic and molecular

analyses conducted in the last 25 years on B. lactucae

has been published by Michelmore and Wong (2008).

As these authors emphasized, advancements in

molecular technology now permit rapid progress in

determining the molecular basis of host–pathogen

specificity and fungicide insensitivity of this patho-

gen. In addition to molecular analyses, a recent report

correlated metabolic changes in enzyme activity,

including antioxidant enzymes, in genotypes of

L. sativa, L. serriola, L. saligna and L. virosa, when

challenged with B. lactucae. The most significant

metabolic modifications in relation to reactive

oxygen species was in the resistant L. virosa

NVRS 10.001 602 that responded to pathogen attack

by a rapid and extensive hypersensitive reaction

(Sedlarova et al. 2007).
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Other workers have targeted viruses in their molec-

ular investigations. Lettuce big-vein associated virus

(LBVaV) is frequently identified in plants infected

with MLBVV. In attempts to gain more understanding

of these viruses, Navarro et al. (2005a) sequenced the

coat protein gene open reading frames of geographi-

cally distinct isolates of MLBVV and LBVaV,

because big-vein disease is found globally on lettuce.

There was extensive similarity between nucleotide and

amino-acid sequences amongst LBVaV isolates.

Interestingly, Spanish isolates clustered in a phyloge-

netic group, whereas English isolates were more sim-

ilar to an isolate from the US. An Australian isolate

was closely related to one from the Netherlands. The

same research group also demonstrated that MLBVV

and LBVaV can infect Sonchus oleraceus (common

sowthistle), a weed frequently associated with Span-

ish lettuce crops (Navarro et al. 2005b). Molecular

analyses confirmed the coat protein sequences of the

viruses isolated from the weed to be closely related to

the sequences of the viruses from the lettuce crop.

These authors also showed that S. oleraceus can act

as a source of O. brassicae. Subsequently, Hayes

et al. (2006) used reverse-transcriptase polymerase

chain reaction (RT-PCR) and nucleotide sequencing

to determine infection by MLBVV and LBVaV in the

L. sativa cvs. Great Lakes 65, Pavane, Margarita and

the wild species L. virosa accession IVT280. Partial

resistance to big-vein was found in Margarita and

Pavane. Interestingly, the wild accession was

immune to both viruses. In a more recent publication,

Hayes et al. (2008) screened diverse accessions of

L. virosa under glasshouse conditions for resistance

to MLBVV, and the presence of the virus by RT-PCR

and nucleic acid spot hybridization. The accessions

of L. virosa that were identified with a low incidence

of the virus and that did not show symptoms of the

disease should be useful for breeding new big vein

resistant cvs. of lettuce. Research has also been

directed towards the characterization of phytoplas-

mas associated with phyllody in cultivated and wild

lettuce, the phytoplasmas being transmitted by the

leaf hopper, Neoaliturus fenestratus (Salehi et al.

2007). PCR and RFLP analyses showed no signifi-

cant differences between phytoplasmas in Lactuca

samples from Iran, but Iranian samples were different

at the molecular level to material harvested from

Lebanon.

8.3.5 Molecular Analyses of Disease
Resistance Genes in Lettuce
and Its Pathogens

Molecular technologies have also been used to evalu-

ate disease resistance genes in lettuce and its patho-

gens. Ratnaparkhe et al. (1998) employed intersimple

sequence repeat (ISSR) polymorphisms to detect mar-

kers associated with clusters of disease resistance

genes. They concluded that ISSR markers provide

information to design other primers for genome anal-

ysis. Disease resistance genes in plants are often in

complex multigene families with the largest known

cluster of disease resistance genes containing the resis-

tance gene candidate 2 (RGC2) family of genes.

Meyers et al. (1998) determined the structure of nine

full-length genomic copies of genes within the RGC2

family, while Sicard et al. (1999) investigated the

molecular diversity of disease resistance genes in

both cultivated lettuce and the wild species L. serriola,

L. saligna and L. virosa using molecular markers

derived from resistance genes of the NBS-LRR type.

Large numbers of haplotypes indicated the presence of

numerous resistance genes in the wild species. The

authors were able to discriminate between accessions

that were resistant to B. lactucae, concluding that such

markers are informative for marker-assisted selection

and establishing relevant core germplasms for breeding.

Chin et al. (2001) analyzed recombination and

spontaneous mutation at the major cluster of Dm3
resistance genes in lettuce and reported that short-

term evolution of this major cluster involves several

genetic mechanisms, including unequal crossing over

and gene conversion. In subsequent studies of NBS-

LRR disease resistance genes, Plocik et al. (2004)

compared the NBS domain sequences from members

of the Asteraceae, including lettuce, chicory and sun-

flower. Amplification of NBS sequences from geno-

mic DNA suggested that species in the Asteraceae

share distinct families of resistance genes, composed

of those related to both coiled-coil (CC) and toll-inter-

leukin-receptor (TIR) homology domain-containing

NBS-LRR genes. Their data suggested that NBS

families in the Asteraceae are ancient and that, with

time, gene duplication and loss have changed these

gene subfamilies. Likewise, Kuang et al. (2004) ana-

lyzed RGC2 genes belonging to a large duplicated
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family of NBS-LRR-encoding disease resistance

genes located at a single locus in L. sativa. They

investigated the genetic events occurring during evo-

lution of this locus and concluded that different forces

impacted on different parts of the leucine rich repeat,

resulting in heterologous rates of evolution within the

major cluster of disease resistance genes.

8.4 Somatic Cell Technologies for
Genetic Improvement of Lettuce

8.4.1 Tissue Culture and Somatic
Hybridization

Tissue culture based technologies, including micro-

propagation, in vitro pollination, anther and ovule

culture, embryo rescue, exposure of somaclonal varia-

tion, somatic hybridization to circumvent sexual

incompatibility barriers and transformation are

adjuncts to conventional plant breeding. Robust tissue

culture-based procedures for the regeneration of fertile

plants from cultured explants, cells and isolated pro-

toplasts are fundamental to the exploitation of these

technologies. Although there are species and genotype

differences in vitro, cultivated lettuce and its wild

relatives are amenable to culture in the laboratory,

with shoot regeneration from cells, tissues and isolated

protoplasts. Many of the earlier investigations involv-

ing plant regeneration from source tissues, as a basis

for the above techniques, especially those to introgress

genes from wild species into cultivated lettuce by

somatic hybridization, have been reviewed (Davey

et al. 2007, 2008). However, there have been no recent

reports of somatic hybridization in lettuce to introgress

genes from wild species into L. sativa. In summary,

any new information is limited relating to tissue cul-

ture-based technologies, since the literature was last

screened. As already mentioned, Maisonneuve (2003)

exploited embryo rescue in the sexual hybridization of

L. sativa with L. virosa, while Gibson et al. (2007)

micropropagated plants from axillary buds of progeny

resulting from sexual hybridization. These micropro-

pagated plants were useful for assessing male-sterility

under field conditions, whilst maintaining the same

germplasm in vitro for subsequent incorporation into

breeding programs. Mazier et al. (2007) reported a

gene tagging method to induce mutants in L. sativa,

using the retrotransposon Tnt1 from Nicotiana taba-
cum, transposition being stimulated by a simple

in vitro procedure. This investigation showed that

Tnt1 is a powerful tool for insertion mutagenesis in

plants with large genomes, such as lettuce.

8.4.2 Transformation of Lettuce

In contrast to the lack of new information relating to

gene transfer from wild species into L. sativa by

somatic hybridization, there have been several recent

reports of gene introduction into lettuce by transfor-

mation. Background information to the general proce-

dures to transform Lactuca species and other leafy

vegetables, together with examples of some of the

pioneering studies to introduce and express genes

for agronomically important traits, improved taste,

nutritional value and anticancer activity, have been

discussed by Davey et al. (2007, 2008). Extended

shelf-life of harvested produce and engineering lettuce

to synthesize high-value recombinant proteins were

also presented. Consequently, the present discussion

merely updates these previous reports. In extending

the methodology to transform specific cvs. of lettuce,

Deng et al. (2007) reported an Agrobacterium tumefa-
ciens-based system for L. sativa var. capatata. Their

protocol included the combination and concentrations

of growth regulators used to regenerate transgenic

plants, the selection system employed and molecular

analysis of transgenic plants. Agrobacterium inocula-

tion of leaf explants is a universal approach for intro-

ducing genes into lettuce.

8.4.2.1 Introduction into Lettuce of Genes

Related to Human Nutrition

Since primates cannot synthesize ascorbic acid

because of a mutation in the L-gulono-gamma-lactone

oxidase (GLOase) gene, it is essential to acquire ascor-

bic acid from the diet. In experiments to increase

ascorbic acid biosynthesis in lettuce, Kim et al.

(2004) inoculated cotyledon-explants with Agrobac-
terium carrying a binary vector with a rat cDNA

encoding GLOase gene. Transgenic plants accumu-

lated up to four times more ascorbic acid than
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non-transformed plants, demonstrating that ascorbic

acid in plants can be increased in plants by expressing

a single gene from the relevant animal biosynthetic

pathway. The iron storage protein, ferritin, was

increased in lettuce. Lee et al. (2004) used human H-

and L-chain ferritin genes, followed by a ferritin gene

from rice (Lee et al. 2005) in their experiments. In

attempts to induce lettuce to synthesize novel com-

pounds of pharmaceutical interest, Cho et al. (2005)

transformed lettuce with the amopha-4,11-diene

synthase gene, a terpene synthase gene, from Artemi-

sia annua. Unfortunately, transgenic plants did not

synthesize artemisinin, the product encoded by this

gene. Tocopherols, synthesized by photosynthetic

organisms, are also essential components of the

human diet. In order to evaluate the feasibility of

increasing the tocopherol content of plants, particu-

larly leafy vegetables, Lee et al. (2007) expressed

genes from Arabidopsis thaliana encoding homogen-

tisate phytyltransferase (HPT/VTE2) and tocopherol

cyclase (TC/VTE1) in lettuce. Tocopherol was

increased more than twofold through an increase in

gamma-tocopherol, although chlorophyll content

decreased by 20% from expression of HPT/VTE2, or

increased up to 35% with TC/VTE1.

Other chimeric genes have been introduced into

lettuce, as in the report of Kim et al. (2006) who

expressed a synthetic cholera toxin B subunit (sCTB)

in this leafy vegetable. The sCTB reached 0.24% of

the total soluble protein in transgenic plants and,

importantly, the sCTB conserved the antigen sites for

binding and correct folding of the pentameric CTB

structure. In other experiments by the same research

group, Kim et al. (2007) studied the synthesis and

assembly of Escherichia coli heat-labile enterotoxin

B (LTB) that induces immune responses and that can

be used as an adjuvant for coadministered antigens. As

in previous work, plants synthesized and assembled

the synthetic LTB into oligomeric structures of penta-

meric size. The binding of sLTB pentamers to intesti-

nal epithelial cell membrane glycolipid receptors was

confirmed by G(M1)-ganglioside-enzyme-linked

immunosorbent assay (G(M1)-ELISA). The sLTB

protein comprised 1.0–2.0% of the total soluble pro-

tein of lettuce leaf tissues. This work confirmed the

feasibility of engineering edible plant-based vaccines

to induce mucosal immunity. Deng et al. (2006) also

concluded that plant-derived vaccines are becoming

the focus of plant gene engineering because of their

ease of production, low cost and aspects of biosafety

associated with their synthesis in plants. These work-

ers transformed lettuce with type O and A foot and

mouth disease virus epitopes as their experimental

system, using an established procedure for Agrobac-
terium-mediated gene transfer.

The extended period generally needed to generate

transgenic plants in conventional protocols has stimu-

lated workers to attempt to circumvent the require-

ment for tissue culture-based procedures. For

example, Joh et al. (2005) infiltrated lettuce leaf

explants with A. tumefaciens carrying the b-glucuron-
idase (gus) gene, the latter being used to monitor the

success of the procedure. Similarly, Negrouk et al.

(2005) vacuum infiltrated leaves of lettuce plants pur-

chased from a retail outlet with A. tumefaciens carry-
ing antibody genes. Leaves of plants infiltrated with

agrobacteria synthesized 20–80 mg of antibody per kg

fresh weight of leaf tissue over a 7-day period. The

system was ideal for transient gene expression as it

was inexpensive, efficient and amenable to rapid

scale-up. Indeed, agroinfiltration could be a promising

technology for synthesizing large quantities of high-

value recombinant proteins in planta. Although the

synthesis of economically important products has

been focused, to date, in L. sativa, wild Lactuca spe-

cies could be exploited in a similar way, especially

when the products are extracted rather than being

delivered by consumption of the raw or cooked plant

material. Indeed, longer-term, wild Lactuca species

may prove to be more effective in product synthesis

than cultivated lettuce. Consequently, effort should

also be directed to the transformation of wild germ-

plasm.

8.4.2.2 Introduction into Lettuce

of Agronomically Important Genes

Several workers have focused attention on the intro-

duction of agronomically important characteristics

into lettuce. Vanjildorj et al. (2005) over-expressed

the Arabidopsis ABF3 gene, encoding a transcription

factor for the expression of abscisic acid response

genes, in L. sativa and recorded enhanced drought

and cold tolerances in transgenic plants. The ME-
leaN4 gene, for a late embryogenesis abundant protein

from Brassica napus, was inserted into lettuce (Park

et al. 2005). Transgenic plants exhibited increased
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growth under salt stress and water deficit conditions

and were delayed in wilting induced by water defi-

ciency. Research has also targeted increased disease

tolerance in lettuce. Rot in crops such as lettuce is

incited by Sclerotinia sclerotiorum and is associated

with the production of oxalic acid. In experiments to

reduce oxalic acid, Dias et al. (2006) transformed

lettuce with the oxdc decarboxylase gene from Flam-

mulina species. Two lines of transgenic lettuce plants

were symptomless following inoculation with S. scler-
otiorum in a detached leaf assay; leaves from other

plant lines showed delayed symptoms of the disease.

Likewise, increased virus resistance has been a target

for genetic manipulation. Thus, Kawazu et al. (2006)

generated lettuce plants resistant to LBVaV by intro-

ducing the coat protein gene in sense or anti-sense

orientation. Transgenic plants were inoculated with

LBVaV using the vector, O. brassicae. When T1 gen-

eration seedlings were tested for LBVaV resistance,

one plant line with the coat protein gene in the anti-

sense orientation was resistant to the virus. Impor-

tantly, this line was also resistant to MLBVV and

big-vein expression, regardless of the presence or

absence of LBVaV.

As already discussed, male sterile plants are of

major advantage in sexual hybridization programs

(Gibson et al. 2007). In this regard, Takada et al.

(2007) introduced into lettuce the mutated melon eth-

ylene receptor gene, Cm-ERSI/H70A, that contains a

mis-sense mutation converting the His(70) residue to

Ala in the melon receptor gene Cm-ERS1. Transgenic
lettuce plants were male-sterile or had significantly

reduced fertility, in line with earlier work on tobacco

using the same gene construct. Such male-sterile

plants will be valuable as recipients of donor pollen

from wild species and other cvs. of L. sativa. Since the

nitrogen status of lettuce is relevant to its commercial

production not only in terms of nitrate accumulation in

leaves but also to plant growth in general, it is not

surprising that it has become a target for genetic

manipulation. Giannino et al. (2008a) over-expressed

asparagine synthase A of E. coli under the control of

the pMAC promoter. Primary transformants had more,

longer leaves than wild type plants with seed germina-

tion, bolting and flowering occurring earlier than in

non-transformed plants. Plants exhibited an increase

in asparagine, aspartic acid and glutamine but, impor-

tantly, a reduction in nitrate content.

8.4.3 Investigations of the Invasiveness
of Sexual Hybrids and Transgene
Containment in Lettuce

The possible invasiveness of Lactuca hybrids and the

potential transfer of genes from crops to wild species

and from transgenic plants to non-transformed crops

and wild species are concerns that have attracted

public attention. Hybridization between species

may enhance the potential to become invasive. As

Hooftman et al. (2005) emphasized, there have been

few investigations that compare the performance of

sexual hybrids with that of their wild relatives. Inter-

estingly, lettuce provides a system to investigate plant

performance. These authors generated second genera-

tion (S1 and BC1) hybrids between L. sativa and its

cross-fertile wild relative, L. serriola. They reported

that hybrids between crop and wild Lactuca species

are phenotypically indistinguishable from the wild

relative and will remain undetected when they occur

in the field. Because germination of the seed produced

by the hybrids and growth of the resulting seedlings

are more vigorous than in L. serriola, such hybrids

could become invasive and result in loss of genetic

identity of native species. Consequently, the vigor of

hybrids, together with other factors, should be taken

into consideration in any risk assessments. In other

investigations from the same laboratory, Hooftman

et al. (2007a) studied the infection by B. lactucae of

L. serriola containing genomic segments from

L. sativa that encode resistance to the pathogen.

They concluded that when the wild species gains

resistance to Bremia from L. sativa, the fitness effects
are low. Consequently, the implication that increased

resistance to Bremia in L. serriola may be inherited

from L. sativa is probably incorrect. Subsequently,

Hooftman et al. (2007b, 2008) performed modeling

experiments to access gene flow from lettuce to wild

relatives, with hybrids of L. sativa and L. serriola
again being used as one of the models. Over four

hybrid generations, hybrid plants were phenotypically

similar to L. serriola; survival rates were significantly
greater in the first and second generations than in

subsequent generations, this being interpreted as a

breakdown of heterosis. Hooftman et al. (2007b) con-

cluded that a rapid, full displacement of L. serriola at

low rates of outcrossing is unlikely. They proposed

that a more likely scenario is the formation of a
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population containing a range of genotypes. The data

presented by the authors are relevant not only in pre-

dicting any long-term environmental effects of sexual

hybrids between L. sativa and wild species, but also in

making decisions and monitoring the possible spread

of transgenes following the release into the glasshouse

and/or field of genetically manipulated lettuce and

other crops. Similarly, Giannino et al. (2008b)

assessed the risks of transgene escape by investigating

pollen-mediated transgene flow in Italian lettuce cvs.

The transgenic plants used as gene donors carried the

A. thaliana KNAT1 gene, encoding alterations in leaf

morphology, and the bacterial neomycin phospho-

transferase gene (nptII) used to select the transgenic

plants. In glasshouse trials, the intravarietal outcross-

ing rate was 0.41 � 0.11% when transgenic and non-

transformed plants were spaced at 15 cm. In field

experiments, outcrossing was 0.49, 0.071 and

0.035% when recipient plants were placed 0.5, 11

and 22 m, respectively, from an island of transgenic

Luxor donor plants. Such rates of outcrossing are

similar to those reported in other crops, but these

rates would undoubtedly be considerably less between

transgenic L. sativa and some wild Lactuca species,

because of the difficulty of such interspecies hybridi-

zation, even under ideal experimental conditions.

Although gene introduction into lettuce, and into

crop plants in general, has focused on nuclear trans-

formation, considerable progress has been made in

plastid transformation, including lettuce. Lelivelt

et al. (2005) used polyethylene glycol (PEG)-induced

DNA uptake into isolated leaf protoplasts of the

L. sativa cv. Flora to generate fertile, homoplasmic

plants. Transgenes were targeted to the trnA–trn1
intergenic region of the plastome, with the aadA

gene for spectinomycin resistance as a selectable

marker. The first seed generation transgenic (T1)

plants were spectinomycin resistant; hybridization of

transgenic plants with male-sterile wild type plants

confirmed that antibiotic resistance was not transmit-

ted through pollen. Similarly, Kanamoto et al. (2006)

generated transplastomic plants of the lettuce cv.

Cisco, using the same aadA gene for selection, this

being inserted between the rbcL and accD genes of the

lettuce genome. Chloroplasts of transplastomic plants

expressed transgene-encoded green fluorescent pro-

tein (GFP) to 30% of the total soluble protein.

The advantages have been stressed of chloroplast

transformation to engineer valuable traits and the

exploitation of plastids as bioreactors, especially for

the synthesis of biopharmaceuticals, vaccines and

industrial enzymes (Verma et al. 2008). These authors

provided detailed protocols for the construction of

chloroplast expression and integration vectors, with

reference to lettuce as an excellent target for transfor-

mation. The advantages of plastid transformation

include the potential for reproducible, high foreign

gene expression and lack of gene silencing, because

of the ability to integrate genes into specific, intergenic

regions of the plastome. Verma et al. (2008) also

stressed the relevance of chloroplast transformation

compared to nuclear transformation in limiting gene

flow within crops such as lettuce, and to related wild

species, since plastids are inherited maternally in

most cases.

8.5 Future Prospects for Lettuce
Improvement

Because of the nutritional importance of leafy vegeta-

bles (Lucarini et al. 2006), the current and expected

future demand for this produce will necessitate ade-

quate supply of existing and new cultivars. Maximiz-

ing yield, quality and durability of these crops will be

the focus of both conventional breeding and genetic

manipulation approaches. Undoubtedly, molecular

procedures will make a significant contribution to the

selection of existing germplasm of L. sativa and wild

Lactuca species for incorporation into sexual and

somatic cell breeding programs. While conventional

breeding will continue to play a key role in the intro-

gression of genetic material from wild Lactuca species

into cultivated lettuce, somatic hybridization by pro-

toplast fusion will enable complex nuclear–cytoplas-

mic combinations to be achieved that are not possible

through sexual hybridization. This is of special rele-

vance in the introgression of genes from wild Lactuca
species that are sexually incompatible with L. sativa.

Furthermore, this approach will enable gene mobiliza-

tion without the requirement for sophisticated recom-

binant DNA technology. Undoubtedly, the most

immediate application of somatic cell technologies

will be through transformation because of its repro-

ducibility, rapidity and the ability to insert and express

genes in existing germplasms. Alongside breeding
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programs is the requirement to continue to address

issues such as the rapid deterioration of lettuce follow-

ing harvest, and the need to minimize health risks from

uncooked vegetables (Doyle and Erickson 2007)

through a reduction in microbial contamination and

good horticultural practice (Davey et al. 2008).
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Chapter 9

Solanum sect. Lycopersicon

Silvana Grandillo, Roger Chetelat, Sandra Knapp, David Spooner, Iris Peralta, Maria Cammareri,
Olga Perez, Pasquale Termolino, Pasquale Tripodi, Maria Luisa Chiusano, Maria Raffaella Ercolano,
Luigi Frusciante, Luigi Monti, and Domenico Pignone

9.1 Introduction

Tomatoes belong to the large and diverse family

Solanaceae, which includes more than 3,000 species,

occupying a wide variety of habitats (Knapp 2002).

Recent taxonomic revision of the Solanaceae has rein-

tegrated Lycopersicon into the genus Solanum with

a revised new nomenclature (Peralta and Spooner

2001; Spooner et al. 2005; Peralta et al. 2008). The

majority of taxonomists as well as most plant breeders

and other users have accepted the reintegration of

tomatoes to Solanum (e.g., Caicedo and Schaal 2004;

Fridman et al. 2004; Schauer et al. 2005; Mueller et al.

2009; see also http://tgrc.ucdavis.edu/key.html).

Morphological characters, phylogenetic relation-

ships, and geographical distribution have demon-

strated that tomatoes (Solanum sect. Lycopersicon

(Mill.) Wettst.) and their immediate outgroups in Sola-
num sect. Lycopersicoides (A. Child) Peralta and sect.

Juglandifolia (Rydb.) A. Child form a sister clade to

potatoes (sect. Petota Dumort.), with Solanum sect.

Etuberosum (Bukasov & Kameraz) A. Child being

sister to potatoes + tomatoes (Spooner et al. 1993).

Analyses of multiple datasets from a variety of genes

unambiguously establish tomatoes to be deeply

nested in Solanum (Bohs and Olmstead 1997, 1999;

Olmstead and Palmer 1997; Olmstead et al. 1999;

Bohs 2005). However, tomatoes and their close rela-

tives can be easily distinguished from any other group

of Solanum species on the basis of shared features

such as their bright yellow flowers and pinnatifid,

non-prickly leaves.

’The plant group Solanum sect. Lycopersicon con-

sists of 13 closely related species or subspecies: the

cultivated tomato, Solanum lycopersicum (formerly

Lycopersicon esculentum), which includes the domes-

ticated tomato and wild or weedy forms of the

cherry tomato (S. lycopersicum ‘cerasiforme’) (Peralta

et al. 2008), and the wild species Solanum arcanum,
S. cheesmaniae, S. chilense, S. chmielewskii, S. corne-

liomulleri, S. galapagense, S. habrochaites, S. huay-

lasense, S. neorickii, S. pennellii, S. peruvianum,
S. pimpinellifolium) (Tables 9.1 and 9.2; Peralta et al.

2005; Spooner et al. 2005). Four species have been

segregated from the green-fruited species S. peruvia-
num sensu lato (s.l.); two of them S. arcanum and

S. huaylasense have been described as new species

(Peralta et al. 2005) from Peru, while the other two

S. peruvianum and S. corneliomulleri had already been

named by Linnaeus (1753) and MacBride (1962),

respectively. In addition, S. galapagense, another yel-
low-to orange-fruited species, was segregated from

S. cheesmaniae; both species are endemic to the Galá-

pagos Islands (Darwin et al. 2003; Knapp and Darwin

2007). All members of sect. Lycopersicon are closely

related diploid species (2n ¼ 24) (Peralta and Spooner

2001; Nesbitt and Tanksley 2002) and are character-

ized by a high degree of genomic synteny (Chetelat

and Ji 2007; Stack et al. 2009) and are to some degree

intercrossable (Taylor 1986). The group Solanum

sect. Juglandifolia contains the two woody tomato-

like nightshades S. ochranthum and S. juglandifolium.
These two species are partially sympatric and they are

morphologically similar, both being woody perennials

with rampant, liana-like stems up to 30 m in length

(Correll 1962; Rick 1988). Based on evidence from

molecular sequence data sect. Juglandifolia is the

S. Grandillo (*)
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sister group of Solanum sect. Lycopersicon (see

below). Sister to both groups is Solanum
sect. Lycopersicoides (Child) Peralta, comprising the

allopatric sister taxa S. lycopersicoides and S. sitiens

(also previously called S. rickii). These four tomato-

like nightshade species have in common several mor-

phological features that make them intermediate

between tomato and potato (Rick 1988; Stommel

2001; Smith and Peralta 2002). Tomato-like morpho-

logical characters that together differentiate them from

most of other Solanum spp. include yellow corolla,

pedicels articulated above the base, pinnately seg-

mented non-prickly leaves, and lack of tubers (Correll

1962; Rick 1988). These four allied outgroup species

are diploids (2n ¼ 24), however strong reproductive

barriers isolate them from the core tomato group (Cor-

rell 1962; Rick 1988; Child 1990; Stommel 2001;

Smith and Peralta 2002). Overall, crosses between

tomato and all but two (S. ochranthum and S. juglan-

difolium) of these wild species are possible, although

with varying degrees of difficulty (Rick 1979; Rick

and Chetelat 1995; Pertuzé et al. 2003).

Peralta et al. (2008) have treated the 13 species

belonging to Solanum sect. Lycopersicon, along with

the four closely related species (S. juglandifolium,

S. lycopersicoides, S. ochranthum, S. sitiens) in the

taxonomic series Systematic Botany Monographs.
Tomato is an economically important vegetable

crop worldwide, which is consumed either fresh or in

the form of various processed products (Robertson and

Labate 2007). Depending on the type of use, different

breeding objectives are pursued, which include

improved yield, sensory and nutritional quality, as

well as adaptation to biotic and abiotic stresses. As

for any other crop, tomato improvement needs to rely

on sufficient genetic diversity in order to be able to

satisfy current and future breeding challenges. Culti-

vated tomato germplasm, however, relatively little

genetic variation, resulting from its inbreeding mating

system associated with severe genetic bottlenecks that

are postulated to have occurred prior to, during, and

after the domestication process (Rick and Fobes 1975;

Rick 1987). In contrast, tomato wild species possess

rich genetic variation and are potential sources for the

Table 9.2 Species recognized in Solanum section Lycopersicon (tomatoes) and allied species and their distribution

Species Distribution Previous name in Lycopersicon

Solanum arcanum Peralta Northern Peru, inter-Andean valleys

and coastal

L. peruvianum (L.) Mill., pro parte

Solanum cheesmaniae (L. Riley) Fosberg Galápagos Islands L. cheesmaniae L. Riley

Solanum chilense (Dunal) Reiche Coastal Chile and southern Peru L. chilense Dunal

Solanum chmielewskii (C.M. Rick, Kesicki,

Fobes & M. Holle) D.M. Spooner,

G.J. Anderson & R.K. Jansen

Southern Peru L. chmielewskii C.M. Rick, Kesicki,

Fobes & M. Holle

Solanum corneliomulleri J.F. Macbr. Southern Peru (Lima southwards),

western Andean slopes

L. peruvianum (L.) Mill., pro parte

Solanum galapagense S. Darwin &

Peralta

Galápagos Islands L. cheesmaniae L. Riley var. minor
Hook.f.

Solanum habrochaites S. Knapp &

D.M. Spooner

Montane Ecuador and Peru L. hirsutum Dunal

Solanum huaylasense Peralta Callejon de Huaylas, Peru L. peruvianum (L.) Mill., pro parte

Solanum juglandifolium Dunal Andean Colombia, Ecuador and Peru –

Solanum lycopersicoides Dunal Southern Peru and northern Chile –

Solanum lycopersicum L. Globally cultivated; native distribution

unknown

L. esculentum Mill.

Solanum neorickii D.M. Spooner,

G.J. Anderson & R.K. Jansen

Ecuador to Peru, inter-Andean valleys L. parviflorum C.M. Rick, Kesicki,

Fobes & M. Holle

Solanum ochranthum Dunal Andean Ecuador and Peru –

Solanum pennellii Correll Peru to Chile, coastal and western

Andean slopes

L. pennellii (Correll) D’Arcy

Solanum peruvianum L. Coastal Peru to northern Chile L. peruvianum (L.) Mill., pro parte

Solanum pimpinellifolium L. Coastal Ecuador to Chile L. pimpinellifolium (L.) Mill.

Solanum sitiens I.M. Johnst. Southern Peru and northern Chile –

For detailed distribution data, see maps and specimens cited in Peralta et al. (2008). Previous names in the genus Lycopersicon are

given here for ease in cross-referencing the breeding literature
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improvement of many economically important traits

(Rick 1987). In fact, despite its relative small size

and its recent evolutionary age – the radiation of the

tomato clade has been estimated as ca. 7 Mya (Nesbitt

and Tanksley 2002) – members of Solanum sect.

Lycopersicon, along with taxa in the related sects.

Juglandifolia and Lycopersicoides, are adapted to

a wide variety of environmental conditions, which

correspond to a wide range of variation in terms of

morphological, physiological, mating system, and

biochemical characteristics.

The reduced genetic variation of cultivated tomato

can in part explain the slow rate of tomato improve-

ment that was achieved until about 1940, when the first

use of wild species as a source of desired traits was

reported (Bohn and Tucker 1940). Thereafter, the

exploitation of the favorable attributes hidden in

tomato wild species via interspecific crosses flour-

ished, resulting in the increased yields observed in

the following decades (Rick 1988).

However, despite the wealth of genetic variation

and many agriculturally important traits that can be

found in the found in the potentially useful tomato

wild accessions stored in gene banks, breeders have

so far been unable to fully exploit this rich reservoir

(Tanksley and McCouch 1997). Most commonly, wild

tomato species have been used as a source for major

genes for disease and insect resistances, as shown by

the numerous resistance genes derived from these wild

relatives, which can be found in modern varieties

(Plunknett et al. 1987; Robertson and Labate 2007).

In contrast, their use for the improvement of complex

traits important to agriculture, including yield, quality,

and tolerance to biotic and abiotic stresses, has been

more limited. Several problems are, in fact, associated

with the utilization of wild species, which have in

many cases deterred breeders from using them.

These include pre- and post-mating barriers, the pres-

ence of several undesirable loci that might be trans-

ferred along with the traits of interest, a phenomenon

known as “linkage drag,” the complexity and the time

necessary to recover the elite genetic background

while selecting for the desired characters, and a gener-

ally inferior phenotype of the wild germplasm for

many of the traits that breeders would like to improve.

Over the years, the application of various molecular

genetic methodologies has provided the necessary

tools to overcome some of the above-mentioned lim-

itations to the use of wild species in tomato cultivar

improvement, thus accelerating their utilization. The

availability of DNA markers and of derived molecular

linkage maps has allowed genetic dissection of the loci

underlying quantitative traits, as well as gene tagging

for monogenic traits. Once markers tightly linked to

a target gene or quantitative trait loci (QTL) are iden-

tified, marker-assisted selection (MAS) can be used

for a more efficient and precise transfer of the gene/

QTL into any selected genetic background. The nega-

tive effects of linkage drag can also be reduced, since

the use of molecular markers allows for more efficient

identification of recombinant plants in which close

linkages are broken (Tanksley 1993). Using molecular

markers, gene banks can be more rationally and effi-

ciently sampled by taking into consideration marker-

based estimates of genetic variability within and

between accessions. Finally, another important contri-

bution of QTL mapping studies conducted in tomato

using interspecific crosses, as well as in other crops,

has been the clear demonstration that exotic (wild)

germplasm is likely to be a source of agronomically

favorable QTL alleles also for traits in which the wild

relatives show an inferior phenotype (deVicente and

Tanksley 1993; Eshed and Zamir 1995; Tanksley et al.

1996; Tanksley and McCouch 1997; Grandillo et al.

2008). These results suggest that in the wild relatives

of our crops there are numerous favorable alleles that

were “left behind” by the domestication and breeding

processes and that these alleles can now be more effi-

ciently “discovered” and transferred into elite germ-

plasm, using innovative genomic-assisted breeding

strategies (Tanksley and McCouch 1997; Zamir 2001;

McCouch 2004; Grandillo et al. 2008). This implies

that in order to be able to fully exploit the genetic

potential of our crops’ wild relatives we need to change

our selection approaches from phenotype based to allele

based (Tanksley and McCouch 1997). In this respect,

tomato has once again proven to be a model system in

terms of development and application of innovative

concepts and breeding approaches that can allow a

more efficient and wider utilization of related wild

species, and thus lead to an enrichment of the genetic

base of this crop and hence to an accelerated rate of

genetic improvement.

Approaches based on molecular maps and the inte-

grative power of QTL analysis, such as the “advanced

backcross QTL (AB-QTL) mapping strategy” and

“exotic libraries” or introgression line (IL) libraries,

have allowed the identification of favorable QTL
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alleles for numerous traits of agronomical interest,

and the development of pre-bred lines that could

be used in MAS breeding programs (Tanksley and

McCouch 1997; Zamir 2001; Grandillo et al. 2008).

The IL concept has proven to be ideal for map-based

cloning of QTL, as demonstrated by the first cloning

of a QTL (Frary et al. 2000; Fridman et al. 2000), and

to explore the genetic basis of heterosis for “real-

world” applications, as shown by the development of

a new leading hybrid of processing tomato (Lippman

et al. 2007).

The numerous genetic and “omics” tools that are

available for tomato and that are being developed

within the International Solanaceae Genome Project

(SOL), including the information derived from the

tomato genome sequence (http://solgenomics.net/sola-

naceae-project/), are expected to further improve the

efficiency with which wild tomato relatives will con-

tribute to the improvement of this important crop.

Given the value of wild tomato germplasm as a

source of favorable alleles necessary to satisfy present

and future breeding challenges, there is the need to

ensure the availability of this precious resource is

preserved for future generations. Therefore, conser-

vation initiatives have to be taken not only for the

excellent ex situ collections available worldwide,

but also to preserve populations in situ.

9.2 Basic Botany of the Tomato

9.2.1 Agricultural Status

The cultivated tomato (S. lycopersicum, previously

Lycopersicon esculentum, see Table 9.2 for the equiv-

alent names for tomatoes in Solanum and Lycopersi-
con) is a popular food and an important source of

vitamins and antioxidants. Botanically a fruit but trea-

ted as a vegetable, tomatoes are rich in the carotenoids

lycopene and b-carotene (provitamin A), which are

reported to have anticancer properties. Tomatoes are

also an important source of vitamin C – ca. 10% of

total dietary intake of vitamin C in the USA (Gerrior

and Bente 2002) – due to their use in a wide variety of

food products.

While tomato is widely cultivated as an annual

vegetable crop throughout the world, its wild relatives

are of relatively minor agricultural significance. Fruits

of the cherry tomato, S. lycopersicum “cerasiforme,”

are probably consumed more than any other species.

These small-fruited tomatoes are common in the east-

ern foothills of the Peruvian Andes, where they not

only apparently grow wild, but are also weedy or feral

around cultivated fields and are commonly consumed

(Rick and Holle 1990; see also Peralta et al. 2008).

The wild “currant” tomato, S. pimpinellifolium, is

popular with some home gardeners and seeds are

available commercially. In the native region, fruits

are occasionally picked from wild or weedy plants,

but it is not a significant commercial crop. The other

wild relatives are only marginally edible and are not

consumed in significant quantities. However, there are

reports by indigenous people in the Andean region of

various medicinal uses of leaves or fruits from wild

tomatoes. For example, S. habrochaites is reportedly

used to treat skin ailments, altitude sickness, and “gas”

problems, S. chilense for stomach ailments, and

S. ochranthum as a purgative or as a soap substitute

(C.M. Rick and R. T. Chetelat personal communication;

http://tgrc.ucdavis.edu).

9.2.2 Geographic Distribution
and Ecology

The wild tomatoes (Solanum sect. Lycopersicon) and

allied Solanum spp. (sects. Lycopersicioides and

Juglandifolia) are native primarily to the Andean

region of South America, principally Peru, Chile,

Ecuador (including the Galápagos Islands), and

Colombia. Each species has a distinct geographic dis-

tribution, often overlapping with other tomato taxa,

and reflecting their specific ecological adaptations

and habitat preferences (Table 9.1). The western

slopes of the Andes in Peru and Chile are extremely

arid, and natural populations tend to be limited to the

river drainages where there is adequate moisture.

Starting at the lowest elevations, S. pimpinellifolium
and S. peruvianum are usually encountered first.

At mid elevations, S. peruvianum overlaps with or

is replaced by S. corneliomulleri (formerly part of

L. peruvianum, see Sect. 9.2), S. habrochaites, or

S. pennellii. The valleys between the Andean cor-

dilleras in the northern part of Peru are home to
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S. arcanum and S. huaylasense (both formerly part

of L. peruvianum), S. chmielewskii, S. neorickii, and
S. ochranthum. A similar pattern is seen in Chile

and parts of southern Peru, with S. peruvianum most

common along the coast, and S. chilense found at

some coastal sites, but mostly at mid to high eleva-

tions, where it overlaps with S. lycopersicoides, the
latter extending to the highest altitudes.

The cherry tomato, S. lycopersicum “cerasiforme”,

is the most widely distributed, having spread out of its

original region of distribution into Mesoamerica and

beyond. It is now adventive in many subtropical or

tropical regions of the world, where it is commonly

weedy or feral. In mainland South America, “cerasi-

forme” is found mostly on the wetter, eastern side of

the Andean cordillera. Populations on the western

side are usually associated with cultivation. In the

Galápagos Islands, “cerasiforme” and the closely

related S. pimpinellifolium probably escaped from cul-

tivation (Rick 1956) and have in some places become

more common than the two native species, S. cheesma-

niae and S. galapagense (Darwin et al. 2003; Nuez

et al. 2004). S. lycopersicum “cerasiforme” has often

been referred to as “var. cerasiforme” in the litera-

ture, but that name has never been validly published

under the rules of botanical naming and thus should

not be used (see Peralta et al. 2008). Cherry tomatoes

have also been shown to be complex genetic admix-

tures of S. lycopersicum and S. pimpinellifolium

(Ranc et al. 2008), thus their true native distribution

is not known.

The wild currant tomato, S. pimpinellifolium, is

found along the Pacific coast and at low to mid eleva-

tions on the western slopes of the Andes, from south-

ern Peru (Dept. Tacna) to Ecuador (Prov. Esmeraldas).

Most populations have been collected below 1,000 m,

however many of these have disappeared in the wild

due to intensive agriculture and urbanization (see

below). A small number (but increasing, see Darwin

et al. 2003) of populations are present on the Galápa-

gos Islands, but probably represent recent introduc-

tions (note that this does not include the native

populations C. M. Rick referred to in early publi-

cations as the “pimpinellifolium type” – these are

now considered part of S. cheesmaniae, see Darwin

et al. 2003). Often growing as a weed in and around

farm fields, S. pimpinellifolium has been found in

cultivated areas outside the native region. Unlike

“cerasiforme,” S. pimpinellifolium appears to be

adapted to the relatively arid conditions of coastal

Peru (Nakazato et al. 2008).

The Galápagos endemics S. cheesmaniae and

S. galapagense are each found on several of the

islands, although their numbers have been reduced

in recent years by goats and other grazers. The more

common of the two, S. galapagense is found on at

least eight of the main islands: Bartolomé, Fernan-

dina, Floreana (including Corona del Diablo and

Gardner islets), Isabela, Pinta, Pinzón, Rabida, San-

tiago, and possibly Santa Cruz. It abounds in the arid,

lower life zones, often on rocky outcrops of lava.

Occasional populations grow near the shoreline and

are tolerant of saline conditions (Rick 1973; Rush and

Epstein 1981). Populations from the littoral zone are

more common during El Niño years when rainfall is

more abundant at lower elevations. For example, the

Tomato Genetics Resource Center’s (TGRC) sole

accession of S. galapagense from the tiny Corona

del Diablo islet was collected in 1972, an El Niño

year – a repeat visit in 1986, a dry year, turned up

nothing (R. Bowman personal communication). Most

populations of S. galapagense are found below 200 m

elevation, but on the larger islands may extend into

the forested belt up to 650 m on the slopes of the

volcanoes. The closely related S. cheesmaniae is

known from seven islands: Baltra, Fernandina, Isa-

bela, Pinzón, San Cristóbal, Santa Cruz, and Santa

Fe. Populations can be found from approximately sea

level to 1,500 m, including each of the main life

zones, from the littoral to the summits of the volca-

noes. Where the two species overlap, S. cheesmaniae

tends to occupy the cooler, more shady sites, and

S. galapagense the hotter, drier locations (Rick 1956).

The sister taxa S. chmielewskii and S. neorickii are

concentrated in the inter-Andean valleys of Peru and

Ecuador, and no populations of either species are

known from the west slopes of the Andes or east of

the main cordilleras (Rick et al. 1976). Less wide-

spread, S. chmielewskii is found only in southern

Peru (Depts. Apurimac, Ayacucho and Cusco) and

the adjacent dry Sorata valley of northern Bolivia

(Peralta et al. 2008). S. chmielewskii overlaps in Peru

with S. neorickii, the latter extending into southern

Ecuador (Provs. Azuay and Loja). Sympatric popula-

tions are known from a number of sites (Rick et al.

1976; http://tgrc.ucdavis.edu).

Populations of S. arcanum are also concentrated in

the inter-Andean valleys – principally the watersheds
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of the Rı́o Marañon, Rı́o Chamaya, Rı́o Chotano, and

Rı́o Moche – and coastal valleys, especially the Rı́o

Jequetepeque (Rick 1986c). In addition, populations

of S. arcanum extend to the coast, at least in some

years, as suggested by the many herbarium specimens

collected in the “lomas” (Peralta et al. 2008). The

altitudinal range for this species is thus quite broad,

from below 500 m to nearly 3,000 m (Fig. 9.1g).

Populations of S. peruvianum are widespread in

central and southern Peru, extending as far north

as Dept. Cajamarca and south into the Regions of

Arica/Parinacota and Tarapaca in Chile. Growing

Fig. 9.1 Habitats of wild tomatoes and allied Solanum species

growing in the native region. (a) S. peruvianum growing in an

agricultural field (LA4318, Soro-Molinos, Arica and Parinacota,

Chile); (b) S. lycopersicoides growing on exposed slopes at over
3,600 m (LA4323, Putre, Arica and Parinacota, Chile); (c)

S. chilense growing in a dry wash (LA4334, Quebrada Sicipo,

Antofagasta, Chile); (d) S. habrochaites growing in mesic site

along road bank (LA2722, Puente Auco, Rı́o Cañete, Lima,

Perú); (e) S. pennellii on arid, rocky slope (LA1282, Sisacaya,

Rı́o Lurin, Lima, Perú); (f) S. juglandifolium growing in tropical

forest (LA2134, Tinajillas, Zamora-Chinchipe, Ecuador); (g) S.
arcanum plant scrambling down rock wall (LA2150, Puente

Muyuno, Rı́o Jequetepeque, Cajamarca, Perú). More informa-

tion is available at http://tgrc.ucdavis.edu [Photos a–c by CM

Jones, d and e by RT Chetelat, and f and g by CM Rick.]
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exclusively on the lower western slopes of the Andes

and along the coast in lomas habitats, S. peruvianum

has a narrow altitudinal range, from approximately sea

level to 600 m (Peralta et al. 2008). It often grows in

and around agricultural fields (Fig. 9.1a). The distri-

bution of S. corneliomulleri is similar and overlap-

ping, from central to southern Peru, but it occurs

mostly at mid to high elevations on the western slopes

of the Andes. The affiliated species S. huaylasense has

a much more limited distribution, being found only in

the watersheds of the Rı́o Santa (Callejon de Huaylas

region) and Rı́o Fortaleza.

The geographic distribution of S. chilense extends

from southern Peru (Dept. Arequipa) to northern Chile

(Antofagasta Region), and from 80 to 3,600 m eleva-

tion. Its range overlaps with that of S. peruvianum, and
the two are sympatric at several sites in Chile. In the

drainages where both species are found, S. chilense

tends to grow to higher elevations and in more

arid situations, and generally avoids disturbed sites

(Fig. 9.1c). A small number of marginal S. chilense

populations have been collected as far north as Dept.

Ica in Peru (Rick 1990) and are unusual in being

polyploid (see below). At the other end of the distribu-

tion, the populations around Taltal, Chile, are the

southernmost and are morphologically distinctive in

several respects (Chetelat et al. 2009); leaves are

exceptionally hairy and highly subdivided, and inflor-

escences are relatively short. Among the populations

from coastal Chile, only the Taltal material grows to

below 100 m elevation, a trend attributed to more

abundant precipitation there than at sites to the north.

The easternmost group of populations, located in the

drainages to the east of the Salar de Atacama, is also

recognizable morphologically from the rest of the

species; leaves are glossy (nearly glabrous) green,

with broad segments. The Atacama populations grow

at higher elevations (up to 3,600 m) and at greater

distance from the equator than of any other member

of sect. Lycopersicon (exceeded only by S. lycopersi-
coides), and thus are a potential source of tolerance to

low temperatures. Other abiotic stresses, to which S.

chilense appears well adapted on the basis of its geo-

graphic distribution, include extreme aridity and soil

salinity (Chetelat et al. 2009).

The geographic range of S. habrochaites extends

from southern Ecuador (Prov. Manabi) to southern

Peru (Dept. Ayacucho), and from 40 to 3,300 m eleva-

tion. In Peru, populations are found mostly at mid to

high elevations in the river drainages, generally in less

arid situations (Fig. 9.1d) and at higher elevations than

S. peruvianum, with which it overlaps. In Ecuador,

S. habrochaites is more broadly distributed (i.e., less

restricted to river valleys), and some populations are

morphologically distinctive (formerly recognized as

L. hirsutum f. glabratum), with more slender stems,

less upright growth, nearly glabrous leaves, and higher

levels of anthocyanins compared to the more typical

Peruvian material.

Populations of S. pennellii are found at relatively

low elevations (10–1,940 m) along the coast, in Peru

(Depts. Piura to Arequipa), and with a few collections

known from northern Chile. This species is found on

arid slopes and dry washes (Fig. 9.1e). The extreme

drought tolerance of S. pennellii has been attributed to

several factors: a tighter control of transpiration,

increased water use efficiency (WUE), and tolerance

of soil salinity (Yu 1972; Mittova et al. 2004; Xu

et al. 2008). Populations from the northern margins

(Bayovar and El Horador sites) are distinguishable

from the rest of the species by their pedicel articu-

lation, which is in the mid, instead of the basal, posi-

tion. The populations from the vicinity of Nazca

(Dept. Ica) differ from the rest of the species by their

near absence of hairs on stems and leaves, relatively

small leaflets with smooth (entire) margins, and more

diminutive stature; on the basis of these traits they

were recognized formerly as a subspecies (L. pennellii

var. puberulum).

The sister taxa S. juglandifolium and S. ochranthum
(comprising Solanum sect. Juglandifolia) are found at

mid to high elevations in the valleys between the

major cordilleras of the Andes. The natural range

of S. juglandifolium is from northeastern Columbia

(Dept. Santander) to southern Ecuador (Prov. Zamora-

Chinchipe), and from ca. 1,200 to 3,100 m elevation

(Rick 1988; Peralta et al. 2008). The large number of

herbarium specimens collected for this species con-

trasts with the relatively few ex situ seed collections

available – at the TGRC, eight accessions total, only

one of which is from Colombia (http://tgrc.ucdavis.

edu). Occupying a larger geographic range, S. ochr-
anthum can be found from central Colombia to south-

ern Peru (Dept. Apurimac). Its altitudinal range is

relatively broad: 1,900–4,100 m, however most popu-

lations are in the 2,000–3,200 m range (Smith and

Peralta 2002; Peralta et al. 2008). Where these two

species occur in the same region, S. ochranthum is
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generally found at higher elevations than S. juglandi-

folium (Smith and Peralta 2002). The two species grow

as rampant bushes or climbing lianas, with stems up to

30 m in length in the case of S. ochranthum (Rick

1988). Both prefer relatively mesic sites such as

stream beds or tropical forest (Fig. 9.1f). The two

have a similar morphology, but S. juglandifolium is

generally more diminutive in the size of its plant parts,

especially leaves, stems, and fruit; leaflets are also

fewer in number, though broader in dimensions, and

have a rough, scabrous surface texture compared to the

softer feel of S. ochranthum.

The last two species to be considered herein,

S. lycopersicoides and S. sitiens, form another pair of

sister taxa (sect. Lycopersicoides). Both have narrow

geographic ranges. Growing in no more than six river

drainages, S. lycopersicoides is confined to deep can-

yons and slopes around the Chile/Peru frontier. While

its altitudinal range is relatively broad (from 1,200 to

3,700 m), it tends to be more common at the higher

elevations. This species overlaps with S. chilense and

S. peruvianum, but grows higher – the highest of any

tomato species, a likely indicator of low temperature

adaptation – and more often on the cooler, less arid

south-facing sides of the valleys (Fig. 9.1b). Endemic

to Chile, S. sitiens grows only within a small part of

the Atacama desert, on slopes to the northwest and

south of Calama, and in a relatively narrow altitudinal

belt of ca. 2,400–3,500 m. Often growing on exposed

slopes, or in broad dry washes, S. sitiens occupies the

most arid sites of any of the wild tomatoes (Chetelat

et al. 2009). At many locations, it is the only perennial

plant that can survive. Soil tests also point to an ability

to tolerate high levels of salinity.

9.2.3 Geographic Distribution
of Diversity

Genetic diversity within and between wild tomato

populations is often structured in relation to their geo-

graphic distribution. Populations may be physically

isolated from one another (fragmented) in their

native distributions, with gene flow within a species

restricted by distance and/or major geographic barriers

such as deserts or mountain ranges. In addition, pro-

cesses of adaptation to local conditions and genetic

drift contribute to differentiation of populations. Thus,

populations from one part of the geographic distribu-

tion – north to south, one river drainage to the next,

low to high elevation, etc. – tend to be genetically

differentiated from other populations.

The first detailed studies of natural variation in the

wild tomatoes were those carried out by C. M. Rick

and colleagues in the 1970s and 1980s. Using allo-

zyme markers, they showed that diversity within

populations of S. pimpinellifolium and S. habrochaites

is highest in the geographic centers of their respective

distributions, and that on the northern and southern

margins, genetic variation tends to be depleted. For

both species, the centers of highest diversity are in

northern Peru. On the geographic margins, popula-

tions display changes in flower morphology and/or

incompatibility systems that promote inbreeding over

outcrossing. For example, the “central” populations of

S. pimpinellifolium typically have relatively large

flowers, with long anthers and exserted stigmas, all

traits that in entomophilous flowers tend to increase

the rate of outcrossing, and thus maintain diversity

(Rick et al. 1977, 1978). The “southern” and “north-

ern” populations on the other hand have relatively

small flowers and stigmas that are only slightly

exposed to visiting insects. A similar trend is seen in

S. habrochaites; large flowers, exhibiting self-incom-

patibility (SI) – and thus strictly allogamous – in the

center of the distribution, and smaller, self-compatible

(SC) flowers on the margins of the distribution (Rick

et al. 1979). Furthermore the northern and southern

elements are morphologically distinctive from one

another (see above) and show clear genetic differenti-

ation. Crosses between the northern and southern SC

races demonstrated that the loss of SI appears to have

occurred via independent mutations in each group

(Rick and Chetelat 1995).

Similar trends, though less pronounced, of north–

south differentiation are seen in some of the other wild

tomato species. For example, accessions of S. pennellii

from the central region show the highest diversity and

are strictly allogamous (SI). Self-compatibility (SC)

occurs among accessions on the southern margin (Rı́o

Atico and Rı́o Majes drainages), which tend to be

highly inbred (Rick and Tanksley 1981). One of

these, LA0716 from Puerto Atico, Peru, has been

widely used for genetic studies in part because it is

highly homozygous and polymorphic relative to the

cultivated tomato, with which it can be easily hybri-

dized. Accessions from the northern limits of the
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distribution, while retaining SI, are morphologically

distinctive (see above). In the S. peruvianum complex,

a highly diverse group recently subdivided to recog-

nize three new species (Peralta et al. 2008), the vast

majority of accessions are SI. Rare SC populations are

found at or near the southern (LA4125, Rı́o Camiña)

and northern (LA2157, Rı́o Chota) limits of the distri-

bution (Rick 1986c; Graham et al. 2003). All popula-

tions of S. chilense, S. lycopersicoides, and S. sitiens

are SI, yet in each case the marginal populations show

evidence of genetic differentiation from populations in

the center of their respective geographic distributions.

Two accessions collected at/near the northern margins

of S. lycopersicoides and S. sitiens (LA2387 and

LA4114, respectively) are morphologically distinc-

tive; they are the only accessions of either species

that exhibit yellow anthers, white or cream colored

anthers being the norm for both taxa (Chetelat et al.

2009). Studies of genetic relationships between popu-

lations also reveal a strong geographic structure, with

northern, central, and southern elements identifiable in

both species (Albrecht et al. 2010).

Within S. chilense, four geographic races can be

readily distinguished morphologically: a northern

(“Acari” race), central, southwestern (“Taltal” race),

and southeastern (“Atacama”) (Graham 2005). Each

of the groups is geographically isolated from the

others. Experimental hybridization between the north-

ern, central, and southwestern assemblages results in

reduced seed set, indicating partial reproductive bar-

riers are developing in this species.

Genetic diversity within the cherry tomato, S. lyco-

persicum “cerasiforme,” follows a different geo-

graphic pattern. Early studies with allozyme markers

indicated that within the Andean region, the greatest

diversity is found in the San Martı́n and Ayacucho

areas (Rick and Holle 1990). Diversity decreased to

the north and south. High levels of diversity within the

Tarapoto (Dept. San Martı́n) region suggested the

possibility of hybridization and introgression with cul-

tivars. Subsequent studies with DNA-based markers

provided further evidence for hybridization with intro-

duced cultivars (Williams and St. Clair 1993), and

supported the suggestion that the Andean region was

the primary center of diversity for “cerasiforme”

(Villand et al. 1998).

