Chittaranjan Kole (Ed.)

Genome Mapping
and Molecular Breeding

in Plants
g Vat

- Y . 1o . '
e L. LAY |
. < \ :J'I
-

- YRR
/| b
. LS
Y ']
o | ol

@ Springer



Genome Mapping and Molecular Breeding in Plants
Volume 3

Series Editor: Chittaranjan Kole



Volumes of the Series
Genome Mapping and Molecular Breeding in Plants

Volume 1
Cereals and Millets

Volume 2
Oilseeds

Volume 3
Pulses, Sugar and Tuber Crops

Volume 4
Fruits and Nuts

Volume 5
Vegetables

Volume 6
Technical Crops

Volume 7
Forest Trees



Chittaranjan Kole (Ed.)

Pulses, Sugar
and Tuber Crops

With 45 Illustrations, 8 in Color

@ Springer



CHITTARANJAN KOLE
Department of Horticulture

316 Tyson Building

The Pennsylvania State University
University Park, PA 16802

USA

e-mail: cuk10@psu.edu

Library of Congress Control Number: 2006930258

ISBN-10 3-540-34515-9 Springer Berlin Heidelberg New York
ISBN-13  978-3-540-34515-2 Springer Berlin Heidelberg New York

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9,
1965, in its current version, and permission for use must always be obtained from Springer-Verlag. Viola-
tions are liable for prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media
springer.com

© Springer-Verlag Berlin Heidelberg 2007

The use of general descriptive names, registered names, trademarks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protec-
tive laws and regulations and therefore free for general use.

Editor: Dr. Sabine Schreck, Heidelberg, Germany

Desk Editor: Dr. Jutta Lindenborn, Heidelberg, Germany

Cover design: WMX Design GmbH, Heidelberg, Germany

Typesetting and Production: LE-TgX Jelonek, Schmidt & Vockler GbR, Leipzig, Germany
39/3100/YL 543210 - Printed on acid-free paper



Preface to the Series

Genome science has emerged unequivocally as the leading discipline of this new
millennium. Progress in molecular biology during the last century has provided
critical inputs for building a solid foundation for this discipline. However, it has
gained fast momentum particularly in the last two decades with the advent of
genetic linkage mapping with RFLP markers in humans in 1980. Since then it has
been flourishing at a stupendous pace with the development of newly emerging
tools and techniques. All these events are due to the concerted global efforts
directed at the delineation of genomes and their improvement.

Genetic linkage maps based on molecular markers are now available for almost
all plants of significant academic and economic interest, and the list of plants is
growing regularly. A large number of economic genes have been mapped, tagged,
cloned, sequenced, or characterized for expression and are being used for genetic
tailoring of plants through molecular breeding. An array of markers in the ar-
senal from RFLP to SNP; tools such as BAC, YAC, ESTs, and microarrays; local
physical maps of target genomic regions; and the employment of bioinformatics
contributing to all the “-omics” disciplines are making the journey more and more
enriching. Most naturally, the plants we commonly grow on our farms, forests, or-
chards, plantations, and labs have attracted emphatic attention, and deservedly so.
The two-way shuttling from phenotype to genotype (or gene) and genotypte (gene)
to phenotype has made the canvas much vaster. One could have easily compiled the
vital information on genome mapping in economic plants within some 50 pages in
the 1980s or within 500 pages in the 1990s. In the middle of the first decade of this
century, even 5,000 pages would not suffice! Clearly genome mapping is no longer
a mere “promising” branch of the life science; it has emerged as a full-fledged
subject in its own right with promising branches of its own. Sequencing of the
Arabidopsis genome was complete in 2000. The early 21st century witnessed the
complete genome sequence of rice. Many more plant genomes are waiting in the
wings of the national and international genome initiatives on individual plants or
families.

The huge volume of information generated on genome analysis and improve-
ment is dispersed mainly throughout the pages of periodicals in the form of review
papers or scientific articles. There is a need for a ready reference for students and
scientists alike that could provide more than just a glimpse of the present status
of genome analysis and its use for genetic improvement. I personally felt the gap
sorely when I failed to suggest any reference works to students and colleagues
interested in the subject. This is the primary reason I conceived of a series on
genome mapping and molecular breeding in plants.

There is not a single organism on earth that has no economic worth or concern
for humanity. Information on genomes of lower organisms is abundant and highly
useful from academic and applied points of view. Information on higher animals
including humans is vast and useful. However, we first thought to concentrate
only on the plants relevant to our daily lives, the agronomic, horticultural and
technical crops, and forest trees, in the present series. We will come up soon
with commentaries on food and fiber animals, wildlife and companion animals,
laboratory animals, fishes and aquatic animals, beneficial and harmful insects,
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plant- and animal-associated microbes, and primates including humans in our
next “genome series” dedicated to animals and microbes. In this series, 82 chapters
devoted to plants or their groups have been included. We tried to include most
of the plants in which significant progress has been made. We have also included
preliminary works on some so-called minor and orphan crops in this series. We
would be happy to include reviews on more such crops that deserve immediate
national and international attention and support. The extent of coverage in terms
of the number of pages, however, has nothing to do with the relative importance of
aplant or plant group. Nor does the sequence of the chapters have any correlation to
the importance of the plants discussed in the volumes. A simple rule of convenience
has been followed.

I feel myself fortunate to have received highly positive responses from nearly
300 scientists of some 30-plus countries who contributed the chapters for this se-
ries. Scientists actively involved in analyzing and improving particular genomes
contributed each and every chapter. I thank them all profoundly. I made a consci-
entious effort to assemble the best possible team of authors for certain chapters
devoted to the important plants. In general, the lead authors of most chapters
organized their teams. I extend my gratitude to them all.

The number of plants of economic relevance is enormous. They are classified
from various angles. I have presented them using the most conventional approach.
The volumes thus include cereals and millets (Volume I), oilseeds (Volume II),
pulse, sugar and tuber crops (Volume III), fruits and nuts (Volume IV), vegeta-
bles (Volume V), technical crops including fiber and forage crops, ornamentals,
plantation crops, and medicinal and aromatic plants (Volume VI), and forest trees
(Volume VII).

A significant amount of information might be duplicated across the closely
related species or genera, particularly where results of comparative mapping have
been discussed. However, some readers would have liked to have had a chapter on
a particular plant or plant group complete in itself. I ask all the readers to bear
with me for such redundancy.

Obviously the contents and coverage of different chapters will vary depending
on the effort expended and progress achieved. Some plants have received more
attention for advanced works. We have included only introductory reviews on
fundamental aspects on them since reviews in these areas are available elsewhere.
On other plants, including the “orphan” crop plants, a substantial amount of
information has been included on the basic aspects. This approach will be reflected
in the illustrations as well.

It is mainly my research students and professional colleagues who sparked my
interest in conceptualizing and pursuing this series. If this series serves its purpose,
then the major credit goes to them. I would never have ventured to take up this
huge task of editing without their constant support. Working and interacting with
many people, particularly at the Laboratory of Molecular Biology and Biotechnol-
ogy of the Orissa University of Agriculture and Technology, Bhubaneswar, India
as its founder principal investigator; the Indo-Russian Center for Biotechnology,
Allahabad, India as its first project coordinator; the then-USSR Academy of Sci-
ences in Moscow; the University of Wisconsin at Madison; and The Pennsylvania
State University, among institutions, and at EMBO, EUCARPIA, and Plant and
Animal Genome meetings among the scientific gatherings have also inspired me
and instilled confidence in my ability to accomplish this job.

I feel very fortunate for the inspiration and encouragement I have received
from many dignified scientists from around the world, particularly Prof. Arthur
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Kornberg, Prof. Franklin W. Stahl, Dr. Norman E. Borlaug, Dr. David V. Goeddel,
Prof. Phillip A. Sharp, Prof. Gunter Blobel, and Prof. Lee Hartwell, who kindly
opined on the utility of the series for students, academicians, and industry scientists
of this and later generations. I express my deep regards and gratitude to them all
for providing inspiration and extending generous comments.

I have been especially blessed by God with an affectionate student community
and very cordial research students throughout my teaching career. I am thankful
to all of them for their regards and feelings for me. I am grateful to all my teachers
and colleagues for the blessings, assistance, and affection they showered on me
throughout my career at various levels and places. I am equally indebted to the few
critics who helped me to become professionally sounder and morally stronger.

My wife Phullara and our two children Souravand Devleena have been of great
help to me, as always, while I was engaged in editing this series. Phullara has
taken pains (“pleasure” she would say) all along to assume most of my domestic
responsibilities and to allow me to devote maximum possible time to my profes-
sional activities, including editing this series. Sourav and Devleena have always
shown maturity and patience in allowing me to remain glued to my PC or “printed
papers” (“P3” as they would say). For this series, they assisted me with Internet
searches, maintenance of all hard and soft copies, and various timely inputs.

Some figures included by the authors in their chapters were published elsewhere
previously. The authors have obtained permission from the concerned publishers
or authors to use them again for their chapters and expressed due acknowledge-
ment. However, as an editor I record my acknowledgements to all such publishers
and authors for their generosity and good will.

I look forward to your valuable criticisms and feedback for further improve-
ment of the series.

Publishing a book series like this requires diligence, patience, and understand-
ing on the part of the publisher, and I am grateful to the people at Springer for
having all these qualities in abundance and for their dedication to seeing this series
through to completion. Their professionalism and attention to detail throughout
the entire process of bringing this series to the reader made them a genuine plea-
sure to work with. Any enjoyment the reader may derive from this books is due in
no small measure to their efforts.

Pennsylvania, Chittaranjan Kole
10 January 2006
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The number of “groups” of economic plant species is too many! This caused a
serious problem in terms of allocating them under the seven planned volumes
of the series with consideration of uniformity of size and inclusion of all rele-
vant groups. Certain groups, for example cereals and millets, oilseeds, fruits,
vegetables, and forest trees, have enough economic species those attracted the
attention of molecular biologists and biotechnologists. In comparison, the num-
ber of pulse crops is too few to deserve an entire volume to itself. We had to ac-
commodate pulse crops, sugar crops, and tuber crops together in volume 3 to
maintain a more or less uniform coverage across all volumes. Except for the
common bean, pea, and cowpea, most pulse crops are grown mainly in develop-
ing countries and have attracted relatively little attention of scientists from de-
veloped countries. These include the “orphan crops” such as chickpea, pigeon-
pea, mungbean, lentil, Lathyrus, etc. Thanks to certain labs in the USA and
Australia, appreciable work has been done on these crops. There are still some
more neglected pulse crops, we could easily ascribe the term “beggar crops” to
them, such as urdbean, rice bean, adzuki bean, etc. in which almost no molecu-
lar work has been done. We must wait for future editions for their inclusion in
this series. However, we have included two not-so-well-known pulse crops, qui-
noa and bambara groundnut, on which considerable work has been done. This
volume can boast of introducing these two crops with comprehensive reviews
for the first time.

Pulse crops will play a crucial role in global agriculture in the near future.
Their shorter duration, docility for adaptation to several cropping schemes, tol-
erance to abiotic stresses particularly drought, and the preference by people in
developing countries for vegetable protein to animal sources will definitely make
an impact sooner rather than later. The research on these crops will fill an en-
tire volume in a year or two!

Sugarcane has been included in this volume as well. This cash crop has gen-
erated much interest, particularly for its genomic proximity to other members
of the “grass family” that comprises extensively studied crop plants like rice and
maize. Sugar beet could be included here as well, but we will deal with it under
beets in volume 5, which is dedicated to “vegetables”.

The tuber crops included in this volume are potato, sweetpotato, cassava,
and yam. Granted, potato could have been included under vegetables in volume
5, but that would have forced us to consider another “subvolume” for vegetable
crops!

The contents of the chapters in this volume may appear somewhat contrast-
ing. Crops like common bean, pea, cowpea, potato, and sugarcane contain elab-
orate deliberations on molecular aspects. For others, fundamental information
besides preliminary molecular efforts are also discussed in depth. I hope the
reader will appreciate the relative importance attached to the formulation of the
contents.

In the last few years, my own research interests and research projects of my
students and staff in India have mostly related to pulse crops. This gave me ac-
cess to the literature accumulated on the pulse crops. For sugarcane and the tu-
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ber crops included in this volume, I had to be a student again before being an
editor. The first two volumes of this series have been well received by readers.
We hope this volume will also earn their appreciation.

If this volume finds favor with readers, credit must go to the authors and
the publisher. The mistakes are mine alone, and I will rectify them upon the
readers’ welcome suggestions for improvement.

Pennsylvania, 3 March 2006 Chittaranjan Kole
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CHAPTER 1

1 Common Bean

Phillip N. Miklas', Shree P. Singh?

! USDA-ARS, 24106 N. Bunn Road, Prosser, WA 99350-9687, USA
> Department of Plant, Soil and Entomological Sciences, University of Idaho, 3793 North 3600 East, Kimberly,

ID 83341-5076, USA, e-mail: singh@kimberly.uidaho.edu

1.1
Introduction

A book (Singh 1999a), workshop proceedings
(Singh 2000), and two book chapters (Singh 2001b,
2005) on the common bean (Phaseolus vulgaris L.)
have been published within the last few years. Also,
review articles are available on broadening the ge-
netic base of cultivars (Singh 2001a), development
of integrated linkage map (Gepts 1999), and mark-
er-assisted selection (MAS) (Kelly and Miklas
1999). More recently, Kelly et al. (2003) and Miklas
et al. (2006) reviewed tagging and mapping of
genes and quantitative trait loci (QTL) of economic
importance and molecular MAS. Nonetheless, in
this chapter we shall briefly describe the history of
the crop, botanical description, economic impor-
tance, and breeding objectives and achievements of
conventional breeding. The remainder of the chap-
ter will be dedicated to the construction of linkage
maps, tagging of genes and QTL of economic im-
portance, and progress achieved by MAS.

1.1.1
History of the Crop

The common bean is among the five domesticated
Phaseolus species that are native to the Americas
(Gepts and Debouck 1991). From its origin and do-
mestication regions in the Andean South America,
Central America, and Mexico, the common bean
has expanded into other parts of the Americas
(from about 35°S to >50°N latitude and from sea
level to >3000 m altitude) (Gepts et al. 1988; Singh
1992). Subsequently, it was introduced into Africa,
Asia, Europe, and Oceania (Gepts and Bliss 1988).
Wild populations of common bean are distrib-
uted from northern Mexico (Chihuahua) to north-

eastern Argentina (San Luis) (Gepts et al. 1986).
The common bean is a noncentric crop that had
multiple domestications throughout the range of its
wild populations (Harlan 1975; Gepts et al. 1986).
Hybrids between wild and cultivated beans are fully
fertile and no major barriers exist for introgression
and exchange of favorable alleles and QTL (Singh
et al. 1995; Koinange et al. 1996; Zizumbo-Villarreal
et al. 2005).

Through domestication the common bean shifted
from extreme indeterminate climbing to determinate
bush types; from sensitivity to insensitivity to long
photoperiod; from small to large leaves, pods, and
seeds; and from a few gray, brown, beige, and cream
colored spotted and speckled seeds that mimicked
surroundings in wild grassland and oak-pine forest
habitats to highly attractive and showy colors except
blue and green with solid as well as stripes, spots,
speckles, etc. Similarly, the common bean has
evolved from having an impermeable to a water-
permeable seed coat, and from types that shatter
due to highly fibrous and parchmented pod walls
to forms with less fiber that are less subject to shat-
tering (Gepts and Debouck 1991; Gepts 1998). Major
alleles and QTLs that influenced common bean do-
mestication have been identified and mapped (Koi-
nange et al. 1996; Freyre et al. 1998; Gepts 1999).
These traits are growth habit (fin), photoperiod in-
sensitivity (ppd, hr), pod fiber (St), seed dormancy,
and seed size, color, and shape. Existence of a con-
siderably larger variation in the evolutionary marker,
phaseolin types (Gepts 1988a), in wild bean popula-
tions compared to cultivars suggests that not all wild
beans were domesticated and cultivars may have re-
duced genetic diversity (Koenig et al. 1990; Gepts
1998; Zizumbo-Villarreal et al. 2005). The Andean
South American wild and cultivated common beans
differ from those of Central America and Mexico.
These differences occur in seed size and other mor-
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phological (Singh et al. 1991 c¢), isozyme (Koenig and
Gepts 1989; Singh et al. 1991b), physiological (White
et al. 1992), molecular (Becerra-Veldsquez and Gepts
1994; Haley et al. 1994 ¢), and adaptive traits (Singh
1989). Also, there are occasional incompatibilities
between the two groups of wild (Koinange and Gepts
1992) and cultivated (Singh and Gutiérrez 1984;
Gepts and Bliss 1985) germplasm such that they
are considered two distinct gene pools. Singh et al.
(1991a) further divided the Andean and Middle
American gene pools into six races: three Andean
gene pool (all large-seeded) = Chile, Nueva Granada,
and Peru races; and three Middle American gene
pool=Durango (medium-seeded semiclimber), Jalis-
co (medium-seeded climber), and Mesoamerica (all
small-seeded) races. Beebe et al. (2000) reported
the existence of additional diversity within the Mid-
dle American gene pool, especially within a group of
Guatemalan climbing bean accessions that were dis-
tinct from previously defined races.

1.1.2
Botanical Description

Freytag and Debouck (2002) described in consider-
able detail the taxonomy, distribution, and ecology
of over 25 Phaseolus species, including P. vulgaris,
that are native to North America, Mexico, and Cen-
tral America. Cultivated and wild P. vulgaris (Bri-
cher 1988) and other Phaseolus species (Debouck
1999) are also native to Andean South America.
The natural habitat of wild common bean ranges
between ca. 800 to 2750 m elevations. Indetermi-
nate climbing populations have a perennial ten-
dency in the wild, but when planted in the field
they may behave as an annual similar to most cul-
tivated types.

The genus Phaseolus belongs to family Legumi-
nosae, subfamily Papilionoideae. P. vulgaris belongs
to its section Phaseoli. There is continuous varia-
tion in growth habit from determinate bush to in-
determinate climbing cultivars. Singh (1982), how-
ever, classified growth habits into four major
classes using the type of terminal bud (vegetative
vs. reproductive), stem strength (weak vs. strong),
climbing ability (nonclimber vs. strong climber),
and fruiting patterns (mostly basal vs. along entire
stem length or only in the upper part). These are
the Type I=determinate upright bush, Type II=in-
determinate upright bush, Type III=indeterminate,
prostate, nonclimbing or semiclimbing, and Type

IV =indeterminate, strong climbers. Roots are gen-
erally fibrous with a marked tap or main root. Un-
der most field conditions, especially in cool sub-
tropical and temperate environments, they may
bear nitrogen-fixing nodules from a few weeks
after emergence through flowering. The main stem
derives from the axis of the seed embryo. The
number of branches and branching pattern may
vary greatly depending upon the genotype and en-
vironment. Often more than 50% of the pods are
borne on branches. The two unifoliolate leaves
borne above the cotyledonary node are opposite to
each other followed by one trifoliolate leaf at each
node in an alternate phyllotaxy. The fully developed
trifoliolate leaf has a long (>7 cm) petiole, a small
(<3 cm) petiolule, very small pulvini, and three
leaflets of which the central one is often symmetri-
cal and chordate, ovate, or lanceolate. The inflores-
cence is a pseudoraceme often with several flowers
of which only the basal few bear pods; an excep-
tion are small-diameter snap bean that bear a pro-
fusion of pods. Also, dry bean of outrigger types
bearing six or more pods can be rarely found. Pa-
pilionaceous flowers can be pink, purple, white, or
bicolor with or without stripes at the outer base of
a very pronounced standard. Sessile bracteoles of-
ten are larger in Middle American compared to
Andean genotypes and may be chordate, ovate, or
lanceolate. Bilabiate calyx is small (<5 mm) with
the upper two teeth united. The two keels may be
coiled up to two times. There is a single vexillary
stamen on the upper side and nine stamen united
into a long sheath or tube around the style. The in-
trorse stigma tends to extend around the tip of the
style. Flowers are cleistogamous and normally are
highly self-pollinated (<1% outcrossing). Nonethe-
less, Ibarra-Pérez et al. (1997) reported outcrossing
rates ranging from 0.0 to 78% for individual fami-
lies with a mean rate for six dry bean genotypes
ranging from 4.4 to 10.2% in California. Anthesis
occurs in early morning hours, and crosses are
made with or without emasculation of anthers
prior to anthesis. Mature pods are straight to
slightly curved with five to eight seeds. There is
considerable variation in size, shape, and color of
pods and seeds. Germination is epigeal with cotyle-
dons dropping off a couple of weeks after emer-
gence.

Common bean is a short-day crop (White and
Laing 1989). Cultivars adapted to higher latitudes
either have evolved during dissemination from the
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primary centers of domestication or have been devel-
oped by breeding. Mildly cool environments favor
growth and development. Thus, under nonstressed
environments with 18 to 22°C mean growing tem-
peratures and about 12-h day-length, most cultivars
complete their growing cycle from germination to
seed maturity in 70 to 120 d. In the highlands (above
2000 m elevation) of Bolivia, Colombia, Ecuador, and
Peru, climbing cultivars often require more than
250 d to mature. In the humid highlands of Guatema-
la and Mexico and in Principado de Asturias, Spain,
climbing cultivars require ca. 150 d to mature.

At higher latitudes in temperate climates, dry
bean cultivars of growth habit Types I, II, and III
predominate. These are harvested within 90 to
120 d of planting. Cultivars of growth habit Types
L, II, and III are grown in monoculture as well as un-
der different relay, strip, and intercropping systems
throughout the world (Singh 1992). Type IV cultivars
always require support. Thus, these are grown in
either association with maize (Zea mays L.) and
other crops or on trellises or stakes. Although dry
bean is grown in a wide range of soil types, light loa-
my soils with pH 7.0 and rich in organic matter are
more suitable for production. A 90- to 120-d crop
with a yield of 2500 kg ha™ will usually remove 60
to 80 kg of soil nitrogen and 40 kg of phosphorus.

P vulgaris and a great majority of other culti-
vated and wild Phaseolus species have 2n=2x=22
chromosomes. The P. vulgaris chromosomes are ex-
tremely small, and all 11 chromosomes have been
identified (Mok and Mok 1977; Cheng and Bassett
1981). They were also recently assigned to the re-

Table 1. Integration of common bean (Phaseolus vulgaris L.)
linkage and chromosome maps

Chromosome Linkage group
Florida Davis (BJ)

1 G B6
2 H Bl
3 F B8
4 A B7
5 C B3
6 ] B11
7 E B5
8 I B10
9 D B2

10 B B4

11 K B9

spective linkage groups (LGs) (Table 1) using the
fluorescence in situ hybridization (FISH) (Pedrosa
et al. 2003). However, they have been of little or no
use in breeding. The common bean has one of the
smallest genomes in the legume family with 0.65
pg/haploid genome or 635 mbp (Arumuganathan
and Earle 1991).

1.1.3
Economic Importance

The common bean is the most important of over
30 Phaseolus species native to the Americas, occu-
pying more than 85% of areas sown to these spe-
cies worldwide. There are two principal types of
common bean: snap and dry. Fully developed green
pods of snap bean harvested for fresh-market or
processing purposes have reduced fiber in the pod
walls and sutures. The USA, Europe, and China are
the largest producers of snap bean. Although exact
area planted to snap bean is not known, it is esti-
mated to be <3 million ha. For further details on
snap bean, the reader should refer to Myers and
Baggett (1999) and Myers (2000).

Dry bean is grown in more than 14 million ha
in the world. The Americas are the largest dry bean
producing regions (6.7 million MT), and Brazil (2.5
million MT) is the largest producer and consumer
(Singh 1999b). Asia (2.2 million MT), Africa (2.1
million MT), and Europe (~1 million MT) follow
the lead of the Americas in dry bean production in
the world. The USA (1.3 million MT) and Mexico
(0.98 million MT) follow Brazil as leading dry bean
producers. Production has increased substantially
in the last 50 years in Argentina, Bolivia, Brazil,
Canada, and the USA. Consumer preferences for
dry bean size, color, shape, and brilliance vary a
great deal (Singh 1992; Voysest 2000). In Latin
America, the highest per-capita consumption of
dry bean is in Brazil and Mexico (>10kg per
year). In Rwanda and Burundi, per-capita con-
sumption is over 40 kg per year. Dry, green-shelled,
and snap bean have high nutritional value, espe-
cially in conjunction with cereals and other carbo-
hydrate-rich foods, and can reduce cholesterol and
cancer risks (Andersen et al. 1999; Myers 2000).
Dry bean (average of 22% protein) dishes range
from simply beans boiled in water to more sophis-
ticated preparations of baked beans, cakes, chips,
creams, pastes, salads, soups, and stews (Hosfield
et al. 2000).



4 P.N. Miklas, S.P. Singh

1.1.4
Objectives and Achievements
of Classical Breeding

Nearly a century of organized genetics and breed-
ing of common bean has been carried out in the
USA and elsewhere in the world. Early efforts em-
phasized breeding for disease resistance, early ma-
turity, and upright determinate bush growth habit
Type I to facilitate mechanical harvest, especially in
snap bean. Initially, selection within and between
landraces followed by pedigree, mass-pedigree, and
recurrent backcrossing were used. Common bean
breeding accelerated in the second half of the 20th
century in the Americas and Europe. Improved
germplasm and cultivars were developed using re-
current backcross (Pompeu 1982), pedigree (Kelly
et al. 1994 a), and mass-pedigree (Singh et al. 1989)
methods and their modifications. Congruity back-
crossing (Mejia-Jiménez et al. 1994; Urrea and
Singh 1995), single-seed descent (SSD) (Kelly et al.
1989; Urrea and Singh 1994), recurrent (Kelly and
Adams 1987; Beaver and Kelly 1994; Singh et al.
1999), and gamete (Singh 1994; Singh et al. 1998)
selection methods have been used more recently.
Favorable alleles and QTLs have been intro-
gressed from the tepary bean (P acutifolius A.
Gray) for common bacterial blight [caused by
Xanthomonas campestris pv. phaseoli (Smith) Dye]
resistance (Scott and Michaels 1992; Singh and
Mufioz 1999), from runner bean (P. coccineus L.)
for common bacterial blight (Miklas et al. 1994)
and white mold [caused by Sclerotinia sclerotiorum
(Lib.) de Bary] resistance (Miklas et al. 1998a), and
from wild common bean for the bean weevil (Za-
brotes subfasciatus Boheman) resistance (Cardona
et al. 1990). Singh and Muiioz (1999), while intro-
gressing common bacterial blight resistance from
the tepary bean (VAX 1 and VAX 2), also pyra-
mided the highest level of common bacterial blight
resistance to develop breeding lines VAX 3 to VAX
6. Nonetheless, most breeding has largely utilized
favorable alleles and QTLs available between and
within cultivated common bean market classes,
races, and gene pools. The major breeding achieve-
ments in the Americas include introgression of up-
right growth habit Type II from race Mesoamerica
into traditional Type III cultivars of race Durango
using phenotypic recurrent selection (Kelly and
Adams 1987) and other breeding methods (Coyne
et al. 2000; Kelly et al. 2000). Recently developed

cultivars also carry resistance to Bean common mo-
saic virus (BCMV, a potyvirus), Bean common mo-
saic necrosis virus (BCMNYV, a potyvirus), and rust
[caused by Uromyces appendiculatus (Pers.) Ung.].
Adams (1982) and Grafton et al. (1993) used Type
IT cultivars to change Type I growth habit of navy
and small white cultivars into more stable high-
yielding Type II. Similarly, cream-striped carioca
beans (traditionally a Type III) with growth habit
Type II and resistance to leafthopper (Empoasca
kraemeri Ross & Moore) and five diseases were de-
veloped using gamete selection (Singh et al. 1998).
Seed yield was improved using mass-pedigree
(Singh et al. 1993) and recurrent (Singh et al. 1999)
selection methods from interracial populations
within the Middle American gene pool and from
AndeanxMiddle American intergene pool crosses
using recurrent selection (Beaver and Kelly 1994;
Singh et al. 1999). Pereira et al. (1993) increased
nodule number and weight after three cycles of re-
current selection. Bliss et al. (1989) developed five
high N,-fixing genotypes.

Schneider et al. (1997 a,b) and Rosales-Serna et
al. (2000) developed drought-resistant breeding
lines from biparental populations using seed yield
and/or random amplification of polymorphic DNA
(RAPD) markers as selection criteria. Singh (1995)
and Terdn and Singh (2002) developed drought-re-
sistant breeding lines from double-cross interracial
and intergene pool populations using a bulk-pedi-
gree method. Similarly, breeding lines such as
A321, A445, and A744 resistant to low soil fertility
were developed from interracial populations within
Middle American gene pool (Singh et al. 2003 b).

Kelly et al. (1994b) developed anthracnose
[caused by Colletotrichum lindemuthianum (Sacc.
and Magn.) Bri. & Cav.], BCMV, BCMNYV, and rust-
resistant black-seeded cultivar Raven, which was
then used to develop Phantom with similar resis-
tance (Kelly et al. 2000). Kelly et al. (1999c¢) also
combined good canning quality, BCMV resistance,
and the Andean Co-1 and Middle American Co-2
alleles for anthracnose resistance in a large-seeded
light red kidney bean Chinook 2000. Both anthrac-
nose resistance alleles were also combined with
BCMV and rust resistance in small black cultivar
Jaguar (Kelly et al. 2001). Good canning quality
and resistance to anthracnose, BCMV, Beet curly
top virus (BCTV, a leathopper vectored gemini-
virus), and rust, either singly or in various combi-
nations, have also been bred into dark and light
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red kidney, red mottled, white kidney, and cranber-
ry beans for North America (Miklas and Kelly
2002; Miklas et al. 2002a) and for the tropics and
subtropics (Beaver et al. 2003). Singh et al. (2003 a)
developed angular leaf spot [caused by Phaeoisar-
iopsis griseola (Sacc.) Ferr.], anthracnose, BCMV,
rust, and halo blight [caused by Pseudomonas syr-
ingae pv. phaseolicola (Burkh.) Young] resistant
breeding lines A339, MARI1, MAR2, and MAR3
from interracial populations between the three
Middle American races.

Acosta-Gallegos et al. (1995), Ibarra-Pérez et al.
(2004), and Sanchez-Valdez et al. (2004) combined
resistance to angular leaf spot, anthracnose, BCMV,
and rust into high-yielding “bayo,” black, “flor de
mayo,” ojo de cabra, pinto, and shiny black bean
cultivars for Mexican highlands. Kelly et al
(19994a,b), Coyne et al. (2000), and Brick et al.
(2001), among others (see Brick and Grafton 1999;
Singh 2001 a; Beaver et al. 2003), combined BCMV
and rust resistance into great northern and pinto
beans. Resistance to BCMV and BCMNV and rust
resistance were combined into pinto Kodiak (Kelly
et al. 1999a) and great northern UI98-209G (Stew-
art-Williams et al. 2003). Pinto germplasm 92US-
1006 (Silbernagel 1994) and cultivar Quincy (sy-
nonymous with USPT-73) (Hang et al. 2005) carry
I and bc-2° resistance alleles for BCMV and
BCMNV. The I and bc-3 alleles imparting resistance
to all known strains of BCMV and BCMNV were
combined with four to six rust resistance alleles
into great northern BelMiNeb-RMR-6 to 13 and
pinto BelDakMi-RMR-14 to 23 beans (Pastor-Cor-
rales 2003; Pastor-Corrales et al. 2001).

The recessive resistance allele bgm-1 for leaf
chlorosis induced by Bean golden mosaic virus
(BGMYV, a geminivirus) and Bean golden yellow mo-
saic virus (BGYMV, a geminivirus) from the land-
race Garrapato (synonymous with G2402) was in-
advertently transferred into breeding line A429
(Morales and Singh 1993). A429 was subsequently
used to develop highly resistant small red, black,
and carioca bean cultivars for Central America and
Brazil, using pedigree, mass-pedigree, or gamete-
selection methods. Beaver et al. (1999) were the
first to develop BGYMV (bgm-1 allele), BCMYV,
common bacterial blight, and rust-resistant large-
seeded light red kidney bean breeding line PR9443-
4 for the Caribbean. Singh et al. (2000) pyramided
a high level of BGYMYV resistance in different dry
beans using direct disease screening that was sub-

sequently verified by the presence of molecular
markers. In the tropics and subtropics of Latin
America, resistance to bean pod weevil (Apion god-
mani Wagner), angular leaf spot, anthracnose,
BCMV, BGYMYV, bruchid, common bacterial blight,
and leafhopper, and upright plant type in beige,
black, cream, cream-striped, and red beans were
incorporated (Singh et al. 1998; Beaver et al. 2003).
Silva et al. (2003) in Brazil in 1984 released the first
cultivar, EMGOPA-Ouro-201 (synonymous with A
295), that combined angular leaf spot, anthracnose,
BCMYV, common bacterial blight, halo blight, pow-
dery mildew (caused by Erysiphe polygoni DC),
and rust resistance.

1.2
Genetic Linkage Maps

1.2.1
Linkage Mapping Prior to 1990

Lamprecht (1961) published the first genetic linkage
map for common bean, which summarized previous
linkage reports. This map comprised 26 naturally
occurring traits. Most of the genes controlled the
color of the flower or seed or affected pod traits.
The Lamprecht map was extended with additional
isozymes, seed proteins, and induced mutations
(Bassett 1988; Gepts 1988b; Arndt and Gepts 1989;
Koenig and Gepts 1989; Vallejos and Chase 1991b).
These early maps were extensively reviewed by Bas-
sett (1988, 1991) and culminated in a revised link-
age map for common bean consisting of 13 LGs
and 47 marker genes that included his own map-
ping of four recessive marker genes and three reces-
sive induced mutants. For example, Nagata and Bas-
sett (1984) mapped dark green savoy leaf (dgs),
dwarf seed (ds), stipelless lanceolate leaf (sI), and
round leaf (rnd) on LG VII, and spindly branch
(sb), diamond leaf (dia), and progressive chlorosis
(prc) on LG IX. He also discussed some of the less
defined associations that had not yet been mapped.
For example, Kyle and Dickson (1988) reported a
tight linkage or pleiotropy of the dominant I allele
imparting resistance to all known strains of the
BCMYV, and resistance to four related potyviruses.
The I allele was also linked with seed coat (Temple
and Morales 1986; Kyle and Dickson 1988) and hi-
lum-region-darkening allele B (Park and Tu 1986).
Deakin and Dukes (1975) and Dickson and Petzoldt
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(1986) observed linkage of colored seed coat with
resistance to Pythium and/or Rhizoctonia root rots.
Coyne et al. (1973) found association between resis-
tance to common bacterial blight and late flowering.
Valladares-Sanchez et al. (1979) reported linkage
between late maturity and indeterminate growth
habit, Stavely (1984) among genes for rust resis-
tance, and Osborn et al. (1986) between arcelin and
lectin genes. Association of isozyme EST-2 with
white flower (Weeden and Liang 1985) and white
seed coat color (Weeden 1984) was also reported.
These early “classical” maps were rudimentary, pro-
viding very little genomic coverage and utility for
marker-assisted selections (MAS), but they did pro-
vide a point of reference for subsequently developed
DNA-based linkage maps.

Bassett (1991) noted in revising the classical
map that many previously described mutants
lacked a seed source and therefore could not be
tested. The renewed Phaseolus Genetics Committee
in 1987 (Gepts 1988c) advocated for a repository
for genetic stocks that Bassett established and is
currently maintained by the USDA-ARS, NPGS
(National Plant Germplasm System) at the Western
Regional Plant Introduction (PI) Station in Pull-
man, WA, USA (http://www.ars-grin.gov/cgi-bin/
npgs/html/desc.pl?83034).

Another problem encountered in establishing
the classical maps was the use of different gene
symbols by different researchers for the same gene
(Bassett 1991). A subcommittee of the Phaseolus
Genetics Committee addressed this lack of coordi-
nation among geneticists for naming genes and for-
mulated guidelines for gene designation and no-
menclature (Myers and Weeden 1988; Bassett and
Myers 1999). Bassett (2004) updated the list of
genes for P. vulgaris.

1.2.2
Linkage Mapping After 1990

Availability of DNA-based markers in the mid-
1980s aroused great interest and facilitated develop-
ment of common bean linkage maps within the last
15 years. Vallejos et al. (1992) and Nodari et al.
(1993 a) were among the first to develop molecular
linkage maps of common bean, which subsequently
evolved into the two major bean-mapping popula-
tions. For both maps, widely divergent parents
were chosen to maximize (i) polymorphism at the
nucleotide level, (ii) phenotypic diversity, and (iii)

variability for disease resistance and other traits.
Vallejos et al. (1992) developed a backcross (BC,)
population (Florida map) from diverse parents XR-
235-1-1 (recurrent parent) and DIACOL Calima, rep-
resentatives of the Middle American and Andean
gene pools, respectively (Table 2). The Florida BC,
map consisted of the pigmentation gene P, 224 re-
striction fragment length polymorphisms (RFLPs)
(from PstI genomic clones), 9 seed proteins, and 9
isozyme marker loci, which sorted into 11 LGs la-
beled in descending order of length from A to K.
This map covered 963 cM of the estimated 1200 cM
of the bean genome. Gepts et al. (1993), using the
same prediction model of Hulbert et al. (1988), es-
timated the genome length to be 1250 cM. Seven
additional markers added 17 ¢cM of coverage (980
cM) (Vallejos 1994). To date the Florida map con-
sists of 294 markers, including the addition of
RFLP probes from synteny studies (Boutin et al.
1995), and covers 900 cM (Vallejos et al. 2001),
which is less than previous reports because of an
increased stringency (LOD >2.0) for placement of
markers on the map.

Earlier, the Florida BC, population and an F,
population from the same cross were used to map
isozymes, seed proteins, and the P locus controlling
pigmentation (Vallejos and Chase 1991b), which
resulted in the combination and extension of LGs X
and XIII of the classical map (Bassett 1991). In a
companion study (Vallejos and Chase 1991a), a
linked pair of isozyme markers Adh-1 and Got2
was significantly associated with seed size, which
in effect identified a QTL. Sax (1923) was the first
to note a linkage association between a morpholog-
ical marker (seed pigmentation) and quantitative
trait (seed size) in bean. Johnson et al. (1996)
speculated that the phaseolin locus, Phs, was the
candidate gene underlying the QTL for seed size,
and its linkage with P was the morphological locus
for seed color that Sax (1923) had identified. This
mapping population was later used directly to iden-
tify QTL for common bacterial blight resistance
(Yu et al. 1998).

The Davis map (Table 2), based on an F, popu-
lation, was obtained from the wide cross between
BAT 93 of the Middle American and Jalo EEP558 of
Andean gene pool (Nodari et al. 1993a). The map,
with 143 markers, consisted of three genes (I for
resistance to BCMV, Cor for seed color pattern, and
an unknown gene for flower color), 108 RFLP (pri-
marily PstI clones), 7 isozyme, 7 RAPD, and 18
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Table 2. Common bean (Phaseolus vulgaris L.) populations used for tagging and mapping genes and quantitative trait loci
between 1992 and 2004.

Parents Source  Abbre- Map size Predominant Traits mapped References
viation marker
BAT 93/Jalo EEP558 Davis BJ, core 1226 cM  RFLP, mix  ALS, anthracnose, CBB, Nodari et al. 1993a,b; Freyre et al.
(F, and RI) Rhizobium 1998; Gepts 1999
XR235-1-1/DIACOL  Florida XD 900 cM RFLP, mix  Seed size, CBB Vallejos et al. 1992; Yu et al. 1998
Calima (BC)
Corel/Ms8EO2 (BC)  Paris CE 567 cM  RAPD, mix Anthracnose Adam-Blondon et al. 1994a
DOR 364/G 19833 CIAT DG Full RFLP, SSR  BGYMYV, low P, root Beebe et al. 1998; Blair et al.
traits, ALS, Anthracnose2003; Lépez et al. 2003
Midas/G 12873 Davis MG RFLP Domestication traits ~ Koinange et al. 1996
BAC 6/HT 7719 NE BH 545 cM  RAPD CBB, web blight, rust  Jung et al. 1996
Olathe/Sierra ID, ND OS Partial RAPD BCMYV, rust Strausbaugh et al. 1999;
Kalavacharla et al. 2000
DOR 364/XAN 176 PR, ARS DX 930 cM RAPD ASB, BGYMYV, CBB, rust Miklas et al. 1996b, 1998 b, 2000 a
PC-50/XAN 159 NE PX 404 cM RAPD CBB, rust, white mold Jung et al. 1997; Park et al. 2001
CDRK/Yolano Davis CY 1487 cM  AFLP Seed yield Johnson and Gepts 1999
A 55/G 122 Harris AG 1631 cM  AFLP Seed yield, white mold, Johnson and Gepts 1999;
Moran, heat tolerance Miklas et al. 2001; Porch 2001
Davis
Eagle/Puebla 152 WI EP 825cM  RAPD Root rot Vallejos et al. 2001;
Navarro et al. 2003
Jamapa/DIACOL Florida JC 950 cM  Mix RGA Rivkin et al. 1999;
Calima Vallejos et al. 2001
Benton/NY6020-4 ARS BN Partial RAPD White mold Miklas et al. 2003b
OAC Seaforth/OAC Guelph  S95 1717 <M Mix CBB, agronomic traits Tar‘an et al. 2001, 2002
95-4
BelNeb-RR-1/A 55 NE BA 755 cM RAPD BBS, HBB, BCMYV, Ariyarathne et al. 1999;
Fusarium wilt Fall et al. 2001; Jung et al. 2003;
Fourie et al. 2004
Sierra/Lef-2RB MI Partial RAPD Drought, Fusarium wilt Schneider et al. 1997 a,b;
Brick et al. 2004
Sierra/AC1028 MI Partial RAPD Drought Schneider et al. 1997 a,b
Isles/FR266 MI Partial RAPD Fusarium root rot Schneider et al. 2001
Montcalm/FR266 MI MF Partial RAPD Fusarium root rot Schneider et al. 2001
Bunsi/Huron MI BH Partial AFLP White mold Kolkman and Kelly 2003
Bunsi/Newport MI BN Partial AFLP White mold Kolkman and Kelly 2003
Montcalm/CDRK-82  ARS, MI, Partial RAPD Canning quality Posa-Macalincag et al. 2002
ND
Montcalm/CELRK ARS, MI, Partial RAPD Canning quality Posa-Macalincag et al. 2002
ND
Berna/EMP 419 Guelph Partial Mix Leathopper, seed size ~ Murray et al. 2004
Bayo Baranda/G 22837 Mexico 497 cM AFLP Seed Ca, Fe, Zn, tannin, Guzmdn-Maldonado et al. 2003
(F2) mass
Moncayo/Primo ARS MP Partial RAPD BCTV Larsen and Miklas 2004
Minnuette/OSU 5630 OR Full Mix Snap bean traits Myers et al. 2004
Aztec/ND88-106-04  ND, ARS AN Partial Mix White mold, rust, zinc Miklas et al. 2005a
Bunsi/Raven MI BR Partial Mix White mold, BCMV Ender and Kelly 2005
HR67/0AC 95 Harrow H95 Partial Mix CBB Yu et al. 2004
Red Hawk/Negro San MI RN Parital Mix Root rot Romédn-Avilés and Kelly 2005

Luis

Abbreviations: ALS: angular leaf spot, ASB: ashy stem blight, BBS: bacterial brown spot, BCMV: bean common mosaic virus,

BCTV: beet curly top virus, BGYMV: bean golden yellow mosaic virus, CBB: common bacterial blight, HBB: halo bacterial

blight, RGA: resistance gene analog
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marker loci corresponding to clones of known
genes, which assorted across 15 linkage groups la-
beled in descending order of length from D1 to
D15. This map covered 827 cM of the genome and
was quickly expanded to include 204 markers as-
signed to 13 LGs covering 1060 cM of the genome
(Gepts et al. 1993). This expansion involved RFLP
markers from other mapping populations including
the Florida (Vallejos et al. 1992) and Paris (Adam-
Blondon et al. 1994a) maps in the first effort to
align linkage groups among different maps. The
Davis map was used directly to map genes/QTL for
Rhizobium inoculation and resistance to common
bacterial blight (Nodari et al. 1993b) and anthrac-
nose (Geffroy et al. 2000).

The Paris BC; map, the next significant molecu-
lar map published (Adam-Blondon et al. 1994a),
was obtained from the backcross Corel (recurrent
parent) x Ms8EO, and developed for the primary
purpose of localizing specific anthracnose resis-
tance genes (Table 3). The map consisted of 157
markers including 100 RAPD, 51 RFLP (19 of
which were used to align with the Davis map), 2
sequence characterized amplified region (SCAR),
and 4 gene loci: Co-2 (synonymous with Are) and
RVI for resistance to anthracnose, Ms-8 for male
sterility, and SGou for pod shape. The map covered
567 cM of the genome.

Many recombinant inbred (RI) populations de-
veloped for genetic analysis and mapping of specif-
ic traits soon followed (Table 2). Gepts (1999) listed
11 and Kelly et al. (2003) provided an updated list
of 14 common bean populations that have been
used to develop linkage maps since 1992. Koinange
et al. (1996) used an RI population between an An-
dean snap bean cultivar Midas and a Middle Amer-
ican wild bean G12873 to map the major alleles
and QTLs that differentiate the wild from cultivated
beans. The SierraxOlathe, DOR 364xXAN176,
BAC 6xHT 7719, BelNeb-RR-1XA 55, PC-50xXXAN
159, EaglexPuebla 152, OAC SeaforthxOAC 95-4,
and many other RI populations were developed to
study resistance to specific diseases. A55xG122
and CDRKx Yolano RI populations were construct-
ed to look at yield components in an intergene
pool cross (Middle AmericanxAndean) (Johnson
and Gepts 1999). SierraxLEF-2RB and Sierrax
AC1028 RI populations were used to study drought
resistance (Schneider et al. 1997 a).

Another significant mapping population, which
in effect represents the base mapping population

for CIAT (International Center for Tropical Agricul-
ture, Cali, Colombia), consists of an RI population
(87 n) from the cross DOR 364 xG 19833 (Beebe et
al. 1998), which again capitalizes upon diverse par-
ents from the Middle American and Andean gene
pools, respectively, to maximize polymorphism and
phenotypic variability. The complete CIAT map has
not been published; however, it was recently used
to identify resistance gene analog (RGA) associa-
tions with disease resistance genes/QTL (Lépez et
al. 2003) and to integrate SSR markers into the
bean map (Blair et al. 2003). The cross was origi-
nally made to study the BGYMV resistance present
in DOR 364 and tolerance to low soil fertility pres-
ent in G 19833.

1.2.3
Map Integration

Use of different sizes and types of populations
(e.g., Fp, backcross, RI), marker types [e.g., ampli-
fied fragment length polymorphism (AFLP), RFLP,
RAPD], and lack of coordination among research-
ers have hindered and slowed the pace of develop-
ment of fully saturated integrated linkage maps.
Nonetheless, Freyre et al. (1998) integrated the
linkage maps developed by Vallejos et al. (1992),
Nodari et al. (1993a), Adam-Blondon et al.
(1994b), and Jung et al. (1996, 1997) into a core
map that has a higher density of markers and ex-
panded length. The Davis F, mapping population
was advanced to an RI population using SSD. The
Davis RI population is referred to as the BJ
(BAT93/Jalo EEP558) mapping population. The BJ
map consists of 563 markers covering 1226 cM of
the bean genome (Freyre et al. 1998). Linkage
groups for the B] map are labeled from Bl to B1l.
Of the 563 markers, about 200 are RAPD that de-
rive from earlier map integration work with the
Nebraska and Wisconsin RAPD maps, BAC6 xHT
7719 (Jung et al. 1996) and PC-50xXAN 159 (Jung
et al. 1997), that was never formally published
(Skroch et al. 1996). The B] map has been updated
and reviewed by Gepts (1999) and Kelly et al
(2003).

The resulting integration of the Florida and
Paris maps with the B] map enabled the approxi-
mate location of more than 1070 markers (Freyre
et al. 1998). RFLP was the primary marker used to
align the three maps. Although the Florida map is
still widely used for integrating maps, the BJ popu-
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lation is widely recognized as the “core mapping
population” for common bean (Freyre et al. 1998;
Gepts 1999). The BJ RI lines have been distributed
worldwide, and the molecular marker data spread-
sheet for the BJ core map is readily accessible via
the Internet (http://www.agronomy.ucdavis.edu/ag-
ronomy/). Also, a BAC library has been developed
for BAT 93 that will contribute to additional mark-
er development and positional cloning of genes
(Kami and Gepts 2000). Separately, the Florida
RFLP map was integrated with the Wisconsin
RAPD map EaglexPuebla 152 via the RI mapping
population JamapaxDIACOL Calima (Vallejos et al.
2001). Together the integration of these three maps
placed 814 markers (230 RFLP, 464 RAPD, and 120
other) in the bean genome.

Eventually all maps directly or indirectly inte-
grate with either the Davis (B]) or the Florida map.
Early on, the original RFLP clones for both the Da-
vis and Florida maps were widely distributed and
used as anchor markers to integrate and align link-
age groups from subsequently developed maps. Re-
searchers used the RFLP anchor markers to gener-
ate a framework map in their population. Con-
versely, researchers have placed polymerase chain
reaction (PCR)-based markers (RAPD, SCAR,
AFLP) generated from their mapping populations
in the Davis or Florida populations to align linkage
groups with the original maps. This direct mapping
is generally done with individual traits or LGs in
an effort to locate them on the core B] map. Larsen
and Miklas (2004) recently placed a SCAR linked
with the Bct gene conditioning resistance to BCTV
on LG B7 by directly mapping the marker in the BJ
population. A SCAR linked with the bc-1° gene for
resistance to BCMV was placed on LG B3 (of the
BJ core map) by mapping the marker in the CIAT
map, DOR 364xG 18933 (Miklas et al. 2001), which
is aligned with the BJ core map.

Now instead of cumbersome RFLP, rapid PCR-
based markers, namely, SCAR, sequence tagged site
(STSs), and simple sequence repeat (SSR), are
being used as anchor markers for integrating bean
maps. Cumulatively, 115 SSR markers have been
developed and characterized (Yu et al. 1999, 2000 b;
Gaitdn-Solis et al. 2002; Blair et al. 2003) and lo-
cated in either the BJ (37 SSR) or CIAT (78 SSR)
maps. SSRs are codominant, easier to generate, and
more polymorphic than RFLPs because they are
multiallelic. SSRs and other PCR-based markers
like STS will quickly replace RFLP as the marker of

choice for integrating bean LGs as they have in
other crops (Cregan et al. 1999). A few RFLP clones
from the Florida map have been converted to STS
markers, which may contribute to their use as an-
chor markers (Murray et al. 2002). Ongoing devel-
opment and mapping of EST (reviewed by Brough-
ton et al. 2003) in common bean will lead to
further identification of SSR markers.

Recently the Florida linkage map (Vallejos et al.
1992) was integrated with the chromosomal map
(Moscone et al. 1999) using FISH of pooled RFLP
clones from each linkage group (Pedrosa et al.
2003). Integration of the genetic and chromosomal
maps will serve to unify genetic linkage group no-
menclature in common bean (Table 1).

1.3

Tagging and Mapping Favorable
Genes and QTLs of Economic
Importance

In common bean, molecular markers have been
used to characterize genetic diversity and provide
credence to earlier results and conclusions arrived
at from the use of crossing compatibilities (Singh
and Gutiérrez 1984; Gepts and Bliss 1985), and
morphological (Singh et al. 1991b), isozyme (Singh
et al. 1991¢), seed protein (Gepts et al. 1986), and
DNA markers (Khairallah et al. 1990; Becerra-Ve-
lasquez and Gepts 1994; Haley et al. 1994c; Son-
nante et al. 1994; Beebe et al. 2000; McClean et al.
2004; Gonzdlez-Mejia et al. 2005). They also facili-
tated evolutionary studies (Gepts 1993, 1998; Son-
nante et al. 1994) and could be used for finger-
printing of cultivars and germplasm to avoid iden-
tity theft. But the most remarkable use of molecu-
lar markers has been to tag and map favorable al-
leles and QTLs controlling phenotypic traits of eco-
nomic value to producers and consumers (Fig. 1).
Disease resistance traits tagged with SCAR
markers are summarized in Table 3. Primarily
RAPD followed by AFLP have been used to tag dis-
ease resistance traits in bean. Those resistance-
linked RAPD and AFLP found useful for MAS are
converted to allele-specific markers (SCAR) to facil-
itate utilization and portability because RAPD and
AFLP are notoriously difficult to reproduce across
different laboratories. We find that even some
SCAR markers may not amplify in our laboratory
without further optimization of PCR protocols.
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Fig. 1. Genomic map of common bean (Phaseolus vulgaris L.) with distribution of genes and QTL. The linkage groups (Bl
to B11) correspond to the core map version of Freyre et al. (1998). This map is a compilation of the maps presented by Kelly

et al. (2003) and Miklas et al. (2006). Directly to the left of each linkage group are the framework molecular markers (smaller

font), biochemical genes (larger font), and phenotypic trait genes (shaded boxes). For explanations on marker and biochem-
ical gene symbols see [Bassett 2004; Tables 4 and 5 in Gepts (1999)], and the original map references (Vallejos et al. 1992;
Nodari et al. 1993a; Adam-Blondon et al. 1994a). SCN is the putative location of a soybean cyst nematode resistance gene

(Concibido et al. 1996). The Pse-3 gene replaces R3 (Fourie et al. 2004). Briefly, disease resistance gene symbols Co are an-

thracnose resistance loci, Ur rust resistance loci, Pse halo blight resistance loci; I and bc are dominant and recessive genes,

respectively, for resistance to BCMV, Phg angular leaf spot resistance locus. Bct is a locus for resistance to BCTV (see also

Table 3). Pu-a is for abaxial leaf pubescence (Jung et al. 1998). [AI-Arl-Lec] is the main locus coding for the a-amylase
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Fig. 1 (continued) inhibitor-arcelin-lectin multigene family. Fin, Ppd, St are genes for determinacy, sensitivity to photoper-
iod, and pod string formation (Koinange et al. 1996). B, [C-R], G, P, and rk are seed color genes and Ana, Ane, Bip, L, T, and
Z are seed color pattern genes (McClean et al. 2002). Asp is a gene for seedcoat shininess (Arndt and Gepts 1989; Gepts
1999). Fr is a male fertility restorer gene (He et al. 1995). SGou and Ms-8 are genes controlling pod cross-section and male
sterility (Adam-Blondon et al. 1994a). To the right (boxed symbols) are QTLs mapped in different populations (Table 2). For
disease resistance abbreviations: ALS resistance to angular leaf spot, ANT anthracnose, ASB ashy stem blight, BGYMV bean
golden yellow mosaic virus, BBS bacterial brown spot, CBB common bacterial blight, FRR Fusarium root rot, HB halo blight,
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Fig. 1 (continued) WB web blight, and WM white mold resistance. For other abbreviations: APP appearance of canned kid-

ney beans, DF and DM number of days to flowering and to maturity, DO seed dormancy, HI harvest index, HT height, L5

length of the fifth internode, LDG lodging, NM number of nodes on the main stem, NN Rhizobium nodulation, NP number

of pods, PD photoperiod-induced delay in flowering, PL pod length, and SW seed weight. Abbreviation symbols in subscript

represent the source population of the QTL (Table 2)

Bean researchers have generally utilized one or
more of the following strategies for tagging genes
and QTLs with molecular markers: backcross-de-
rived near-isogeneic lines (NILs) (Miklas et al
1993), interval mapping (Nodari et al. 1993b), het-
erogeneous inbred derived NIL (Haley et al
1994d), bulked segregant analysis (BSA) (Urrea et
al. 1996), BSA and NIL (Miklas et al. 1993), BSA
and selective mapping (Miklas et al. 1996b), and
multitrait bulking and selective mapping (Kolkman
and Kelly 2003).

The Ur-4 gene for rust resistance was the first
gene specifically tagged in common bean with a
DNA marker (Miklas et al. 1993). The tagging of
other genes and QTLs for resistance to bacterial,
fungal and viral pathogens, and other traits, as de-
scribed below, quickly followed.

There has been a recent emphasis on tagging
genes conditioning resistance to angular leaf spot,
a devastating disease in Africa and the Americas.
Ferreira et al. (2000) found a RAPD marker that
was linked to a single dominant allele (Phg-2) in
breeding line MAR2 imparting resistance to race
63.39 of P. griseola. Nietsche et al. (2000) also re-
ported RAPD and SCAR (SN02) markers linked to
a dominant allele controlling resistance to race
31.17 of P. griseola in small back bean Cornell 49-
24-2. Moreover, the same marker (SN02) was linked
with the resistance found in MAR 2 and Mexico 54.
Miklas et al. (2006) mapped the SNO02 marker to
chromosome 3 of the core B] map. Caixeta et al.
(2003) reported a dominant allele for resistance to
race 61.41 of the same pathogen in dry bean breed-
ing line BAT 332 that was linked to two RAPD
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Fig. 1 (continued)

markers in cis-position. The SH13 SCAR linked
with putative resistance gene Phg-1 was identified
in AND 277 (Carvalho et al. 1998; Queiroz et al.
2004b). A SCAR converted from an AFLP marker
was linked to a single dominant gene from G 10474
(Mahuku et al. 2004). Lépez et al. (2003) observed
five QTLs for resistance to angular leaf spot located
on chromosomes 8 and 10. Tests of independence
among the tagged genes for resistance to angular
leaf spot have not been conducted, and map loca-
tion of the genes are unknown with the exception
of SN02 (Phg-2) and the QTL.

As reviewed by Kelly and Vallejo (2004 a), seven
of nine major resistance genes for anthracnose have
been tagged and mapped (Fig. 1, Table 3). Four of
the genes, Co-1, Co-2, Co-9, and Co-10, cosegregate
with rust resistance and the latter two also with
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halo blight resistance (Miklas et al. 2002b, 2005 a;
Kelly and Vallejo 2004 a), which is indicative of re-
sistance gene clusters derived from ancestral genes
having undergone duplication and divergence
events (Michelmore and Myers 1998).

Both recessive and dominant viral resistance
genes have been tagged with molecular markers.
For BCMV and BCMNYV resistance, the bc-3 (Haley
et al. 1994b; Johnson et al. 1997), be-12 (Miklas et
al. 2000b), and I genes (Haley et al. 1994 a; Melotto
et al. 1996) were tagged and mapped to chromo-
somes 1, 5, and 9, respectively (Fig. 1). Urrea et al.
(1996) found a RAPD marker (map location un-
known) for the bgm-1 allele imparting resistance to
leaf chlorosis induced by BGMV (occurring in Bra-
zil, Argentina, and Bolivia) and BGYMV (found in
Central America, Mexico, and the Caribbean). Re-
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Fig. 1 (continued)

sistance to BGYMV-induced leaf chlorosis found in
DOR364 (synonymous with Dorado) was con-
trolled by two major QTLs (Miklas et al. 1996b) on
chromosomes 4 and 10 (Miklas et al. 2000a). The
QTL on chromosome 10 was tagged with a SCAR
marker, SW13. Both QTL for BGYMYV resistance ap-
pear to reside within gene-rich regions. The QTL
on chromosome 10 resides within a cluster of genes
conditioning resistance to anthracnose, charcoal
rot [synonymous ashy stem blight caused by
Macrophomina phaseolina (Tassi) Goid.], halo
blight, and rust. A SCAR marker for the dominant
gene, Bct, conferring resistance to BCTV, was gen-
erated and mapped to chromosome 4 (Larsen and
Miklas 2004). Both Bct and the QTL for BGYMV
resistance from DOR 364 appear to reside within a
cluster of genes conditioning resistance to anthrac-
nose, charcoal rot, common bacterial blight, and
white mold.

The dominant alleles Ur-3 (Haley et al. 1994d;
Nemchinova and Stavely 1998), Ur-4 (Miklas et al.
1993; Mienie et al. 2004), Ur-5 (Haley et al. 1993;
Melotto and Kelly 1998), Ur-6 (Park et al. 2004b),
Ur-7 (Park et al. 2003, 2004a), Ur-9 (Jung et al.
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1996), Ur-11 (Queiroz et al. 2004 c; Johnson et al.
1995), and Ur-13 (Mienie et al. 2005) conferring
specific resistance (SR) to rust were tagged using
RAPD markers with many eventually converted to
SCAR (Table 3) and placed on the linkage map
(Fig. 1). Unnamed SR genes for rust include two
from DOR 364 (Miklas et al. 2000a) that map in
the vicinity of the Ur-3 and Ur-5 loci, one from
BAC 6 (Jung et al. 1996) that maps near Ur-7, and
one from Ouro Negro (Corréa et al. 2000) located
on chromosome 10. Other genes involved with rust
resistance have been mapped: Ur-12 on chromo-
some 4 conditions adult plant resistance (APR) that
is initially expressed at the fourth trifoliolate leaf
stage or later (Jung et al. 1998), Pu-a on chromo-
some 5 conditions abaxial leaf pubescence (Jung et
al. 1998), and Crg (complements resistance gene)
on chromosome 3 is necessary for expression of
the Ur-3 gene (Kalavacharla et al. 2000).

Two independent complementary dominant al-
leles (Mp-1 and Mp-2) controlled resistance to
charcoal rot in drought-resistant dry bean breeding
line BAT 477, and RAPD markers for one allele in
coupling and for the other allele in repulsion phase
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were identified (Olaya et al. 1996). Mayek-Pérez et
al. (2001) also reported a similar inheritance of re-
sistance in BAT 477. However, from a field screen-
ing of 119 Fs.; RI population from DOR 364/XAN
176 Miklas et al. (1998b) reported a quantitative
inheritance (h* 0.53 and 0.57) for charcoal rot with
RAPD markers linked to four QTLs (each control-
ling 13 to 19% of variation for resistance). Two of
the QTLs with major effect across environments
(Miklas et al. 2000 a) were located within resistance
gene clusters on chromosomes 4 and 10 (Fig. 1).

Of over a dozen major and minor QTLs control-
ling resistance to common bacterial blight, the
SU91 (Pedraza et al. 1997) and BC420 (Yu et al.
2000a) SCAR markers are tightly linked with major
QTLs that were introgressed from a single tepary
bean accession into the common bean breeding line
XAN159 (McElroy 1985). A third major QTL for
common bacterial blight resistance linked to SCAR
SAP6 on chromosome 8 (Miklas et al. 2000c) de-
rives from the great northern landrace Montana
No. 5, not tepary bean as previously thought (Mik-
las et al. 2003a). A fourth major QTL identified on
chromosome 4 between the Asp locus for seed bril-
liance and phaseolin seed protein locus Phs has not
been tagged with any markers (Miklas et al. 2000 d;
Nodari et al. 1993b). A fifth major resistance QTL
present in OAC 95-4, and putatively derived from
tepary bean, maps toward the end of chromosome
7 (Tar’an et al. 2001).

Genes and QTLs controlling resistance to other
bacterial pathogens have been tagged and mapped.
The Pse-1 gene conditioning resistance to Races 1,
7, and 9; Pse-3 to Races 3 and 4; and Pse-4 to Race
5 of P. syringae pv. phaseolicola were tentatively
identified in BelNeb-RR-1/A 55 RI population
(Fourie et al. 2004) on chromosomes 1, 9, and 10,
respectively. An earlier study with this same popu-
lation identified QTL that conditioned resistance to
halo blight, with map locations that corresponded
to the putative location of the Pse-1, Pse-3, and Pse-
4 genes (Ariyarathne et al. 1999). The Pse-1 gene
and linked SCAR B10 reside within the B4 cluster
of genes conditioning anthracnose, rust, ashy stem
blight (QTL), and BGYMV (QTL) resistance. A QTL
for bacterial brown spot (caused by P. syringae pv.
syringae) resistance (Jung et al. 2003) is located in
a nearby gene cluster (Fig. 1), and this QTL on
chromosome 10 and four others on chromosomes
4, 5,9, and 11 were identified using the same Bel-
Neb-RR-1/A 55 RI population. The Pse-3 gene is

completely linked with the I gene as no recombi-
nants for these two genes have been observed (Te-
verson 1991). The Pse-4 gene may be linked with
Pse-1 on chromosome 10.

Except for Fusarium wilt (caused by E oxyspo-
rum f.sp. phaseoli), major QTLs controlling resis-
tance to any other root rots have not been found.
Fall et al. (2001) identified and mapped a major
QTL on chromosome 8 from small black breeding
line A 55 that controlled 63.5% of variance for Fu-
sarium wilt resistance. The RAPD markers (except
one) associated with resistance to Fusarium root
rot in greenhouse tended not to associate with field
screening, and individual markers did not explain
more than 15% of variation for resistance (Schnei-
der et al. 2001).