The preceding information related to geographic

trends derives primarily from herbarium records and

notes from plant collectors. These records provide a

historical view of each species broadest natural range,

and thus do not reflect recent changes, notably those

caused by human influences. Wild tomatoes are

threatened in their native area by a variety of anthro-

pogenic factors, including loss of habitat, agricultural

development, overgrazing, mining, and other aspects

of urban expansion and economic development. In the

coastal river valleys of Peru, modern agricultural prac-

tices appear to have contributed to the loss of many

populations known from earlier collections. Wild

tomatoes have largely disappeared from the lower

stretches of river valleys and around cities. On the

Galápagos Islands, the endemic tomato species have

become rare – goats are a likely culprit – while non-

native cherry and currant tomatoes are now common

(Darwin et al. 2003; Nuez et al. 2004). Similar changes

are occurring throughout the Andean region. Many

populations known from herbarium specimens or gen-

ebank collections no longer exist in situ.

9.2.4 Morphology

Only a summary of morphological characters need be

presented here, as a detailed description is available

elsewhere (Peralta et al. 2008). The wild tomatoes and

affiliated Solanum species have in common several

basic morphological characteristics. Most grow as

short-lived, herbaceous perennials in the native envi-

ronment. It is common to find evidence of several

years of growth. The base of plants often becomes

woody, and some species appear to be capable of

generating new shoots at or below the soil level.

Most noteworthy in this regard is S. sitiens, plants of

which are sometimes comprised mostly of dead

branches, with only a few green shoots emerging

from the crown (Chetelat et al. 2009).

Shoot growth is normally indeterminate, with each

branch consisting of a repeating sequence of two or

more leaves and an inflorescence, which together com-

prise a sympodium. At the base of each leaf, an axil-

lary shoot is normally present. Growth of each

sympodium terminates with the inflorescence, the

next sympodium being produced by outgrowth of

what would otherwise be an axillary meristem. The

number of leaves between successive inflorescences –

the sympodial index – is generally constant, once

flowering begins in earnest. The sympodial index is
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2–3 in species of sect. Lycopersicon; in the remaining

species the alternation of leaves and flowers is less

regular, and all tend to produce more leaves and fewer

flowers. Plants of S. ochranthum and S. juglandifolium

produce many leaves between inflorescences Peralta

et al. (2008).

Plant habit also varies significantly among the spe-

cies. A sprawling, decumbent growth habit is the most

common (e.g., S. pimpinellifolium, S. peruvianum,

and others). A more bushy, erect form of growth is

seen in S. lycopersicoides, S. sitiens, S. chilense, and

S. galapagense. A climbing vine-like growth habit is

exhibited by S. ochranthum and S. juglandifolium;
individual shoots of the former species can grow to

15 m or more, often clambering into or over trees and

shrubs (Rick 1988).

Leaves are pinnately compound, with the number,

size, shape, and relative dimensions of leaflets varying

considerably between and within species. Leaflets

may be further subdivided into secondary leaflets.

Leaflets are connected, via petiolules, to the leaf

rachis generally in pairs of primary lateral leaflets,

with smaller interstitial leaflets in between. A petiole

connects each leaf to the stem. Stipules or pseudos-

tipular leaves are present at the base of the petiole in

some species. Leaf surfaces are densely pubescent

with several types of unbranched trichomes – unicel-

lular, multicellular, and glandular – the density and

types of hairs varying between and within species.

Both S. habrochaites and S. pennellii are densely

pubescent, yet each includes populations – previously

recognized taxonomically as L. hirsutum f. glabratum

and L. pennellii var. puberulum – that are much less

hairy or nearly glabrous. Leaves of S. juglandifolium
are rough textured and scabrous, with a prominent

network of veins.

Flowers are born on cymose inflorescences, which

may be simple (single cyme) or compound (more than

one cyme), in the latter case with a variable number of

dichotomous branch points. In some species, floral

bracts are present at the base of the inflorescence and

sometimes at each branch point within the inflores-

cence. Branched inflorescences are seen in S. chilense,
S. habrochaites, S. huaylasense, S. pennellii, S. peru-

vianum, sect. Juglandifolia, and sect. Lycopersicoides.

The other species more commonly produce unbran-

ched inflorescences. Flowers are attached to the inflor-

escence by a pedicel that is articulated (i.e., position

of the abscission zone) more or less midway between

flower and inflorescence. Pedicel articulation in

S. pennellii is strongly basal on the inflorescence,

although some populations from the northern margin

of its distribution are articulated in the middle. In the

species of sect. Lycopersicoides and some S. habro-
chaites accessions, the pedicel joint is closer to

the flower than the inflorescence rhachis.

The flower structure of the wild tomatoes resembles

the typical Solanum flower in many respects. Flowers

are composed of four whorls of organs: carpels,

stamens, petals, and sepals. The innermost whorl nor-

mally consists of two carpels (the number may vary)

fused together to form the pistil consisting of ovary,

style, and stigma. The remaining whorls are generally

five-parted, though this number also varies. The sta-

men whorl consists of stamens, which in Solanum sect.

Lycopersicon are generally attached via interlocking

hairs. Pollen is released through ovoid pores that

quickly lengthen to longitudinal slits in the anthers.

The tips of anthers are sterile (i.e., contain no pollen)

except in S. pennellii. Anthers are various shades

of yellow, and mostly straight or recurved downwards,

as in S. peruvianum and S. pennellii. Style length

and morphology vary considerably. In the outcross-

ing SI species, styles are longer that the anthers and

stigmas are exserted several millimeter beyond the

end of the anther cone. In the SC inbreeding species,

stigmas are flush with the anther cone or slightly

exserted. Styles are essentially straight in most

species, but in S. pennellii, S. lycopersicoides, and

S. sitiens styles are prominently bent or recurved

where they protrude past the anthers. Petals and

sepals are each fused to form a radially symmetri-

cal (regular) corolla and calyx. No noticeable scent

or nectar is produced.

A striking exception to this typical “Lycopersicon”

flower structure is presented by S. pennellii, wherein
anthers lack the sterile appendage and pollen grains

are shed via terminal anther pores. Flowers are slightly

irregular (zygomorphic), with the upper corolla seg-

ments being enlarged relative to the lower ones. Flow-

ers of sect. Lycopersicoides and sect. Juglandifolia

show additional structural differences. Pollen is shed

via terminal pores which extend laterally. Anthers

in sect. Lycopersicoides are white or cream colored,

with occasional yellow variants in some populations.

In sect. Juglandifolia, anthers are orange-yellow.

Flowers of all four species are noticeably scented,

the odor varying from species to species.
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9.2.5 Cytology and Karyotype

The species considered herein are virtually all

diploids, with 2n ¼ 2x ¼ 24 chromosomes, like

most other Solanum spp. The only reported exceptions

are two cases of naturally occurring tetraploidy, both

in S. chilense (Rick 1990). These appear to be mar-

ginal populations; one is from the northernmost local-

ity for this species (LA1917, Llauta, Rı́o Palpa, Dept.

Ica, Peru), and is relatively infertile. Polyploidy is thus

uncommon in the wild tomatoes.

Eleven of the 12 chromosome pairs are submeta-

centric. Chromosome 2 (the chromosomes are num-

bered 1–12 from longest to shortest at pachytene) is

acrocentric, containing only a very short and hetero-

chromatic short arm, which contains the nucleolus

organizing region (NOR). At the pachytene stage of

meiosis, each of the 12 chromosomes can be identified

by the position of the centromere, the relative lengths

of long and short arms, and the lengths of heterochro-

matic and euchromatic regions (Khush 1963; Sherman

and Stack 1995).

The classical studies of chromosome morphology,

based on light microscopy, revealed relatively little

structural variation among the wild species. For exam-

ple, hybrids between cultivated tomato and S. pennel-
lii, two of the most distantly related species in sect.

Lycopersicon, showed relatively few differences in

chromosome structure at pachytene by light micros-

copy, and these were limited to the number and

positions of heterochromatic knobs on certain chromo-

somes (Khush and Rick 1963). Other interspecific

hybrids within the tomato clade gave a similar impres-

sion of overall colinearity in the early cytological

work (reviewed by Chetelat and Ji 2007). However,

this view is beginning to change, as new evidence of

rearrangements and structural differences has emerged

from higher resolution genetic and physical maps, and

from improved cytological methods.

Comparative genetic linkage maps of the S. lyco-

persicoides and S. sitiens genomes show they differ

from tomato by a paracentric inversion of the long arm

of chromosome 10 (Pertuzé et al. 2002). This finding is

consistent with the occasional inversion loops seen in

S. lycopersicum � S. lycopersicoides hybrids (Menzel

1962), and the strongly suppressed recombination seen

in this region (Chetelat et al. 2000). Surprisingly, this

inversion was not seen with bacterial artificial chro-

mosome-fluorescence in situ hybridization (BAC-

FISH) (Szinay 2010). Assuming it is real, the 10L

inversion must have occurred within the lineage lead-

ing to tomato, since the ancestral arrangement is found

in all other Solanaceae examined to date (Livingstone

et al. 1999; Doganlar et al. 2002a), but prior to diver-

gence of the tomato species since their genomes

appear to be collinear in this region. Interestingly,

both S. ochranthum and S. juglandifolium have the

inverted (i.e., tomato) orientation of chromosome

10L, suggesting they are more closely related to the

tomatoes (Albrecht and Chetelat 2009) than are mem-

bers of sect. Lycopersicoides. This interpretation is

consistent with recent molecular phylogenies (Peralta

et al. 2008, and see below), but contrasts with the

evidence from crossing relationships, which point

instead to sect. Lycopersicoides as being more

tomato-like.

Short, proximal inversions were detected on chro-

mosome 6S in S. peruvianum (Seah et al. 2004),

chromosome 7S in S. pennellii (van der Knaap et al.

2004), and chromosome 12S in S. chilense (Szinay

2010), relative to cultivated tomato. A reciprocal

whole arm translocation involving chromosomes

8 and 12 occurred in either S. ochranthum or S. juglan-
difolium (Albrecht and Chetelat 2009).

By studying the synaptonemal complexes of sev-

eral interspecific tomato hybrids using electron

microscopy, Stack et al. (2009) revealed a series of

chromosome rearrangements, including inversions,

translocations, length differences, and mismatched

kinetochores. The number of structural rearrange-

ments was generally consistent with phylogenetic

expectations; S. lycopersicum � S. pimpinellifolium
hybrids showed fewer structural changes than S. lyco-

persicum � S. pennellii hybrids, for instance. How-

ever, the S. chmielewskii hybrid revealed a greater

than expected number of changes. Despite these exam-

ples of genome changes, overall gene order amongst

the wild tomatoes and related Solanum is highly con-

served, a fact that in large part explains their great

practical usefulness.

9.2.6 Genome Size and Composition

Genome sizes have not been determined for all of the

wild tomato species, but the data available are

9 Solanum sect. Lycopersicon 141



sufficient to indicate considerable variation. Estimates

of the DNA content for the cultivated tomato, S. lyco-
persicum, vary from 1.88 to 2.07 pg/2C for a sample of

six cultivars and 1.83 pg/2C for the closely related

S. cheesmaniae (Arumuganathan and Earle 1991).

The basal taxon in the core tomato clade, S. pennellii,

has a larger genome size (2.47–2.77 pg/2C), while

S. peruvianum is intermediate (2.27 pg/2C) (Arumu-

ganathan and Earle 1991). Two other species, S. hab-

rochaites and S. pimpinellifolium, have slightly

smaller genomes (1.85 and 1.77 pg/2C, respectively)

(Bennett and Smith 1976). The genome sizes of the

sect. Juglandifolia species (1.75–1.96 pg/2C) are similar

to the more compact tomato genomes, whereas those

of the sect. Lycopersicoides group (2.43–2.69 pg/2C)

are about 25% larger (Chetelat 2009).

In map units, the genome size of the tomatoes is

approximately 1,200–1,400 centiMorgans (cM)

(Tanksley et al. 1992; Frary et al. 2005). These values

are based on recombination in F1 interspecific S. lyco-

persicum � S. pennellii hybrids, and thus might be

biased by sequence divergence or selection. Recombi-

nation rates in intraspecific maps appear to be similar,

but a little lower (the lower marker polymorphism rate

may be a contributing factor); a map for S. peruvianum
contained 1,073 cM (van Ooijen et al. 1994), and one

for S. lycopersicum only 965 cM (Saliba-Colombani

et al. 2000).

The tomato genome is comprised of approximately

75% heterochromatin, most of which is located in

the pericentromeric regions (Peterson et al. 1996).

The remaining 25% of the genome is euchromatin

and located in segments distal to the pericentromeric

heterochromatin on each chromosome arm. The

majority of expressed genes are thought to be located

in the euchromatin fraction, an inference supported by

several lines of evidence. Mapping of induced dele-

tions to pachytene chromosomes showed that most

mutant loci are in euchromatin (Khush and Rick

1968). Sequencing of BACs found a much higher

gene density per unit DNA length in inserts from

euchromatin than heterochromatin (van der Hoeven

et al. 2002; Wang et al. 2006). Finally, recombination

is generally higher in gene rich regions, whereas

tomato heterochromatin is recombinationally inert.

Mapping of recombination nodules on synaptonemal

complexes showed that the pericentromeric hetero-

chromatin portion of each chromosome is nearly

devoid of crossovers (Sherman and Stack 1995),

a result consistent with genetic evidence of crossover

suppression around centromeres (Tanksley et al.

1992).

9.3 Evolutionary Relationships
of Solanum Section Lycopersicon
(Tomatoes) and Allied Species

9.3.1 The Generic Position of Tomatoes
and Wild Relatives

Wild tomatoes (sensu stricto) traditionally were trea-

ted as members of the genus Lycopersicon Mill.,

mainly based on the anther morphology (D’Arcy

1972; Hunziker 2001). In the past decade, several

molecular phylogenetic studies of the Solanaceae

have unambiguously showed tomatoes to be deeply

nested within Solanum (Spooner et al. 1993, 2005;

Bohs and Olmstead 1997, 1999; Olmstead and Palmer

1997; Olmstead et al. 1999; Peralta and Spooner 2001;

Bohs 2005). Data from chloroplast DNA (cpDNA)

sequences strongly support a monophyletic Solanum
(Bohs 2005; Weese and Bohs 2007) with the inclusion

of all traditional segregate genera; Cyphomandra Mart.

ex Sendtn. (Bohs 1995), Lycopersicon Mill. (Spooner

et al. 1993), Normania Lowe, and Triguera Cav. (Bohs

and Olmstead 2001). Some workers (e.g., Hunziker

2001) continue to maintain these taxa as distinct

genera. The monophyletic Solanum is one of the ten

most species-rich genera of angiosperms (Frodin 2004;

see also Solanaceae Source, http://www.solanaceae-

source.org), and contains several crops of economic

importance such as the tomato (S. lycopersicum), the

potato (S. tuberosum L.) and the aubergine or eggplant

(S. melongena L.), as well as other minor crops

(naranjilla, S. quitoense Lam.; tamarillo, S. betaceum
Cav. and pepino, S. muricatum Aiton).

The tomatoes and their close relatives are easily

distinguished from any other group of Solanum spe-

cies by their bright yellow flowers and pinnatifid, non-

spiny leaves; the only other species in the genus with

yellow flowers is S. rostratum Dunal, a member of

sect. Androceras (Nutt.) Whalen (1979). The tomatoes

are most closely related to the potatoes and form

a distinct clade (the Potato clade, sensu Bohs 2005;

Weese and Bohs 2007) with relatively high (80%)
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bootstrap support (Bohs 2005). Peralta et al. (2008)

presented a phylogenetic classification of the group

that simply states the hypothesis that tomatoes have

more “predictivity” under Solanum; they also apply a

Linnaean nomenclatural system (hierarchical) to pro-

vide the valid names of wild species under Solanum.

Here we provide a short discussion on the history of

generic classification of the tomatoes and their wild

relatives in sects. Lycopersicoides and Juglandifolia,

and discuss in detail both traditional taxonomic

schemes for species-level relationships and modern

statistically based studies of these relationships.

9.3.2 History of the Generic Classification
of Tomatoes and Wild Relatives

In his first edition of The Gardener’s Dictionary
(Miller 1731) Philip Miller, the English botanist and

curator of the Chelsea Physic Garden, used the generic

name Lycopersicon and included a number of taxa

with multilocular fruits (“roundish, soft, fleshy Fruit,

which is divided into several Cells, wherein are

contained many flat Seeds”), all color variants of the

cultivated tomato (S. lycopersicum). In this same

work, he also recognized Solanum, and included

within it the eggplant as “Solanum Americanum, spi-
nosum, foliis Melongenae, fructu mammoro” and the

potato as “Solanum tuberosum, esculentum” (Miller

1731). His definition of Lycopersicon was confined

to plants we would today recognize as cultivars of

S. lycopersicum, the cultivated tomato.

In Species Plantarum, Linnaeus (1753) classified

tomatoes in the genus Solanum, and described S. lyco-

persicum and S. peruvianum. Jussieu (1789), in his

classification, also included tomatoes in Solanum.
Miller (1754), however, continued to use both the

generic name Lycopersicon and polynomial nomen-

clature in the abridged 4th edition of The Gardener’s
Dictionary. He expanded his definition of Lycopersi-

con by including “Lycopersicon radice tuberose, escu-

lentum” (the potato) within it, using the following

reasoning (Miller 1754): “This Plant was always

ranged in the Genus of Solanum, or Nightshade, and

is now brought under that Title byDr. Linnaeus; but as
Lycopersicon has now been established as a distinct

Genus, on account of the Fruit being divided into

several Cells, by intermediate Partitions, and as the

Fruit of this Plant [the potato] exactly agrees with the

Characters of the other species of this Genus, I have

inserted it here.” The editor of the posthumously

published edition of The Gardener’s and Botanist’s

Dictionary (Miller 1807), Thomas Martyn, merged

Lycopersicon and Solanum, and recognized all Mill-

er’s species as members of Solanum. A number of

classical and modern authors have recognized

the genus Lycopersicon (e.g., Dunal 1813, 1852;

Bentham and Hooker 1873; M€uller 1940; Luckwill
1943; Correll 1958; D’Arcy 1972, 1987, 1991;

Hunziker 1979, 2001; Rick 1979, 1988; Child 1990;

Rick et al. 1990; Symon 1981, 1985; Taylor 1986;

Warnock 1988; Hawkes 1990), but others continued

to recognize the tomatoes as members of the genus

Solanum (MacBride 1962; Seithe 1962; Heine 1976;

Fosberg 1987).

9.3.3 Relationships of the Species
of Tomatoes and Their Wild
Relatives

The species of tomatoes have been treated quite dif-

ferently by different authors, both in terms of species

identity (current species recognized in the group and

their distributions are presented in Table 9.2) and

in terms of group membership and relationships.

Figure 9.2 shows the chronology of the differing clas-

sifications through the twentieth century and compares

them to the classification of Peralta et al. (2008) that is

used here.

M€uller (1940) and Luckwill (1943) produced the

two most complete taxonomic treatments of wild

tomatoes based on morphological concepts, and trea-

ted them under Lycopersicon. M€uller (1940) divided

Lycopersicon into two subgenera: subg. Eulycopersi-
con possessing glabrous, and red- to orange- to yel-

low-colored fruits, flat, obovate, and silky pubescent

seeds, ebracteate inflorescences, and leaves without

pseudostipules; subg. Erı́opersicon with pubescent or

hirsute green or greenish white to yellowish and pur-

ple-tinged fruits, frequently with a dark green, laven-

der, or purple stripe, thick, oblanceolate glabrous

(pilose only at the apex) seeds, bracteate inflores-

cences, and leaves usually with pseudostipules. Luck-

will (1943) hypothesized that the two subgenera might
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have evolved from a simple ancestral form character-

ized by imparipinnate leaves with 5–7 entire leaflets,

few interjected leaflets, probably no secondary leaf-

lets, unbranched inflorescences, and undeveloped

pseudostipules. He suggested that two lineages

diverged from this ancestral form, one characterized

by fruits with carotenoid pigments and the other by

green fruits with anthocyanin pigments.

Rick (1979) recognized two “complexes” based on

crossing relationships, the “Esculentum complex” and

“Pervianum complex” (see Fig. 9.2). Rick (1986a)

hypothesized that the races of his “L. peruvianum”

found in the Rı́o Marañón drainage in northern Peru

were ancestral to all other wild tomatoes (Solanum
sect. Lycopersicon as defined here), and that specia-

tion and differentiation took place with migration to

the south. Rick (1963) suggested that this distribution

pattern pointed to a single origin of his broadly defined

“L. peruvianum” with subsequent spread before or

during the uplift of the central Andes.

Recent cladistic and phenetic studies of species

boundaries and relationships within the tomatoes and

wild relatives have used a combination of molecular

and morphological data. Figure 9.3 shows abstracted

summary trees based on cpDNA restriction sites

(Palmer and Zamir 1982; Fig. 9.3a; Spooner et al.

1993; Fig. 9.3d), mitochondrial DNA (mtDNA)

restriction sites (McClean and Hanson 1986;

Fig. 9.3b), nuclear restriction fragment length poly-

morphisms (RFLPs) (Miller and Tanksley 1990;

Fig. 9.3c), isozymes (Bretó et al. 1993; Fig. 9.3e),

internal transcribed spacer (ITS) region of nuclear

ribosomal DNA gene sequences (Marshall et al.

2001; Fig. 9.3f), nuclear DNAmicrosatellites (Alvarez

et al. 2001; Fig. 9.3g), and morphology-based cladis-

tics (Peralta and Spooner 2005; Fig. 9.3h). These phe-

netic and cladistic studies detailed below used a

variety of statistical techniques and programs, the

reader is referred to the primary literature for further

details of specific algorithms used and parameters set.

The name S. peruvianum is used in three ways in

the discussion of species relationships here. Firstly,

S. peruvianum s.l. refers to the broadly circumscribed

species complex prior to recognition of four species

within it (Peralta et al. 2005). Second, S. peruvianum

“north” and “south” refers to the geographic

Fig. 9.2 Chronological flow chart of hypotheses of species

boundaries and relationships of Solanum section Lycopersicon,
section Juglandifolia, and section Lycopersicoides recognized

by M€uller (1940), Luckwill (1943), Child (1990), and Peralta

et al. (2008). The numbers in parentheses represent the number

of infraspecific taxa recognized by these authors. Modified and

reproduced with permission from Syst Bot Monogr 84: 13, Fig 5

(2008)
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Fig. 9.3 An abstracted summary of cladistic (clad.) and phe-

netic (phen.) studies of tomatoes and outgroups using morpho-

logical, isozyme, and molecular data, including similarity

coefficients (lines below trees, b, c) restriction sites supporting

each branch (a), or bootstrap values over 50% (d, f, g, h); the

study in e showed no statistics to support the tree. Trees are

shortened when necessary to show summary results and use the

Solanum equivalents of Lycopersicon names (see Table 9.2).

The letters N and S following S. peruvianum indicate northern

(N) and southern (S) accessions of that species corresponding to

the companion GBSSI sequence study (Peralta and Spooner

2001), morphological study (Peralta and Spooner 2005) and

AFLP study (Spooner et al. 2005) of tomatoes and outgroups

(see text). Reproduced with permission from Taxon 54: 46,

Fig. 2 (2005)
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partitioning of S. peruvianum s.l. into two groups with

the use of granule-bound starch synthase (GBSSI)

(Peralta and Spooner 2001), morphological (Peralta

and Spooner 2005), and amplified fragment length

polymorphism (AFLP) data (Spooner et al. 2005).

Third, in Peralta et al. (2008), based on the results of

these three investigations and our examination of

hundreds of additional herbarium specimens, S. peru-

vianum “north” was divided into S. arcanum and

S. huaylasense, and S. peruvianum “south” into

S. corneliomulleri and S. peruvianum s.str. (Peralta

et al. 2005, 2008).

9.3.3.1 Chloroplast DNA Restriction Site Data

The cpDNA restriction site phylogenetic study of

Palmer and Zamir (1982; Fig. 9.3a) was one of the

first studies using this technique, and stimulated the

use of chloroplast DNA in scores of other plant

groups. The technique was soon refined to the use of

heterologous probes, rather than total chloroplast

banding patterns, to assess polymorphisms more accu-

rately. Palmer and Zamir’s (1982) study, using 25

restriction endonucleases, placed S. lycopersicoides
(Solanum sect. Lycopersicoides) and S. juglandifolium

(Solanum sect. Juglandifolia) as sister to tomatoes,

and supported the monophyly of the red- to orange-

to yellow-fruited species (S. cheesmaniae, S. lycoper-

sicum, and S. pimpinellifolium). Palmer and Zamir’s

(1982) study was not able to place into separate clades

the northern and southern populations of S. peruvia-

num or to solve the relationships of S. chilense and

S. chmielewskii.
Spooner et al. (1993; Fig. 9.3d) examined cpDNA

polymorphism of representatives of tomato, potato,

other species of Solanum, and outgroups in Capsicum
L. and Datura L. with a focus on examining outgroup

relationships of tomato and potato. Their study

showed tomatoes and their immediate outgroups in

Solanum sect. Lycopersicoides and sect. Juglandifolia

to form a sister clade to potatoes (sect. Petota),

with Solanum sect. Etuberosum as the sister to all

the above. These results stimulated the taxonomic

recognition of all tomatoes in Solanum, which was

also supported by other cpDNA restriction site

and sequence data (Bohs and Olmstead 1997, 1999;

Olmstead and Palmer 1997; Olmstead et al. 1999;

Bohs 2005). These multiple datasets from a variety

of genes unambiguously established tomatoes to

be deeply nested in Solanum, and Spooner et al.

(1993) made the necessary nomenclatural transfers.

Treating tomatoes as members of Solanum is accepted

by the majority of taxonomists as well as by most

plant breeders and other users (e.g., Caicedo and

Schaal 2004; Fridman et al. 2004; Schauer et al.

2005; Mueller et al. 2009; see also http://tgrc.ucdavis.

edu/key.html).

9.3.3.2 GBSSI Sequence Data

Peralta and Spooner (2001) provided a GBSSI (granule-

bound starch synthase, also often referred to as “waxy”)

gene sequence phylogeny of 79 accessions of tomatoes

and outgroups, concentrating on the most geographi-

cally widespread and polymorphic species S. peruvi-

anum s.l. These results (see Fig. 5 in Peralta and

Spooner 2001) supported sect. Juglandifolia as sister

to tomatoes; sect. Lycopersicoides as sister to toma-

toes + sect. Juglandifolia; potatoes (sect. Petota) sister
to tomatoes + sect. Juglandifolia + sect. Lycopersi-

coides; and sect. Etuberosum as sister to tomatoes +

sect. Juglandifolia + sect. Lycopersicoides + sect.

Petota.Within sect.Lycopersicon, therewas a polytomy

composed of S. chilense, S. habrochaites, and S. pen-

nellii, and the central-southern Peruvian to northern

Chilean populations of S. peruvianum. A sister

clade contained the northern Peruvian populations of

S. chmielewskii, S. neorickii, and S. peruvianum,
and a monophyletic group composed of the SC and

brightly colored (red- to orange- to yellow-fruited)

species S. cheesmaniae (including accessions now

recognized as S. galapagense), S. lycopersicum, and

S. pimpinellifolium.

9.3.3.3 Internal Transcribed Spacer Region of

Nuclear Ribosomal DNA Gene Sequences

Marshall et al. (2001) analyzed phylogenetic relation-

ships of wild tomatoes with DNA sequences of the ITS

region of nuclear ribosomal DNA (Fig. 9.3f). Solanum

lycopersicoides was supported as sister to tomatoes

(members of sect. Juglandifolia were not included in

this study). Solanum chilense and S. habrochaites

were supported as sister to all other tomatoes. Solanum

chilense and northern and southern populations of

146 S. Grandillo et al.

http://tgrc.ucdavis.edu/key.html
http://tgrc.ucdavis.edu/key.html


S. peruvianum formed a clade sister to S. chilense and

S. habrochaites. Solanum chmielewskii and S. neor-
ickii formed the next clade, followed by a clade of

brightly colored-fruited species.

9.3.3.4 Morphological Phenetics and Cladistics

The phenetic morphological study of Peralta and

Spooner (2005) used many of the same accessions as

the GBSSI study described earlier. In total, 66 char-

acters (50 quantitative and 16 qualitative) were

measured for six individuals of 66 accessions, and

averages of all six plants were taken as representative

of the accession. Similarity matrices for the 61 char-

acters found to be significantly different between at

least two species were generated with various algo-

rithms, and dendrograms were constructed with the

unweighted pair group method (UPGMA) (see

Figs. 6 and 7 in Peralta and Spooner 2005). The

morphological distance phenogram had the best fit of

the similarity matrix to the tree as determined by a

cophenetic correlation coefficient (0.93), while the

correlation matrix had a lower value (0.75). The dis-

tance phenogram defined four main groups. The out-

groups, S. lycopersicoides and S. sitiens, cluster as the

external branch (group D), followed by S. galapa-

gense, and then a group of all three accessions of

S. pennellii (group C). The SC, red- to orange- to

yellow-fruited species (S. lycopersicum, S. cheesma-

niae, and S. pimpinellifolium) form a third cluster

(group A), but with the exclusion of the distinctive

S. galapagense. The fourth group (B) includes the

remaining species. Within group B, S. neorickii and
two accessions of S. chmielewskii cluster together, to

the exclusion of one accession of S. chmielewskii

(LA1306) that grouped with all accessions of S. arca-
num. All accessions of S. chilense formed a group that

also contained one accession of S. huaylasense

(LA1982). The three accessions of S. habrochaites
formed a separate group. Two major groups

were recognized within former S. peruvianum;

the “northern” and the “southern.” The “northern”

S. peruvianum accessions are now recognized as the

distinct species S. arcanum and S. huaylasense, and

the “southern” ones as S. peruvianum s. str. and

S. corneliomulleri.

The correlation UPGMA dendrogram had a lower

cophenetic correlation (0.75; vs. distance, 0.93), but it

placed S. galapagense with the other SC, red- to

orange- to yellow-fruited species, and better grouped

the former north and south populations of S. peruvia-

num. Unlike the distance phenogram, it placed the two

outgroups, S. lycopersicoides and S. sitiens, as an

internal branch with one of two main clusters (A).

The three accessions of S. habrochaites formed a

separate group, and also the three S. pennellii acces-

sions clustered together. The other main branch (B)

includes S. arcanum, S. chilense, S. chmielewskii,
S. corneliomulleri, S. huaylasense, S. neorickii, and

S. peruvianum s. str. This dendrogram, unlike the

distance phenogram, shows better clustering of the

former northern and southern S. peruvianum groups.

Like the distance phenogram, S. huaylasense clustered

with S. chilense, as part of a larger cluster that includes
S. corneliomulleri and S. peruvianum. S. arcanum,

S. chmielewskii, and S. neorickii cluster together.

Approximately one third of the morphological

characters (24/66) could be scored as discrete for use

in cladistic studies. A cladistic analysis of these char-

acters in tomato and outgroups in sect. Juglandifolia
and sect. Lycopersicoides supported S. pennellii as

sister to all tomato species (see Fig. 8 in Peralta and

Spooner 2005). The relationships among the self-

incompatible (SI) species Solanum chilense, S. habro-

chaites, and S. peruvianum “southern” were not

resolved. Solanum peruvianum “northern” appeared

as sister to S. chmielewskii and S. neorickii. Solanum

chmielewskii and S. neorickii always were sister to

each other and these two sister to the monophyletic

group formed by S. cheesmaniae, S. galapagense,

S. lycopersicum, and S. pimpinellifolium.

9.3.3.5 AFLP Cladistics

Spooner et al. (2005) used four AFLP primer combi-

nations to study the phylogenetic relationships of 65

accessions of tomato and outgroups, including most of

the accessions corresponding to the GBSSI (Peralta

and Spooner 2001) and morphological studies (Peralta

and Spooner 2005) described earlier. A strict consen-

sus tree of these 296 AFLP trees (see Fig. 7 in Spooner

et al. 2005) support tomatoes (Solanum sect. Lycoper-

sicon) and their immediate outgroup relatives in sect.

Juglandifolia and sect. Lycopersicoides to form a sis-

ter clade to potatoes (sect. Petota) and further out-

groups in sect. Etuberosum. Solanum pennellii and
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S. habrochaites were part of a polytomy in sect. Lyco-

persicon. All red- or orange-fruited, SC species

(S. cheesmaniae, S. galapagense, S. lycopersicum,

S. pimpinellifolium) formed a well-supported clade.

Solanum chmielewskii, S. neorickii, and four acces-

sions of the SI S. arcanum from the Rı́o Marañón

drainage formed a clade. AFLP data, like the GBSSI

and morphological data, show a clear separation of the

northern and southern groups of S. peruvianum s. l.,

which includes S. corneliomulleri and S. peruvianum
s. str. Only one accession from northern Peru

(LA1984) grouped with the southern S. peruvianum.

Interestingly, Rick (1986c) thought that this accession

represented a “crossing bridge” between northern and

southern populations of S. peruvianum. AFLP data,

unlike morphological data, grouped S. arcanum with

S. huaylasense instead of S. chilense.

9.3.3.6 Congruence Tests Among AFLP,

cpDNA, GBSSI, ITS, and Morphological

Studies

Spooner et al. (2005) tested congruence among AFLP,

cpDNA (Palmer and Zamir 1982), GBSSI (Peralta and

Spooner 2001), ITS (Marshall et al. 2001), and mor-

phology (Peralta and Spooner 2005) datasets through

three methods: (1) distance matrix-based comparisons

(the Mantel test), (2) character-based comparisons (the

incongruence length difference test (ILD), also called

the partition homogeneity test of data partition con-

gruence, of Farris et al. 1995), and (3) visual qualita-

tive comparison of trees. Two comparative datasets

were used: (1) A dataset containing 47 identical

tomato accessions from AFLP and GBSSI studies

and with one accession of S. etuberosum Lindl. as

outgroup. (2) A smaller comparative dataset contained

only 10 accessions that were common to all studies

cited earlier (all tomato species were included except

S. neorickii which was lacking from the cpDNA

dataset; the northern and southern accessions of

S. peruvianum were included as separate taxa;

S. lycopersicoides was the common outgroup).

The distance-matrix test showed that all pairs of

compared matrices were statistically correlated at

a ¼ 0.05 except for GBSSI/ITS, GBSSI/morphology

phenetics, and ITS/cpDNA. The matrix correlation

coefficients of all comparisons varied greatly with

AFLP/GBSSI the highest, and ITS/cpDNA the lowest.

The character-based test showed the ITS/cpDNA,

AFLP/GBSSI (both 10 and 48 taxon comparisons),

the GBSSI/morphology, AFLP/ITS, GBSSI/ITS,

AFLP/cpDNA, ITS/morphology, and AFLP/morphol-

ogy datasets to be congruent. The other comparisons

(cpDNA/morphology, cpDNA/GBSSI) proved to be

incongruent.

9.3.3.7 Total Evidence Analysis of Chloroplast

DNA, ITS, AFLP, and GBSSI

A combined AFLP and GBSSI Fitch tree (Spooner

et al. 2005), consisting of 48 taxa and constructed

with 1,652 characters, produced 34 most parsimonious

994-step trees with a consistency index of 0.35 and a

retention index of 0.56. A strict consensus tree of these

34 trees (not shown) presented a topology very similar

to that of the AFLP strict consensus tree (see Fig. 7 in

Spooner et al. 2005; Peralta et al. 2008), including

showing the relationship S. chmielewskii, S. neorickii,

and four accessions of S. arcanum. A combined AFLP,

GBSSI, cpDNA, ITS tree, and morphology analysis

(10 taxa; 2,301 characters of which 148 were parsi-

mony informative) produced two most-parsimonious

577-step trees with a consistency index of 0.816 and a

retention index of 0.603. A strict consensus tree

(Fig. 9.4) of these two trees showed (1) the brightly

colored-fruited species as monophyletic, (2) S. chmie-

lewskii and S. arcanum to be a sister clade to the

above, (3) S. chilense and S. peruvianum s.s. and

S. corneliomulleri to be a sister clade of the species

above, (4) S. habrochaites and S. pennellii to be a well

supported clade, but forming a polytomy. Solanum
lycopersicoides was sister to tomatoes (sect. Lycoper-

sicon). Members of sect. Juglandifolia were not

included in this analysis.

9.3.4 Summary

The tomatoes and their wild relatives (sects. Lycoper-
sicoides, Juglandifolia and Lycopersicon) are clearly

monophyletic and sister to the potatoes (sect. Petota),

with sect. Etuberosum clearly monophyletic and sister

to potatoes + tomatoes s.l. Sect. Lycopersicoides

(formerly recognized as a subsection of sect. Lycoper-

sicon) is clearly monophyletic and sister to sect.
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Juglandifolia + sect. Lycopersicon, and sect. Juglan-
difolia is clearly monophyletic and sister to sect. Lyco-

persicon.

Within sect. Lycopersicon, S. pennellii in most

cases appears at the base of the trees as a polytomy

with S. habrochaites, or sometimes forms a clade with

this species. This relationship was considered unre-

solved by Peralta et al. (2008), although morphologi-

cal data suggest that S. pennellii is sister to the rest of

the tomatoes s.str. (sect. Lycopersicon); it is the only

species in that group lacking the sterile anther append-

age, the presence of which is a morphological synapo-

morphy of S. habrochaites and the rest of the core

tomato clade. S. pennellii was placed by Peralta et al.

(2008) in its own “group.” Relationships within sect.

Lycopersicon have been presented by Peralta et al.

(2008) as informal species groups as given in

Table 9.3. Such informal group systems of classifica-

tion have been widely applied to Solanum by Whalen

(1984), Knapp (1991, 2000, 2002), Bohs (1994, 2005),

and Spooner et al. (2004). They are not intended to

represent formal classification and are provisional

names representing most highly supported ideas of

relationships that are still unresolved.

Solanum huaylasense (a “northern” segregate of

S. peruvianum s.l.) is grouped with S. chilense,

S. habrochaites, S. corneliomulleri (a segregate of

“southern” S. peruvianum s.l.), and S. peruvianum s.

str. in the “Eriopersicon” species group (see Peralta

et al. 2008). The SC green-fruited species S. chmie-

lewskii and S. neorickii are related to S. arcanum
(another northern segregate of S. peruvianum s.l.) as

supported in almost all datasets and are recognized by

Peralta et al. (2008) as the “Arcanum” species group.

The four species with brightly colored fruits (S. chees-

maniae, S. galapagense, S. lycopersicum, S. pimpinel-

lifolium) unambiguously form a closely related

monophyletic group and are the closest relatives of

the cultivated crop. These species with red to orange

fruits could be recognized as a formal taxonomic

group (as a series, for example), but this formal classi-

fication has not been taken up at present because of

Fig. 9.4 The single combined AFLP, GBSSI, cpDNA,

and ITS 530-step Fitch tree (10 taxa; 2,275 characters).

The numbers above each branch represent bootstrap

values over 50% (from Spooner et al. 2005). Modified

and reproduced with permission from Syst Bot Monogr

84: 52, Fig. 18 (2008)
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ambiguity in the other species groups in sect. Lyco-
persicon.

9.4 Role in Development of Cytogenetic
Stocks and Their Utility

The wild relatives of cultivated tomato have been used

to develop several types of cytogenetic stocks. Of

particular relevance here are the chromosome substi-

tution and addition stocks. Other types of pre-breds,

including ILs and backcross inbred lines (BILs), are

not considered herein as they have been thoroughly

covered in other recent reviews (Zamir and Eshed

1998a, b; Zamir 2001; Labate et al. 2007; Lippman

et al. 2007; Grandillo et al. 2008).

Alien substitution lines and monosomic alien addi-

tion lines contain intact wild species’ chromosomes in

the genetic background of a standard tomato variety.

The monosomic additions are trisomics (2n + 1), i.e.,

the foreign chromosome is added to a diploid tomato

genome. In the substitution lines, the foreign chromo-

some replaces one or both of the corresponding tomato

chromosomes (homeologs), and thus they are diploids.

Monosomics (2n � 1) and other types of deficiency or

deletion stocks are not commonly used in tomato

because gametes carrying the deficient chromosomes

generally fail to transmit through meiosis and gameto-

genesis (Khush and Rick 1966, 1968).

The first alien substitution lines in tomato

contained chromosomes of S. pennellii in the back-

ground of S. lycopersicum (Rick 1969, 1971). They

were obtained by backcrossing the wild parent to

multiple marker stocks containing two or more mor-

phological mutations, usually seedling expressed,

located on a single chromosome. The pennellii chro-

mosomes carried the wild type (dominant) alleles at

each locus. Thus, selection for the non-mutant phe-

notype over several generations resulted in the

replacement of one tomato chromosome by the

homeologous chromosome of S. pennellii, as well as
the progressive elimination of all other wild species

chromosomes. After five or more backcross (BC)

generations, homozygous substitutions were

obtained by self-pollination. The method was rapid

and inexpensive, but was limited by incomplete and

uneven coverage of the chromosomes with conve-

nient visual markers and dominance of the wild spe-

cies alleles. For example, the chromosome 6

substitution was heterozygous; use of DNA-based

markers (vastly more abundant) allowed isolation of

the desired homozygous stock, and demonstrated a

recombination event near the end of the chromosome

that was not detected with the visual markers (Weide

et al. 1993). A few alien substitution lines were also

synthesized for S. lycopersicoides (Canady et al.

2005).

A complete set of monosomic alien addition lines

in tomato was synthesized for S. lycopersicoides

Table 9.3 Classification

of Solanum section

Lycopersicon (tomatoes)

and allied species

(Peralta et al. 2008)

Section Species group Species

Section Lycopersicoides – Solanum lycopersicoides

– – Solanum sitiens

Section Juglandifolia – Solanum juglandifolium

– – Solanum ochranthum

Section Lycopersicon “Neolycopersicon” Solanum pennellii

– “Eriopersicon” Solanum chilense

– – Solanum corneliomulleri

– – Solanum habrochaites

– – Solanum huaylasense

– – Solanum peruvianum

– “Arcanum” Solanum arcanum

– – Solanum chmielewskii

– – Solanum neorickii

– “Lycopersicon” Solanum cheesmaniae

– – Solanum galapagense

– – Solanum lycopersicum

– – Solanum pimpinellifolium

Species within each group are in alphabetical order
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(Chetelat et al. 1998) and a small number for

S. sitiens (Pertuzé et al. 2003). These lines are rela-

tively stable, because the extra wild species chromo-

somes tend to recombine at relatively low rates (Ji

and Chetelat 2003). However, they are also relatively

infertile and thus easily lost through poor seed set.

The morphology of each monosomic addition is strik-

ingly similar to the corresponding tomato trisomic.

This observation is consistent with the observed

colinearity of genetic maps for tomato and its wild

relatives, including S. lycopersicoides (Pertuzé et al.

2002), suggesting a similar gene content of each

chromosome.

Monosomic addition and substitution lines are

potentially useful for a variety of genetic studies

and breeding applications. In tomato, these stocks

have been particularly useful for studies of genetic

recombination between the alien chromosomes and

their tomato homeologs. For example, in progeny of

the pennellii substitution lines, recombination fre-

quency was higher in early BC generations than in

later ones, and higher in progeny of female than male

meioses (Rick 1969, 1971). Similar trends were

observed with the lycopersicoides substitution lines,

which recombined at higher rates than either the

monosomic additions or shorter, segmental introgres-

sions, which recombined at only 0–10% of normal

rates (Ji and Chetelat 2003; Canady et al. 2006). The

low rates of genetic exchange between homeologous

chromosomes may be due to competition by recom-

bination within homologous chromosomes or chro-

mosomal regions, a process that occurs in

monosomic additions and segmental introgressions,

but not heterozygous substitutions. Examination of

chromosome pairing by genomic in situ hybridization

(GISH) cytology indicated that the degree of pairing

failure, as indicated by the formation of univalents, is

correlated with the severity of recombination sup-

pression. Pairing in the monosomic additions was

more disrupted than the substitutions. Lines contain-

ing chromosome 10 of S. lycopersicoides, which car-

ries a paracentric whole arm inversion relative to

cultivated tomato, presented the most irregular pair-

ing behavior. These results indicate that for future

breeding purposes, substitution lines provide the best

starting material for obtaining recombination events

around a gene of interest.

9.5 Conservation Initiatives

9.5.1 Germplasm Collections

Tomato breeding and research can rely on a wide

range of germplasm resources, which include exten-

sive collections of wild forms and their derivatives

(see recent reviews by Chetelat and Ji 2007; Ji and

Scott 2007; Robertson and Labate 2007). The first

collections of wild tomato species began in the eigh-

teenth century in the region of their native distribution,

which extends from northern Chile to southern Colum-

bia and from the Pacific Ocean coast to the eastern

foothills of the Andes, and the collection of this valu-

able material continues to this day.

Overall, there are more than 75,000 accessions of

Solanum sect. Lycopersicon germplasm maintained in

gene banks in more than 120 countries all around the

world (for detail see review by Robertson and Labate

2007). The largest collections are hold at (1) the Asian

Vegetable Research and Development Center

(AVRDC), now referred to as The World Vegetable

Center, located in Tainan, Taiwan; (2) the C. M. Rick

Tomato Genetics Resource Center (TGRC), at the

University of California-Davis; (3) the United States

Department of Agriculture, Agricultural Research Ser-

vice (USDA-ARS) Plant Genetic Resources Unit

(PGRU) in Geneva, NY (Table 9.4).

The AVRDC was founded in 1971 with the man-

date to increase vegetable production in the Asian

tropics and is an international center affiliated with

the Consultative Group of International Agricultural

Resources (CGIAR). The first of the five research

themes of the Center is “germplasm conservation,

evaluation, and gene discovery”. The AVRDC stores

large amounts of germplasm including a vast collec-

tion of tomato, numbering ca. 7,500 accessions. Apart

from the cultivated types (more than 6,000 acces-

sions), the Center stores a collection of 725 accessions

of wild tomato species (Table 9.4). Solanum pimpinel-

lifolium and S. peruvianum are the most represented

with 325 and 135 accessions, respectively. In addition,

there are also almost 600 accessions of unidentified

wild material, listed as Lycopersicon sp., and a few

hundreds lines deriving from interspecific crosses

(Ebert AW, pers. comm.). The Center has a very
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useful web interface, with an information system (The

AVRDC Vegetable Genetic Resources Information

System or AVGRIS) for searching the data available

for germplasm conserved at AVRDC’s Genetic

Resources and Seed Unit. A web version of AVGRIS

is accessible at the URL http://203.64.245.173/avgris/

and provides all users a direct access to the stored

germplasm data. Through this facility, it is possible

to search for the accessions present in the gene bank

and to have also access to a characterization data sheet

per each accession.

Another excellent collection of wild tomato genetic

resources is held by the C. M. Rick TGRC. The TGRC

has been named in memory and honor of Dr. Charles

M. Rick (1915–2002), Professor Emeritus of Vegeta-

ble Crops at the University of California, Davis, USA,

who had originally built up much of the collection

through his research and plant collecting activities

(Rick 1979, 1986a, b). Dr. Rick had first recognized

the potential value of wild germplasm as a useful

reservoir of genes for the improvement of tomato. He

undertook 15 expeditions to South America, between

1948 and 1995, in the Andean regions of Peru, Ecuador,

and Chile and to the Galápagos Islands, establishing

a first collection of some 700 samples of sect. Lyco-

persicon and related wild species of Solanum.
The TGRC is hosted by the Department of Plant

Sciences of the University of California at Davis,

and is integrated with the National Plant Germplasm

System (NPGS), the latter ’storing backup seed

samples of the TGRC collection and only very few

samples that are not stored at the TGRC.

As regards the wild tomato germplasm, the TGRC

maintains over 1,000 accessions of wild relatives that

represent 13 species in Solanum sect. Lycopersicon,
and the four related Solanum species S. lycopersi-

coides, S. sitiens, S. juglandifolium, and S. ochranthum

(Chetelat 2006; Table 9.4). All the entries are reported

with the Lycopersicon and the equivalent Solanum

species name. This Center maintains a series of special

purpose collections of selected wild and cultivated

accessions with known or inferred tolerances to vari-

ous environmental (abiotic and biotic) stresses that

have been extensively utilized in tomato crop

improvement (for detail see review by Robertson and

Labate 2007; http://tgrc.ucdavis.edu/). A nice inter-

face allows mapping of TGRC accession collection

sites worldwide. The TGRC has a very useful website

at the URL http://tgrc.ucdavis.edu/index.aspx, which

is worth a visit.

In addition to wild tomato species the TGRC also

stores over 1,000 monogenic mutants, including spon-

taneous and induced mutations affecting many aspects

of plant development and morphology, disease resis-

tance genes, and protein marker stocks (Labate et al.

2007). In addition, the collection contains hundreds of

miscellaneous genetic and cytogenetic stocks such as

trisomics, tetraploids, and translocations, as well as

derivatives of wild species such as pre-bred stocks

that are very valuable for mapping and breeding

purposes. The pre-bred stocks include ILs, BILs,

alien substitution lines, and alien addition lines. The

IL populations originated from S. pennellii LA0716

(Eshed and Zamir 1995; Liu and Zamir 1999),

S. habrochaites LA1777 (Monforte and Tanksley

2000a), and S. lycopersicoides LA2951 (Canady

et al. 2005); the BILs were derived from the

cross S. lycopersicum � S. pimpinellifolium LA1589

Table 9.4 Solanum section Lycopersicon (tomatoes) and allied

species genetic stocks maintained by The World Vegetable

Center (AVRDC), the Tomato Genetic Resource Center

(TGRC), and the USDA at Geneva, NY (USDA)

Speciesa AVRDCb TGRC USDA

S. arcanum 3 44 4

S. cheesmaniae 17 44 7

S. chilense 47 112 1

S. chmielewskii 11 37 7

S. corneliomulleri 11 52 13

S. galapagense 17 29 5

S. habrochaites 82 120 63

S. huaylasense 0 14 0

S. neorickii 12 59 1

S. pennellii 65 65 10

S. peruvianum 135 78 122

S. pimpinellifolium 325 309 231

S. juglandifolium 0 8 0

S. lycopersicoides 0 23 0

S. ochranthum 0 9 0

S. sitiens 0 13 0

Subtotal 725 1,016 464

sp. 595 0 0

S. lycopersicum 6,067 2,349 5,884

S. lycopersicum
“cerasiforme”

125 338 272

Subtotal 6,192 2,687 6,156

Total 7,512 3,703 6,620
aPrevious names in the genus Lycopersicon are given in

Table 9.2
bErbert AW, pers. comm
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(Doganlar et al. 2002a). Moreover, the center stores

a few alien substitution lines representing seven of the

12 S. pennellii LA0716 chromosomes (Rick 1969;

Weide et al. 1993); four S. lycopersicoides (LA2951)

chromosomes (Chetelat and Meglic 2000; Ji and

Chetelat 2003); and ten alien addition lines, each con-

taining one extra chromosome from S. lycopersicoides
LA1964 added to the tomato genome (Chetelat

et al. 1998).

The USDA-PGRU germplasm collection focuses on

S. lycopersicum accessions, which constitute ca. 90% of

the more than 6,600 accessions held by this center for

tomato, including a large number of modern, vintage,

and primitive cultivars along with breeding lines. The

collection also contains 464 accessions of wild species,

the majority of which are S. peruvianum s.l. (see

Sect. 9.3) and S. pimpinellifolium (http://www.ars.usda.

gov). Also the USDA-PGRU collection is duplicated in

the National Center for Genetic Resources Preservation

(NCGRP) located at Fort Collins, Colorado.

9.5.2 Modes of Preservation
and Maintenance

Conservation of genetic resources requires several

steps including germplasm collection, maintenance,

distribution, characterization, and evaluation. In

order to avoid loss of genetic diversity (or genetic

erosion) within any given collection and to maintain

genetic identity of accessions conserved therein, it is

necessary to develop standard methodologies during

all these steps, and large numbers of plants or seed are

needed. Deployment of these methodologies mainly

depends on the breeding system of the species, with

cross-pollinated species requiring larger samples. The

cultivated tomato is self-pollinated, while the other

taxa can vary from self-pollinated to obligately cross-

pollinated, showing different rates of outcrossing

(Table 9.1). In most gene banks, S. lycopersicum is

maintained by regenerants from relatively few (e.g

6–24) plants, with accessions usually planted in the

field without pollination control. This allows the pro-

duction of a sufficiently large amount of seed for

storage, which can significantly reduce the chances

of cross-pollination, or mix-ups, by increasing the

time between regenerations. In contrast, for the cross-

pollinated species such as most wild taxa, prevention

of genetic drift and contamination requires the use of

larger samples and controlled pollination. Generally,

up to 50 plants are used for regeneration to obtain

a representative sample by reducing the effects of

genetic drift and selection during the regeneration

process (Robertson and Labate 2007).

Seed production must be monitored in order to

ensure sufficient production of quality, disease-free

seed for maintenance and distribution. For long-term

storage of species with orthodox seed, such as tomato,

a temperature of �20�C and at a moisture content of

5 � 1% is suggested (Robertson and Labate 2007). In

some cases, the use of cryopreservation (conservation

using liquid nitrogen) of seed for long-term genetic

conservation has been suggested, although additional

studies are necessary in order to determine whether

there is any advantage to this for orthodox seed

(Robertson and Labate 2007).

9.5.3 In Situ Conservation

The wild species of tomato are well preserved ex situ

through national gene banks, but there is an urgent need

to preserve threatened populations in situ as well.

Throughout the native region, wild tomatoes are

impacted in various ways by human activities. In the

highlands, grazing by goats, sheep, and other herbivores

is a constant threat. At low elevations, intensive agricul-

tural development and urbanization have had a dramatic

impact. A recent trip to Peru organized by one of the

authors (RTC) provided clear evidence of genetic ero-

sion via the loss or displacement of local populations.

During this expedition, conducted in April–May

2009, several river valleys (Pisco, Cañete, Lurin,

Rimac, Chillon, Pativilca, and Jequetepeque) were

explored. In the lower stretches of the valleys, inten-

sive agriculture and urban development are common.

With increasing elevation, the environment becomes

more rural and agricultural systems more traditional

and less intensive. As might be expected, the wild

species growing predominantly at low elevations

were more severely impacted than those growing at

the higher, less disturbed sites.

Of particular concern, populations of S. pimpinelli-

folium have virtually disappeared from low elevation
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sites. Only two populations of this species were found

below 1,000 m, whereas at least 25 populations were

previously collected from the same river valleys. This

represents a loss of up to 23 populations of this species in

only seven valleys surveyed. The drainages around

Lima (Rı́os Rimac, Lurin, and Cañete) were most

severely affected, due to urbanization and development.

Similar trends are occurring around the other major

cities in coastal Peru. North of Lima, intensive, modern

agricultural practices, including sugarcane cultivation

and the widespread use of herbicides, has resulted in

the elimination of many local populations of wild toma-

toes known from earlier collections. Wild tomatoes are

also threatened by climate change. In three valleys

(Cañete, Chillon, and Lurin), S. pimpinellifolium was

found growing above 1,000melevation for the first time.

These examples of genetic erosion in S. pimpinelli-

folium are troubling for several reasons. First, this

species is closely related to the cultivated tomato –

its fruit are edible and sometimes consumed – and has

served as a source of disease resistances and other

desired traits used by plant breeders to develop

improved varieties. The first disease resistance genes

bred into the cultivated tomato, Verticillium and

Fusarium wilt resistances, originated in S. pimpinelli-
folium, and it continues to be an important source of

such genes. Secondly, the area in which the loss of

S. pimpinellifolium populations seems most severe, the

northern half of Peru, is/was the center of genetic

diversity for this species. Accessions collected in the

north have/had larger flowers with exserted stigmas,

traits which tend to promote cross pollination and

maintenance of genetic diversity (Rick et al. 1977).