Park et al. (2001) reported RAPD markers
linked with as many as nine QTLs responsible for
white mold resistance in PC-50/XAN 159 common
bean population. Most markers linked to field resis-
tance were located on chromosomes 3, 4, 6, and 10,
with the QTL on chromosome 4 accounting for the
largest (12%) variation in resistance. In a similar
region of chromosome 4, Miklas et al. (2001) iden-
tified the Phs locus linked with a major QTL for
the greenhouse straw test (38%) and field resis-
tance (26%) in the A 55/G 122 population. An ad-
ditional QTL responsible for canopy porosity (34%)
and disease avoidance (18%) in the field (mapped
on chromosome 2) was also identified and attribut-
able to the fin gene for determinant growth habit
that mapped to the same location. Kolkman and
Kelly (2003) reported white mold resistance QTLs
from ICA Bunsi/Newport population that were lo-
cated on chromosomes 4 and 9. They used RI pop-
ulation from Huron/Newport population to confirm
linkage between markers and QTL derived from
ICA Bunsi (synonymous with Ex-Rico 23) for white
mold resistance across environments. Miklas et al.
(2003b) identified two QTLs for white mold resis-
tance in a Benton/NY 6020-4 snap bean population.
The QTL on chromosome 1 derived from Benton
explained 12% of the variation for resistance,
whereas the QTL from NY 6020-4, responsible for
38% variation, was located on chromosome 3. The
latter was associated with increased internode
length. Thus, QTLs for white mold resistance have
been located on 8 of the 11 chromosomes.

Schneider et al. (1997a) reported four QTL-
linked RAPD markers in one biparental population
and five in another that were consistently asso-
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ciated with drought-stressed (DS) yield, non-
stressed (NS) yield, and/or geometric mean yield
in DS and NS environments.

Other traits mapped include seed coat color
genes and QTLs controlling canning quality and
seed size, shape, and mineral content for iron and
zinc. McClean et al. (2002) tagged nine genes con-
ditioning seed coat color (G, Gy, J, and V) or pat-
terning (C, T, Z, Ana, Bip) with RAPD markers of
which many were later converted to STS markers
and placed on the BJ core linkage map (Fig. 1).

Walters et al. (1997) studied canning quality in
three navy bean populations across two locations
and identified mostly population- and location-spe-
cific QTL-marker associations. The QTLs individu-
ally had minor effects but taken together explained
from 20 to 52% of the variation in visual appeal of
the canned product based on regression models
using one to six markers. None of the QTLs was lo-
cated on linkage groups. Two QTLs influencing
canning quality in multiple environments were
identified by Posa-Macalincag et al. (2002), with
one QTL derived from Montcalm dark red kidney
possessing desirable characteristics, and the other
contributed by parents with undesirable canning
performance California Dark Red Kidney 82 in one
population and California Early Light Red Kidney
in another population. The QTL from Montcalm
was located on chromosome 3, had minor effect
(<10%), and was expressed in only one population.
The second QTL had variable expression of 8% and
20% across populations and was not integrated in
the core map.

Five QTLs affecting seed mass (explaining 42%
of the phenotypic variance), four tannin content
(42%), two each Ca (25%) and Fe (25%) content,
and one Zn content (15%) dispersed across four
linkage groups (nonintegrated) were identified by
Guzmdn-Maldonado et al. (2003) from a cultivat-
edxwild cross. For an in-depth look at QTLs con-
ditioning seed size see Johnson et al. (1996). The
favorable QTLs for seed accumulation of Ca, Fe,
and Zn were derived from the wild parent, joining
other favorable traits from wild P. vulgaris includ-
ing arcelin seed protein for combating seed weevils
(Cardona et al. 1990) and QTLs for yield improve-
ment. These QTLs were not integrated in the core
map. Other research in the area of tagging and
mapping genes affecting mineral content of bean is
ongoing at CIAT (Blair et al. 2002) and by the Har-
vest Plus consortium (http://www.harvestplus.org),

but detailed results have not been formally pub-
lished. The research for identifying, characterizing,
and improving nutritive attributes of bean for hu-
man consumption is a hot topic receiving wide-
spread attention (Welch et al. 2000; House et al.
2002).

Although to date microarrays and other surveys
of EST have not been employed to directly identify
candidate genes underlying quantitative traits in
bean, putative genes underlying QTLs have been
identified by map colocalization. The Phs seed pro-
tein locus is a candidate gene for seed size in bean
(Johnson et al. 1996) that maps to the same region
on chromosome 4. The fin gene is a candidate gene
for disease avoidance to white mold (Miklas et al.
2001) that colocalize on chromosome 2. The colo-
calization of R genes or defense-related genes with
disease resistance QTLs is indicative of candidate
genes (Kelly and Vallejo 2004b). For instance, an-
thracnose resistance QTL mapped near defense-re-
lated protein Hrgp36 and enzyme Pal-2 (Geffroy et
al. 2000) on chromosome 4, the PvPR-1 and PvPR-
2 (P vulgaris pathogenesis-related) genes were
linked with QTLs controlling resistance to Fusar-
ium root rot on chromosomes 5 and 9 (Schneider
et al. 2001), and Pgip (polygalacturonase-inhibiting
protein) is near a QTL for common bacterial blight
resistance on chromosome 9 (Fig. 1). R genes and
QTLs colocalize for resistance to anthracnose on
chromosomes 4 (Co-v), 6 (Co-2), and 10 (Co-9, Co-
10) (Geftroy et al. 2000; Fig. 1) and similarly for re-
sistance to halo blight on chromosomes 9 (Pse-3)
and 10 (Pse-1) (Fourie et al. 2004). The anthracnose
genes on chromosomes 6 and 10 consist of multi-
gene families (Geffroy et al. 1998), so it is hypothe-
sized that a component (or components) of the
gene family interacts with certain pathotypes to
contribute a quantitative partial resistance.

Mapping of RGA generated from conserved R-
gene-sequence motifs, leucine-rich repeats, and nu-
cleotide binding sites has also been a useful
approach to identifying putative candidate genes
underlying disease resistance QTLs. The most re-
cent efforts are those of Lépez et al. (2003), who
mapped RGA near QTLs for resistance to angular
leaf spot, anthracnose, and BGYMV.
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14
Marker-Assisted Selection

Kelly and Miklas (1999) discussed morphological,
biochemical, and DNA-based markers for indirect
selection in common bean. In brief, among mor-
phological traits of agronomic value, growth habit,
plant height, and node and pod number have the
most marked effects on and a positive association
with the number of days to maturity and seed yield
in common bean (Nienhuis and Singh 1986; Tar‘an
et al. 2002). Change in growth habit from determi-
nate Type I to indeterminate upright Type II in-
creased yield and stability of small white-seeded
cultivars (Adams 1982; Grafton et al. 1993).

With regard to biochemical markers, one cycle
of indirect selection for specific electrophoretic
bands associated with seed protein was as effective
as three cycles of direct selection (Delaney and
Bliss 1991). Similarly, extremely high levels of resis-
tance to bean weevil (Z. subfasciatus) have been
successfully transferred from the Mexican wild
bean populations to a range of breeding lines using
arcelin seed protein as an indirect selection criteri-
on (Cardona et al. 1990). More recently, availability

of DNA-based markers has minimized the need for
and complemented disease screening in presence of
pathogens, especially for traits controlled by genes
or QTLs with large effects. The resistance-linked
markers have been used in various breeding strate-
gies including marker-assisted backcrossing (Fig.
2), detection and retention of hypostatic genes,
gene pyramiding, and direct selection for resis-
tance. There are also many instances where resis-
tance-linked markers have been used to determine
genes present in advanced breeding lines and culti-
vars (e.g., Singh et al. 2000). As an example of mar-
ker-assisted breeding (Fig.2), McMillan et al
(1998) introgressed the bgm-1 allele for BGMV re-
sistance from dry bean breeding line A429 into
snap bean using a RAPD (Urrea et al. 1996) con-
verted to a SCAR marker (Table 3). The snap bean
cultivar Genuine with resistance to BGYMV re-
sulted from this work. Miklas et al. (2003 c), using
marker-assisted backcrossing, introgressed the Co-
4’ resistance allele into a pinto breeding line USPT-
ANT-1. Marker-assisted backcrossing for major-ef-
fect QTL linked with SAP6 and SU91 SCAR in
combination with intermittent pathogen screening
was used by Mutlu et al. (2005a) and Miklas et al.

Cross

F, Resistant parent A 429 (bgm-1//bgm-1) % susceptible snap bean cv. (Bgm-1//Bgm-1)
BCF, Fy (Bgm-1//bgm-1) % snap bean cultivar (Bgm-1//Bgm-1)

BC,F, BCF="' (Bgm-1//Bgm-1): ‘2 (Bgm-1//bgm-1)* x snap bean cv. (Bgm-1//Bgm-1)
BCsF,  BC,F, =% (Bgm-1//Bgm-1): ' (Bgm-1//bgm-1)* x snap bean cv. (Bgm-1//Bgm-1)
Selfed BC;F,= ' (Bgm-1//Bgm-1): > (Bgm-1//bgm-1)# are selfed to produce BC;F,

BC;F,=25% resistant (bgm-1//bgm-1)§: 50% susceptible (Bgm-1//bgm-1): 25% susceptible (Bgm-1//Bgm-1)

* indicates BC,F, plants selected by the marker for the next backcross cycle;

# indicates BC,F, plants selected for selfing to produce the BC,F, generation;

§ indicates resistant BC,F, plants selected;

Fig. 2. Marker-assisted backcrossing scheme for incorporating bgm-1 resistance to BGYMYV into snap bean using codominant

SCAR marker SR2 (Table 3)

* indicates BC,F; plants selected by marker for next backcross cycle; # indicates BC,F; plants selected by marker for selfing

to the BC,F, generation; § indicates resistant BC,F, plants selected by marker.
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(2000b) to develop pinto (Mutlu et al. 2005b) and
kidney bean (Miklas et al. 2005b) lines with im-
proved resistance to common bacterial blight. Re-
cently, Miklas and Bosak (2004), using a BCsF,.4-
derived RI population, showed that marker-assisted
backcrossing was effective for moving QTLs for re-
sistance to white mold from G122 and NY6020-4
into pinto bean. Using a RAPD marker Oliveira et
al. (2002) followed the introgression of angular leaf
spot resistance alleles into inbred-backcross lines
derived from crosses of Ruda with MAR2 and
Mexico 54.

Using markers to detect hypostatic resistance
genes in the presence of epistatic genes has been
used to retain defeated resistance genes and pyra-
mid genes for more durable resistance to bean rust
and BCMV. For development of the BelMiDak-RR-
lines (Stavely et al. 1994) with pyramided resistance
genes to bean rust, RAPD marker OA14 was used
to detect Ur-4 (Miklas et al. 1993) in the presence
of the epistatic Ur-11 gene. Likewise, Stavely et al.
(1998) used a marker to detect Ur-3 in the presence
of Ur-11 for development of germplasm line Bel-
DakMi-RMR-14 with pyramided rust resistance.
The retention of genes like Ur-3 and Ur-4 that pos-
sess resistance to fewer races than the broadly ef-
fective Ur-11 gene is important for attaining dur-
able resistance because these less effective genes
have provided resistance against new races that
eventually overcame the Ur-11 gene deployed in
rust disease nurseries in Honduras (Mmbaga et al.
1996). Pinto, kidney, and cranberry breeding lines
with I+bc-3 combination of resistance genes to
BCMV and BCMNV were developed with the assis-
tance of a SCAR marker used to detect the I gene
in the presence of the epistatic bc-3 gene (Stavely et
al. 1998; Miklas and Kelly 2002; Miklas et al.
2002a).

Yu et al. (2000a) used a SCAR marker (BC420)
to compare indirect vs. direct selection for com-
mon bacterial blight resistance in an Envoy/HR67
population. The cost of selection using the SCAR
marker was approximately one third less than that
of direct selection. The repulsion AE19 RAPD mar-
ker (Johnson et al. 1995) recently converted to a
SCAR (Queiroz et al. 2004c) is being used to ob-
tain the Ur-11 gene in Carioca market class by se-
lecting against it (Souza et al. 2003). A repulsion
marker is used to negatively select for the bc-3 gene
in climbing bean for East Africa (Blair, personal
communication, 2003), but this marker cannot be

used for selection in multiparent- or backcross-F;
because all F; will possess the repulsion marker
and would be selected against. Miklas et al.
(1996 a) described a recombination-facilitated MAS
strategy to reverse linkage orientation between a
resistance gene and linked marker to fit the selec-
tion scheme. In this case recombinants with the
marker in coupling linkage with the target gene
would be identified in a segregating population.
The recombinants would then be used to move the
recessive gene into the recurrent parent using MAS
of F; or BCn F,; that possess the marker.

Schneider et al. (1997 a) used RAPD markers in
a biparental population to realize 8% yield gains in
nonstressed vs. 11% gains in drought-stressed con-
ditions. Furthermore, they concluded that the effec-
tiveness of MAS for drought resistance was inverse-
ly proportional to heritability of yield in drought-
stressed conditions. In contrast to the other exam-
ples, MAS for drought resistance outside the origi-
nal mapping population has not been shown.

Although there are considerable numbers of
molecular markers available in common bean for
both qualitative and quantitative traits, and some
are being used routinely in breeding programs
(e.g., for BCMV, BCMNV, common bacterial blight,
and rust resistance), a great majority of markers
remain underutilized or not used at all. Possible
reasons are that most QTLs individually have small
to moderate effects on traits of interest, that the ef-
fectiveness of MAS or simply the presence of mark-
ers for a trait has not been confirmed in indepen-
dent populations, or the effectiveness of markers is
gene-pool specific. An example of gene-pool speci-
ficity is the OA14 marker for the Ur-4 gene for rust
resistance. OA14 is ubiquitous in the Andean gene
pool whether accessions are susceptible or not and
thus could only be used for MAS in the Middle
American gene pool (Miklas et al. 1993). Similarly,
the marker linked to Bct is ubiquitous in the Mid-
dle American gene pool and can only be used for
MAS in Andean germplasm (Larsen and Miklas
2004). The SAP6 marker for common bacterial
blight resistance cannot be used effectively in the
Mesoamerican race within the Middle American
gene pool (Kelly et al. 2003). Other examples of
gene-pool specificity of DNA markers linked with
useful traits in bean exist (see Kelly and Miklas
1999). Recombination-facilitated MAS (Miklas et al.
1996a) described above can also be used to over-
come gene-pool specificity of markers.
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1.5
Future Prospects

Considerable progress has been achieved in im-
proving adaptation, plant type, maturity, seed and
pod characteristics, yield, and resistance to major
abiotic and biotic stresses in the common bean
using conventional genetics and breeding methods
and morphological and biochemical markers. The
availability of DNA-based markers within the past
20 years has provided new opportunities and chal-
lenges to bean researchers. These are being used to
characterize genetic variability, fingerprinting, gene
function and structure, and MAS. While numerous
molecular markers are available, especially for re-
sistance to bacterial, fungal, and viral diseases in
common bean, proportionately fewer are routinely
used in breeding. Reduced cost, enhanced reliabili-
ty, and ease of use should increase molecular-
marker usage in the future, especially for germ-
plasm enhancement and introgression of a few
traits controlled by major genes in otherwise popu-
lar cultivars. For improvement of quantitatively in-
herited traits such as yield and drought resistance,
and development of broadly adapted high-yielding
cultivars, molecular markers may have to be used
in conjunction with conventional genetics and
breeding methods.

The availability of saturated high-density link-
age maps, cloning of target genes, and reliable
transformation systems would be expected to mod-
ernize and facilitate common bean germplasm en-
hancement and cultivar development.
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2.1
Introduction

Pea (Pisum sativum L.) is an important agronomic
crop worldwide and has served as an excellent sub-
ject for genetic and physiological studies. Its ease
of production, short generation cycle, and wealth
of morphological variation have lent pea to numer-
ous scientific investigations. Nutritional value of
immature fresh peas and mature dry peas for both
human and animal consumption have fostered sus-
tained production since domestication. Carbonized
remains have been found at many historical sites in
the Fertile Crescent of the Middle East dating back
to the sixth or seventh millennium BC, suggesting
domestication occurred during that era (Zohary
and Hopf 1973). Production then spread from the
Fertile Crescent to Russia and westward into Eu-
rope and eastward into China and India. Produc-
tion then spread to the Western Hemisphere upon
discovery of the New World.

Importance of pea as an agricultural crop is
punctuated by the fact that it ranks second only to
dry bean (Phaseolus vulgaris L.) for total produc-

Table 1. Area harvested and total production for leading dry
pea producing countries in the world (FAO 2003)

Country Area harvested  Yield Production
Hectares Kg/ha Mt

Canada 1,270,600 1672 2,124,400
France 367,000 4398 1,617,000
China 900,000 1230 1,230,000
Russian Federa- 717,600 1466 1,051,870
tion

India 730,000 1000 730,000
Ukraine 372,000 1098 410,000
Germany 139,735 2877 401,000
Australia 334,000 1352 368,000
United Kingdom 73,500 3918 288,000
United States 132,940 2005 266,490

tion (19.0 vs. 10.2 million Mt) and is produced on
6.5 million ha worldwide (FAOSTAT 2003). Primary
regions of production include Canada, China,
France, and the Russian Federation (all >1.0 mil-
lion Mt) followed by India, Germany, Australia, Uk-
raine, UK, and the USA (Table 1) (FAOSTAT 2003).
The dry pea crop provides many agronomic bene-
fits contributing to its continued use in rotations
with cereals since domestication. Pea and other leg-
ume crops break cereal disease cycles, allow for
grassy weed control, and improve soil tilth and fer-
tility through symbiotic nitrogen fixation. Average
seed yield worldwide is 1.5 t/ha, while yields as
high as 4 to 5 t/ha have been recorded in some de-
veloped countries (FAOSTAT 2003).

The pea crop is harvested for dried seed or in
the immature state as fresh peas for canning and
freezing. Mature dry seed is used predominantly as
an animal feed but is also a component of soups
for human consumption and can be processed in-
dustrially for starch or protein preparations. Fresh
pea production for the canning and freezing indus-
try includes the harvest of whole pods for use in
oriental preparations and snap peas, which can be
eaten fresh or frozen. Dry pea is nutritionally rich,
containing 18 to 33% protein, 4 to 7% fiber, and 37
to 49% starch, and is consumed as a staple protein
source in many developing countries. Several mar-
ket classes of dry pea are produced worldwide in-
cluding smooth round types with green, yellow, or
red cotyledons. A more specialized type of green
pea, the marrowfat pea, is also produced and has
extremely large and irregularly shaped seeds. The
marrowfat pea is used in snack food preparations
in the Far East and in a thick soup preparation in
the UK referred to as “mushy peas.”

Pea is an annual species with no known perennial
habit and is traditionally produced as a spring an-
nual crop. However, in addition to traditional spring
types several selections have been identified with
sufficient winter hardiness to be sown in the fall
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Fig. 1. Alternative leaf morphology in pea. a Conventional (AfAfStStTITI) (left) and semileafless (afafStStTITI) (right). b In-
tertwining nature of tendrils from adjacent branches providing mutual support

and survive relatively harsh winters. The fall-sown or
winter pea is sown in late September to mid-October
in northern latitudes and ideally reaches a moder-
ately branched, rosette stage ca. 5 to 7 cm in height
prior to entering a winter dormant period. As tem-
peratures rise in the spring the rosette breaks dor-
mancy assuming a vegetative growth pattern fol-
lowed by a reproductive period and seed fill. Crop
maturity is typically 2 to 3 weeks prior to spring-
sown types. Improved capacity to take advantage of
early spring moisture and avoidance of elevated tem-
peratures during the flowering and seed fill periods
allows the fall-sown crop to outyield spring crops
by an average of 40%. Market classes of winter pea
include the Austrian winter pea (pigmented seed
and flowers) and a winter feed pea (with either green
or yellow cotyledons) characterized by white flowers
and seeds lacking pigmentation in the testa.

Plant type of modern cultivars has changed sig-
nificantly compared to cultivars of 15 to 20 years pre-
viously. Overall plant height has been reduced
through selection of short internodes conferred by
recessive le along with other modifying genes, and
leaf morphology has been converted from conven-
tional leaflets to a semileafless type where leaflets
are converted to tendrils by recessive af (Goldenberg
1965) (Fig.1). The tendrilled morphology allows
neighboring plants to intertwine and provide mutual
support for a rigid canopy. Combination of these
morphological changes with improved stem strength
has resulted in a more upright plant habit and signif-
icant resistance to lodging. The upright growth habit

reduces foliar disease incidence in the canopy by al-
lowing greater airflow and has improved harvest ease
and crop quality through reduced content of foreign
material in the harvested seed.

Pisum is a member of family Fabaceae, subfam-
ily Papillionaceae, and tribe Vicieae and comprises
two species, Pisum fulvum Sibth and Sm. and Pi-
sum sativum L. Pisum sativum can be further di-
vided into subspecies Ps. ssp. sativum, Ps. ssp. ela-
tius, Ps. ssp. humile, Ps. ssp. arvense, and Ps. ssp.
hortense. P. sativum ssp. elatius and ssp. humile are
considered the progenitors of Ps. ssp. sativum, the
modern cultivated pea. Ps. ssp. arvense encom-
passes the field pea and is characterized by colored
flowers and pigmented seeds. P. fulvum is the wild
form of pea and can be crossed with P. sativum,
but P fulvum must be used as the pollen parent
(Muehlbauer 1992; Ben-Ze’ev and Zohary 1973).

Genetic composition of pea is ca. 4800 Mbp
spread across 2n=2x =14 chromosomes. Karyotypes
were presented as early as 1931 (Lewitsky 1931, as ci-
ted by Blixt 1958). The standard karyotype of pea is
based on the type line, L110, following improve-
ments over earlier procedures of Caroli and Blixt
(1953) (Blixt 1958; Hall et al. 1997 a) (Table 2). Cen-
tromere location in chromosomes 1 and 2 is meta-
centric, while in the remaining five chromosomes it
is submetacentric. Chromosomes 4 and 7 contain
secondary constrictions and possess satellites. P. ful-
vum contains a third secondary constriction on
chromosome 5 (Ben-Ze’ev and Zohary 1973). Chro-
mosomes 2 and 5 have experienced a translocation
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Table 2. Relative chromosome length and centromere posi-
tion of seven pea chromosomes (Hall et al. 1997)

Chromo- Relative length ~ Centromere Satellites
some position

1 0.125+0.008 Submetacentric No

2 0.125%0.008 Submetacentric No

3 0.145+0.007 Acrocentric No

4 0.138 £0.009 Acrocentric Yes

5 0.172%0.013 Acrocentric Yes

(in P. fulvum)

6 0.142£0.008 Acrocentric No

7 0.151%0.011 Acrocentric Yes

event, referred to as the Hammarlund translocation
(summarized by Kvostova 1973, translated 1983).
Numerous other chromosomal rearrangements have
also been reported (Kvostova 1973, translated 1983;
Lamm and Miravalle 1959; Folkeson 1990 a,b).

Breeding objectives for pea vary depending on
production region and end use. Quality of fresh
peas is highly refined, and genetics controlling spe-
cific traits are controlled through proprietary
means. Many of the agronomic, disease, and quality
traits for dry peas are common to fresh pea and
are listed in Table 3. Primary objectives common to
all regions and commodity types include increased
yield, multiple disease resistance, and superior
quality for the desired end use and agronomic
adaptation to local production conditions.

Classical breeding has made significant im-
provement in crop production and seed quality.

The genetic contribution to improved seed yield
has come through recurrent selection for adapta-
tion to local production areas, incorporation of
multiple disease resistance, improved plant archi-
tecture, and resistance to seed shatter. Many com-
mon diseases of pea can be controlled by single
genes, and plant breeding has been extremely suc-
cessful in combining many of these genes in im-
proved cultivars or germplasm. Dr. John Kraft
(USDA-ARS, retired) developed a number of fresh
pea lines with improved resistance to the root rots
that are controlled quantitatively and made the
germplasm widely available to breeders and geneti-
cists (Kraft and Tuck 1986; Kraft 1989, 1992). Iden-
tification of partial genetic resistance to foliar fun-
gal pathogens such as Mycosphaerella pinodes, Pho-
ma medicaginis var. pinodella, Sclerotinia sclerotior-
um, Botrytis cinerea, and Pseudomonas syringae pv.
pisi (Bevan et al. 1995) has been augmented
through avoidance mechanisms of an upright
growth habit and a more open canopy resulting
from the semileafless morphology. Unfortunately,
the open canopy has little effect on reducing the in-
cidence of powdery mildew.

Quality attributes of peas grown for dry seed
harvest have focused primarily on the visual ap-
pearance of the seed, i.e., uniformity of seed color
and intensity as well as shape. Greater attention is
being given to the chemical composition of the pea
due to its importance in animal feed rations. Pea
harvested for fresh products, as either immature
seed or whole pods, have been subject to numerous

Table 3. Agronomic, disease and quality traits targeted for improvement in

pea breeding programs

Agronomic character

Disease resistance

Quality attribute

Seed yield
Increased biomass
Lodging resistance
Shatter resistance
Multiple podding

Foliar fungi
Mycosphaerella blight
Sclerotinia white mold
Powdery mildew
Downy mildew
Soil-borne fungi
Fusarium wilt race 1 and
2

Fusarium root rot
Aphanomyces root rot
Viruses

Pea enation mosaic
Bean leaf roll

Pea seedborne mosaic
Clover yellow vein

Dry pea

Seed size
Cotyledon color
Seed shape
Protein content
Digestibility
Fresh produce pea

Blonde peas
Flavor
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and intense selection for myriad of criteria includ-
ing appearance, flavor, retention of color, size, etc.
Effort toward quality improvement in pea directly
reflects the importance of satisfying quality expec-
tations whether for dried or fresh product of do-
mestic household consumers, which are far more
rigorous than feed markets.

Improvement of peas for resistance to disease
and other traits is often limited by inconsistent phe-
notypic expression or unreliable evaluation and
scoring due to significant environmental influence,
absence of disease, or inadequate rating scales. This
is particularly true for those characters showing
quantitative inheritance, yield, quality, and resis-
tance to a number of diseases. Specific examples in-
clude resistance to pathogens contributing to the
root rot complex (Aphanomyces euteiches and Fusar-
ium solani) and the ascochyta blight complex (Myco-
sphaerella pinodes, Phoma medicaginis var. pinodel-
la, and Ascochyta pisi). Selection for these traits
might be greatly improved through marker-assisted
selection (MAS) based on relatively dense genetic
maps and known locations of important genes.

2.2
Construction of Genetic Maps

The easy cultivation of pea and its self-pollinating
reproductive habit and wealth of genetic variation
made pea an easy subject for genetic investigation
and served to justify Mendel’s (1866) decision to
use Pisum for his seminal work on genetic inheri-
tance. Mendel studied seven morphological charac-
ters in pea (Table 4), and, despite the fact that
these seven traits resided in only four linkage
groups (LGs), he did not detect any linkage rela-
tionships due to the large genetic distance between
those traits residing on the same LG. Genetic map-

Table 4. Gene symbols, linkage group, and description of
traits studied by Mendel

Gene Linkage group Trait

i I Green/yellow cotyledon color
II Pigmented flowers
111 Parchmented pods

le I Long internodes

fa I Fasciated stem

r A Round/wrinkled seed

gp \% Yellow pod coloration

ping in pea began in the 1920s with the classical
genetic studies of Herbert Lamprecht (summarized
in Blixt 1972). As Blixt (1974) summarized, the
only two traits for which Mendel may have de-
tected linkage were v and le on LG III, but as far as
is known, Mendel never inspected his data for si-
multaneous segregation.

The first genetic linkage maps of pea were es-
tablished by analyses of numerous two-point
crosses (Lamprecht 1948, 1958; Blixt 1972). Figure
2 presents a timeline of marker development and
mapping in pea. More than 160 of the nearly 400
morphological mutants reported in these early
studies were placed on one of the seven LGs of pea
(Blixt 1972). Assignment of genes to individual LGs
has required only modest adjustments, and this
early framework map made it relatively easy to as-
sign markers derived using modern molecular
techniques to the expected seven LGs. Incorrect
linkage assignment was due to the large linkage
distances between markers and to a limited number
of marker loci present in any given population
(Weeden et al. 1998).

Following establishment of the LGs efforts were
made to assign each LG to one of the seven chro-

Conventional/
1920 —— Morphological Markers
1948 —— 1" Genetic map, Lamprecht 1948
1958 —— Chromosome Alignment, Blixt 1958
1984 —— Isozyme, Weeden and Marx 1984
Mahmoud et al. 1984
1992 —t— RFLP, Ellis 1992
1993 —— Repeated sequences, Hellens et al. 1993
1994 —— RAPD, Timmerman et al. 1994
1996 —1— SSR, Lu et al. 1996; AFLP, Timmerman -Vaughn 1996
1997 —t— ESTs, Gilpin et al. 1997
1998 —+— Transposons, Ellis et al. 1998
2000 —r— RGA, Timmerman-Vaughn 2000
2001 —1— Microsattelites, Burstin et al. 2001
2005 —T1— STMS, Loridon et al. 2005

Fig. 2. Timeline following development of genetic maps of
Pisum and adoption of specific marker technologies



Chapter 2 Pea 37

mosomes of pea. Blixt (1958) described the stan-
dard karyotype of pea based on Line 110 and sub-
sequently used a set of translocation lines to as-
sociate the LGs with individual chromosomes (Blixt
1959). A number of chromosomal rearrangements
were found in pea, and translocation tester sets
were characterized and used to assign LGs to indi-
vidual chromosomes (Lamm and Miravalle 1959).
Correct assignment of LGs to chromosomes was
limited by the inaccurate assignment of genes to
LGs.

The 30 years between the mid-1950s and the
mid-1980s was characterized by additional classical
genetic studies by the late Dr. Jerry Marx and Dr.
Ian Murfet (Fig.2). In the mid-1980s, isozymic
markers in Pisum were placed on the framework
map of Blixt (1974) (Mahmoud et al. 1984; Weeden
and Marx 1984, 1987). In the early 1990s, restric-
tion fragment length polymorphism (RFLP) maps
of Pisum were reported and increased marker den-
sity and further defined genetic linkage in pea (El-
lis et al. 1992; Timmerman et al. 1993; Dirlewanger
et al. 1994).

The advent of polymerase chain reaction (PCR)
opened numerous opportunities for a multitude of
molecular markers to be added to genetic maps of
all crops, including pea. Yu et al. (1995) reported
two random amplified polymorphic DNA (RAPD)
markers linked to En, a gene for resistance to pea
enation mosaic virus, and Laucou et al. (1998) re-
ported an integrated map based primarily on
RAPD markers (Table 4). Development of amplified
fragment length polymorphism (AFLP) technology
(Vos et al. 1995) offered the opportunity to rapidly
increase marker density (Lu et al. 1996; Timmer-
man-Vaughn et al. 1996). Repeated sequences in

crop genomes are useful sources of polymorphism
and were exploited in pea beginning in 1993 (Hel-
lens et al. 1993; Turner and Ellis 1997).

Mapping expressed genes to specific LGs be-
came a reality with the development of expressed
sequence tag (EST) and resistance gene analog
(RGA) markers. Gilpin et al. (1997) placed 29 ESTs
on a Pisum map based on RFLP, RAPD, and AFLP
markers, and Timmerman-Vaughn et al. (2000)
placed eight RGAs on a map based on three differ-
ent crosses (Table 5). Flavell et al. (1998) reported
on the utility of copialike retrotransposon markers
(RBIPs) for mapping in pea. Burstin et al. (2001)
reported on the variation and polymorphism of mi-
crosatellites in pea, and the first comprehensive
map based on sequence-tagged microsatellite
(STMS) markers was published in 2005 (Loridon et
al. 2005).

2.3
Gene Mapping

Gene mapping in pea was initially based on its rich
morphological variation, but due to generally low
marker density, accurate detection of linkage was
inhibited. Lamprecht’s (1948) genetic map aligns
well with modern maps with the exception that
markers assigned to linkage group VII are now
considered to be on the long arm of linkage group
V and linkage group VII was not represented. The
lack of morphological markers on linkage group
VII and the significant distance between genes r
and cp on linkage group V explain why these two
LGs were assigned to separate linkage groups. The
lack of marker genes on linkage group VII was

Table 5. First-generation maps created based on two-point analyses of morphological traits, RELP, RAPD, and AFLP markers

Map Population Marker type Markers Population size Coverage
Lamprecht 1948 Multiple Morphological 37 - not reported
Ellis et al. 1992 JT 15X]JI 61 RFLP, morphological & 51 38 not reported
JI 15X]JI 1194 others 65 50
JI 281 xJI 399 153 71
JI 813%JI 1201 13 48
Gilpin et al. 1997 PrimoxOSU442-15 ESTs, RFLP, RAPD & AFLP 209 102 1330 ctM
Laucou et al. 1998  Terese xK586 RAPD, RFLP 240 139 1139 cM
Timmerman-Vaughn PrimoxO0SU442-15 EST, RFLP, RAPD, AFLP 209 102 1330 cM
et al. 2000 JI 1794 x Slow RAPD, RFLP, AFLP 235 51 1289 cM
Rovarx3176-A26 RFLP, RAPD 84 148 -
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noted by Folkeson (1990a,b) when he assigned the
tl-r-bt segment to LG V.