Although excellent ex situ collections are available

to support future breeding and research on tomato,

they are subject to their own long-term risks, such as

unstable funding, catastrophic loss, and genetic

changes (inbreeding depression, artificial selection,

etc.). For this reason, there will always be a need to

preserve populations in situ. The appropriate authori-

ties in national governments of the countries of origin –

mainly Ecuador, Peru, and Chile – should be helped to

take steps to protect their native tomatoes from further

loss. International organizations, such as the CGIAR,

are urged to get involved to initiate and/or support

such conservation efforts. Without action, the wealth

of wild germplasm in the tomato relatives may not be

available to future generations.

9.6 Role in Classical and Molecular
Genetic Studies

9.6.1 Genetic Variation

The cultivated tomato (S. lycopersicum) is highly

autogamous and, despite its wide range of fruit shape,

size, and color diversity, its genetic diversity is so

reduced that it lacks many genes required for breeding

purposes (Rick 1976). Genetic erosion of this crop has

resulted from repeated genetic bottlenecks (due to a

combination of natural self-pollination, reproduction

in small populations, and natural and artificial selec-

tion), associated with the domestication process, the

early history of improvement in Europe and North

America, and modern breeding practices (Rick 1986a).

The level of genetic erosion of the primary tomato

gene pool has been measured using different types of

markers including allozymes (Rick and Fobes 1975) and

RFLPs (Helentjaris et al. 1985; Miller and Tanksley

1990). The study conducted by Miller and Tanksley

(1990), estimated that the level of genetic variation of

cultivated varieties can be lower than 5% of that avail-

able in nature (Miller and Tanksley 1990). Due to this

lack of genetic diversity, it is very difficult to identify

polymorphisms within the cultivated tomato gene pool,

even using sensitive molecular marker techniques

(Garcı́a-Martı́nez et al. 2006 and references therein).

In contrast, higher levels of variability exist in

primitive cultivars of the native area and even

more in the wild species, with particularly large

genetic diversity observed within the SI species like

S. chilense and S. peruvianum s.l. (Rick 1982, 1988).

Interestingly, more genetic variation has been found

within a single accession of the SI species than in

all accessions of any of the SC species (Miller and

Tanksley 1990; St€adler et al. 2005). Given the low

level of polymorphism among autogamous species,

the study of their relationships necessitates the use

of more variable molecular markers, such as micor-

satellites and single nucleotide polymorphisms (SNP)

(Alvarez et al. 2001; Yang et al. 2004).

Wild tomato species in sect. Lycopersicon occupy

a wide variety of habitats ranging from sea level to

above 3,000 m in altitude, and from temperate deserts

to wet tropical rainforests (see Sect. 9.2.2). Accord-

ingly, these wild species span a broad variation in
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terms of morphology, physiology, mating system, and

biochemistry, which is of potential value for the

improvement of cultivated tomato. In addition, in

spite of the severe crossing barriers that separate the

four tomato-like nightshade taxa in sects. Juglandifo-
lia and Lycopersicoides from tomatoes (Solanum sect.

Lycopersicon), these allied species are considered

very promising to broaden the genetic variability

available for tomato improvement (Rick 1988). In

fact, even though they have not been thoroughly

tested, the specificity of their habitats suggests that

they might harbor novel traits that are lacking in the

sect. Lycopersicon species (see Sect. 9.2.2). These

include tolerance to extreme aridity, excessive mois-

ture and freezing temperatures, as well as resistance

to certain diseases and insects (Rick 1988; Rick and

Yoder 1988).

9.6.2 Wide Hybridizations

The use of wild species as sources of traits of interest

can be hindered by blocks to hybridization and hybrid

sterility that might occur at the beginning of the breed-

ing program. These limitations can vary enormously

and generally are more severe as the phylogenetic

distance between the parental species of the cross

increases. Thus, while there are no problems for

crosses between S. lycopersicum and the closely

related wild species S. cheesmaniae, S. galapagense,
and S. pimpinellifolium, at the other extreme, crosses

with S. chilense or S. peruvianum s.l., are more diffi-

cult and require some type of embryo or ovule rescue;

intermediate situations characterize the crosses with

S. chmielewskii, S. habrochaites, S. pennellii, and

others (Rick and Chetelat 1995). On the other hand,

the exploitation of the genetic variability stored in the

tomato-like nightshades S. juglandifolium, S. lycoper-

sicoides, S. ochranthum, and S. sitiens has been more

limited, as severe reproductive barriers isolate them

from the core tomato group (Rick 1988; Child 1990;

Stommel 2001; Smith and Peralta 2002). Within the

group of the four tomato-like nightshades, the only

successful cross is the one between S. lycopersicoides

and S. sitiens. In this case, the easily synthesized F1
hybrids display normal meiotic behavior and high

fertility (Pertuzé et al. 2002; Ji et al. 2004). Of the

four species, only S. lycopersicoides is cross-compatible

with S. lycopersicum (Rick 1951, 1979; Pertuzé et al.

2002); F1 hybrids are readily obtained using embryo

culture, although they are generally infertile due to

meiotic abnormalities (Menzel 1962). Solanum lyco-

persicoides has also been hybridized unilaterally with

other taxa of sect. Lycopersicon, including S. chees-

maniae, S. chilense, and S. pimpinellifolium. In con-

trast, S. sitiens does not cross directly to tomato in

either direction (Rick 1979, 1988), but it can be indi-

rectly hybridized with cultivated tomato using poly-

ploid and bridging line methods (e.g., by using

S. lycopersicum � S. lycopersicoides derivatives as

bridge) (DeVerna et al. 1990; Pertuzé et al. 2003).

As a result, it has been possible to introgress to varying

degrees chromosomes or chromosome segments from

S. lycopersicoides and S. sitiens into the tomato

genome (Chetelat and Meglic 2000; Ji and Chetelat

2003; Pertuzé et al. 2003; Canady et al. 2005). For

S. lycopersicoides a complete set of monosomic alien

addition lines in tomato was synthesized by Chetelat

et al. (1998), and a set of ILs are now available (Che-

telat and Meglic 2000; Canady et al. 2005); gene

transfer from S. sitiens to S. lycopersicum has been

obtained through chromosome addition, substitution,

and recombination in the progeny of complex aneu-

ploid hybrids (Pertuzé et al. 2003). In contrast, the

other two tomato-like nightshades, S. ochranthum

and S. juglandifolium appear to be sexually incom-

patible with cultivated tomato in all combinations

tested (Rick 1988); although somatic hybrids between

S. lycopersicum and S. ochranthum have been

obtained by protoplast fusion, they are highly sterile

and have not, so far, provided a means for gene

transfer (Stommel 2001).

In spite of these difficulties, recent comparative

genetic linkage maps based on an interspecific F2
S. ochranthum � S. juglandifolium population

obtained via embryo culture indicate that, consistent

with the status of the sect. Juglandifolia as the nearest

outgroup to the tomatoes, these two taxa are more

closely related to cultivated tomato than predicted

from crossing relationships (Peralta et al. 2008;

Albrecht and Chetelat 2009). These results are encour-

aging from the standpoint of tomato breeding, as they

suggest that with further attempts at hybridization
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there might be more opportunity for germplasm

introgression with cultivated tomato than previously

assumed (Albrecht and Chetelat 2009).

9.6.3 Development of Classical and
Molecular Genetic Linkage Maps

High-density molecular linkage maps provide useful

tools for genome studies, gene/QTL mapping and

cloning, varietal development, and many other poten-

tial applications.

The analysis of linked genes in tomato began in the

early 1900s, when Jones (1917) interpreted the results

of Hedrick and Booth (1907) as linkage between

dwarfness (d) and fruit shape. At the beginning,

genetic linkage analysis of tomato was slow, but accel-

erated with the availability of seedling mutants,

advanced mapping stocks, and a complete set of tri-

somics; these cytogenetic stocks have been extremely

valuable in the assignment of genes to chromosomes

and chromosome arms, or even to restricted regions in

the arms (Stevens and Rick 1986; Rick and Yoder

1988). As a result, by mid-1970s, a total of 258 mor-

phological and physiological markers had been

assigned to tomato chromosomes (Linkage Committee

1973; Rick 1975). Subsequently, isozyme markers

started to be used, and in 1980 Tanksley and Rick

published an isozyme linkage map comprising 22

loci mapped on nine of the 12 tomato chromosomes.

Isozyme mapping in tomato was accomplished using

interspecific F2 and BC populations along with the

trisomic technique. In the late 1980s, the last compre-

hensive “classical” linkage map of tomato was pub-

lished, which included ~400 morphological,

physiological, isozyme, and disease resistance genes

mapped onto the 12 tomato chromosomes (Stevens

and Rick 1986; Mutschler et al. 1987). In mid-1980s,

DNA-based RFLP markers were starting to be mapped

also in tomato (Bernatzky and Tanksley 1986; Tanks-

ley and Bernstzky 1987), and by the 1990s, this spe-

cies had become one of the first plants for which

RFLPs were used to generate a high-density linkage

map (Tanksley et al. 1992). The map was based on

a S. lycopersicum cv. “VF36-Tm2a” � S. pennellii

(LA0716) F2 population of 67 plants and comprised

1,030 RFLP markers. This map, referred to as the

Tomato-EXPEN 1992, has been updated periodically

and includes DNA markers, isozyme markers, and

some morphological markers (Pillen et al. 1996b;

http://solgenomics.net/). Although S. pennellii is not

closely related to the cultivated tomato, the presence of

the SC accession (LA0716) has favored its use as a

parental line for manymapping studies (Tables 9.5–9.8).

Over the years numerous molecular linkage maps

have been developed using different mapping popula-

tions, and, due to the limited genetic variation inherent

in domesticated tomato, most of them derived from

interspecific crosses between the cultivated tomato

and most of the tomato wild species belonging to

sect. Lycopersicon, with recent examples involving

also the allied wild species S. lycopersicoides

(Table 9.5). Other maps have been developed using

crosses between species belonging to sect. Lycoper-

sicoides (S. sitiens � S. lycopersicoides; Pertuzé

et al. 2002) and sect. Juglandifolia (S. ochranthum �
S. juglandifolium; Albrecht and Chetelat 2009).

For some interspecific crosses, particularly those

between the cultivated tomato and the closely related

wild species S. pimpinellifolium, S. cheesmaniae, and

S. galapagense, identification of a sufficient number of

polymorphic markers has been a serious limitation;

however, albeit with more difficulties, genetic maps

have been developed (Table 9.5). In addition, despite

the low level of genetic variation found within

S. lycopersicum, molecular linkage maps have been

constructed also using intraspecific crosses (Table 9.5).

Several of these maps were developed with the

objective of mapping genes/QTLs for traits of interest,

and in many cases polymerase chain reaction (PCR)-

based markers, including random amplified polymor-

phic DNAs (RAPDs), AFLPs, simple sequence repeats

(SSRs), sequence characterized amplified regions

(SCARs), and cleaved amplified polymorphic

sequences (CAPSs), were developed and integrated

with the RFLP maps (Table 9.5; see also reviews by Ji

and Scott 2007; Labate et al. 2007). For some tomato

chromosomes, the integration of the molecular map

with classical maps has been accomplished using inter-

specific progenies that segregated for morphological

and molecular markers (short arm of chromosome 1:

Balint-Kurti et al. 1995; chromosome 3: van der Biezen

et al. 1994; chromosome 6: Weide et al. 1993, Van-

Wordragen et al. 1996; chromosome 7: Schumacher

et al. 1995; chromosome 11: Wing et al. 1994).
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ó
m
ez

et
al
.
(2
0
0
7
)

S.
ly
co
pe
rs
ic
u
m

�
S
.
g
al
a
pa

g
en
se

U
C
2
0
4
B

�
L
A
0
4
8
3

F
2

3
5
0

R
F
L
P

7
1

P
at
er
so
n
et

al
.
(1
9
9
1
)

U
C
2
0
4
B

�
L
A
0
4
8
3

F
7
-R
IL

9
7

R
F
L
P
,
M
O
,
IS
O

1
3
5
(1
3
2
;
2
;
1
)

P
ar
an

et
al
.
(1
9
9
5
)

S.
ly
co
pe
rs
ic
u
m

�
S
.
h
ab

ro
ch
ai
te
s

E
6
2
0
3
�

L
A
1
7
7
7

B
C
1

1
4
9

R
F
L
P

1
3
5

S
G
N
,
N
C
B
I

B
er
n
ac
ch
i
an
d
T
an
k
sl
ey

(1
9
9
7
)

E
6
2
0
3
�

L
A
1
7
7
7

N
IL
,
B
IL

1
1
1

R
F
L
P

9
5

M
o
n
fo
rt
e
an
d
T
an
k
sl
ey

(2
0
0
0
a)

T
5
�

L
A
1
7
7
8

B
C
1

1
9
6

R
F
L
P

8
9

T
ru
co

et
al
.
(2
0
0
0
)

H
u
n
t
1
0
0
�

L
A
0
4
0
7

B
C
2
S
5
-
B
IL

6
4

R
F
L
P
,
P
C
R

6
3
(5
8
;
5
)

K
ab
el
k
a
et

al
.
(2
0
0
2
)*

N
C
8
4
1
7
3
�

P
I
1
2
6
4
4
5

B
C
1

1
4
5

R
F
L
P
,
P
C
R
/R
G
A
g

1
7
1
(1
4
2
;
2
9
)

Z
h
an
g
et

al
.
(2
0
0
2
)

N
C
8
4
1
7
3
�

P
I-
1
2
6
4
4
5

B
C
1
(S
G
e)

7
6

R
F
L
P
,
P
C
R
/R
G
A
g

1
7
9
(1
4
5
;
3
4
)

Z
h
an
g
et

al
.
(2
0
0
3
b
)

M
o
n
ey
m
ak
er

�
L
Y
C
4

F
2

1
7
4

A
F
L
P
,
C
A
P
S

2
6
9
(2
1
8
;
5
1
)

F
in
k
er
s
et

al
.
(2
0
0
7
a)

M
o
n
ey
m
ak
er

�
L
Y
C
4

IL
3
0

A
F
L
P
,
C
A
P
S

4
9
1
(4
5
7
;
3
4
)

F
in
k
er
s
et

al
.
(2
0
0
7
b
)

F
er
u
m

�
P
I
2
4
7
0
8
7

B
C
2
S
1

1
3
0

A
F
L
P
,
R
F
L
P
,
S
S
R
,

C
A
P
S
,
M
O

2
1
7
(1
3
8
;
3
6
;
2
6
;

1
5
;
2
)

S
te
v
en
s
et

al
.
(2
0
0
7
)*

S.
ly
co
pe
rs
ic
u
m

�
S
.
ly
co
p
er
si
co
id
es

V
F
3
6
�

L
A
2
9
5
1

B
C
1

8
4

R
F
L
P
,
IS
O
,
M
O

9
3
(7
1
;
2
0
;
2
)

N
C
B
I

C
h
et
el
at

et
al
.
(2
0
0
0
)

V
F
3
6
�

L
A
2
9
5
1

B
IL

3
1
1

R
F
L
P
,
IS
O
,
M
O

1
3
9
(1
1
0
;
2
2
;
7
)

C
h
et
el
at

an
d
M
eg
li
c
(2
0
0
0
)

S
.
ly
co
p
er
si
cu
m

�
S
.
n
eo
ri
ck
ii

E
6
2
0
3
�

L
A
2
1
3
3

B
C
2

1
7
0

R
F
L
P
,
P
C
R
,
M
O

1
3
3
(1
3
1
;
1
;
1
)

F
u
lt
o
n
et

al
.
(2
0
0
0
)

S
.
ly
co
p
er
si
cu
m

�
S
.
p
en
n
el
li
i

L
A
1
5
0
0
�

L
A
0
7
1
6

B
C
1
,
F
2

4
6
;
4
6
h

R
F
L
P
,
IS
O

1
1
2
(7
6
;
3
6
)

N
C
B
I

B
er
n
at
zk
y
an
d
T
an
k
sl
ey

(1
9
8
6
)

V
F
3
6
-T
m
2a

�
L
A
0
7
1
6
(h
ig
h
-d
en
si
ty

m
ap

o
f
to
m
at
o
;
T
o
m
at
o
-E
X
P
E
N

1
9
9
2
)

F
2

6
7

R
F
L
P
,
IS
O
,
M
O
,

1
,0
3
0
;
1
,0
5
0
i

S
G
N
,
N
C
B
I

T
an
k
sl
ey

et
al
.
(1
9
9
2
),
P
il
le
n
et

al
.

(1
9
9
6
b
)

V
F
3
6
-T
m
2a

�
L
A
0
7
1
6

F
2

6
7
(4
2
)

S
S
R

1
1

B
ro
u
n
an
d
T
an
k
sl
ey

(1
9
9
6
)

V
F
3
6
-T
m
2
a
�

L
A
0
7
1
6

F
2

6
7
(4
2
)

A
F
L
P

9
0
9

H
aa
n
st
ra

et
al
.
(1
9
9
9
b
)

V
F
3
6
-T
m
2
a
�

L
A
0
7
1
6

F
2

6
7

S
S
R

1
9
;
2
0
i

A
re
sh
ch
en
k
o
v
a
an
d
G
an
al

(1
9
9
9
,
2
0
0
2
)

V
en
d
o
r
T
m
2
a
�

L
A
0
7
1
6

tw
o
re
c.
B
C
1

7
8
;
1
1
5
h

R
F
L
P

8
5

d
eV

ic
en
te

an
d
T
an
k
sl
ey

(1
9
9
1
)

V
en
d
o
r
T
m
2
a
�

L
A
0
7
1
6

F
2

4
3
2

R
F
L
P

9
8

d
eV

ic
en
te

an
d
T
an
k
sl
ey

(1
9
9
3
)

A
ll
ro
u
n
d
�

L
A
0
7
1
6

F
2

8
4
(4
4
)

R
F
L
P
,
S
S
R

7
4
(5
1
;
2
3
)

A
re
n
s
et

al
.
(1
9
9
5
)

A
ll
ro
u
n
d
�

L
A
0
7
1
6

F
2

8
4
(8
0
)

R
F
L
P
,
A
F
L
P

7
0
7

H
aa
n
st
ra

et
al
.
(1
9
9
9
b
)

M
8
2
�

L
A
0
7
1
6

IL
5
0

R
F
L
P

3
7
5

S
G
N

E
sh
ed

an
d
Z
am

ir
(1
9
9
5
)

(c
on

ti
nu

ed
)

9 Solanum sect. Lycopersicon 157



T
a
b
le

9
.5

(c
o
n
ti
n
u
ed
)

In
it
ia
l
cr
o
ss

M
ap
p
in
g

p
o
p
u
la
ti
o
n
a

P
o
p
u
la
ti
o
n

si
ze

b
T
y
p
e
o
f
m
ar
k
er
sc

N
o
.
o
f
m
ar
k
er
sd

O
n
li
n
ee

R
ef
er
en
ce

f

M
8
2
�

L
A
0
7
1
6

IL
7
5

R
F
L
P
,
t-
N
B
S
g

~
6
6
5
(~
5
9
0
;7
5
)

P
an

et
al
.
(2
0
0
0
)

M
8
2
�

L
A
0
7
1
6

IL
7
2

A
F
L
P
,
S
S
R
,
S
N
P

2
1
8
(1
5
9
;
5
2
;
7
)

S
u
li
m
an
-P
o
ll
at
sc
h
ek

et
al
.
(2
0
0
2
)

M
8
2
�

L
A
0
7
1
6

IL
5
2

T
-D

N
A

1
4
0

G
id
o
n
i
et

al
.
(2
0
0
3
)

M
8
2
�

L
A
0
7
1
6

IL
7
5

R
F
L
P
,
C
G
C
B

6
3
7
(6
1
4
;
2
3
)

L
iu

et
al
.
(2
0
0
3
)

M
8
2
�

L
A
0
7
1
6

IL
7
5

R
F
L
P
,
C
G
F
SC

~
6
6
9
(~
5
9
0
;
7
9
)

C
au
ss
e
et

al
.
(2
0
0
4
)

M
8
2
�

L
A
0
7
1
6

IL
5
0

S
N
P

2
0

Y
an
g
et

al
.
(2
0
0
4
)

M
8
2
�

L
A
0
7
1
6

IL
5
0

S
S
R
,
C
A
P
S

1
2
2
(6
3
;
5
9
)

F
ra
ry

et
al
.
(2
0
0
5
)

M
8
2
�

L
A
0
7
1
6

IL
7
5

C
G
A
A

1
3

S
te
v
en
s
et

al
.
(2
0
0
7
)

E
6
2
0
3
�

L
A
1
6
5
7

B
C
2

1
7
5

R
F
L
P

1
5
0

F
ra
ry

et
al
.
(2
0
0
4
a)

L
A
0
9
2
5
�

L
A
0
7
1
6

(T
o
m
at
o
-E
X
P
E
N

2
0
0
0
)

F
2

8
3

R
F
L
P
,
C
A
P
S
/C
O
S
/C
O
S
II
,

S
S
R
,
S
N
P

2
,5
0
6

S
G
N
,
N
C
B
I

F
u
lt
o
n
et

al
.
(2
0
0
2
b
);

h
tt
p
:/
/s
o
lg
en
o
m
ic
s.
n
et
/

L
A
0
9
2
5
�

L
A
0
7
1
6

F
2

8
3

S
S
R
,
C
A
P
S

1
5
2
(7
6
;
7
6
)

F
ra
ry

et
al
.
(2
0
0
5
)

L
A
0
9
2
5
�

L
A
0
7
1
6

F
2

8
3

R
F
L
P
,
C
A
P
S
,
S
S
R
/T
E
S
/

T
G
S
,
T
E
I

2
,1
1
6

K
A
Z
U
S
A

S
h
ir
as
aw

a
et

al
.
(2
0
1
0
)

S
.
ly
co
p
er
si
cu
m

�
S
.
p
im
pi
n
el
li
fo
li
um

M
8
2
�

L
A
1
5
8
9

B
C
1

2
5
7

R
F
L
P
,
R
A
P
D
,
S
S
R
,
M
O

1
2
0
(1
1
5
;
5
3
;
6
;

2
)

S
G
N

G
ra
n
d
il
lo

an
d
T
an
k
sl
ey

(1
9
9
6
b
)

N
C
8
4
1
7
3
�

L
A
0
7
2
2

B
C
1

1
1
9

R
F
L
P

1
5
1

C
h
en

an
d
F
o
o
la
d
(1
9
9
9
)

Y
el
lo
w

P
ea
r
�

L
A
1
5
8
9

F
2

8
2

R
F
L
P

8
2

K
u
et

al
.
(1
9
9
9
)

G
ia
n
t
H
ei
rl
o
o
m

�
L
A
1
5
8
9

F
2

2
0
0
(1
1
4
)

R
F
L
P
,
C
A
P
S

9
0

L
ip
p
m
an

an
d
T
an
k
sl
ey

(2
0
0
1
)

S
u
n
1
6
4
2
�

L
A
1
5
8
9

F
2

1
0
0

R
F
L
P
,
S
N
P

1
0
8
(1
0
6
;
2
)

T
M
R
D

v
an

d
er

K
n
aa
p
an
d
T
an
k
sl
ey

(2
0
0
1
),

Y
an
g
et

al
.
(2
0
0
4
)

E
6
2
0
3
�

L
A
1
5
8
9

B
C
2
F
6
-B
IL

1
9
6

R
F
L
P
,
M
O

1
2
7
(1
2
6
;1
)

S
G
N

D
o
g
an
la
r
et

al
.
(2
0
0
2
b
)

L
o
n
g
Jo
h
n
�

L
A
1
5
8
9

F
2

8
5

R
F
L
P

9
7

v
an

d
er

K
n
aa
p
et

al
.
(2
0
0
2
)*
*

Y
el
lo
w

S
tu
ff
er

�
L
A
1
5
8
9

F
2

2
0
0

R
F
L
P

9
3

v
an

d
er

K
n
aa
p
an
d
T
an
k
sl
ey

(2
0
0
3
)

B
an
an
a
L
eg
s(
B
L
),
H
o
w
ar
d
G
er
m
an

(H
G
)
�

L
A
1
5
8
9

B
L
F
2
,
H
G
F
2
,

H
G
B
C
1

9
9
;
1
3
0
;

1
0
0
h

R
F
L
P
,
P
C
R

1
1
1
;
1
1
1
;
1
0
8
h

B
re
w
er

et
al
.
(2
0
0
7
)*
*
*

R
io

G
ra
n
d
e
�

L
A
1
5
8
9

F
2

9
4

S
S
R
,
R
F
L
P
,
C
A
P
S

1
8
1
(7
7
;
6
8
;
3
6
)

S
G
N

G
o
n
za
lo

an
d
v
an

d
er

K
n
aa
p
(2
0
0
8
)*

N
C
E
B
R
-1

�
L
A
2
0
9
3

F
2

1
7
2

R
F
L
P
,
C
R
-E
S
T
,
R
G
A
g

2
5
0
(1
1
5
;
9
4
;
4
1
)

S
h
ar
m
a
et

al
.
(2
0
0
8
)

N
C
E
B
R
-1

�
L
A
2
0
9
3

F
7
-R
IL

1
7
0

R
F
L
P
,
C
R
-E
S
T
,
C
A
P
S
,

S
S
R
g
,
j

2
9
4
(1
3
2
;
1
3
2
;

1
6
;
1
4
)

A
sh
ra
fi
et

al
.
(2
0
0
9
)

S
.
ly
co
p
er
si
cu
m

“c
er
as
if
o
rm

e”
�

S
.
ch
ee
sm

an
ia
e

E
9
�

L
3

F
6
-R
IL

1
1
5

S
C
A
R
,
S
S
R

1
1
4

V
il
la
lt
a
et

al
.
(2
0
0
5
)

S.
ly
co
pe
rs
ic
u
m

“c
er
as
if
o
rm

e”
�

S.
pi
m
pi
ne
ll
if
ol
iu
m

E
9
�

L
5

F
6
-R
IL

1
4
2

S
C
A
R
,
S
S
R

1
3
2

V
il
la
lt
a
et

al
.
(2
0
0
5
)

S.
oc
hr
a
nt
hu

m
�

S.
ju
g
la
nd

if
o
li
u
m

L
A
3
6
5
0
�

L
A
2
7
8
8

P
se
u
d
o
-F

2
6
6

C
O
S
/C
O
S
II
,
R
F
L
P
,
S
S
R

1
3
2
(9
6
;
1
9
;
1
7
)

A
lb
re
ch
t
an
d
C
h
et
el
at

(2
0
0
9
)

158 S. Grandillo et al.

http://solgenomics.net/


S
.
si
ti
en
s
�

S
.
ly
co
p
er
si
co
id
es

L
A
1
9
7
4
�

L
A
2
9
5
1

F
2

8
2

R
F
L
P

1
0
1

P
er
tu
zé
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Subsequently, an F2 population of 83 individuals

derived from the cross S. lycopersicum (LA0925) �
S.pennellii (LA0716) was used to construct the first

PCR-based reference genetic map covering the entire

tomato genome (Frary et al. 2005). The same popula-

tion has been used to develop a new molecular linkage

map using conserved ortholog set (COS) and con-

served ortholog set II (COSII) markers derived from

a comparison of the tomato expressed sequence tag

(EST) database against the entire Arabidopsis genome

(Fulton et al. 2002b; Wu et al. 2006). These markers

have been selected to be single/low copy and to have a

highly significant match with a putative orthologous

locus in the model species Arabidopsis thaliana (L.)

Heynh. This map, referred to as Tomato-EXPEN

2000, contains also a subset of RFLP markers from

the Tomato-EXPEN 1992 map, a significant number

of SSRs identified in ESTs, and other CAPSs, which,

as of July 2010, add up to a total of over 2,500 markers

(http://solgenomics.net/). Recently, the Tomato-

EXPEN 2000 mapping population was used to gener-

ate a new linkage map based on SSRs derived from

EST (TES) and from genome sequences (TGS) as well

as intronic polymorphism markers (TEI) (Table 9.5;

Shirasawa et al. 2010). Altogether, this new high-den-

sity linkage map includes a total of 2,116 marker loci

(1,433 new and 683 existing) covering 1,503.1 cM.

The large number of SSR and SNP markers developed

in this study provide new useful tools also for molecu-

lar breeding in tomato.

Online versions of some of the aforementioned

maps are available at the SOL Genomics Network

(SGN; http://solgenomics.net/) (Mueller et al.

2005a), the National Center for Biotechnology Infor-

mation (NCBI) (Wheeler et al. 2004), and http://www.

tomatomap.net (Van Deynze et al. 2006) (Table 9.5).

Information on the DNA markers developed by

Shirasawa et al. (2010) is available at http://www.

kazusa.or.jp/tomato/.

The comparison of genetic maps based on interspe-

cific crosses between S. lycopersicum and wild tomato

species shows a generally conserved gene order (with

a few exceptions), suggesting a strong synteny within

this plant group (see Sect. 9.2.5), although the total

genetic lengths of these published maps can vary

(reviewed by Ji and Scott 2007). As was already

reported by Rick (1969), recombination is not a pro-

cess that occurs randomly over the entire genome.

Recombination frequencies may vary dramatically in

intensity between chromosomal regions and among

populations, although it is not yet clear to what extent

they might be affected by the phylogenetic relation-

ship between species. Whatever the cause, these phe-

nomena have been exploited to generate dense

molecular linkage maps around specific gene(s),

sometimes by using combinations of several inter-

and/or intraspecific mapping populations (e.g.,

Balint-Kurti et al. 1994; Ganal and Tanksley 1996;

Bonnema et al. 1997). Skewed segregation is another

phenomenon that has been reported in many interspe-

cific crosses of tomato, with the extent of skewness

generally being greater in wider crosses compared to

crosses between closely related species, and also gen-

erally greater in F2 than in BC populations, as well as

in F7 compared to the original F2 generation (Chen and

Foolad 1999; Paran et al. 1995; Villalta et al. 2005).

Comparative genetic mapping studies have been

conducted to understand the genetic relationships

between the sects. Lycopersicoides and Juglandifolia

species and cultivated tomato, and therefore to evalu-

ate their potential use in breeding programs, as well as

their history of evolution and speciation. One such

study, based on a S. lycopersicoides and S. sitiens F2
population, revealed a high degree of colinearity,

except for chromosome 10, where a paracentric inver-

sion was detected (see also Sect. 9.2.5; Pertuzé et al.

2002). More recently, the genetic relationships of the

two nightshades S. ochranthum and S. juglandifolium

to tomato and other Solanum species were also inves-

tigated using comparative genetic linkage maps

obtained from a S. ochranthum � S. juglandifolium

F2 population (Albrecht and Chetelat 2009). This

study shows that, in spite of the strong reproductive

barriers that isolate these two taxa from the tomatoes

(Solanum sect. Lycopersicon), most regions of the

identified twelve linkage groups were co-linear with

the tomato reference maps.

9.6.4 Mapping of Genes and Polygenic
Clusters

Interspecific crosses have been widely used for genetic

analysis in tomato (Stevens and Rick 1986; Kalloo

1991). The reduced polymorphism at the DNA level

between cultivated tomato varieties has stimulated the

extensive utilization of domesticated-by-wild crosses
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for mapping studies. Due to the wealth of molecular

marker loci available for this crop, progenies deriving

from interspecific crosses have also played an impor-

tant role in gene mapping as well as development of

QTL analysis strategies, including map-based cloning

approaches (Paterson et al. 1988; Martin et al. 1993;

Tanksley 1993; Eshed and Zamir 1995; Tanksley and

Nelson 1996; Frary et al. 2000; Fridman et al. 2000).

Since the earliest QTL mapping reports based on iso-

zymes and morphological markers, it has been clear

that this approach allows more efficient uncovering of

“cryptic” genetic variation, and that wild relatives

would provide a rich source of favorable alleles for

the improvement of elite germplasm, as well as for

traits in which the unimproved (wild) species show an

inferior phenotype (Tanksley et al. 1982; Weller et al.

1988). Following the demonstration by Paterson et al.

(1988) that molecular linkage maps covering the entire

genome could be used to resolve quantitative traits

into Mendelian factors, QTL mapping studies in

tomato, based on interspecific crosses, were extended

to hundreds of agronomically important traits involved

in plant morphology, adaptation, yield, fruit quality,

metabolism, and gene expression. The outcome of

these studies has been the identification of thousands

of QTLs, many of which are of potential value for

tomato breeding, and whose molecular basis is still

to be deciphered.

The status of gene and/or QTL mapping in tomato

has been the subject of several recent reviews (Labate

et al. 2007; S. Grandillo personal communication),

and most of the studies have been summarized in

Tables 9.6–9.8. Here we will describe some of the

main mapping results obtained so far using each species.

9.6.4.1 Solanum arcanum, Solanum

corneliomulleri, Solanum huaylasense,

Solanum peruvianum

These four green-fruited wild species have been seg-

regated from Solanum peruvianum s.l. (see Sects. 9.2

and 9.3; Peralta et al. 2005, 2008), formerly consid-

ered the most widespread and polymorphic species

in Solanum sect. Lycopersicon (Peralta et al. 2005).

S. arcanum Peralta and S. huaylasense Peralta have

been described as new species (Peralta et al. 2005)

from Peru, while the other two, S. peruvianum s.str.

and S. corneliomulleri had already been named by

Linnaeus (1753) and MacBride (1962), respectively.

In some of the reviewed studies that used the old

nomenclature, the accession number was not avai-

lable; therefore, in these cases, genotypes have been

referred to as S. peruvianum s.l. here. These four

species cover a wide diversity of habitats that range

from approximately sea level to nearly 3,000 m, thus

explaining their adaptation to extreme environments.

They also represent a rich reservoir of potentially

valuable genes for disease resistance as well as other

agronomically important traits. However, mainly

due to the hybridization barriers that exist between

these species and the cultivated tomato, they have

not been thoroughly exploited for breeding purposes

(Taylor 1986).

Within S. arcanum, the SC accession LA2157,

originating from 1,650 m above sea level in northern

Peru, is known as source of several beneficial traits for

cultivated tomatoes such as cold tolerance, resistance

to bacterial and fungal diseases, as well as heat-stable

resistance to root nematode caused by Meloidogyne

spp. (Table 9.6). The cross with S. lycopersicum is

difficult but possible through in vitro embryo rescue

(Br€uggemann et al. 1996). Molecular linkage maps

have allowed the identification of QTLs underlying

the resistance of S. arcanum LA2157 to bacterial

canker caused by Clavibacter michiganensis subsp.

michiganensis (Cmm) (Table 9.6). A first RFLP

mapping study was conducted on BC populations

derived from the intraspecific cross between S. arca-

num LA2157 and the susceptible S. arcanum acces-

sion LA2172, and five QTLs were identified

(Sandbrink et al. 1995). Subsequently, Van Heusden

et al. (1999) used RFLPs in a F2 derived from the

interspecific S. lycopersicum cv. “Solentos” �
S. arcanum LA2157 cross, and detected three QTLs,

which showed a substantial influence on resistance to

Cmm (Van Heusden et al. 1999).

Recently, a strong source of resistance to an Indo-

nesian isolate of Alternaria solani, the causal agent of
early blight (EB) was identified in S. arcanum LA2157

(Chaerani et al. 2007). Early blight is a devastating

fungal disease of tomato worldwide, and most com-

mercial cultivars are susceptible. Classical genetic

studies revealed at least two loci with additive and

dominance effects and epistatic interactions for resis-

tance to EB symptoms (see references in Chaerani

et al. 2007). However, classical breeding approaches

have not been successful in developing cultivars with
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a sufficient level of resistance and adequate commer-

cial quality. Therefore, molecular-based breeding stra-

tegies are foreseen as a possible solution to obtain

resistant cultivars with early to mid-season maturity

and high yield potential. In order to study the genetic

basis of this resistance, a QTL analysis was conducted

in F2 and F3 populations derived from a S. lycoper-
sicum cv. “Solentos” � S. arcanum LA2157 cross,

using AFLP, SSR and SNP markers, which allowed

the identification of six QTLs for resistance to EB,

some of which also conferred resistance to stem

lesions in the field (Chaerani et al. 2007).

The S. arcanum accession LA2172 is completely

resistant, almost immune, to Oidium neolycopersici

(previously named O. lycopersici) (Kiss et al. 2001),

the causal agent of powdery mildew (PM) in tomato

(Lindhout et al. 1994a, b). The gene Ol-4 responsible

for this complete resistance was mapped, and sub-

sequently fine-mapped, on tomato chromosome 6 in

a pseudo-F2 population from an interspecific cross

between S. lycopersicum cv. “Moneymaker” and

S. arcanum LA2172 (Bai et al. 2004, 2005).

All tomato cultivars with resistance toMeloidogyne

spp. (Meloidogyne incognita, M. arenaria and

M. javanica) carry the dominant gene Mi-1 deriving

from S. peruvianum accession PI 128657, which was

mapped on chromosome 6 (Smith 1944; Gilbert and

McGuire 1956; Medina-Filho 1980; Klein-Lankhorst

et al. 1991; Messeguer et al. 1991). The Mi-1 gene of

tomato was isolated by a positional cloning approach,

and it was shown to belong to the NBS-LRR class of R
genes and to have a dual specificity resistance to the

root-knot nematode M. incognita and to an unrelated

pathogen, the potato aphid Macrosuphum euphorbiae
(Milligan et al. 1998; Vos et al. 1998). However, this

resistance is not active at soil temperatures above

28�C; in contrast, S. arcanum LA2157 has been iden-

tified as a source for heat-stable resistance, and the

gene conferring this resistance, named Mi-9, was

mapped to the short arm of chromosome 6 in a similar

genetic interval asMi-1 (Veremis et al. 1999; Veremis

and Roberts 2000; Ammiraju et al. 2003). Using virus-

induced gene silencing (VIGS) targeted to silence

Mi-1 homologs in S. arcanum LA2157, Jablonska

et al. (2007) showed that Mi-9 is likely a homolog of

Mi-1. Another resistance gene, Mi-3, which confers

resistance to Mi-1-virulent nematode isolates, was

mapped to the telomeric region of chromosome 12,

using a segregating population of S. peruvianum

accession PI 126443 clone 1MH (Yaghoobi et al.

1995). Veremis and Roberts (1996a, b) revealed a

spectrum of Meloidogyne resistance genes in S. per-

uvianum s.str., which are expressed in single dominant

gene fashion. They showed the presence of a linked

additional gene (Mi-5) for heat-stable resistance in the

same region of Mi-3, and found two weakly linked

pairs of genes (Mi-2 and Mi-8 in PI 270435 clone 2R2

and Mi-6 and Mi-7 in PI 270435 clone 3MH), which

seemed to be independent of each other and of the

Mi-1 region on chromosome 6, and also independent

from the Mi-3/Mi-5 region on chromosome 12.

Resistances to tobacco mosaic virus (TMV), tomato

spotted wilt virus (TSWV), and tomato yellow leaf curl

virus (TYLCV) have been studied in S. peruvianum s.l.

The two allelic genes, Tm-2 and Tm2a (a.k.a.Tm22),
which confer resistance to TMV, were introgressed

from S. peruvianum PI 128650 into S. lycopersicum

(Labate et al. 2007 and references there in). The dura-
ble Tm-22 resistance gene was mapped and fine-

mapped to the centromeric region of chromosome 9

(Young et al. 1988; Pillen et al. 1996a). Subsequently,

Tm-22 was isolated from tomato via transposon tag-

ging, and was shown to be functional in both tomato

and tobacco (Lanfermeijer et al. 2003, 2004). The

isolation and characterization of the broken Tm-2 resis-

tance gene showed that the two resistance alleles, Tm-

22 and Tm-2, from tomato differ in four amino acids

(Lanfermeijer et al. 2005). CAPS markers have been

developed to differentiate the Tm-2, Tm-22, and tm-

2 (susceptible) alleles (Lanfermeijer et al. 2005).

The single dominant gene (Sw-5) originating from

S. peruvianum s.l. that confers resistance to common

strains of TSWV was mapped to the long arm of

chromosome 9 (Stevens et al. 1995). The map-based

cloning of the Sw-5 locus showed that it contains a

single gene capable of providing resistance to different

Tospovirus species and it is a homolog of the root-knot

nematode resistance gene Mi-1 (Brommonschenkel

and Tanksley 1997; Brommonschenkel et al. 2000).

PCR-based marker systems have been developed that

can aid MAS for the Sw-5 gene (Folkertsma et al.

1999; Garland et al. 2005).

TYLCV is currently considered as one of the most

devastating viruses of cultivated tomatoes in tropical

and subtropical regions, and resistant cultivars are

highly effective in controlling the disease. The breed-

ing line TY172, originating from Solanum peruvianum

s.l., is highly resistant to TYLCV (Anbinder et al.
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2009). QTL analysis showed that TYLCV resistance

in TY172 is controlled by a previously unknown major

QTL, named Ty-5, originating from the resistant line

and mapping on chromosome 4, and by four additional

minor QTLs, originating either from the resistant or

susceptible parents, and mapping on chromosomes 1,

7, 9, and 11 (Anbinder et al. 2009).

Genetic resistance to the soil-borne fungus Pyreno-

chaeta lycopersici, the casual agent of corky root rot,

which can cause big losses in tomato production, has

been identified in accessions of S. peruvianum s.l. and

S. habrochaites (Hogenboom 1970). Subsequently,

a single recessive gene (pyl) was shown to control

this resistance and was introgressed into S. lycoper-

sicum from S. peruvianum s.l. (Laterrot 1983). How-

ever, breeding programs aimed at transferring this

resistance based on phenotypic selection have been

hampered by the difficulties associated with green-

house inoculation and with direct screening of corky

root rot resistance. In order to overcome these diffi-

culties, the pyl gene was mapped on tomato chromo-

some 3 using RAPD and RFLP markers, and then

codominant CAPS markers were developed to allow

a more efficient MAS approach (Doganlar et al. 1998).

S. arcanum has also been used in QTL mapping

efforts aimed at exploring the potential value of this

wild relative as source of favorable alleles for the

improvement of yield, fruit quality, and other horticul-

tural traits (Table 9.7). For this purpose an advanced

backcross (AB) population of 200 BC4 families, derived

from the S. lycopersicumE6203 � S. arcanum LA1708

cross, was analyzed with 205 RFLPs and was evaluated

for 35 traits involving yield, processing fruit quality, and

plant characteristics. A total of 166 QTLs were identi-

fied for 29 of the traits, and, interestingly, for half of the

favorable alleles originated from the wild parent (Fulton

et al. 1997). The same population was also evaluated for

sugars, organic acids, and other biochemical properties

possibly contributing to flavor, and 103 QTLs were

identified for the 15 analyzed traits (Fulton et al.

2002a). Also in this case, favorable wild QTL alleles

were detected for several of the analyzed traits.

9.6.4.2 Solanum cheesmaniae and Solanum

galapagense

The two yellow- to orange-fruited wild species Sola-

num cheesmaniae and Solanum galapagense are very

closely related to the cultivated tomato and can be

reciprocally hybridized with it. Therefore, a number

of genes have been transferred from these wild rela-

tives to the cultigen (Rick 1956). Solanum galapa-

gense is also particularly valuable as a source for salt

tolerance (ST) (Taylor 1986). In contrast, their role as

sources of disease and insect resistances has been

more limited, probably due to their isolation on the

Galápagos islands, which has reduced the exposure of

these two taxa to the numerous pests and diseases that

instead can be found on the mainland and that attack

the other sect. Lycopersicon species (Taylor 1986).

One gene that has been introgressed from S. chees-
maniae LA0166 into cultivated tomato is the jointless

pedicel gene, jointless-2 (j-2); a recessive mutation

that completely suppresses the formation of flower

and fruit pedicel abscission zone, and which was dis-

covered on the Galápagos Islands of South America by

Rick (1956). This gene has been widely used for more

than 40 years in the tomato processing industry (Zhang

et al. 2000). High resolution genetic and physical

mapping have located the j-2 gene in the centromeric

region of tomato chromosome 12 (Zhang et al. 2000;

Budiman et al. 2004). Two other genes, the Beta (B)

and the Beta-modifier (MoB), which control the high

concentrations of b-carotene in orange-pigmented

tomatoes, were mapped to the long arm of chromo-

some 6 using segregating populations derived from the

two interspecific crosses S. lycopersicum � S. gala-

pagense LA0317 and S. lycopersicum � S. habro-

chaites PI 126445 (Zhang and Stommel 2000). The B
gene was isolated by map-based cloning approach

(Ronen et al. 2000; see also Sect. 9.6.4.9), and codom-

inant SCAR and CAPS markers were developed for

use in MAS programs (Zhang and Stommel 2001).

Furthermore, interspecific mapping populations

derived from crossing between S. lycopersicum and

S. galapagense LA0483 were used to map several

genes involved in pigment content and fruit ripening

including high pigment-1 (hp-1), non-ripening (nor),
and ripening-inhibitor (rin) (Giovannoni et al. 1995;

Yen et al. 1997; Peters et al. 1998).

Solanum cheesmaniae has been used as source of

resistance to blackmold caused by Alternaria alter-

nata (Rick 1986a) (Table 9.6). Cassol and St.

Clair (1994) showed that resistance in S.
cheesmaniae LA0422 was quantitatively inherited,

and blackmold resistance QTLs were mapped in

a progeny derived from a S. lycopersicum cv.
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“VF145B-7879” � S. cheesmaniae LA0422 cross;

subsequently, by means of MAS, five resistant QTLs

from S. cheesmaniae LA0422 were introgressed into

cultivated tomato (Robert et al. 2001). The QTL on

chromosome 2 had the largest positive effect on black-

mold resistance, and was also associated with earli-

ness, a positive horticultural trait.

Solanum galapagense as well as several other wild

tomato species including S. pimpinellifolium, S. chi-

lense, S. cheesmaniae, S. pennellii, and S. peruvianum
s.l. represent genetic sources of ST (reviewed by

Foolad 2004, 2005). Given the complex nature of

ST, most studies have focused on specific develop-

mental stages. In the case of S. galapagense, QTL

analyses have focused on the vegetative (VG) and/or

reproductive (RS) stage of the plant (Table 9.8)

(Monforte et al. 1997a, b, 1999; Villalta et al. 2007,

2008). These studies were conducted on F2 or recom-

binant inbred line (RIL) populations derived from

interspecific crosses between the salt-sensitive S. lyco-

persicum and S. lycopersicum “cerasiforme” and the

two ST wild species S. galapagense and S. pimpinelli-
folium to analyze the effect of salinity on several yield

related traits, including fruit weight, fruit number,

total fruit weight, as well as Na+ and K+ in stems and

leaves. Villalta et al. (2007) found that, contrary to the

expected, the allele from the wild ST genotype had a

favorable effect only at one total fruit yield QTL.

These results suggested that alternative approaches

need to be pursued in order to improve tomato crop

productivity under salinity, and one possibility is by

grafting cultivars onto ST wild relatives. Therefore,

Estañ et al. (2009) analyzed the rootstock effect on

fruit yield of a grafted tomato variety under moderate

salinity (75 mM NaCl) using as rootstocks F9 lines of

the two interspecific RIL populations previously used

by Villalta et al. (2007, 2008). This study detected at

least eight QTLs that contributed to this ST rootstock

effect, with the most relevant component being the

number of fruits. In addition, Albacete et al. (2009)

found that in the S. galapagense RIL population root-

stock-mediated changes in xylem ionic and hormonal

status were correlated with delayed leaf senescence,

and increased leaf area and thus crop productivity in

salinized tomato.

The S. galapagense accession LA0483 has

been used in QTL mapping studies aimed at decipher-

ing the genetic basis of fruit quality traits (Table 9.7).

Work by Paterson et al. (1991) detailed the

identification of 29 putative QTLs for soluble solids

content (SSC) measured by brix value, mass per fruit,

and pH in a F2 population derived from a cross

between the inbred cultivar “UC204C” and S. galapa-

gense LA0483. Subsequently, 97 F8 RILs were devel-

oped from the same cross and were used to identify

QTLs for seed weight, fruit weight, SSC, and morpho-

logical traits (Goldman et al. 1995; Paran et al. 1997).

9.6.4.3 Solanum chilense

Among all wild species of tomato, the green-fruited

Solanum chilense seems to be one of the most notable

as a source of a broad spectrum of disease resistance.

In fact, this species shows resistance to several bacte-

rial, fungal, and viral diseases, as well as to root knot

nematodes and parasitic plants, such as dodder (Cus-

cuta spp., Convolvulaceae, Rick and Chetelat 1995).

Moreover, S. chilense, being indigenous to arid and

semi-arid environments in South America, has also

been considered of interest for its drought tolerance

(Rick 1973).

Among viral diseases, cucumber mosaic virus

(CMV) is an important disease for tomatoes growing

in temperate regions and is the most destructive virus

in some areas. Fortunately, several wild tomato spe-

cies are resistant or tolerant to CMV, including

S. chilense, S. pimpinellifolium, S. peruvianum s.l.,

S. habrochaites, S. galapagense, and S. lycopersi-

coides (Stamova and Chetelat 2000 and references

therein). In order to explore the genetic basis of

CMV resistance, Stamova and Chetelat (2000) used

isozyme and RFLP markers in BILs derived from a

S. lycopersicum � S. chilense LA0458 cross and iden-

tified a single dominant resistance gene, Cmr, which

mapped on chromosome 12 (Table 9.6).

Within S. chilense, high levels of resistance to

begomoviruses, such as monopartite tomato yellow

leaf curl virus (TYLCV) and bipartite tomato mottle

virus (ToMoV), transmitted by the whitefly, Bemisia

tabaci, have been identified in several accessions

including LA1969, LA1932, LA2779, and LA1938,

which have been useful sources of resistance in tomato

breeding programs (Ji et al. 2007b and references

therein). The accession LA1969 has been used as

source for the TYLCV tolerance locus, Ty-1, a par-

tially dominant major gene, which was located on

chromosome 6 of tomato using RFLP markers, and
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subsequently introgressed into cultivated tomato

(Table 9.6; Michelson et al. 1994; Zamir et al. 1994).

Conventional genetic analysis and QTL mapping con-

ducted in F2 populations derived from S. chilense

accessions LA1932, LA1938, and LA2779 revealed

three regions on chromosome 6 contributing to resis-

tance to both TYLCV and ToMoV, and RAPD mar-

kers linked to each region were identified (Griffiths

and Scott 2001; Ji and Scott 2005; Agrama and Scott

2006; Ji et al. 2007a). The first region includes the Ty-
1 locus, while the other two regions flank either side of

the self-pruning (sp) and potato leaf (c) loci. Two

additional TYLCV resistance genes, Ty-3 and Ty-4,
were recently discovered in S. chilense accessions

(LA2779 and LA1932) and mapped to chromosomes

6 and 3, respectively (Ji et al. 2007a, 2009a). The

partially dominant gene, Ty-3, deriving from S. chi-

lense accession LA2779, was mapped on chromosome

6 near the Ty-1 locus (Ji et al. 2007a). RILs carrying

both resistance genes had the highest level of TYLCV

resistance (Ji et al. 2009a). PCR-based markers tightly

linked to both genes have been developed and used in

MAS breeding programs (Jensen et al. 2007; Ji et al.

2007a, b). Finally, TSWV resistance was identified in

a breeding line derived from a cross with S. chilense
LA1938; the same line was previously selected for

ToMoV resistance in Florida (Canady et al. 2001).

The S. chilense accession LA1969 was identified

also as a source of resistance to Leveillula taurica, one

of the two pathogens responsible for PM in tomato,

which has become a serious problem to tomato

growers and breeders around the world, but especially

in subtropical regions (Chunwongse et al. 1997).

A single dominant gene, Lv, conferring resistance to

this pathogen has been described from S. chilense

LA1969 and has been introgressed into the cultivated

tomato via backcross breeding (Stamova and Yorda-

nov 1990). Subsequently, Lv was mapped to a high

resolution map position near the centromere of chro-

mosome 12 (Chunwongse et al. 1994, 1997).

Recently, the S. chilense accession LA1932 has

been used in an AB-QTL mapping study aimed at

exploring the potentials of this wild relative as

a source of useful QTL alleles for yield-related and

fruit quality traits (Termolino et al. 2010; S. D. Tanks-

ley personal communication). Results from this study

have demonstrated that, despite its inferior horti-

cultural characteristics, S. chilense contains alleles

capable of improving several traits of economic

importance for processing tomatoes including brix,

firmness, and viscosity.

9.6.4.4 Solanum chmielewskii

This green-fruited wild species has been studied

extensively for its high concentration in soluble solids

(SSC or brix; mainly sugars and organic acids), which

can reach approximately 10%, almost twice the con-

centration found in mature fruit of the domestic

tomato (Rick 1974). By means of extensive backcross-

ing and selection, genes for enhanced SSC from

S. chmielewskii accession LA1028 have been intro-

gressed into S. lycopersicum cv. “VF 36” and cv.

“VF 145-22-8” resulting in BC5S5 lines (including

LA1500-1503 and LA1563) with a 40% higher SSC

(about 7–8%), but a similar yield, fruit size, and color

to the recurrent parent (Rick 1974). Subsequently, the

segments introgressed from S. chmielewskiiwere iden-

tified using RFLP and isozyme markers and character-

ized for their effects on SSC, pH, and yield (Table 9.7;

Osborn et al. 1987; Tanksley and Hewitt 1988; Azanza

et al. 1994). Paterson et al. (1988) conducted a QTL

analysis on a S. lycopersicumUC82B � S. chmielews-
kii LA1028 BC1 population using a whole genome

RFLP map, and they identified 15 QTLs related to

SSC, fruit weight, and pH; some of them were then

fine-mapped using a substitution mapping method

(Paterson et al. 1990). One of the near isogenic lines

(NILs) developed by Paterson et al. (1990), TA1150,

contained a 56-cM introgression from S. chmielewskii

chromosome 1 and had several interesting phenotypic

characteristics including fruit with high levels of brix,

orange color, thicker pericarp, smaller stem scars, and

higher firmness than the control S. lycopersicum cv.

“E6203” (Frary et al. 2003). The development and

field characterization of a set of derived overlapping

sub-ILs allowed breaking the undesirable linkage

between high brix and orange color (Frary et al.

2003). Moreover, in contrast to S. lycopersicum,

S. chmielewskii, as well as S. peruvianum s.l. and

S. habrochaites fruit, accumulates soluble sugars

primarily as sucrose, rather than glucose and fructose

(Davies 1966; Yelle et al. 1988). High sucrose accu-

mulation in S. chmielewskii and S. habrochaites has

been suggested to be recessive and monogenic (Yelle

et al. 1991), and the gene, denominated sucr, was

mapped to the pericentromeric region of chromosome
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3 using RFLPs (Chetelat et al. 1993). However, after

introgressing the S. chmielewskii LA1028 sucr gene

into the genetic background of a hexose-accumulating

cultivated tomato, it was observed that associated

reduced fertility, due to tightly linked genes or to

pleiotropic effects of sucr, did not allow a net gain in

yield of SSC (Chetelat et al. 1995a, b).

More recently, fruit quality traits and physiological

parameters were evaluated on 20 ILs derived from the

introgression of S. chmielewskii LA1840 into S. lyco-
persicum cv. “Moneyberg” under high (unpruned

trusses) and low (trusses pruned to one fruit) fruit

load conditions (Table 9.7; Prudent et al. 2009). The

results obtained in this study suggested that the rela-

tionships between fruit weight and its composition

could be mainly related to sink strength through cell

division whose intensity was modulated by fruit load

(Prudent et al. 2009). Phenotypic analysis of the same

S. chmielewskii LA1840 IL population revealed three

overlapping ILs on chromosome 1 conferring a pink

fruit color (Ballester et al. 2010). Genetic mapping,

segregation analysis, and VIGS results suggested

strongly that the MYB12 gene is a likely candidate of

the locus leading to pink fruit, probably the Y locus

(Ballester et al. 2010).

Finally, an F2 population derived from S. lycoper-

sicum and its late-flowering wild relative S. chmie-

lewskii (line CH6047) was used to study the genetic

mechanisms underlying flowering time in tomato

(Table 9.7; Jiménez-Gómez et al. 2007). This work

allowed the identification of two QTLs affecting days

to flowering and six QTLs for leaf number (the number

of leaves under the first inflorescence). Interestingly,

some of the early flowering QTL alleles were contrib-

uted by the S. chmielewskii parent, highlighting the

usefulness of this wild species for the improvement of

flowering time, and in general the importance of

exploiting the genetic variation existing among all

wild relatives of tomato.

9.6.4.5 Solanum habrochaites

This green-fruited wild species is typically found at

high elevations, often above 3,000 m, and therefore is

expected to be a source of tolerance to low tempera-

tures (Patterson 1988). Moreover, S. habrochaites has

been typically associated with resistance to a wide

range of insect predators and is also a good source of

genes for resistance to other pathogens (Rick 1973;

Taylor 1986; Farrar and Kennedy 1991; Lukyanenko

1991; Labate et al. 2007). QTL mapping studies con-

ducted with S. habrochaites have shown that this wild

species is also a valuable source of favorable QTL

alleles for numerous other traits including yield and

fruit quality, for which the wild phenotype is inferior

compared to elite tomato germplasm (Bernacchi et al.

1998a, b; Monforte et al. 2001; S. Grandillo personal

communication).

With respect to viral diseases, sources of resistance

have been found in S. habrochaites accessions. For

example, resistances to alfalfa mosaic virus (AMV)

have been identified in three accessions of S. habro-

chaites (PI 134417, LA1777, and “Bruinsma”) (Par-

rella et al. 2004). The single dominant gene, Am, from
S. habrochaites PI 134417, which confers resistance to

most strains of AMV, was mapped to the short arm of

tomato chromosome 6 in the resistance hotspot, which

includes the R-genesMi-1 and Cf-2/Cf-5 and the quan-

titative resistance factors Ty-1, Ol-1, and Bw-5

(Table 9.6; Parrella et al. 2004). A complete resistance

to potyviruses (PVY – potato virus Y- and TEV –

tobacco etch virus) was identified in S. habrochaites

accession PI 247087, and the recessive gene pot-1 was
mapped to the short arm of tomato chromosome 3 in

the vicinity of the recessive py-1 locus for resistance to

corky root rot (Parrella et al. 2002). A comparative

genomic approach was used for the molecular charac-

terization of the pot-1 gene, which was shown to be the

tomato ortholog of the pepper pvr2–elF4E gene

(Ruffel et al. 2005).

The resistance gene, Tm-l, to tomato mosaic virus

(ToMV), one of the most serious diseases in tomato,

originated from S. habrochaites by interspecific cross-

ing (Holmes 1957). This gene has been used, either

alone or together with one of the other ToMV-resis-

tance genes, Tm-2 or Tm-2a (a.k.a Tm22), to develop

resistant varieties. The Tm-1 gene was mapped near

the centromere of chromosome 2, and a number of

DNA markers linked to the locus have so far been

identified, including RFLPs, RAPDs, SCARs

(Table 9.6; Levesque et al. 1990; Tanksley et al.

1992; Ohmori et al. 1996). Due to the reduced fre-

quency of recombination, previous attempts to isolate

the Tm-1 gene using map-based cloning proved unsuc-

cessful; therefore the gene was identified by purifying

its inhibitory activity toward ToMV RNA replication

in vitro (Ishibashi et al. 2007). S. habrochaites is also
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a source for high resistance to TYLCV, and resistant

tomato lines carrying resistance derived from S. hab-
rochaites accession B6013 were developed by Kalloo

and Banerjee (1990). Later the TYLCV resistance

locus, originating from B6013, was mapped to the

long arm of chromosome 11, using RFLP markers

(Hanson et al. 2000), formally designated Ty-2, and
further fine-mapped (Hanson et al. 2006; Ji et al.

2007b). PCR markers have been developed, which

allow precise monitoring of the introgression of the

Ty-2 gene into elite breeding lines (Ji et al. 2009b).

With respect to bacterial diseases, a source of resis-

tance to Cmm, the casual agent of bacterial canker,

was identified in S. habrochaites accession LA0407,

and two major QTLs for resistance to Cmm were

mapped using a BIL population derived from a

S. lycopersicum � LA0407 cross (Kabelka et al.

2002). These QTLs were subsequently fine-mapped

and an additive-by-additive epistasis between them

was confirmed (Coaker and Francis 2004).

Resistances to several fungal diseases have also

been identified in S. habrochaites. For example, the

S. habrochaites accession PI 126445 was identified as

a source of resistance to EB (Alternaria solani) (Nash

and Gardner 1988) and was crossed to a susceptible

tomato breeding line to generate BC populations suit-

able for QTL mapping (Foolad et al. 2002; Zhang et al.

2002, 2003b). In total 14 QTLs affecting EB response

were detected using different populations and

mapping strategies, and four of them, detected as

major QTLs in both studies, were considered of poten-

tial value for MAS breeding programs (Foolad et al.

2002; Zhang et al. 2002, 2003b). Tomato gray mold

(GM) (Botrytis cinerea) is a common fungal disease

worldwide, which often causes serious production loss

by infecting leaves, stems, flowers, and fruits. No

modern hybrid tomato cultivars completely resistant

to GM are available, although a few cultivars show

a certain level of quantitative resistance (ten Have

et al. 2007). In contrast, accessions of S. chilense,
S. habrochaites, and S. neorickii show marked quanti-

tative resistance to GM, in both leaf and stem segment

assays (Egashira et al. 2000; ten Have et al. 2007).

Among others, the S. habrochaites accession G1.1560

(LYC4) was selected for high level of resistance (ten

Have et al. 2007). Finkers et al. (2007a, b) identified

three and 10 QTLs for resistance to B. cinerea, in an

F2 and an IL population, respectively, both

derived from a S. lycopersicum cv. “Moneymaker” �

S. habrochaites LYC4 cross. In similar studies resis-

tance to late blight (LB) (Phytophthora infestans) was
described for several accessions of S. habrochaites

(Lobo and Navarro 1987). The multigenic resistance

to LB of the highly resistant S. habrochaites accession
LA1033 was studied using AFLP markers in BC popu-

lations derived from an interspecific cross with the

cultivated tomato (Lough 2003). QTLs affecting LB

response were detected on four to nine linkage groups

depending upon the method of analysis used. At least

15 QTLs for quantitative resistance to P. infestans

have also been identified in reciprocal BC populations

derived from a S. lycopersicum � S. habrochaites
LA2099 cross (Brouwer et al. 2004). Three of these

QTLs, lb4, lb5b, and lb11b, were fine-mapped using

NILs and sub-NILs (Brouwer and St. Clair 2004).

S. habrochaites has been the source of the gene Cf-

4, which confers resistance to Cladosporium fulvum,

the casual agent of tomato leaf mold (Kerr and Bailey

1964; Stevens and Rick 1986). The Cf-4 gene from

S. habrochaites, and the gene Cf-9 derived from

S. pimpinellifolium, were introgressed into cultivated

tomato (Stevens and Rick 1986). A combination of

classical and RFLP mapping showed that they are both

located on the short arm of tomato chromosome 1

(Jones et al. 1993; Balint-Kurti et al. 1994); subse-

quently, Cf-4was cloned and characterized by Thomas

et al. (1997).

Several accessions of S. habrochaites (G1.1257,

G1.1290, G1.1560, G1.1606 ¼ CPRO742208,

LA1775, PI 247087) have been found to be resistant

to PM, caused by Oidium neolicopersici (Huang et al.

2000b and references therein). The resistance found in

the S. habrochaites accession Gl.1560 resulted to be

largely controlled by an incompletely dominant gene,

Ol-1, that was mapped by means of RAPD and RFLP

markers on the long arm of chromosome 6, near the

Aps-1 locus in the vicinity of the resistance genes M-1

and Cf-2/Cf-5 to Meloidogyne spp. and C. fulvum,

respectively (Van der Beek et al. 1994; Huang et al.

2000a). Subsequently, the Ol-1 gene was fine-mapped,

and the use of another resistant S. habrochaites acces-

sion, G1.1290, allowed the identification of a new

incompletely dominant gene, designated Ol-3, which

was also mapped to chromosome 6, in the same chro-

mosome region as Ol-1 (Huang et al. 2000b; Bai et al.

2005). Another source of resistance to O. neolycoper-

sici was identified in the S. habrochaites accession PI

247087 and it was shown to be polygenic but with
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a major gene, Ol-5, mapping on the long arm of

chromosome 6, about 1 cM proximal of the Ol-1
locus (Bai et al. 2005).

S. habrochaites is a remarkable source of resistance

to many arthropod pests that attack cultivated tomato

(Rick 1982; Taylor 1986; Farrar and Kennedy 1991).

This resistance is mediated by several factors, includ-

ing glandular trichome type and density, and presence

of particular compounds in trichome glands that pos-

sess toxic properties against Lepidoptera or aphids.

Great morphological variation and chemical differen-

tiation of trichome secretions can be observed among

S. habrochaites accessions; in some cases, trichome

secretions are predominated by methylketones, often

2-tridecanone (2-TD) and/or 2-undecanone, while in

other cases by sesquiterpenoids, often sesquiterpene

hydrocarbons (Van der Hoeven et al. 2000; Zhang

et al. 2008; Sallaud et al. 2009 and references therein).

Moreover, S. habrochaites can be immune to insects,

suggesting that repellence may be a mechanism of

protection (Rick 1982). In this respect, Guo et al.

(1993) and Snyder et al. (1993) found that spider

mite repellence in trichome secretions on the S. hab-

rochaites accessions LA1927 and LA1363 was mainly

due to the presence of 2,3-dihydrofarnesoic acid,

a sesquiterpene acid. The inheritance of this com-

pound was studied in segregating generations deriving

from interspecific crosses between S. lycopersicum
and S. habrochaites LA1363 but no conclusive results

were reported (Zhang et al. 2008).

The inheritance of allelochemicals, as well as of

other characters related to insect resistance, appears to

be complex, and molecular markers have been used to

identify QTLs underlying some of these traits. For

example, Zamir et al. (1984) reported association of

the level of 2-tridecanone in S. habrochaites with five

isozyme markers mapping on at least four different

chromosomes. Nienhuis et al. (1987) found associa-

tion of 2-TD levels with RFLPs on three linkage

groups and of type VI trichome density with one of

these marker loci.

Subsequently, RFLP markers were used in an F2
population derived from an interspecific cross between

S. lycopersicum cv. “Moneymaker” and S. habro-

chaites to identify QTL for greenhouse whitefly (Tria-

leurodes vaporariorum) resistance (Maliepaard et al.

1995). Two QTLs affecting oviposition rate were

mapped to chromosome 1; while two QTLs affecting

trichome type IV density and one affecting type VI

trichome density were mapped to chromosomes 5, 9,

and 1, respectively (Maliepaard et al. 1995). The

genetic control of the concentration of 2-TD and

2-undecanone was studied in F1 and F2 populations

derived from the interspecific cross between S. lyco-
persicum cv. “IPA-6” � S. habrochaites PI 134418

(Pereira et al. 2000). Using the ILs resulting from a

cross between S. lycopersicum and S. habrochaites

LA1777, Van der Hoeven et al. (2000) showed that

the biosynthesis of class I and II sesquiterpene olefins

is controlled by two independent loci, Sst1 and Sst2,

respectively, mapping on chromosome 6, Sst1, and

8 (Sst2). By searching into a S. habrochaites trichome

EST database, Sallaud et al. (2009) identified two

candidate genes that are highly and specifically

expressed in trichome cells and that mapped to the

Sst2 locus on chromosome 8. These two genes are

responsible for the biosynthesis of all chromosome

8-associated class II sesquiterpenes.

A few studies have investigated the genetic basis of

chilling tolerance in tomato using interspecific crosses

between the cultigen and S. habrochaites accessions

(Table 9.8). Vallejos and Tanksley (1983) analyzed

a BC1 between S. lycopersicum and a S. habrochaites

cold-tolerant accession with 17 isozyme markers and

identified a minimum of three QTLs for growth at low

temperatures, two of which had positive effects, and

the other negative. In crosses between the same two

species, Zamir et al. (1982) conducted pollinations at

low temperatures and, using nine isozyme markers,

detected two regions of the S. habrochaites LA1777

genome on chromosomes 6 and 12, which were highly

favored in crosses at low temperature. More recently,

Truco et al. (2000) conducted a QTL analysis using

RFLPs on a BC1 between S. lycopersicum and

S. habrochaites LA1778, which allowed the identifi-

cation of multiple QTLs related with shoot wilting and

root ammonium uptake under chilling temperatures.

For example, three QTLs were detected for wilting at

2 h, on chromosomes 5, 6, and 9, and the presence of

the S. habrochaites allele had a favorable effect in

decreasing wilting at the two QTLs on chromosomes

5 and 9.

S. habrochaites has also been useful for studying

the genetic basis of numerous yield and fruit quality-

related traits (Table 9.7). With respect to single genes,

for example, Levin et al. (2000) described a locus,

Fgr, that controls the fructose–glucose ratio in mature

fruit, with a S. habrochaites LA1777 allele yielding a
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higher ratio. Later, it was shown that alleles of S.

habrochaites at two loci interacted to increase this

ratio (Levin et al. 2004). The action of the Beta (B)

gene (which increases fruit b-carotene content at the

expense of lycopene, resulting in orange-pigmented

fruit) was first described in segregants descended

from a cross between cultivated tomato and S. habro-
chaites PI 126445 (Lincoln and Porter 1950). Subse-

quently, studies by Tomes et al. (1954) determined

that B was dominant but subject to influence by a

modifier gene, MoB, which segregated independently

of B. Both genes were mapped to the long arm of

chromosome 6 (Zhang and Stommel 2000, 2001),

and B was cloned (Ronen et al. 2000) (see also

Sects. 9.6.4.2 and 9.6.4.9).

Progenies deriving from a S. lycopersicum cv.

“E6203” � S. habrochaites LA1777 cross have also

been used in numerous QTL mapping studies

(Table 9.7). An AB population (BC2/BC3) was ana-

lyzed for 19 quantitative traits of agronomic impor-

tance in replicated field trials conducted in several

locations around the world (Bernacchi et al. 1998a).

A total of 121 QTLs were identified for all traits

evaluated, and interestingly, for 25 of the QTLs

(20%) corresponding to 12 traits (60%), the wild par-

ent allele had a favorable effect on the trait from a

horticultural perspective. Favorable wild QTL alleles

were identified also for traits for which the wild parent

had an inferior phenotype compared to the cultivated

parent. For example, wild alleles were associated with

increased yield or with improved red color of the fruit,

despite the fact that S. habrochaites has low yield and

produces green fruit that lacks lycopene. The same AB

population has been evaluated for traits possibly con-

tributing to flavor, including sugars, organic acids, and

other biochemical properties, and 34 QTLs were iden-

tified for the 15 analyzed traits (Fulton et al. 2002a).

Also in this case, favorable wild QTL alleles were

identified for several traits. Starting from the same

population, a few cycles of MAS selection allowed

the development of improved-processing tomato NILs

carrying S. habrochaites LA1777 specific QTL alleles

(Bernacchi et al. 1998b). The NILs were evaluated for

their agronomic performance in five locations world-

wide, and for most of them quantitative factors

showed the phenotypic improvement predicted by

QTL analysis of the BC3 populations. The same inter-

specific cross was used to develop a population of 99

NILs, or ILs, and backcross recombinant inbred lines

(BCRILs), which were genotyped with 95 RFLP mar-

kers (Monforte and Tanksley 2000a). Most of these

lines have been evaluated for yield related and fruit

quality traits, and several of them showed to carry

beneficial wild QTL alleles (Grandillo et al. 2000;

S. Grandillo et al. unpublished results). For a few of

these lines (e.g., bottom of chromosomes 1 and 4),

sub-ILs have been developed and evaluated in order

to fine-map the QTLs and find more tightly linked

markers, as well as to break undesirable linkages

(Monforte and Tanksley 2000b; Monforte et al.

2001; Yates et al. 2004). More recently, the S. habro-

chaites LA1777 NIL/BCRIL population has been used

to identify QTLs associated with the emission of fruit

volatile compounds associated with flavor and a total

of at least 30 QTLs affecting the emission of one or

more of 24 volatiles were identified (Mathieu et al.

2009). In a framework of a collaborative project

(EU-SOL, funded by the European Commission

under FP6, PL 016214–2 EU-SOL) a new set of

S. habrochaites LA1777 ILs has been produced,

anchored to the high density tomato molecular map

by means of PCR-based markers (mostly COSIIs),

and which will allow a better coverage of the wild

parent species genome (Tripodi et al. 2006, 2009;

S. Grandillo personal communication).

Another S. habrochaites accession, PI 247087, was

used to identify QTLs associated with ascorbic acid

content (Stevens et al. 2007). A comparison of the

results obtained using three different mapping popula-

tions (the S. habrochaites PI 247087 advanced BC, the
S. pennellii LA0716 ILs, and the cherry-RILs) allowed

the identification of common regions controlling

ascorbic acid content on chromosomes 2, 8, 9, 10,

and 12; in general, the wild alleles increased ascorbic

acid content (Stevens et al. 2007). The same S. lyco-

persicum � S. habrochaites LA0407 BIL population,

used by Kabelka et al. (2002) to map QTL for resis-

tance to Cmm, was also evaluated for fruit color traits.

Although no significant fruit color QTL was identified

with the favorable allele contributed by the wild par-

ent, the performance of a few lines did suggest some

potential of the LA0407 BIL population for the

improvement of color (Kabelka et al. 2004).

Gorguet et al. (2008) studied the genetics of parthe-

nocarpy in two different lines, IL5-1 and IVT-line 1,

carrying chromosome segments from S. habrochaites

LYC4 and from an unknown accession, respectively.

Four novel parthenocarpy QTLs (on chromosomes 4,
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5, and 9) responsible for the seedless fruit develop-

ment in IL5-1 and IVT-line 1 were identified; more-

over, one stigma exsertion locus (se5.1) was detected

in the line IL5-1.

Progenies deriving from interspecific crosses

between the SC tomato S. lycopersicum and SI acces-

sions of S. habrochaites have been used to explore the

genetic basis of the evolution of mating system and of

hybrid incompatibility. Bernacchi and Tanksley

(1997) used a BC1 population between S. lycopersi-
cum (SC) and S. habrochaites LA1777 (SI) for a QTL

study of sexual compatibility factors and floral traits.

The only QTL for SI identified in this population

mapped at the SI locus, S, on chromosome 1 (Tanksley

and Loaiza-Figueroa 1985; Bernatzky 1993), indicat-

ing that the transition from SI to SC that ultimately led

to cultivated tomato was mainly the result of muta-

tions that occurred at the S locus (Bernacchi and

Tanksley 1997). The major QTL controlling unilateral

incongruity (UI) also mapped to the S locus, which

supports the hypothesis that SI and UI are related

mechanisms. In addition, the fact that most major

QTLs for several floral traits important to pollination

biology (e.g., number and size of flowers) were also

located at the S locus region of chromosome 1, sug-

gested the presence of a gene complex controlling

both genetic and morphological mechanisms of

reproduction control (deVicente and Tanksley 1993;

Bernacchi and Tanksley 1997). In order to guarantee

self-fertilization, besides SI, changes in floral mor-

phology are also required. In this respect, one key

morphological trait is stigma exsertion, since an

exserted stigma promotes outcrossing, while a

recessed stigma, below the anthers, promotes self-

fertilization (Rick 1979). In the S. lycopersicum � S.

habrochaites LA1777 BC1 population, Bernacchi

and Tanksley (1997) mapped a single major QTL

on chromosome 2, called stigma exsertion 2.1

(se2.1) which explained most of the morphological

changes that occurred in the evolutionary transition

from allogamous to autogamous flowers. The same

major QTL was also detected in a S. lycopersicum

(SC) � S. arcanum LA1708 (SI) cross (Fulton et al.

1997). Fine-mapping studies showed that se2.1 is a

complex locus composed of at least five closely

linked genes: three controlling stamen length, one

controlling style length, and one conditioning anther

dehiscence (Chen and Tanksley 2004). The locus

controlling style length, named Style 2.1, which

explained the largest change in stigma exsertion

was cloned using map-based cloning method, and

the gene resulted to encode a putative transcription

factor that regulates cell elongation in developing

styles (Chen et al. 2007).

The S. habrochaites LA1777 NIL/BCRIL popula-

tion has also been used to examine the genetic basis of

hybrid incompatibility, in terms of traits that poten-

tially contribute to pre-zygotic isolation that can influ-

ence pollinator preferences and/or selfing rates (e.g.,

flower size, flower shape, stigma exsertion, and inflo-

rescence length) and post-zygotic isolation (pollen and

seed sterility) between S. lycopersicum and S. habro-
chaites (Moyle and Graham 2005; Moyle 2007). The

results obtained with the post-zygotic traits showed

that hybrid pollen and seed infertility are each based

on a relatively small and comparable number of QTLs

(Moyle and Graham 2005). Interestingly, similar

results were obtained using the S. pennellii LA0716
IL population (Moyle and Nakazato 2008). The fact

that QTLs for pollen and seed sterility from the two

Solanum studies colocalized suggested a shared evo-

lutionary history for these QTLs, and also that loci

causing sterility are not randomly distributed in the

genome.

9.6.4.6 Solanum lycopersicoides

This nightshade species possess unique traits, includ-

ing extreme abiotic stress tolerance and resistance to

several insect pests and pathogens that have an impact

on the production of tomatoes (Rick 1988; Chetelat

et al. 1997). The S. lycopersicoides accession LA2951,
which was used to develop a population of ILs within

the background of S. lycopersicum cv. “VF36”

(Canady et al. 2005), exhibits high foliar resistance

to GM (Botrytis cinerea) (Rick 1987; Rick and

Chetelat 1995; Chetelat et al. 1997). In order to iden-

tify QTLs for resistance to B. cinerea, 58 S. lycopersi-
coides LA2951 ILs, which collectively represent more

than 96% of the map units in the S. lycopersicoides

genome, were screened for foliar resistance and sus-

ceptibility to B. cinerea over a period of more than

2 years (Davis et al. 2009). A total of five putative

resistance QTLs were identified, and two for suscepti-

bility, with the major resistance and susceptibility

QTL mapping on the long arm of chromosome 1 and

on chromosome 11, respectively.
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9.6.4.7 Solanum lycopersicum “cerasiforme”

The red-fruited cherry tomato, S. lycopersicum “cer-

asiforme,” has been postulated as the expected ances-

tor of the domesticated form, while others more

recently have suggested that it is merely a small-

fruited form and not necessarily involved in the direct

origins of the cultivar (Peralta et al. 2008). In the

Andean region, putatively wild and feral forms can

be found and S. lycopersicum “cerasiforme” is also

described as highly invasive (Rick 1976). Recently,

a molecular study was conducted to clarify the posi-

tion of S. lycopersicum “cerasiforme” in the evolution

of the cultivated tomato (Ranc et al. 2008). The study

focused on the red-fruited tomato clade (S. lycopersi-

cum, S. pimpinellifolium, S. galapagense, and

S. cheesmaniae), and a total of 360 wild, feral, and

cultivated accessions (144 of which were cherry toma-

toes) were genotyped with 20 SSR markers. The

results confirmed the admixture status of S. lycopersi-

cum “cerasiforme”; in fact, part of this taxon is genet-

ically close to the cultivated S. lycopersicum group

and the other part is an admixture of the S. lycopersi-

cum and S. pimpinellifolium genomes. The molecular

data also showed that domesticated and wild tomatoes

have evolved as a species complex with intensive level

of hybridization; S. lycopersicum and S. pimpinellifo-

lium have occasionally been classified as conspecific

(see Peralta et al. 2008).

Sources of resistance to some diseases have been

found in S. lycopersicum “cerasiforme.” Danesh et al.

(1994) used DNA markers to identify regions asso-

ciated with partial resistance to bacterial wilt (caused

by Pseudomonas solanacearum a.k.a Ralstonia sola-
nacearum) in a F2 population derived from a cross

between a highly resistant line (L285) of cherry

tomatoes and a highly susceptible cultivar

(Table 9.6). In plants inoculated through roots, geno-

mic regions on chromosomes 6 and 10 were corre-

lated with resistance, while in plants inoculated

through shoots significant regions correlated with

resistance were identified on chromosomes 6, 7,

and 10.

Several different Cf genes confer resistance to spe-

cific races of C. fulvum and have been bred into

cultivated tomato to generate NILs (Stevens and

Rick 1986; Rivas and Thomas 2005; see also

Table 9.6). The gene Cf-5 was identified in S. lycoper-

sicum “cerasiforme” PI 187002 and was mapped to

a complex locus on chromosome 6, very closely linked

to Cf-2 (Dickinson et al. 1993; Jones et al. 1993).

Dixon et al. (1998) reported the isolation of the Cf-5

gene and the characterization of the complex locus

from three genotypes. Resistance to PM caused by

O. neolicopersici was identified in the line (LC-95),

selected within the LA1230 accession of S. lycopersi-
cum “cerasiforme” collected in Ecuador, and an F2
population obtained by crossing LC-95 and the sus-

ceptible cultivar “Super Marmande” was used to study

the genetic basis of this resistance. A single recessive

gene, named ol-2, responsible for a broad-spectrum

resistance was mapped around the centromere of chro-

mosome 4 (De Giovanni et al. 2004). Using a candi-

date gene approach based on comparative genetics,

Bai et al. (2008) showed that loss of function of a

tomatoMlo gene (SlMlo1) is responsible for PM resis-

tance conferred by the ol-2 gene.

S. lycopersicum “cerasiforme” has also been used

as a source of favorable alleles for fruit quality traits.

In this respect, a population of 144 RILs was devel-

oped from a cross between a common S. lycopersi-
cum line with large fruit and a common taste, and a

cherry tomato line with fruit having very good taste

and high aroma intensity (Saliba-Colombani et al.

2000). The cherry-RIL population was used to study

the genetic control of several traits involved in the

organoleptic quality of tomato including physical and

chemical components, and sensory attributes

(Table 9.7; Causse et al. 2001; Saliba-Colombani

et al. 2001). Eight clusters of QTLs were detected

that controlled most of the variation of the organo-

leptic quality traits, and most of the favorable alleles

were conferred by the cherry tomato parent for all of

the quality traits (Causse et al. 2002). This allowed

the selection of five chromosome regions that showed

promise for improving fruit quality. These regions

were introgressed into three cultivated tomato lines

by means of a marker-assisted BC scheme, and the

analysis revealed interactions between QTLs and

genetic backgrounds (Lecomte et al. 2004a). Further

studies showed that both additivity and epistasis con-

trol the genetic variation for fruit quality traits in

tomato (Causse et al. 2007). The same cherry-RIL

population was used to identify QTLs associated with

ascorbic acid content of the fruit (Stevens et al.

2007). Six QTLs were identified, and the cherry allele

had a positive effect for the four QTLs expressed in

percentage fresh weight.

9 Solanum sect. Lycopersicon 181



9.6.4.8 Solanum neorickii

Solanum neorickii is a green-fruited wild species, with

small fruits and flowers; it can be reciprocally hybri-

dized with the cultivated tomato without having to

overcome any major interspecific barriers. However,

in spite of the relatively easy of crossability with the

cultigen, S. neorickii has not been extensively used by

plant breeders, partly due to its comparatively recent

discovery (Taylor 1986). This can be explained in part

by the rather restricted geographic range of S. neor-

ickii and the similar S. chmielewskii (Taylor 1986;

although see Peralta et al. 2008; see Sect. 9.2.2).

The first extensive genetic study conducted on an

interspecific tomato cross involving the wild species

S. neorickii used an AB-QTL mapping strategy to

explore the S. neorickii LA2133 genome as a potential

source of useful QTL alleles for traits of agronomic

importance including yield and fruit quality-related

characteristics (Fulton et al. 2000) (Tables 9.5 and

9.7). One hundred and seventy BC2 plants were scored

for 131 RFLPs and ~170 BC3 families were evaluated

for 30 horticultural traits, in replicated field trials con-

ducted in three different locations. A total of 199

QTLs were detected for the 30 analyzed traits, and

for 19 traits at least one QTL was identified for which

the wild allele had a favorable effect, despite the

overall inferior phenotype of S. neorickii. This AB

population was also evaluated for sugars, organic

acids, and other biochemical properties possibly con-

tributing to flavor, and 52 QTLs were identified for the

15 analyzed traits (Fulton et al. 2002a). Starting from

the same S. lycopersicum cv. E6203 � S. neorickii

LA2133 AB population, a set of 142 BILs (BC2F7)

has been developed by D. Zamir and collaborators.

Within the framework of the EU-SOL project (see

above and http://www.eusol.net/), the 142 BILs have

been anchored to a common set of COSII markers, and

have been evaluated for agronomic traits, including

yield, brix, and fruit weight (Tripodi et al. 2010;

D. Zamir and S. Grandillo personal communication).

Several favorable S. neorickii alleles were identified

that could be targeted for further marker-assisted

introgression into cultivated tomato.

The S. neorickii accession G1.1601 has been iden-

tified as a source of resistance to PM (caused by

Oidium lycopersici), and an F2 mapping population

derived from the S. lycopersicum cv. “Moneymaker” �
S. neorickii G1.1601 cross was used for QTL analysis

(Bai et al. 2003; Table 9.6). The resistance was found

to be controlled by three QTLs: Ol-qtl1 mapping on

chromosome 6, in the same region as the Ol-1 locus

(found in S. habrochaites), which is involved in a

hypersensitive resistance response to the pathogen,

and other two linked QTLs (Ol-qtl2 and Ol-qtl3) that

are located on chromosome 12, near the Lv locus

conferring resistance to the other PM species, L. taur-

ica (Bai et al. 2003). Since the S. neorickii accession

G1.1601 showed also a certain level of resistance to

GM (Botrytis cinerea) (ten Have et al. 2007), F3 lines

derived from the above-mentioned F2 population were

used to identify QTLs underlying the resistance

response to B. cinerea using a stem bioassay (Finkers

et al. 2008). Three putative QTLs were identified, and

for each of them a putative homologous locus had

been previously identified in S. habrochaites LYC4

(Finkers et al. 2007a, b).

9.6.4.9 Solanum pennellii

Solanum pennellii is a green-fruited species that grows

at a wide range of elevations along the western slopes

of the Andes, and is found on arid slopes and dry

washes (see Sect. 9.2.2; Rick 1973). The extreme

drought tolerance of this species has motivated numer-

ous studies aimed at transferring its tolerance to the

cultivated tomato. Another important characteristic

of many S. pennellii accessions is their high level of

resistance to numerous insects, which has been corre-

lated with high density of type IV glandular trichomes

and the presence of high levels of toxic acylsugars in

their exudates (Farrar and Kennedy 1991; Labate et al.

2007 and references therein). S. pennelli has also been

used as a source of disease resistances and, more

recently, with the availability of the S. pennellii
LA0716 IL population, the use of this wild species

has greatly increased, and extended to hundreds of

different traits of agronomical and biological rele-

vance (Tables 9.6–9.8; see also reviews by Lippman

et al. 2007; Grandillo et al. 2008).

With respect to disease resistance, S. pennellii
LA0716 was found to display an incompatible reac-

tion with race 3 (T3) strains of Xanthomonas campes-

tris pv. vesicatoria, the casual agent of bacterial spot,
indicating the existence of hypersensitive response

(HR)-related resistance in this wild species. Using

the S. pennellii LA0716 IL population a dominant
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resistance gene, called Xv4, was mapped on chromo-

some 3, and the avirulence gene, avrXv4, was isolated
(Astua-Monge et al. 2000; Table 9.6).

S. pennellii has been used as a source of resistance

to fungal diseases. Alternaria stem canker disease in

tomato is caused by the necrotrophic fungus A. alter-

nata f. sp. lycopersici. Genetic analyses showed that

high insensitivity to AAL toxins from S. pennellii

LA0716 is inherited in tomato as a single complete

dominant locus, Asc, which has been genetically

mapped on chromosome 3 of tomato using RFLPs

(Van der Biezen et al. 1995). Subsequently, Mesbah

et al. (1999) reported the physical analysis of a yeast

artificial chromosome (YAC) contig spanning the Asc

locus. Positional cloning of Asc showed that sensitiv-

ity is associated with a mutation in the gene that leads

to a predicted aberrant ASC protein, a new plant

member of the longevity assurance protein family

(Brandwagt et al. 2000).

S. pennellii accessions have also been found to be

sources of resistance to the soil-borne fungus Fusar-

ium oxysporum f.sp. lycopersici, the causal agent of

Fusarium wilt disease. The resistance conferred by

genes I and I-2 (both derived from accessions of

S. pimpinellifolium) was overcome by a new race 3

of the fungus, and therefore a new dominant resistance

gene, I-3, was identified in two S. pennellii accessions,

PI 414773 (McGrath et al. 1987) and LA0716 (Scott

and Jones 1989), and introgressed into S. lycopersi-

cum. The I-3 gene from LA0716 was mapped to chro-

mosome 7 near the isozyme marker Got-2 (Bournival

et al. 1989, 1990; Sarfatti et al. 1991). The isolation of

this resistance gene is being pursued via map-based

cloning, and a high resolution genetic and physical

map of the I-3 region has been reported (Hemming

et al. 2004; Lim et al. 2008). In addition, a new locus

conferring resistance against F. oxysporum f. sp. lyco-
persici race 1 was mapped using RFLPs in a BC1

population derived from a S. lycopersicum cv. “Ven-

dor” (susceptible to race 1) � S. pennellii LA0716

(resistant) cross (Sarfatti et al. 1991). The locus, called

I-1, was located on chromosome 7 and was not allelic

to I, the traditional gene for resistance against the same

fungal pathogen that was derived from S. pimpinelli-

folium (Sarfatti et al. 1991). These genes have been

introgressed into commercial tomato and their map

position further defined (Scott et al. 2004). A

genome-wide dissection of Fusarium resistance was

conducted using the S. pennellii LA0716 IL popula-

tion (Sela-Buurlage et al. 2001). The study allowed the

identification of six independent loci; the I and I2 loci,
previously introgressed from S. pimpinellifolium, were

shown to reside on different arms of chromosome 11;

three novel loci were identified on chromosomes

2 (loci I-4 and I-5) and 10 (locus I-6). The loci I-5

and I-6 represented new S. pennellii resistance loci

with varying degrees of potency; in contrast, the origin

of the I-4 locus was not defined. This study empha-

sized the complexity of wilt disease resistance

revealed at both inter- and intralocus levels.

With respect to insect resistance, the genetic con-

trol of acylsugar accumulation in exudates of type IV

glandular trichomes has been studied in an interspe-

cific F2 population derived from the cross S. lycoper-

sicum � S. pennellii LA0716 (Mutschler et al. 1996).

A total of five QTLs were identified, which were

subsequently transferred by MAS pyramiding into

the cultivated tomato genetic background (Lawson

et al. 1997). Although, the obtained multiline accumu-

lated acylsugars, the levels were lower than those of

the interspecific F1 control, suggesting that in order to

reach higher level of acylsugar accumulation addi-

tional QTLs, still unidentified, might be necessary.

Furthermore, the inheritance of acylsugar fatty acid

composition was analyzed in an intraspecific F2 popu-

lation derived from a cross between S. pennellii

LA0716 and S. pennellii LA1912, and six QTLs

were detected for the nine segregating fatty acid con-

stituents (Blauth et al. 1999).

The drought tolerance of S. pennellii was found to

be related to greater WUE and less negative carbon

isotope composition (d13 C) (Martin et al. 1999), com-

pared to the cultivated tomato, due to the ability of its

leaves to take up dew (Rick 1973), and also to a rapid

closure of stomata upon water deficit stress (Kebede

and Martin 1994). Carbon isotope composition (d13 C)
is considered an attractive substitute for WUE in

research and breeding programs, since in C3 plants it

varies in concert with leaf WUE, and d13 C can be

measured with minimal tissue destruction. Therefore,

identification and MAS of QTL for WUE by means of

d13 C is considered a particularly promising way to

break negative pleiotropy between WUE and yield in

C3 species. An RFLP mapping study conducted in F3
and BC1S1 tomato populations derived from an

S. lycopersicum � S. pennellii cross allowed the iden-

tification of three genomic regions explaining a large

proportion of the genetic variance for d13 C (Martin
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et al. 1989). More recently, the use of the S. pennellii

LA0716 IL library allowed the detection of a dominant

QTL for d13 C, QWUE5.1, in S. pennellii IL5-4; at this

QTL the wild allele had a favorable effect, since it

determined high d13 C (small negative value) (Xu et al.

2008).

S. pennellii LA0716 has also been used to identify

QTLs conferring ST during seed germination (SG)

(Foolad and Jones 1993; Foolad et al. 1997; Foolad

and Chen 1998) or during the vegetative stage (VG)

(Zamir and Tal 1987; Frary et al. 2010) (Table 9.8).

The studies conducted during SG have shown that ST

at this stage in tomato was controlled by a few major

QTLs, which act together with a number of smaller

effect QTLs. Moreover, some of these QTLs were

conserved across species, while other were species

specific (Foolad et al. 1997, 1998a; Foolad and Chen

1998). Zamir and Tal (1987) used a S. lycopersicum

� S. pennellii LA0716 F2 population and 15 isozyme

markers to identify QTL that affect Na+, Cl�, and K+

ion contents. The authors detected a minimum of four

major loci that affected the contents of both Na+, Cl�

in leaves, and two other loci influencing K+ uptake.

Recently, the S. pennellii LA0716 IL population,

along with its parental lines, has been evaluated for

growth parameters and for antioxidant paramethers of

the leaves, under both control and salt stress (150 mM

NaCl) conditions (Frary et al. 2010). The data allowed

the identification of 125 QTLs for seven traits related

to antioxidant content and to the response of tomato

antioxidants to salt stress. It was generally observed

that salt stress resulted in higher levels of antioxidant

compounds and enzymes in the wild species. How-

ever, a direct correlation between antioxidant levels

and salinity tolerance could not be definitely shown,

and further studies are necessary in order to verify

whether higher antioxidant tomato cultivars will

show improved ST in the field.

Interspecific mapping populations deriving from

crosses between S. lycopersicum and S. pennellii
LA0716 have been used to map several genes involved

in pigment content and fruit ripening including high

pigment-2 (hp-2) and jointless (j) loci (Kinzer et al.
1990; Wing et al. 1994; Zhang et al. 1994; van Tuinen

et al. 1997; Mustilli et al. 1999; Liu et al. 2003;

Rousseaux et al. 2005). In addition, S. pennellii
LA0716, as well as other green-fruited wild species

of tomato, has been the source of the mutation Delta

(Del) that changes fruit color from red to orange as a

result of accumulation of d-carotene at the expense of
lycopene. The Del gene was located on the RFLP map

of tomato chromosome 12, and evidence strongly sug-

gested that the locus Del in the fruit-color mutation

Delta encoded the gene for lycopene e-cyclase (Ronen
et al. 1999). Furthermore, the two S. pennellii LA0716

ILs, IL-3-2 and IL3-3, have been used for the posi-

tional cloning of the Beta (B) gene, which encodes a

novel type of lycopene b-cyclase, an enzyme that

converts lycopene to b-carotene (Ronen et al. 2000).

Progenies derived from the S. lycopersicum � S.

pennellii LA0716 cross have been extensively used to

explore the genetic basis of numerous quantitative

traits related to yield and fruit quality, and to identify

molecular markers linked to favorable wild alleles to

be used in MAS breeding programs. The first study,

conducted in a S. lycopersicum � S. pennellii LA0716

BC1 population, used isozymes to analyze the genetic

basis of the four metric traits: leaf ratio, stigma exser-

tion, fruit weight, and seed weight (Tanksley et al.

1982; Table 9.7). Interestingly, already in this study,

it was reported the identification of specific QTL

alleles with effects opposite to those expected from

the parental phenotypes. A more comprehensive

investigation of the genetic basis of wide-cross trans-

gressive segregation was conducted by deVicente and

Tanksley (1993) on a large F2 population derived from

the S. lycopersicum cv. “Vendor TM2a” � S. pennel-
lii LA0716 cross using RFLP markers. A total of 74

significant QTLs were identified for the 11 biological

traits evaluated, and 36% of these QTLs had alleles

with effects opposite to those predicted by the parental

phenotypes, which could be directly related to the

appearance of transgressive individuals in the F2.

Another S. lycopersicum � S. pennellii LA0716 F2
population was used to study the genetic basis of leaf

and flower morphology (Frary et al. 2004b).

In 1994, Eshed and Zamir reported the develop-

ment of the first generation of the S. pennellii

LA0716 IL library in the genetic background of

S. lycopersicum cv. “M82,” consisting of 50 ILs,

each containing a single RFLP-defined introgression

from S. pennellii in an otherwise cultivated genomic

background. Collectively these lines provide coverage

of the entire wild species genome. This new kind of

genetic resource, also referred to as “exotic library”

(Zamir 2001) was developed with the purpose of

improving the efficiency with which wild germplasm

could be used in tomato breeding and genetic studies.
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The numerous advantages and potentialities of IL

populations for the analysis of complex traits have

been obvious since the first studies conducted to map

and fine-map QTLs underlying horticultural yield and

fruit quality traits using this type of genetic resource

(Eshed and Zamir 1995, 1996; Eshed et al. 1996; as

reviewed by Zamir and Eshed 1998a, b). Since then,

the S. pennellii IL library, as well as its second gener-

ation consisting of 76 ILs and sub-ILs (Liu and Zamir

1999; Pan et al. 2000), has been used to analyze

hundreds of traits of agronomical and biological inter-

est including fruit weight, fruit shape, brix, pH, yield,

traits related to reproductive fitness (Eshed and Zamir

1995, 1996; Eshed et al. 1996; Monforte et al. 2001;

Causse et al. 2004; Baxter et al. 2005; Semel et al.

2006), disease resistance (Astua-Monge et al. 2000;

Sela-Buurlage et al. 2001), leaf and flower morphol-

ogy (Holtan and Hake 2003), locule number (Barrero

and Tanksley 2004), carotenoid content in relation to

fruit color (Liu et al. 2003), fruit nutritional and anti-

oxidant content (Rousseaux et al. 2005; Stevens et al.

2007, 2008), fruit primary metabolites (Causse et al.

2004; Schauer et al. 2006, 2008), aroma compounds

(Tadmor et al. 2002; Tieman et al. 2006), hybrid

incompatibility (Moyle and Nakazato 2008), and anti-

oxidant content of the leaves related to salt stress

conditions (Frary et al. 2010). All these mapping

efforts have allowed the identification of more than

2,800 QTLs (Tables 9.6–9.8; for reviews, see Lippman

et al. 2007; Grandillo et al. 2008). Recently, in order to

detect the genetic basis of metabolic regulation in

tomato fruit, Kamenetzky et al. (2010) constructed a

detailed physical map of five genomic regions asso-

ciated with 104 previously described metabolic QTLs

of the S. pennellii LA0716 IL population. For this

purpose, the genetic and physical maps of S. pennellii

and S. lycopersicum were integrated, providing a large

dataset that will constitute a useful tool for QTL fine-

mapping and relatively easy screening of target clones

in map-based cloning approaches.

Another S. pennellii accession, LA1657, has been

used in an AB-QTL mapping study aimed at identify-

ing loci for yield, processing, and fruit quality traits

(Frary et al. 2004a). A total of 175 BC2F1 families

derived from the interspecific cross S. lycopersicum

E6203 � S. pennellii LA1657 were grown and phe-

notyped for 25 traits in three locations, and 84 QTLs

were identified. Also in this case a high proportion

(26%) of the identified QTLs had S. pennellii alleles

that enhanced the performance of the elite parent, also

for traits for which the wild parent had an inferior

phenotype (Frary et al. 2004a).

All these studies have allowed the identification of

numerous S. pennellii QTL alleles that are of potential

interest for breeding. Furthermore, the S. pennellii IL

library facilitated exploration of the genetic basis of

heterosis for “real-world” applications, as shown by

the development of a new leading hybrid of processing

tomato (Lippman and Zamir 2007; Lippman et al.

2007) (see Sect. 9.7.2.5).

9.6.4.10 Solanum pimpinellifolium

This red-fruited wild relative of tomato can be recipro-

cally hybridized with S. lycopersicum, and due to its

close relationship with the cultigen and ease of back-

crossing it has been extensively used as an attrac-

tive source of germplasm for various agriculturally

important traits such as disease and insect resistance/

tolerance as well as fruit quality traits (Taylor 1986;

Peralta and Spooner 2001; Kole et al. 2006; Ashrafi

et al. 2009). Additionally, some S. pimpinellifolium

accessions have been identified as potential sources

for abiotic stress tolerance (Foolad 2004, 2005).

With respect to viral diseases, tolerance to TYLCV

infection has been reported in S. pimpinellifolium
accessions, including LA0121, LA0373, and LA0690

(reviewed by Stevens and Rick 1986). Bulk RAPD

analyses were performed on F4 lines segregating for

resistance to TYLC derived from S. pimpinellifolium

“hirsute INRA” (Montfavet, INRA, France), and a

major QTL responsible for up to 27.7% of the resis-

tance was identified on chromosome 6 (Table 9.6;

Chaguè et al. 1997).

In tomato, resistance to Pseudomonas syringae
pv. “tomato” strains expressing the avirulence gene

avrPto requires the presence of at least two host

genes, designated Pto and Prf . The Pto gene has

been introgressed into a S. lycopersicum cultivar

from S. pimpinellifolium (Pitblado et al. 1984). Pto

was isolated by a map-based cloning approach and it

was shown to be a member of a clustered multigene

family, located on the short arm of chromosome 5,

with similarity to various proteinserine/threonine

kinases (Martin et al. 1991, 1993). Subsequently, the

gene Prf was identified through a mutational approach

and was shown to be tightly linked to Pto (Salmeron
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et al. 1996). Another member of the Pto gene cluster

termed Fen was found to confer sensitivity to fenthion
(Loh and Martin 1995).

As discussed in Sect. 9.6.4.9, several studies have

been conducted to identify resistances to the soil-

borne fungus F. oxysporum f. sp. lycopersici which

causes Fusarium wilt of tomato. The first gene (I),
coferring vertical resistance to race 1 of the pathogen,

was found in S. pimpinellifolium accession PI 79532

(Bohn and Tucker 1939) and was assigned to chromo-

some 11 (Paddock 1950). A second dominant gene,

I-2, for resistance to race 2 was discovered in S. pimpi-

nellifolium accession PI 12915 (Stall and Walter 1965;

Cirulli and Alexander 1966), and was mapped to chro-

mosome 11 using morphological markers (Laterrot

1976) and later by RFLPs (Sarfatti et al. 1991; Segal

et al. 1992). The functional I-2 resistance gene was

isolated by a positional cloning approach and it was

shown to be a complex locus (Ori et al. 1997; Simons

et al. 1998). More recently, Scott et al. (2004) showed

that the race 1 resistance, also present in PI 12915, was

controlled by the I gene. Both genes have been

incorporated into a wide number of commercial

tomato cultivars (Bournival et al. 1989).

Resistances to other fungal diseases have also been

identified in S. pimpinellifolium accessions. For exam-

ple, the resistance of tomato to gray leaf spot disease

caused by four Stemphylium species is conferred by a

single incompletely dominant gene, Sm, which was

introgressed into cultivars from S. pimpinellifolium

accession PI 79532 and was found to be linked to a

Fusarium race 1 resistance gene, I, on chromosome 11

(Dennett 1950). The Sm gene was then placed on the

RFLP map of tomato using an F2 population segregat-

ing for the resistance (Behare et al. 1991). Numerous

cultivars with stable resistance to gray leaf spot have

been released (Stevens and Rick 1986). Sources of

resistance to GM (Botrytis cinerea) have also been

identified in S. pimpinellifolium. In a study conducted

to find new breeding material for resistance to GM,

S. pimpinellifolium accession LA1246 showed high

resistance both in the leaflet and in the stem (Ignatova

et al. 2000).

LB caused by the fungal pathogen P. infestans is

one of the most important diseases of the cultivated

tomato and potato (Robertson 1991). Breeding for

resistance to LB in tomato has followed two direc-

tions: one has been the search for “R” genes that

confer race-specific or isolate-specific resistance that

often exhibit qualitative inheritance, and the other

has been the search for quantitative resistance, also

referred to as partial resistance, which tends to be

multigenic and quantitatively inherited (Wastie 1991;

Umaerus and Umaerus 1994). In tomato, three isolate-

specific R genes have been reported, Ph-1

(a completely dominant gene), Ph-2, and Ph-3 (both

incompletely dominant genes), and S. pimpinellifo-

lium was the original source for all of them (Table 9.6;

Peirce 1971; Chunwongse et al. 1998; Moreau et al.

1998). The gene Ph-1 was located on chromosome

7 (Peirce 1971) and Ph-2 gene, originating from

S. pimpinellifolium WVa700 was located on the long

arm of chromosome 10 by RFLP analysis (Moreau

et al. 1998). The Ph-3 gene was found in an inter-

specific cross of S. lycopersicum and S. pimpinel-
lifolium L3708, and mapped to chromosome 9

(Chunwongse et al. 2002). The same interspecific

cross was used to study the genetic basis of quantita-

tive resistance to LB in field trials, and two QTLs

were identified (Frary et al. 1998). More recently,

Kole et al. (2006) mapped another R-gene (Ph-4)
conferred by S. pimpinellifolium from a similar cross.

Their QTL analysis resulting in significantly high

contribution to phenotypic variance also confirmed

qualitative nature of inheritance.

Kerr and Bailey (1964) investigated S. pimpinelli-

folium resistance to tomato leaf mold (C. fulvum), and
identified two genes, Cf-2 and Cf-9, which were later

introgressed into commercial tomato (Stevens and

Rick 1986). Classical and RFLP mapping allowed

more precise positioning of these genes, and revealed

the existence of two complex resistance loci in tomato,

one on chromosome 6, of which Cf-2 and Cf-5 are

members, and another on chromosome 1, the Milky

Way (MW) complex locus, of which Cf-4 and Cf-9 are

members (van der Beek et al. 1992; Dickinson et al.

1993; Jones et al. 1993; Balint-Kurti et al. 1994;

reviewed by Rivas and Thomas 2005). Cf-2 was

isolated by positional cloning (Dixon et al. 1996),

while the Cf-9 gene was isolated by transposon tag-

ging (Jones et al. 1994). Functional analysis of

a limited number of S. pimpinellifolium accessions

allowed the identification of novel Cf genes (Cf-

ECP1, Cf-ECP2, Cf-ECP3, Cf-ECP4, and Cf-ECP5)

that trigger an HR in response to the C. fulvum extra-

cellular proteins ECP1, ECP2, ECP3, ECP4, and

ECP5 (Laugé et al. 1998a, b, 2000). Genetic mapping

showed that Cf-ECP2 and Cf-ECP3 defined a new
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complex locus for C. fulvum resistance at Orion (OR)

on the short arm of chromosome 1 (Haanstra et al.

1999a; Yuan et al. 2002) and the mapping of Cf-ECP5

also defined a new complex locus, located 3 cM prox-

imal to MW, which was designated Aurora (AU)
(Haanstra et al. 2000) (see also review by Rivas and

Thomas 2005). Soumpourou et al. (2007) showed that

both genes, Cf-ECP1 and Cf-ECP4, are located atMW

complex locus together with Cf-9 and Cf-4.

The Hero gene of tomato, a broad spectrum resis-

tance gene that confers a high level of resistance to all

pathotypes of the potato cyst nematodes Globodera

rostochiensis and partial resistance to G. pallida, was
introgressed into tomato cultivar LA1792 from the

wild species S. pimpinellifolium LA0121 (Ellis and

Maxon-Smith 1971). The gene was mapped to chro-

mosome 4 (Ganal et al. 1995) and subsequently

isolated by a map-based cloning approach (Ernst

et al. 2002).

With respect to tolerance to abiotic stresses, the

S. pimpinellifolium accession LA0722 was identified

as a source of ST during both SG and VG (Foolad et al.

1998a; Foolad and Chen 1999; Zhang et al. 2003a); in

addition it exhibited rapid SG in cold conditions (Foo-

lad et al. 1998b) and under drought stress (Foolad et al.

2003; Table 9.8). QTL analysis of BC1S1 families

derived from a cross between S. pimpinellifolium

LA0722 and a moderately salt-sensitive S. lycopersi-
cum line (NC84173) allowed the identification of

seven QTLs for ST during SG (Foolad et al. 1998a),

and of five QTLs for ST during VG in saline solution

cultures (Foolad and Chen 1999). The S. pimpinellifo-

lium accession had favorable QTLs at six of the seven

QTLs identified during SG, and at all five ST QTLs

identified during VG. Three of these QTLs for ST

during VG were subsequently validated using the

selective genotyping approach (Foolad et al. 2001).

The same BC1S1 families were evaluated for germina-

tion at low temperature (11 � 0.5�C), and two chro-

mosomal locations (3–5 putative QTLs) with

significant effects on low temperature germination

were identified; the wild species had favorable QTL

alleles on chromosomes 1 (Foolad et al. 1998b).

Finally, the same population was evaluated for drought

tolerance during SG and four QTLs were identified for

rate of germination under drought stress. For the two

QTLs with larger effect, located on chromosomes

1 and 9, the favorable allele was contributed by

S. pimpinellifolium donor parent (Foolad et al. 2003).

As described for S. galapagenense in Sect. 9.6.4.2,

two other S. pimpinellifolium accessions (L1 and L5)

have been used to identify QTLs for ST during the

vegetative and/or reproductive stages (Bretó et al.

1993; Monforte et al. 1996, 1997a, b; Villalta et al.

2007, 2008; Estañ et al. 2009). Also in this case, the

S. lycopersicum “cerasiforme” � S. pimpinellifolium
interspecific RILs were used as rootstocks for a com-

mercial hybrid, and were tested under saline condi-

tions (Estañ et al. 2009). The results showed that up to

65% of the rootstock lines raised the fruit yield of the

commercial hybrid under saline conditions, and QTLs

underlying the ST rootstock effect were identified.

Correlation and QTL analyses suggested that root-

stock-mediated improvement of fruit yield in the

S. pimpinellifolium population under salinity was

mainly explained by the rootstock’s ability to mini-

mize perturbations in scion water status (Asins et al.

2010).

S. pimpinellifolium has been used as a source for

a number of plant and fruit desirable traits like earli-

ness, yield, and fruit quality also by means of classical

genetic approaches (Kalloo 1991). The first QTL

mapping study was conducted by Weller et al. (1988)

on a large F2 population derived from a S. lycopersi-
cum � S. pimpinellifolium CIAS27 cross using six

morphological markers and four isozymes. A total of

85 significant marker by trait combinations were iden-

tified for 18 quantitative analyzed traits including brix,

fruit weight, fruit shape, and sugar content (Weller

et al. 1988). For 14 traits at least one highly significant

effect of opposite sign to the one expected based on

the parental values was identified.

During the past 15 years, crosses between S. lyco-
persicum and the S. pimpinellifolium accession

LA1589 have been used for numerous mapping stud-

ies. Grandillo and Tanksley (1996a) analyzed a BC1,

population deriving from the above-mentioned cross,

for 19 quantitative traits related to fruit quality, flower

morphology, flowering and ripening time, and identi-

fied 54 QTLs. From the same interspecific cross, an

AB population was generated, and approximately 170

BC2 plants were analyzed with segregating molecular

markers covering the entire tomato genome. BC2F1
and BC3 families were evaluated for 21 horticultural

traits including yield and fruit quality (Tanksley et al.

1996). A total of 87 QTLs were identified for 18 of the

analyzed traits, and, interestingly, trait-enhancing

QTL alleles derived from S. pimpinellifolium were
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identified for most traits important in processing

tomato production, including traits for which the

wild parent had an inferior phenotype. This AB popu-

lation, along with the ones obtained with S. arcanum

LA1708, S. habrochaites LA1777 and S. neorickii
LA2133, has been evaluated for sugars, organic

acids, and other biochemical properties possibly con-

tributing to flavor, and 33 QTLs were identified for the

15 analyzed traits (Fulton et al. 2002a). Starting from

the same interspecific cross, Doganlar et al. (2002b)

developed a population of 196 BILs (BC2F6), which

were genotyped for 127 marker loci covering the

entire tomato genome, and were evaluated for 22

quantitative traits, including several fruit quality

related traits. In all, 71 significant QTLs were identi-

fied and for 48% of them the wild allele was associated

with improved agronomic performance.