The Pisum genetic map has evolved over time
to become rather dense and well defined. Applica-
tion of molecular-marker technology contributed
significantly to the increased marker density allow-
ing more accurate assignment of genes to LGs and
generated a number of closely linked markers,
especially disease resistance genes, for use in MAS
(Weeden 1996). Consensus maps of Pisum encom-
passing the knowledge of linkage at the time were
reported by Weeden et al. (1996, 1998). Although
the consensus map summarizes known linkage re-
lations among genes, it is limited by lack of com-
mon genes/markers between populations, causing a
number of the genes to be placed in the “most

likely” position. Establishment of a consensus map
based on the codominant and transferable STMS
markers and the transfer of these markers to other
populations is expected to allow many existing
maps to be aligned and will significantly increase
the density and definition of the Pisum map.

The focus of the first molecular mapping efforts
was to locate resistance genes for powdery mildew,
ascochyta blight, and a number of viral diseases af-
fecting pea and to identify markers closely linked
to these genes to augment selection procedures (Ta-
ble 6). Physiological traits such as starch synthesis,
photoperiod response, plant habit, and symbiotic
interactions with Rhizobium ssp. have also been the
focus of many studies due to their importance in
crop production. Recent efforts in genetic mapping

Table 6. Selected individual genes targeted on maps generated since 1993 including population and closest linked marker.

More than 300 morphological markers have been mapped via conventional methods prior to 1993 (Lamprecht 1948; Weeden

et al. 1998)

Trait Population Marker Reference

rb J1 281 x]JI 399 pJC 2-7 Hellens et al. 1993

er-1 Erygel x661 p236 Dirlewanger et al. 1994
Almotax 88V 1.11 pD10gso SCAR Timmerman et al. 1994

OPU-17 & ScOPD10g5, Janilla and Sharma 2004

sbm-1 88V 1.11 x Almota ‘88V GS185 Timmerman et al. 1993
1.11 xLine 425

Fw Erygel x661 p254 Dirlewanger et al. 1994

Mo Erygelx 661 p252 Dirlewanger et al. 1994

Ascochyta pisi race C (Rap-2) Erygelx661 p227 Dirlewanger et al. 1994

En Alaskax B880-221 P256000 & B500,400 Yu et al. 1995

Rmpl,- 2,- 3 & -4 JI 97 ]I 296 morphological Clulow et al. 1991
JI 1089 %I 296

cyv-1 B302 Yu et al. 1996

sbm-3 B302 Yu et al. 1996

fa JI 814 x Terese Q11_1380 Rameau et al. 1998

det JI 2121 x Terese U16_1300, U8_1900 Rameau et al. 1998

sn HL 59 x Terese AA7_1700 Rameau et al. 1998

dne TeresexK218 S2_1900 Rameau et al. 1998

Rms2 K524 x Terese A4 430 Rameau et al. 1998

Rms3 WL6042 x Terese V20_1100 Rameau et al. 1998

Rms4 M3T-946 x Torsdag C12_500 Rameau et al. 1998

Fwf 74SN3 x A83-22e Aatp Coyne et al. 2000

Ppil JI15xJI 399 & JI 281xJ1 399 Pl Hunter et al. 2001

Ppi2 JI15%]JI 399 & JI 281%]JI 399  Rrn2 Hunter et al. 2001

Ppi3 Vinco X Hursts Greenshaft OPA-20 7 Hunter et al. 2001
Partridgex Early Onward

Ppi4 Vincox Hursts Greenshaft OPA-20¢.7, Hunter et al. 2001
Partridge x Early Onward

Sym9 P2x]JI 281 & P54x]I 281 A5/16 Schneider et al. 2002

Syml10 P56 xJI 15 chs2 Schneider et al. 2002
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in pea have focused on increasing marker density
around individual genes with the ultimate goal of
using map-based cloning strategies to clone specif-
ic genes of interest.

24
QTLs Detected

Quantitative trait locus (QTL) analyses allow geno-
mic regions influencing traits highly influenced by
the environment and showing continuous variation
to be located on the genetic map. Due to the signifi-
cant environmental effect on traits showing quantita-
tive inheritance, genetically fixed populations that
can be evaluated in replicated trials over multiple
site-years are desired. Recombinant inbred lines
(RILs) derived via single seed descent from individ-
ual F, plants to the Fq or later generations are typi-
cally used for QTL studies. Other fixed populations
include inbred backcross populations. Few analyses
are based on F,- or F,-derived F; families due to con-
straints of replication and/or multisite studies.

Relatively few QTL analyses in pea have been
reported in the literature (Table 7). The first QTL
reported was that for seed weight (Timmerman-
Vaughn et al. 1996). Other QTL analyses have
looked at lodging resistance (Tar’an et al. 2003),
plant height (Tar’an et al. 2003), grain yield (Tar’an
et al. 2004), seed protein content (Tar’an et al.
2004), maturity (Tar’an et al. 2004), persistence of
green seed color (McCallum 1997) tolerance to Oro-
banche crenata (Valderrama et al. 2004), and resis-
tance to Aphanomyces euteiches (Pilet-Nayel et al.
2002) and Mycosphaerella pinodes (Timmerman-
Vaughn et al. 2002; Tar’an et al. 2003; Prioul et al.
2004).

Nearly all QTL studies in pea have used RIL
populations as the genetic material with the excep-
tion of McCallum (1997) for persistent seed color,
Timmerman-Vaughn (1996) for seed size, and Val-
derrama et al. (2004) for tolerance to Orobanche
crenata. All three studies listed analyzed data col-
lected on F, individuals and/or F,-derived F; family
populations. Data analysis and map construction in
all studies used MapMaker (Lander et al. 1987; Lin-
coln et al. 1992), and QTL identification and effect
were estimated by composite interval mapping
using QTL Cartographer (Basten et al. 2001).

Ascochyta blight, caused by a complex of three
pathogens, Mycosphaerella pinodes, Phoma medica-

ginis, and Ascochyta pisi, is a serious disease of
many pea-producing regions worldwide. Three lab-
oratories have investigated resistance mechanisms
and reported QTLs for resistance to these patho-
gens (Timmerman-Vaughn et al. 2002; Tar’an et al.
2003; Prioul et al. 2004). Timmerman-Vaughn
(2002) identified 13 QTLs residing on LGs I, II, III,
1V, V and VII and Prioul et al. (2004) identified 16
QTLs located on LGs II, III, V, VI and VII while
Tar’an et al. (2004) identified three QTLs located
on LGs II, IV and VI. The maps could not be com-
pared because of a lack of common markers. How-
ever, based on the close association of the CD40
marker and the a locus (Weeden et al. 1998) to
which the Asc2.1 locus (Timmerman-Vaughn et al.
2002) and the mplI-2 locus (Prioul et al. 2004) are
linked, respectively, Asc2.1 and mplII-2 could repre-
sent a common QTL. Although few markers sur-
round the QTL on the proximal end of LG II of
Tar’an et al. (2004), it could represent a common
QTL. It is not likely that Asc3.l1 (Timmerman-
Vaughn et al. 2002) and mplII-1 of Prioul et al
(2004), both residing on LG III, represent a com-
mon QTL due to the linkage distance between M27
and L109 to which these QTLs are most closely
linked, respectively (Weeden et al. 1998). Tar’an et
al. (2003) suggest that the QTL they detected on LG
IV and that of Timmerman-Vaughn et al. (2002)
may be a common QTL based on common linkage
with the p628 marker. It is not possible to deter-
mine if the QTLs reported on LG VI by Tar’an et
al. (2003) and Prioul et al. (2004) are common due
to a lack of common markers. Likewise, it is not
possible to determine if QTLs located on LG V are
common to the maps of Timmerman-Vaughn et al.
(2002) and Prioul et al. (2004).

Common root rot, caused by Aphanomyces eu-
teiches Drechs. f. sp. pisi W.F. Pfender & D.]. Hage-
dorn, is an important disease in France, and many
pea production regions in the USA. Pilet et al
(2002) evaluated a RIL population of 127 lines over
4 site-years and detected seven QTLs, Aphl through
Aph7, conferring partial resistance to aphanomyces
root rot. Three QTLs contributed a major effect
and explained 47, 32, and 11% of the variation, re-
spectively. Aphl is located on LG IVb, Aph2 is lo-
cated on LG V near the r gene locus controlling
seed morphology, and Aph3 is located on LG Ia
near the af locus for tendrilled leaf morphology.
The four minor QTLs are located on LGs Ib (Aph4,
Aph5), VII (Aph6), and an unlinked LG B (Aph?).
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Green color hue and retention of green seed
color is an important quality criterion of green dry
peas. McCallum et al. (1997) studied the luminance
(Y) and chrominance (U and V) components of
color in an F, population developed from the cross
PrimoxO0SU442-15. They detected four genomic re-
gions, one each on LGs [, III/IV, V, and VIL The re-
gion on LG V contains two QTLs, one for lumi-
nance (Y) and the other for the V component of
chrominance and each explain 61 and 27 % of the
variation, respectively. The QTLs located on LG I
(V component of chrominance), LG III/IV (U com-
ponent of chrominance), and VII (U component of
chrominance) explain 17, 56, and 16% of the varia-
tion, respectively.

Valderrama et al. (2004) reported two QTLs
conferring partial resistance to Orobanche crenata
in pea. They analyzed 115 F,-derived F; families
under field conditions for resistance to O. crenata.
The two QTLs, Ocpl and Ocp2, were located on LG
1 and IX, respectively, of their map; however, align-
ment with the pea consensus map is not possible.

Agronomic characters that have been subjected
to QTL analysis include seed size (Timmerman et
al. 1996), grain yield, seed protein, maturity (Tar’an
et al. 2004), plant height (Tar’an et al. 2003; Prioul
et al. 2004), lodging (Tar’an et al. 2003), and flow-
ering (Prioul et al. 2004). Timmerman et al. (1996)
identified three QTLs contributing to seed size in
the cross Primox0SU445-15, one each on LG III/
IV, IV and Va and each explained 26, 23, and 13%
of the variation, respectively. In a second popula-
tion derived from the cross, JI 1794 xSlow, four re-
gions were identified as contributing to seed size,
one on LG I, two on LG III and one on LG VIIL
Only one genomic region contributing to seed size
is common to the two populations; however, the re-
gion on LG VII in the JI 1794xSlow cross is not
represented in the Primox0SU445-15 cross.

Tar’an et al. (2004) located four QTLs each for
days to maturity and yield and three QTLs for pro-
tein content in a population of 88 RILs derived
from the cross CarnevalxMP1401. The maturity
QTLs were located on LG II (2QTL), III and VI and
explained 16, 12, 10, and 10% of the variation, re-
spectively. Prioul et al. (2004) reported three QTLs
for flowering on LG II, III and VI explaining 38,
16, and 9% of the variation, respectively. Yield
QTLs were identified on LGs II, VI and two on VII
each explaining 12, 18, 14, and 10% of the varia-
tion, respectively. The seed-protein-content QTLs

were located on LGs III, VI and an unlinked LG A
each explaining 30, 16, and 11% of the variation,
respectively. Plant height QTLs were identified by
Tar’an et al. (2003) and Prioul et al. (2004), and
Prioul et al. (2004) identified QTLs for plant height
on LG II, III and VII while Tar’an et al. (2003)
identified QTLs on LG III and two unlinked LGs, C
and D. The QTLs on LG III accounted for 57 and
63% of the variation for plant height in each of the
reports, respectively.

QTL analyses in pea have identified 72 QTLs for
11 traits. Many of the maps used in these analyses
have made use of anchor markers to align LGs in
the current study to those of previous studies. To
date none of the QTLs identified and characterized
in pea has been Mendelized. This is expected to be
the subject of future work and will be necessary to
identify specific markers that can be used reliably
in MAS. Mendelization of QTLs in pea will be pos-
sible as more detailed maps are developed and fine
mapping of individual traits is completed.

2,5
Marker-Assisted Breeding

A few markers have been converted to simple and
easy-to-use PCR-based assays. Timmerman et al.
(1994) converted a RAPD marker linked to er-1, a
gene conferring resistance to powdery mildew
caused by Erysiphe pisi, to sequence characterized
amplified region (SCAR) marker (PD104s0). It is
positioned 2 cM from the gene and serves as an ex-
cellent candidate for MAS. Rameau et al. (1998)
converted RAPD markers located 16.7 cM from
Rms3 and 4.7 cM from dne to SCAR markers. Yu et
al. (1995) converted a RAPD marker linked to En, a
gene for resistance to pea enation mosaic virus, to
a SCAR marker identified as p2564q, that was lo-
cated 6 cM from En.

MAS has been successfully applied in selecting
fresh pea germplasm with resistance to Aphano-
myces euteiches, the causal organism of aphano-
myces root rot (Rebecca McGee, personal commu-
nication). Few examples of MAS are available in
pea from publicly funded programs despite the re-
ported availability of useful molecular markers.
Many traits for which markers are available are
controlled by single genes and are effectively se-
lected during field screening with relative ease.
However, if markers based on a common method-
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ology were available for a multitude of traits, it
would be more economical and efficient to initiate
MAS schemes.

Germplasm collections have been established in
a number of institutes worldwide. The primary col-
lections for pea are being curated at the John Innes
Center (JIC), Norwich, UK, USDA-ARS Western Re-
gional Plant Introduction Station, Pullman, WA,
USA, and Victorian Institute of Dryland Agricul-
ture, Horsham, Victoria, Australia. Molecular char-
acterization of these collections would augment
phenotypic characterization by identifying genetic
diversity and reducing duplications. Dr. Mike Am-
brose, curator of the JIC collection, summarized
molecular data used to characterize the JIC collec-
tion for molecular diversity (Ambrose et al. 2004).
Similar efforts with the intent of establishing a pro-
cedure for association mapping are anticipated for
the US collection (Clare Coyne, personal communi-
cation). Detailed analysis of these collections for
both phenotypic and molecular characteristics will
improve collection use and allow more specialized
and accurate core collections representing the over-
all diversity present in the collection.

2.6
Map-Based Cloning

Map-based cloning in plant species requires exten-
sive knowledge of genome organization available
through fine mapping in the region of interest and
using those markers most closely linked to the gene
of interest to search genomic libraries for candidate
genes. Bacterial artificial libraries (BACs) are a
convenient tool to catalog genomic DNA sequence
in fragments averaging 100 kb in length. A BAC li-
brary for pea was created for PI 269818 and pack-
aged in the binary vector V41 (pCLD04541) (Coyne
et al. 2000). The PI269818 library has an average
insert size of 110 kb and represents ca. 2.5 haploid
genome equivalents (Coyne et al. 2004). Develop-
ment of the BAC libraries in a binary vector facili-
tates direct transfer of selected sequences into
plants via A. tumefaciens-mediated methods
(Schroeder et al. 1993; McPhee et al. 2005).

To date few genes have been cloned from pea.
Von Stackelberg et al. (2003) reported the initial
stages of cloning the gene, def, that controls devel-
opment of the abscission layer between the funicu-
lus and hilum. It is suggested that this gene may

have value regarding shatter resistance in pea.
Stracke et al. (2004) used sequence information
from Lotus japonicus and Arabidopsis thaliana in
an attempt to clone the Sym19 gene from pea. Due
to the wide distance (6 cM) between the flanking
markers they used and unexpected breaches in col-
linearity within that region, they were unable to lo-
cate Syml9. Additional genes have been cloned
from pea; however, sequence information is not
currently available in the literature, potentially due
to proprietary considerations. As additional infor-
mation from related species and the model legume
species becomes available, a rapid increase in the
number of genes cloned from pea can be expected.

2.7
Advanced Works

Physical mapping in pea began with the assignment
of individual LGs to the seven Pisum chromosomes
beginning as early as the mid-1950s (Lamm and
Miravalle 1959). Due to the early mistaken assign-
ment of genes to LGs the correct assignment of
LGs to chromosomes was not accomplished until
the late 1990s (Hall et al. 1997; Fuchs et al. 1998;
Ellis and Poyser 2002). It was still uncertain
whether LG IV and VII should be assigned to chro-
mosomes 4 and 7 or vice versa. Neumann et al.
(2002) used three translocation lines from the John
Innes Center and showed that LG IV corresponds
to chromosome 4 and LG VII corresponds to chro-
mosome 7. A further point of concern is the as-
signment of LG VI and LG I to chromosomes 1
and 2 (Table 8), respectively, due to the morpholog-
ical similarity of these chromosomes.

Table 8. Assignment of individual linkage groups to seven
known chromosomes of pea. Representative genes on each
LG are also presented

Chromosome Linkage group ~ Gene assignment

1 VI wlo-erl-gty-sbm1i-pl

2 I Ib-d-f-af-i

3 v bt-r-tl-gp-Pgdc

4 v fa-was-age-sym9

5 III m-uni-st-np-le

6 II Aatp-a-fum-wb-s

7 VI Pgmc-fk-Rrn4-Skdh-
amy
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Application of chromosome sorting technology
via flow cytogenetics to gene mapping will likely
allow greater definition of the LG assignment to in-
dividual chromosomes (Dolezel et al. 2004). Sepa-
ration of individual chromosomes will serve as an
invaluable tool to generate chromosome-specific
genomic libraries and will allow chromosome-spe-
cific application of physical mapping techniques
such as fluorescent in situ hybridization (Fuchs et
al. 1998), primed in situ DNA labeling (PRINS),
and cycling-PRINS (Kubalakova et al. 1997).

A few gene-specific sequences have been placed
on the Pisum genetic map. Gilpin et al. (1997)
mapped 29 ESTs and Timmerman-Vaughn et al.
(2000) mapped eight RGA sequences on the Pisum
genetic map. A coordinated effort is under way to
combine ESTs from a number of plant tissues in
pea and arrange them in a broadly applicable mi-
croarray; however, the sequences are not publicly
available at the time of this publication. It is ex-
pected that this microarray will be valuable for a
range of gene expression and identification studies.

2.8
Future Scope of Works

Comparative mapping in legumes has progressed
rapidly with genomic developments in the model leg-
umes, Medicago truncatula and L. japonicus. One of
the earliest works of comparative mapping in pea
was that of Weeden et al. (1992), where regions of
similarity between Lens and Pisum were identified
on five of the seven Pisum LGs. Significant collinear-
ity between pea and M. sativa has been reported and
demonstrated the conservation of gene order and
distribution of homologous genes between the two
related species (Kalo et al. 2004). Additionally, Choi
et al. (2004) demonstrated significant genome con-
servation among the model legume species, M. trun-
catula and L. japonicus, with a broad group of leg-
umes. Synteny among species offers the opportunity
to transfer information on gene function gained in
one species to another. However, as Choi et al.
(2004) suggest, the utility of this transfer will be lim-
ited by the extent to which traits are controlled by
similar genetic mechanisms and by the degree of
gene-order conservation. The increasing body of
knowledge surrounding genome sequence promises
to allow greater understanding of the synteny be-
tween related crops and will provide insight into ge-
nome organization and functional genomics.
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3.1
Introduction

3.1.1
Brief History: Origin and Distribution

Cowpea (Vigna unguiculata L. Walp.) (2n=2x=22)
is a member of the Phaseoleae tribe of the Legumi-
nosae family. Members of the Phaseoleae include
many of the economically important warm season
grain and oilseed legumes, such as soybean (Gly-
cine max), common bean (Phaseolus vulgaris), and
mungbean (Vigna radiata). The name cowpea
probably originated from the fact that the plant
was an important source of hay for cows in the
southeastern United States and in other parts of
the world. Some important local names for cowpea
around the world include “niebe,” “wake)” and
“ewa” in much of West Africa and “caupi” in Brazil.
In the United States, other names used to describe
cowpeas include “southernpeas,” “blackeyed peas,”
“field peas,” “pinkeyes,” and “crowders.” These
names reflect traditional seed and market classes
that developed over time in the southern United
States.

Cowpea plays a critical role in the lives of mil-
lions of people in Africa and other parts of the de-
veloping world, where it is a major source of diet-
ary protein that nutritionally complements staple
low-protein cereal and tuber crops, and is a valu-
able and dependable commodity that produces in-
come for farmers and traders (Singh, 2002; Lan-
gyintuo et al. 2003). Cowpea is a valuable compo-
nent of farming systems in many areas because of
its ability to restore soil fertility for succeeding cer-
eal crops grown in rotation with it (Carsky et al.
2002; Tarawali et al. 2002; Sanginga et al. 2003).
Early maturing cowpea varieties can provide the
first food from the current harvest sooner than any

other crop (in as few as 55 d after planting), thereby
shortening the “hungry period” that often occurs
just prior to harvest of the current season’s crop in
farming communities in the developing world.

Dry grain for human consumption is the most
important product of the cowpea plant, but fresh
or dried leaves (in many parts of Asia and Africa)
(Nielsen et al. 1997; Ahenkora et al. 1998), fresh
peas (the southeastern USA and Senegal), and fresh
green pods (humid regions of Asia and in the Car-
ibbean) may be the most important in some local
situations. Cowpea hay plays a particularly critical
role in feeding animals during the dry season in
many parts of West Africa (Singh and Tarawali
1997; Tarawali et al. 1997, 2002).

Cowpea has considerable adaptation to high
temperatures and drought compared to other crop
species (Hall et al. 2002; Hall 2004). As much as
1000 kg ha™ of dry grain has been produced in a
Sahelian environment with only 181 mm of rainfall
and high evaporative demand (Hall and Patel
1985). Presently available cultivars of other crop
species cannot produce significant quantities of
grain under these conditions. The crop is more tol-
erant of low fertility, due to its high rates of nitro-
gen fixation (Elawad and Hall 1987), effective sym-
biosis with mycorrhizae (Kwapata and Hall 1985),
and ability to better tolerate soils over a wide range
of pH when compared to other popular grain leg-
umes (Fery 1990). Dry grain yields above 7000 kg
ha™' have been achieved in large field plots with
guard rows in the southern San Joaquin Valley of
California (Sanden 1993), where growers often ob-
tain yields above 4000 kg ha™'. Clearly, cowpea is
both responsive to favorable growing conditions
and capable of growing under drought, heat, and
other abiotic stresses.

Cowpea most certainly evolved in Africa, as
wild cowpeas only exist in Africa and Madagascar

Genome Mapping and Molecular Breeding in Plants, Volume 3
Pulses, Sugar and Tuber Crops

C. Kole (Ed.)

© Springer-Verlag Berlin Heidelberg 2007




50 M.P. Timko et al.

(Steele 1976). Interestingly, while West Africa ap-
pears to be the major center of diversity of culti-
vated forms of cowpea (Ng and Padulosi 1988) and
was probably domesticated by farmers in this re-
gion (Ba et al. 2004), the center of diversity of wild
Vigna species is southeastern Africa (Padulosi and
Ng 1997). Some evidence that domestication oc-
curred in northeastern Africa, based on studies of
amplified fragment length polymorphism (AFLP)
analysis, has also been presented (Coulibaly et al.
2002). The wild cowpea Vigna unguiculata ssp. un-
guiculata var. spontanea is the likely progenitor of
cultivated cowpea (Pasquet 1999).

It is likely that the crop was first introduced to
India during the Neolithic period, and therefore In-
dia appears to be a secondary center of genetic di-
versity (Pant et al. 1982). “Yardlong beans,” a
unique cultivar group (Sesquipedialis) of cowpea
that produces very long pods widely consumed in
Asia as a fresh green or “snap” bean, apparently
evolved in Asia and is rare in African landrace
germplasm. Cowpea has been cultivated in south-
ern Europe at least since the 8th century BC and
perhaps since prehistoric times (Tosti and Negri
2002). Cowpea was introduced to the West Indies
in the 16th century by the Spanish and was taken
to the USA about 1700 (Pursglove 1968). Presum-
ably it was introduced into South America at about
the same time.

Web sites for the International Institute of Trop-
ical Agriculture (www.IITA.org) and for the United
States Agency of International Development
(USAID)-funded Bean/Cowpea Collaborative Re-
search Support Program (Bean/Cowpea CRSP)
(www.isp.msu.edu/CRSP) are excellent references
for general information about cowpea and current
cowpea research.

3.1.2
Morphological
and Phenological Characteristics

Cowpea is an herbaceous warm-season annual that
is similar in appearance to common bean except
that leaves are generally darker green, shinier, and
less pubescent. Cowpeas also are generally more
robust in appearance than common beans with bet-
ter developed root systems and thicker stems and
branches. Plant growth habit can be erect, semier-
ect, prostrate (trailing), or climbing depending
mostly on genotype, although photoperiod and

growing conditions can also affect plant stature.
Most cowpea accessions have indeterminate stem
and branch apicies. Early flowering cowpea geno-
types can produce a crop of dry grain in 60 d,
while longer season genotypes may require more
than 150 d to mature depending on photoperiod.
Flowers are borne on racemes on 15- to 40-mm
peduncles that arise from the leaf axils. Two or
three pods per peduncle are common, and often
four or more pods are carried on a single peduncle
if growing conditions are very favorable. The pres-
ence of these long peduncles is a distinguishing
feature of cowpea, and this characteristic also facil-
itates hand harvesting.

Cultivated cowpea seed weighs between 8 and
32 mg and ranges from round to kidney shaped.
Pods are cylindrical and may be curved or straight,
with between 8 and 15 seeds per pod. The seed
coat can be either smooth or wrinkled and of var-

Fig. 1. Diversity of seed types in cowpea. Shown in photo-
graph is variation in seed shape, color, and texture observed
in cowpea from around the world (picture courtesy of J.D.
Ehlers)
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ious colors including white, cream, green, buff, red,
brown, and black (Fig.1). Seed may also be
speckled or patterned. Seeds of well-known cowpea
types, such as “blackeye pea” and “pinkeye,” are
white with a round irregular-shaped black or red
pigmented area encircling the hilum, giving the
seed the appearance of an eye.

Emergence is epigeal (similar to common bean
and lupin), where the cotyledons emerge from the
ground during germination. This type of emer-
gence makes cowpea more susceptible to seedling
injury, since the plant does not regenerate buds be-
low the cotyledonary node. The open display of
flowers in and above the canopy and the presence
of extrafloral nectaries contribute to the attraction
of insects. Cowpea primarily is self-pollinating, but
outcrossing rates as high as 5% have been recorded
and care needs to be taken to avoid outcrossing
during the production of breeder and foundation
seed, or unacceptable levels of “off-types” will re-
sult.

Cowpea is a short day plant, and many cowpea
accessions exhibit photoperiod sensitivity with re-
spect to floral bud initiation and development,
while others are day neutral (Ehlers and Hall 1996;
Craufurd et al. 1997). For some genotypes, the de-
gree of sensitivity to photoperiod (extent of delay
in flowering) is modified by temperature (Wein
and Summerfield 1980; Ehlers and Hall 1996). In
West Africa, selection for differing degrees of
photosensitivity or differences in juvenility has oc-
curred in different climatic zones such that pod ri-
pening coincides with the end of the rainy season
in a given locale, regardless of planting date, which
is often variable due to the variable onset of wet
seasons (Steele and Mehra 1980). This attribute al-
lows pods to escape damage from excessive mois-
ture and pathogens. Photoperiod sensitivity, when
appropriately deployed in a breeding program, can
be valuable to ensure crop maturity after wet sea-
sons or before drought or cold weather limits crop
growth. However, it may constrain the direct use-
fulness of an otherwise desirable cultivar to a small
area of adaptation or even to a specific season
within this restricted area.

Cultivated cowpeas have been divided into five
cultivar groups based mainly on pod and seed
characteristics (Pursglove 1968; Pasquet 1999). Cul-
tivar group Unguiculata is the largest and includes
most medium- and large-seeded African grain and
forage-type cowpeas. Cultivar group Melanophthal-

mus includes “blackeye pea’-type cowpea with
large, somewhat elongated seeds with wrinkled
seed coats and fragile pods (Pasquet 1998). Mem-
bers of cultivar group Biflora (also known as “cat-
jang”) are common in India and characterized by
their relatively small smooth seeds borne in short
pods that are held erect until maturity. Cultivar
group Textilis is a rather rare form of cowpea with
very long peduncles that were used in Africa as a
source of fiber. Cultivar group Sesquipedialis
(known as “yardlong bean,” “long bean,” “Aspara-
gus bean,” or “snake bean”) is widely grown in Asia
for production of its very long (40 to 100 cm)
green pods that are used as “snap” beans. Despite
the striking differences in morphological character-
istics among the cultivar groups, there are no prac-
tical barriers to hybridization or recombination be-
tween members of the different groups.

3.1.3
Production Systems and Economic Importance

Production of cultivar group Sesquipedialis (or
yardlong) beans is widespread throughout Asia and
is thought to be grown on about 300,000 ha. Dry
grain production is the only commodity of cowpea
formerly estimated on a worldwide basis. The Unit-
ed Nations Food and Agricultural Organization
(FAO) estimates that nearly 4 million metric tons
(mt) of dry cowpea grain is produced annually on
about 10 million ha worldwide (www.faostat.fao.
org/faostat). Cowpea grain production estimates by
Singh et al. (2002) are slightly higher than FAO es-
timates, with worldwide production of 4.5 million
(mt) on 12 to 14 million ha. About 70% of this
production occurs in the drier Savanna and Sahe-
lian zones of West and Central Africa, where the
crop is usually grown as an intercrop with pearl
millet [Pennisetum glaucum (L.) R.Br.] or sorghum
[Sorghum bicolor (L.) Moench] and, less frequently,
as a sole crop or intercropped with maize (Zea
mays L.), cassava (Manihot esculenta Crantz), or
cotton (Gossypium sp.) (Langyintuo et al. 2003).
Other important production areas include lower
elevation areas of eastern and southern Africa and
in South America (particularly in northeastern Bra-
zil and in Peru), parts of India, and the southeast-
ern and southwestern regions of North America.
Nigeria is the largest producer and consumer of
cowpea grain, with about 5 million ha and over 2
million mt production annually, followed by Niger
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(650,000 mt) and Brazil (490,000 mt) (Singh et al.
2002). Estimates of cowpea grain production in La-
tin America and East and southern Africa, regions
of the world that produce significant quantities of
common beans [Phaseolus vulgaris (L.)], may be
underestimates because cowpea grain is not always
distinguished from common bean grain during col-
lection of production statistics. Trade in dry cow-
pea grain and cowpea hay are important to the
economy of West Africa in particular, with substan-
tial quantities of cowpea grain being traded at the
local and regional level (Singh 2002; Langyintuo et
al. 2003). The large urban centers of coastal West
Africa are huge markets for cowpea produced
further inland where climates are drier and favor-
able to production of high-quality grain. The Unit-
ed States produces about 80,000 mt, in several
southern states (Alabama, Arkansas, Georgia,
Louisiana, Missouri, Tennessee) and in Texas and
California (Fery 2002).

A long-term drought in the Sahelian zone of
West Africa has caused many farmers in this part
of Africa to shift more of their production to cow-
pea because of its drought tolerance (Duivenboo-
den et al. 2002). As a result of this shift in produc-
tion and the adoption of new varieties and im-
proved production systems, worldwide cowpea pro-
duction has gone from an annual average of about
1.2 million mt during the decade of the 1970s to
ca. 3.6 million mt per annum (during the five-year
period spanning 1998 to 2003) according to the
FAO (http://faostat.fao.org/faostat). Rapidly growing
populations with high per-capita cowpea consump-
tion in the West and Central African regions have
fueled demand for cowpea grain during this peri-
od, and the trend is expected to continue.

3.14
Nutritional Composition

The nutritional content of cowpea grain is impor-
tant because it is eaten in quantity by millions of
people who otherwise have diets lacking in protein,
minerals, and vitamins. The nutritional profile of
cowpea grain is similar to that of other pulses, with
a relatively low fat content and a total protein con-
tent that is two to four times greater than cereal
and tuber crops. Like other pulses, the protein in
cowpea grain is rich in the amino acids lysine and
tryptophan, compared to cereal grains. However, it
is deficient in methionine and cystine when com-

pared to animal proteins. In a study of 100 cowpea
breeding lines in the IITA collection, seed protein
content ranged from 23 to 32% of seed weight
(Nielson et al. 1993). Similarly, protein content of
12 West African and US cultivars ranged from 22
to 29%, with most accessions having protein con-
tent values between 22 and 24% (Hall et al. 2003).
These results suggest that sufficient genetic varia-
tion exists to develop new cowpea cultivars with
protein content of at least 30%. Cowpea grain is
also a rich source of minerals and vitamins (Hall et
al. 2003) and it has one of the highest levels of any
food of folic acid, a crucial B vitamin that helps
prevent spinal tube defects in unborn children
(http://www.cdc.gov/doc.do/id/0900 £3ec8000d558).

Cowpea can be used at all stages of growth as a
vegetable crop, and the leaves contain significant
nutritional value (Ahenkora et al. 1998; Nielson et
al. 1993). The tender green leaves are an important
food source in Africa and are prepared as a pot
herb, like spinach. Immature green pods are used
in the same way as snap beans, often being mixed
with cooked dry cowpeas or with other foods.
Nearly mature “fresh-shelled” cowpea grains are
boiled as a fresh vegetable or may be canned or
frozen. Dry mature seeds are also suitable for boil-
ing and canning. In many areas of the world, cow-
pea foliage is an important source of high-quality
hay for livestock feed (Tarawali et al. 2002).