Other studies have used mapping populations

derived from cultivated S. lycopersicum � S. pimpi-
nellifolium LA1589 crosses to study the genetic basis

of extreme fruit size (Lippman and Tanksley 2001), or

to map QTL influencing fruit shape (Grandillo et al.

1996; Ku et al. 1999, 2000; Van der Knaap and Tanks-

ley 2001, 2003; Van der Knaap et al. 2002; Brewer

et al. 2007; Gonzalo and Van der Knaap 2008). Chen

et al. (1999) used the same BC1S2 population derived

from the cross S. lycopersicum fresh-marker breeding

line NC84173 � S. pimpinellifolium LA0722, used to

detect abiotic stress tolerance QTL, to map 59 QTLs

related to brix, fruit shape, lycopene content, and pH.

S. pimpinellifolium is a SC species with variation in

outcrossing rate correlated with floral morphology,

and therefore is an ideal taxon with which to study

mating system evolution (Rick et al. 1977). Traits that

affect mating behavior (petal, anther, and style

lengths) differ greatly between inbreeding and out-

crossing populations, whereas other flower parts

(sepals, ovaries) show minimal differences. In order

to analyze the genetic basis of traits distinguishing

outcrossing and self-pollinating forms of S. pimpinel-
lifolium, Georgiady et al. (2002) conducted a QTL

mapping study on a F2 population derived from a

cross between two accessions with contrasting mating

systems; LA1237 the “selfer” and LA1581 the “out-

crosser”. A total of five QTLs were found to underlie

the variation for four of the six morphological traits

analyzed. Interestingly, each of these four traits had a

QTL of major (>25%) effect on phenotypic variance,

which suggests that the genetic basis for these traits

follows the pattern of a macromutation with modifiers,

as described by Grant (1975).

9.7 Role in Crop Improvement Through
Traditional and Advanced Tools

9.7.1 Tomato Domestication and Early
Breeding

Wild tomatoes (Solanum sect. Lycopersicon) are

native to western South America, and their natural

distribution goes from central Ecuador, through Peru

to northern Chile, with two endemic species in the

Galápagos Islands (Darwin et al. 2003; Peralta and

Spooner 2005). S. lycopersicum was domesticated by

native Americans, but the original site of this process

is still considered an unsolved question (Peralta and

Spooner 2007), and two competing hypotheses have

been proposed for the original place of domestication,

one Peruvian (DeCandolle 1886), and the other Mexi-

can (Jenkins 1948). Very likely, early humans selected

for plants with mutations associated with a preferred

genotype (e.g., larger fruit), and gradually, enough

favorable (e.g.,“large-fruited”) mutations accumulated

resulting in the domesticated tomato. S. lycopersicum

“cerasiforme”, the cherry tomato, which has fruit

weighing only a few grams, was thought to be the

putative wild ancestor of the domesticated tomato

(Cox 2000); however, recent studies have shown that

the plants known as “cerasiforme” are a mixture of

wild and cultivated forms rather than being “ancestral”

to the cultivated tomatoes (Nesbitt and Tanksley 2002;

Ranc et al. 2008).

Severe genetic bottlenecks were associated with

tomato domestication as the crop was carried from

the Andes to Central America and subsequently to

Europe. By the time Europeans arrived to America in

the fifteenth century, large fruited types already

existed, indicating that tomato domestication was

already at a fairly advanced stage (Jenkins 1948;

Rick 1995). Further domestication occurred through-

out Europe in the 18th and 19th centuries (Sims 1980).

In addition, it is possible that the return of tomato from

Europe to the New World might have caused further

reduction of genetic variation (Rick 1988). During the

nineteenth century, tomato cultivars were selected for
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different purposes, including adaptation to local cli-

mate conditions. As a result, by the end of the century,

numerous cultivars of tomato were available, which

could be considered as landraces and the result of

domestication and some early breeding, and most of

them required open pollination (Bai and Lindhout

2007).

Similarly to other crops, tomato domestication has

resulted in drastic phenotypic changes that can be

observed in the wide range of morphological and phys-

iological traits that distinguish domesticated tomato

from its wild ancestors. Particularly extreme changes

have occurred in the tissues and organs important to

humans (for example, seeds, roots, and tubers). Collec-

tively, these changes are referred to as the domestica-

tion syndrome, and the exact trait composition varies

for each crop (Frary and Doganlar 2003). In tomato,

one of the most obvious outcomes of domestication is

the enormous increase in fruit size, which has been

accompanied by a tremendous variation in fruit shapes;

wild and semi-wild forms of tomato bear small, almost

invariably round fruit, while fruit of cultivated toma-

toes comes in a wide variety of sizes (as much as 1,000

times larger than those of wild progenitors) and shapes

including round, oblate, pear-shaped, torpedo-shaped,

and bell pepper-shaped (Tanksley 2004). Additionally,

domesticated tomatoes produce seeds up to several

times larger than their wild relatives (Doganlar et al.

2000; Orsi and Tanksley 2009). However, it is not clear

why seed size increased during domestication in crops

such as tomato, which are not consumed for their seeds.

One explanation might be that, in these species, seed

size increased as a result of indirect selection for

greater seedling vigor and germination uniformity

under field production (Harlan et al. 1973) or as an

overall allometric effect.

In tomato, the genetic basis of these domestication

syndrome traits has been explored for fruit characters

(size, shape, color, morphology, and set) and growth

habit (self-pruning, plant height, and earliness) (Pnueli

et al. 1998; Grandillo et al. 1999a; Doganlar et al.

2000; Lippman and Tanksley 2001; Frary and Dogan-

lar 2003; Tanksley 2004; Gonzalo and Van der Knaap

2008; see also Sect. 9.6.4). The studies have shown

that tomato fruit size and shape are controlled by

major and minor QTL loci, and that a relatively

small number of genes were involved in the dramatic

transition from small-sized fruit of wild progenitors to

the extremely large size of some modern cultivars, and

these genes control two processes: cell cycle and organ

number determination (Lippman and Tanksley 2001;

Tanksley 2004). The molecular basis of some of these

major QTLs has been deciphered; FW2.2 and FAS

control fruit mass by increasing the placenta area and

locule number, respectively, and thus affect patterning

along the medio-lateral axis (Frary et al. 2000; Cong

et al. 2008); the two fruit shape QTLs, SUN and

OVATE, control fruit elongation and therefore affect

patterning along the apical–basal axis (Liu et al. 2002;

Xiao et al. 2008). Additionally, comparative studies

have shown a co-localization of many loci associated

with similar characteristics in tomato, pepper, and

eggplant, all also members of the family Solanaceae

(Doganlar et al. 2002a; Frary and Doganlar 2003).

9.7.2 Role of Wild Species for Tomato
Breeding

At the beginning of the twentieth century tomato breed-

ing programs began in public institutes, mainly in the

USA, and breeders started introducing disease resistant

cultivars, which dominated the US market in the 1920s

and 1930s (Bai and Lindhout 2007). Subsequently,

the formation of private companies favored the shift

from open pollinated cultivars to hybrids, and the first

hybrid tomato cultivar “Single Cross” was released

in 1946 (Dorst 1946). Eventually, hybrids cultivars

ended up dominating the fresh market, as well as an

increasing quote of cultivars used for processingmarket.

Tomato breeding priorities have changed over the

years. Until 1950s, cultivars have been developed that

assembled several traits useful for both the processing

industries and the fresh market. Afterwards, fresh

market and processing cultivars started to be reason-

ably different. In the 1970s the main breeding goal was

to increase yield, while in the 1980s the improvement

of fruit shelf-life became a priority. Currently, senso-

rial and nutritional quality has become an important

consumer demand (Bai and Lindhout 2007).

Closely related wild species within Solanum sect.

Lycopersicon started to be used in tomato breeding

programs in the early 1940s, when they began to be

screened for additional disease resistances (Alexander

et al 1942). Before that time, breeders had relied

entirely on genetic variation in the European sources

and their derivatives. This explains the difficulties
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breeders experienced in achieving most of their breed-

ing objectives, in terms of improved yield, disease

resistance, and other important traits (Rick 1988). As

a result tomato improvement has been very slow, with

very retarded gain in fruit yields until about 1940,

when Bohn and Tucker discovered a strong resistance

to Fusarium wilt in S. pimpinellifolium. Eventually,
wild species began to play a significant role in tomato

research and breeding. Despite the various difficulties

often associated with the use of unadapted germplasm,

numerous attributes were transferred from wild spe-

cies to commercial cultivars, in particular resistance to

pathogens, but also tolerance to abiotic stresses, and

fruit quality-related traits (Stevens and Rick 1986;

Kalloo 1991; Rick and Chetelat 1995; Tanksley and

McCouch 1997; Zamir 2001; Bai and Lindhout 2007;

Labate et al. 2007; Osborn et al. 2007). However, the

potential of wild species in terms of source of valuable

alleles for the improvement of cultivated germplasm is

far from being fully exploited. During the past two

decades, the advent of molecular markers technology

has opened new opportunities for a more efficient use

of wild germplasm. Molecular mapping studies have

demonstrated that favorable alleles in wild relatives

can remain cryptic until expressed in an improved

background. These results have favored the develop-

ment of new concepts and approaches aimed at a more

efficient use of the genetic variation stored in wild

germplasm (Tanksley and Nelson 1996; Tanksley

et al. 1996; Tanksley and McCouch 2007; Zamir

2001; McCouch 2004; Lippman et al. 1997; Grandillo

et al. 2008).

In this section, we will give an overview of the

status of wild tomato species as a source of useful

traits for the improvement of cultivated tomato and

the main achievements reached in tomato breeding

using genes derived from wild species. Moreover,

strategies and tools that can facilitate studies on the

genetic control of novel traits derived from wild spe-

cies, the understanding of mechanisms underlying

these traits, and their use for tomato improvement

will also be discussed.

9.7.2.1 Disease Resistance

Tomato is susceptible to over 200 diseases caused by

all types of pathogens, including viruses, bacteria,

fungi, and nematodes (Lukyanenko 1991). Since

the chemical control of these diseases is often too

expensive for growers and in some cases ineffective,

the development of resistant cultivars has always been

a major breeding objective. Except for a few cases

(Table 9.6; e.g., Lukyanenko 1991; Foolad and

Sharma 2005; Ji and Scott 2007; Labate et al. 2007;

Robertson and Labate 2007), all resistance genes

have been derived from tomato wild relatives, with

S. chilense, S. peruvianum s.l., S. habrochaites, and

S. pimpinellifolium being the richest sources. Overall,

resistances to over 42 major diseases have been dis-

covered in tomato wild relatives, and at least 20 of

them have been bred into tomato cultivars (Rick and

Chetelat 1995; Ji and Scott 2007; Robertson and

Labate 2007). For example, most commercial tomato

hybrids carry different combinations of 15 indepen-

dently introgressed disease-resistance genes originat-

ing from various wild accessions (Laterrot 2000;

Zamir 2001; Foolad and Sharma 2005). Generally,

they are major resistance genes for diseases such as

root-knot nematode, fusarium wilt, verticillium wilt,

alternaria stem canker, gray leaf spot, and some bacte-

rial and viral disease (Laterrot 2000; Foolad and

Sharma 2005; Ji and Scott 2007; Scott and Gardner

2007). However, in some cases (e.g., for diseases such

as early blight, powdery mildew, bacterial canker, and

bacterial wilt) horizontal resistance has been trans-

ferred since major genes for resistance were not avail-

able (Foolad and Sharma 2005). There is no doubt

that, so far, the achievements in this area represent

the greatest economic contribution of the wild species

for the improvement of cultivated tomato germplasm.

Many of these resistance genes have been trans-

ferred into tomato cultivars or breeding lines through

conventional breeding (see Table 3.2 in Ji and Scott

2007). One of the first examples was the exploitation

of C. fulvum resistance from S. pimpinellifolium in

1934 (Walter 1967). During the last two decades, the

use of molecular markers and MAS approaches have

facilitated identification, mapping, and transfer of

many disease resistance genes and QTLs in tomato

(see Sect. 9.6.4) (Foolad and Sharma 2005; Labate

et al. 2007). Currently, molecular markers are rou-

tinely employed in breeding programs by many seed

companies in order to reduce cost and screening time

mostly for transferring genes controlling vertical

(race-specific) resistance to tomato diseases including

bacterial speck, corky toot, fusarium wilt, LB, nema-

todes, powdery mildew, tobacco/tomato mosaic virus,
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tomato spotted wilt virus, tomato yellow leaf curl

virus, and verticillium wilt (Foolad and Sharma

2005; Labate et al. 2007). Although in most tomato

seed companies MAS is not yet employed as a routine

approach for manipulating QTLs it has, however, been

used to improve quantitative resistance to bacterial

canker, bacterial wilt, and TYLCV (Foolad and

Sharma 2005). More limited is the application of

MAS in public tomato breeding programs; a few

examples are given by its use to improve horizontal

resistances to blackmold (Robert et al. 2001) and LB

(Brouwer and St. Clair 2004) (reviewed by Foolad and

Sharma 2005; see also Sect. 9.6).

MAS may not only accelerate the procedure of

gene transfer, but, through it, the pyramiding of desir-

able genes and QTLs for different traits can be also

simpler and more effective (Barone and Frusciante

2007). However, many disease resistance genes are

clustered in the genome. Therefore, the transfer of

multiple resistance genes into single varieties might

have to overcome difficulties associated with unfavor-

able repulsion linkages between clustered resistance

loci and unforeseen actions of the resistance genes

themselves. In this respect, the use of molecular

markers will be a valuable tool for identifying rare

recombinants that can be evaluated for improved per-

formance. A solution could be to combine favorable

alleles of the target loci in coupling phase linkage; an

approach that was applied for the Mi-1 and Ty-1 resis-

tance genes located near the centromere of tomato

chromosome 6, a region where several other important

resistance genes cluster (Hoogstraten and Braun

2005).

Further progress is to be expected in this field in

light of the numerous new genetic, genomic, and bio-

informatic tools that are becoming available for

tomato and other species (Mueller et al. 2009; Sanse-

verino et al. 2010; see also Sect. 9.8).

9.7.2.2 Insect Resistance

The cultivated tomato is susceptible to a wide array of

arthropod pests, some of which can cause severe losses

(Farrar and Kennedy 1991; Kennedy 2003). Wild

tomato species represent a rich reservoir of resistances

to most important insects in tomatoes (Farrar and

Kennedy 1991; Kennedy 2007). In particular, S. hab-

rochaites is the most significant source of arthropod

resistances, carrying resistance to at least 18 pest

species (Ji and Scott 2007), followed by S. pennellii
which shows resistance to at least nine insect species,

with one accession, LA0716, being resistant to eight of

these pests (Muigai et al. 2003). In addition, some

insect resistance has also been found in S. lycopersicum

“cerasiforme,” S. pimpinellifolium, S. cheesmaniae,
S. chmielewskii, S. peruvianum., S. corneliomulleri,

S. arcanum, and S. chilense (Farrar and Kennedy

1991).

As described in Sects. 9.6.4.5 and 9.6.4.9, several

mechanisms can be responsible for tomato resistance

to arthropods, including physical and chemical proper-

ties of glandular trichomes, and chemical defenses

associated with the leaf lamella (Farrar and Kennedy

1991). More specifically, methyl-chetones, such as 2-

TD, and sesquiterpenes have been found to be asso-

ciated with pest resistance in S. habrochaites, whereas

in many S. pennellii accessions high level of resistance
to numerous insects, including aphids, whiteflies,

tomato fruitworm, beet armyworm, and the agromyzid

leafminer is correlated with high density of type IV

glandular trichomes and with the presence of high

levels of toxic acylsugars in their exudates (references

in Labate et al. 2007). QTLs underlying some of these

traits have been identified (see Sects. 9.6.4.5 and

9.6.4.9).

Despite the rich source of natural resistance avail-

able, partly due to the mobile nature of the organisms

involved, breeding for insect-resistance has been

more complicated than breeding for disease resis-

tance. As a result, only a few insect-resistant cultivars

have been developed so far, and hence advanced

molecular-based approaches are foreseen as the

tools that might change this trend, although it might

be advisable to apply them after having used a com-

bination of breeding and biochemical methods

(Mutschler 2006).

9.7.2.3 Abiotic Stress Tolerance

Several environmental stresses, including salinity,

drought, excessive moisture, extreme temperature,

mineral toxicity, and deficiency as well as pollution

can challenge tomato crop, reducing its growth and

production. The development of cultivars tolerant to

various abiotic stresses is a goal of great economic

importance and has been a major practice in tomato
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breeding (Kalloo 1991; Foolad 2005). Tomato wild

relatives represent a rich source of genetic diversity

that can be used to improve abiotic stress tolerance of

cultivated tomato germplasm. Predicting tolerance to

abiotic stresses from observations of habitats of wild

species, as proposed by Rick (1973), allowed to iden-

tify some useful sources for these traits. For instance,

the arid habitats of S. pennellii and S. sitiens have led

the detection of drought tolerance, while the high

altitude accessions of S. habrochaites have been

shown to possess resistance to cold temperatures.

Resistance or tolerance to numerous adverse environ-

mental conditions have been transferred in cultivated

tomato including cold, heat, drought, excessive mois-

ture conditions, as well as soil salinity and alkalinity

(Kalloo 1991). A number of stress tolerant wild spe-

cies stocks are maintained at TGRC that have been

used in breeding programs (Robertson and Labate

2007; http//tgrc.ucdavis.edu/). However, traditional

breeding for abiotic stress tolerance has been generally

unsatisfactory mainly due to the very complex nature

of such traits, except for heat tolerance (Scott et al.

1995).

As described in Sect. 9.6.4, extensive research has

been conducted for identifying wild QTL alleles

potentially involved in tolerances to different abiotic

stresses, and considerable efforts have been invested

in mapping research for tomato ST also at the repro-

ductive stage. Several QTLs for drought related traits

during important growth stages have been identified

from S. pimpinellifolium and S. pennellii, while

S. habrochaites has been the source for cold tolerance

alleles (Foolad 2005). Moreover, recent QTL mapping

studies have provided evidence that in order to be able

to fully exploit the genetic potential of wild germ-

plasm for the improvement of tomato crop producti-

vity under salinity alternative approaches might be

necessary. For instance, a more effcient utilization

of wild germplasm could be via the improvement of

rootstocks that confer ST, instead of introgression of

beneficial QTL alleles into the genome of the culti-

vated tomato (Estañ et al. 2009).

In order to improve the effectiveness of these

molecular tools, reliable QTLs at all stages of plant

development should be identified, which can then be

used to enable powerful MAS. In addition, new meth-

odologies that integrate molecular, physiological, and

phenotypic data should be explored in order to facili-

tate the pyramiding of QTLs.

9.7.2.4 Fruit Quality

Breeding objectives for fruit quality vary depending

on whether the product is used fresh or processed, and

whether we consider the producers’, distributors’, or

consumers’ needs. Quality traits important for proces-

sing tomato include the content of total soluble solids

(SSC or brix; mainly sugars and acids), pH, and paste

viscosity; shelf-life and firmness are priorities for dis-

tributors and retailers; while nutritional (e.g., antiox-

idants and vitamins) and sensorial quality play a major

role in driving consumers’ choices (Causse et al. 2001;

Sinesio et al. 2010). Tomato sensorial quality for fresh

consumption is a complex character as it relates to

visual appearance (size, shape, and color), texture

(firmness, mealiness, juiciness), and flavor attributes.

The typical flavor of tomato fruit depends on a com-

plex mixture of sugars, acids, amino acids, minerals,

and volatile compounds (Baldwin et al. 1991).

Within wild species of tomato, there is a wealth of

genetic variability also for fruit quality characters

(Sect. 9.6.4; e.g., Stevens and Rick 1986; Rick and

Chetelat 1995; Labate et al. 2007; Grandillo et al.

2008). For some of these traits, the value of the wild

accession as a source of useful alleles can be assessed

on a mere phenotypic basis (e.g., brix, nutritional

quality, and in a few cases fruit color), whereas for

other traits, such as fruit size, shape, and color, the

breeding value depends on cryptic genetic variation

that can become manifest once introgressed into

cultivated genetic backgrounds, and that can be loca-

lized by means of molecular mapping approaches

(Tanksley and McCouch 1997; Grandillo et al.

1999a; Zamir 2001; Lippman et al. 2007; Grandillo

et al. 2008).

Among others, SSC of tomato fruit is a major

concern in both fresh and processed market tomato

production (Stevens 1986). This explains why much

effort has been invested in trying to improve this

quality trait. The SSC of commercial hybrid cultivars

generally ranges from 4.5 to 6.0% of the fruit fresh

weight, whilst the percentage of some tomato wild

species can be much higher (Stevens 1972; Rick

1974; Hewitt and Garvey 1987). For example, S. pim-

pinellifolium and S. chmielewskii showed high con-

centrations (9–15%) of total soluble solids (Rick

1974; Hewitt and Garvey 1987). Generally, the efforts

to breed for higher fruit solids have not been very

successful because of the negative correlation between
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yield and SSC. However, Rick (1974) by introgressing

S. chmielewskii genes into a cultivated tomato variety,

developed lines with approximately 40% greater total

soluble solids, without any major penalty on yield.

The wild relatives of tomato are also sources of alleles

that affect other components of flavor, such as the con-

centration of specific sugars and organic acids (Fulton

et al. 2002a) as well as the accumulation of nutritional

compounds, such as lycopene, b-carotene, and ascorbic

acid (see Sect. 9.6.4). For example, while fruit of S. lyco-
persicum accumulates primarily reducing sugars (glucose

and fructose) and very little sucrose, fruit of S. chmie-

lewskii, S. habrochaites, and of other green-fruited wild

species accumulate high amounts of sucrose, due to the

action of the recessive sucrose accumulator gene (sucr)

(Davies 1966; Yelle et al. 1988; Chetelat et al. 1995a, b).

The fructose-to-glucose ratio in the mature tomato fruit

was found to be modulated by a major gene (Fgr)

on chromosome 4,which does not affect total sugar levels

(Levin et al. 2000); the incompletely dominant S. habro-

chaites (LA1777) allele at this locus increases the fruc-

tose-to-glucose ratio. Firmness of most cultivars has

been improved using a S. pimpinellifolium background

introgressed in the 1940s (Scott 1984).

The red color and the antioxidant activity of tomato

fruit is principally determined by their carotenoid pig-

ments content. An important gene that was introduced

from several wild tomato species is Beta (B); the wild
allele increases the level of provitamin A (b-carotene)
in the fruit by more than 15-fold (as reviewed by

Labate et al. 2007). Breakage of the linkage between

B and sp + (the gene for indeterminate growth habit),

both located on chromosome 6, allowed the use of B

for commercial production (Stommel et al. 2005a, b).

Another important nutrient of tomato fruit is vitamin

C. There is wide range of variation in vitamin C level

among tomato and wild tomato species; the concentra-

tion may range from 8 to 119 mg per 100 g. Wild

tomato accessions are rich in ascorbic acid, a quality

that has been lost in many commercial varieties, which

contain up to five times less ascorbic acid, although

small-fruited varieties are richer in this vitamin than

are standard varieties (Stevens 1986). Cultivars with

high level of vitamin C have been developed from

a cross with S. peruvianum s.l., but with little commer-

cial success at that time (Stevens and Rick 1986).

Today, new efforts to explore wild species to

obtain new cultivars with high sensorial quality and

nutritional value are underway. For example, recent

studies have shown that IL libraries, derived from

interspecific crosses, provide a very efficient tool

to access wide genetic variation also in composi-

tional changes in the fruit, including aroma volatiles

(Rousseaux et al. 2005; Tieman et al. 2006; Schauer

et al. 2006, 2008; Stevens et al. 2007, 2008; Mathieu

et al. 2009; see also Sect. 9.6). To accomplish

improvement for these traits, breeding will require

clear parameters and efficient methods of analysis. In

the future, higher attempts in developing multidisci-

plinary programs in this research fields are expected.

9.7.2.5 Yield

Improved yield and yield stability has long been

recognized as an important objective in plant breed-

ing. The continuous growth of world population, com-

bined with improvements in quality of life and with

the on-going reduction of land available for farming,

has created an urgent need for greater production of

vegetables. There is no doubt that the replacement of

inbred varieties with hybrid varieties have signifi-

cantly contributed to the total genetic gains achieved

in yield during the past decades. However, it is diffi-

cult to determine which traits, besides yield per se, are

responsible for increased crop yields, since adaptive

and defensive characters may play a major role in

determining the higher yields of modern varieties

(Tanksley et al. 1997a, b; Grandillo et al. 1999b).

Recent studies conducted in tomato have high-

lighted the potential of wild germplasm to affect

yield stability in diverse environments, and to be

able to lift yield barriers (Gur and Zamir 2004). The

authors demonstrated that an exotic library derived

from a wild tomato species, with no yield potential,

can segregate for a wide array of previously unex-

plored genetic variation, which is rapidly available to

plant breeders for the improvement of crop produc-

tivity. More specifically, progress in breeding for

increased tomato yield was evaluated using S. lyco-

persicum genotypes carrying a pyramid of three

independent yield-promoting genomic regions intro-

gressed from the drought-tolerant green-fruited wild

species S. pennellii (LA0716). Yield of hybrids

obtained by crossing the pyramided genotypes was

more than 50% higher than that of a control market

leader variety under both wet and dry field conditions

that received 10% of the irrigation water. Moreover,
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the wild introgressions were effective in different

cultivated genetic backgrounds, indicating that the

cultivated tomato gene pool was missing alleles simi-

lar to those of the wild species (Gur and Zamir 2004).

The approach of MAS pyramiding beneficial wild

species chromosome segments into elite genetic back-

grounds provides a new paradigm to revitalize plant

breeding (Tanksley and McCouch 1997; Zamir 2001;

Morgante and Salamini 2003; Koornneef et al. 2004;

Lippman et al. 2007).

The results obtained by Gur and Zamir (2004) using

the S. pennellii ILs established also a genetic infra-

structure to explore the genetic and molecular basis

underlying yield heterosis (Semel et al. 2006). This

phenomenon has been studied for almost 100 years,

and the cumulated research suggests that the genetic

basis of hybrid vigor is determined by non-mutually

exclusive mechanisms that include dominance com-

plementation, overdominance, and epistasis (Lippman

and Zamir 2007; Springer and Stupar 2007). However,

the principles that govern heterosis and their molecu-

lar basis are still poorly understood. The use of the S.
pennellii ILs allowed to partition heterosis into defined

genomic regions, and, by eliminating a major part of

the genome-wide epistasis, it was possible to estimate

the importance of loci with overdominant (ODO)

effects (Semel et al. 2006). It was shown that classical

tomato heterosis is driven predominantly by overdom-

inant QTLs associated with reproductive traits.

Recently, Krieger et al. (2010) provided the first exam-

ple of a single ODO gene for yield. The authors

demonstrated that heterozygosity for tomato loss-of-

function alleles of SINGLE FLOWER TRUSS (SFT),

which is the genetic originator of the flowering hor-

mone florigen, increases yield by up to 60%. Notably,

the effect matched an ODO QTL from the S. pennellii

LA0716 IL population (Semel et al. 2006). With the

coming sequence of the tomato genome it will be

easier to isolate those factors that are responsible for

the strong ODO effects, and the derived knowledge

will surely support further progress in crop breeding.

9.8 Genetic and Genomics Resources

Tomato has long served as a model system for genetic

studies in plants, partly due to its importance as a food

crop, but also because it has a series of advantageous

characteristics including diploid inheritance, self-

pollinating nature, ease of seed and clonal propaga-

tion, efficient sexual hybridization, easy crossability

with most of the wild species, and a relatively short

generation time. Tomato is also an excellent species

for cytogenetic research, as its 12 chromosomes can be

readily identified through analysis of pachytene kar-

yotype, synaptonemal complexes, and chromosome or

chromosome arm-specific DNA sequences. Finally,

from the perspective of genetic and molecular inves-

tigations tomato has the additional advantages of

a relatively small genome size among crop species

(ca. 950Mb) (Arumuganathan and Earle 1991). Exten-

sive genetic and genomic tools have been developed in

the domesticated tomato (see also reviews by Barone

et al. 2008; Moyle 2008). Many of these tools should

easily be exportable to tomato wild relatives due to the

close relationship between the tomato and the related

wild taxa as well as to the ample use of interspecific

crosses with the cultigen.

Genetic and genomic resources currently available

in tomato include thousands of molecular markers

appropriate for use in domesticated and wild species,

various molecular linkage maps (see Table 9.5),

numerous DNA libraries, including BAC libraries

and an advanced physical map, multiple permanent

mapping populations, tomato wild species (see also

Table 9.4), mutant collections, and Targeting Induced

Local Lesions IN Genomes (TILLING) populations.

Moreover, well-established genetic transformation

protocols, gene-silenced tomato lines, and VIGS

libraries (for transient silencing) have been developed,

while EST collections are being actively produced

worldwide permitting the design of different microar-

ray platforms of which public results are also avail-

able. An ongoing genome sequencing initiative is

providing insights into the genome structure of tomato

with the purpose of generating a reference genome for

the family Solanaceae and the Euasterid clade (APG

2009) more broadly. Websites distributed worldwide

are providing information about resources for tomato

and many of the other members of this plant family,

as well as methodologies and bioinformatics tools

(Mueller et al. 2005b; Labate et al. 2007). The SOL

Genomics Network (SGN) organizes a comprehensive

web-based genomics information resource designed to

disseminate information for the Solanaceae family and
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the related families in the Asterid clade (Mueller et al.

2005a, b; http://solgenomics.net/). Besides providing

reference information strictly concerning the genome

sequencing, such as BAC registry, project statistics,

sequence repository, and viewers for the annotated

sequence, SGN catalogs and maintains genetic maps

and markers of the Solanaceae species (Mueller et al.

2005b). Additionally, it provides links to related sites

of interest representing therefore the reference site for

the tomato community.

Other web-based resources available for tomato

include the TGRC, founded by Charles M. Rick, the

central gene bank for wild relatives, and tomato mutant

stocks (http://tgrc.ucdavis.edu); the Germplasm

Resources Information Network (GRIN), providing

germplasm information (http://www.ars-grin.gov/);

the tomato core collection from the EU-SOL initiative

https://www.eu-sol.wur.nl/, composed of ~7,000 dom-

esticated (S. lycopersicum) lines, along with represen-

tative wild species, provided by different international

sources and from private collections. Tools such as the

Tomato Analyzer, a stand-alone piece of software,

which performs semi-automated phenotyping of fruit

shape (http://www.oardc.ohio-state.edu/vanderknaap/

tomato_analyzer.htm), are also available and are flour-

ishing worldwide. Links to these efforts are and will

continue to be provided at SGN.

An international consortium of ten countries is

sequencing the tomato genome as the cornerstone of

the “International Solanaceae Genome Project (SOL):

Systems Approach to Diversity and Adaptation” ini-

tiative (http://solgenomics.net/solanaceae-project/).

The preliminary effort is to produce a high-quality

tomato genome sequence starting from the approxi-

mately 220 Mb of estimated gene-dense euchromatin

(corresponding to less than 25% of the total DNA)

(Peterson et al. 1996). Towards this objective, a BAC-

by-BAC strategy has been pursued (Mueller et al.

2009), though a whole-genome shotgun approachhas

also been undertaken to support the coverage of the

entire genome. Currently (July 2010), more than 1,000

BACs are available. Moreover, the first draft of the

whole genome sequencing of S. lycopersicum cv.

“Heinz” is today available at http://solgenomics.net/

genomes/Solanum_lycopersicum/. The research groups

of D. Ware, W. R. McCombie, and Z. B. Lippman at

Cold Spring Harbor Laboratory have released a draft

genome sequence of S. pimpinellifolium LA1589

(http://solgenomics.net/genomes/Solanum_pimpinel-

lifolium/). This draft sequence provides a relevant

added resource of genomic data useful for biological

discovery of the processes of plant domestication and

evolution, as well as for a better exploitation of the

breeding potential of this wild species.

Genome sequences are being released to the

GenBank repository (http://www.ncbi.nlm.nih.gov)

and are made available at the SGN website (http://

solgenomics.net/) as well. The international Tomato

Annotation Group (iTAG), a collaborative effort

involving several groups from Europe, USA, and

Asia, is taking care of the sequence annotation, to

provide a high quality, information-enriched, tomato

genome.

While waiting for the publication of the annotated

tomato genome, preliminary data concerning the avai-

lable contigs of BACs are made available on the SGN

website (http://solgenomics.net/) as well as on cross-

linked resources such as ISOLA (http://biosrv.cab.

unina.it/isola; Chiusano et al. 2008). Additionally,

a number of chromosome specific curated information

resources, as well as web-based tools, have been

developed in order to allow researchers to access

and exploit the emerging genome sequence as it is

released by the different participants in the sequencing

project (Mueller et al. 2009).

The organization of tomato and other Solanaceae

transcript sequence collections is a prerequisite to

provide a reliable annotation of the tomato genome

consistently supported by experimental evidence.

Moreover, this information is relevant for investiga-

tion on expression profiles and provides a reference

for microarray chip design. Therefore, the genome

sequencing initiative has further encouraged the pro-

duction of EST collections worldwide.

As reference examples, SGN organizes and distri-

butes ESTs sequenced from cDNA libraries from

S. lycopersicum, S. pennellii, S. habrochaites, as well
as the corresponding assembled consensus sequences;

the Tomato Stress EST Database (TSED) contains

ESTs from more than ten stress-treated subtractive

cDNA libraries from S. lycopersicum; the Micro-

Tom Database (MiBASE) (Yano et al. 2006) distri-

butes unigenes obtained by assembling ESTs from

full-length cDNA libraries of S. lycopersicum cv.
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“Micro-Tom” and ESTs from other tomato lines;

and TomatEST included in SolEST (D’Agostino

et al. 2007, 2009) which is a secondary database

of EST/cDNA sequences, currently containing 112

libraries from all the tomato species available at

dbEST, the NCBI repository of public collections.

Other EST databases available for tomato and related

species include DFC http://compbio.dfci.harvard.

edu/tgi/plant.html and PLANT GDB http://www.

plantgdb.org/.

Moreover, several microarray platforms based on

the extensive EST collections available in tomato are

now available for transcriptional profiling (Barone

et al. 2009): Tom1, a cDNA-based microarray con-

taining probes for approximately 8,000 independent

genes; Tom2, a long oligonucleotide-based microarray

containing probes for approximately 11,000 indepen-

dent genes (http://ted.bti.cornell.edu/; SOL project,

http://www.eu-sol.net); and an Affymetrix Genechip,

which contains probe sets for approximately 9,000

independent genes (http://www.affymetrix.com/pro-

ducts/arrays/specific/tomato.affxspecific/tomato.affx).

Results from the different platforms are available

from a variety of specific websites such as the Tomato

Expression Database (TED) which is a primary data-

base for tomato microarray data (Fei et al. 2006; http://

ted.bti.cornell.edu).

Well-established molecular genetic tools are also

available for tomato functional analyses. To date,

1,000 monogenic mutant stocks in a variety of genetic

backgrounds are publicly available at the TGRC

(http://tgrc.ucdavis.edu); seeds from an isogenic

tomato “mutation library” consisting of 6,000 EMS-

induced and 7,000 fast neutron-induced mutant lines

are publicly available for gene function research

(Menda et al. 2004; http://zamir.sgn.cornell.edu/

mutants/). Insertional mutagenesis systems exploiting

exogenous transposon systems have also been

described in tomato (reviewed by Barone et al.

2008). Platforms based on TILLING (McCallum

et al. 2000) are also under development for tomato in

several countries, including the USA, France, Italy,

and India, and the EU-SOL project (http://www.

eu-sol.net) is coordinating the Franco-Italian effort.

Gene silencing approaches have also been widely

used as a tool for functional genomics research in

tomato. These include early systems of sense and

antisense silencing, as well as the more recent tech-

nologies of RNA interference (RNAi) and VIGS.

9.9 Conclusions and Future Actions

In this review, we have looked into the plant group

Solanum sect. Lycopersicon (the clade containing the

domesticated tomato and its 12 wild relatives) and

the four allied species in the immediate outgroups

Solanum sect. Lycopersicoides (S. lycopersicoides

and S. sitiens) and sect. Juglandifolia (S. ochranthum

and S. juglandifolium), belonging to the large and

diverse family Solanaceae. We have summari-

zed the geographic distribution and morphological

characters of these plant groups, describing their

evolutionary relationships in the context of a new

taxonomic revision at the species level (Peralta

et al. 2008). We have shown that cultivated tomato,

like many other crops, has a very narrow genetic

basis that has limited the breeding potential of this

crop for many years. In contrast, wild species are

characterized by a wide range of genetic variation,

which represents a rich reservoir of valuable alleles

that could be used to address present and future

breeding challenges. Over the past 60 years, tomato

breeders have been at the forefront of establishing

new principles for crop breeding based on the use of

wild species to improve modern cultivars (Powers

1941; Rick 1974). Although, the most remarkable

achievements have been reached in the area of dis-

ease resistances, yet exotic germplasm has also been

used as a source of useful genes to improve other

important traits. The numerous molecular mapping

studies conducted using interspecific crosses have

clearly demonstrated that the breeding value of

exotic germplasm goes much beyond its phenotype.

However, in spite of these successful results, it has to

be acknowledged that we are still far from having

been able to fully exploit the breeding potential of the

thousands of accessions stored in seed banks around

the world, and that can still be found in natural

habitats (Tanksley and McCouch 1997). We need to

capitalize on the acquired knowledge and on the

evergrowing genetic and “-omics” resources that are

becoming available for tomato, to keep developing

new concepts and breeding strategies suitable for

a more efficient use of the wealth of genetic variation

stored in the wild relatives. In this respect, among all

model systems, the wild and domesticated species of

the tomato clade have pioneered novel population

development, such as “exotic libraries” (Zamir
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2001; Lippman et al. 2007). The last 15 years of

research conducted on the S. pennellii LA0716 ILs

(the founding population) using cutting edge pheno-

typing platforms has demonstrated the value of such

a resource in fundamental biology, and for exploring

and utilizing the hidden breeding potential of wild

species for practical use in agriculture.

These results have encouraged the tomato research

community to invest in the development of IL popula-

tions, or related pre-breds, such as BILs, for a number

of other tomato wild species including S. habro-

chaites, S. arcanum, S. pimpinellifolium, S. lycopersi-

coides, S. neorickii, S. chmielewskii, and S. chilense
(see Sect. 9.6.4). Recently, in order to enhance the

rate of introgression breeding in tomato, in the frame-

work of a currently running EU project (EU-SOL),

“exotic libraries” of tomato from a diverse selection

of accessions are being further refined and anchored

to a common set of COSII markers (Tripodi et al.

2009; https://www.eu-sol.wur.nl/).

These genetic resources, combined with advances

in other fields such as cytogenetics and tissue culture,

along with the increasing knowledge deriving from

bioinformatics and the many “omics” tools, including

the tomato genome sequence (http://sgn.cornell.edu/

solanaceae-project), are expected to further improve

the efficiency with which wild tomato relatives will

contribute to the improvement of this important crop.

At the end, breeders will be able to select the best

combinations of alleles and to design programs to

combine traits in new, superior genotypes following

the “breeding by design” concept (Peleman and Van

der Voort 2003).

Given the unquestionable value of wild tomato

germplasm there is the need to preserve this precious

resource for future generations. Therefore, conserva-

tion initiatives have to be taken not only for the excel-

lent ex situ collections available worldwide, but also to

preserve populations in situ. The appropriate authori-

ties in national governments of the countries of origin

– mainly Ecuador, Peru, and Chile – should be helped

to take steps to protect their native tomatoes and their

habitats from further catastrophic loss. International

organizations, such as the CGIAR, are urged to get

involved to initiate and/or support such conservation

efforts. Without action, the wealth of wild germplasm

in the tomato relatives may not be available to future

generations.
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Estañ MT, Villalta I, Boları́n MC, Carbonell EA, Asins MJ

(2009) Identification of fruit yield loci controlling the salt

tolerance conferred by Solanum rootstocks. Theor Appl

Genet 118:305–312

Farrar RR, Kennedy GG (1991) Insect and mite resistance in

tomato. In: Kalloo G (ed) Genetic improvement of tomato of

monographs on theoretical and applied genetics, vol 14.

Springer, Berlin, Germany, pp 122–141
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Chapter 10

Momordica

T.K. Behera, K. Joseph John, L.K. Bharathi, and R. Karuppaiyan

10.1 Introduction

The genus name Momordica derives from the Latin

word “mordeo” (means to bite) in allusion to the

jagged seeds as bitten; ironically species such as

Momordica balsamina L. do not follow this generic

character. Generic and species descriptions (along

with keys in some cases) are found in various mono-

graphic and floristic treatises (Willdenow 1805;

Blume 1826; Seringe 1828; Wight and Walker-Arnott

1841; Thwaites 1864; Hooker 1871; Clarke 1879;

Keraudren-Aymonin 1975; Jeffrey 1980). It got a pro-

minent mention in van Rheede’s Hortus Malabaricus

(1678; Vol. 8), the oldest regional flora for any part

of the world with descriptions and plates. Many of

the provincial (regional) flora also provide a small

description of variousMomordica species.Momordica

charantia L. (commonly known as bitter gourd, karela

or balsam pear or bitter melon) is the most widely

cultivated species of Momordica. It is grown in India,

Sri Lanka, Philippines, Thailand, Malaysia, China,

Japan, Australia, tropical Africa, South America, and

the Caribbean. Bitter gourd is consumed regularly as

part of several Asian cuisines and has been used for

centuries in ancient traditional Indian, Chinese, and

African pharmacopoeia. It is a common cucurbit in

the wild flora of Africa, occurring almost throughout

tropical Africa and occasionally collected from the

wild as a vegetable or medicinal plant. Other species,

apart from their importance as wild relatives of bitter

gourd, have direct utility as nutritious vegetables and

multipurpose medicinal plants. Species of Momordica

have been in use in indigenous medical systems in

various countries in Asia and Africa. In India, all the

Momordica species are being grown in wild and/or

cultivated forms. Their cultivation is restricted to

specialized geographical pockets in different agrogeo-

graphical regions mainly by tribals and poor farming

communities. The wild species offer great resources

for breeding of cultivated bitter gourd for desirable

edible/qualitative traits (such as non-bitterness), toler-

ance to abiotic stresses (e.g., tolerance to drought), and

resistance to several insect pests. Besides their use in

improvement of bitter gourd, they have great potential

to be exploited as alternative crops.

10.2 Basic Botany of the Species

10.2.1 Taxonomy

Momordica belongs to the tribe Joliffieae, family

Cucurbitaceae (Jeffrey 1980) and is native to the

Paleotropics (Robinson and Decker-Walters 1997).

No comprehensive monographs covering its taxonomy

and nomenclature are known to exist. Botanists have

described over 150 species ofMomordica. Taxonomic

confusion exists because of the widespread use of com-

mon names. Schafer (2005) considers the genusMomor-
dica to comprise 47 species including eight Asian

species, which are all dioecious, and 39 African species

of which 20 are dioecious and 19 monoecious. Accord-

ing to de Wilde and Duyfjes (2002), 10 species

are reported in Southeast Asia, of which six occur in

Malaysia and India (Fig. 10.1), where M. balsamina L.,
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M. charantia L.,M. subangulata Blume (ssp. renigera
(G. Don) W. J. de Wilde), and M. cochinchinensis

(Lour.) Spreng. are common. A few species have

been described recently (Thulin 1991; de Wilde

and Duyfjes 2002; Jongkind 2002; Joseph John and

Antony 2007), and some of the species described by

earlier workers were subsequently relegated to sub-

specific status or as synonyms. As evident, there is

no clarity and consensus on the interspecific taxonomy

of the genus, and the botanical names and common

names are often used incorrectly or interchangeably

(Joseph John et al. 2007).

10.2.2 Morphology

The botanical description of differentMomordica spp.

is not systematic and scanty information is available in

the literature. The information related to morphologi-

cal features and distribution of a few important

Momordica spp. is described below.

2.1.1. M. angustisepala Harms: A large forest clim-

ber occurs in Ghana, South Nigeria and Camaroun.

The plant is cultivated in Ghana for its stem, which

is used for washing sponge.

2.1.2.M. anigosanthaHook. f.: A perennial dioecious

sparingly hairy climber with pedately five foliate leaves

and male flowers in pseudopanicles. Petals are creamish

white to apricot orange, the lowermost largest with a

horseshoe shaped marking on the claw (male flower).

Fruits fleshy 4.5–6.5 � 1.6–3.8 cm, fusiform, beaked

bright red ornamented with fleshy tubercles in eight lon-

gitudinal rows. It is distributed in tropical Africa.

2.1.3.M. balsamina L.: An annual, monoecious her-

baceous climber with small lobed leaves and ovoid

ellipsoid softly warted fleshy fruits. It is essentially an

African species with distribution extending to western

India through West Asia. Endowed with medicinal

properties, it is a wild gathered vegetable (leaves and

tender fruits) and has the potential as an ornamental.

2.1.4. M. boivinii Baill.: A monoecious perennial

with a tuberous root and annual herbaceous stem.

Flowers orange, fruits fleshy, elongated, fusiform

cylindrical 2.3–10 � 0.4–0.9 cm longitudinally

angled or ribbed. The plant is used as camel fodder,

and roots are used in folk medicine. Distributed in

Kenya, Tanganyika, and Uganda.

Fig. 10.1 Six different species of Momordica
of Indian occurrence. (a) M. balsamina,
(b) M. charantia, (c) M. cochinchinensis,
(d) M. dioica, (e) M. sahyadrica and

(f) M. subangulata ssp renigera
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2.1.5. M. calantha Gilg: A monoecious perennial

climber with tuberous rootstocks and herbaceous stem.

Leaf broadly ovate, triangular in outline. Male flowers

in umbels; corolla white or tinged pale orange with

black centre. Fruits shortly stalked, fleshy, velvety

reflexed strap-shaped receptacle lobes. The fruits are

used as a vegetable, animal feed, folk medicine, and

the plant is used for soil conservation. Distributed in

Kenya, Tanganyika, and Uganda.

2.1.6. M. cardiospermoides Klotzsch: A monoe-

cious glabrous perennial climber with tuberous root-

stock and annual stems. Leaves two ternately

compound. Male flowers solitary, flowers 5 cm in

diameter, yellow with a purple eye. Fruit ovoid–oblong,

acute 10 cm long, fleshy, orange–red when ripe. The

leaves are used as a vegetable and in folk medicine.

Distributed in Tanzania, Malawi, Zambia, Zimbabwe,

Mozambique, and Botswana, down to Swaziland and

South Africa.

2.1.7.M. charantia L.: An annual monoecious herb

with lobed leaves and ovoid–ellipsoid to elongate fruits

varying in size from 5 to 500 g. Fruit surface is clothed

with crocodile-back-like tubercles andmurication. The

small-fruited form M. charantia var. muricata is wild

in India and parts of Nepal and also cultivated to some

extent in India for its fruits esteemed with medicinal

and culinary properties. The large-fruited form

M. charantia var. charantia shows extreme variability

in fruit size, shape, and color and is cultivated in whole

of South and Southeast Asia.

2.1.8. M. cissoides Planch.: A dioecious glabrous

extensive climber with three foliately compound

leaves and large (2.5–5 cm in diameter) floral bract.

Male flowers crowded. Flowers white with black eye.

Fruits ovoid, narrowed at both ends densely clothed

with spreading pubescent spines. The leaves are used

in folk medicine and kernels are used as a food.

Distributed in upper Guinea and Sierra Leone.

2.1.9. M. clarkeana King: A dioecious perennial

climber with simple leaves and ovoid broadly round

beaked fruits, 4.5–7 � 3.5–5 cm. Pericarp hard leath-

ery with smooth surface turning orange on ripening.

Distributed in peninsular Malaysia.

2.2.10.M. cochinchinensis (Lour.) Spreng.: A dioe-

cious, stout perennial with tuberous roots and pal-

mately lobed gland dotted leaves (petiole). Flowers

light cream to white with purple–black bull’s-eye

mark on three inner petals. Fruits very large weighing

350–600 g or more and is used as a vegetable (sweet

gourd). It occurs wild in India (Andaman Islands,

northeastern states), Philippines, Vietnam, Thailand

and is cultivated in Vietnam, Japan, and other Asian

countries for its fruits endowed with many medicinal

properties.

2.1.11.M. corymbifera Hook.f.: A monoecious foe-

tid perennial climber with a large woody tuberous

rootstock and slender stem. Leaves palmately three-

lobed, pubescent on both sides. Male flowers in 6–8

flowered corymbs, inconspicuously bracteate. Flowers

yellow, petals unequal, 2 much large and very con-

cave. Fruit 9 � 5 cm, ellipsoid, shortly rostrate with

16 longitudinal ridges. Distributed in Mozambique.

2.1.12. M. dioica Willd.: A dioecious tuberous

perennial with ornamental lobed or unlobed small

leaves. Flowers are small lemon yellow sweetly

scented and open in the evening. Fruits are small,

broadly ovoid–oblong clothed with soft spines. It is a

wild gathered vegetable (tender fruits) and medicinal

plant native of Peninsular India and has the potential

for cultivation as a crop.

2.1.13. M. denticulata Miq.: A dioecious perennial

allied to M. cochinchinensis, leaves entire 7–9 �
12–15 cm, not foetid. Male flowers solitary or grouped

in racemes. Petals creamy white, elliptic–oblong,

3.0–5.0 cm long. Fruits ovoid ellipsoid, oblong, apex

beaked, 8–14 � 5–10 cm, pericarp leathery without

ornamentation or with fine sandpaper-like murication.

Distributed in North and Central Sumatra, Peninsular

Malaysia, and Borneo.

2.1.14. M. denudata Thwaites: A perennial, dioe-

cious delicate herb with a tuberous root. Leaves sim-

ple, ovate–lanceolate, 4.5–2.5 � 3.5–8.0 cm. Male

flowers on branched peduncles, bracts minute, petals

yellow, broadly lanceolate, ca. 10 mm long. Fruits

broadly ovoid, 3.0–3.5 � 2 cm, beaked. Endemic to

Sri Lanka.

2.1.15. M. foetida Schumach: A dioecious, peren-

nial climber rooting at nodes and with dark green,

flecked stem and simple leaves. Fruit is a long stalked

ellipsoid berry with densely soft spiny exocarp,

7 � 5 cm. It is widely distributed in tropical Africa

and occasionally cultivated in its native area for

leaves, and tender fruits are used as a vegetable and

also in traditional medicine.

2.1.16. M. friesiorum (Harms) C. Jeffrey: A dioe-

cious perennial climber with a tuberous rootstock and

3–5 foliate, pedately compound leaves. Petals pale

yellow with a dark base. Fruits 6 � 2 cm, fusiform,
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rostrate, longitudinally ridged or winged turning

orange and dehiscing in to three valves when ripe.

Roots are used in the treatment of Malaria. Distributed

in Kenya, Tanganyika, Uganda, Ethiopia, Tanzania,

and Malawi.

2.1.17. M. glabra A. Zimm.: A monoecious herba-

ceous climber with simple to shallowly trilobed leaves

(5.5–8.5 � 5.0–7.0 cm). Male flowers 5–7 in subum-

bels, subtended by a sessile broad bract. Corolla zygo-

morphic; petals 1.3–2.0 � 0.2–0.3 cm. Fruit ovoid,

green with eight fleshy longitudinal undulated ridges.

Distributed in Tanganyika and Zanzibar.

2.1.18. M. kirkii (Hook. f.) C. Jeffrey: A monoecious

herbaceous climber with a perennial rootstock. Leaves

membranous, orbicular, cordate, obscurely 3–5 angled,

lobes entire or margins toothed. Male flowers 1–4 sub-

umbellate subtended by a broad foliar bract.Male flowers

larger than female, corolla orange 1.5–2.0 � 0.7–1.0 cm

inmale and 1.0–1.1 � 0.7–0.8 cm in female. Fruit fleshy,

fusiform, pubescent, and beaked, 2.4–3.2 � 0.4–0.6 cm,

ribbed, crowned with persistent receptacle. Distributed in

Tropical Africa and Mozambique.

2.1.19. M. leiocarpa Gilg: A dioecious climber

with dark green flecked stem and broadly ovate cor-

date leaves, 8.5–14 � 7.0–13.0 cm. Male flowers

caducous 2–7 fasciculate subtended by a broad bract.

Anthesis occurs in the evening. Petals apricot orange,

rounded, slightly apiculate 2.8–3.7 � 1.9–3.0 cm.

Fruits fleshy, ovoid ellipsoid with eight conspicuous

remotely serrate longitudinal wings or ridges.

Distributed in Kenya and Tanganyika.

2.1.20. M. littorea Thulin: A monoecious climber

with a tuberous woody rootstock and hastate leaves

and orange yellow flowers. Fruits subterate,

1.7–2.2 � 0.15–0.35 cm, dry when mature one

seeded. Distributed in Ethiopia, Kenya, and Somalia.

2.1.21. M. multiflora Hook. f.: A monoecious

medium climber with cordate simple leaves and male

flowers in many flowered pseudopanicles. Fruits cylin-

drical 11 � 3.5 cm, longitudinally striped, shortly

beaked and covered with persistent floral bracts.

Essentially a tropical African species distributed in

upper and lower Guinea and Angola.

2.1.22. M. parvifolia Cogn.: A dioeciuos medium-

sized climber with broadly ovate–cordate simple or

palmately lobed leaves. Male flowers in many flow-

ered pseudopanicles, flowers white with black nerves

below (petals). Fruits cylindrical, longitudinally

ribbed, 11 � 3.5 cm. Distributed in Tropical Africa.

2.1.23. M. peteri A.Zimm.: A dioecious, robust

perennial with biternately pedate 6–9 foliate leaves

(5.5–7.0 � 3.2–4.8 cm) and gland dotted petioles.

Male flowers subumbellate, subtended by a large

bract with numerous stalked obconic reddish disc-

glands on its upper surface. Flowers creamy to brown-

ish yellow with a dark eye. Petals 2–2.1 � 0.9–1.0 cm.

Fruits fleshy ovate pyriform 7.0–11.2 � 4.2–7.3 cm

with eight longitudinal rows of elongate tubercles and

smaller ones in the interspace. Distributed in Kenya

and Tanganyika.

2.1.24. M. pterocarpa Hochst.: A dioecious robust

perennial with a tuberous rootstock and pedately 3–5

foliate leaves. Male flowers 4–18, subumbellate,

petals yellow. Fruit ellipsoid, beaked with 8 � 1 lon-

gitudinal toothed wings or ridges, fleshy bright orange

(when ripe). Leaf sap and dried root tubers are used in

folk medicine. Distributed in Tropical Africa – Abys-

sinia and Nile.

2.1.25. M. repens Bremek.: A monoecious climber

with a perennial rootstock and deeply cordate, multi-

lobate leaves, 1.3–3.1 � 3.4–5.5 cm. Male flowers

3–5 in subumbels subtended by a foliar bract.

Petals 1.4–3.6 cm long, yellow, dark-veined fruit

5–6 � 4–7 cm, ellipsoid to subglobose, rostrate

with ten longitudinal ribs and murication on sur-

face. Distributed in South Africa, Botswana, and

Zimbabwe.

2.1.26. M. rostrata A. Zimm.: A dioecous tuber-

ous perennial with a woody stem and pedately 5–12

foliate leaves. Male flowers in an umbel-like cluster.

Fruit is an ovoid berry 3–7 � 1.5–3 cm, beaked

rounded or slightly angled bright red with many

seeds embedded in yellow pulp. The leaves and fruits

are used as vegetables, and the leaves and stem serve

as a fodder especially for donkeys and the leaves are

also used in traditional medicine. Distributed in

Tropical Africa.

2.1.27. M. rumphii W.J. de Wilde: A dioecious

slender perennial with three foliate leaves, 8–11 cm

diameter, male flowers solitary occasionally three per

node. Petals elliptic–oblong, 1.3–1.5 � 6 cm fruit

broadly ovoid–ellipsoid or subglobose, beaked,

4.5 � 4.0 cm, sparsely muricate on surface.

Distributed in West Seram and Ambon.

2.1.28. M. sahyadrica Joseph John and Antony:

A robust dioecious perennial, rainy season climber end-

emic to Western Ghats of India. Leaves are triangular-

cordate and has large showy yellow flowers and fairy
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large softly spinicent (50 g) fruits. The fruits are

esteemed as a vegetable and have potential for domes-

tication as a high value vegetable.

2.1.29. M. sessilifolia Cogn.: Herbaceous monoe-

cious climber with a tuberous woody rootstock. Leaves

hastate, amplexicaul. Male flowers solitary occasionally

two per node. Fruit 17–22 mm long and 1.5–3.5 mm

diameter, dry when mature, subterete, slightly con-

stricted at about one third of its length from the base.

2.1.30.M. spinosa (Gilg) Chiov.: A dioecious peren-

nial climber with a woody tuberous rootstock and a pair

of blunt spine at each node. Leaves subpentagonal to

suborbicular in outline, 7.0–7.2 � 2.3–5.8 cm, shal-

lowly three lobed. Male flowers in many flowered fas-

cicles, petals yellow, rounded above, 1.0–1.1 � 0.6 cm

with three inner petals having black basal markings.

Fruit ovoid, beaked, yellow–orange, 7.0 � 3.5 cm,

ornamented with ten longitudinal ribs. Distributed in

Ethiopia, Somalia, and Kenya.

2.1.31. M. subangulata Blume: A dioecious rainy

season climber, perennating with both taproot and

adventitious tubers. It has two subspecies: M. suban-
gulata subspp. subangulata and M. subangulata

subspp. renigera. The former is more robust and is

cultivated and wild in submontane Himalayas,

whereas the latter is a delicate herb restricted to

Malaysia and Southeast Asia. Both have large showy

creamy flowers with a purple bull’s-eye blotch on

three inner petals. Fruits are ridged prominently in

the former and remnant in the latter. Fruits and tender

leaves are used as vegetables.

2.1.32. M.welwitschii Hook.f.: A monoecious slen-

der climber with membranous leaves 3–5 cm in diam-

eter. Male peduncles slender, minutely bracteate,

flowers yellow, 3 cm across. Fruits ovoid, smooth or

slightly warted, 2.5–5 cm long. A monoecious slender

climber with membranous leaves 3–5 cm in diameter.

Male peduncles slender, minutely bracteate, flowers

yellow, 3 cm across. Fruits ovoid, smooth or slightly

warted, 2.5–5 cm long. Distributed in Tropical Africa,

Lower guinea, Angola, and Mozambique.

2.1.33. Momordica enneaphylla Cogn.: IUCN

(2006) Red Listed as Threatened species from Africa,

Gabon, Congo basin, and Cameroon.

10.2.3 Cytology

The monoecious group has 2n ¼ 2x ¼ 22, whereas

the dioecious group has 2n ¼ 2x ¼ 28. In M. balsa-

mina, n ¼ 11 was recorded by Whitaker (1933) and

McKay (1931), and in M. charantia, 2n ¼ 22 was

recorded by McKay (1931) and Bhaduri and Bose

(1947). Richharia and Ghosh (1953) reported 14 biva-

lents at diakinensis and I-metaphase as being distinctly

observed in M. dioica. In a recent study (Bharathi

et al. unpublished), a polyploid chromosome number

(2n ¼ 4x ¼ 56) has been observed in M. subangulata
subsp. renigera and 2n ¼ 2x ¼ 28 was observed in

M. sahyadrica 2n ¼ 2x ¼ 28.

Yasuhiro Cho et al. (2006) reported that most of the

“cultivated kakrol” (most probably M. subangulata

ssp. renigera and not M. dioica Roxb. as assigned by

the authors) plants in Bangladesh were confirmed to be

tetraploid (2n ¼ 4x ¼ 56). Polyploidy is normally

associated with vigorous growth with large size of

vegetative and reproductive plant parts and, in some

cases, sterility as well. However, true M. dioica has

slender and fragile vines (not stout), small-sized floral

parts and fruits. The results of previous work on chro-

mosome numbers are summarized in Table 10.1.

Trivedi and Roy (1972) worked out the karyo-

types of M. charantia, M. balsamina, and M. dioica.

Table 10.1 Chromosome numbers of some Momordica spp.

Species 2n References

Momordica balsamina L. 22 Whitaker (1933), McKay (1931), Roy et al. (1966), Trivedi and Roy (1972)

M. charantia L. 22 McKay (1931), Bhaduri and Bose (1947), Roy et al. (1966), Trivedi and Roy (1972)

M. cohinchinensis (Lour.) Spreng. 28 Jha et al. (1989)

M. denudata C.B. Clarke 28 Beevy and Kuriachan (1996)

M. dioica Wall. 28 Richharia and Ghosh (1953)

M. subangulata Bl. 28 De Sarkar and Majumdar (1993)

M. subangulata ssp. renigera 56 Bharathi et al. (unpublished)

M. sahyadrica 28 Bharathi et al. (unpublished)

M. rostarata 22 Bosch (2004)

M. foetida 44 Mangenot and Mangenot (1957)
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They reported that M. charantia and M. balsamina

have almost the same number of median and subme-

dian chromosomes, although the chromosomes of M.

balsamina are slightly smaller. But the karyotype of

M. dioica is more asymmetrical than the other above

mentioned species. Therefore, it is assumed that

M. dioica may be the advanced taxon among these

three species. The cytological works in other Indian

Momordica spp. is under progress at the Indian Agri-

cultural Research Institute, New Delhi.

10.3 Conservation Initiatives

Being well distributed and their habitats being intact,

the African taxa are reported not to face any imminent

threat (Bosch 2004). However, there are a few reports

expressing apprehension of Momordica spp. as being

“endemic,” “endangered,” or “nearing extinction” in

India (Dwivedi 1999; Jha and Ujawane 2002) and

neighboring Bangladesh. The only reference to

threatened status of Momordica is given in 1997

IUCN Red Data Book (Walter and Gillett 1998),

where M. subangulata Blume from Wynad (Kerala)

and South Canara (Karnataka state of India) is

accorded “threatened-indeterminate” status. Infact,

the species referred to as M. subangulata might be

M. sahydrica, as true M. subangulata does not occur

in South India (Joseph John and Antony 2007). In

Tanzania, M. pterocarpa and M. rostrata are assessed

as vulnerable species (Mitawa et al. 1996).

Field studies in India (Joseph John 2005; Joseph

John and Antony 2008c) revealed a grave threat to

M. dioica in its entire range and M. sahyadrica in the

Western Ghats of Kerala. Overall, the wild and feral

forms of M. charantia var. muricata face a medium

level of threat across its geographic range. Habitat loss

and fragmentation brought about by population pres-

sure and developmental activities, poor distribution

and low population density coupled with inadequate

in situ conservation efforts, and acculturation of the

forest dwelling communities are the major factors

attributed to their heightened threat status affecting

their long-term survival in the wild. In view of their

excellent culinary traits and perceived tolerance to

biotic and abiotic stresses, these landraces need to be

collected and conserved from the whole range of their

distribution across India.

Before establishing collection strategy and con-

servation priorities, the present status of conserva-

tion of the genus must be considered. The

germplasm holdings in various institutes are pre-

sented in Table 10.2.

10.3.1 Collection and Conservation
in Ex Situ Gene Banks

Having assessed the genetic erosion status and poten-

tial of wild Momordica gene pool, different taxa need

different level of conservation approach. However, in

the absence of any earlier initiative to collect these

resources, it is necessary that extensive collection

programs be carried out throughout the range of the

taxa and the seeds multiplied and stored in ex situ gene

banks. The importance of bitter gourd and other

Momordica species is bound to increase as nutraceu-

ticals (Kole et al. 2010a, b). Fruit fly tolerant lines of

M. charantia var. muricata were abundant in the

whole of Peninsular India; some of them still thrive

in homesteads as landraces. Rescue collections and

rehabilitation in on-farm, thus effecting seed increase

leading to gene bank storage is a priority.

10.3.2 In Situ Conservation

Observations of in situ conservation in forest habitats

indicate the possibility of setting up genetic reserves for

various Momordica species in India. In the context of

niche requirements, pollinator specificity, and depen-

dence on biotic agents for seed dispersal and possible

dormancy break, an ex situ conservation strategy alone

may not make much headway. By establishing a few

genetic reserves in selected protected areas in Western

Ghats, East, North East, and Andaman Islands of India,

these species can be afforded in situ protection.

Inventorization is the starting point for in situ con-

servation. In the absence of inventories, wild species

of Momordica are not identified or managed as wild

crop relatives in the protected areas like any other wild

relative. In the context of alien weeds, passive man-

agement by according official protection to a forest

pocket would not serve to achieve the goals of in situ
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conservation in the case ofMomordica species. Artifi-

cial seeding and in situ protection in sacred groves

especially for M. dioica needs consideration in the

light of its endangerment especially in coastal low-

lands in the Kerala state of India.

10.3.3 In Situ On-Farm Conservation

Cultivation of M. dioica, M. sahyadrica, and M. char-

antia var. muricata, though rare, has been spotted

across Western Ghats, India (Joseph John 2005).

Table 10.2 Present status of germplasm holdings in Momordica species

S. No Crop Number of

accessions

Institute References

1 M. charantia var.

charantia
519 National Gene Bank of NBPGR, New Delhi Ram and Srivastava

(1999)

1 Institute of Agrobotany, Hungary (ABI) Horvath (2002)

15 NI Vavilov Research Institute of Plant Industry

(NIR), Russia

Piskunova (2002)

1 Cukurova University, Turkey Kucuk et al. (2002)

95 Kerala Agricultural University, Vellanikkara, India Raj et al. (1993)

65 Indian Institute of Horticultural Research, Bangalore,

India

Raj et al. (1993)

219 Indian Institute of Vegetable Research, Varanasi, India Ghosh and Kalloo (2000)

30 Vivekananda Parvathiya Krishi Anusandhan Shala,

Uttar Pradesh, India

Ghosh and Kalloo (2000)

2 Aburi Botanic Gardens, Ghana Harriet (2002)

281 AVRDC, Taiwan AVGRIS (2009)

12 Southern Regional Plant Introduction Station, Georgia,

USA

Raj et al. (1993)

1 National Seed Storage Laboratory, Fort Collins, USA Raj et al. (1993)

2 National Institute of Agricultural Sciences, Ibaraki,

Japan

Raj et al. (1993)

72 Institute of Plant Breeding, Laguna, Philippines Raj et al. (1993)

7 Division of Plant and Seed control, Pretoria,

South Africa

Raj et al. (1993)

250 Kasetsart University, Bangkok, Thailand Raj et al. (1993)

M. charantia var.

muricata
11 National Genebank of NBPGR, New Delhi Joseph John and

Antony (2008a)

2 M. cissoides 1 Aburi Botanic Gardens, Ghana Harriet (2002)

3 M. foetida Few New York State Agricultural Experiment Station, USA

and National Gene Bank, Kenya

Bosch (2004)

4 M. cochinchinensis 6 AVRDC, Taiwan AVGRIS (2009)

3 Central Horticultural Expt. Station, Bhubaneswar, India Bharathi et al. (2006b)

2 Krishna Chandra Mishra Research Institute of Wild

Vegetable Crops

Ghosh and Kalloo (2000)

5 M. dioica 60 Central Horticultural Expt Station, Bhubaneswar Vishalnath et al. (2008)

8 Indian Institute of Vegetable Research, Varanasi, India Ghosh and Kalloo (2000)

2 AVRDC, Taiwan AVGRIS (2009)

5 Krishna Chandra Mishra Research Institute of Wild

Vegetable Crops

Ghosh and Kalloo (2000)

6 M. subangulata
ssp. renigera

25 Central Horticultural Expt Station, Bhubaneswar, India Vishalnath et al. (2008)

< 12 AAU Research Centre, Kahikuchi Ram et al. (2002)

2 Krishna Chandra Mishra Research Institute of Wild

Vegetable Crops

Ghosh and Kalloo (2000)

7 M. balsamina 1 AVRDC, Taiwan AVGRIS (2009)

1 NBPGR, New Delhi Joseph John (2005)

1 Krishna Chandra Mishra Research Institute of Wild

Vegetable Crops

Ghosh and Kalloo (2000)

8 M. sahyadrica 10 NBPGR, New Delhi, India Joseph John (2005)
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Several tribal families across Western Ghats were

found to grow various species of wild Momordica in

their homesteads in a simulated in situ condition.

Often in the case of M. dioica and M. sahyadrica, the

planting material (tuber) is collected from the forest.

Non-availability of female tubers, poor seed germina-

tion, and non-availability of seedlings seem to be the

important factors preventing its domestication and

spread. M. charantia var. muricata being exclusively

propagated by seeds, domestication attempts have pro-

gressed further and the landrace is known by a name,

mostly associated with a trait.

With an increasing agronomic input, yield also

increased indicating its adaptability to cultivated eco-

system. Even when only female plants are raised, fruit

setting is not affected as indicated by higher yield.

Being in the forest ecosystem, the natural ecological

processes such as pollination and dispersal ensuring

establishment of new plants are not hindered. With a

little financial support, selected tribal farmers can be

persuaded to continue and extend these on-farm con-

servation attempts. A strong ethnobotanical compo-

nent will ensure that conservation goes beyond basic

authoritarian protective measures. It will help in

developing conservation methods that are egalitarian,

in harmony with the environment and satisfy the mate-

rial and cultural needs of the local people.

Hence, home garden adoption within the distribu-

tion range must be attempted. In these on-farm

attempts, even though the primary aim of the farmer

is economic gain, it effects population increase and

thereby conservation. The farmer ensures establish-

ment of the tuber uprooted from the forest, and better

management care and non-competition leads to pro-

duction of higher number of fruits and seeds, a certain

percentage of which is returned back to nature, even as

the mother plant survives as it was in nature.

10.3.4 Ex Situ Home Garden
Conservation

An experiment on home garden conservation was

taken up on an exploratory basis to assess the pro-

spects of farmer participation in germplasm conserva-

tion (Joseph John 2005). Since the taxa being wild or

at the most semi-domesticate, not much information

on package of practices for the crop was available.

Hence, the farmer was at liberty to experiment with his

ideas at all levels of execution of the program in his

farm. Being at the wild–domestication interphase, on-

farm management was considered ideal, as it involves

“continued evolution of the taxa in its natural sur-

roundings.” Perpetuation of soil seed bank in home-

steads indicates operation of basic ecological

processes involving pollinators and dispersal agents.

These seedlings upon potting and transplanting lead to

further spread of the taxa in homesteads, adding to

domestication efforts.

In homesteads adopting a tree-based cropping sys-

tem, the habitat is ideal for seedbank regeneration as in

a forest floor. No tillage and low weed growth under

partial shade offer ideal habitat forMomordica species.
Farmers reported abundant seedling populations in

M. charantia var. muricata and M. sahyadrica and

good tuber production inM. subangulata spp. renigera.
In majority of the cases, the planting materials reached

out to their neighbors and friends in the subsequent

season. M. dioica, M. sahyadrica, and selected germ-

plasm of M. charantia var. muricata, by virtue of their

sustainable yield, quality of the fruits, and ease in culti-

vation or rationability, offer scope for adoption and

consequently conservation in homegardens.

Balsam pear, balsam apple, spine gourd, and sweet

gourd are treated as ornamentals in Europe and America,

where it was grown in glasshouses since Victorian times

for their beautiful foliage, pendant orange ripe fruits

embedded in green foliage and star-like configuration

of bursting fruits (Walters and Decker-Walters 1988;

Robinson and Decker-Walters 1997). Miniature-fruited

M. charantia var. muricata and M. balsamina have

beautiful foliage and orange red fruits. M. dioica has

musky scented flowers, and M. sahyadrica has large

showy yellow flowers in profusion; besides, both have

ivy-like beautiful foliage and pendant fruits turning

orange and bursting in a star-like configuration. All

this offers scope for adoption by urban gardeners, thus

giving another dimension to on-farm conservation.

10.3.5 Role of Women in Conservation
of Genetic Diversity

It has been observed that in the primitive societies,

gathering of wild vegetables are usually done by
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women. Often, they do this while collecting firewood,

which is a regular work carried out by tribal women.

On-farm conservation is carried out by them intention-

ally or unknowingly. As it is always the woman who

cooks food, it is she who throws out mature or ripe

seeds, some of which germinates and develop as new

plants. Men also collect wild Momordica species

either for home consumption or for sale. Mostly, this

is carried out along with minor forest produce

gathering. In addition, they are a storehouse of infor-

mation related to various uses and culinary prepara-

tions involvingMomordica species. Hence, any in situ

on-farm conservation should center on tribal women

in hotspots of diversity.

10.4 Role in Elucidation of Origin
and Evolution of Allied
Crop Plants

Phylogeny of this group has not been studied ade-

quately. This genus is essentially a native of tropical

regions of Asia, Polynesia besides tropical Africa.

There is no systematic study on the origin of this

group, which made Zeven and Zhukovsky (1975) to

regard the genus as one of unidentified origin.

Many workers (Degner 1947; Walters and Decker-

Walters 1988) consider the smaller wild variety (var.

muricata synonymous with M. charantia var. abbre-

viata Ser.) as the progenitor of cultivated bitter gourd.

The original place of domestication of this flagship

species, M. charantia, is unknown (Li 1970; Marr

et al. 2004). The putative areas proposed by various

workers include southern China, eastern India

(Walters and Decker-Walters 1988; Raj et al. 1993;

Marr et al. 2004) and even southwestern India (Joseph

John 2005). It is believed to have taken to rest of

tropical Asia and Africa and thence to Brazil and rest

of tropical South America with the slave trade

(Nguyen and Widodo 1999). A recent study (Marr

et al. 2004) based on morphological parameters,

isozymes, and nutritional profile of domesticates and

wild types from southern China, Southeast Nepal,

and northern Laos failed to pinpoint the exact place,

though strongly suggested a single place of domesti-

cation. Admittedly, the handful of collections from

Nepal was not true representative of the wide spec-

trum of variability encountered in India. Further

phylogenetic studies with truly representative wild

types from the Northeast and Southwest India may

help to resolve the enigma.

The dioecious group is characterized by the non-

overlapping distribution in India and rest of South

Asia. The floral morphology and pollinators were

found to be specific for each species (Joseph John

2005). The morphological distinctness in the wild

species is not associated with the evolvement of repro-

ductive barriers except for contrasting anthesis time

and consequent pollinator specificity. Here, the spe-

cies delimitation is based on morphology and geo-

graphic isolation. All the three taxa fall under the

primary gene pool.

The history of evolution of M. dioica and M. sub-

angulata ssp. renigera (referred to as “wild kakrol”

and “cultivated kakrol” by Mondal et al. 2006) is not

adequately known. M. dioica is indigenous to India

and possibly evolved in Central India. Trivedi and Roy

(1972) have hypothesized M. dioica as having possi-

bly originated fromM. charantia.Morphological sim-

ilarity and interspecific crossability suggest the origin

of M. subanulata ssp. renigera from M. dioica and/or

M. cochinchinensis. Character combinations suggest

that it may be an amphidiploid between M. dioica and

M. cochinchinensis, arising through hybridization and

chromosome doubling (Mondal et al. 2006).

M. sahyadrica having wider pollinator choice has

assured fertilization and is more advanced and may

have evolved fromM. dioica in the Western Ghats and

may be considered as neoendemic. Fruit and seed

morphology has much in common between the two.

Seed production following crosses between the taxa

and its suspected wild progenitor and the normal

growth of the hybrids are evidences to support its

ancestry (Ladizinsky 1998). The intermediate behav-

ior of F1 hybrids of M. dioica � M. sahyadrica for

flower size and anthesis time sheds clear light on the

variant forms of M. dioica occurring in Southeast

Mumbai, for which de Wilde and Duyfjes (2002)

assign a separate “taxon of uncertain status, probably

of hybrid origin.”

M. cochinchinensis must have originated in South

Asia, probably in the Cochinchina region of Vietnam

(from where originally collected and described) and/or

the Andaman Islands (where substantial diversity

exists). Pre- and post-zygotic reproductive barriers

suggest an origin independent of M. dioica (Mondal

et al. 2006).
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The ongoing phylogenetic studies in the genus,

based on nuclear, mitochondrial and chloroplast

DNA markers being carried out in University of

Munich, Germany (Susane Renner personal commu-

nication) and in Asian taxa being carried out in Indian

Agricultural Research Institute (L.K. Bharathi per-

sonal communication) will hopefully clarify the spe-

cies delimitation and possible origin of these species.

A compiled list of Momordica species and their syno-

nyms are listed in Table 10.3.

10.5 Role in Crop Improvement Through
Traditional and Advanced Tools

The breeding system depends upon the reproduction

system of the plant. Information on floral biology is the

basic need before setting up a breeding program. There

is very little information about the floral biology and

genetic system including number of genes and chromo-

somes, details of meiosis and pairing, breeding system,

sex determination and sex modification, and regulation

of gene actions in these species except for bitter gourd

(M. charantia) and to some extent in M. dioica.

10.5.1 Sex Form

M. charantia and M. balsamina are monoecious

annuals, while the tuberous perennials, M. dioica,

M. subangulata ssp. renigera, M. cochinchinensis,

M. sahyadrica, M. foetida, and M. rostrata are dioe-

cious. However, hermaphrodite flowers in M. dioica

(Jha and Roy 1989),M. charantia, andM. subangulata

ssp. renigera (T.K. Behera unpublished) has been

observed. Gynoecious lines originating in India were

identified by Behera et al. (2006; lines DBGy-201 and

DBGy-202) and Ram et al. (2002; line Gy263B) for

use in hybrid development programs. Gynoecism in

bitter gourd is under the control of a single, recessive

gene (gy-1) (Behera et al. 2009) and gynoecious

inbred, DBGy-201 showed maximum genetic combin-

ing ability (GCA) effect for different yield related

traits (Dey et al. 2010). Trivedi and Roy (1973) have

reported the appearance of various intermediate

sex forms such as andromonoecious, gynoecious,

and trimonoecious in colchicine-treated plants of

M. charantia, but remaining as diploids.

10.5.2 Cytology of Sex Differentiation

Richharia and Ghosh (1953) reported the presence of

14 bivalents in M. dioica, with a heteromorphic pair

disjoining earlier than the other bivalents. Jha (1990)

reported the sexual mechanism in M. dioica as an

incipient type of sexual dimorphism (an intermediate

stage toward X/Y chromosome basis), in which a pair

of autosomes is responsible for sexual dimorphism.

Sinha et al. (2001) reported the presence of a sex-

linked 22 kDa polypeptide (p-22) in the female sex,

which was not detected in its male counterpart. More-

over, variation in the intensity of 29 kDa and 32 kDa

polypeptides of male and female sex forms suggest

that the interplay of these two sex-linked polypeptides

may be the contributing factor in controlling sex

mechanism of dioecious M. dioica. Seshadri and

Parthasarathi (2002) considered the differentiation of

sex in M. dioica to be entirely genic or genetical

without any cytological evidence of heterogamety.

In M. charantia, Wang et al. (1997) found that

initially plants bear hermaphroditic bud primordia,

which then yields to the hormone-regulated develop-

ment of either staminate or pistillate flowers. This

process is correlated with RNA and protein synthesis

where soluble protein profiles of hermaphrodite flower

buds, and male and female flowers differ at three early

developmental stages (7, 10, and 13 days after initial

bud formation) (Wang and Zeng 1998). Two predom-

inant protein bands, 11 and 30 kDa, are present in

pistillate and staminate flowers, respectively, and it is

speculated that these proteins may be directly asso-

ciated with sex expression (Wang and Zeng 1998).

10.5.3 Sex Modification

The principle in sex modification in cucurbits lies in

altering the sequence of flowering and sex ratio. Foliar

sprays with AgNO3 (400 ppm) at pre-flowering stage

could induce 70–90% hermaphrodite flowers in

M. dioica vines (Rajput et al. 1993). Application of
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Table 10.3 List of Momordica species

SN Species Other names

1 M. angustisepala Harms Momordica bracteata Hutch. & Dalz.

2 M. anigosantha Hook. f. Momordica anigosantha var. hirtella Cogn.

3 M. angolensis R. Fern.

4 M.balsamina L. Momordica involucrata E.Mey. ex Sond., M. schinzii Cogn.

5 M. boivinii Baill. Raphanistrocarpus boivinii (Baill.) Cogn., R. asperifolius Cogn.

6 M. cabrae (Cogn.)
C. Jeffrey

Dimorphochlamys mannii Hook.f., D. cabrae Cogn., D. glomerata Cogn., D. crepiniana Cogn.

7 M. calantha Gilg Peponia umbellata Cogn., Peponium umbellatum (Cogn.) Engl., M. umbellata (Cogn.)

A. Zimm.

8 M. camerounensis
Keraudren

9 M. cardiospermoides
Klotzsch

Momordica clematidea Sond.

10 M. charantia L. Momordica thollonii Cogn., M. chinensis Spreng., M. elegans Salisb., M. indica L.,

M. operculata Vell., M. sinensis Spreng., M. zeylanica Mill., M. anthelmintica Schumach.,

M. senegalensis Lam.

11 M. cissoides Planch. Momordica gracilis Cogn.

12 M. clarkeana King

13 M. cochinchinensis
(Lour.) Spreng.

Muricia cochinchinensis Lour., Momordica mixta Roxb., M. meloniflora Hand.-Mazz.;

M. macrophylla Gage

14 M. corymbifera Hook. f. Momordica henriquesii Cogn.

15 M. dioica Willd. Momordica roxburghii G. Don, M. wallichii M.J. Roem.

16 M. dissecta Baker

17 M. denticulata Miq. Momordica racemifera (Miq.) Cogn., M. denticulata var. racemifera Miq.

M. acuminata Merr.

18 M. denudata Thwaites Momordica dioica Willd var. denudata Thwaites

19 M. enneaphylla Cogn. Momordica diplotrimera Harms

20 M. foetida Schumach. Momordica mannii Hook. f., M. cordifolia E.Mey. ex Sond., M. cucullata Hook. f.,

M. schimperiana Naudin, M. morkorra A. Rich., M. cordata Cogn.

21 M. friesiorum (Harms)

C. Jeffrey

Momordica anigosantha var. trifoliolata Cogn., Calpidosicyos friesiorum Harms

22 M. glabra A.Zimm.

23 M. gilgiana Cogn. Momordica cogniauxiana Gilg non De Wild.nom.illegit. (ill.)

M. wildemaniana Cogn.

24 M. humilis (Cogn.)
C.Jeffrey

Raphanocarpus welwitschii Hook.f.

R. humilis Cogn.

R. welwitschii Hook.f. Momordica welwitchii Hook. f., Raphidiocystis welwitschii
Hook.f.

Raphanocarpus humilis var. prostratus Suess

25 M. jeffreyana Keraudren

26 M. kirkii (Hook. f.)
C. Jeffrey

Raphanocarpus kirkii Hook. f.

27 M. leiocarpa Gilg

28 M. littorea Thulin Raphanocarpus stefaninii Chiovenda, Momordica stefaninii (Chiovenda) Cufodontis

29 M. macrosperma
(Cogn.) Chiov.

Momordica bricchettii Chiov.

Kedrostis macrosperma Cogn.

30 M. multiflora Hook. f. M. gaboni Cogn., M. laurentii De Wild., M.multicrenulata Cogn., M. parvifolia Cogn.,

M. affinis DeWild., M. gaboni var. lobata Harms, Coccinia macrocarpa

31 M. obtusisepala
Keraudren

32 M. parvifolia Cogn. Momordica affinis De Wild., M. multicrenulata Cogn.

33 M. pauciflora Cogn.

Ex Harms

34 M. peteri A. Zimm. Momordica macrocarpa Jex-Blake

(continued)
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ethepon to male plants of kakrol (probably M. suban-

gulata ssp. renigera) did not affect the plants at any

level of concentration tested while application of

AgNO3 (400 ppm) produced highest number of bisex-

ual flowers per vine (Ali et al. 1991). Spraying of

gibberellic acid at 25–100 ppm increases female

flower production in M. charantia.

Sex expression is affected by environmental condi-

tions under whichM. charantia seedlings grow (Wang

et al. 1997). Short-day cultivars, when grow under

short photoperiods, exhibit rapid development and

comparatively high gynoecy. To encourage a high

frequency of pistillate flowers, such short-day treat-

ments should begin at seedling emergence and pro-

ceed to sixth-leaf stage (~20 days post-emergence

under growing optimal conditions). While low tem-

perature enhances short-day effects, relatively high

temperatures typically delay reproductive growth,

weakening short-day responses. Likewise, pistillate

flower production under short-days is increased by

low temperatures (e.g., 20�C) and nighttime chilling

(e.g., 25�C day/15�C night) (Yonemori and Fujieda

1985). Consequently, optimal conditions for M. char-

antia seedling growth are short days and low tempera-

tures (Wang et al. 1997).

The concentration of endogenous growth regulators

and polyamines (e.g., spermine, spermidine, cadaver-

ine, and putrescine) in shoot meristems of bitter gourd

changes during plant development (Wang and Zeng

1997a). For instance, female flower number increases

as IAA and zeatin concentration decreases after anthe-

sis (Wang and Zeng 1997b). Cadaverine content is

also higher in staminate and pistillate flowers when

compared to vegetative tissues (e.g., leaf and stem)

suggesting its possible role in sex detemination (Wang

and Zeng 1997a). Likewise, it has been hypothesized

that the variation in spermidine content is related to the

initiation and development of pistillate flowers, while

increases in endogenous putrescine concentrations is

related to staminate flower initiation (Wang and Zeng

1997a).

Foliar application of growth regulators can also

modify sex expression (Ghosh and Basu 1982). For

example, foliar application of gibberellic acid (GA3)

treatment (25–100 mg/l) can dramatically increase

gynoecy in bitter gourd, while cycocel (CCC; chlor-

mequat/CCC @ 50–200 mg/l) promotes staminate

flower development (Wang and Zeng 1996). More-

over, the appearance of the first staminate flower is

delayed and pistillate flower initiation is promoted by

relatively low concentrations of GA3 (0.04–4 mg/l)

(Wang and Zeng 1997b). Likewise, foliar application

of CCC promotes staminate flower development at

50–200 mg/l, and gynoecy at 500 mg/l. The effects

of GA and CCC are sustained for over 80 days, which

allows for their use in genetic experiments, the

increase of gynoecous lines, and in commercial hybrid

production (Wang and Zeng 1996).

Foliar application of ethrel (ethephon), malic

hydrazide (MH), GA3, naphthalene acetic acid

(NAA), kinetin, indole acetic acid (IAA), 3-hydroxy-

methyl oxindole (HMO), morphactin, silver nitrate,

and boron when applied at 2- and 4-leaf stage of bitter

gourd plants can dramatically affect sex expression

(Prakash 1976). Foliar application of silver nitrate

(i.e., 250 mg/l at the 5-leaf stage or 400 mg/l at the

3-leaf stage) induces bisexual flower formation, where

ovaries and petals are larger than typical pistillate

Table 10.3 (continued)

SN Species Other names

35 M. pterocarpa Hochst. Momordica macrantha Gilg, M. grandibracteata Gilg, M. runssorica Gilg,

M. bequaertii De Wild., M.rutschuruensis De Wild.

36 M. repens Bremek. Momordica marlothii Harms

37 M. rostrata A.Zimm. Momordica microphylla Chiov.

38 M. rumphii W.J. de Wilde Momordica trifolia L., M. trifoliolata L.

39 M. sahyadrica Joseph

John and Antony

40 M. sessilifolia Cogn. Momordica stephanii (Chiov.) Cufod. var. membranosa (Chiov.) Cufod.,

Raphanocarpus stefaninii Chiov., R. stephanii Chiov. var. membranosus Chiov.

41 M. silvatica Jongkind

42 M. spinosa (Gilg) Chiov. Kedrostis spinosa Gilg, K. brevispinosa Cogn., Momordica brevispinosa (Cogn.) Chiov.

43 M. subangulata Blume

44 M.welwitschii Hook. f.
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flowers (Iwamoto and Ishida 2005). Likewise, dra-

matic increases in early pistillate flower appearance

can result from foliar application of MH (250 ppm)

and ethrel (200 ppm), and staminate flower develop-

ment can be promoted by application of GA3 (i.e.,

50–75 ppm) (Damodhar et al. 2004). Interestingly,

foliar treatment of bitter gourd plants with IAA or

HMO at 35 mg/l increases total flower formations,

a result that may be due in part to increased ethylene

evolution (Damodhar et al. 2004). Regarding such

ethylene-dependent sex determination processes,

foliar application of ethrel at relatively low concentra-

tions (i.e., 25 mg/l) enhances pistillate flowering,

while application of moderately high concentrations

(i.e., 100 mg/l) depresses pistillate flower develop-

ment (Damodhar et al. 2004). Likewise, although

exogenous application of GA3 (i.e., 20–40 mg/l)

increases pistillate and staminate flower number, com-

paratively high concentrations of GA3 (60 mg/l)

increases only pistillate flower number (Ghosh and

Basu 1982). Finally, foliar sprays containing 50 ppm

NAA stimulate early and abundant pistillate flower

development (Shantappa et al. 2005), and boron at

4 ppm enhances pistillate flowers production, and

fruit number and weight (Verma et al. 1984).

10.5.4 Parthenocarpy

Singh (1978) has reported the induction of partheno-

carpy in M. dioica with pollen of related taxa

(M. charantia and Lagenaria leucantha) and mixture

of the two pollens. The parthenocarpic fruit setting

was higher with the stimulus of extraneous pollen

(66% against 36%), compared to natural pollination.

The lower fruit setting in natural pollination may be

attributed to non-synchronization of anthesis and dura-

tion of corolla opening.

10.5.5 Germplasm Development

The importance of germplasm as a basic tool for crop

improvement is well recognized. Wild relatives and

progenitors of cultivated plants together with semi-

domesticates represent a strategic part of germplasm

collections. As the genetic base of modern varieties is

narrow and variability fast eroding, introgression of

genes from wild species can substantially influence the

breeding progress. Thus the knowledge of the taxo-

nomic range, morphological similarities, crossing

ability and reaction to various biotic and abiotic stres-

ses derived from a germplasm is not only important

from a botanical view point, but also it accelerates and

increases the potential for its utilization (Dolezalova

et al. 2003). Identifying a limited set of accessions

likely to be of most interest to specific users from

a large collection necessitates the use of a full-fledged

descriptor as a tool to provide a generalized search

strategy. It helps to differentiate between accessions

and to describe the variability in characters of interest.

Preliminary characterization and evaluation are pre-

requisites for successful utilization of plant genetic

resources.

There is no published descriptor for bitter gourd,

teasle gourd, sweet gourd or spine gourd or any

Momordica species by IPGRI. The lone reference to

a descriptor toMomordicawas seen in NATPMinimal

Descriptor for Vegetable Crops (Srivastava et al.

2001) where bitter gourd, sweet gourd and spine

gourd are treated together. These, being evolutionarily

divergent groups (bitter gourd on the one hand, sweet

gourd and spine gourd on the other hand), should be

treated separately as they vary for more than 75%

characters by virtue of their breeding behavior and

growth forms (Joseph John 2005). Rasul et al. (2004)

have proposed a kakrol descriptor, which can be used

in characterization of kakrol (M. dioica) cultivars and
accessions. Joseph John and Antony (2008c) have

recently proposed a set of highly discriminating

descriptors and descriptor states for the dioecious

Momordica species of South Asia comprising

M. dioica, M. sahyadrica, M. subangulata ssp. reni-

gera and M. cochinchinensis.

10.5.6 Characterization and Evaluation
of Variability

The nature and magnitude of genetic diversity in any

crop determines and often limits its utilization in

breeding programs. Eleven named landraces of small

bitter gourds (M. charantia var. muricata) have been

collected from South Western Ghats and Tamil Nadu

plains and their seeds are conserved in the gene bank
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of National Bureau of Plant Genetic Resources

(NBPGR), New Delhi (Joseph John and Antony

2008a).

Random amplified polymorphic DNA (RAPD)

marker analysis was found to be a useful tool for

genotype identification and estimation of genetic sim-

ilarity in spine gourd (Rasul et al. 2006). More

recently, molecular markers including RAPD (Dey

et al. 2006), intersimple sequence repeat (ISSR;

Singh et al. 2007), and amplified fragment length

polymorphism (AFLP; Gaikwad et al. 2008) have

been used to assess the genetic diversity of Indian

bitter gourd genotypes including two promising gyno-

ecious lines (DBGy-201 and DBGy-202). A wide

range of genetic diversity was detected, indicating

that a standard accession reference array for future

analyses might include “Pusa Do Mausami-green,”

“Pusa Do Mausami-white,” DBTG-2, Mohanpur Sel-

215, and Jaynagar Sel-1. Regardless of the type of

marker analysis, however, Mohanpur Sel-125,

DBTG-101, and Jaynagar Sel-1 from West Bengal

(eastern Indian province) are genetically distinct from

other common landrace accessions from North Indian

provinces (genetic similarity, GS ¼ 0.57–0.72).

Genetic differences between M. charantia var. char-
antia and M. charantia var. muricata accessions are

indicative of their use as potential parents for the estab-

lishment of narrow- and wide-based mapping popula-

tions (Behera et al. 2008). Kole at al. (2010a, b)

conducted comprehensive studies on 22 accessions of

M. charantia var. charantia and M. charantia var.

muricata of seven countries. Using 255 AFLP markers

they observed wide genetic divergence among the

accessions and also detected many AFLPs linked to

three fruit quality traits employing association

mapping. They also detected wide genetic variability

among the accessions with regard to the content of

anticancer and antidiabetes phytomedicines in the

germplasm. Such exotic populations have been infor-

mative for the characterization of qualitative and quan-

titative traits in other cucurbit species (Serquen et al.

1997; Zalapa et al. 2007).

The entities collected represented the wide range of

variability from almost near to wild types, semi-

domesticated to cultivated types. In the case of

cultivated material, selection criteria might have

included fruit size, bitterness, ascribed medicinal qual-

ity and other specific traits based on established knowl-

edge and experience of local farmers and/or gatherers.

There is very little information on genetic variation,

and no cultivar selection has been reported in

M. cochinchinensis. Wild and semi-domesticates are

maintained on-farm by tribal settlers in Andaman

Islands. Two distinct types are found in the wild: the

NE specimens having unlobed cordate leaves earlier

designated as M. macrophylla Gage and the Andaman

specimens having trilobed leaves. At the Central Hor-

ticultural Experiment Station (CHES, IIHR), Bhuba-

neswar, India three genotypes from Andaman and

Nicobar islands are being maintained in field gene

bank (Bharathi et al. 2006b). Individual fruit of these

genotypes ranged from 250 to 530 g and days to

flowering varied from 140 to 160 days after planting.

The b-carotene content and lycopene (from the epi-

carp of the fruit) was 11.47–16.40 mg/100 g fresh

weight and 5.12–8.68 mg/100 g fresh weight, respec-

tively.

Two distinct fruit types are met with in M. suban-
gulata ssp. renigera: light green oblong (6–10 cm

long), weighing up to 80 g (“lambawala”) and dark

green medium sized (4–6 cm long) round fruits,

weighing up to 40 g (“golwala”) observed under culti-

vation in Assam and Andaman Islands. Assam materi-

als grow luxuriantly and are of shy flowering in nature

whereas Andaman collections are prolific and come to

flower from the 15th node. Reduced vine length, high

branching, increased female flower production, early

flower initiation and flowering at every node are some

of the desirable traits for higher yield/unit area. Like

M. dioica, it has the unique advantage of tolerance to

high rainfall monsoon climate (prevailing in most

parts of South Asia), when a very few vegetables

grow and produce fruits. At the Central Horticultural

Experiment Station (CHES, IIHR), Bhubaneswar,

India a high yielding selection from the naturally

available variability each in spine gourd (CHSG 28)

and teasle gourd (CHTG 2) were identified for com-

mercial cultivation (Vishalnath et al. 2008) and Rasul

and Okubo (2002) have evaluated a few teasle gourd

genotypes in Bangladesh.

Selection for highly heritable characters such as

number of fruits per plant, individual fruit weight,

fruit volume are more important for yield improve-

ment in spine gourd (Bharathi et al. 2006a). Rasul

et al. (2004) have characterized 29 accessions of

M. dioica along with one accession of M. cochinchi-

nensis collected from different agro-ecological zones

of Bangladesh. Considerable morpho-physiological
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variation was observed among the genotypes (with

dissimilarity value ranging from 4.6 to 58.6), though

no relationship could be established between genetic

divergence and geographical distribution.

10.5.7 Polyploidy Breeding

Polyploids can be produced by treating the seedlings at

the cotyledon stage with an emulsion of 0.2% colchi-

cine. Yasuhiro Cho et al. (2006) reported that seed

treatment with 0.2, 0.4% colchicine or 0.003% amipro-

phos-methyl was effective for chromosome doubling,

among which the treatment with 0.4% colchicine

was most effective. Amiprophos-methyl treatment

also produced octoploid plants with high rate of seed

germination. Multiple shoot treatments with 0.05%

colchicine for 12 and 24 h, and 0.1% colchicine

for 24 h also produced octoploid plants. Leaf and

guard cell size were bigger, and leaf shape index (leaf

length/leaf width) was lower in the octoploid than

in tetraploid plants. Leaves of the octoploid plants

were uneven on the surface with clear serrations.

Triploid plants of M. charantia were obtained by

crossing the tetraploid (colchicines induced) and dip-

loid plants (Saito 1957). In seedlings of bitter gourd,

colchicine at 0.2% for 18 h to the shoot tip produced

tetraploids (Kadir and Zahoor 1965). However, poly-

ploids were inferior to diploids with regard to eco-

nomic characters.

10.5.8 Heterosis Breeding

As all the species of Momordica are cross-pollinated,

there is ample scope for exploitation of heterosis.

More pronounced hybrid vigor could be observed

with the inclusion of diverse parents. Heterosis for

earliness, higher number of fruits, and bearing at

each flowering node should be exploited. Selection

for divergent parent based on number of fruits, fruit

weight, fruit length, internodal length, pedicel length

and yield will be useful as these characters were the

major traits contributing to divergence in M. dioica
(Bharathi et al. 2005).

Heterosis in M. charantia was investigated at the

Indian Agricultural Research Institute, New Delhi as

early as 1943 (Pal and Singh 1946). Evidence of het-

erotic effects is supported by genetic analyses that

have defined the presence of dominance and comple-

mentary gene action for yield as distinguished by its

components (Mishra et al. 1998). Heterosis for yield

per vine ranges from 27 to 86% depending on geno-

type (Behera 2004). This heterosis is likely attribut-

able to earliness, first node to bear fruit (first female

flowering node), and total increased fruit number

(Celine and Sirohi 1998). A few hybrids developed

by both private and public sectors are cultivated in

Asia including China and India.

10.5.9 Mutation Breeding

In M. charantia, progeny (M1) derived from radiation

mutagenesis can possess economically important

unique characters, which are controlled by single

recessive genes (Raj et al. 1993). One such bitter

gourd variety, MDU 1, developed as a result of

gamma radiation (seed treatment) of the landrace

MC 103 was found to possess improvement for yield

(Rajasekharan and Shanmugavelu 1984). Likewise,

the white bitter gourd mutant “Pusa Do Mausami”

(white-fruited type) was developed through spontane-

ous mutation from the natural population “Pusa Do

Mausmi” (green-fruited type) at the Indian Agriculture

Research Institute, India.

10.5.10 Tissue Culture

Nabi et al. (2002) obtained best performance for

micropropagation with cotyledon as explant of spine

gourd. They also induced the highest number of mul-

tiple and vigorous shoots on MS medium fortified with

1.0 mg/l BAP and 0.1 mg/l NAA. Hoque and Rahman

(2003) obtained adventitious shoot bud differentiation

from the petiolar cut ends of leaf explants cultured on

MS medium supplemented with 2.0 mg/l BA and

0.2 mg/l NAA. Callus cultures were also established

from leaf, cotyledon and root explants (Bhosle

and Paratkar 2005). The excised embryos in case of

spine gourd showed a high potential for de novo mul-

tiple shoot regeneration and rooting (Meemaduma and

Ramanayake 2002). Among different explants and
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treatments tried auxillary buds in case of explant,

MSHP + Ads + BAP + 10 mg/l + IBA at 5 mg/l +

gelrite for crop establishment and MSHP + Ads +

IBA at 1 mg/l + agar for induction and development

of roots survival was observed when plantlets were

transferred in sterilized water for 6 h, transferred to

soilrite trays, covered with polyethylene and kept open

in a polyhouse (Deokar et al. 2003).WhenMSmedium

was supplemented with 1.5 mg/l BA and 0.1 NAA,

88% of hypocotyls explant regenerated shoots with

an average number of 8.8 shoots per explant (Hoque

et al. 1995). Media supplemented with BA at 10 mg/l

and IBA at 5 mg/l produced the highest shoot number

and optimum establishment and maximum rooting was

obtained in media supplemented with 3 mg NAA/l and

0.2% activated charcoal (Pawar et al. 2004).

10.5.11 Interspecific Hybridization
in Momordica Species

The identification and incorporation of resistance to

economically important pests such as fruit fly and

various foliar pathogens is important to bitter gourd

production. Genes for resistance to several crop-limiting

pests and pathogens are, however, not found in the

cultivated M. charantia var. charantia. Fruit fly is the

most serious pest of M. charantia. Some of the wild

germplasm (var. muricata) shows high level of toler-

ance to fruit fly. It crosses with the cultivated bitter

gourd and gene exchange occurs freely within the

complex. ButM. charantia var.muricata has dominant

trait in F1 for fruit shape and size, which is not desirable

as the size is reduced.M. charantiawild and cultivated
plants cross readily and there are many intermediate

types. Singh (1990) reported 1% fruit set in the cross

M. charantia � M. balsamina and the progeny had a

high bivalent frequency with normal meiotic cycle,

indicating the close relationship between them and

they probably have developed pre-fertilization barrier

ensuring their reproductive isolation. Wild African

types can be exploited as potential source of disease

resistance.M. foetida andM. rostratamay play amajor

role in breeding programs ofM. charantia especially in

resistance breeding (Njoroge and van Luijk 2004).

Regarding leaf damage due to Aulocophora,M. balsa-
mina is highly tolerant. M. balsamina may contribute

aulocophora tolerance in Momordica species.

There have been few attempts at interspecific

crosses between M. charantia and M. dioica, the bit-

terless, small fruited, tuberous perennial to seek pos-

sibilities of transferring desirable attributes of the

latter (especially the “bitterless” trait) to the former.

Joseph John (2005) reported crossability failure of the

dioecious taxa with the two monoecious members

(M. balsamina and M. charantia). Dutt and Pandey

(1983) reported that the failure of embryo formation in

M. charantia � M. dioica is due to the abnormal

behavior of a number of pollen tubes and heavy depo-

sition of callose at their tips, which obstructed transfer

of male gamete and fertilization. However, Vahab and

Peter (1993) have reported over 90% success in inter-

specific crosses between M. charantia (cultivated bit-

ter gourd) and M. dioica (the dioecious perennial

species with bitterless fruits) using pollen stored at

10�C. They attribute the failure in earlier studies to

non-synchronization of anthesis in the two species.

The study indicated the possibility of utilizing the

bitterless, perennial tuberous M. dioica in transferring

the desirable attributes to the commercially cultivated

large fruited bitter gourd.

Ali et al. (1991) have highlighted the scope for

transfer of useful traits from the related species to

M. dioica through interspecific hybridization. There

are a few reports of interspecific hybridization

between M. dioica and M. cochinchinensis (Mohanty

et al. 1994; Mondal et al. 2006). Joseph John (2005)

has reported that both direct and reciprocal crosses

were successful within the dioecious group.M. dioica,
M. sahyadrica and M. subangulata ssp. renigera

are reciprocally interfertile. The highest fruit setting

was observed in M. subangulata ssp. renigera �
M. sahyadrica crosses. The comparatively low fruit

set percentage in crosses involving M. dioica as male

and female parent may be attributed to the reduction

in stigma receptivity and pollen viability of 12–13 h

old flowers.

The F1 plants were intermediate between parents

for most of the qualitative traits. Morphologically, the

F1 plants were intermediate between parents. How-

ever, expression of maternal character was more dom-

inant especially in the tuber morphology and floral

nectar guides. Intermediate behavior in anthesis time

was very striking in crosses involving M. dioica.
When M. dioica was used as pollen parent in

M. subangulata ssp. renigera, clutch size was reduced

with proportionate reduction in fruit size. When
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M. sahyadrica was used as pollen parent in M. dioica,

days to fruit ripening was extended considerably,

beyond that of both the parents. However, the poor

germination of F1 seeds, unsatisfactory growth and

flowering in F1 seedlings, and complete sterility in

backcrossing indicate the rather limited potential of

hybrids in conventional crop improvement.

10.5.12 Genetic Mapping and Molecular
Breeding

Till today, no genetic linkage map has been reported

for bitter melon. Kole et al. (2010a, b) have developed

a large F2 population derived from a cross between a

horticultural variety, Taiwan White that belongs to the

botanical variety charantia and produces fruits with

higher size and quality but with low content of anti-

diabetic and anticancer phytomedicines and a medici-

nal variety, CBM12 that belongs to the botanical

variety muricata and bears fruits of inferior size and

quality but with high content of phytomedicies (Kole

et al. 2009a, b). This population is segregating for fruit

size, color, luster, surface and shape. The first genetic

linkage map for bitter melon using the above interbo-

tanical variety cross is expected to be developed soon

(C. Kole personal communication).

10.6 Quality Attributes

The use of cucurbits, in general, as food plants is not

primarily for calorie, mineral or vitamin values, since

they are poor or at best only modest sources of these

nutrients. However, there are few exceptions including

bitter gourds, rich in vitamin C, spine gourd

(M. dioica), having high protein content, and sweet

gourd (M. cochinchinensis) containing high caroten-

oid and lycopene pigments. Local uses of Momordica

gene pool by the indigenous people in India and rest of

SE Asia, and tropical Africa is very extensive.

Despite the use of these plants in such purposes, they

have not been given due research attention in terms of

their nutritional content, bioavailability and feasibi-

lity of their usage as food supplements for major nutri-

tional and antinutritional factors. An attempt is made

to bridge the information gap by collating available

information on the proximate, minerals and amino

acid compositions of these wild vegetables, with hope

that it would rekindle the interest in these nature’s

bounties. Based on the available literature the nutrient

composition of some Momordica species is given

in Table 10.4.

The nutritional value of small bitter gourds is

higher or at par for most of the components except

phosphorus than that of large bitter gourds. The

defatted meals contained 52–61% protein and

would be a good source of methionine, compared to

the traditional protein-rich legumes. Momordica is

noted for acids with conjugated double bonds

(pumicic acid, alpha-oleo stearic acid). High levels

of antioxidant activity (96%) were noticed in

M. balsamina (Odhav et al. 2007). Teasle gourd is

rich in carotene, protein, carbohydrate (Rashid 1993)

and vitamin C (154.7 mg/100 g of edible portion)

(Bhuiya et al. 1977).

Aberoumand and Deokule (2009) have studied the

nutritional values of eight traditional wild edible

plants native to Indo-Persian region. In comparison

to the other species, M. dioica have medium protein

content (19.38 mg/g), fat (4.7 mg/g) and phenolic

compounds (3.69 mg/g) and have maximum calorie

value (4,125.83 kcal/kg). M. sahyadrica being

recently established taxonomic entity; reliable esti-

mates of its nutritional contents are not available.

However, being closely related to M. dioica, it can

be reasonably assumed to be similar to it.

Sweet gourd (M. cochinchinensis) has b-carotene
and lycopene at very high levels, with those of lyco-

pene being up to 308 mg/g in the seed membrane,

about 10-fold higher than in other lycopene-rich

fruits and vegetables (Vuong 2001; Vuong and King

2003; Aoki et al. 2002). Aril tissues contained

2,227 mg total lycopene and 825 mg total carotenoids

(718 mg total b-carotene; and 107 mg a-carotene/g
FW). Sweet gourd aril contained 22% fatty acids by

weight, which are essential for the absorption and

transport of b-carotene (Vuong and King 2003;

Ishida et al. 2004). Oil extracted from the fruit aril

showed a total carotenoid concentration of 5,700 mg/
ml, with 2,710 mg of that being b-carotene. This oil
also included high levels of vitamin E (Vuong and

King 2003). Thus, sweet gourd provides an accept-

able source of high levels of valuable antioxidants

that have good bioavailability.
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10.7 Genomics Resources Developed

Online search of public domain databases like that of

National Centre for Biotechnology Information

(NCBI) have revealed that genomic resources in

Momordica is rather limited. M. charantia is by far

the most studied species with nucleotide sequence

(63), expressed sequence tag (EST) records (7), pro-

tein sequence (127) and three-dimensional macromo-

lecular structures (21). In M. cochinchinensis, five

nucleotide sequences, ten protein sequences, and five

three-dimensional macromolecular structures are

available. InM. balsamina, single record of nucleotide

sequence and two protein sequences are only known.

10.8 Scope for Domestication and
Commercialization

10.8.1 Traditional Medicinal Uses

Usefulness of various Momordica species in SE Asia

as anthelmintic, vermifuge, cathartic, hypoglycemic,

aphrodisiac, antipyretic, antiulcerogenic and hepato-

protective and in the treatment of burns, bilious

disorders, diabetes, cataract, hypertension, leprosy,

jaundice, snake bite, haemorrhoids and piles have

been mentioned by Van Rheede (1678), Kirtikar and

Basu (1933),Walters and Decker-Walters (1988), Yang

and Walters (1992), Fernandopulle and Ratnasooriya

(1996), Decker-Walters (1999), Dwivedi (1999),

Jeffrey (2001), and Deshmukh and Rothe (2003).

Traditional knowledge related to use of these species

by indigenous tribes is not yet fully documented

in published literature. Some of these ethnobotanical

claims are validated by phytochemical/animal studies

in recent years.

10.8.1.1 M. charantia

Whole plant, leaves and especially fruits are used in

the folk medicine to treat diabetes in Asia (Perry 1980;

Khajuria and Thomas 1993; Platel and Srinivasan

1995; Fernandopulle and Ratnasooriya 1996; Decker-

Walters 1999),West Africa (Burkill 1935), and even in

the New World (Coe and Anderson 1996; Marr et al.

2004). Lira and Caballero (2002) have reported the use

of the feral wild type as an aphrodisiac in Mexico.

10.8.1.2 Momordica balsamina

Common and widespread uses are as anthelminthic,

against fever and extreme uterine bleeding, to treat

syphilis, rheumatism, hepatitis and skin disorders,

stomach and intestinal complaints (Hutchings et al.

1996). Other uses include abortifacient, lactogenic

including veterinary (Geidam et al. 2004) and hypo-

glycaemic (Hutchings et al. 1996).

10.8.1.3 M. dioica

It was reported to possess hypoglycemic, hepatopro-

tective, gastroprotective and ulcer healing activities,

analgesic, expectorant, post coital antifertility, nema-

tocidal, antiallergic, antimalarial, antifeedant, antibac-

terial and antifungal activity (Fernandopulle and

Ratnasooriya 1996).