In developed countries, cowpea is expected to
become increasingly important as consumers seek
interesting and healthy “new” foods and rediscover
“traditional” foods that are low in fat, high in fiber,
and that have other health benefits. Fat contents of
100 advanced breeding lines from IITA showed a
range in fat contents from 1.4 to 2.7% (Nielson et
al. 1993), while fiber content is about 6% (Bressani
1985). Besides being low in fat and high in fiber,
the protein in grain legumes like cowpea has been
shown to reduce low-density lipoproteins that are
implicated in heart disease (Phillips et al. 2003). In
addition, because grain legume starch is digested
more slowly than starch from cereals and tubers,
their consumption produces fewer abrupt changes
in blood glucose levels following consumption
(Phillips et al. 2003). Innovative and appealing pro-
cessed-food products using dry cowpea grain, such
as cowpea-fortified baked goods, extruded snack
foods, and weaning foods, have been developed
(Phillips et al. 2003). Protein isolates from cowpea
grains have good functional properties, including
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solubility emulsifying and foaming activities (Ran-
gel et al. 2004), and could be a substitute for soy
protein isolates for persons (especially infants) with
soy protein allergies.

Varieties of cowpea with a “persistent-green”
grain have been developed by breeding programs
in the USA that are a versatile product for frozen
vegetable applications (Ehlers et al. 2002a). Persis-
tent-green cowpea grains are green colored when
dry but when soaked in water for several hours
closely resemble fresh-shelled cowpea that can be
used in frozen vegetable products to add color and
variety. Because persistent-green cowpea grain can
be harvested and stored dry until rehydration and
freezing, it is a quite convenient and economical
frozen vegetable compared to other frozen vegeta-
ble crops that require highly coordinated harvest-
ing and processing operations and expensive long-
term frozen storage.

3.1.5
Classical Genetics and Breeding

Significant long-term genetic improvement efforts
of cowpea have taken place within national labora-
tories and universities in several West African
countries, India, Brazil, and the USA, as well as at
the International Institute of Tropical Agriculture
(IITA), based in Ibadan, Nigeria. The accomplish-
ments of some of these programs have been de-
scribed recently (Ehlers et al. 2002a; Singh et al.
2002; Hall et al. 2003).

Most cowpea breeders employ backcross, pedi-
gree, or bulk breeding methods to handle segregat-
ing populations because cowpea is a self-pollinat-
ing species and varieties are pure lines. Grain yield
and quality are primary breeding objectives of
nearly all programs, but because losses to diseases
and pests can be high, most programs are also con-
centrating on breeding for resistance to the major
pests they face in their target environments. A com-
prehensive review of cowpea breeding that is still re-
levant was published in 1997 (Hall et al. 1997).

Sources of resistance to many viruses and fun-
gal diseases have been identified, and screening
techniques are well developed for many of these
(Ehlers and Hall 1997). In general, good progress
has been made using conventional techniques in
breeding for resistance to the parasitic weeds Striga
gesneroides (witchweed) and Alectra vogelii, root-
knot nematodes, viruses, and fungal and bacterial

diseases. Unfortunately, resistance to these patho-
gens and parasites is usually governed by single
genes that are often only effective in a restricted re-
gion due to pathogen/parasite variability and may
be overcome in a relatively short period of time.
Marker-assisted selection (MAS) can be helpful in
assembling more durable resistance by incorporat-
ing an array of resistance genes from other regions
or defeated resistance genes, as discussed below.

Developing cultivars with sustainable resistance
to insects is a key objective of breeding programs
throughout the world for several reasons. Insect
damage is the number one constraint for cowpea
grain production in most cowpea-producing re-
gions (Singh and van Emden 1979; Daoust et al.
1985). There is also concern that new and signifi-
cantly more stringent restrictions on the use of
some popular insecticides are forthcoming, and
currently there is a lack of new alternative insect-
control products registered for use on cowpea. The
insecticides themselves, or the financial resources
required to purchase them and the equipment re-
quired for proper application, are simply not avail-
able to the vast majority of farmers in Africa. In
addition, there are concerns that the increased use
of insecticides could cause major environmental
and safety problems.

Breeding insect-resistant cowpeas would have a
significant impact on food availability and nutri-
tional status in many regions. Achieving this goal
will not be easy, however, because of the number
and diversity of pests that attack the crop and the
nature of the pests. In many regions of the world,
multiple pest resistance is needed to permit ade-
quate grain production without the use of insecti-
cides. This is because attacks by any one of the ma-
jor pests can be devastating. For example, if culti-
vars were developed with a high level of resistance
to flower thrips, capable of protecting their floral
buds from damage, any resulting flowers and pods
on these plants would likely be destroyed by pod
bugs and pod borers. However, resistance to indi-
vidual pests can reduce the number of sprays
needed to obtain optimal yields and would gener-
ally increase yields without insect protection in re-
gions where pest pressure is moderate, as in the
case of the Sahel.

Screening methods have been developed for
several major insect pests of cowpea (Ehlers and
Hall 1997). However, despite the evaluation of hun-
dreds to thousands of cowpea accessions, plants
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with high levels of resistance to most notable sig-
nificant pests have not been identified. The notable
exceptions are resistance to cowpea aphid (Aphis
craccivora) and leaf hoppers (Empoasca sp.). Recur-
rent selection is being used to combine low to
moderate levels of resistance to flower thrips, pod
bugs, and Maruca pod borer identified in several
genotypes (Singh et al. 2002). However, progress in
this area is being hampered by the low heritability
of the traits based on the field screening methods
used. Identification of molecular markers for insect
resistance could facilitate transfer and pyramiding
of the resistance genes.

3.1.6
Germplasm Collections

Cowpea germplasm is maintained in collections
around the world with varying levels of accessibil-
ity and documentation. The largest collections are
held by the IITA with more than 14,000 accessions.
The collection can be accessed via an electronic da-
tabase maintained through the CGIAR-SINGER sys-
tem (http://singer.cgiar.org). The United States De-
partment of Agriculture (USDA) maintains a collec-
tion with ca. 8,000 accessions. Access to this collec-
tion is through the USDA Germplasm Resources In-
formation Network or GRIN system (www.ars-grin.-
gov). The University of California-Riverside has a
collection with ca. 5000 accessions accessible on a
Microsoft Access database. There is also a large col-
lection of Mediterranean and African landraces (ca.
600 accessions) held at the Istituto di Genetica Ve-
getale at Bari, Italy (www.ba.cnr.it). Other centers
maintaining seed of wild and cultivated cowpeas
include the following: Agricultural University-Wa-
geningen (Wageningen, The Netherlands), Botanical
Research Institute (Pretoria, South Africa), Le Jar-
din Botanique National de Belgique (Meise, Bel-
gium), International Plant Genetic Resources Insti-
tute (IPGRI) in Harare (Zimbabwe), Institut Fran-
cais de la Recherché Scientifique pour le Déve-
loppement en Coopération (ORSTOM; now IRD) in
Montpellier (France), Empresa Brasileira de Pesqui-
sa Agropecudria (EMBRAPA) in Goiana (Brazil),
Zentralinstitut fiir Genetik und Kulturpflanzen-
forschung (GAT) in Gatersleben (Germany), and
the National Bureau of Plant Genetic Resources in
New Delhi (India).

In addition to the centers and facilities men-
tioned above, many national cowpea breeding pro-

grams in Africa (including programs in Botswana,
Burkina Faso, Ghana, Kenya, Nigeria, and Senegal)
also have substantial germplasm collections. The
condition of some of these collections, which are
important reserves of local diversity, could be im-
proved with funding for germplasm maintenance
and facility repair.

3.2
Molecular Phylogeny and Genome
Organization

Cowpea (Vigna unguiculata) is one of several im-
portant cultivated species that constitute the genus
Vigna. Other members include mungbean (V. ra-
diata), adzuki bean (V. angularis), blackgram (V.
mugo), and the bambara groundnut (V. subterra-
nea). The genus was initially divided into several
subgenera based upon morphological characteris-
tics, extent of genetic hybridization/reproductive
isolation, and geographic distribution of species
(Marechal et al. 1978). The major groupings consist
of the African subgenera Vigna and Haydonia, the
Asian subgenus Ceratotropis, and the American
subgenera Sigmoidotropis and Lasiopron. Under the
scheme proposed by Marechal and his colleagues,
cultivated cowpea was placed in the subgenus Vig-
na, whereas mungbean and blackgram were placed
in the Asian subgenera.

The development and use of biochemical-based
analytical techniques and molecular-marker tech-
nologies, such as analysis of restriction fragment
length polymorphisms (RFLPs), random amplified
polymorphic DNAs (RAPDs) (Williams et al. 1990),
amplified fragment length polymorphisms (AFLPs)
(Vos et al. 1995), minisatellites (Sonnante et al.
1994), and simple sequence repeats (SSRs) (Akkaya
et al. 1992, 1995), have greatly facilitated the analy-
sis of the structure of plant genomes and their evo-
lution. This in turn has contributed significantly to
our current understanding of cowpea genome orga-
nization. Using RFLP analysis, Fatokun et al.
(1993 a) analyzed 18 Vigna species including five of
the subgenus Ceratotropis in order to determine
the taxonomic relationship between the subgenus
Ceratotropis and other subgenera. These investiga-
tors showed that a high level of genetic variation
exists within the genus, with a remarkably higher
amount of variation associated with Vigna species
from Africa relative to those from Asia. Their data
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supported the taxonomic separation of the Asian
and Africa genera as proposed by Marechal et al.
(1978) and underscored the previously held view-
point that Africa is the likely center of diversity for
Vigna. In general, the placement of species and
subspecies based upon molecular taxonomic proce-
dures by Fatokun et al. (1993 a) substantiated prior
classifications based on classical taxonomic criteria,
such as morphological and reproductive traits.

Genetic variation in the subgenus Ceratotropis
was subsequently reinvestigated by using RAPD
analysis (Kaga et al. 1996a). Examining the extent
of polymorphism in 23 accessions of five species
within the subgenus Ceratotropis, these investiga-
tors identified ca. 404 amplified fragments capable
of providing comparative information. Based on
the degree of polymorphism at these informative
loci, these investigators were able to separate the
accessions into two main groups differing by ca.
70% at the molecular level. Within each of the
main groups, the accessions could be further di-
vided into five subgroups whose composition were
in complete agreement with their taxonomic spe-
cies classifications.

Sonnante et al. (1996) examined isozyme varia-
tion between V. unguiculata and other species in
the subgenus Vigna and showed that V. unguiculata
was more closely related to V. vexillata, a member
of the subgenus Plectotropis, than to any other spe-
cies belonging to section Vigna. This is not sur-
prising since V. vexillata is thought to be the inter-
mediate species between African and Asian Vigna
species. Vaillancourt and Weeden (1996) reached a
similar conclusion about the relatedness of these
species. Based on an analysis of variation in
chloroplast DNA structure (Vaillancourt and Wee-
den 1992) and isozyme polymorphisms (Vaillan-
court et al. 1993), it was suggested that V. vexillata
and V. reticulata were the closest relatives of V. un-
guiculata. While the close relationship between V.
unguiculata and V. vexillata proposed by Vaillan-
court and Weeden (1996) is consistent with pre-
vious observations (Marechal et al. 1978), V. reticu-
lata was placed in a different cluster based upon
RFLP analysis (Fatokun et al. 1993 a).

Polymorphisms in 21 different enzyme systems
were used by Pasquet (1999) to evaluate the rela-
tionship between 199 accessions of wild and culti-
vated cowpea differing in breeding system and
growth characteristic (i.e., annual vs. perennial
growth habit). Based on these allozyme data, per-

ennial subspecies of cowpea (spp. unguiculata var.
unguiculata) were shown to form a coherent group
closely related to annual forms (ssp. unguiculata
var. spontanea). Among the ten subspecies studied,
V. unguiculata var. spontanea and ssp. pubescens
were the closest taxa to cultivated cowpea. Most re-
cently, Ajibade et al. (2000) used inter simple se-
quence repeat (ISSR) DNA polymorphism analysis
to study the genetic relationships among 18 Vigna
species. They showed that closely related species
within each subgenus clustered together [e.g., V.
umbellata and V. angularis (subgenus Ceratotropis),
V. adenantha and V. caracalla (subgenus Sigmoido-
tropis), and V. luteola and V. ambacensis (subgenus
Vigna)]. Cultivated cowpea grouped closely with
the wild subspecies of V. unguiculata, and the en-
tire species was separated from its most closely al-
lied species V. triphylla and V. reticulata. ISSR
polymorphism analysis split Vigna into groupings
that differed in their composition from previous
classifications. For example, the subgenus Vigna
was split into three lineages, with V. unguiculata/re-
ticulata/friesorum forming one group, V. luteola/
ambacensis forming a second, and V. subterranea
being far from the other two. Ceratotropis split into
two sections, with three species (V. radiata, V.
mungo, and V. acontifolia) in one section and two
species (V. angularis and V. umbellata) in a second
section. While such groupings had been suggested
previously (Marechal et al. 1978; Fatokun et al
1993 a; Vaillancourt and Weeden 1996), it should be
noted that ISSR analysis was not as effective at re-
solving genetic distance relationships at the subge-
neric level as it was at resolving relationships at
the species level and below. Therefore, the authors
note that their conclusions regarding subgeneric
classifications should be taken with some caution.
Thus, there is still considerable need to develop ap-
propriate strategies and molecular techniques to re-
solve exact taxonomic relationships among mem-
bers of this important genus.

Repetitive DNA sequences have been shown to
represent a substantial fraction of the nuclear ge-
nome of all higher plant species and to account for
much of the variation in genomic DNA content ob-
served among species (Flavell et al. 1994). Many of
the repeat sequences found in plant genomes ap-
pear to have originated through the activity of
transposable elements (transposons) that either
move by first forming an RNA intermediate [i.e.,
retrotransposons (Boeke et al. 1985)] or by direct
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DNA transposition intermediates [i.e., transposons
(Federoff 1989)]. To gain insight into the genomic
organization and evolution of species within Vigna,
Galasso et al. (1997) examined the genomic organi-
zation and distribution of Tyl-copia type retro-
transposons in seven different species and subspe-
cies of Vigna and several related leguminous
plants. Gel blot analysis of genomic DNA from V.
unguiculata, V. luteola, V. oblongifolia, V. ambacen-
sis, and V. vexillata probed with radioactively la-
beled probes to the reverse transcriptase gene am-
plified from V. unguiculata subsp. unguiculata, V.
unguiculata subsp. dekindtania, V. luteola, and V.
vexillata showed variable hybridization patterns
and intensities generally correlating with their pre-
viously defined taxonomic position. Fluorescence in
situ hybridization analysis of the distribution of
the Tyl-copia type sequences showed that these ele-
ments represented a major fraction of the cowpea
genome and were dispersed relatively uniformly
over all of the chromosomes. Little or no hybridi-
zation was found associated with centromeric, sub-
telomeric, and nucleolar organizing regions of the
chromosomes, indicating that these portions of the
genome may not be suitable sites for transposition.
Comparisons of retrotransposon structural similar-
ity between Vigna and other genera of legumes
generally supported the subdivision of the tribes
Phaseoleae and Vicieae, with greater homology
being seen between members of the Cicereae and
Phaseoleae than Cicer species and those from the
Vicieae (Galasso et al. 1997).

Ba et al. (2004) used RAPD analysis to charac-
terize genetic variation in domesticated cowpea
and its wild progenitor, as well as their relation-
ships. They included 26 domesticated accessions
representing the five cultivar groups and 30 wild/
weedy accessions, including accessions from West,
East, and southern Africa. A total of 28 primers
generated 202 RAPD bands. One hundred and eight
bands were polymorphic among the domesticated
compared to 181 among wild/weedy cowpea acces-
sions. Wild accessions were more diverse in East
Africa, which is the likely area of origin of V. un-
guiculata var. spontanea. V. unguiculata var. spon-
tanea is thought to have spread westward and
southward, with a loss of variability that is coun-
terbalanced in southern Africa by introgressions
with local perennial subspecies. Although the varia-
bility of domesticated cowpea was the highest ever
recorded, cultivar groups were poorly resolved, and

several results obtained with isozyme data were not
confirmed here. However, primitive cultivars were
more diverse than evolved cultivars, suggesting two
consecutive bottlenecks within domesticated cow-
pea evolution. As with isozymes and AFLP mark-
ers, the RAPD data confirmed the single domesti-
cation hypothesis, the gap between wild and do-
mesticated cowpea, and the widespread introgres-
sion phenomena between wild and domesticated
cowpea. Therefore, these RAPD markers, which
could have indicated a narrow center of origin,
demonstrated that there is a widely distributed
cowpea crop-weed complex all over Africa, as do
some isozyme (Pasquet 1999), cpDNA (Pasquet,
unpubl. obs.), and AFLP (Coulibaly et al. 2002)
markers. Taking into account that there appears to
have been a single domestication event, the genetic
similarity of some of these wild accessions to the
domesticated group would be the result of postdo-
mestication gene flow between wild and domesti-
cated forms due to their sympatric distribution.

3.3
Genetic Maps

The first attempt to generate a comprehensive link-
age map for cowpea was by Fatokun et al. (1993 b),
who used polymorphisms detected by 87 random
genomic DNA fragments, 5 cDNAs, and RAPDs to
generate a map consisting of ten linkage groups
(LGs) spanning 680 cM. Improvement on this ini-
tial map was made by Menéndez et al. (1997), who
were able to develop a linkage map for V. unguicu-
lata consisting of 181 loci falling into 12 LGs. The
resolution of the map was to ca. 6.4 cM between
loci. Similarly, Menancio-Hautea et al. (1993a,b)
used RFLP analysis to construct a genome map of
mungbean (V. radiata). The map consisted of 172
markers placed into 11 linkage groups and pro-
vided 1570 cM coverage with an average distance
of 9 cM between loci. It is worth noting that even
at these early stages of genome comparison, signifi-
cant colinearity was recognized to exist between
the cowpea and mungbean genomes (Menancio-
Hautea et al. 1993b). A total of 132 markers (108
RAPDs, 19 RFLPs, and 5 morphological markers)
have been mapped in azuki bean using an interspe-
cific population generated from a cross of V. angu-
larisx V. nakashimae (Kaga et al. 1996b). Compari-
son of the linkage map of azuki bean with those of
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Fig. 2. Current genetic linkage map of cowpea. Shown are the 11 LGs comprising the genetic linkage map of cowpea as pub-
lished by Ouédraogo et al. (2002a). Above each LG is the length in centimorgans (cM) and number of markers comprising
the LG. Distances (in cM) between adjacent markers are indicated to the left. Markers associated with LGs determined by
Menéndez et al. (1997) are color coded in order to show their distribution on the current map. Markers linked to Striga re-
sistance are given in red and marked by an asterisk. Loci for biological resistance/tolerance loci and resistance gene analogs
(RGAs) are boxed in red. Markers that could not be placed with a LOD 3 score are listed under the LG they have the greatest
affinity to. Unlinked markers are AAC-CTA-3, Parthcarp, AAC-CTT-10, ACA-CTA-7, ACG-CAA-10, AGG-CAT-1, R25, AAG-

CTT-9

mungbean and cowpea using 20 RFLP markers in-
dicated that, as might be expected, the three ge-
nomes share many linkage blocks in common.

Li et al. (1999) used DNA amplification finger-
printing (DAF) and AFLP analysis to identify addi-
tional molecular markers segregating in the Fg re-
combinant inbred population derived from a cross
between IT84S-2049 and 524B (Menéndez et al.
1997). These researchers screened 400 randomly
generated DAF decamers and 128 AFLP primer com-
binations and were able to place 57 DAF and 90 AFLP
markers to the existing cowpea genetic map. In addi-
tion, a map of the wild relative of cowpea V. vexillata
has also been generated (Ogundiwin et al. 2000).

Building on the earlier version of the map de-
veloped by Menéndez et al. (1997), Ouédraogo et
al. (2002 a) published what is the most current and
complete map of V. unguiculata (http://pubs.nrc-
cnrc.ge.ca/cgi-bin/rp/rp2_abst_f2gen_g01-102_45_
ns_nf_genl-02). This map was established in the
recombinant inbred population IT84S-2049 x524B
developed by Tony Hall at the University of Califor-
nia-Riverside. IT84S5-2049 is an advanced breeding
line that was developed at IITA in Nigeria for mul-
tiple disease and pest resistance and has resistance
to several races of blackeye cowpea mosaic virus
(BICMV) and to virulent root-knot nematodes in
California (Menéndez et al. 1997). Line 524B is a
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Fig. 2 (continued)

blackeye cowpea that shows resistance to Fusarium
wilt and was derived from a cross between cultivars
CB5 and CB3, which encompasses the genetic
variability that was available in cowpea cultivars in
California (Kelly et al. 2003).

The current map of cowpea consists of 11 LGs
spanning a total of 2670 cM, with an average dis-
tance of ca. 6 cM between markers (Fig. 2). It in-
cludes 242 AFLP and 18 disease or pest-resistance-
related markers (Ouédraogo et al. 2002 a), plus 133
RAPD, 39 RFLP, and 25 AFLP markers from the
original map of Menéndez et al. (1997), for a total
of 441 markers, of which 432 were assigned to a
LG. Among these marker loci, genes for a number
of biochemical and phenotypic traits have been lo-
cated on this map. These include C, a general color
factor, and P, for purple pod color, on LG4 [accord-
ing to the numbering system of Ouédraogo et al.
(2002a), LGs on the bean and cowpea maps have

LG9 LG10
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been numbered independently; thus, LGs with the
same number on the two maps probably refer to
nonsyntenic groups], a 35-kDa dehydrin protein,
implicated in chilling tolerance during emergence
(LG2; Ismail et al. 1999), and markers for resistance
to Striga gesnerioides races 1 and 3 (LGl and LG6),
cowpea mosaic virus (CPMV) and cowpea severe
mosaic virus (CPSMV) (two distinct loci on LG2),
B1CMV (LG8), southernbean mosaic virus (SBMV)
(LG6), Fusarium wilt (LG3), and root-knot nema-
todes (gene Rk; NemR on LG1) (Ouédraogo et al.
2002a). Candidate resistance genes (termed resis-
tance gene analogs or RGAs) were also placed by
RFLP analysis in various locations on the inte-
grated cowpea map, including LG2, LG3, LG5, and
LG9. Nevertheless, none of the RGA loci cosegre-
gated with disease resistance phenotypes, suggest-
ing that additional mapping for both RGAs and
phenotypic disease resistance traits should be pur-
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sued in cowpea. Table 2 lists the various agronomic
and disease resistance trait loci that have now been
placed on the cowpea genetic map.

3.4
Transgenic Cowpea

Until recently cowpea remained one of the last major
grain legume species for which an efficient genetic
transformation/regeneration system had not been
developed (Van Le et al. 2002; Avenido et al. 2004;
Popelka et al. 2004), despite substantial efforts for
more than ten years by several groups of researchers
(Machuka 2002; Machuka et al. 2002). Ikea et al.
(2003) reported the successful genetic transforma-
tion of cowpea using the particle-gun bombardment
of shoot meristems. They were able to isolate several
plants in the T3 generation that showed strong ex-
pression of the transgene “bar” that confers resis-
tance to the herbicide Basta, but these studies were
inconclusive. An efficient and stable cowpea trans-
formation/regeneration system has been developed
recently (Popelka et al. 2006), so that transgenic cow-
pea is now a reality.

Transgenic approaches should be undertaken to
develop varieties of cowpeas with strong resistance
to insect pests. Insect-resistant cowpeas would dra-
matically increase cowpea productivity in many de-
veloping countries and reduce costs, safety hazards,
and environmental risks in virtually all cowpea-
producing countries. Traditional plant breeding has
made only limited progress in breeding for resis-
tance to the major insect pests of cowpea and “new
genes” are apparently needed to protect cowpea.
The development and successful deployment of
transgenic cultivars with genes conferring resis-
tance to insects will be a major achievement.

The best current options for developing insect
resistant cowpeas is to employ Bt technology
against the Maruca pod borer (Maruca testulalis)
and the alpha-amylase inhibitor gene from com-
mon bean that provides effective control of cowpea
weevil (Callosobruchus maculatus) (T.]. Higgiens,
personal communication, 2004). The soybean cyste-
ine protease inhibitor soyacystatin N (scN) and al-
pha-amylase inhibitor (alphaAl) from wheat have
synergistic effects against the cowpea weevil in ar-
tificial seed systems and are also potential genes
that could be used to develop cowpea cultivars with
resistance to this pest (Amirhusin et al. 2004).

Several different CrylAb, CrylC, and CrylIA pro-
teins that are produced by different forms of Bt genes
are toxic to Maruca pod borer (L.E.N. Jackai, un-
publ. data) and using these Bt genes in cowpea is
considered a high priority for transformation (L.L.
Murdock, personal communication, 2004). Genes
producing plant lectins and plant proteinaceous in-
hibitors (PIs) of insect proteinases (serine, cysteine,
aspartic, and metalloproteinases) are also considered
potential candidates for gene transfer for resistance
to Maruca pod borer (Machuka 2002).

3.5
Marker-Assisted Cowpea Breeding

Marker-assisted selection (MAS) is a tool to more
efficiently assemble alleles of interest into an im-
proved cultivar (Charcosset and Moreau 2004) and
thereby increase the overall efficiency and effective-
ness of crop improvement programs. Prior to ap-
plying MAS a realistic assessment of the cost-bene-
fit ratio in comparison with phenotypic assays per-
formed in the field, greenhouse, or laboratory
needs to be conducted (Dekkers and Hospital 2002;
Dreher et al. 2003). The expected economic return
of MAS compared with phenotypic assessment de-
creases with the cost of genotyping (Moreau et al.
2000). In general, traits that are difficult or expen-
sive to measure using phenotypic assays are good
candidates for MAS. In some cases, MAS can allow
smaller populations to be used, reduce the number
of generations needed to reach a goal, or increase
the accuracy of evaluations (Sharma et al. 2002).
MAS offers the only practical method to combine
multiple resistance genes into one cultivar when
the genes mask the expression of one another, yet
when together provide more durable resistance
(Kelly et al. 2003). Other advantages of MAS are
that a single technology can handle selection of di-
verse types of traits (e.g., pest resistance and grain
quality parameters) and that cultivars developed
through the use of MAS are not subjected to nega-
tive stereotyping as transgenic cultivars (Dubcovs-
ky 2004). Also, selection of traits conferring resis-
tance to quarantined pests can be conducted using
MAS, eliminating the need for transfer of quaran-
tined pests and assessment of resistance in expen-
sive quarantine facilities.

MAS has yet to be implemented in cowpea, but
some of the groundwork has been laid for its de-
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Table 1. Races of Striga gesnerioides parasitic on cowpea in West Africa and differential responses of host cultivars and
breeding lines®

Race of Striga gesnerioides (Country of Origin)

Cowpea Race 1 Race 2 Race 3 Race 4 Race 5
Cultivar (Burkina Faso, Mali) (Mali) (Niger, Nigeria) (Benin) (Cameroon, West Africa)
IT93K-693-2 R R R R R
B301 R R R S R
Suvita 2 (Gorom) R R S R S
1T81D-994 R R S R S
1T82D-849 R R R S R

Tvu 14676 R R R S R

Tvx 3236 S S S S S
1T84S-2246 S S S S S
1T84S-2049 S S S S S

# Adapted from Lane et al. (1996, 1997)

Table 2. Agronomic, growth habit, and disease and pest resistance trait loci currently placed on the cowpea genetic map of
Ouédraogo et al. (2002) and other traits mapped to probable nonanalogous linkage groups'

Trait Locus designation Linkage group/reference map
Pod pigmentation P LG1; (LG1-Menéndez et al. 1997)
Resistance to Striga gesnerioides-Race 1 Rsg2-1 LG1

Resistance to Striga gesnerioides-Race 3 Rsg4-3, Rsgl-1 LG1

Root-knot nematode (Meloidogyne incognita) resistance Rk LG1

Nodes to 1st Flower (D1301a) NTF LG2; (LG2-Menéndez et al. 1997)
Dehydrin protein Dhy LG2; (LG7-Menéndez et al. 1997)
Resistance to cowpea mosaic virus CPMV LG2

Resistance gene analog (pathogen unknown) RGA-438 LG2

Resistance gene analog (pathogen unknown) RGA-468 LG2

Resistance gene analog (pathogen unknown) RGA-490 LG2

Resistance to Fusarium oxysporum FusR LG3

Cowpea severe mosaic virus resistance CPSMV (ims) LG3

Cowpea mosaic virus resistance CPMV LG3

Resistance gene analog (pathogen unknown) RLRR3-4B LG3

General flower color factor C LG4; (LG1-Menéndez et al. 1997)
Seed weight (OB6a) SW LG5; (LG5-Menéndez et al. 1997)
Resistance gene analog (pathogen unknown) RGA-434 LG5

Resistance to southern bean mosaic virus SBMV (sbc-1,2) LG6

Resistance to Striga gesnerioides-Race 1 Rsg3-1, Rsg-994 LG6

Resistance to blackeye cowpea mosaic virus BICMV LG8

Resistance gene analogs (pathogen unknown) RLRR3-4T LG9

Traits mapped in other populations with probably nonanalogous linkage groups to map of Ouédraogo et al. 2002
Resistance to cowpea aphid (Aphid craccivora) Racl (LG1-Myers et al. 1996)

50% Flowering 50%FL (LG7-Fatokun et al. 1993)

Seed weight SW (LG7-Fatokun et al. 1993)

Plant height HT (LG8-Fatokun et al. 1993)

Pod number per plant PodN (LG9-Fatokun et al. 1993)

! Adapted from genetic maps and data of Ouédraogo et al. (2002) and Menéndez et al. (1997) that used the same genetic pop-
ulation. There is insufficient marker data to integrate LGs of the maps of Fatokun et al. (1993) and data from Myers et al.
(1996) with the map of Ouédraogo et al. (2002)
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velopment (Kelly et al. 2003). A genetic map has
been constructed (Ouédraogo et al. 2002a) and loci
controlling important pest and disease resistance
genes and agronomic traits have been placed on
the map (Section 3). In addition, markers closely
linked to some resistance factors whose function
has yet to be fully defined have been identified
(Gowda et al. 2002). Many of these traits are con-
trolled by single genes and therefore are potentially
good candidates for MAS. Currently, no quantita-
tive trait loci (QTLs) with linked markers have
been identified for use in selecting for more com-
plex traits such as grain yield.

At least five distinct races of the parasitic weed
Striga gesnerioides have been identified within the
cowpea-growing regions of West Africa (Lane et al.
1996, 1997) based on the differential response of
various cowpea genotypes (cultivars and breeding
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lines) carrying specific resistance genes (Table 1).
Similarly, “resistance-breaking” strains of the root-
knot nematode Meloidogyne incognita, cowpea
aphid (Aphis craccivora), cowpea weevil (Calloso-
bruchis maculatus), and Fusarium wilt (Fusarium
oxysporum f. sp. tracheiphilum) have been recog-
nized in specific cowpea production areas. Markers
for genes conferring resistance to the various
strains of these pests would allow efficient develop-
ment of varieties with resistance that is more
broadly effective using MAS.

Currently, useful markers in cowpea for imple-
mentation of MAS are only available for some of
the Striga resistance genes, and these are the first
candidates for broad application in cowpea breed-
ing programs (Fig.3). Ouédraogo et al. (2001,
2002b) found three AFLP markers linked to Rsg2-1,
a gene that confers resistance to Striga Race 1
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Fig. 3. Partial maps showing linkage of molecular markers to S. gesnerioides race-specific resistance genes in cowpea. Shown

are the linkage of AFLP, RAPD, and other markers to S. gesnerioides race 1 (Rsg2-1 and Rsgl-1) and race 3 (Rsg4-3) resis-

tance genes on the partial map of LG1 of the cowpea genetic map (left) and the linkage of AFLP, RAPD, and other markers
to S. gesnerioides race 1 (Rsg3-1) and race 3 (Rsg994-1) resistance genes on partial map of LG6 of the cowpea genetic map
(right). AFLP markers linked to Striga resistance as reported in Ouédraogo et al. (2001) and Ouédraogo et al. (2002b) are in-

dicated by an asterisk. Map distances are shown in cM.
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(SG1) present in Burkina Faso, and six AFLP mark-
ers linked to gene Rsg4-3, a gene that provides re-
sistance to Striga Race 3 (SG3) from Nigeria. Two
of the AFLP markers were associated with both
Rsg2-1 and Rsg4-3. Ouédraogo et al. (2002a) were
able to convert one of these markers to a SCAR
(sequence-characterized amplified region) that has
proven to be an effective and remarkably reliable
marker for resistance to Striga SG1 and SG3 con-
ferred by Rsg2-1 and Rsg4-3. This SCAR marker,
designated 61R (E-ACT/M-CAA), detects a single
polymorphic band linked to SG1 and SG3 resis-
tance in the resistant cultivars B301, IT82D-849,
and Tvu 14676 and is being tested for use in breed-
ing trials. Recently, two AFLP markers were identi-
fied that are closely linked to Rsgl-1, a gene that
also confers resistance to SG3 in Nigeria (Boukar et
al. 2004). One of the AFLP markers, designated E-
ACT/M-CAC, 5 and determined to be 4.8 cM from
Rsgl-1, was converted to a SCAR marker for ease
of use in breeding programs (Boukar et al. 2004).

Chida et al. (2000) obtained three RAPD mark-
ers flanking a gene conferring resistance to cucum-
ber mosaic cucumovirus (Cry gene) that could be
useful in MAS. Linkage analyses of these molecular
markers showed that genetic distances of the mark-
ers CRGA5, D13/E14-350, WA3-850, and OPE3-500
to the Cry locus were 0.7, 5.2, 11.5, and 24.5 cM,
respectively.

Insect resistance is a good candidate for MAS
in cowpea because assessments of host plant resis-
tance to insects are often difficult to conduct in the
field or greenhouse. Most insect resistance factors
in cowpea do not provide immunity to the pest
and often have low heritability under field condi-
tions. Field screenings that rely on natural insect
infestations are subject to natural fluctuations in
pest pressure. When such variability is combined
with incomplete resistance, field screens can lead to
misclassification and selection of lines lacking the
strongest resistance. For example, this has been the
case with screening cowpea breeding lines and ac-
cessions for resistance to aphids, Lygus bug (Lygus
hesperus), and pod-sucking bugs (such as Nezara
viridula, Clavigralla tomentosicollis, Riptortus den-
tipes). In addition, colonies of insects may be diffi-
cult to rear without specialized facilities and
trained entomologists to monitor the growth and
uses. Such resources may not be available to cow-
pea breeding programs.

Resistance to the pod bug Clavigralla tomentosi-
collis has been identified in the wild cowpea (ssp.
dekindtiana) germplasm line TVNu 151 (Koona et
al. 2002). MAS could be used to introgress resis-
tance factors from such wild cowpea into cultivated
forms using a rapid backcrossing approach, based
on simultaneous selection for the resistance genes
(markers) and against markers associated with un-
wanted wild germplasm characteristics such as
small seed size and seed shattering. Such an
approach would require a substantial increase in
the number of markers available in cowpea and the
development of high-throughput markers such as
SSR and SNP markers.

Implementation of MAS for resistance to root-
knot nematodes (Meloidogyne spp.) in cowpea may
be useful in some breeding programs. The genetic
resistance to populations of these pests in the USA
is well characterized (Roberts et al. 1996, 1997; Eh-
lers et al. 2002). At present, laboratory and field
bioassays to assess resistance to root-knot nema-
todes in cowpea are effective and reasonably cost
effective (Roberts et al. 1997; Ehlers et al. 2002b).
However, Meloidogyne populations are highly vari-
able in response to resistance genes and resistance
phenotyping is difficult for breeders to undertake
without the close collaboration of nematologists for
maintenance of cultures, preparation of inocula,
and screening protocols. Current work to develop
PCR-based markers tightly linked to the Rk locus
that has multiple resistance specificities to Meloido-
gyne populations should lead to more effective
breeding for nematode resistance in cowpea (Ro-
berts et al. 1996, 1997; Ehlers et al. 2002).

The application of MAS for improvement of
agronomic traits controlled by QTLs is much more
difficult. Expression of many quantitative traits
(such as yield) reflects the influence of many (often
interacting) developmental processes over a sub-
stantial period of time such as a full growing sea-
son. As noted earlier there has been little progress
toward the development of markers linked to QTLs
useful in the selection of agronomic characteristics
in cowpea. Progress has been faster in other related
legumes (such as Phaseolus), and it is possible that
some of this information may be leveraged since
there is a significant degree of synteny between the
bean and cowpea genomes (Kelly et al. 2003).



Chapter 3 Cowpea 63

3.6
Future Prospects
for Crop Improvement

One of the major goals of cowpea programs is to
combine resistances to numerous pests and dis-
eases and other desirable traits such as those gov-
erning maturity, photoperiod sensitivity, plant
type, and seed quality. Parental lines with many de-
sirable traits, such as resistance to cowpea weevil,
cowpea aphid, and the parasitic weeds Alectra vo-
geili and Striga gesnerioides, along with resistances
to bacterial blight, CABMV, and other pathogens,
exist in different advanced breeding lines developed
by cowpea breeding programs around the world.
One of the biggest current challenges is to incorpo-
rate all of these desirable traits into individual cul-
tivars with acceptable grain quality and adaptation
to targeted farming systems and environments.
MAS could be an important tool to facilitate this
effort.

Cowpea remains to a large extent an under-
exploited crop where relatively large genetic gains
can be made with only modest investments in both
applied plant breeding and molecular genetics.
Cowpea is grown mostly by poor farmers in devel-
oping countries and, as a consequence, has received
relatively little attention from a research standpoint.
Indeed, cowpea has been identified as an “orphan
crop” that is recommended for increased public/do-
nor support for biotechnology research (Naylor et
al. 2004). A major challenge will be to apply the
knowledge being gained from basic genomics re-
search on “model species” such as Arabidopsis, rice
(Oryza sativa), and Medicago trunculata to cowpea.
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4.1
Introduction

Mungbean, Vigna radiata (L.) Wilczek, is an impor-
tant grain legume crop in Asian agriculture, particu-
larly in India, Southeast and East Asia, where it com-
plements cereal-based diets with a large proportion
of digestible protein through use as a pulse. In many
parts of the developing and developed world, mung-
bean is also used in sprouted form as a salad vegeta-
ble. While substantial yield improvements have been
made, mungbean yields are still low which has re-
stricted its wider use as an alternative pulse crop
in Asian farming systems. In addition to abiotic lim-
itations associated with drought and heat stress and
soil adaptation, mungbean has a number of specific
productivity constraints, caused by foliar diseases
and insect pests on-farm and postharvest. There
are major product quality issues that have also
slowed the speed of yield advance with conventional
breeding programs.

The development of molecular plant improve-
ment technologies has provided mungbean re-

searchers with methods to make greater yield and
quality improvements. This review will provide
background information on mungbean growth, cul-
tivation and breeding and give a detailed discus-
sion of the molecular research of mungbean car-
ried out to date.

411
Morphological Description
and Growth Characteristics

Mungbean is a short-duration (70 to 110 d), warm-
season grain legume adapted to tropical and sub-
tropical conditions (Lawn 1979a,b, 1983). The com-
mon name ‘mungbean’ has several synonyms (Ta-
ble 1). Despite a photoperiod response to short day
length, mungbean can be grown over a range of
latitudes provided temperatures exceed 15°C and
production areas are frost free (Imrie 1996). Mung-
bean crops are short-stature, less than 1.25 m, de-
pending on the variety and growing conditions.
Plants are generally branched and habit can vary
from erect to suberect in the cultivated types to

Table 1. Common names, wild progenitors and center of domestication for Asiatic Vignas belonging to the subgenus Ceratotro-

pis (modified from Lawn 1995)

Species Common names

Wild progenitor Center of domestication

V. radiata (L.) Wilczek Mungbean, greengram, moong,

goldengram, Oregon pea,

Chickasono pea, Chickasaw pea,

chiroko
V. mungo (L.) Hepper
mungo bean
Adzuki bean, red bean
Rice bean, red bean
Moth bean, mat bean

V. angularis (Willd.)

V. umbellata (Thunb.)

V. aconitifolia (Jacq.)

V. trilobata (L.)

V. glabrescens (Marechal et al.)

Pillipesara bean, jungli bean

Urdbean, blackgram, urid, mash,

Var. sublobata India

Var. silvestris India

Var. niponensis NE Asia
Var. gracilis SE Asia

- South Asia
- South Asia
V. radiatax V. umbellata SE Asia
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prostrate in wild progenitors. Leaves are trifoliate
and roots bear nodules that fix atmospheric nitro-
gen via a symbiotic relationship with the bacterium
Rhizobium. Flowers are yellow and have typical leg-
ume ‘butterfly’ floral morphology with a large stan-
dard petal, two wing petals and two fused petals
that form the keel, ten anthers and a single style.
Seeds are smaller (<8.0 g/100) than those of many
other grain legumes. The seed appearance can vary
greatly depending on the color of the testa and
presence or absence of a texture layer. The texture
layer is a secretion from the epidermis of the seed
testa (Watt et al. 1977) and gives the seed a dull or
buff appearance when present. Cultivated types are
generally green or golden and can be shiny or dull
depending on the presence of a texture layer.

4.1.2

Center of Origin, Botanical Origin,
Domestication and Dissemination
and Gene Pools

The evolution and taxonomy of grain legumes in-
cluding the genus Vigna have been well document-
ed by Smartt (1990). Vigna falls within the tribe
Phaseoleae and family Fabaceae. The extensive
studies of Verdcourt (1970) and Maréchal et al
(1978) (as cited by Smartt 1990) are largely respon-
sible for the radical reorganisation and consider-
able amplification of the genus Vigna. The genus
now includes the former Asian Phaseolus species
and the entire genus Voandzeia. V. radiata was pre-
viously known as Phaseolus aureus Roxb. While
some confusion still exists, it is considered the re-
vision has brought some “order out of chaos” with
molecular evidence lending strong support to the
current groupings (Fatokun et al. 1993).

There are now three distinct groups of culti-
vated Vigna spp., two monospecific subgenera of
African origin and one Asiatic group. The African
species include the cowpea V. unguiculata (L.)
Walp. and V. subterranea (L.) Verdc., both assigned
to the subgenus Vigna. The Asiatic Vignas (for-
merly Asian Phaseolus species) include 11 species
assigned to the subgenus Ceratotropis (Table 1), in-
cluding the cultivated species, V. angularis adzuki
bean, V. umbellata rice bean, V. aconitifolia moth
bean, V. mungo urdbean and V. radiata mungbean.

V. radiata has been further subdivided into
three subgroups: subspecies radiata consisting of
greengrams (including the cultivated mungbean)

Table 2. Taxonomic hierarchy for mungbean Vigna radiata L.

Kingdom Plantae - plant kingdom
Subkingdom Tracheobionta — vascular plants
Division Magnoliophyta - flowering plants
Class Magnoliopsida - dicotyledons
Subclass Rosidae
Order Fabales
Family Fabaceae
Tribe Phaseoleae
Genus Vigna
Subgenus Ceratotropis
Species Radiata
Subspecies  Radiata

and golden grams, subspecies sublobata and sub-
species glabra (Verdcourt 1970). Table 2 gives the
complete taxonomic hierarchy for mungbean.

Subspecies sublobata has been confused taxono-
mically with V. trinervia (Heyne ex Wight & Arn.),
but recent molecular studies showed these two taxa
to be distinct (Saravanakumar et al. 2004). In a
phylogenetic study with molecular markers Fato-
kun et al. (1993) showed that the diversity assayed
from the African Vigna spp. was far greater than
that from the Asiatic Vigna spp., supporting the
widely held view that Africa is the center of diver-
sity for Vigna spp. and that the Asiatic Vigna spp.
evolved more recently.

Germplasm resources for crop plants have been
conveniently divided into three groupings: primary,
secondary and tertiary (Harlan and de Wet 1971).
The primary gene pool (GP1) includes the cultigen
itself and any wild form that will readily hybridize
with it and is considered conspecific. GP1 has been
further divided to consider the distinction between
domesticated (GP1A) and wild components
(GP1B). The secondary gene pool (GP2) includes
all species that will permit gene flow via interspe-
cific hybridization. The tertiary gene pool (GP3)
includes those taxa amongst which gene flow is
possible but not by normal introgressive processes.
All  Asiatic Vigna spp. have both a GPl1A
(domesticated) and GP1B (wild) component, and
some success with interspecific hybridization has
led to the conclusion that secondary and tertiary
groups also exist for the Asiatic Vigna spp. (Smartt
1984).

It is generally accepted that ssp. sublobata
(GP1B) is the wild form of the cultigen V. radiata
ssp. radiata (GP1A) (Purseglove 1968; Verdcourt
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1970). The close relationship between these two
subspecies has been verified by molecular marker
comparisons (Fatokun et al. 1993). V. radiata is
also considered to have both secondary and tertiary
gene pools (Smartt 1990); GP2 includes V. mungo
and GP3 includes V. umbellata and V. angularis.
Mungbean was most likely domesticated in the In-
dian subcontinent (Smartt 1984), with archaeologi-
cal evidence suggesting use in these regions for
over 3500 years (Vishnu-Mittre 1974). Early in the
domestication process mungbean cultivation spread
to other parts of Asia and into north Africa. Culti-
vated mungbean developed through domestication
and selection from V. radiata ssp. radiata, which is
widely distributed throughout southern and eastern
Asia, Africa and Austronesia.

4.1.3
Uses and Nutritional Information

Mungbean is a pulse or food legume crop used pri-
marily as dried seed and occasionally as forage or
green pods and seeds for vegetables (Lawn 1995).
On a dry-weight basis mungbean contains 25 to
28% protein, 1.0 to 1.5% fat, 3.5 to 4.5% fiber, 4.5
to 5.5% ash and 60 to 65% carbohydrate. The nu-
trient composition of the edible portion of mung-
bean is given in Table 3. The seed protein is rich in
lysine but low in sulphur amino acids methionine
and cystine. The seeds are also rich in ascorbic
acid (vitamin A), potassium, iron, phosphorus and
calcium but low in sodium. Generally, mungbean
provides an excellent complement for cereal-based
diets, particularly in Asia where it used in various
ways (Lawn and Ahn 1985). Dried seeds may be
eaten whole or split, cooked, fermented or milled
and ground into flour to make products like dahl,
soups, porridge, confections, curries and alcoholic
beverages. In western cultures the beans are popu-
lar for sprouting with major use as a fresh salad
vegetable.

A range of anti-nutritional factors are present in
mungbean (Akapunam 1996), although none of these
factors cause significant obstacles to food prepara-
tion. Seeds contain trypsin inhibitor and haemaglu-
tinins that can be inactivated by cooking. Oligosac-
charides including raffinose, stachyose and verbas-
cose are associated with flatulence in human diets
that include raw or poorly processed pulses. While
present in mungbean, these oligosaccharides are sol-

Table 3. Nutritional composition of raw, mature mungbean

seeds
Nutrient Units Value per Number Standard
100 g of data error
edible points
portion
Proximates
Water g 9.05 60 0.439
Energy kcal 347 0 0
Energy kj 1453 0 0
Protein g 23.86 82 0.371
Total lipid (fat) g 1.15 65 0.144
Ash g 3.32 58 0.099
Carbohydrate, byg 62.62 0 0
difference
Fiber, total diet- g 16.3 0 0
ary
Sugars, total g 6.60 0 0
Minerals
Calcium, Ca mg 132 49 13.66
Iron, Fe mg 6.74 55 0.872
Magnesium, Mg mg 189 29 11.294
Phosphorus, P mg 367 48 7.089
Potassium, K mg 1246 18 42.146
Sodium, Na mg 15 12 2.113
Zinc, Zn mg 2.68 26 0.117
Copper, Cu mg 0.941 21 0.044
Manganese, Mn mg 1.035 19 0.076
Selenium, Se mcg 8.2 0 0
Vitamins
Vitamin C, total mg 4.8 5 0
ascorbic acid
Thiamin mg 0.621 19 0.076
Riboflavin mg 0233 25 0.024
Niacin mg 2251 18 0.193
Pantothenic acid mg 1.910 8 0.046
Vitamin B-6 mg 0.382 18 0.012
Folate, total mcg 625 8 42.927
Folic acid mcg 0 0 0
Folate, food mcg 625 8 42.927
Folate, DFE mcg DFE 625 0 0
Vitamin B-12  mcg 0.00 0 0
Vitamin A, IU IU 114 0 0
Vitamin A, RAE mcg RAE 6 0 0
Retinol mcg 0 0 0
Vitamin E mg 0.51 0 0
(a-tocopherol)
Vitamin K mcg 9.0 0 0
(phylloquinone)
Phytosterols mg 23 0 0
Amino acids
Tryptophan g 0.260 61 0
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Table 3 (continued)

Nutrient Units Value per Number Standard
100 g of data error
edible points
portion

Threonine g 0.782 51 0

Isoleucine g 1.008 46 0

Leucine g 1.847 46 0

Lysine g 1.664 383 0

Methionine g 0.286 423 0

Cystine g 0.210 30 0

Phenylalanine g 1.443 46 0

Tyrosine g 0.714 26 0

Valine g 1.237 46 0

Arginine g 1.672 44 0

Histidine g 0.695 44 0

Alanine g 1.050 21 0

Aspartic acid g 2.756 21 0

Glutamic acid g 4.264 21 0

Glycine g 0.954 21 0

Proline g 1.095 19 0

Serine g 1.176 21 0

Other

Carotene, beta mcg 68 0 0

Source: USDA National Nutrient Database for Standard Ref-
erence, Release 17 (2004) http://www.nal.usda.gov/fnic/
foodcomp/cgi-bin/list_nut_edit.pl

uble in water and can be eliminated either by ade-
quate presoaking, germination or fermentation.

4.1.4
Economic Importance

Statistics on world mungbean production are diffi-
cult to obtain. For example, FAOSTAT includes
mungbean under the category drybeans, which can
include species from the genus Phaseolus. Almost
90% of mungbean production on a world scale is
produced in Asia, with India, the world’s largest
producer (Table 4), accounting for more than 50%
of world production (Vijayalakshmi et al. 2003).
Most of India’s production is traded and consumed
locally. In 2000, India produced about 2,887,000 ha
of mungbean at an average yield of 381 kg/ha, and
annual production has been constant over the 20-
year period 1980-2000 (Table 4). Generally, mung-
bean yields in South Asia are low at about 0.4 t/ha.
Thailand is the world’s largest exporter of mung-
bean (Srinives 1991). In recent years mungbean
production has increased dramatically in Myanmar,
with an average annual increase of 22% in the peri-
od 1980-2000 (Table 4). Myanmar now has an area
of 650,000 ha, which ranks it third behind India
and China (Table 4).

Table 4. World production of mungbean in 2000 and its growth rate 1980-

2000 (Weinburger 2003)

Country Production Yield Annual average pro-
%1000 ha kg/ha duction growth rate %
1980-2000
South Asia
Bangladesh 55 654 8.0
India 2887 381 -0.1
Pakistan 203 468 5.8
Sri Lanka 33 800 7.6
Southeast Asia
Myanmar 650 674 22.0
Indonesia 324 895 1.5
Thailand 289 782 -1.8
Phillipines 39 755 -1.3
East Asia
China 772 1154 1.7
Other
Australia 40%
USA 50**
*Estimate

**Cupka and Edward 1988
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415
Karyotype, Genome Size, DNA Content,
Genome Organization

Vigna species including mungbean, belonging to
the subgenus Ceratotropis, have chromosome com-
plements typical of the tribe Phaseolae with
2n=2x=22 with the exception of the polypoid V.
glabrescens 2n=4x=44 (Smart 1990). Mungbean
chromosomes are small and difficult to study, and
as a result published reports of the mungbean kar-
yotype vary considerably. A comprehensive review
of karyotype studies in mungbean by Poehlman
(1991) showed that the haploid, total chromosome
length reported varied from 12 to 37 p. These stud-
ies also reported different ratios of chromosomes
with median or submedian centromeres and satel-
lites. Morphologically, although chromosomes of V.
radiata and V. mungo are similar, radiata has long-
er total chromosome length and a distinctive giem-
sa C-banding pattern (Lavania and Lavania 1982).
The nuclear DNA content of mungbean and a
range of economic plant species has been deter-
mined using flow cytometric analysis (Arumuga-
nathan and Earle 1991). The genome size of mung-
bean was estimated to be 1.2 pg/2C or 579 Mb,
which is about 4 times larger than the model spe-
cies Arabidopsis thaliana, 0.3 pg/2C or 145 Mb, and
about 30 times smaller than bread wheat (Triticum
aestivum) 33.09 pg/2C or 15,996 Mb, but similar in
size to other Vigna and Phaseolus species.
Angiosperm genomes vary enormously in nu-
clear DNA content. Generally, most of the variation
in plant genome size is caused by differences in the
amounts of repetitive DNA (Bennetzen 2002), par-
ticularly the class of mobile DNAs also known as
long terminal repeat (LTR) retrotransposon. It is
therefore likely that the small genome size of
mungbean is associated with a lower content of
LTR retrotransposons. This conclusion is in part
supported by studies of DNA reassociation kinetics.
Reassociation kinetics used to characterize the
linear arrangement of single-copy and repetitive se-
quences in the mungbean genome showed that the
nuclear DNA content was estimated to contain 65%
single-copy sequences, a considerably greater
amount compared to genomes such as wheat and
pea (Murray et al. 1979). Forty-six percent of the
single-copy DNA of mungbean was interspersed
within repetitive sequences at long periods, greater
than 6.7 kb. The repetitive sequence families cov-

ered a range of about 50 to several thousand copies
per haploid genome. The complete DNA sequence
of the model plant species Arabidopsis has given
researchers an extensive insight into the organisa-
tion of plant genomes. Despite the small size of the
Arabidopsis genome (140 Mb), considerable regions
were shown to be duplicated. Not unexpectedly, the
RFLP study of Menancio-Hautea et al. (1993) also
suggests duplication as an important mechanism in
the evolution of the mungbean genome.

Duplicate markers were found on more than
one linkage group (LG), with evidence of tandem
duplication and other linkage arrangements of du-
plicated loci. The study of Menancio-Hautea et al.
(1993) concluded that the evidence of duplication
was consistent with mungbean being a secondary
polyploid. They also suggested that insertion/dele-
tion was also an important mechanism in the tran-
sition of cultivated mungbean from its wild pro-
genitor ssp. sublobata. The RFLP evidence for in-
sertion/deletion was threefold: (i) the co-segrega-
tion of loci with null phenotypes suggested large
blocks of deletion, (ii) six-base cutter restriction
enzymes EcoRI, EcoRV and HindlIIl produced larger
restriction fragments and greater polymorphism
than Dral (4 base cutter) and (iii) 7% of the probes
detected RFLPs with all restriction enzymes used
implicating insertion/deletion rather than base sub-
stitution.

4.1.6
Cytoplasmic Genomes

The organisation of the mungbean chloroplast (cp)
genome has been investigated by mapping the
cleavage sites for a range of restriction enzymes
(Palmer and Thompson 1981). The cp genome in
mungbean is 150 kb, containing a 23-kb inverted
repeat separated by single-copy regions of 21 and
83 kb. The chloroplast arrangement of mungbean
differs from broad bean Vicia faba, which has lost
the inverted repeat.

Although coding regions of mitochondrial (mt)
genes are highly conserved among higher plants,
gene order is not. Usually, a subpopulation of mt
genomes exists within a species due to homologous
recombination events between segments of repeti-
tive DNA, resulting in a rearrangement of coding
sequences (Palmer 1992). In this regard the mung-
bean mt-genome is no exception.
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The effect of cytoplasmic genomes on the agro-
nomic performance of mungbean is yet to be deter-
mined and should be considered in future studies
given the finding that wild species cytoplasms can
confer lower transpiration efficiency and an in-
creased chance of drought susceptibility in sunflower
(Helianthus annuus L.) (Lambrides et al. 2004 a).

4.1.7
Breeding Priorities

Several disadvantages of mungbean crops have pre-
vented the widespread distribution of production
in tropical and subtropical environments (Lawn
1995). These include low seed vyield potential,
photoperiod sensitivity, asynchronous reproductive
development and susceptibility to weather damage
(Williams et al. 1995a-c). Mungbean is also suscep-
tible to insect pests such as bruchids Callosobru-
chus spp. and bean fly (Ophiomyia phaseolin) and
diseases such as mungbean yellow mosaic virus
(MYMV) and cercospora leaf spot (Cercospora ca-
nescens). Because mungbean is used primarily as a
food, extensive research is being done on seed
quality traits (Imrie 1983, 1992; Imrie et al. 1984,
1985, 1988; Lambrides 1996; Humphry et al. 2005)
such as size, shape, color, lustre, sprouting quality,
hard-seededness, protein quantity and quality with
emphasis on improving the methionine (sulphur
amino acid) content of seeds.

Today, many of these breeding objectives have
not been realised. In the early 1990s research was
initiated in the lab of Dr Nevin Young, University
of Minnesota, USA, to develop molecular expertise
to give mungbean researchers additional tools to
address the more challenging breeding objectives.
Since this time there has been steady progress in
molecular mungbean improvement with research
efforts spawned in other parts of the world includ-
ing Australia, Japan, Thailand and India.

4.2
Construction of Genetic Maps

4.2.1
Mungbean Maps

Six genetic linkage maps of mungbean based on
RFLP (restriction fragment length polymorphism,
Botstein et al. 1980) and RAPD (randomly ampli-

fied polymorphic DNA, Williams et al. 1990) mark-
ers have been published (Menancio-Hautea et al.
1993; Boutin et al. 1995; Lambrides et al. 2000;
Humphry et al. 2002); their characteristics are pro-
vided in Table 5. These studies used mapping pop-
ulations derived from two intersubspecific crosses,
either VC3890AXTC1966 or BerkenxACC41.
VC3890A and Berken are cultivated mungbean
types from V. radiata ssp. radiata, and TC1966 and
ACCA41 are accessions of the wild progenitor V. ra-
diata ssp. sublobata. The map of Humphry et al.
(2002), constructed using a Berkenx ACC41 popula-
tion (made by CJL), is the most comprehensive
map of mungbean published to date and is pre-
sented in Fig. 2. This and other mungbean mapping
projects have numbered linkage groups according
to the first published map of mungbean (Menan-
cio-Hautea et al. 1993) constructed at the Univer-
sity of Minnesota.

Heterologous DNA probes (genomic and cDNA)
developed from other legume species and genera,
such as cowpea (V. unguiculata), soybean (Glycine
max), bean (Phaseolus vulgaris) and lab lab (La-
blab purpureus) in addition to mungbean were used
as RFLPs in these projects. A basic strategy in these
projects was to use probes made from PstI libraries.
Pstl is a methylation-sensitive restriction enzyme
that is useful for selecting genomic fragments that
hybridize with expressed genes or low copy se-
quences.

A large range in total map length of 680 cM to
1570 cM and average marker interval of 3.0 cM to
9.0 cM were observed. The large variation in map
size can most likely be attributed to the level of ge-
netic dissimilarity between the parents used to
make the mapping populations, with less recombi-
nation expected between more distantly related
genotypes. Using this logic, the genetic distance be-
tween Berken and ACC41 was likely to be greater
than between VC3890A and TC1966, although other
effects on recombination rates such as those of the
environment cannot be excluded. This interpreta-
tion is consistent with the observation that the Aus-
tralian forms of sublobata are more morphologi-
cally distinct from cultivated mungbean than are
Asian forms (Lawn and Cottrell 1988; Rebetzke
1994). It is also consistent with other studies
(James et al. 1999) and perhaps reflects long-term
geographical isolation of the Australian forms from
the presumed centers of origin of mungbean. The
genetic dissimilarity between wild and cultivated
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forms of V. radiata was noted elsewhere by Kaga et
al. (1996b). They studied intra- and inter specific
variation in the subgenus Ceratotropis as revealed
by RAPD analysis and found that the largest intra-
specific variation was found within V. radiata in
which wild forms of sublobata were very different
from one another and from cultivated forms. Ge-
netic distance between parents is an important is-
sue in mapping studies as it can determine the lev-
els of segregation distortion.

For Mendelian segregation of traits, it is as-
sumed that meiosis during mega- and micro-game-
togenesis in the F; proceeds normally and that
there is neither preferential transmission of ga-
metes (gametic selection) nor postzygotic selection.
Often, meiotic abnormalities that cause gametic
and/or zygotic selection are associated with hybrid
breakdown. Hybrid breakdown is the loss of fertili-
ty that is common to wildXxcultivated hybridiza-
tions. The manifestation of hybrid breakdown is
segregation distortion.

Segregation distortion has been a common ob-
servation in studies of mungbean, particularly in
crosses between wild and cultivated forms (Menan-
cio-Hautea et al. 1993; Lambrides et al. 2000,
2004 b; Humphry et al. 2002). Mapping studies with
BerkenxACC41 (Lambrides et al. 2000, 2004b;
Humphry et al. 2002) showed that 24 to 30% of
mapped markers segregated with distortion. Mark-
ers on LGs 1 and 3 segregated with severe distor-
tion in favor of alleles inherited from the cultivated

Fig. 1. Specimens of cv Ber-
ken V. radiata ssp. radiata
(left) and the wild progeni-
tor ACC41 V. radiata ssp.
sublobata

parent. Conversely, distortion in favor of alleles in-
herited from the wild parent occurred on LG 2. In
many cases, markers segregating with distortion
occurred in linked blocks. The segregation distor-
tion noted on LGs 1 and 3 was related to heavy se-
lection against alleles homozygous for the wild par-
ent, which was possibly related to a lethal condition
at the gametic level. Gametic selection has been
well documented in wheat (Miller 1983), where pre-
ferential transmission of chromosomes occurred
with wild by cultivated crosses. Wild type (alien)
chromosomes that failed to be transmitted were re-
ferred to as ‘cuckoo’ chromosomes. Segregation
distortion and the ‘cuckoo’ effect have been re-
ported in Lablab purpureus (Konduri et al. 2000).
The level of segregation distortion noted with
BerkenxACC41 was greater than in the study of
VC3890A XTC1966, where only 12% of markers seg-
regated with distortion (Menancio-Hautea et al
1992). There did not appear to be common regions
of distortion in the maps derived from the different
mapping populations (Lambrides et al. 2000).
While these first-generation maps have pro-
vided mungbean researchers an excellent base for
further study, some LGs have few markers and
none of the maps produced to date have the same
number of LGs as the haploid chromosome number
(n=11) of mungbean. Consequently, the numbering
of mungbean LGs has not been finalized. None of
the mungbean maps can be considered ‘saturated’,
and the percent genome coverage has not been re-
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Fig. 2. A mungbean [Vigna radiata (L.) Wilczek] linkage map constructed using RFLP markers (Humphry et al. 2002). LGs
are ordered primarily based on their similarity to a previously published mungbean map (numbers in brackets indicate pre-

vious ordering; see text). The long vertical bars indicate LGs and small horizontal bars indicate locus positions. Genetic dis-
tances (cM) are located to the left of the LGs and locus names are listed to the right. Marker names containing hyphens fol-
lowed by a number indicate different non-allelic loci detected by single probes and those followed by the letters A or B indi-
cate different amplification products from the same clone. Markers showing skewed segregation away from the predicted 1:1

ratio are indicated by an asterisk (*) if deviating at a significance level of 0.05 and a double asterisk (**) if deviating at a

0.01 significance level. Markers originating from clones that detected single loci are shown in bold italics
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ported. Clearly, additional markers will need to be
placed on the maps to address these deficiencies.
Interestingly, more than twice the number of mark-
ers was added to the BerkenxACC41 map of
Humphry et al. (2002) compared to the Berkenx
ACC41 maps of Lambrides et al. (2000), yet there
was little difference in total map length, 738 cM
compared to 692 and 758 cM (Table 5).

4.2.2
Other Vigna Maps

A large range in total map length, 680 to 2670 cM,
was also observed among genetic linkage maps of
cowpea V. unguiculata (Table 5; Fatokun et al.
1992a; Menendez et al. 1997; Ouédraogo et al
2002). Maps developed from interspecific crosses,
azuki bean V. angularisx V. nakashimae (Kaga et al.
1996a) and azuki beanxrice bean (V. umbellata)
have produced map lengths of 1250 and 1702 cM,
respectively. All of these maps failed to condense to
the basic chromosome number n=11, with the ex-
ception of the cowpea map constructed by Oué-
draogo et al. (2002), which now has 440 markers
placed across 11 LGs.

4.2.3
Microsatellites and Single Nucleotide
Polymorphisms (SNPs)

All higher eukaryote genomes including plants con-
sist of repetitive DNA of different kinds. A sub-
group of repetitive sequences containing iterations
of 1 to 5 bp motifs (core sequences), e.g. (AT),, are
referred to as simple sequence repeats (SSRs) (Ja-
cob et al. 1991) or microsatellites (Litt and Luty
1989). Polymerase chain reaction (PCR, Mullis and
Faloona 1987) primers designed around the con-
served flanking regions allow for the amplification
of the SSR locus. The frequency of SSR loci in
plant genomes has been estimated to be one in
every 6 to 7kb (Cardle et al. 2000) and usually
have a high level of allelic diversity. With a genome
size of 579 Mb the number of SSR markers in the
mungbean genome would be in the order of 0.8 to
1.0x10°. This may be an overestimate as the mung-
bean genome has been reported to contain about
65% single-copy sequences (Murray et al. 1979).
Methods for the isolation of SSR loci in Vigna have
been developed (Kumar et al. 2002a,b; Miyagi et
al. 2004; Wang et al. 2004). Prasad and Jawali

(1998) estimated that the average distance between
two SSR loci in the mungbean genome was 150 kb.