10.8.1.4 M. shyadrica

Tender fruits are consumed as health food for asth-

matic and intestinal ulcer patients. The medicinal uses

for mastitis, hydrocele, breast swelling and pain in the

early days after child birth and painful eruptions

underlie its anti-inflammatory properties, which how-

ever needs to be scientifically evaluated. Use of tuber

paste as detergent and toilet soap hold promise in the

cosmetic and health care industry.

10.8.1.5 M. cochinchinensis

The fruits are esteemed as the fruit from Heaven for its

ability to promote longevity, vitality and health. It is

traditionally used for wound healing, to improve eye

health and to promote normal growth in children. The

seeds are known in traditional Chinese medicine as

“Mubiezi,” reported to have resolvent and cooling

properties, are used for treating liver and spleen dis-

orders, chest complaints, abdominal pains and dysen-

tery, wounds, hemorrhoids, bruises, swelling, and pus

(Voung 2001).

10 Momordica 235



10.8.1.6 M. foetida

The juice of crushed leaves is used to relieve cough,

stomach-ache, intestinal disorders, headache, earache,

toothache and as an antidote for snakebites. Leaves are

also used to ameliorate the effects/scars caused by

smallpox, boils, spitting cobra poison and malaria.

The other uses are as emmenagog, ecbolic, aphrodi-

siac and abortifacient. The roots, said to be poisonous,

and the crushed seeds are used in East Africa to cure

constipation (Njoroge and Newton 2002). The fruit

pulp is said to be poisonous to weevils, moths and

ants, and is used as an insect repellent in Tanzania

(Watt and Breyer-Brandwijk 1962).

10.8.2 Scientific Documentation/
Validation of Health Benefits

Even today almost 80% of the human population in

developing countries is dependent on plant resources

for healthcare (Farnsworth et al. 1985). Indigenous

healthcare practices provide low cost alternatives in

situation, where modern healthcare services are not

available, too expensive and/or ineffective. Documen-

tation of traditional knowledge especially on the

medicinal uses of plants has lead to the discovery of

many important drugs of the modern day (Cox and

Ballick 1994; Fabricant and Farnsworth 2001). Natu-

ral products are the basis of many standard drugs used

in modern medicine and at least 50 plant derived drugs

are developed from ethnobotanical leads (Cox and

Ballick 1994). Besides, plants seem to have served as

models for drug development also (Fabricant and

Farnsworth 2001).

10.8.2.1 Antidiabetic Properties

Over a hundred research papers have been published

on pharmacological especially hypoglycaemic proper-

ties, and phytochemical characterization. A number of

patents have been submitted on actives and processes

ofMomordica spp. for insulin-type properties. In vitro

and in vivo studies in animals have shown that karela

acts to inhibit glucose absorption, acts as an insulin

secretogog, and exerts insulinomimetic effects, though

not all of these effects have been supported by in vivo

studies. Antifertility side effects and hepatotoxicity

have been reported in animals administered with kar-

ela, with pregnant animals being especially suscepti-

ble. However, no such adverse effects in humans seem

to have reported, despite its widespread use medici-

nally and as a vegetable.

In small-scale clinical trials with limited patients,

karela juice/powder have been shown to significantly

improve glucose tolerance without increasing blood

insulin levels and to improve fasting blood glucose

levels (Aslam and Stockley 1979; Leatherdale et al.

1981; Akhtar 1982). Oral administration of powdered

fruit (Srivastava et al. 1993) and seeds (Grover and

Gupta 1990) have lead to a fall in blood and urine

sugar levels and post prandial blood glucose levels

also fell.

Studies in M. balsamina have confirmed the

acclaimed hypoglycaemic property of the stem–bark

extract of the plant that could be used in the manage-

ment of hypoglycaemic conditions (Geidam et al.

2007). Olaniyi (1975) has isolated the hypoglycaemic

principle foetidin, consisting of equal parts of beta

glucoside and 5,25-stigmatastadien-3 beta-ol gluco-

side (similar to charantin from M. charantia) from

whole plants and unripe fruits of M. foetida. Foetidin
was shown to lower blood glucose levels in normal

rats, but it had no significant effect in diabetic animals

except at 18 h samples (Marquis et al. 1977; Raman

and Lau 1996; Bosch 2004).

10.8.2.2 Anticancer Properties

Antitumour activity of crude extracts of M. charantia
and M. cochinchinensis have been demonstrated

in vivo (West et al. 1971; Jilka et al. 1983).

10.8.2.3 Antiviral Activity

The leaf extracts of M. charantia has been demon-

strated to inhibit the growth of Herpes simplex virus 1

(Foa-Tomasi et al. 1982) and human immuno defi-

ciency virus 1 (Lifson et al. 1988; Lee et al. 1990;

Zhang 1992b). The proteins a- and b-momorcharin

and MAP are believed to be the active antiviral com-

ponents of Momordica charantia (Zhang 1992b).

M. balsamina fruit pulp was reported to be commonly

used for its antiviral efficacy in poultry and even
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claimed to be having healing effects for human AIDS

in northern Nigeria. An anti-HIV property of the fruit

pulp extract (aqueous) was studied for in vitro (in

humans) by Bot et al. (2007). The results showed

that the plant extract treatment significantly

(p < 0.05) increased CD4+ lymphocytes count when

compared to the untreated peripheral blood mononu-

clear cells (PBMC), indicating its ameliorative role.

10.8.2.4 Analgesic and Anti-inflammatory

Effects

A methanolic extract of the seeds from unripe fruit of

M. charantia has been shown to produce a marked

dose-dependent analgesic effect in mice (Biswas

et al. 1991). Karumi et al. (2003) has established the

analgesic and anti-inflammatory effect of the aqueous

leaf extract of M. balsamina in mice.

10.8.2.5 Antifertility Effects

Several components with abortifacient properties

(a-,b-momorcharins) have recently been isolated

from M. charantia. Aqueous and ethanol extracts

from the roots were found to be most effective in

causing significant abortifacient activity besides

showing moderate estrogenic activity in female rats

(Shreedhar et al. 2001). A protein isolated from fresh

tubers of M. cochinchinensis was found capable of

inducing mid-term abortion in mice.

10.8.2.6 Hepatotoxicity

Ng et al. (1994) have found that a- and b-momorchar-

ins can induce cytoplasmic blebs and other morpho-

logical changes in rat hepatocyte in vitro. Secretion of

various enzyme markers of cell damage is also raised.

However, in a recent study (Semiz and Sen 2007),

M. charantia fruit extract exhibited hepatoprotective

effects in CCl4-intoxicated rats. The results suggest that

the M. charantia fruit extract possess the protective

activities, antioxidant effects besides having hypo-

glycemic and antidiabetic effects in rats. M. dioica
leaves (Jain et al. 2008) and fruits (Thirupathi et al.

2006) have potent hepatoprotective action and ethano-

lic extract was found more potent.

10.8.2.7 Toxicity in Humans

Although toxicity has been observed in some animal

studies (Sharma et al. 1960; Zhang 1992a), there are

no published reports of fatal or serious effects in

humans at normal doses (50 ml, given orally). Karumi

et al. (2006) and Geidam et al. (2007) have conducted

toxicity studies in M. balsamina. Graded doses of

aqueous leaf extract were administered orally and

intraperitonially to separate groups of rats to deter-

mine the acute toxicities and it was concluded that

M. balsamina at low dosages is safe.

10.8.3 Phytochemistry and Active
Ingredients Isolated

M. charantia fruit contains steroids, charantin,

momordicosides (G, F1, F2, I, K, L), acyl glucosyl

sterols, linolenoyl glucopyranosyl elenosterol, amino

acids, fatty acids, and phenolic compounds. The seeds

contain galactose-binding lectins, vicine, amino acids,

fatty acids, terpenoids, and momordicosides (A, B, C,

D and E). The phytochemicals isolated from the whole

plant, vines or leaves include saponins, sterols, steroi-

dal glycosides, alkaloids, amino acids and proteins

(Raman and Lau 1996).

Phytochemical screening of M. balsamina leaves

revealed the presence of tannins, saponins and lectins

(Akinniyi et al. 1983). The alkaloids include momor-

dicin (Watt and Breyer-Brandwijk 1962), momordo-

cins (Karumi et al. 2004) and cucurbitacins, which

impart bitter taste along with saponins. Phytochem-

icals of pharmaceutical importance (anti-inflamatory,

antiviral, antibacterial and antioxidant activities) like

momordin II (ribosome inactivating protein) and ros-

maric acid (caffeic acid ester) have been isolated from

M. balsamina (Bosch 2004).

Phytochemical investigations in M. dioica have

revealed the presence of traces of alkaloids and ascor-

bic acid in fruits. Lectins, b-sitosterol, saponin glyco-

sides, triterpenes of ursolic acid, hederagenin,

oleanolic acid, a-spiranosterol, stearic acid, gypso-

genin, momodicaursenol and some aliphatic constitu-

ents were isolated from different parts of this plant

(Ghosh et al. 1981; Sadyojatha and Vaidya 1996; Ali

and Srivastava 1998; Luo et al. 1998).
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Trypsin inhibitors are known to produce a cancer-

preventive effect in humans and to confer in crops

resistance against insects. Hernandez et al. (2000)

have separated three trypsin inhibitors from

M. cochinchinensis seeds. Five trypsin isoinhibitors

(TI-1 to TI-5 of the squash-type) differing in molecu-

lar mass, specific trypsin-inhibitory activity, and N-

terminal amino acid sequence were isolated from

M. cochinchinensis seeds (Wong et al. 2004). Tien

et al. (2005) have investigated in vivo and in vitro

the antitumor activity of the crude water extract from

Gac fruit (M. cochinchinensis). The antitumor compo-

nent was confirmed as a protein with molecular weight

of 35 kDa, retained in the water-soluble high molecu-

lar weight fraction as distinct from lycopene, another

compound with potential antitumor activity.

Cochinin B, a novel ribosome-inactivating protein

(RIP) with a molecular weight of 28 kDa, was purified

from the seeds ofM. cochinchinensis (Chuethong et al.
2007). The purified Cochinin B displayed a strong

inhibitory activity on protein synthesis and strong

antitumor activities. RIPs have been linked to defense

by antiviral, antifungal and insecticidal properties

demonstrated in vitro and in transgenic plants (Nielsen

and Boston 2001).

Mulholland et al. (1997) have isolated several cucur-

bitane triterpenoids from the leaves ofM. foetida includ-

ing a few novel compounds. Momordicines and foetidin

(identical to charantin) were reported from fruits

and leaves of M. foetida. Momordicines have been

found to be both bacteriostatic and insecticidal; foetidin

has slight antispasmodic and anticholinergic effects.

10.8.4 Use as Dietary Supplements

Inequitable food availability and inadequate food

intake among population at the lower socio-economic

strata and especially among children, pregnant and

lactating mothers is a grave problem in the developing

countries (Andersen et al. 2003; Seena et al. 2005).

The major food crops being roots and tubers besides

cereals, the diets in these parts are predominantly

starchy. Thus, nutrient deficiency especially of protein,

macro- and micro-elements are prevalent. A long-term

sustainable solution to alleviate the problem is to

enlarge the food basket by exploiting under-exploited

and lesser-known wild plants as sources of nutrient

supplements. In this direction, many researchers have

reported the nutritional composition of various types

of edible wild plants including those of Momordica

genus in use in the developing worlds.

10.8.5 Protein and Mineral Supplements

Communities in Africa have a long history of using

traditional indigenous leafy vegetables to supplement

their diets (Odhav et al. 2007; Rensburg et al. 2007).

Introduction and extensive cultivation of more remu-

nerative and aggressive crops, first from Asia and

subsequently from Europe and South America during

colonization, have marginalized several of these tradi-

tional native species. Presently, urbanization and the

influence of urban lifestyle on the rural African popu-

lation have resulted in replacing the traditional vege-

tables with introduced modern vegetables. Besides,

the indigenous traditional knowledge related to the

cultivation and uses of these traditional vegetables

are also at risk of getting lost at household and com-

munity level. Considering their potential nutritional

value, these traditional vegetables could contribute in

a major way to the food security and balanced diets of

rural households and possibly urban households as

well. However, further research on other aspects like

nutritional profile and bioavailability, genetic

improvement and better cultivation practices are war-

ranted.

The leaves of M. balsamina are a popular vegeta-

ble, consumed regularly in the eastern parts of South

Africa (Fox and Norwood Young 1982; Van Wyk and

Gericke 2000; Hart and Vorster 2006; Rensburg et al.

2007; Odhav et al. 2007). The study by Hassan and

Umar (2006) has detected 17 amino acids with gluta-

mic acid, leucine and aspartic acid being the predomi-

nant amino acids. Isoleucine, leucine, valine and

aromatic acids were found to be higher than WHO/

FAO/UNU (1985) requirement pattern for children,

while sulphur containing amino acids are the only

limiting amino acids for adults. Comparing the leaves’

mineral contents with RDA values, the results indi-

cated that the M. balsamina leaves could be good

supplement for some mineral elements particularly

K, Ca, Mg, Fe, Cu and Mn.

Compared with cabbage, lettuce and spinach, these

wild Momordica vegetables contain more protein and
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fat, while the fiber content is less. Among the minerals

analyzed, the leaves of M. balsamina had higher

values than those reported for the exotic vegetables,

except for sodium. The wild vegetables like M. balsa-

mina leaves could be promoted as a protein supple-

ment for cereal-based diets in poor rural communities,

while its high potassium content could be utilized for

the management of hypertension and other cardiovas-

cular conditions. The relatively high concentrations of

zinc, iron and manganese could contribute toward

combating the problem of micronutrient deficiencies

(Flyman and Afolayan 2007).

Odhav et al. (2007) have presented preliminary

nutritional data for 20 traditional leafy vegetables

including M. balsamina. The results of this study pro-

vide evidence that these local traditional vegetables,

which do not require formal cultivation, could be

important contributors to improve the nutritional con-

tent of rural and urban people. From this study, it was

determined that most of the leafy vegetables provide

mineral concentrations exceeding 1% of plant dry

weight and are much higher than typical mineral con-

centrations in conventional edible leafy vegetables;

they are thus recommended for future commercial

cultivation. High levels of antioxidant activity (96%)

were also noticed in M. balsamina.

From the results of these analyses, it can be seen

that M. balsamina leaves could be important green

leafy vegetable as a source of nutrients to supplement

other major sources. However, chemical analysis

alone should not be the sole criteria for judging the

nutritional importance of a plant’s parts. Thus, it

becomes imperative to consider other aspects such as

presence of antinutritional and toxicological factors

and biological evaluation of nutrients’ form, content,

availability and utilization. However, research efforts

in these areas are rather meager.

The use of leaves in human nutrition is not consid-

ered in general with the importance it deserves in some

low protein diets. When limiting amino acid of main

foods is lysine (as in the case of cereal based diets) the

protein of leaves may be of a great importance in its

supplementation. The leaves and fruits of M. balsa-
mina are used as spinach along with groundnut meal in

a traditional cooking called “cacana” in Mozambique.

Oliveira and De Carvalho (1975) have studied its

nutritional value from the standpoint as a protein sup-

plement of common diets. Along with Amaranthus

spinosus and Colocasia antiquorum, M. balsamina

leaves have high protein content and scores high in

all indices of nutritional value of leaf proteins. How-

ever, the use ofM. balsamina in a traditional dish with

groundnut meal is of no interest, since S-amino acids

are limiting in both cases. The substitution with/addi-

tion of maize meal would be a corrective procedure to

be envisaged.

10.8.6 Vitamin Supplements

Malnutrition is an ugly specter in most parts of Africa

and Asia and chronic vitamin A deficiency stands out

as one of the most persistent nutritional problems

though in most cases a food source of retinol and

provitamin A carotenoids is plentiful. Sustainable

solutions to micronutrient deficiencies that capitalize

upon indigenous resources and foodstuffs offer a long-

term mechanism for elevating the health status of

disadvantaged people. The gac fruit (M. cochinchin-

nensis) is an excellent source of b-carotene
(17–35 mg/100 g of edible part). This fruit is familiar

to the people within its distribution range and is easy

to grow.

Nutritional supplementation trials in Vietnam have

shown that children fed with “xoi gac” (rice cooked

with fruit pulp ofM. cochinchinensis, popularly called
gac) have significantly higher plasma b-carotene,
compared to those who received synthetic b-carotene
powder or none (control). Increases in plasma retinol,

a-carotene, zeaxanthin, and lycopene levels were also

significantly greater in children given gac (Vuong

et al. 2002). It is likely that the fatty acids in gac are

what make its b-carotene more bioavailable than that

of the synthetic form (Vuong et al. 2002).

Voung (2001) and Vuong et al. (2002) have

described an exemplary case study in Vietnam where

the use of the traditionally cultivated gac fruit

(M. cochinchinensis) was demonstrated to be an ideal

tool in managing chronic cases of vitamin A defi-

ciency in children. This is an example of a highly

successful long-term and sustainable strategy using

the indigenously available food resources. Extended

cultivation coupled with better pre- and post-harvest

technologies can make its availability throughout the

year. Research efforts toward breaking seed dor-

mancy, development of improved cultivars, and better

package of cultivation practices can contribute toward
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higher productivity and production. More importantly,

better efforts are needed to educate the local population

about the health benefits of this nature’s bounty, “the

fruit from heaven” as this fruit is known in Vietnam.

10.9 Prospects as Alternative Crops

Indigenous vegetables have great potential in poverty

and malnutrition alleviation and diversification of

agricultural environment (Engle and Faustino 2007).

They are relatively neglected crops, being left out

from research agenda and marginalized from develop-

ment schemes. They are being increasingly replaced

by a handful of cultivated species and their improved

varieties. The indigenous knowledge associated with

their collection/cultivation, sustainable utilization, and

conservation is also under serious threat of being lost

in the long run.

Though the current exploitation of these indigenous

perennial vegetables by the rural and tribal popula-

tions is restricted in the areas of their distribution,

some of these have shown equal acceptability among

the urban population as well (Chadha and Patel 2007).

The dioecious perennial bitterless species native to

Asia, i.e., M. dioica, M. sahyadrica, M. subangulata

ssp. renigera and M. cochinchinesis have tremendous

potential as cultivated crops on their own. There is

better consumer preference for “bitterless bitter

gourds,” as vegetables, though much of the traditional

medicinal properties are ascribed to the bitter consti-

tuents. Though rich in minerals, vitamins, and antiox-

idants such as carotene, lycopene and flavonoids, their

potential health benefits are still unknown to the large

section of society. Being perennial hardy species pro-

pagated by tubers, cultivation of these species is

less demanding and ideal for homestead/on-farm cul-

tivation.

M. sahyadrica has come up very well as a natural

component in cardomom and coffee estates in the high

ranges of Western Ghats of India. In fact, all these

species can be very well integrated into any cropping

pattern suitable or prevalent in their geographic range.

These plants can perenniate under natural conditions

for up to 5 years and are highly adapted to organic

farming. Being high-value vegetables with wide

acceptability, their cultivation will lead to diversifica-

tion in diet besides nutritional security. Besides, they

are an ideal component for home gardens and marginal

and subsistence farming.

In spite of being promising fruit vegetables, there

has been not much research thrust paid on kakrol’s

genetic improvement, though there have been few

efforts on addressing the problems related to propaga-

tion and agronomic aspects (Ali et al. 1991; Mishra

and Sahu 1983). Though reported to have Ctenoplec-

tra bees as pollinators in South China (Schafer 2005),

and the floral characteristics suggest the possibility of

such a plant–pollinator mutualism, no such pollinators

are reported from India or rest of Asia. The natural

fruit set is rather poor and requires hand pollination in

the cultivated kakrol (M. subangulata ssp. renigera).

The dioecious species are shown to have varying

degrees of seed dormancy. Hence, tubers serve as

better propagules because of their vigorous growth,

precocious flowering and fruiting, besides the great

advantage of plants of desired sex (10:1 is ideal).

Several workers have pointed out the inadequate avail-

ability of female tubers in dioecious species as the

single most limiting factor in their large-scale cultiva-

tion. Recently, Joseph John et al. (2008) have reported

that longitudinal splitting of tubers into 2–4 segments

(with a portion of apical meristem) in M. dioica and

M. sahyadrica, whereas longitudinal/cross-sectional

cutting into several pieces in M. subangulata ssp.

renigera is efficient in multiplication of propagules.

However, studies on tuber morphology, germination

behavior, and tuber multiplication have yet to be con-

ducted in the other three species.

Though these crops are traditionally raised as

rainfed crop, pure rainfed crop cultivation especially

in dry zones cannot be practiced at present due to the

erratic nature of rainfall prevailing in most parts of

South Asia. Navaratne and Kodithuwakku (2006) have

explored the possibility of enhancing indigenous veg-

etable production in Sri Lanka through low-cost

microirrigation approach. The yield obtained from

the crop grown under designed irrigation system is

two-times higher than the yield of crop grown

under rainfed condition. Irrigation water consump-

tion by crops under subsurface irrigation system was

1.6-times less when compared to manual irrigation.

Meerabai et al. (2006) advocate biofarming in bitter

gourd, incorporating the use of organic manures and

biofertilizers. This enables the production of superior

quality produce devoid of toxic residues and preferred

for their flavor, taste, nutritive value, and extended
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shelf-life. A similar approach incorporating the essen-

tials of traditional farming practices, organic cultiva-

tion, and low-cost irrigation and other production

technologies can make cultivation of these crops prof-

itable for the farmers, thereby ensuring a sustainable

system.

M. balsamina leaves, an important component of

the traditional African leafy vegetables, are a good

source of supplements for protein and micronutrients

to the cereal-based African traditional diets. The same

is true in Asian taxa, though its use as leafy vegetable

is limited to a handful of ethnic/linguistic tribes. The

phytochemical analyses show that these locally

adapted indigenous vegetables are rich in proteins

(including most of essential amino acids), minerals,

and antioxidants, much better than many of the mod-

ern vegetable crops. In fact, proximate analysis show

leaves are better source of nutrients than fruits with the

exception of carotenoids. However, bioavailability of

these nutritional components and conflicting reports

on toxicity in humans need to be further investigated.

Collection of diverse types from wide ranging areas

and further evaluation and selection can lead to less

bitter and non-toxic types. Research efforts in these

aspects can help in promotion of these traditional wild

vegetables for the benefit of a much larger population.

Besides their diversified uses, the underexploited

indigenous vegetables such as M. balsamina have a

great innate capacity of giving good returns under

scanty and erratic monsoon conditions, prevailing in

arid regions of India and a larger part of Africa.

These vegetables provide the nutritional security to

the people particularly during the drought year. In

drought years, only these vegetables can give good

yield when most other vegetables fail. However, very

less attempts have so far been made to improve the

existing landraces of these indigenous vegetables

(Maurya et al. 2006; Rai et al. 2006).

10.10 Utilization as Breeding Resources

The genetic variability present in the wild and under-

utilized vegetables is of importance for the successful

breeding of improved cultivars with desirable qualita-

tive traits and for biotic stress tolerance. The wild spe-

cies offer great resources for breeding of cultivated

bitter gourd for desirable edible/qualitative traits (such

as non-bitterness), abiotic stresses (tolerance to drought)

and resistance for several insect pests. There are several

genotypes ofwild bitter gourds (var.muricata) that have

been collected from southwestern India and reported to

have high fruit fly tolerance (Joseph John and Antony

2008b). M. balsamina is highly tolerant to most of the

typical cucurbit diseases and pests including ladybird

beetle (Epilacna septima), red pumpkin beetle (Auloco-

phora fevicoli), pumpkin caterpillar (Margaronia

indica), gall fly (Lasioptera falcata), root-knot nema-

tode (Meladogyne incognita), cucurbit yellow mosaic,

and little leaf disease (Joseph John and Antony 2008b).

Small-fruited wild types of bitter gourd (M. charantia
var. muricata) are, in general, tolerant to pumpkin cat-

erpillar and root-knot nematode, whereas some specific

accessions with fruit fly tolerance have also been

reported from Western Ghats of India. M. dioica has

been found to be tolerant to pumpkin caterpillar, gall fly,

and root-knot nematode, whereas M. sahyadrica is

highly tolerant to pumpkin caterpillar and root-knot

nematode, and most importantly to fruit fly incidence.

M. subangulata ssp. renigera is highly susceptible to

most of the diseases and pests, most notably root-knot

nematode, whereas it is resistant to cucurbit yellow

mosaic and little leaf diseases (Joseph John 2005). The

African taxa, especiallyM. foetida and M. rostrata, are

reputed for their insect-repellant properties (Bosch

2004) and offer great promise in resistance breeding in

M. charantia.
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Chapter 11

Raphanus

Yukio Kaneko, Sang Woo Bang, and Yasuo Matsuzawa

11.1 Introduction

Members of Raphanus are annual and outcrossing

plant species of the Brassicaceae family. They are

believed to have originated in the regions from Medi-

terranean to Black Sea. The genome was described

as RR and RrRr for Raphanus sativus and R. raphanis-
trum, respectively (Baranger et al. 1995; Chevre et al.

1996; Darmency et al. 1998). The somatic chromo-

some number of Raphanus species is 2n ¼ 18 (Banga

1976; Harberd 1976; Prakash et al. 1999). Genome size

of R. sativus was reported to be ca. 526 Mbp (Arumu-

ganathan and Earle 1991) and 573 Mbp of 0.583 pg

of genome content (Johnston et al. 2005). These values

are intermediate between 529 Mbp (0.539 pg) for

Brassica rapa and 696 Mbp (0.710 pg) for B. oleracea

(Johnston et al. 2005), although genome size of

R. raphanistrum is not yet clear.

Seven species compose the genus Raphanus classi-

fied under two sections of Raphanis DC. and Hesper-

idopsis Boiss. Section Raphanis comprises six species

including R. sativus, R. raphanistrum, R. microcarpus,

R. rostras, R. maritimus, and R. landra, and section

Hesperidopsis includes only one species, R. aucheri
(Kitamura 1958). On the other hand, Fujii (1977) and

Hida (1990) supposed six species except forR. aucheri,

and even eight species were proposed by Cheam and

Code (1995). Banga (1976), George (1985), and Hida

(1990) independently presumed that four wild species,

R. raphanistrum, R. maritimus, R. landra, and

R. rostras, might be involved in the development of

cultivated radish. These wild radishes are growing as

the dominant weedy plants around the coastal areas of

the Sea of Marmara and the Bosphorus Straits of Med-

iterranean (Dixon 2007). Harberd (1976) proposed that

the genus Raphanus could be included into a cytodeme

based on the somatic chromosome number, chromo-

some configuration at MI in pollen mother cells

(PMCs) and fertility supported by Prakash et al.

(1999) and Dixon (2007). Tsunoda (1979) and Hinata

(1995) proposed that these wild species were included

in R. raphanistrum and the genus Raphanus was clas-
sified into two species, R. sativus and R. raphanistrum.

11.2 Application of Wild Species
for Radish Breeding

Potential of wild radishes and their hybrid lines was

evaluated by Matsuzawa et al. (1996), but the genetic

resources of wild species have not been exploited to

achieve divergent taste, tolerances to new disease and

insect damage, effective seed production system, and so

on. The agricultural traits of the genus Raphanus were

summarized by Warwick (1993). These include cyto-

plasmic male-sterility (CMS) (Ogura 1968; Yamagishi

and Terachi 1996), resistance to pod shattering (Agni-

hotri et al. 1991), tolerance to saline soils (Warwick

1993), and resistance to blackleg (Salisbury 1987).

11.3 Domestic and Wild Radish

Brassica juncea and B. rapa grow in a natural state at

the banks and roadsides. B. napus was also growing

in the semi-wild at the Meiji Period. A wild radish
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(R. sativus L. var. hortensis f. raphanistroides
Makino) growing in the coastal area of Japan, Korea,

and South China is known as Hama-daikon (Furusato

and Miyazawa 1958; Kitamura 1958; Ohnishi 1999).

This species have been considered to be involved in

the development of domestic varieties such as Mor-

iguchi, Hatano, and Hosone (Fujii 1977). The other

wild radish, known as Nora-daikon or No-daikon,

was grown at the restricted inland areas in Tohoku

district (Aoba 1967, 1988), and was suggested to

be the island type of Hama-daikon by Ohnishi

(1999). No-daikon has been grown around the

areas 70 km away from the coast being isolated by

the mountainous region. This radish was called

Koubou-daikon, since Saint Koubou had introduced

it to this area about 1,200 years ago. In the 1950s,

large colonies were identified in Yamagata and

Fukushima Prefectures (Aoba 1981). The plants

of this wild radish grow naturally in the field

where other crops such as buckwheat was harvested

and plowed over (Fig. 11.1a). Their leafy rosettes

vigorously grow covering the field and cannot be

harvested by hand for development of lateral roots

(Fig. 11.1b).

No-daikon was assumed to be relative to Kozena

that was locally cultivated at the Kozena Area in the

Onoda Village, Miyagi Pref. Kozena is one of the

important resources for CMS (Namai 1991; Sakai

and Imamura 1994, 2003), although people do not

take the plumped root but harvest the fresh leaf of

this radish (Furusato and Miyazawa 1958; Sasaki

1994).

Both Hama-daikon and No-daikon are sharply pun-

gent and develop solid roots, and constricted pods

yielding a seed (Fig. 11.1c). The 100 seeds weights

are ca. 1.306 g, 2.463 g and 2.823 g for Hama-daikon,

Minowase, and Horyo, respectively. Wild radishes

showed seed dormancy as shown in Tables 11.1–11.3.

Most of the seeds did not germinate immediately after

sowing (Table 11.1; Fig. 11.1d). Within a month after

sowing, 13% of seeds germinated and about 50% of

them germinated within 45 days after sowing

(Table 11.2). Seed dormancy was broken by chilling

treatment of more than 12 h (Table 11.3). The seed

dormancy was also observed for wild radish, Koubou-

daikon (Aoba 1967) and R. raphanistrum examined at

Victoria in Australia (Cheam and Code 1995).

Recent studies on wild radishes are focused on anal-

ysis of origin of cultivated radishes and evolution of

wild radish, model system of competition and suppres-

sion between wild radish and their hybrid groups in

California, and gene flow from transgenic rapeseed

(B. napus) to wild radishes or other relatives. For the

progress of works on genetics, breeding, and ecology of

radishes, it might be important to analyze the genomic

feature of wild radishes including Japanese wild ones.

11.4 Researches in Origin of Radish
Using Gene Markers

The origin of cultivated radish is not so clear even

though the molecular biology studies have been

performed.

Fig. 11.1 Characteristics of Japanese wild

radish. (a) Koubou-daikon population at Yonezawa,

Yamagata Pref., (b) Morphology of Koubou-daikon,

(c) Pods of Koubou-daikon (right) and cultivated

radish (left), (d) Dormancy of Hama-daikon in about

1 month after sown
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For this purpose, Yamagishi and Terachi (1994,

1996) studied on the orf138 gene of mitochondrial

DNA (mtDNA) in cytoplasm (Ogura type; Ogura

1968) that induced CMS. Distribution of orf138 gene

was surveyed for radish cultivars and wild radishes

(Hama-daikon) were collected in Japan. However,

orf138 gene could not be detected in the cultivars except

for a few ones (MSGensuke, Kozena, Nou-No.1 bred in

Okinawa Pref., Sabaga). On the other hand, this gene

was widely distributed in more than 40% of wild radish

populations growing in East Asia including Japan and

could be identified in both R. raphanistrum and

R. maritimus (Yamagishi and Terachi 1997, 2003). It

was assumed that the Ogura cytoplasm carrying the

orf138 gene might be originated in the course of cyto-

plasmic differentiation to wild radish after the genus

Raphanus had evolved (Yamagishi 2006).

The nucleotide sequence of an entire coding region

of orf138 was examined for 107 plants of Japanese

wild radish, 29 cultivars, and seven strains of

R. raphanistrum (Yamagishi and Terachi 2001). Six

sites of nucleotide change, and one single insertion/

deletion (39 bp) were observed in the orf138 region

from wild and cultivated radishes. By the analysis of

these seven mutations, the orf138 sequences of 143

plants were classified into nine types (Type A to Type I)

and two types (B and C), eight types except for H

type and five types (A, B, E, F and H) were identified

in R. raphanistrum, Japanese wild radishes, and culti-

vars, respectively. The type B was detected in 41% of

Japanese wild radishes, and found in 13 out of 19

populations growing in Japan. In addition, this type

was more frequent (86%) in R. raphanistrum suggest-

ing that Type B is one of the ancestral types of orf138.

Giancola et al. (2007) recently found the mutated

orf138 gene in three populations from France and

one from South England, although it was of low fre-

quency. The Ogura-type cytoplasm carrying Type B

and Type C sequences might have evolved in

R. raphanistrum. Furthermore, these cytoplasms

might introgress into Japanese wild radish along with

the nuclear Rf gene(s). By the aid of the Rf gene,

Ogura-type cytoplasm was transmitted into wide

range of radishes in Japan. Several independent muta-

tions occurred in orf138 of Japanese wild radish, and

the variants including Type A have been maintained in

populations. Ogura-type cytoplasms with specific

types of orf138 have also been introgressed into

some native varieties (Yamagishi and Terachi 2001;

Yamagishi 2006). Iwabuchi et al. (1999) suggested

orf125 to be CMS-inducing gene for domestic variety

Kozena grown in Miyagi Pref. of Tohoku district. On

the other hand, Yamagishi (2006) described that

orf125 might be equivalent to Type F of Japanese

wild radish growing in Yamagata and Aomori prefec-

tures of Tohoku district.

Out of nine types of orf138, five types – A, B, D, F

and H – were ascertained to induce male-sterility. On

the other hand, it is important to survey the nuclear

restorer gene (Rf gene; Brown et al. 2003) inhibiting

the expression of orf138 for pollen fertility. R. rapha-

nistrum and most of the Japanese wild radishes had the

restorer gene, although a half of the cultivated radishes

were carrying it (Yamagishi 1998). Twenty-three out

of 28 Chinese and European varieties possessed the

restorer gene, although 20 out of 28 Japanese varieties

Table 11.3 Effects of chilling treatment on dormancy in

Japanese wild radish

No. of strain

observeda
Hours of

chilling

Date of

observationb
Total germination

rates (%)

10

Aug

25

Aug

3 12 47 29.1 76.1

3 24 51.7 20.8 72.5

3 72 38.1 15.4 53.5
aSeeds were harvested from Chiba Pref. on 25 June 1993
bSeeds were sown on 01 Aug 1993

Table 11.1 Dormancy of Japanese wild radish

(Hama-daikon)

No. of strain observed Date sown

1-Jul 31-Jul

3a 0 13.3

Cultivated radishes

Minowase 46.7 93.3

Horyo 63.3 100
aSeeds were harvested from Chiba Pref. on 25 June 1993

Table 11.2 Seed germination rate in Japanese wild radish

No. of strain

observed

Date of observationb Total germination

rates (%)27

Jul

11

Aug

22

Aug

02

Sept

3a 10 11.7 20 6.7 48.4

Cultivated radishes

Minowase 100

Horyo 100
aSeeds were harvested from Chiba Pref. on 25 June 1993
bSeeds were sown on 18 July 1993

11 Raphanus 249



did not carry it. Koizuka et al. (2003) isolated the Rf

gene, orf687, from the Chinese radish var. Yuan hong,

and Giancola et al. (2007) also found Rf gene in

R. raphanistrum from France. In addition, Yasumoto

et al. (2008) investigated the distribution of the Rf
gene in Japanese wild radish including 226 individuals

collected from 15 regions in Japan and two regions of

Korea. The examined 95 plants (42%) of the Japanese

wild radish possessed orf138, 207 (91.6%) had the Rf

gene in both Japanese wild radish and F1 hybrids bred

by CMS variety with orf138. By polymerase chain

reaction-restriction fragment length polymorphism

(PCR-RFLP) analysis of the nucleotide sequence of

between the Rf gene and orf687, it was clarified that

plants with an identical RFLP pattern of orf687 were

restrictively found in three populations collected from

southern region of Japan including Iriomote, Zanpa-

zaki, and Imajuku.

From these studies, it was confirmed that the orf138
gene (Ogura-CMS gene; Ogura 1968) identified in

Japanese native variety is now widely distributed

among R. raphanistrum in Europe and Japanese wild

radish. Moreover, the origin of cultivated radish

could be demonstrated by the molecular analysis of

the wild radish species.

11.5 Origin of Japanese Wild Radish

Huh and Ohnishi (2001, 2006) investigated the genetic

diversity of Japanese wild radish growing around East

Asia using allozyme and amplified fragment length

polymorphism (AFLP) marker analysis. The Korean

populations were of smaller size being isolated like

dots, but they maintained a high level of genetic diver-

sity. The average percentage of polymorphic loci, the

mean number of alleles per locus, and the average

heterozygosity for Korean populations were 63.1%,

2.27, and 0.281, respectively, whereas these para-

meters for Japanese populations were 53.3%, 2.26,

and 0.278, respectively. These results might show the

higher genetic diversity in the Japanese wild radishes.

These parameters for R. raphanistrum in Europe were

94%, 3.25, and 0.45, respectively. In AFLP analysis,

both Japanese and Korean populations of Japanese

wild radishes showed a wide range of variation

where the average percentage of polymorphic loci

and the average heterozygosity were 66.3% and

0.128, respectively. R. raphanistrum and two lines of

R. sativus from Kazakhstan were confirmed to be

closely related. Therefore, R. raphanistrum might

have an involvement in the origin of R. sativus.

As has been mentioned, plants with cytoplasm car-

rying orf138 and nuclear Rf gene are widely

distributed in Japanese wild radishes, but most of the

Japanese cultivars have not incorporated these genes.

The European and Chinese varieties had the Rf gene,

but many varieties except for those in Taiwan have not

yet carried the orf138 gene. Therefore, Yamagishi

(2006) suggested that Japanese wild radish might be

the descendants from R. raphanistrum. Terachi et al.
(2001) investigated the nucleotide sequence of the

entire coding and flanking regions of orfB using

R. raphanistrum, Japanese wild radishes and

cultivated ones. The plants with Ogura male-sterile

(MS) cytoplasm carried only the type 1 sequence,

whereas the plants with normal cytoplasm had either

type 2 or type 3. As regards to the distribution of these

three types among varieties and populations, 78% of

cultivated radishes exclusively possessed type 2 and

92% of Japanese wild radishes had two or three types

(Yamagishi 2004). These facts might suggest that the

Japanese wild radishes were not the escape from

cultivated radish but the descendants from R. rapha-

nistrum (Yamagishi 2006).

11.6 Roots of the Cultivated Radish

Yamagishi and Terachi (2003) analyzed the structural

variations in the mitochondrial coxI and orfB regions

by PCR using three wild species (R. raphanistrum,

R. landra, R. maritimus) and 43 cultivated radishes.

Five (I–V) and four (I–IV) types of mtDNA were

identified for R. raphanistrum and R. maritimus,

respectively. They considered that the cytoplasmic

differentiation of these two species might be too

small to discriminate them as independent species.

All of the European cultivars were type II and 60%

of Chinese ones were type III. Japanese cultivars clas-

sified into type I (42%) and type III (42%) were

common to the northern Chinese cultivars. Yamagishi

et al. (2005) also analyzed the sequences of trnL to

psbG region in the chloroplast genome by PCR-RFLPs

using 118 plants of 22 strains in three wild species

(R. landra, R. maritimus, and R. raphanistrum), 219
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plants of 13 populations in Japanese wild radishes and

80 plants of 48 varieties in the cultivated radishes.

They identified eight haplotypes, although type 1 and

type 2 could not be classified. All the seven types were

identified in R. raphanistrum and five types in

R. maritimus showed the highest rate (40.6%) of type

3 in the two species. Japanese wild radish contained

39.3% of type 8, 33.6% of type 7 and 27.4% of type 4.

In Japanese wild radishes, the prominent genetic

diversity clearly showed that 11 populations out of

13 observed maintained more than two types. The

cultivated radishes were classified into four types

including 1/2, 4, 7, and 8, and a large number of

European varieties was of type 4 (66.7%), the Chinese

and Japanese varieties were of type 7 (42.4%), type 4

(36.4%), type 8 (18.2%), and 1/2 type (3%), respec-

tively. On the other hand, Yamane et al. (2005) inves-

tigated the nucleotide sequence of the 50-matK region

of chloroplast DNA and five regions (aptA–aptI,
ndhD–ndhH, rpoA–rps3, rpoC3–trnC and

psbB–psbH) by PCR-RFLP analysis for 17 accessions

including the cultivated radish, R. raphanistrum, and
East Asian wild radish. They suggested that R. rapha-

nistrum was not the maternal ancestor of the cultivated

radish, and the East Asian wild radish has contributed

to the establishment of the East Asian cultivated rad-

ish. Furthermore, Yamane et al. (2009) also studied

the origin of cultivated radish by single sequence

repeat (cpSS) variation in chloroplast DNA using 59

cultivated radishes and 23 strains of three wild Rapha-

nus species. Seven of the 25 cpSSRs studied were

polymorphic (two to four alleles), and a total of 20

haplotypes were designated as A to T. Haplotype E is

widely distributed in Europe and East Asia. Haplotype

N is geographically restricted in Asia. A total of 13

haplotyes were detected in wild Raphanus, and seven

of them (A, B, G, J, Q, S, and T) were distributed only

in them. By minimum-spanning network (MSN) anal-

ysis, it was found that there were at least three inde-

pendent domestication events, relating black Spanish

radish and those grouped with two distinct cpSSR

haplotypes. Yamane et al. (2009) presumed that the

Asian cultivated radish was not originated from the

diffused descendants of European cultivated radish,

but probably originated from a wild species that is

distinct from the wild ancestor of European cultivated

radish.

As a result, the cultivated radishes were suggested

to be developed through multiple origin, a part of

which cytoplasm might inherit from wild relatives of

the genus Raphanus, plants maintaining differentiated

cytoplasm were independently domesticated at the

districtive area. A few types of cytoplasm from

R. raphanistrum were transmitted to the Japanese

wild radish. The cultivated radish developed in the

Eurasian continent might have produced a large num-

ber of varieties around the world. In Japan, the ances-

tors with the distinct two types of cytoplasm might be

firstly introduced, and then new domestic cultigens

have evolved through hybridization between types.

The wild radishes distributed widely in the Eurasian

continent, Japanese wild radish originated the wild

radishes adapted to East Asia, and then, the native

varieties have been bred by the hybridization among

Japanese wild radish (Yamagishi 2006).

Genetic approaches for wild and cultivated radish

of Eurasian Continent would provide some potential

information to understand the evolutional relation-

ships of radishes around the world.

11.7 Characteristics of R. raphanistrum
as a Weed

R. raphanistrum grows vigorously as a weed in all

continents except for Antarctica (Hinata 1995; Holm

et al. 1997). Two species of R. raphanistrum and

R. sativus grow in the wild in North America (War-

wick 1993), and the authors observed both these spe-

cies in Paraguay and South America also (Fig. 11.2).

In Australia, three species have been identified:

Fig. 11.2 The wild radishes in Paraguay, South America
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R. raphanistrum, R. maritimus, and R. sativus (Cheam

and Code 1995). Lefol et al. (1997) indicated that

R. raphanistrum was a major weed in Weed Seeds

Order of the Canadian Seed Act. This species is

distributed in the provinces on the Atlantic seaboard,

the Canadian Pacific coast, but is infrequent in the

prairie region of western Canada.

Wild radish not only has colonized new regions, but

also it has caused yield losses in a variety of crops

(Sahli et al. 2008). In Australia, the weedy R. rapha-
nistrum is estimated to bring about an average yield

loss of 2 ton ha�1 and A$ 30 ha�1 for herbicide in

rainfall areas (Streibig et al. 1989). At Rutherglen and

Victoria, 10% and 50% of yield losses were confirmed

in the field with only seven wild plants m�2 and 200

wild plants m�2, respectively (Cheam and Code

1995). Webster and MacDonald (2001) surveyed 83

troublesome weeds in Georgia and wild radish was

found to be the most troublesome one both in the fields

of cereals and vegetables. Wild radish is one of the

most troublesome weed for the production of spring-

sown wheat and barley in Sweden (Bostrom 2003).

Lehtila and Brann (2007) performed a selection for

flower size of R. raphanistrum concerning to both

reproductive and vegetative traits through two genera-

tions. The lines having large flowers produced smaller

seeds and flowered later than the lines with small

flowers. The lines selected for large flower size had

more flowers and a larger plant size than those selected

for small flowers. The authors also showed that flower

size had a positive genetic correlation with flowering

and plant height. As to the pollination systems and

pollinators for propagation of weedy R. raphanistrum,

Conner et al. (1995) surveyed the effect of flower

morphology of wild radish on pollination using four

pollinators: honey bees, small native bees, butterflies,

and syrphid flies. The nectar-feeding butterflies had

higher potentials for pollination than both the nectar-

and pollen-feeding honey bees. Flowers with interme-

diate stigma exertion had the highest number of pollen

grains deposited on their stigma by butterflies, but

stigma exertion had no effect on the deposition by

honey bees. For both butterflies and honey bees, pollen

deposition on the recipient flower increased with the

amount of pollen removed from the donor. Further-

more, Conner and Rush (1996) also observed the

effects of flower number and the size on visitation of

syrphid flies and small bees to wild radish for 3 years

could clarify the positive correlation between both

flower number and corolla size and the number of

flower-visiting syrphid flies. Increase in flower size

might cause a little increase for small bee. Addition-

ally, they observed that the 12 small bees of three

families (Anthophoridae, Colletidae, and Halictidae)

and syrphid flies of nine genera visited to R. raphanis-

trum in 2 years. Sahli and Conner (2007) inspected the

pollinators to R. raphanistrum and showed that sweat

bees of the genus Dialictus visited more frequently

than the syrphid flies Toxomerus, Syritta, and Erista-
lis. These four genera accounted for 81% of visitors to

R. raphanistrum, although 14 visitors of 15 genera

were effective pollinators. On the other hand, effects

on seed setting widely varied from 0.10 seeds a visit of

Sphaeorphoria to 1.66 seeds a visit of Apis. Larger

pollinators were more effective than smaller ones for

seed setting. Concerning to the differentiation of quan-

titative traits in R. raphanistrum, they concluded that

the no-rosette and the early flowering traits might be

the significant adaptations enabling R. raphanistrum to

be a major agricultural weed.

11.8 Introgression Between the
Cultivated Radish and Wild
Radish in California

Both cultivated radish and R. raphanistrumwere intro-

duced to the San Francisco Bay area from Europe in

the middle of 1800s. R. raphanistrum might be intro-

duced as a weed contaminant together with cereals

(Robbins 1940).

From a study on the wild R. sativus and R. rapha-

nistrum by Panetsos and Baker (1967), the differentia-

tion of two species was confirmed. The wild R. sativus

has the distinctive traits including the white or par-

tially purple flower on a white background, and tender

and slightly thick pod made of spongy parenchyma.

On the other hand, R. raphanistrum has yellow flower,

and slender and hardy pod breaking into pieces when

ripened. In California, the above two species were

growing with their intermediate types that would be

bred from natural hybridization between them. The F1
plants induced by artificial crossing between the two

species showed intermediate characteristics, chromo-

some configurations of 1IV + 7II at first metaphase

(MI) of PMCs and moderate fertility of 50% in both
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pollen formation and seed setting. From these facts, it

was suggested that the F1 plants were carrying some

reciprocal translocations in one pair of chromosomes.

When the wild R. sativus type was naturally back-

crossed to cultivated radish, some progenies did not

form the quadrivalent chromosomes, and had showed

high seed setting. These facts suggest that the intro-

gression might occur from R. raphanistrum to

cultivated radishes in the course of acclimatization of

radishes. Using eight morphological traits and 10 allo-

zyme loci, Hegde et al. (2006) analyzed the genetic

features of more than 50 wild radish populations col-

lected from Cannon Beach, Oregon, through Califor-

nia and south of Santo Tomas, northern Baja

California, Mexico, including both the coastal and

inland valley areas. They concluded that California

wild radishes were intermediate in specific combina-

tion of traits, and confirmed the introgression among

populations in California. Today, the genetically pure

populations of R. raphanistrum indicated by Panetsos

and Baker (1967) have been replaced by the hybrid

populations in these 40 years.

Campbell et al. (2006) investigated the genetic

changes using four R. raphanistrum collected from

Michigan and hybrid populations (R. raphanistrum �
R. sativus). Hybrid and wild populations showed simi-

lar growth for four generations, and the pollen fertility

of hybrid ones was enhanced progressively. The

advanced progenies showed lower fertility than

R. raphanistrum exhibiting ca. 270% greater lifetime

fecundity and ca. 22% greater survival rate than Cali-

fornia wild radish. They proposed a hypothesis that

crop–wild hybridization might generate new geno-

types with potentials enough to surpass the parental

species under new environments.

Ridley et al. (2008) studied the evolutionary pro-

cesses in four cultivars of radish, six populations of

European R. raphanistrum and 11 populations of Cali-

fornian wild radish analyzing the trnL–rpl132 inter-

genic region of chloroplast DNA. Eight haplotypes

were identified in cpDNA of the genus Raphanus.

Cultivated radishes had B and D types and R. rapha-

nistrum had five haplotypes (A, C, E, F, and H). No

haplotype was commonly shared between R. rapha-

nistrum and cultivated radishes. On the other hand, the

Californian wild radish possessed six haplotypes, B

and D of which were similar to R. sativus, and A, E

and F were to R. raphanistrum, respectively. Only

haplotype G was independently unique. In the

geographical distribution, little genic inclination was

observed either on North–South axis or West–East

(coastal–inland) axis. Genetic diversity among popu-

lations of Californian wild radish was 0.412, whereas

that of R. raphanistrum was 0.742. It was confirmed

that the Californian wild radishes originated through

hybridizations between R. sativus and R. raphanis-
trum. Ridley and Ellstrand (2009) investigated on the

Californian wild radish populations using the repro-

ductive traits including days to flowering, length of the

longest leaf at flowering, root crown diameter at flow-

ering, number of pods per plant, average number of

seeds per pod, and total seeds per plant. Survival rates

for both Californian wild radish and R. raphanistrum

were higher over years and growing sites. Californian

wild radish showed intermediate phenotypes to its

progenitors in many traits at the beginning of flower-

ing. For potentials of pod and seed production, a

significant correlation could be identified between

genotype and environment. Californian wild radish

has become more fertile than parental progenitors

through ca. 150 generations since the original inter-

specific hybridization. Ridley and Ellstrand (2009)

suggested that the progressive hybridization might

contribute to enhancement of fertility contributing to

higher survival rate and reproductive potential.

Eber et al. (1994, 1998) also confirmed the intro-

gression from R. raphanistrum into cultivated radish

by the analysis of hybrids between the native R. rapha-

nistrum and cultivated radish in France. On the other

hand, Kato and Fukuyama (1982) observed normal

chromosome configuration of 9II in meiosis and high

seed setting in F1 hybrids between the cultivated rad-

ish and R. raphanistrum L. ssp. landra. From these

results, it could be assumed that the chromosomal

reconstruction might occur even in R. raphanistrum.

11.9 Intergeneric Hybridization
Between Wild Radishes
and B. napus and Its Implications
on Gene Flow from Transgenic
Rapeseeds

The rapeseed (B. napus, 2n ¼ 38, AACC) is known as

incompletely self-fertilized crop with the outcrossing

rate of 30% (Rahow and Woods 1987; Rieger et al.
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2001). It is feared that the transgene of transgenic

rapeseeds would be introduced into wild relatives

through hybridization, and the risk of gene dispersal

into crops was assumed to be high. The successive

steps to assess the probability of transgene transfer

into wild relatives are (1) the crops and wild relatives

grow side by side and come simultaneously into

flower, (2) pollen scatter and seed dispersal, (3) pro-

duction of viable and fertile F1 hybrids, (4) stable

introgression of the transgene into wild relatives, and

(5) persistence of introgressed gene in natural popula-

tions (Prieto et al. 2005; Devos et al. 2007).

As to the crossability to B. napus, Devos et al.

(2007) pointed out that R. raphanistrum in Belgium

was a member of rank 3. B. rapa and Hirschfeldia

incana were classified to rank 1 and rank 2 in hybri-

dizing potentials for introgression. Kelran et al. (1992)

investigated pollen germination and hybrid production

in vitro for risk assessment of outcrossing between

transgenic rapeseed and R. raphanistrum. In the case

of B. napus � R. raphanistrum, no pollen tube pene-

trated into the style of B. napus. In the reciprocal cross,
on the other hand, the germination percentage of rape-

seed pollen grains was significantly lower (12%) than

the former, although the pollen tubes of rapeseed did

not penetrate into stigma of R. raphanistrum. As a

result, they obtained a few hybrids (2n ¼ 28, ACR

and RAC) in reciprocal crossings by ovary culture.

Prieto et al. (2005) developed cross-specific transpo-

sable element (SINE) markers for screening of intro-

gression of rapeseed genes into R. raphanistrum. In 47

markers observed, 30 revealed polymorphism in which

17 markers were dominant and 13 were codominant.

Polymorphic markers were mapped on 10 linkage

groups of B. napus. They presumed that the SINE mar-

kers might provide efficient tools to analyze the intro-

gression from transgenic rapeseeds to R. raphanistrum.
Based on these information, we could survey the

transgenic hybridization in reciprocal crossings

between B. napus and R. raphanistrum under natural

conditions as shown in Table 11.4.

Eber et al. (1994) analyzed 7,018 seeds obtained

from the crossing between B. napus and R. raphanis-
trum. All plants obtained from large seeds (longer than

2 mm in diameter) were not hybrid. On the other hand,

3,734 small seeds (shorter than 1.6 mm) developed

into 188 hybrids were 2n ¼ 28 with ACRr genome.

One plant was ascertained to be amphidiploid

(2n ¼ 56, AACCRrRr). The 2n ¼ 28 plants formed

trivalents and quadrivalents in 9.2% of the PMCs,

suggesting the possibility of crossing-over between

AC and Rr. In the isolated field where the intergeneric

hybrid plants were surrounded with R. raphanistrum,

8.5% of the 281 F1 plants were confirmed to produce

pods. From 234 pods obtained, 20 seeds were larger

than the F1 seeds. In the case of rapeseed field, 17

plants out of 20 F1 plants developed pods, and 567

seeds were obtained. From this result, they assumed

that fertile progenies could be maintained by back-

cross with parental donor. Baranger et al. (1995)

examined the spontaneous outcrossing of six male-

sterile (CMS) rapeseed lines and R. raphanistrum.
The 42.4% of 651,400 seeds were large (longer than

1.6 mm in diameter) and 57.6% were small (less than

1.6). All the 244 plants obtained from large seeds were

true rapeseed. Among 240 plants from small seeds,

however, many triploid hybrids (2n ¼ 28, ACRr)

were bred, in addition to AACCRrRr amphidiploids

with 2n ¼ 56, diploidal AACC (2n ¼ 38) and haploid

AC (2n ¼ 19) plants. It was suggested that the fre-

quent genomic reconstitution was proceeding in those

plants with 2n ¼ 28 from small seeds. Confirming the

production of BC1 plants, they suggested that close

relative between Rr genome and the A or C genome

might explain the wide hybridization with B. napus.

Chevre et al. (1996) obtained from 2.8 seeds per 100

pollinated flowers to 23.8 seeds in the pollination of

CMS rapeseeds with R. raphanistrum under field con-

ditions for 3 years. By the cytogenetical analysis of the

427 F1 plants, 423 were ACRr with 2n ¼ 28 and four

plants were AACCRrRr with 2n ¼ 56, respectively.

The BC1 seeds were produced from F1 hybrids with

ACRr genome through open pollination. They

observed multivalents at MI of PMCs of BC1 plants

with 2n ¼ 37 (AACCRrRr) and 2n ¼ 56. From these

facts, they suggested that the chromosome rearrange-

ment between transgenic rapeseeds and R. raphanis-

trum might occur in their following progenies. Lefol

et al. (1997) performed hybridizations of R. raphanis-
trum with B. napus, B. rapa and B. juncea in the

reciprocal crossings. Only two seeds (0.4 seeds per

100 pollinated flowers) were obtained from the cross-

ing of B. napus with wild radish, three and 13 seeds

were obtained from B. rapa and B. juncea, respec-

tively. In these crossings, only two plants generated

in the cross between B. napus and wild radish were

confirmed to be true hybrid. The F1 plants produced

four seeds by the backcrossing with B. napus. In the
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reciprocal cross, no hybrid plant could be obtained in

the crosses between wild radish and Brassica species.