The studies of Kumar et al. (2002a) used degen-
erate primers to PCR-amplify SSR sequences in the
mungbean genome. A set of random PCR frag-
ments was cloned into TOPO TA and sequenced.
Primers were then designed to amplify either di-
(TG, CT, TC, GA, AG) or tetra- (AACC, GGTT,
CCAA, TGGT, CCAA) nucleotide repeat sequences.
Seven polymorphic SSR loci detecting dinucleotide
repeats amplified between two and five alleles per
locus, while the observed heterozygosity ranged
from 0 to 0.9048 when scored across eight Vigna
species. Seven polymorphic SSR loci detecting tet-
ranucleotide repeats amplified between two and six
alleles per locus while the observed heterozygosity
ranged from 0 to 0.561 when scored across the
same eight Vigna species.

Wang et al. (2004) used an SSR enrichment
method based on oligo-primed second-strand syn-
thesis to develop SSR markers in azuki bean (V.
angularis). Using this methodology 49 primer pairs
were made to detect dinucleotide (AG) SSR loci.
The average number of alleles in complex, wild and
town populations of azuki bean was 3.0 to 3.4, 1.1
to 1.4 and 4.0 respectively. The genome size of azu-
ki bean is 539 Mb; therefore, the number of (AG)n
and (AC)n motif loci per haploid genome was esti-
mated to be 3500 and 2100 respectively. It is likely
the SSR markers developed in this study would be
an extremely useful resource for mapping studies
in mungbean.

Single base pair differences between individuals
of a population are referred to as SNPs. SNP mark-
ers are ubiquitous and span the entire genome. In
human populations it has been estimated that any
two individuals have one SNP every 1000 to 2000
bps. Generally, there are an enormous number of
potential SNP markers for any given genome. SNPs
are highly desirable in genomes that have low levels
of polymorphism using conventional marker sys-
tems, e.g. wheat and sorghum. SNP markers are
biallelic (A/T or G/C) and therefore are highly
amenable to automation and high-throughput
genotyping. There have been no published reports
of the development of SNP markers in mungbean,
but they should be considered by research groups
who envisage long-term plant improvement pro-
grams.

Because mungbean is such an important crop in
mainly developing countries, the cost of gearing up
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in these technologies may not be warranted at this
time. In the meantime, cheaper and less resource-
rich technologies such as RAPD should not be
overlooked. Studies by Kaga and Ishimoto (1998)
and Lambrides et al. (1998) showed that linked
RAPD markers are easily and efficiently converted
to more robust markers such as RFLP and SCAR,
probably because of the high complement of sin-
gle-copy DNA that exists in the mungbean genome.

424
Comparative Mapping

The use of heterologous RFLP probes has facili-
tated a number of comparative genome studies with
various species of the genus Vigna (Menancio-Hau-
tea et al. 1993; Boutin et al. 1995; Kaga et al
19964a, 2000; Humphry et al. 2002). In some in-
stances, there is greater homology between mung-
bean and species in different genera compared to
mungbean and related species from the subgenus
Ceratotropis.

Chromosomal rearrangements could explain
many of the differences between the mungbean and
cowpea genomes (Menancio-Hautea et al. 1993)
and the mungbean and azuki bean genomes (Kaga
et al. 2000). These studies show that conserved
blocks of genes appear on several LGs, although no
entire LG was conserved between mungbean and
cowpea and mungbean and azuki bean. The genetic
complement of mungbean and cowpea was similar
at the nucleotide level, although copy number
changed and the linear arrangement of conserved
linkage blocks also changed (Menancio-Hautea et
al. 1993). Interestingly, this study showed that there
were greater differences between the mungbean
and cowpea genomes compared to sorghum and
maize, which are in different genera.

Prior to the taxonomic reorganisation of Pha-
seolus and Vigna mungbean had been placed in the
genus Phaseolus. Not surprisingly, with respect to
marker order and conserved LGs, mungbean shows
greater homology to common bean than to cowpea
(Boutin et al. 1995) and azuki bean (Kaga et al.
1996a, 2000). All mungbean LGs consisted of one,
two or three LGs of common bean with the average
conserved linkage block of 36. 2 cM and the longest
conserved linkage block of 103.5 cM occurring on
LG 8 of mungbean and LG K of common bean. A
balanced translocation between mungbean (LGs 2
and 6) and common bean (LGs F and H) was also

detected. Mungbean LGs 8, 9, 10 (Menancio-Hautea
et al. 1993) were all composed of markers from L,
G, K of common bean, suggesting that these mung-
bean LGs may represent segments of one LG. The
studies of Kaga et al. (2000) and Lambrides et al.
(2000) also provided evidence that mungbean LGs
8 and 9 are segments of one LG.

Although Menancio-Hautea et al. (1993) found
that 88% (125/142) of soybean genomic probes hy-
bridized to mungbean, there was substantial ge-
nome rearrangement between these two genomes
(Boutin et al. 1995). Only short and scattered link-
age blocks were conserved between mungbean and
soybean. For example, markers from up to 16 dif-
ferent LGs of soybean were found on LG 1 of
mungbean. The average conserved linkage block
between the mungbean and soybean genomes was
about a third the size of conserved linkage blocks
between mungbean and common bean.

There is surprising homology between mung-
bean and a more distantly related member of Faba-
cae lab lab (Lablab purpureus) (Humphry et al.
2002). Large conserved linkage blocks were ob-
served between the two genomes, and linkage order
was retained in the majority of cases, although evi-
dence was presented to suggest the genomes dif-
fered by at least one inversion and other compli-
cated chromosomal rearrangements. Different copy
numbers detected in each of the genomes suggested
that they had also accumulated a large number of
deletions/duplications after they diverged.

4.3
Gene Mapping

4.3.1
Bruchid Resistance

Seed feeding weevil-like insects belonging to the
genus Callosobruchus are known as bruchids and
are a common pest of stored pulses. Bruchid infes-
tations are common in mungbean crops throughout
Austral-Asia, causing a downgrading of seed quali-
ty and in extreme cases causing complete loss of
income (Talekar 1988). Adult bruchids lay eggs on
the outside of the seed or pod after which the lar-
vae hatch, chew through the seed coat and begin to
feed on the cotyledonary tissue. The pupal stage
occurs inside the seed and the adults emerge from
small ‘windows’ cut in the seed coat by the larvae.
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The life cycle from eggs to adult is completed in
about 25 to 30 d (Talekar 1988).

In Asia, bruchid damage in mungbean is caused
primarily by C. chinensis, with C. maculatus being
of lesser importance. In Australia, three bruchid
species, C. chinensis, C. phaseoli, and C. maculatus,
have been recorded from mungbean seed, although
C. maculatus is the most prevalent (Daglish et al.
1993). Commercial mungbean cultivars are suscep-
tible to bruchid attack (Lambrides and Imrie
2000). Mungbean breeding programs are now at-
tempting to incorporate bruchid resistance from
two sources of the wild progenitor ssp. sublobata
TC1966 (Kitamura et al. 1988; Fujii et al. 1989) and
ACC 41 (Lambrides and Imrie 2000). TC1966 was
shown to have a single dominant gene, Br, for re-
sistance to both C. chinensis and C. maculatus (Ki-
tamura et al. 1988). ACC41 was also shown to pro-
vide resistance to Asian strains of C. chinensis and

Table 6. Traits mapped with molecular markers in mungbean

C. maculatus. However, TC1966 and ACC41 do not
provide resistance to Australian strains of C. macu-
latus (Lambrides et al. 1998). Seed size and the
presence of a texture layer on the seed coat can act
as oviposition deterrents (Lambrides and Imrie
2000); however, these traits are unlikely to provide
producers the required level of resistance to pre-
vent damage and loss of quality.

Using cultures of C. chinensis Young et al
(1992) mapped the bruchid resistance locus in
TC1966 to LG 8 of mungbean (Table 6). RFLP
markers pA882 and pR26 were linked to Br at 3.6
and 6.5 cM respectively. Lambrides et al. (1998)
also used cultures of C. chinensis to map a resis-
tance locus in ACC41 to LG 8 (Table 6), where
RAPD markers OPUlla and OPC5g were linked in
repulsion to resistance at 6.3 and 6.5 cM respec-
tively. These markers were then converted to domi-
nant SCAR markers also linked to resistance in re-

Trait Marker type  Population, size LG/QTL Gene action** Reference
Bruchid resistance ~ RFLP VC3890A XTC1966, 58 F2/F2:3 LG 8 Dominant Young et al. (1992)
Bruchid resistance ~ RFLP, RAPD  Osaka-ryokuto NILs (TC1966), LG 8 Dominant Kaga and Ishimoto
414 BC20F2 (1998)
Bruchid resistance RAPD Berkenx ACC41, 67 RILS LG 8 Dominant Lambrides et al.
(2000)
Bruchid resistance ~ SSRs Berkenx ACC41, 67 RILS LG 8 Dominant Miyagi et al. (2004)
Powdery mildew RFLP VC3890A/TC1966, 58 F2/F2:3 LG 3, 7, 8/3 Young et al. (1993)
QTL
Powdery mildew RFLP, AFLP VCI1210A XTC1966, 96 F2 LG ?/2 QTL Dominant Chaitieng et al. (2002)
LG 2/1 QTL with modi-
fiers
Powdery mildew RFLP Berken x ATF3640 LG 11/1 QTL Humphry et al. (2003)
MYMV RAPD BerkenxNM92, Emerald Recessive Lambrides et al.
XNM92 (1999)
Seed weight RFLP VC3890A XTC1966 58 F2 LG 1, 2, 3, 6/4 Young et al. (1992)
QTL
Seed weight RFLP Berkenx ACC41, 227 RILS LG 1, 2,9, 10, Recessive Humphry et al. (2005)
11, E/7 QTL
Hardseededness RFLP Berkenx ACC41, 227 RILS LG 1/1 QTL Dominant Humphry et al. (2005)
Texture layer RFLP, RAPD  BerkenxACC41 LG 8-9/1 QTL Recessive Lambrides (1996)
Pigmentation of the RFLP, RAPD  BerkenxACC41 LG 2 Recessive Lambrides (1996),
texture layer Lambrides et al.
(2000)
Green testa color RFLP, RAPD  BerkenxACC41 LG 2 Recessive Lambrides (1996),

Lambrides et al.
(2000)

*LG - mungbean linkage group based on map of Menancio-Hautea et al. (1992).
**Gene action is described with respect to the favorable phenotype.
**1G E from the study of Humphry et al. (2005) did not correspond to a LG on map of Menancio-Hautea et al. (1992).
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pulsion phase (Lambrides et al. 1998). The bruchid
resistance loci in TC1966 and ACC41 are likely to
be allelic or very closely linked, since 56 F, progeny
of the cross TC1966xACC41 did not segregate for
resistance to C. chinensis (C. Lambrides unpubl.
data).

The bruchid resistance locus in TC1966 appears
to show no anti-nutritional dietary effects. Mice
fed diets enriched in bruchid resistant mungbean
showed no abnormal growth rate or pathological
change (Miura et al. 1996). The resistance factor
encoded by the Br locus was thought to be a cyclo-
protein unique to the genus Vigna called vignatic
acid (Sugawara et al. 1996); however, later studies
identified a recombinant individual from a BC,yF,
population that was resistant to bruchids but low
in vignatic acids (Kaga and Ishimoto 1998). Atten-
tion has now focused on GIF-5, a peptide-type
compound that has not been identified but co-seg-
regates with the Br locus (Ishimoto et al. 2000).

Kaga and Ishimoto (1998) fine-mapped the bru-
chid resistance locus in TC1966 by using a segre-
gating BC,oF, population. They used mungbean,
common bean RFLP clones and eight linked
RAPD-derived RFLP markers (Table 6) to generate
a 3.6-cM, high-resolution map containing Br. Five
RAPD-derived RFLP markers and one common
bean RFLP, Bngl43, were linked to Br at 0.2 cM.

Studies have now commenced to positionally
clone the Br locus from TC1966 (Teraishi et al.
2000). A bacterial artificial chromosome (BAC, Shi-
zuya et al. 1992) library composed of 40,000 clones,
with an average insert size of 98 kb, equivalent to
5.1 genome equivalents, has been constructed.
Using the linked RFLP markers of Kaga and Ishi-
moto (1998), a BAC contig covering the entire Br
region has been arranged.

Cregan et al. (1999) suggested using markers to
screen a BAC library to mine for SSR markers. The
bruchid study of Miyagi et al. (2004) is a good ex-
ample of this strategy and will be discussed in de-
tail. Nine RFLP markers linked to the bruchid re-
sistance locus in ACC41 were used to screen a BAC
library to isolate SSR markers for bruchid resis-
tance (Miyagi et al. 2004). 18,816 BAC clones repre-
senting about 3.5 genome equivalents of mungbean
were screened. Three of 37 positive clones detected
with marker Mgm213 were subcloned and screened
with the restriction enzyme Sau3Al, and a total of
3,456 subclones were isolated. Colony filters for
these subclones were prepared and probed with

(AT);s, (CT);5 and (CTT),0. One positive subclone
was identified with (AT);s, 22 with (CT);s and 14
with (CTT);o. Twenty of the positive subclones
identified were randomly selected and sequenced
using the T3 primer. Only one of the 20 subclone
sequences was found to contain a repeat (AT),s
long enough to be treated as an SSR. Seven sets of
PCR primers were designed, but only two sets de-
tected polymorphisms between the parents of the
recombinant inbred line (RIL) population Berkenx
ACC41. The two polymorphic sets of primers
(STSbrl and STSbr2) were screened across the RIL
population Berkenx ACC41. STSbrl was a co-domi-
nant marker, STSbr2 was a dominant marker and
both markers co-segregated with the initial RFLP
marker, Mgm?213.

4.3.2
Powdery Mildew Resistance

Powdery mildew (Erysiphe polygoni) is one of the
most significant foliar diseases of mungbean. Yield
reductions as high as 40% can occur particularly
in cool (25°C), dry periods prior to flowering (Sor-
ia and Quebral 1973). Powdery mildew is ubiqui-
tous throughout mungbean growing regions of the
tropics and subtropics. Symptoms include the char-
acteristic grey mycelial matt that occurs on the
adaxial surface of the leaves (Agrios 1988). Pow-
dery mildew of mungbean is an obligate parasite
that can be easily screened for in either field or
glasshouse trials. Molecular marker studies of pow-
dery mildew resistance in mungbean have indi-
cated both qualitative and quantitative inheritance.

Young et al. (1993) studied powdery mildew in
the moderately resistant line VC3890A. The inheri-
tance of resistance was studied in the cross
VC3890A XTC1966. F; progeny from 58 F, plants
were inoculated with powdery mildew in a field ex-
periment conducted in St. Paul, MN. Powdery mil-
dew response was scored, at 65 d and 85 d after
planting on each F; plot. A continuous distribution
of phenotypes was observed, suggesting quantita-
tive resistance.

At 65 d after planting two unlinked loci sgK472
on LG 3 and mgM208 on LG 7 were significantly
associated with powdery mildew resistance, collec-
tively explaining 51% of the phenotypic variation.
These genomic regions were also found to be sig-
nificant when the powdery mildew score was made
at 85 d. In addition, a third RFLP marker mgQ39
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on LG 8 was associated with the powdery mildew
response, where, in contrast to the previously iden-
tified markers, the allele from the wild parent
TC1966 contributed to resistance. Markers sgK472,
mgM208 and mgQ39 together explained 58% of the
phenotypic variation for powdery mildew resis-
tance.

Chaitieng et al. (2002) studied powdery mildew
resistance in VC1210A, a line resistant to field lev-
els of powdery mildew in northeast Thailand. Par-
ents, F; and 96 F,s of the cross VC1210A XTC1966
were screened for resistance in the field (Nakhon
Ratchasima, Thailand) to a natural infestation of
powdery mildew. A continuous distribution of F,
phenotypes was observed. Quantitative trait locus
(QTL) analysis with a framework set of RFLP
probes failed to identify any significant resistance
factors above the threshold of logarithm of odds
(LOD) =2.0, although one peak named PMR2 near
common bean probe Bng 065 located on LG 2 of
the mungbean map (Menancio-Hautea et al. 1993)
was detected at a lower threshold LOD=1.79.
PMR2 accounted for only 10% of the phenotypic
variation for powdery mildew resistance.

However, when a bulked segregate analysis,
AFLP (amplified fragment length polymorphism,
Vos et al. 1995) approach was used, four poly-
morphic bands were identified. These bands were
cloned into vector pGEM-T Easy and used as RFLP
probes. Of the four bands cloned, two yielded a to-
tal of five RFLP probes that were linked to powdery
mildew resistance and to each other, forming a LG
of 9.6 cM. These markers were unlinked to any of
the framework markers used earlier in the study.
QTL analysis of the 9.6-cM LG identified an addi-
tional resistance factor, PMRI1, at LOD=20.2 which
accounted for 63% of the phenotypic variation for
powdery mildew resistance. The average disease re-
sistance score of F, individuals heterozygous at
PMRI was slightly less than that of the homozy-
gous resistant class, suggesting partial dominance
of PMRI in line VC1210A. It is not known which
LG of the mungbean linkage map the PMRI locus
falls in.

The study of Humphry et al. (2003) also identi-
fied a major locus conditioning powdery mildew
resistance in line ATF3640. 147 F, and Fg RILs
from the cross ATF3640xBerken were screened
with glasshouse strains of powdery mildew. Disease
scores were taken at two developmental stages, 42
and 62 d after sowing, and in two different seasons.

Using this population a framework set of 51 RFLP
markers was placed on ten LGs covering 350 cM
and used for QTL analysis. A single QTL that iden-
tified between 82 and 86% of the variation was
identified on LG K (LG 11). This location differs
from the location of three QTLs for powdery mil-
dew resistance identified by Young et al. (1993),
suggesting that resistance genes are distributed
across the mungbean genome.

While none of the resistant lines used in these
three studies showed complete immunity to pow-
dery mildew, it should be possible to develop
mungbean material with higher levels of powdery
mildew resistance by pyramiding resistant loci
from different sources. For example, a cross be-
tween VC3890A and ATF3640 should enable pro-
geny to be selected with three powdery-mildew-re-
sistant loci (two from VC3890A and one from
ATF3640). Such a breeding approach will be greatly
facilitated by marker-assisted selection (MAS).

433
MYMV Mungbean Yellow Mosaic Virus

MYMV is a gemini virus (Fauquet et al. 2000)
transmitted by whitefly (Bemisia tabaci). Gemini
viruses are a group of plant viruses that belong to
the family Geminiviridae and have circular single-
stranded genomes. MYMV belongs to the genera
Begomovirus, which is characterized by a bipartite
genome A and B (Fauquet et al. 2000). MYMYV is
the most serious disease of mungbean in Asia, par-
ticularly south Asia, but is not present in some
mungbean producing countries such as Australia.
The most reliable source of resistance to MYMV
has been NM92, a line developed from the muta-
genesis program using gamma rays at NIAB, Paki-
stan (Ali et al. 1997). In Pakistan about 50% of the
mungbean acreage is sown to NM92, with a yield
advantage of more than 50% over local cultivars.
The resistance in NM92 was controlled by a pair of
recessive alleles at a single locus (Khattak et al.
2000). Studies to identify markers linked to MYMV
resistance in mungbean have been initiated.
Lambrides et al. (1999) crossed NM92 with Aus-
tralian commercial cultivars Berken and Emerald to
develop two recombinant inbred populations of
about 90 individuals each. F; and F¢ seeds of each
population were sent to Pakistan and screened in
the field using natural epidemics of MYMV. F; and
Fs progeny rows were scored as resistant (<40%
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leaflet infection) and susceptible (>40 % leaflet in-
fection). Progeny rows that appeared to be segre-
gating in the Fs were also noted. Lines were se-
lected from the BerkenxNM92 recombinant inbred
(RI) population for bulked segregate analysis (BSA)
(Michelmore et al. 1991) using RAPD markers. Ten
Fs lines resistant to MYMV as both F; and F4 pro-
geny rows were selected for the resistant pool and
ten lines susceptible to MYMV as both F; and Fg
progeny rows were selected for the susceptible
pool. DNA isolated from each pool was screened
with about 200 RAPD primers. Only 1/200 primers
provided a marker linked to MYMV resistance.
Primer OPAJ20 (Operon Technologies) provided
one marker linked to resistance at 8.3 cM. This
marker was also linked to resistance in the Emer-
aldxNM92 RI population at about 10 cM. To date,
the MYMV resistance locus in NM92 has not been
placed on the mungbean genetic linkage map. A
possible clue to its location has been provided by a
study in soybean that tagged the locus Rsv3 that
confers resistance to potyvirus, soybean mosaic
virus (Jeong et al. 2002). In this study a mungbean
genomic clone Mng247 (=pM247, Menancio-Hautea
et al. 1993) used as an RFLP marker was closely
linked to a virus resistance locus. Mng247 was se-
quenced and corresponds to a leucine rich repeat
(LRR)-type sequence which is typically associated
with plant defence systems. Mng247 was placed on
LG 7 of the mungbean linkage map (Menancio-
Hautea et al. 1993).

434
Seed Weight

Strong consumer demand for large seed types has
seen a six-fold increase in the seed weight of mod-
ern mungbean varieties compared to the wild pro-
genitor ssp. sublobata (Fatokun et al. 1992b; Lam-
brides and Imrie 2000). Large seed size has there-
fore become a key trait in mungbean breeding pro-
grams, particularly when accessions of ssp. sublo-
bata are used.

Seed weight in mungbean is a highly heritable,
quantitative trait (see review by Fery 1980). The
distribution of phenotypes in radiataxsublobata
crosses is typically continuous with small seeded-
ness partially dominant. Mapping studies have
identified 4 to 11 independent QTLs (Table 6) asso-
ciated with seed weight (Fatokun et al. 1992b;
Humphry et al. 2005). The field study of Fatokun et

al. (1992b) using 58 F; families identified seed
weight QTLs on LGs 1, 2, 3 and 4, accounting for
49% of the phenotypic variation. Evidence was also
presented for orthologous genes for seed weight
with a QTL of large effect identified on homolo-
gous genomic regions of LG 2 in both mungbean
and cowpea. This genomic region was later shown
to be associated with seed weight in pea, Pisum sa-
tivum L. (Timmerman-Vaughan et al. 1996).

Humphry et al. (2005) used 227 RILs to map 11
QTLs conditioning seed weight from field and
glasshouse trials, with 7 loci common to both data
sets. Of the 7 QTLs common to both data sets, one
QTL was located on each of LGs 1, 9, 10, 11 and E
and two QTLs were located on LG 2. The 11 QTLs
collectively accounted for over 80% of the pheno-
typic variation. None of the loci identified in this
study appeared to co-localise with any of the QTLs
identified in the study of Fatokun et al. (1992b),
although several QTLs did map to equivalent link-
age groups. The lack of coincidence between these
two studies may have reflected the different genetic
material under study and/or the small population
size (58 individuals) and, therefore, the lack of
mapping resolution in the study of Fatokun et al.
(1992D).

4.3.5
Hard-Seededness

Weather damage to mungbean seeds after physio-
logical maturity can result in a decline in seed
yield and quality, thus reducing the value of a crop
(Mohammed-Lassim et al. 1984; Imrie 1992). Wet-
ting and drying cycles related to sporadic rainfall
events can cause seeds to crack and become more
readily infected by seed borne fungi and bacteria.
The soft-seeded varieties of mungbean are espe-
cially vulnerable to this type of damage, whereas
hard-seeded mungbean varieties are largely imper-
vious to moisture uptake and weathering. There-
fore, hard-seededness has been identified as a key
trait in mungbean breeding programs where the
aim is to develop weather-tolerant varieties (Wil-
liams 1989; Imrie et al. 1991).

Previous studies with mungbean (Kumari and
Dahiya 1981; Mohammed-Lassim et al. 1984; Wil-
liams 1989) and blackgram, V. mungo L. (Tomer
and Kumari 1991) indicated that after physiological
maturity, combinations of high temperature and
humidity and periods of wetting and drying can af-
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fect levels of hard-seededness. For the field grown
study, plants during pod-fill were exposed to high
temperature (>30°C), high relative humidity
(>50%) and cycles of wetting and drying mediated
by heavy dews and rainfall events. This may ex-
plain why the overall level of hard-seededness was
lower for seeds harvested from the field trial com-
pared to those harvested from the glasshouse trial
and why there was only a moderate correlation be-
tween the two trials. A similar disparity between
glasshouse and field trials for hard-seededness was
reported by Imrie et al. (1988).

Humphry et al. (2005) used 227 RILs to map
four QTLs for hard-seededness from field data and
a single QTL from glasshouse data. The single QTL
from the glasshouse data (hsA) co-localised with
one of the QTLs from the field data. This locus on
LG 1 (=LG K) explained up to 23% of the variation
in the field trial and 11% of the variation in the
glasshouse trial. Lambrides (1996) also mapped a
hard-seededness locus near hsA on LG 1 in an F,
population of BerkenxACC41. These results sup-
port the previous observations that very few genes
appear to control hard-seededness in mungbean
(Lawn et al. 1988; Williams 1989; Lambrides 1996).
The inheritance pattern of hard-seededness in this
population is similar to that observed in soybean,
where one major QTL was identified which ex-
plained 30% of the variation with other minor
QTLs contributing to the continuous distribution
of phenotypes (Keim et al. 1990).

4.3.6
Seed Appearance Traits

Several traits other than seed weight and hard-
seededness are associated with seed quality in
mungbean. Processors demand large shiny seed
with green testa, largely for aesthetic reasons and
sprouts which are free from anthocyanin pigmenta-
tion. Some mungbean genotypes possess a ridged
texture layer on the seed surface consisting mainly
of carbohydrate and secreted from the epidermis of
the testa during grain fill (Watt et al. 1977). Sprout-
ers have found this trait undesirable as fewer mi-
crobial contaminants are found with shiny coated
seeds (O’Brien et al. 1992). Generally, the appear-
ance of the seed is determined by the presence or
absence of the texture layer, the pigmentation of
the texture layer and the color of the testa. These
traits have been mapped in the BerkenxACC41

population using 67 F, and 67 RIL individuals (Ta-
ble 6) (Lambrides 1996; Lambrides et al. 2000).

Presence of Texture Layer. When individuals of
the population Berken (shiny seed)xACC41 (dull
seed) were scored for the amount of texture layer
using a scoring system of 0 (shiny seed, no texture
layer) to 5 (deep texture layer), a continuous range
of phenotypes was observed (Lambrides 1996).
QTL analysis detected three regions on LGs 1-3, 2
and 8-9, collectively accounting for 71.5% of the
phenotypic variation for the texture layer score.
The QTL near pO9 (LGs 8 and 9) was detected at
LOD=5.94, where the allele from ACC41 showed
dominant gene action for deep texture layer. Unex-
pectedly, the gene action at a QTL detected near
marker pM78 (LGs 1-3) was suggestive of overdom-
inance. This mode of gene action had not been re-
ported previously for a seed coat trait in mung-
bean. Overdominance may explain the unexpected
appearance of dull seeded segregates from hybrids
between shiny seed coat parents (Imrie personal
communication). Pseudo-overdominance (Crow
1952) has been proposed as an alternative explana-
tion to overdominant gene action. For pseudo-over-
dominance, dominant and recessive alleles occur in
coupling phase at closely linked loci. In the case of
the texture layer in mungbean, high-resolution
mapping would be required to distinguish between
a case of pseudo-overdominance and overdomi-
nance.

Testa Color. The green speckled black testa color
of ACC41 was dominant over green testa color and
controlled by a single locus that mapped to LG 2
(Table 6) (Lambrides et al. 2000). RFLP marker
PpA235 was linked to the testa color locus at 2.4 cM
(LOD=15.0), and this region of the mungbean ge-
nome was shown to segregate with distortion
(Lambrides et al. 2004b). An analysis of 207 RILs
showed that the segregation distortion occurred
after each generation of self-pollination from F,;
thru to F;, resulting in F; phenotypic frequencies
of 151:56 instead of the expected 103.5:103.5.

Pigmentation. The pigmentation of the texture
layer of ACC41 was dominant over no pigmentation
and controlled by a single locus which also mapped
to LG 2, but it was not linked to the testa color lo-
cus. RFLP marker pA204 was linked at 6.4 cM,
LOD=38.0.
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4.4
Tissue Culture and Transgenic
Approaches

Like many grain legume or pulse crops, mungbean
is regarded as a recalcitrant species for regenera-
tion from tissue culture. As a result, it is not a crop
which lends itself easily to high-frequency transfor-
mation. With the exception of soybean, where ge-
netically modified organism (GMO) approaches to
herbicide resistance have been very successful,
there are no commercially grown grain legume
crops. Methods have been published for the trans-
formation of many of pulse crop species, including
mungbean (Jaiwal et al. 2001), but as yet most have
not been able to attain an acceptable frequency of
transformation for reliable use.

Transformation methods require a system for
the introduction of transgene(s) into one or a few
cells, and then the ability to select for the growth,
proliferation and regeneration of whole fertile
plants which contain and express the transgene(s).
The basic requirement for most species is therefore
a tissue culture and regeneration protocol from
suitable cells or tissues, plus a means of delivering
the transgene DNA such that it is incorporated into
the host nuclear genome.

The first report of stable transformation of mung-
bean was from scientists at the Bose Institute in India,
who reported the development of transgenic shoots
with reporter gene expression (Pal et al. 1991). Genes
for f-glucuronidase expression and kanamycin anti-
biotic resistance were introduced using Agrobacter-
ium tumefaciens as a vector, and these genes were ex-
pressed in regenerating shoots. The authors were un-
able to produce whole plants using their methodolo-
gy, and for the next decade, those workers who at-
tempted to produce transgenic mungbean struggled
to regenerate many genotypes from various tissue
culture explants (Tivarekar and Eapen 2001).

In recent times, the most effective means of
producing high-frequency regeneration in mung-
bean has been through the use of either immature
or mature cotyledons. Mature cotyledon tissues
from seed have obvious advantages as convenient
sources of explant, with repeatable regeneration
frequencies achieved for three different genotypes
(Amutha et al. 2003). However, whether these types
of tissues are readily amenable to transformation is
yet to be determined.

An international collaboration between scientists
from India and Switzerland published the first report
of whole transgenic mungbean plants expressing f-
glucuronidase under the control of a constitutive
promoter (Jaiwal et al. 2001). It would appear that
the methodology is not without its problems, and
the authors presented data for only two transgenic
T, plants. There is as yet no follow-up publication re-
porting on the stability of transgene expression
among progenies of the plants regenerated.

4.5
Future Scope of Research

While the mapping studies outlined above have
provided some useful information on the genomic
location of traits in mungbean, some of the infor-
mation has been obtained from experiments that
used small population sizes (<70 individuals). The
limitations of QTL analysis in small populations
have been recognised (Beavis 1994). Essentially, er-
rors can arise due to statistical sampling error as-
sociated with small populations (<100 individuals).
Future studies, particularly those involving quanti-
tative traits, should aim to use large segregating
populations (>200) grown over a range of environ-
ments to improve estimates of heritability. Analysis
of large populations will allow linkage order and
map distance to be estimated with greater precision
and importantly add significantly to the statistical
power of QTL analysis. Clearly, the size of such
studies will be limited by resources available to
mungbean researchers.

Generally the marker approach enables the in-
heritance of simple and complex traits to be deter-
mined with far greater precision than traditional
methods. Furthermore, this approach allows for the
greater manipulation of target traits. ‘Landmark’
PCR-based markers linked to traits of interest can
be traced in any population under any environ-
ment. Consequently, all future experiments enhance
the base of knowledge for any given trait. Knowl-
edge of inheritance can help determine the most
efficient breeding strategy, and with MAS several
desirable traits can be expediently added to elite
cultivars free from the effects of environmental in-
fluences. MAS in mungbean breeding programs will
be an appropriate and relevant strategy as the map-
ping studies described above have shown that a
large number of independent loci (Table 6) are as-
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sociated with the traits of interest and that many of
the desirable traits are recessively inherited.

Much of the marker work in mungbean to date
has been based on studies involving populations
derived from ssp. radiataxssp. sublobata crosses.
These populations have been useful because they
offer high levels of DNA polymorphism and segre-
gation for important seed traits, e.g. bruchid resis-
tance, seed weight and hard-seededness. Accessions
of ssp. sublobata also have the potential to broaden
the germplasm base for traits that confer tolerance
to environmental stresses (Lawn et al. 1988). Toler-
ance to environmental stresses in sublobata has
arisen as a result of natural selection and the accu-
mulation of favorable alleles through persistent,
long-term exposure of wild populations to their en-
vironments. Collections of sublobata made from
degraded saline soils and limestone-derived soils
have shown greater survival in saline conditions
and tolerance of alkalinity, respectively, than culti-
vated varieties under controlled conditions.