Darmency et al. (1998) investigated the spontaneous

hybridization between rapeseed and wild radish by

growing them in cages and field. When CMS rapeseed

and wild radish were grown in the field in a ratio of 1:1

and 1:2, 40% and 80% of the germinated seeds devel-

oped into true hybrid, respectively. On the other hand,

only two spontaneous hybrid plants were obtained from

147,671 seeds when plant materials were grown in

cage. The chromosome number of these plants were

2n ¼ 28 suggesting to be the genome constitution of

RrAC. Furthermore, hybrids were fertile in the follow-

ing progenies. Chevre et al. (2000) obtained 23 hybrids

from 73,847 seedlings in the cross between CMS rape-

seeds and R. raphanistrum, hybridization ratios of

which ranged from 2 � 10�5 to 5 � 10�4. The chro-

mosome number of hybrids were shown to be 2n ¼ 28,

2n ¼ 37 and 2n ¼ 56 for 18 triploids (ACRr), one

tetraploid (ACRrRr), and four amphidiploids

(AACCRrRr), respectively. In contrary, only one

hybrid (RrRrAC, 2n ¼ 37) was developed from

189,084 seedlings in the reciprocal cross. Most of the

hybrids were obtained from small seeds shorter than

1.6 mm in diameter. The chromosome configuration at

MI of PMCs in ACRr and RrRrAC hybrids showed

trivalents and/or quadrivalents suggesting the allosyn-

detic chromosome pairing between Rr genome and A

or C genome. Rieger et al. (2001) tried the natural

hybridization in vivo, where one or four plants of

R. raphanistrum were planted randomly in each

100 m2 field of rapeseeds. Two hybrids with 2n ¼ 56

(AACCRrRr) were obtained from 52,000,000 seedlings

via rapeseeds in 2 years. These hybrids were fertile in

selfing and backcrossing with R. raphanistrum. On the

other hand, no hybrid was produced from 25,000 seed-

lings via R. raphanistrum. Thalmann et al. (2001) stud-

ied on the spontaneous hybridization between

R. raphanistrum collected from three regions on Swiss

Plateau and rapeseeds under agricultural conditions.

A total of 754 plants developed from R. raphanistrum
were confirmed not to be hybrid not only by the flow

cytometry but also by the RAPD analysis. These facts

could suggest that higher hybridization barrier might

operate between R. raphanistrum as recipient and rape-

seeds as pollen donor, and gene flow may be extremely

rare. Warwick et al. (2003) studied on the natural cross

of R. raphanistrum with rapeseeds using seven Cana-

dian populations and six European ones in greenhouse

and using three Canadian populations and one popula-

tion from France under field conditions. No hybrid

developed from the experiment in the former. On the

other hand, in field conditions, only one hybrid was

found from 32,821 individuals of four populations,

showing 0.003% of hybridization ratios. The chromo-

some number of this hybrid was 2n ¼ 34 or 35 with

genomic constitution ofRrRrAC. From this and previous

data (Chevre et al. 1998, 2000), Warwick et al. (2003)

Table 11.4 Production of F1 hybrid and their progenies between B. napus and wild radish under natural pollinations

Combination Researchers and

years published

Production of

F1 hybrid
a

Production of progeny

from F1 hybrid
b

B. napus � wild radish Eber et al. (1994) ○ ○
Baranger et al. (1995) ○ ○
Chevre et al. (1996) ○ ○
Lefol et al. (1997) ○ ○
Darmency et al. (1998) ○ ○
Chevre et al. (2000) ○ ?

Rieger et al. (2001) ○ ○
Chevre et al. (2007) ○ ○

Wild radish � B. napus Lefol et al. (1997) � –

Darmency et al. (1998) ○ ○
Chevre et al. (2000) ○ ?

Rieger et al. (2001) � –

Thalmann et al. (2001) � –

Warwick et al. (2003) ○ ?

Halfhill et al. (2004) � –

Daniels et al. (2005) � –
a○ More than one hybrid was obtained successful in hybridization, � no hybrid, ? Unknown
b○ Production of progenies by backcrossing with parents or by self-pollination, ? Unknown
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concluded that hybridization between R. raphanistrum

and B. napus was extremely rare. Halfhill et al. (2004)

studied on hybridization between 11 transformed rape-

seed lines and R. raphanistrum under a higher crop ratio

(600:1) and a lower one (180:1) to wild radish. No

natural hybridization was confirmed in 19,274 seedlings

screened with green fluorescent protein (GFP) pheno-

type. By contrast, 9.7% of hybridization rate was

observed between B. rapa and B. napus in the same

condition. Daniels et al. (2005) observed the interge-

neric hybridization between R. raphanistrum or

R. sativus and six related species in the cultivated con-

ditions. Seedlings grown from 1,793 seeds via

R. raphanistrum in 3 years and 117 seedlings via

R. sativus in 1 year developed no herbicide tolerant

plants. Chevre et al. (2007) studied on the evolution of

hybrid genome during the successive generations fol-

lowed by the formation of intergeneric hybrid of

B. napus � R. raphanistrum, in order to set up a frame-

work for gene flowmodeling between these two species.

They used seven CMS genetically modified (GM)-rape-

seed lines that had different insertion sites of the same

transgene carrying the same genetic background. More

than 500 plants were the true intergeneric F1 hybrids of

ACRr genomic construction with 2n ¼ 28. A majority

of BC1 plants were expected to have 2n ¼ 37 chromo-

somes, but the chromosome number showed a wide

range from 24 to 80. When the BC1 plants with

2n ¼ 28 to 64 were successively backcrossed with

R. raphanistrum, the chromosome number decreased

progressively from BC2 to BC4 generations.

As described above, using the CMS rapeseeds as

recipient in hybridization production between

R. raphanistrum and B. napus, a large number of

plants really showed hybridity. B. napus forming nor-

mal pollen was not bred by hybridization but by self-

pollination within themselves. As a seed parent,

R. raphanistrum is so incompatible to the related spe-

cies that the risk of gene introgression from GM rape-

seed to R. raphanistrum was extremely low.

11.10 Prospects for Wild Radish

Wild radish has not provided the agronomic traits

except for CMS for hybrid seed production system.

However, it may offer useful information for genetics

and breeding of cultivated radishes in near future.
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Chapter 12

Solanum

Gavin Ramsay and Glenn Bryan

12.1 Basic Botany of the Genus Solanum

Solanum is a large genus of around 1,500 species with

a near-cosmopolitan distribution, and although only

one genus of around 90 genera in the Solanaceae

family includes almost half of the species in the fam-

ily. The Solanaceae family sits in the Euasterid I group

alongside the Boraginaceae, the Lamiales (e.g., the

Lamiaceae and the Oleaceae), and the Gentianales

(e.g., Gentianaceae) (Angiosperm Phylogeny Group

2003; Haston et al. 2007). The centers of diversity

for the genus are largely tropical, but the adaptability

of the group is demonstrated by the occurrence of

representatives in cold-temperate environments and

at the altitudinal maximum for vegetation around

4,500 m in parts of the Andes for some tuber-bearing

Solanum species (Hawkes 1990). Life forms in the

genus vary from small, high-altitude, rosette-forming

species to rambling lianes, arboreal epiphytes, and

bushy and woody perennial forms. South America

hosts around one third of the worldwide total species

in the genus (Hunziker 1979). In a recent molecular

phylogenetic study using three chloroplast genes, the

established infrageneric structure was found to be

inaccurate. It is now suggested that the genus com-

prises two large clades with around ten subclades,

each with informal names pending further investiga-

tion (Weese and Bohs 2007).

Solanum species are generally pollinated by bees.

Flowers are pentamerous and usually radially symmet-

rical but sometimes zygomorphic and without floral

nectaries, thus providing only a pollen reward for

pollinators. Although most members of the genus

release pollen through a terminal pore, there are also

longitudinal-dehiscent and intermediate types within

the genus (Garcı́a et al. 2008). Limited access to pollen

in enclosed anthers is a feature of flowers adapted for

buzz pollination by bee species capable of the appro-

priate behavior. In such flowers, bees access the pollen

by vibration of the anther cone and the collection of

the resultant flow of pollen from the pores. The robust

anther cone associated with such a pollination syn-

drome appears, from study of the microstructure, to

have evolved more than once in the genus (Glover

et al. 2004). Corolla color varies from white to purple

and occasionally yellow, often with prominent floral

guides. Although white flowers are often associated

with pollinators flying at night, in a study in a sub-

tropical moist forest in Belize, several white-flowered

species opened their flowers only in daylight hours,

whereas some species with white or pigmented cor-

ollas flowered intermittently at any time (Smith and

Knapp 2002).

The genus Solanum has contributed several crop

species of global standing. The fourth crop in terms

of global yield and the most important non-cereal food

crop is the potato, Solanum tuberosum L. Additional

species grown by man include the tomato (S. lycoper-
sicum L., reviewed in a separate chapter), the eggplant,

aubergine, or brinjal, (Solanum melongena L.), the

nakati or Ethiopian eggplant (S. aethiopicum L.), the

naranjilla (S. quitoense Lam.), and the invasive tropi-

cal shrub the Turkey berry or devil’s fig (Solanum
torvum Sw.).

The potato, as a staple foodstuff, is a crop that

supported civilizations in South America over several

millennia, rose to a similar status in the western fringes

of Europe in the eighteenth and nineteenth centuries,
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and is now lauded as an answer to food insecurity and

a means of meeting the Millennium Development

Goals in a wide range of developing countries. The

localized production and lack of trade as a global com-

modity insulates consumers of potato from the volatil-

ity of global markets, and instead makes price largely

determined by local factors (Prakash 2008). Although

the majority of production is now processed in North

America and some European countries (Kirkman

2007), globally only around 15% of the crop is pro-

cessed. In the last 20 years, production in the tradi-

tional main areas in Europe has suffered a gentle

decline, but there has been a large increase in demand

and production in Latin America, Africa and Asia,

where China and India now produce more than one-

third of the global harvest (FAOSTAT 2008).

The cultivated potato was domesticated by the

tribes that preceded the Huari and Inca peoples around

8,000 years ago in South-Central Peru. The initial

domestication was from species in the Solanum buka-

sovii Juz. complex (Spooner et al. 2005: see Sect. 12.3

for further details) suggesting that cultivation began at

around 3,000–4,500 m asl. According to Hawkes

(1990) the potato belongs to a group of over 220

tuber-bearing species from section Petota within

the genus Solanum. Since its initial domestication,

the potato has migrated both north and south in the

Andes, moved to lower altitudes in the Andes, and

found its way to coastal Chile where forms developed

which were more suited to temperate agriculture. The

initial introductions (of Andean stock) into Europe

were made in the 1570s first reaching the Canary

Isles. Subsequent spread took the potato as far as

China in 1609 and finally the USA in 1719. Potatoes

are now grown in 149 countries from latitudes 65�N
to 50�S and at altitudes from sea level to over 4,000 m

(Hijmans 2001).

The tomato (now S. lycopersicum) is also a major

world crop with an origin in the Andes of South

America (Jenkins 1948; Peralta and Spooner 2007).

This crop and its wild relatives will be discussed

elsewhere in this book series.

In the Old World, the genus Solanum has provided

one major crop, the eggplant, aubergine or brinjal,

S. melongena. This species grows as a perennial

shrub a meter or so high in tropical regions, but as a

crop in temperate zones it is grown as an annual. China

produces more than half of the world harvest of egg-

plant ahead of India, Egypt and Turkey as other major

producers. The main center of diversity of the eggplant

is the Indian subcontinent and possibly other parts of

Southeast Asia where an exceptionally wide range of

fruit types can be found. Vavilov (1928) also consid-

ered India as the center of origin for the eggplant, with

China as a later secondary center of diversity. Without

archeological specimens to date the domestication of

the crop, other means of dating domestication have

been sought. Recent studies have suggested that the

eggplant has been under selection in China since at

least 59 BC (Wang et al. 2008). However Sanskrit

documents take the recorded history of the crop

back to at least 800 BC (Daunay and Janick 2007) by

which time it was already a popular vegetable fruit in

the Indian subcontinent. Most studies indicate that

S. incanum L. or S. insanum L. is the wild progenitor

of S. melongena (Behera et al. 2006) although an ulti-

mate origin from S. macrocarpon L. in Africa cannot

be ruled out. The history of the eggplant is further

confused by the related African species Solanum

aethiopicum, known as the Ethiopian eggplant or the

nakati. This is a related fruit-bearing species, also used

for leaf production to be cooked in a manner similar to

spinach, and is thought to have originated from Sola-

num anguivi Lam. (Lester and Niakan 1986). There is

a form of the species known as Gilo, now generally

considered to be a cultivar group of S. aethiopicum.

With additional molecular studies of the group, addi-

tional clarity on the interrelationships of these species

may be forthcoming.

An additional New World Solanum species

exploited by man is the naranjilla, Solanum quitoense

Lam. This species is grown for its fruits and is found in

Peru, southern Colombia and Ecuador and reaches

2.5 m high, forming a woody shrub when mature. It

is found at altitudes between 1,200 and 1,800 m where

it prefers humid environments and light shade. As with

eggplant, the cultivated form has a greatly reduced

complement of spines compared to the wild forms. A

further shrubby fruit-bearing species originating in the

Andes is S. betaceum Cav., until recently placed in the

genus Cyphomandra (Bohs 1995). This species has

entered international trade and is grown for export in

Portugal and New Zealand, where it has recently been

given the name the tamarillo for marketing purposes.

The basic chromosome number of x ¼ 12 for the

family is found in almost all Solanum species although

a reduction to x ¼ 11 has been reported for S. mam-

mosum L. and S. platense Diekmann (Chiarini and
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Bernardello 2006). Most species remain diploid, but

there are both autopolyploid and allopolyploid spe-

cies, including the most common form of the culti-

vated potato, Solanum tuberosum L. (2n ¼ 4x ¼ 48).

Haploid genome sizes in the two major New World

crops in the genus, potato and tomato, are 850 and

1,000 Mbp respectively, and the main Old World crop,

the aubergine or egg plant, has a genome size of

1,100 Mbp (Arumuganathan and Earle 1991). These

values are between six- and eight-fold greater than the

Arabidopsis genome.

12.2 Conservation Initiatives

With most climate change scenarios predicting major

disruption of food production in most regions in the

middle decades of the twenty-first century, adapting

crops to future climates and other changing pressures

has never been more important. The store of diversity

available for breeders in the genus Solanum is very

extensive and represents a source of genes which

could make a marked improvement to productivity in

different environments and to the ability to resist the

pressures from the rapidly changing ranges of pests

and pathogens predicted under a changing climate.

A pressing threat to this adaptive and potentially

valuable diversity in the wild relatives of Solanum

crops comes from the habitat loss associated with the

change of land use arising from population pressures.

The IUCN Red Data list of species (IUCN 2009)

includes 45 species from the genus Solanum, 11 of

them already considered to be endangered or critically

endangered. Although only one of the Red Data List

Solanum species was a tuber-bearing relative of the

potato, and it was categorized as of least concern, this

masks a much broader concern about the sustainability

of many wild potato populations. For example, Coca

Morante et al. (2007) surveyed one of the great centers

of diversity for tuber-bearing wild potato species, the

Department of La Paz, Bolivia (Knapp 2002). In the

five provinces in the north of the department visited

during the study, habitat loss by encroaching agricul-

ture and direct damage by pests and pathogens from

that agriculture such as Premnotrypes sp. and Phy-
tophthora infestans were threatening populations of

wild species and it was considered that the local

endemic wild potato species S. achacachense Cárd.

was now in danger of extinction. Many of the high

altitude tuber-bearing Solanum species live in scat-

tered populations and little is known of their current

status and vulnerabilities.

In some parts of the range of wild potatoes there has

been, in the last decade or more, a wholesale conver-

sion of pristine habitat into land with intensive agri-

cultural production. This change in landscape use is

on a much broader scale than that threatening S. acha-

cachense in the Bolivian highlands and can be readily

seen from satellite images and aerial photographs

using tools such as Google Earth. For example, CPC

3757 S. microdontum Bitt. (http://www.hutton.ac.uk/

cpc) is one accession from a locality that is now under

intensive agriculture.

Habitat loss in the Central Andes may, to some

extent, be curbed by the extensive protected areas

established by national governments. Large areas of

the highly diverse eastern Andes have already been

deforested, with Yungas forest lost to the extent of

38%, 25% and 15% in three areas of Peru, and defor-

estation in eastern Bolivia accelerating to about

2,900 km�2 per year. The vegetation of the higher

Andes is a little more secure with 54% of the area of

high Andean vegetation in Peru and Bolivia within

protected areas (Young 2007), but even protected

and putatively protected areas are not immune to

this loss.

In the Old World, there are also wild crop rela-

tives vulnerable to extinction. For example, Prohens

et al. (2007) reported on the genetic structure of two

endangered eggplant wild relatives found in the

Canary Isles, and suggested that measures were estab-

lished to aid their survival in the wild.

The greatest threat to wild species of Solanum may

come from the pressures associated with changing

climates. The high altitude species of wild potato are

under threat just as are many species internationally.

Although in some cases they may be able to migrate to

an equivalent climatic zone at high altitude, the migra-

tion depends on the existence of a suitable habitat as

well as an ability to move during the relatively short

period that may be available before the original habitat

becomes unsuitable. However, given the topography

and the habitat fragmentation induced by man, such

migrations will, in many cases, not be possible. The

likely rates of loss of wild relatives of three crops,

groundnut, potato, and Vigna bean, were modeled by

Jarvis et al. (2008) using standard projections for
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climate change. Potato wild relatives were found to be

at intermediate levels of threat and the modeling sug-

gested that about 7–14% of species (with no or unlim-

ited migration permitted) will go extinct simply due to

climate shifts by 2055 under the conditions specified.

The modeling also suggested that their range sizes

would decrease by between 38% and 69%. It should

be stressed that additional pressures of the conversion

of land for other use, and the changes in range of pests

and pathogens expected from a changing climate, will

add further stresses affecting the survival of wild spe-

cies. Jarvis et al. (2008) suggest that to safeguard

important biodiversity for mankind, increased effort

should be made on the collection of material in the

gene banks.

By the first half of the nineteenth century, wild

potatoes had been collected and were established in

botanical gardens in Europe. S. demissum Lindl. was

described in 1848 by Lindley from material in the

Royal Horticultural Society gardens in England, sent

to him by Udhe in Mexico. One spontaneous hybrid,

S. � edinense Berth., formed at the Royal Botanic

Garden in Edinburgh between cultivated potato,

S. tuberosum, and a Mexican hexaploid species,

S. demissum and was described by Berthault in Paris

in 1911 (Hawkes 1990). The impact of the discovery

of late blight resistance in S. demissum on potato

breeding was great, stimulating the breeding work of

Salaman (1931), Black (1943) and others who used

S. demissum as a source of genes for the breeding

of varieties resistant to late blight. The realization of

the value of wild species for breeding gave a further

impetus to the collection of wild species and fostered a

series of collecting expeditions in the early decades of

the twentieth century. The first collecting expedition

specifically to collect potato germplasm was that of

Bukasov in 1925 and again with Juzepczuk, Vavilov,

Lekhnovitch, and Kesselbrenner in 1926–1932

(Correll 1962). The Vavilov collection of wild and

landrace potatoes has, unfortunately, largely been

lost. German, Swedish, and American expeditions

were made in the early 1930s. Although the German

and Swedish expeditions were relatively unproductive

in terms of living material collected, due largely to

the unsuitable season, the American expeditions by

Russell, Erlanson, and others to Mexico and Chile

brought back around 600 accessions, which were

used by breeders although not studied systematically

at the time. In 1938, EK Balls and JG Hawkes began

their collecting expeditions on behalf of the Common-

wealth Bureau of Plant Breeding and Genetics in

England. In the first expedition, they collected around

1,200 accessions, giving a major boost to the availabil-

ity of tuber-bearing Solanum to breeders and scien-

tists worldwide. Hawkes (2004) published a detailed

account of his early collecting expeditions, recounting

his preparatory visit to Russia to learn from the prom-

inent taxonomists of the time, and his meeting with

Vavilov during his stay. Particularly during the next

four decades, many collecting missions visited Central

and South America, establishing the main potato wild

relative collections in existence today.

The main collections of potato wild species are

now found at CIP in Lima, Peru; Sturgeon Bay in

Wisconsin, USA; Wageningen, the Netherlands;

Dundee, UK; Braunschweig, Germany; and Chile,

Argentina, Bolivia, and Peru in South America. A

loose grouping of international gene banks was formed

under the banner of the Association of Potato Inter-

genebank Collaboration and has produced a basic

combined database built on those accessions in the

collections still retaining a single original collector

number (Huamán et al. 2000). The extant accessions

in the world’s potato gene banks numbered 11,819

wild species accessions, 7,112 of which were not

duplicates and 5,306 of which retained their original

collector’s number. Others had lost that identity or

were the results of crossing between accessions

losing viability due to bottlenecking. Around 30%

of the accessions were from Argentina, whereas the

major centers of diversity, Peru and Bolivia, contrib-

uted only 24% and 20%, respectively. Of the 188 taxa

in the collections, 72 were represented by five or

fewer accessions and about 70 taxa were not repre-

sented in any gene bank.

The subset of this world assembly of wild potato

accessions that is held in Europe is now accessible via

a combined database available from the CGN gene

bank Web site at Wageningen. Again, the original

collector’s number is used to provide a unique refer-

ence point for combining evaluation data from each

collection sharing the accession. More detailed addi-

tional information is available from individual gene

banks such as the Sturgeon Bay gene bank available

through the GRIN system, and the Germinate database

of the CPC available at the James Hutton Institute.

Most gene banks preserve material as true seed in

cold, dehumidified stores according to protocols close
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to IBPGR standards (Hanson 1985). In some rare

cases, particularly when individual clones have been

well characterized, it would be beneficial to maintain

clonal material in a safe form, but so far cryopreser-

vation and the use of slow growth medium has been

successfully applied only to clonal material of cul-

tivated varieties, breeder’s lines and mapping popula-

tions as the benefit for this type of material is clear

(Foroughi-Wehr et al. 1977; Sch€afer-Menuhr et al.

1996). However, true seed of Solanum species gener-

ally retains a high viability when stored both dried and

cold, and practical experience has shown that seed

stored in a reasonable condition retains its viability

for at least 30 years.

The in situ conservation route through the develop-

ment of protected areas and by implication the species

within the habits that exist there has already been

mentioned. In Peru, there are also specific initiatives

focused on the potato, the most important of which is

the Potato Park in Pisac, Peru. This groundbreaking

initiative by local community groups sought to repa-

triate genetic resources and maintain them for the

benefit of local communities. Although the main

focus is on the native cultivated biodiversity, the park

sits in the center of the area of the original domestica-

tion of the potato and includes the wealth of diversity

available in the wild potatoes of the area. The sym-

pathetic management of the area of 9,300 ha by the

participants in the initiative will afford protection for

some of the wild potato species found there.

Eggplant and its wild relatives do not have the same

well-developed international network charged with

the preservation of genetic resources. However, an

EU project on eggplant germplasm resources built a

Europe-wide database of 3,500 accessions of eggplant

and its wild relatives (van der Weerden and Barendse

2007), which has since grown to around 6,000 acces-

sions under the auspices of the ECP/GR program

(http://www.bgard.science.ru.nl/WWW-IPGRI/egg-

plant.html). About one quarter of the total European

holdings of eggplant are thought to be wild relatives of

the eggplant species. A further major repository is the

National Bureau for Genetic Resources in Pusa, Delhi,

where around 2,500 accessions of eggplant are held,

many of them indigenous cultivated landraces. The

USDA network of gene banks in the GRIN system

holds about 760 eggplant accessions and 860 taxa in

the genus Solanum, although the numbers of unique

species held will be somewhat lower.

12.3 Role of Wild Solanum Species
in Elucidation of Origin and
Evolution of Allied Crop Plants

Competing claims to be the source of the cultivated

potato have been made by Chile, Bolivia and Peru,

encouraged by a confused literature on the topic.

There is no simple answer to the question of the origin

of the cultivated potato, and to a degree all three

countries mentioned above and others can claim a

part in the story. One remarkable aspect of the story

of the cultivated potato was the discovery by Hosaka

(2003, 2004) that the Chilean potato carried the chlo-

roplast type found today only in an Argentinean and

Bolivian white starry-flowered species with a covering

of glandular hairs, S. tarijense Hawkes. Subsequent

work has shown that the landraces of potato in the

Andes mostly carry the chloroplast signature of the

species of the S. bukasovii group from Peru, with

which all potatoes have a strong affinity at the nuclear

DNA level, and also a Bolivian group of species once

thought to be better candidates as ultimate ancestors

than the Peruvian species (Sukhotu et al. 2006). The

signature of S. tarijense has not been detected in the

nuclear DNA of cultivated potato, yet the clear impli-

cation of this work is that an Andean stock of potato

hybridized with this species, which has a natural range

today in Bolivia and northern Argentina, and that deri-

vatives of that event, backcrossed to Andean stock,

made the journey south to coastal Chile where Chilean

potatoes became adapted to conditions very different

from their home in the Andes. Ames and Spooner

(2008) have used the chloroplast DNA deletion char-

acteristic of Chilean potato to survey European pota-

toes and confirm that potatoes in Europe largely carry

Chilean cytoplasm, though prior to the late blight

epidemic of the mid-1840s a wider diversity of chlo-

roplast types were found.

Hawkes (1990), without the benefit of the detailed

molecular data that was to follow over a decade later,

considered that the origin of the potato could be some-

where in the center of diversity of the wild potato,

from central Peru to the Lake Titicaca region and in

particular northern Bolivia. Although earlier Russian

researchers were inclined to place the origin of the

potato in Peru, as Hawkes had been earlier in his

career, he considered that as the most wild-looking

biotypes of landrace Stenotomum potatoes (then given
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specific rank but now considered a group within

S. tuberosum) were to be found in Bolivia then it was

likely that potatoes were descended from Bolivian

ancestors. S. leptophyes Bitt. seemed to fit most

closely due to its occurrence in the same phytogeogra-

phical region and at a similar altitude to Stenotomum

potatoes, the living representatives of the earliest

domesticated types. This was at variance with some

of the early molecular data appearing in print at the

time, including the study of Debener et al. (1990),

which placed Stenotomum and Andigena accessions

close to S. canasense Hawkes and not the Bolivian

and Argentinean group of species, which included

S. gourlayi Hawkes, a close ally of S. leptophyes.

This arrangement of species agrees with the position

of Bukasov (1966) who placed the origin of the cul-

tivated potato in the Peruvian group to which S. cana-

sense (part of S. bukasovii sensu lato) belongs.

Spooner et al. (2005) published a large-scale study

using amplified fragment length polymorphism

(AFLP) markers. A total of 438 AFLP polymorphisms

were assayed on 362 wild and 98 landrace accessions

of potato from the Commonwealth Potato Collection

and the USDA Potato Genebank at Sturgeon Bay.

Cladograms were presented using Wagner parsimony

methods, and these demonstrated a clustering of the

majority of the accessions in the study into two clades

representing the northern and southern S. brevicaule
complexes, the main groups of species found in Peru

and Bolivia plus Argentina, respectively. All the land-

race accessions in the study clustered with the northern

group and in particular a group of species from south-

ern Peru. This group from the northern Brevicaule

complex is regarded by some as one broad species

with the earliest name S. bukasovii, and by others as

several distinct species S. ambosinum Ochoa, S. buka-

sovii Juz. sensu stricto, S. candolleanum Berth.,
S. canasense, S. marinasense Vargas, and S. multidis-

sectum Hawkes. Later exploration of the data using

principal coordinate analysis suggested that within

this group the accessions labeled S. canasense demon-

strated the greatest overlap with cultivated landraces,

although other species are also candidates for involve-

ment in the ancestry of the cultivated potato.

Together, these studies indicate that the original

domestication event took place in central or southern

Peru at an altitude of around 3,000–4,300 m, that

the original domesticates formed hybrids with

other Andean wild species after migration under

domestication, and that backcrossing has yielded new

combinations of mostly Peruvian nuclear DNA with a

range of different cytoplasms, including a relatively

distant event to generate the nuclear–cytoplasmic

combination found in most Chilean and European

potatoes. There is also no indication of a hybridization

event with S. sparsipilum (Bitt.) Juz. et Buk. to form

tetraploid landraces as suggested by Hawkes (1990),

but instead the move to tetraploidy seems more likely

to have been directly from diploid landraces.

No comparable study exists which clarifies the ori-

gin of the eggplant using DNA techniques. With a

number of possible contributors to the diversity

found in cultivated species, and the ability shown by

other members of the genus to achieve introgression

from a number of related species, the story of the

origin of the eggplant may be complex.

12.4 Role in Development
of Cytogenetic and Genetic Stocks

Cultivated potato, S. tuberosum, is most commonly

grown in the tetraploid form, although diploid forms

are also frequent, particularly in the Andes. Also in the

Andes are forms of cultivated potato, which have

arisen by interspecific hybridization with S. megista-

crolobum Bitt. or S. acaule Bitt. These forms, S. �
ajanhuiri Juz. et Buk. and S. � juzepczukii Buk.,

respectively, give frost tolerance to domesticated

potato at the expense of reintroducing high levels of

tuber glycoalkaloids bred out by the original people

domesticating the potato. These high-altitude forms

are grown for the production of the ancient food,

chuño, a dried product produced with a long soaking

period, which de-bitters previously freeze-dried whole

small tubers.

With no appreciable differentiation at the DNA

level between the traditional diploid and tetraploid

taxa of domesticated potato, there is a general accep-

tance that the material previously given specific rank,

for example in Hawkes (1990), should be classified as

groups arising under domestication. Dodds (1962)

described a system of classification entirely consistent

with these modern ideas on the limits of S. tuberosum,
and his classification is used here. He placed five

groups under S. tuberosum: Stenotomum, Phureja

(both diploid), Andigena, Tuberosum (both tetraploid),
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and Chaucha (crosses between a diploid and Andi-

gena). In addition, S. � juzepczukii (S. tuberosum
group Stenotomum � S. acaule, 3�) and S. � curti-

lobum Juz. et Buk. (S. tuberosum group Andigena

S. � juzepczukii) retained specific rank thanks to

their origin as interspecific hybrids, and the position

of S. � ajanhuiri as an interspecific hybrid between

S. tuberosum Group Stenotomum and S. megistacro-

lobum was clarified by Johns et al. (1987). Some

recent authors have used the more recent system pro-

posed by Huamán and Spooner (2002), but we con-

sider that the similar system of Dodds (1962), retained

specific epithets for known interspecific hybrids, to be

preferable.

There has been a great deal of research performed

on the means of moving from one ploidy level in

potato to another. Some of this work has used wild

relatives of potato, for example to introduce the

embryo spot marker to permit the identification of

true hybrids rather than the desired dihaploids

(Hermsen and Verdeniu 1973). The two processes

involved in breeding across ploidy level are the spon-

taneous doubling of the chromosome complement

during gamete formation (Ross and Langton 1974)

(or the artificial doubling of chromosome number

with chemical agents), and the reduction of chromo-

some number through a failed pollination, often using

the Phureja lines with an introgressed gene for nodal

pigmentation (e.g., Uijtewaal et al. 1987), or anther

culture. To be able to move between ploidy levels

opens up new possibilities for approaches to breeding

and in particular allows the breeder the possibility of

the benefit of selection at the diploid level and the

recreation of productive tetraploid genotypes from

such diploid lines (Peloquin et al. 1989). Clulow

and Rousselle-Bourgeois (1997) challenged the

assumption of parthenogenesis following fertiliza-

tion and provided evidence for direct introgression

of Phureja DNA into the derived dihaploids from

incomplete fertilization or from the loss of chromatin

soon after fertilization. Although this may provide a

means of more rapidly introgressing DNA from wild

species into cultivated potato, its use for this purpose

has yet to be demonstrated. Furthermore, recent

studies have questioned the evidence for direct intro-

gression from Phureja, suggesting that dihaploid

induction does generally operate via parthenogenesis

(Samitsu and Hosaka 2002; Straadt and Rasmussen

2003).

The ability to inbreed germplasm opens up possi-

bilities to expose recessive alleles, prepare for hybrid

true seed production, provide an alternative to mono-

ploids for near-homozygous DNA isolation, and

develop material to investigate heterosis. Much of

this is best achieved at the diploid level. Although in

general self-compatibility is lost when moving from

tetraploidy to diploidy in cultivated potato, there are

rare genotypes that maintain self-compatibility in the

diploid state. Wild species have contributed to the

development of inbred lines. Cappadocia et al. (1986)

described self-compatibility arising from anther cul-

ture doubled haploids of the wild potato S. chacoense
Bitt. Hosaka and Hanneman (1998) described a gene

from S. chacoense, Sli, which suppresses the self-

incompatibility system normally functioning in dip-

loid potatoes, that this has now been exploited to

generate inbred lines as far as the S5 (Phumichai

et al. 2005).

Aneuploids have been recorded several times dur-

ing the introgression of traits from wild species to the

cultivated potato. Observations of aneuploidy in deri-

vatives of S. demissum � S. tuberosum were made by

Cooper and Howard (1952). More recently Wilkinson

(1992) observed aneuploidy in aerial parts of cv. Tor-

ridon and aneusomaty in the roots. However, such

aneuploidy has been recorded as a product of interspe-

cific breeding but not explicitly exploited as a genetic

tool in its own right.

12.5 Role in Classical and Molecular
Genetic Studies

As an outbreeding tetraploid, potato has not been an

attractive subject for classical genetic studies. Such

studies in potato have burgeoned since the advent of

quantitative trait loci (QTL) mapping based on molec-

ular marker maps, often using parents bearing wild

species introgressions (Meyer et al. 2005; Bradshaw

et al. 2008; Ritter et al. 2009). As a direct result of this

mapping effort potato has become a model for the

development of autotetraploid mapping (Luo et al.

2001; Hackett et al. 2003). Some of these gene

mapping studies have been performed in hybrids

between wild species prior to transfer of the genes to

cultivated stock (Danan et al. 2009). However, unlike

its close relative tomato, most of the effort has been
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directed to existing cultivated germplasm rather than

using wild relatives directly, although that cultivated

stock usually carries uncharacterized introgressions

from wild species. These uncharacterized wild species

introgressions have often been from species donating

pest and disease resistance into cultivated breeding

lines. As such they will have encountered few rounds

of meiotic recombination since their introduction and

may suffer inherently less frequent recombination in

any case. The relatively large distances over which

linkage disequilibrium occurs in the first published

studies of association genetics in potato (Gebhardt

et al. 2004; Simko 2004; Simko et al. 2006) may be

due to this special nature of introgressed segments

originating from wild potato species.

12.6 Role in Crop Improvement
Through Traditional and
Advanced Tools

Potato, unlike the other major bulk food crops as the

cereals, can and has benefited from the extensive use

of wild relatives in breeding. The value contributed

globally by the wild relatives of the potato is likely to

exceed than that of those of any other crop. Prakash

(2008) estimated the global value of international

trade in potato at US$6 billion and, as much potato

production is not traded across international bound-

aries, the true value must be several-fold higher. As

most potato varieties have genetic contributions from

deliberate breeding using wild species, the contribu-

tion to the global economy from the protection offered

by these genes can be seen to be immense.

Potato late blight was the first major crop disease

tackled by the exploitation of resistance in wild rela-

tives. The promise of resistance in S. demissum and its

hybrid derivatives was noted by Salaman in 1909

(Hawkes 1958), and the outputs of breeding with

these lines were reported by Salaman (1931) and

Black (1943). Today, resistance genes, many of them

now overcome by new strains of the pathogen, are

found in most modern cultivars of the potato. This

unprecedented scale of penetration of wild germplasm

into the cultivated types still does not mean that the

pathogen has been defeated. The disease still poses a

threat to crop production and food security across the

world, and new forms of the disease repeatedly appear

and pose a new threat to the food security of the region

(Drenth et al. 1994; Montarry et al. 2010). In response,

the breeders and geneticists have resorted to explore

the diversity of resistance genes available in the wild

relatives of potato and have reported high frequencies

of useful resistance in species from the northern and

southern parts of the range of tuber-bearing species,

with very few naturally blight resistant species from

Peru (Colon and Budding 1988; Ramsay et al. 1999).

One source of promising new resistance genes

thought to confer broad-spectrum and possibly more

durable resistance to late blight is S. bulbocastanum.
As this Mexican species does not readily cross with

cultivated potato, three different approaches have been

taken to overcome this difficulty – bridging crosses

(Hermsen and Ramanna 1973), protoplast fusion

(Helgeson et al. 1998), and gene isolation for genetic

transformation (Song et al. 2003). Both the bridging

cross approach and the genetic modification (GM)

route have yielded commercializable varieties. This

work has stimulated further searches for novel R-

genes, using approaches that target avr genes in the

pathogen (Hein et al. 2007; Vleeshouwers et al. 2008).

Further exploitation of wild tuber-bearing species

has focused on the next most important global patho-

gen of the potato, the potato cyst nematode (PCN). At

Dundee, the wild species S. vernei Bitt. et Wittm. has

been used for PCN resistance, taking 28–30 years to

achieve the 5–6 backcrossing cycles required to intro-

gress resistance genes but remove undesirable traits

from S. vernei (Bradshaw et al. 1995). The successful

introduction of pest and disease resistance traits into

potato cultivars comes from a relatively small number

of wild species. S. demissum and S. stoloniferum

Schltdl. et Bché. have donated late blight resistance

and resistance to viruses, additional virus resistance

has come from S. chacoense and S. acaule, whereas

both S. vernei and S. spegazzinii Bitt. have donated

resistance to PCN (see for review Bradshaw et al.

2005).

By contrast, eggplant has benefited on only a small

scale from the use of wild species in breeding due to

difficulties in making fertile interspecific crosses

(Sękara et al. 2007) and the wealth of diversity in the

crop species. However, wild species are seen as poten-

tial sources of pest and disease resistance traits, and

various biotechnological approaches have been made

to access this variation (Kashyap et al. 2003).
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12.7 Genomics Resources Developed

For the entire Solanum genus, entries lodged in the

CBI databases for nucleotides and expressed sequence

tags (ESTs) at the end of 2009 amounted to about

144k nucleotide database sequences and 727k EST

sequences. The majority of these sequences were for

tomato and the immediate wild relatives of tomato.

For the wild relatives of potato, eggplant, and other

minor Solanum species, the nucleotide entry counts

were between 200 and 400 for S. demissum, S. bulbo-

castanum Dun., S. melongena, and S. quitoense, and
around 100 for S. chacoense and S. nigrum L. The only

wild Solanum species outside the tomato group with

any significant number of EST sequences was S. cha-
coense with 7.7k sequences.

This resource is meager compared to the full genome

sequence of the potato, which was made available in

draft form in September 2009. By the end of 2010, it is

intended to have the sequence fully aligned and anno-

tated. The specific goals of the project include the

presentation of the genome sequence with >95% of

genes together with the regulatory regions, to have

>95% of known potato ESTs located on the genome

and to anchor at least 50% of the genome and 80% of

the genes to chromosomes. The consortium is also

committed to public access to the data, and to as full

annotation as is practicable (Visser et al. 2009).

Although at this stage no sequencing of wild pota-

toes is envisaged, the current genome scaffolds and the

expected full sequence provide an excellent starting

point for comparative sequencing of the genomes of

related species, and this is expected to be a major

result of the publication of the sequence.

Unlike in tomato and its wild relatives, potato, egg-

plant, and their wild relatives do not have organized

lists and collections of mutants, although some provi-

sional mutagensis has been attempted in the self-

compatible diploid potato relative, S. verrucosum.

12.8 Scope for Domestication
and Commercialization

Solanum species provide a huge reservoir of bioactive

compounds. Ethnobotanical reports suggest wide-

spread use of members of the genus for a diversity of

therapeutic and other purposes. Applications include

the use of a decoction taken as a drink of S. ameri-
canum Mill. used to treat hypertension by traditional

healers in Côte-d’Ivoire (N’guessan et al. 2009). In

Mexico, S. chrysotrichum Schltdl. is used to control

skin fungal infections (Lozoya et al. 1992). The roots

of S. virginianum L. are used in a mixture of extracts

to treat tuberculosis in Bangladesh (Mahabub Nawaz

et al. 2009). The juice of crushed fruits of S. erianthum

D. Don is applied to exposed skin by the Paliyar tribes,

an indigenous people of Tamil Nadu, India, to repel

leeches during visits to the forest (Ignacimuthu et al.

2006). Other studies show a wide diversity of uses;

for example, S. nigrum and S. surattense Burm. are

used for treating heart disease, rheumatism, fever, and

chest complaints in northern Pakistan (Wali Khan and

Khatoon 2008), and a review of all uses of Solanum

extracts in India has been published by Amir and

Kumar (2004).

Among the most promising uses of Solanum extracts

is its use for the treatment of cancer. S. aculeastrum

Dunal is used to make a decoction to treat cancer and is

the most commonly used plant for this purpose in South

Africa’s Eastern Cape, administered daily until symp-

toms disappear (Koduru et al. 2007). Glycoalkaloids

from S. linnaenum Hepper & P.-M.L. Jaeger (previ-

ously S. sodomaeum) have been identified to have anti-

tumor effects (Cham et al. 1987; Cham and Meares

1987). These solasodine rhamnosyl glycosides specifi-

cally bind cancer cell receptors and induce cell death so

effectively that farmers in Australia apply crushed

leaves to retard the progress of ocular squamous cell

carcinomas in cattle. The mix of solasodine glycosides

from this plant has now been shown to be effective

against a range of cancers and is now available in the

form of a topical cream for the treatment of malignant

and non-malignant skin cancers (Cham 2007).

12.9 Some Dark Sides and Their
Addressing

There are several Solanum species considered as nox-

ious weeds in some parts of their range. Some are

considered to be useful species in one situation and

harmful in another. For example, S. torvum is widely

planted in some countries for its fruit and is used as a

bacterial wilt resistant rootstock for the grafting of
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eggplant (Rahman et al. 2002). In Hawaii and Papua

New Guinea, it is an invasive species, particularly in

pasture.

Solanum elaeagnifolium Cav., the silverleaf night-

shade, is one of several species widely regarded as a

noxious weed. It is a native of northeast Mexico and

the southwest of USA but has spread to many US

states, Morocco, around the Mediterranean basin, in

South Africa, and in Australia. Its aggressive growth

from deep rootstocks makes it difficult to control, and

long-dormant seeds make it liable to recur even when

cleared from sites (Anonymous 2007).

12.10 Recommendations for Future
Actions

There are a number of crucial issues for the future

effective conservation and use of wild Solanum germ-

plasm. It is very clear that even in potato, which has a

long history of the use of wild germplasm for improve-

ment of the crop, the useful germplasm used in breed-

ing is a very small fraction of the available diversity.

To be able to use that diversity effectively to help

safeguard food production in the future, the following

requirements exist:

– Appropriate understanding of the diversity available

and the uses which can be made of that diversity

– Appropriate access to that biodiversity, bearing in

mind that countries donating germplasm to collec-

tions now rightly expect to share in the benefits of

its exploitation

– Conservation of that diversity in situ and ex situ so

that it is readily available to researchers now and

preserved for uses in the future

– Means of identifying the genes responsible for

traits within a realistic timescale

– Societal permission to use technologies, including

GM, that can ensure the transfer of traits without

the need for very many rounds of recombination to

recover properly adapted mixes of genes

Technology and politics combine to intervene in

many of these areas. For example, genetic techniques

to identify and understand useful genes have been

continually improving, making it possible to isolate

the full gene sequence for many traits by a variety

of techniques. The availability of the full genome

sequence of potato will make this task much easier in

the future, although for complex traits such as resis-

tance to abiotic stress the lack of a full understanding

of the biology of the trait will hinder the identifica-

tion of the relevant genes. In some parts of the world,

significant resistance remains to moving these genes

into cultivars by the most efficient route, and so

much longer traditional sexual introgression may be

required. There is clearly much yet to be done to

reduce the public’s mistrust of such technologies and

to gain acceptance of their use.

The International Treaty for Plant Genetic

Resources for Food and Agriculture (http://www.

planttreaty.org/) provides a framework for the sustain-

able use of plant genetic resources and aims to provide

a mechanism that returns benefit to the countries

donating useful germplasm to the world community.

For this to succeed, it is necessary that the mechanisms

function well and that such benefit is seen as commen-

surate with the benefits obtained by the countries using

the germplasm. At present, not all countries holding

significant Solanum genetic resources are permitting

internationally based collecting of genetic resources in

their countries. However, as much of the wealth of

genetic resources found in the wild are coming under

increasing risk from various pressures including the

rapid shifting of climate zones, there is a greater need

than ever to safeguard useful crop relative biodiversity

for the future of mankind.

To summarize, the actions required include the

continual improvement of the understanding of the

important traits for the sustainability of crop produc-

tion, the integration of this work with genome science,

actions to reduce societal reluctance to embrace new

technology and enhance global cooperation relating to

genetic resources, and an increased effort to bring

invaluable crop-related genetic resources into well-

managed facilities to make them available to the inter-

national community.
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lations of Agboville (Côte-d’Ivoire). Eur J Sci Res 35:85–98

Peloquin SJ, Yerk GL, Werner JE, Darmo E (1989) Potato

breeding with haploids and 2n gametes. Genome 31:

1000–1004

Peralta IE, Spooner DM (2007) History, origin and early culti-

vation of tomato (Solanaceae). In: Razdan MK, Mattoo AK

(eds) Genetic improvement of Solanaceous crops, vol 2.

Science, Enfield, USA, pp 1–27

Phumichai C, Mori M, Kobayashi A, Kamijima O, Hosaka K

(2005) Toward the development of highly homozygous dip-

loid potato lines using the self-compatibility controlling Sli
gene. Genome 48:977–984. doi:10.1139/G05-066

Prakash A (2008) Global potato economy. FAO International

Year of the Potato factsheet. http://www.potato2008.org/en/

potato/economy.html. Accessed 26 Oct 2009

Prohens J, Anderson GJ, Herraiz FJ, Bernardello G, Santos-

Guerra A, Crawford D, Nuez F (2007) Genetic diversity

and conservation of two endangered eggplant relatives

(Solanum vespertilio Aiton and Solanum lidii Sunding)

endemic to the Canary Islands. Genet Resour Crop Evol

54:451–464

Rahman MA, Rashid MA, Hossain MM, Salam MA, Masum

ASMH (2002) Grafting compatibility of cultivated eggplant

varieties with wild Solanum species. Pak J Biol Sci

5:755–757. doi:10.3923/pjbs.2002.755.757

Ramsay G, Stewart H, de Jong WS, Bradshaw JE, Mackay GR

(1999) Introgresssion of late blight resistance into S. tuber-
osum. In: Scarascia Mugnozza GT, Porceddu E, Pagnotta

MA (eds) Genetics and breeding for crop quality and resis-

tance. Proceedings of XV EUCARPIA Congress, Viterbo,

Italy

Ritter E, Ruiz I, de Galarreta J, Hernandez M, Plata G,

Barandalla L, Lopez R, Sanchez I, Gabriel J (2009) Utiliza-

tion of SSR and cDNA markers for screening known QTLs

for late blight (Phytophthora infestans) resistance in potato.

Euphytica 170:77–86

270 G. Ramsay and G. Bryan

http://www.iucnredlist.org
http://www.potato2008.org/en/potato/economy.html
http://www.potato2008.org/en/potato/economy.html


Ross H, Langton FA (1974) Origin of unreduced embryo sacs

in diploid potatoes. Nature 247:378–379. doi:10.1038/

247378a0

Salaman RN (1931) Récent progrès dans la création de varietés

de pommes de terre résistant au Mildiou ‘Phytophthora

infestans’. In: 2nd Congr Int Pathol Comparée, Paris, CR et

Comm, pp 435–437

Samitsu Y, Hosaka K (2002) Molecular marker analysis of

24-and 25-chromosome plants obtained from Solanum
tuberosum L. subsp andigena (2n ¼ 4x ¼ 48) pollinated

with a Solanum phureja haploid inducer. Genome 45:

577–583

Sch€afer-Menuhr A, M€uller E, Mix-Wagner G (1996) Cryopres-

ervation: an alternative for the long-term storage of old

potato varieties. Potato Res 39:507–513
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Chapter 13

Spinacia

Sven B. Andersen and Anna Maria Torp

13.1 Basic Botany of the Species

The cultivated spinach, Spinacia oleracea L., belongs

to the family Chenopodiaceae with two known wild

relative species S. turkestanica iljin and S. tetrandra

Stev. A study of taxonomic position of Spinacia with

its two closely related genera Beta and Chenopodium
and their taxonomic position in Caryophyllales based

on chloroplast restriction polymorphism can be found

in Downie and Palmer (1994). The two wild species

are found distributed over western parts of Asia,

S. turkistanica in Turkmenistan, Uzbekistan, and

Kazakstan and S. tetrandra in the Caucasus area, in

Armenia and Kurdistan between Iran, Iraq, and

Turkey. The two wild species have some tendency to

become weedy, but remain geographically restricted

(Astley and Ford-Lloyd 1981; Gabrielian and Frag-

man-Sapir 2008). Cultivated spinach is diploid with

2n ¼ 2x ¼ 12 chromosomes (Bemis and Wilson

1953). It is widely cultivated as a leaf vegetable all

over the world with a worldwide production in 2007 of

14 MT fresh weight, most of these (12 MT) produced

in China (FAO 2007).

13.2 Conservation Initiatives

There are quite large collections worldwide of

cultivated spinach, while activities concerning the

wild species seem sporadic. The largest organized

conservation initiative for the wild species seems to

be the Crop Wild Relative initiative with reference to

48 accessions of S. tetrandra registered in the Arme-

nian database in vivo (Crop Wild Relatives 2009).

Most gene banks such as the International Spinach

Data Base of The Netherlands (12 S. turkestanica
and 14 S. tetrandra) (International Spinach Database

2009), the National Plant Germplasm System USDA/

ARS, GRIN (4 S. turkestanica and 2 S. tetrandra)
(National Plant Germplasm System 2009), and the

Plant Genetics Resources of Germany (2 S. turkesta-

nica and 3 S. tetrandra) (Plant Genetic Resources

2009) have few accessions of the wild species. It has

been argued that for reasons of species conservation at

least in the Russian area the wild Spinacia does not

need conservation in gene banks because they are not

threatened (Ul’janova 1977); however, for use in the

improvement of cultivated spinach, larger seed bank

collections would be highly desirable.

13.3 Role in Elucidation of Origin
and Evolution of Spinach

The exact origin of the cultivated spinach is not

known, and the species is not found as wild types.

The geographical distribution of the close relatives

S. turkestanica and S. tetrandra is the main reason

for the general assumption that cultivated spinach

originated from the same geographical area of West

Asia. The general high sexual compatibility between

cultivated S. oleracea and the two wild species sup-

ports the idea that cultivated spinach originated

through domestication of one or both of the wild

species. The cultivated spinach seems to have spread

to China during the seventh century and to Europe
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during the twelfth century (Sneep 1982; Sauer 1993;

Rubatzky and Yamaguchi 1997).

13.4 Role of Development
of Cytogenetic Stocks
and Their Utility

The wild S. tetrandra has been used as a source of

heteromorphic chromosomes to study the genetics of

dioecious sex expression in cultivated spinach (Iizuka

and Janick 1971; Ramanna 1976).

13.5 Role in Classical and Molecular
Genetic Studies

Spinacia turkestanica has been used as a parent for

construction of genetically broad segregating off-

spring populations for construction of a genetic map

and for mapping of the genetic factor determining

dioecious sex expression in spinach (Khattak et al.

2006). S. tetrandra has been used in a genetic diversity

study of spinach using target region amplification

markers (TRAP), and the single accession of S. tetra-
ndra did not cluster much distant from the 47

S. oleracea accessions of the study. This indicates

that the genetic differences between cultivated and

wild species are small and that a rather large genetic

variation is still maintained in the cultivated material

(Hu et al. 2007). Large genetic variation maintained

within cultivated S. oleracea is also concluded from a

diversity study using genic microsatellite markers

(Khattak et al. 2007).

13.6 Role in Spinach Improvement
Through Traditional and
Advanced Tools

Amajor problem in production of cultivated spinach is

the frequent attack by specialized races of downy

mildew (Peronospora farinose f.sp. spinaciae).

These fungal epidemics pose a threat to spinach pro-

duction without widespread chemical sprays. Specific

highly efficient genes for resistance against at least

seven different races of downy mildew have been

identified and used in breeding, but the duration of

effective resistance of such genes become increasingly

shorter as spinach production intensifies. At least one

such race-specific gene against the race D3 is known

to be transferred to cultivated spinach from a line of

S. turkestanica, and another specific gene conferring

resistance against Peronospora race LN4 has also

been transferred from S. turkestanica (Hanke et al.

2000). Other diseases such as leaf spot caused by the

fungus Stemphylium botryosum (Mou et al. 2008) as

well as several pests including leaf miners Liriomzyza
spp. (Mou 2008a) cause problems in spinach produc-

tion, and more resistant plant types may be found in

future in the wild material.

13.7 Genomics Resources Developed

The complete annotated chloroplast genome is avail-

able for spinach (Schmitz-Linneweber et al. 2001), but

further published sequence information in Spinacia is

still limited. The NCBI database (NCBI 2009)

contained only 363 genomic sequences, 284 mRNA

sequences, and 16 rRNA sequences. The sequences in

the database was used by Groben and Wricke (1998)

and Khattak et al. (2007) to develop a set of 35 primer

pairs for amplification of microsatellites also known as

simple sequence repeats (SSRs) of spinach, 13 of

which were used for a diversity study of the cultivated

spinach.

13.8 Scope for Domestication
and Commercialization

There seems to be little reason to domesticate or

commercialize the two wild relatives of spinach,

since they do not seem very different from the

already cultivated material. The two wild species,

however, may be a valuable source of genes for

resistance to common diseases of cultivated spinach.

If such variation is conserved in the wild material,

it may be used to introgress the resistance genes

into the cultivated spinach and, thus, to maintain
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a sustainable low chemical input for vegetable pro-

duction worldwide. Apparently, so far, the wide use

of genes from the wild relatives has not been neces-

sary, since enough resistance has been available

within the cultivated material; however, in the future

the resource of the wild gene pool may be valuable.

An undesirable feature of cultivated spinach in addi-

tion to disease and pest susceptibility is the tendency

to accumulate high amounts of oxalates, which may

induce nutritional problems. Screening for low oxa-

late genotypes have been performed with mainly the

cultivated types of spinach, with some progress (Mou

2008b). Screening of larger collections of wild types

of spinach may provide further useful genes for this

type of breeding.

13.9 Some Dark Sides and Their
Addressing

The wild and cultivated types of spinach are reported

to be only slightly weedy and apparently not very

invasive, since they are still only found wild in limited

geographic areas. They are, however, strong wind-

pollinated outbreeders whose pollen can spread over

long distances. Thus, they will be expected to be

difficult to contain in case of transgenic cultivated

types being marketed.

13.10 Recommendations for Future
Actions

The wild species and their genetic variation have

already been shown to be valuable as sources of dis-

ease resistance genes for cultivated types of spinach.

Further international support for local conservation

both in situ and ex situ collections should be encour-

aged. With new generations of sequencing technology,

it has become efficient to establish much better maps

and synteny studies, which should be used to ease

future introgression of important traits from wild to

cultivated spinach. Furthermore, the new marker tech-

niques are efficient tools to characterize diversity of

wild species for efficient stratification of the material

during conservation initiatives.
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