While sublobata will continue to provide mung-
bean researchers with a rich source of traits, attention
should be paid to which sublobata accessions are
used. As noted above, a large range of variation exists
among forms of V. radiata including ssp. sublobata.
Low recombination rates and segregation distortion
are two genetic phenomena that can occur when dis-
tant crosses are made, both of which were observed in
studies of Berken (ssp. radiata) x ACC41 (ssp. sublo-
bata). Low levels of recombination may adversely af-
fect the efficiency of a backcrossing program because
of linkage drag. Ideally, recombination events around
target loci are required without the inclusion of addi-
tional and possibly deleterious segments of chromo-
some from donor parents (e.g. the wild parent ACC
41). To overcome the effects of linkage drag, addi-
tional backcrosses or large segregating populations
are required to be confident of selecting segregates
with the desired combination of traits. Low levels
of recombination would also inhibit map-based clon-
ing strategies where it is desirable to have key recom-
bination events occurring near and flanking target
loci. Observed recombination rates in populations
of Berkenx ACC41 (Lambrides et al. 2000; Humphry
et al. 2002) were about 50% less than those observed
in VC3890A XTC1966 populations (Menancio-Hautea
et al. 1993). For this reason populations derived from
BerkenxACC41 would be less efficient than
VC3890AXTC1966 for map-based cloning experi-
ments.

The presence of segregation distortion in mung-
bean populations between cultivated and wild par-
ents (such as BerkenxACC 41) may impact on a
mungbean improvement program. The impact will
be positive if the favorable trait from a wild parent
is located in a region or regions of the genome
where segregation distortion favors wild parent al-
leles. However, if the converse is true, the intro-
gression of a favorable trait from a wild parent
may be difficult because of the systematic elimina-
tion of wild parent alleles after each round of
meiosis during the breeding process.

As indicated above, mungbean researchers have
yet to make extensive use of high-throughput
marker systems such as SSR and SNP. Stable, repro-
ducible and routine transformation systems in Vig-
na have not been developed and will restrict the
mungbean improvement options that require trans-
genic (GMO) approaches. Because mungbean is not
a large crop on a world scale, investment in these
molecular technologies should be shared between
institutions on a national and international level.
Wherever possible the large synteny between
mungbean and Phaseolus vulgaris should be
exploited. In addition, the comparative genomics
approach for estimating genome conservation be-
tween crop legumes soybean, bean, pea and mung-
bean with model legume species Medicago trunca-
tulata and Lotus japonicus (Choi et al. 2004) will
no doubt provide mungbean researchers new and
inexpensive avenues for developing perfect markers
for useful traits.
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5.1
Introduction

5.1.1
Origin, Domestication and Taxonomy

Lentil, Lens culinaris ssp. culinaris Medic., was do-
mesticated with wheat, barley and other pulses in
the Fertile Crescent of the Near East and spread
through southern Europe, the Middle East, North
Africa and across the Indo-Gangetic plain before
1000 BC (Cubero 1981). The current distribution of
lentil ranges over subtropical and temperate crop-
ping regions of Europe, Asia, northern Africa and
Ethiopia, the Indian subcontinent, North and South
America, southern Africa and Australia, grown
either as a spring crop or a winter crop (Blain 1988).

The earliest evidence of lentil cropping is in asso-
ciation with wheat and barley at Mureybit in Syria
8500-7500 BC, Hacilar and Cayonu in Turkey 7500-
6500 BC, and other sites from western Iran to Pales-
tine before 7000 BC (Cubero 1981). In many of these
sites, wild lentil is rare and it is likely that the seed
remains are of cultivated lentil, especially in associa-
tion with cultivated wheat. The migration of lentil to
Europe and Asia matched the initial spread of cereal
and other legume crops (Hancock 2004).

Domestication of lentil led to the evolution of
two major seed groups: macrosperma (6 to 9 mm
diameter) in the Mediterranean Europe and Africa
plus Asia minor and microsperma (2 to 6 mm di-
ameter) in western Asia and in northern Africa
(Cubero 1981). Macrosperma and microsperma len-
tils are useful functional groups within cultivated
lentil as they relate to processing and consumer
end uses that are different for each type (Barulina
1930; Erskine 1996).
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According to the United States Department of
Agriculture (USDA) and the International Legume
Database and Information Service (ILDIS), the
genus Lens comprises the cultivated Lens culinaris
ssp. culinaris and the wild relative subspecies and
species; L.c. ssp. orientalis, L.c. ssp. odemensis, L.c.
ssp. tomentosus, L.c. ssp. nigricans, L. ervoides, L.
montbretii, and L. lamottei. The USDA also classi-
fies L. nigricans as a separate species and places all
the above species in the family Fabaceae, but with
the family Papilionaceae as an alternate. Histori-
cally the Lens genus has also been placed in the
genus Ervum, and some species have been placed
in genus Vicia as botanically there is a continuum
between the Vicia and Lens genera (Cubero 1981).

The Lens genus is primarily self-pollinated, with
a chromosome number of 2n = 14. Wide intraspecific
variations in chromosomal rearrangements occur
within the wild species, which affects the success of
both intraspecific and interspecific crossing (Ladi-
zinsky 1979). Hancock (2004) listed three groups:
Group 1 comprises L. c. ssp. culinaris and L. c. ssp. or-
ientalis with overlapping ranges, similar morphol-
ogy and a high percentage of shared molecular
markers. These species are intercrossable and also
crossable with L. c. ssp. odemensis, but the interspe-
cific hybrids are only partially fertile (Ladizinsky
et al. 1984). Group 2 contains the intercrossable spe-
cies L. nigricans, L. ervoides and L. lamottei. Hybrids
of L. culinaris, L. orientalis and L. odemensis with L.
nigricans have irregular meiosis and do not produce
viable seed (Ladizinsky et al. 1984, 1985). However,
hybrids of L. culinaris with L. ervoides can produce
viable seed but only with the use of embryo rescue
culture (Ladizinsky et al. 1985). Group 3 contains
L. tomentosus as a single species group. Between
these groups no viable crosses have been achieved.
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The probable progenitor species for domesti-
cated lentil is Lens c. ssp. orientalis, which has a
center of origin in the Middle East Fertile Crescent
(Zohary 1972). Although many endemic and rare
forms of lentil occur in the Hindu-Kush region, the
geographic distribution of L.c. ssp. orientalis is
centered in southern Turkey - Lebanon. L.c. ssp.
orientalis is able to form interspecific hybrids with
the domesticated subspecies, which undergo nor-
mal meiosis resulting in seven bivalents (Ladizins-
ky 1979). Morphologically, L.c. ssp. orientalis has
the appearance of miniaturized L.c. ssp. culinaris;
however, some accessions differ from the cultivated
subspecies by one or two chromosomal inversions
and were found to be cross incompatible (Ladizins-
ky 1979).

5.1.2
Botany and Ecology

Domesticated lentil is an annual bushy herb, has
very branched with slender, soft-haired angular
stems, 25 to 75 cm tall, has compound pinnate
leaves often ending in a tendril, one to four flowers
per raceme with colors of white to blue and purple,
one- to two-seeded oblong flattened pods, and bi-
convex rounded seed 4 to 8 mm in diameter and 2
to 3 mm thick (Duke 1981). The plant may exhibit
considerable variation in the growth habit: low and
bushy, suberect or erect. Flowering and branching
are indeterminate. The 100-seed weight ranges
from 2 to 8 g, with the seed coat varying in color
from green, green-brown, to light red with black
speckles (Duke 1981). Cotyledons may be red/or-
ange, yellow or green.

Seed protein content varies from 22 to 35%,
with relatively high levels of lysine, leucine and sul-
phur-amino acids (Muehlbauer and Tullu 1997).
Anti-nutritional factors include trypsin inhibitors,
haemoglutinins and oligosaccharides. Williams et
al. (1994) suggested that seed nutritional quality
might be improved by increasing both protein con-
tent and amino acid balance and by reducing the
levels of anti-nutritional factors.

Lentil is produced as a winter crop in the semi-
arid tropics, mild temperate and Mediterranean re-
gions but is spring grown in climates with very
cold winters. Lentil grows best on neutral to alka-
line well-drained clay to sandy loam soils. Lentil is
a quantitative long-day plant with a flowering re-
sponse pattern that is independently controlled by

photoperiod and temperature. A wide genetic varia-
tion for these traits was detected within a world
collection (Erskine et al. 1990).

5.1.3
Genetic Resources

The largest and most representative collection of
lentil landraces is maintained by the International
Center for Agricultural Research in the Dry Areas
(ICARDA), Syria (Erskine et al. 1989), currently at
3351 accessions. Large collections are also held in
the USA (2807), Russia (2857), Australia (2847)
and Turkey (1435) (European Genetic Resources
Database 2004: www.ecpgr.cgiar.org).

The first systematic analysis of genetic diversity
in lentil was performed by Barulina (1930) with the
Vavilov collection, defining the macrosperma and
microsperma types as subspecies and describing
regional groups (grex) according to geographic dis-
tribution of qualitative traits, chiefly seed charac-
teristics, pubescence and size of vegetative organs,
phenology, height and pod shape. Landraces held
at the ICARDA were later characterized and four
major regional groups were identified through
analysis of variability in quantitative and qualita-
tive morphological traits (Erskine and Witcombe
1984; Erskine et al. 1989). These were the Levantine
group (Egypt, Jordan, Lebanon, Syria), northern
group (Greece, Iran, Turkey, USSR, Chile), Indian
subcontinent group and Ethiopian group. The most
discriminating traits were in time to maturity, low-
est pod height and 100-seed weight, but seed color
was also important. The ecological environment
was a major evolutionary force in the spread of cul-
tivated lentil (Erskine et al. 1989). For example, the
importance of flowering response for adaptation in
south Asia caused a bottleneck in the introduction
of lentil and subsequently low genetic variability
among landraces into this region (Erskine 1997;
Erskine et al. 1998). Extensive variation within
landraces and between landraces within a region
was found for both morphological traits and allelic
variation of isozymes, indicating a complex organi-
sation of lentil populations with co-adapted multi-
locus allelic combinations mediated by a very low
frequency of outcrossing (Erskine and Choudhary
1986; Erskine and Muehlbauer 1991).
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514
Economic Importance
and Current Breeding Objectives

World production of lentil was predicted to reach
3.3 million metric tons in 2004 (Agriculture Cana-
da Market Analysis). Lentil is currently grown in
the Indian subcontinent, Middle East, northern
Africa, southern Europe, North and South America,
Canada, Australia and New Zealand. India is the
leading producer of lentil, producing about one
third of the total world production, predominantly
for its own domestic usage. With the exception of
Chile (Barulina 1930), lentil production in the
Americas is a relatively recent event (Muehlbauer
and McPhee 2002). However, Canada has since be-
come a major world producer and the largest ex-
porter of lentil. There has also been a considerable
increase in the area (125,000 ha in 2002) under len-
til in Australia since 1991 (293 ha) (Carter and Ma-
terne 1997).

Water Availability and Waterlogging. Lentil yields
are very dependent on available soil moisture dur-
ing the growing season (Erskine and Saxena 1993;
Erskine et al. 1994a). Although mechanisms such
as good early vigour and early flowering and ma-
turity (Erskine et al. 1994 a), higher osmotic adjust-
ment (Leport et al. 1998), deeper rooting (Budden-
hagen and Richards 1988; Turner et al. 2001) or
tolerance to subsoils constraints (Materne et al.
2002) have been advocated as ways of increasing
legume productivity under moisture limiting con-
ditions, they are unproven over seasons. Selection
is typically based on grain yield under variable
rainfed conditions to increase water use efficiency
(Erskine and Saxena 1993). Furthermore, drought
may occur during plant establishment, intermit-
tently during the vegetative growth period, termin-
ally or progressively during the season depending
on the environment (Rahman and Mallick 1988;
Erskine et al. 1994 a).

Excess water and waterlogging during winter and
late spring to summer can reduce lentil yields in
Mediterranean and subtropical environments respec-
tively. The sensitivity of lentil to waterlogging and
anaerobic conditions is thought to account for the
poor response of the crop to irrigation, although re-
sponsive genotypes have been identified with larger
parenchyma in their roots (Erskine and Saxena
1993; Erskine et al. 1994 a; Bejiga and Anbessa 1995).

Diseases. A wide range of pathogens infect lentil
crops worldwide (Brouwer et al. 2000). The diseases
rust, caused by Uromyces viciae-fabae (Pers.), vas-
cular wilt, caused by Fusarium oxysporum f.sp. len-
tis Vasd. and Srin. and ascochyta blight, caused by
Ascochyta lentis Vassilievsky, are the key fungal dis-
eases of lentil worldwide (Erskine and Saxena 1993;
Erskine et al. 1994c). Other important fungal dis-
eases are powdery mildew, caused by Erysiphe poly-
goni D.C. and downy mildew, caused by Pero-
nospora lentis Gauman (Khare et al. 1993). An-
thracnose, caused by Colletotrichum truncatum
(Schwein.) Andrus and Moore, and stemphylium
blight, caused by Stemphylium botrysum Wallr., are
locally of major economic importance in Canada
and Bangladesh respectively. Botrytis cinerea is re-
garded as a major problem in Pakistan (Brouwer et
al. 2000) and Botrytis fabae is the major Botrytis
pathogen on lentil in Australia (Materne et al.
2002). Lentil also has viral pathogens such as pea
seed-borne mosaic virus (PSbMV), bean leaf roll
virus (BLRV) and pea enation mosaic virus
(PEMYV) as well as several bacteria, nematodes, in-
sects and parasitic weeds (Erskine et al. 1994a).
Tolerance to many viruses has been identified at
ICARDA and in Australia (ICARDA 1994; Latham
and Jones 2001; Latham et al. 2001).

Research, including breeding, has been initiated
for many diseases in lentil. The highest level of un-
derstanding of these diseases in terms of the host-
pathogen relationships and genetic improvement
can be demonstrated using ascochyta blight as an
example. Many sources of foliar resistance to asco-
chyta blight have been recorded, but resistance to
seed infection is more limited (Andrahennadi et al.
1996; Nasir and Bretag 1997 a). Pathogen variability
also exists (Ahmed et al. 1996; Ahmed and Morrall
1996) and of most significance was the identifica-
tion of an isolate that was virulent on accession
ILL5588 (Nasir and Bretag 1997b), a major source
of resistance used in breeding programs around the
world. Importantly, the accession ILL7537 was
shown to be highly resistant to this isolate (Nasir
and Bretag 1997b; Nguyen et al. 2001) and, with
ILL5588 and Indianhead, is a key source of resis-
tance genes for breeding. Breeding is well advanced
for ascochyta blight, and resistant cultivars have
been released in many countries. Individually these
genes can be selected for in well-designed field
screening nurseries; however, differentiating geno-
types with a combination of these genes is more
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difficult. Resistance to anthracnose was recently
found in accession PI320937 and is being selected
for in elite genotypes along with resistance to asco-
chyta blight (Tullu et al. 2003).

Temperature Stress. Hot or dry weather during
flowering and pod fill causes severe constraints on
the productivity of lentil crops in many regions of
the world, including the Mediterranean (Erskine
1985b). In colder areas such as in the USA and
Turkey, large yield increases can be achieved by
sowing lentil in winter rather than spring (Muehl-
bauer and McPhee 2002). However, problems asso-
ciated with a lack of winter hardiness, increased in-
cidence of diseases and weed control issues must
be addressed before winter sowing becomes wide-
spread. Kahraman et al. (2004) identified the most
winter-hardy accessions in the USA and Turkey as
WA8649041, WA8649090, ILL1878 and ILL669. In-
heritance was shown to be quantitative, indicating
that several genes of varying effect may be required
for survival. Frost at flowering is a major limitation
to lentil production in Australia, but genetic varia-
tion has not been identified.

Flowering. The timing of flowering is a particular-
ly important event as it determines the duration of
the vegetative phase, which establishes the potential
of the crop and determines the climatic conditions
to which the crop will be exposed during reproduc-
tive growth. The optimal flowering response differs
between regions and is simple to measure within a
target region (Erskine et al. 1994b). Presently, the
understanding of the genetic control of flowering is
limited (Sarker et al. 1999).

Nutrient Imbalances. Boron toxicity is increasingly
being recognised as a problem in the arid areas of
west Asia and Australia, where lentil is widely grown
(Yau and Erskine 2000). Tolerance to high soil boron
was identified in lentil (Yau and Erskine 2000; Hob-
son et al. 2003), and breeding was initiated in Aus-
tralia using soil-based screening methods. Conver-
sely, boron deficiency has been identified as a limita-
tion to production in Nepal. However, genetic varia-
bility was identified and field-based selection is cur-
rently under way (Srivastava et al. 1999). There is in-
creasing evidence that the same genetic mechanisms
are likely to control tolerance to both boron deficien-
cy and toxicity, predominantly boron exclusion (Yau
and Erskine 2000; Dannel et al. 2002).

Lentil is sensitive to zinc and iron deficiency and
poor nitrogen fixation due to factors that affect the
host, rhizobia and the symbiosis between the two.
Interactions between rhizobia and host have been
identified with the potential for future selection of
genotypes with improved nitrogen fixation (Slattery,
personal communication, 2004).

The major lentil growing areas of the world are
regions with a high frequency of saline or sodic
soils (Saxena 1993). Variation in tolerance to a
range of salts was initially identified in the USA
(Jana and Slinkard 1979), and NaCl-tolerant acces-
sions have been identified by others (Rai et al.
1985; Ashraf and Waheed 1990). The inheritance of
salt tolerance has been investigated and recessive
genes were implicated (Ashraf and Waheed 1993).

Harvestability. Hand harvesting is considered a
major constraint to lentil production in the Middle
East and northern Africa (Erskine and Goodrich
1988; Erskine et al. 1991). The development of cul-
tivars for mechanised harvesting is a prime re-
search goal in these countries and in countries
where lentil is machine harvested, such as Australia
and North America (Erskine and Goodrich 1988;
Erskine et al. 1991; Materne et al. 2002). Plant
breeding can assist harvest mechanisation through
the development of taller, non-lodging cultivars
that retain their pods and seeds at maturity and
mature uniformly. Genetic variability exists for
height (Erskine and Witcombe 1984; Muehlbauer et
al. 1995), lodging resistance (Muehlbauer et al.
1995), pod dehiscence (Erskine 1985a) and unifor-
mity of maturity.

Quality. Lentil quality is largely defined by visual
characteristics such as size, shape and color and
contamination of the sample. The preferred appear-
ance is most often that which mimics the local
product. Lentil seeds are susceptible to mechanical
damage due to their thin shape and sharp edges.
Therefore, the development of rounder seeded cul-
tivars offers potential for reduced mechanical dam-
age, while these types are also the preferred quality
in many markets.
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5.1.5
Limitations of Classical Breeding Approaches
and the Need for Molecular Breeding

Although lentils are an old crop species, genetic
improvement other than farmer selection has only
occurred relatively recently, led by establishment of
an international breeding program at ICARDA dur-
ing the late 1970s. In the last 20 years limitations
to lentil production have been defined in many
countries, genetic variability sought for economi-
cally important traits and breeding initiated to
overcome these limitations. Lentil is also a relative-
ly small crop compared to crops such as wheat,
rice, maize and soybean, and consequently funding
for research is more limited and often directed at
applied research to address the large number of
limitations to production. Also, much of the crop is
grown in economically poor countries where re-
search funding and expertise in novel molecular
breeding approaches such as biotechnology and
genomics have often been limited. This lack of
funding and expertise, the short period of breeding
history and the large number of limitations to be
addressed have meant that molecular research for
lentil has been much less extensive than for many
other crop species. However, even with these re-
strictions, some substantial advances have been
made towards understanding the lentil genome and
the development and application of molecular
markers in breeding.

Much of the focus has been on developing mo-
lecular markers for resistance to a few major dis-
eases, especially where research was complementary
between countries, for example ascochyta blight.
Molecular markers have also been invaluable in un-
derstanding the inheritance of resistance and in
identifying novel genes (Nguyen et al. 2001). In the
near term, potential exists to develop markers for
many traits where genetic variability exists, for ex-
ample boron and salinity tolerance, and resistance
to botrytis grey mould, anthracnose, rust, Fusar-
ium and stemphylium diseases. Where classical
breeding attempts have been limited, markers will
become invaluable if genetic variability for diffi-
cult-to-measure traits, such as frost and drought
tolerance, is identified. The devastating effect that
the introduction of ascochyta blight had on chick-
pea production in Australia and North America
highlighted the potential effect of exotic diseases
on lentil cultivation. Molecular markers offer po-

tential to improve pre-emptive breeding strategies
and overcome the difficulties associated with
screening in distant localities.

The implementation of markers for routine use
in lentil breeding programs is currently very lim-
ited, often because the traits investigated can be
phenotyped relatively cost effectively. The key to
both research and implementation of markers for
lentil lies in the integration of the markers within
the breeding program to ensure that cost-effective
utilisation of the technology is achieved.

5.2
Genetic Markers
and Lentil Genome Mapping

5.2.1
Morphological and Biochemical Markers

Morphological and biological markers have been
used by lentil researchers and breeders as useful
tools for the purposes of diversity analysis, taxon-
omy and trait selection (Barulina 1930; Ladizinsky
and Sarkar 1982; Erskine and Choudhary 1986; Ers-
kine et al. 1989; Ferguson and Robertson 1999).
Cotyledon color has been used to estimate the per-
centage of natural outcrossing (Wilson and Law
1972). Other useful morphological markers include
number of days to flowering (Sn), seed coat pattern
(Scp) and pubescent peduncle (Pep). These were
found to be linked together and mapped in linkage
group (LG) 5 of the lentil genome, whereas ten-
drilled leaf (Tnl) was linked with colored stem (Gs)
in LG 1 (Sarker et al. 1999). Linkage was also re-
ported between spreading-erect growth habit,
brown-green stem and brown green leaf (Emami
and Sharma 1999).

Similar to morphological markers, biochemical
markers have also demonstrated allelic variation of
gene expression products, and isozyme markers
have been used for lentil genome mapping and trait
association (Vaillancourt and Slinkard 1993; Tahir
and Muehlbauer 1994; Rodriguez et al. 1997). How-
ever, accuracy of linkage with these markers may
be limited due to the relatively small number of
morphological and isozyme loci which may be as-
sessed and potential restriction of their expression
to a specific development stage or tissue type.
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5.2.2
DNA-Based Markers

Many types of DNA-based markers, arising from
point mutations, insertions or deletions or errors
in replications of tandem-repeated DNA, have been
developed for interrogating the Lens genome. Re-
striction fragment length polymorphism (RFLP)
markers, developed from cutting genomic DNA
with restriction enzymes and electrophoretic sepa-
ration of the resulting DNA fragments, were the
first type of molecular markers used in the con-
struction of a Lens genome linkage map (Havey
and Muehlbauer 1989).

More recently, arbitrarily produced polymerase
chain reaction (PCR)-based markers, such as ran-
dom amplified polymorphic DNA (RAPD) markers,
have been used to study the diversity, phylogeny
and taxonomy of Lens (Sharma et al. 1996; Ford et
al. 1997; Ferguson et al. 2000), to develop linkage
maps (Eujayl et al. 1997; Rubeena et al. 2003), to
tag genes of interest (Eujayl et al. 1998 b, 1999; Ford
et al. 1999; Chowdhury et al. 2001; Tullu et al
2003) and to determine pathogen population struc-
ture (Ford et al. 2000). Amplified fragment length
polymorphism (AFLP) markers have also been
used in Lens linkage mapping (Eujayl et al. 1998 a;
Durédn et al. 2004; Kahraman et al. 2004) and to
study genetic diversity (Sharma et al. 1996), differ-
entiate cultivars (Zdvodnd et al. 2000) and identify
markers linked to a specific trait (Tullu et al. 2003).

Simple sequence repeats (SSR), also known as
microsatellites, consist of tandem repeats of two to
five nucleotide DNA core sequences spread
throughout the genome. The DNA sequences flank-
ing microsatellites are generally conserved within
individuals of a given species, allowing the design
of PCR primers that amplify the intervening SSR.
Variation in the number of tandem repeats results
in PCR products of different lengths. A library of
lentil-specific microsatellite markers was previously
developed by Zévodnd et al. (2000) and more re-
cently at ICARDA by Hamwieh et al. (2004). The
ICARDA SSR library was developed from the ge-
nome of the Northfield cultivar (ILL5588) and was
found to have (CA), as the most abundant repeat
type (Hamwieh et al. 2004).

Inter simple sequence repeat (ISSR) markers are
detected using repeat-anchored primers that amplify
between SSR, and these have been used in lentil ge-
nome mapping (Durdn et al. 2004; Rubeena et al.

2003). Resistance gene analogue (RGA) markers are
developed from degenerate PCR primers based on
conserved regions of cloned plant resistance genes.
RGA markers have also recently been used in lentil
genome mapping (Rubeena et al. 2003) and in the fu-
ture will be used to aid in the localisation of disease
resistance genes via a candidate-gene approach. This
approach has been used to identify pathogen resis-
tance genes in other plant genomes (Kanazin et al.
1996; Leister et al. 1996; Feuillet et al. 1997).

5.2.3
Lens Genome Mapping

Genome mapping is the act of putting genomic
markers in order, indicating the relative genetic
distances between them and assigning them to LGs
that represent chromosomes (Jones et al. 1997).
This technique was pioneered by Morgan (1911),
who stated that Mendelian genetic factors, which
lie close together on a chromosome, are usually co-
transmitted from parent to progeny. Although some
markers are physically linked on LGs, they are
sometimes split during recombination. The amount
of recombination between markers is taken as the
measure of distance separating them (Winter and
Kahl 1995). Lentil (2n=2x=14) has a genome size
of 4063 Mbp/C (Arumuganathan and Earle 1991),
which is about four and ten times larger than the
genomes of tomato and rice respectively.

Maps are developed using genetic markers,
which segregate in patterns or sequences among
progeny of a single genetic cross. The choice of
parents for use in constructing a mapping popula-
tion is crucial. Parents that are homozygous but
highly variable from each other in the traits
mapped are preferable. Due to limited polymorph-
ism, mapping in inbreeding species often requires
the selection of parents that are distantly related or
belong to different subspecies or even species. To
achieve this, the progeny of crosses between wild
progenitors and cultivars have been employed as
mapping populations in Lens (Havey and Muehl-
bauer 1989; Muehlbauer et al. 1989; Weeden et al.
1992; Tahir et al. 1993; Vaillancourt and Slinkard
1993; Tahir and Muehlbauer 1994; Eujayl et al.
1997, 1998 a; Durdn et al. 2004). However, the use
of more divergent parents often results in lower re-
combination rates and, therefore, smaller map sizes
(Tadmor et al. 1987). Indeed, the first Lens maps
comprised relatively small marker numbers and
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spanned relatively small amounts of the genome
(Havey and Muehlbauer 1989; Weeden et al. 1992;
Eujayl et al. 1997).

Segregation distortion due to irregular chromo-
some pairing is also thought to cause bias esti-
mates of marker distances in wide interspecific
populations (Tadmor et al. 1987; Lorieux et al
1995; Collard et al. 2003). Also, maps based on dis-
tantly related parents are less useful in breeding ap-
plications, as polymorphic markers linked to traits
of interest may not be present within the cultivated
gene pool. Therefore, intraspecific L.c. ssp. culina-
ris genome maps have recently been constructed
using PCR-based markers (Rubeena et al. 2003;
Kahraman et al. 2004).

Various types of populations may be used to
study the inheritance and segregation of genetic
markers, to enable determination of recombination
and hence localisation within LGs. Factors that

Table 1. Published Lens linkage maps

should be considered include the mating system of
the organism, the kind of traits to be analysed, the
time available, and the cost and technical demands
to develop the population. To date, published Lens
maps have been produced using F, and recombi-
nant inbred line (RIL) populations (Eujayl et al.
1998 a; Rubeena et al. 2003; Durdn et al. 2004; Kah-
raman et al. 2004). In the case of an F, population,
each individual represents a set of unique recombi-
nation events. In addition, all possible combina-
tions of parental alleles are assumed to be present
within the population. Therefore, the size of such a
mapping population will greatly impact on the ulti-
mate resolution of a map (Young 1994).

The major drawback in using F, populations is
that they are ephemeral and determinate, unlike an
RI population. Doubled-haploid (DH) populations,
produced by regenerating plants from single pollen
grains and inducing chromosome doubling, may

Population type? Popula- Number Marker type Length Reference
tion size of (cM)
markers
(L.c. ssp. ¢.XL.c. ssp. 0.) F, 94 5 Allozymes and morphological 2 LGs Zamir and Ladizinsky
(1984)
(L.c. ssp. e.XL. e.) F, 107 18 Isozymes, morphological and 258 Tadmor et al. (1987)
translocation
(L.c. ssp. c.XL.c. ssp. 0.) F, 66 34 Morphological, isozymes and 333 Havey and Muehl-
RFLP bauer (1989)
(L.c. ssp. e.XL.c. ssp. 0.) F, n.i 14 Allozymes and morphological 6 LGs  Muehlbauer et al.
(1989)
(L. e.XL.c. ssp. ¢) F, Fs 100 64 Morphological, isozymes and RFLP 560 Weeden et al. (1992)
L.c. ssp. ¢.X(L.c. ssp. 0.XL.c. ssp.  n.i. 76 Morphological, isozyme, RFLP 10 LGs Tahir et al. (1993)
od.,xL. n.XL.e.) and seed protein
(L.c. ssp. c.XL.c. ssp. 0.) n.i. 18 Isozymes and morphological 4 1Gs Vaillancourt and Slin-
kard (1993)
(L.c. ssp. c.XL.c. ssp. 0.) F, 40 33 RAPD, RFLP, morphological and 206 Eujayl et al. (1997)
oligonucleotides
(L.c. ssp. c.XL.c. ssp. 0.) RIL 86 177 RAPD, AFLP, RFLP and morpho- 1073 Eujayl et al. (1998a)
logical
(L.c. ssp. e.XL.c. ssp. c.) F, 150 114 RAPD, ISSR and RGA 784.1  Rubeena et al. (2003)
(L. c. ssp. e.XL.c. ssp. 0.) F, 113 161 RAPD, AFLP, ISSR, SSR and 2172.4 Durédn et al. (2004)
morphological
(L. c. ssp. ¢XL.c. ssp. ¢.) RIL 106 130 RAPD, ISSR, AFLP and morpho- 1192 Kahraman et al.
logical (2004)
(L.c. ssp. c.XL.c. ssp. 0.) RIL 86 283 SSR, RAPD, AFLP, RFLP and 715 Hamwieh et al. (2005)

morphological

*Population types: L.c. ssp. c.=Lens culinaris ssp. culinaris, L.c. ssp. o.=Lens culinaris ssp. orientalis, L.e.=Lens erviodes,

L.n.=Lens nigricans, L.c. ssp. od.=Lens culinaris ssp. odemensis

®n.i.=not indicated
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represent a far better solution for reproducible and
multiple environment lentil trait mapping, where,
after recombination, each locus is fixed and self-
pollination can create an infinite amount of geneti-
cally identical individuals in a relatively short peri-
od of time. However, the production of a lentil DH
population is dependent on amenability to another
culture, and in general grain legumes are more re-
calcitrant to in vitro manipulation than many other
species (reviewed by Christou 1997).

Many Lens genome linkage maps have been
produced over the past 20 years (Table 1). Histori-
cally, Lens maps comprise a small number of mark-
ers, covering a relatively small portion of the lentil
genome. The first map of Lens was constructed
using morphological and isozyme markers (Zamir
and Ladizinsky 1984; Tadmor et al. 1987) and the
first map with DNA-based markers (RFLP) was de-
veloped by Havey and Muehlbauer (1989). PCR-

based markers subsequently revolutionized the con-
struction of linkage maps, and the first extensive
linkage map of Lens comprised 177 markers
(RAPD, AFLP, RFLP and morphological markers)
and was developed from an RIL population created
from an intersubspecific cross (Eujayl et al. 1998 a).
The first intraspecific linkage map of lentil was
constructed with 114 RAPD, ISSR and RGA mark-
ers (Rubeena et al. 2003, Fig. 1). Recently, two
more extensive molecular linkage maps have been
reported, one using an intraspecific population
(Kahraman et al. 2004) and the other based on an
intersubspecific population (Durén et al. 2004). The
lentil linkage map, produced by Durdn et al
(2004), contained 62 RAPD, 29 ISSR, 65 AFLP, 4
morphological and 1 SSR markers and spanned a
distance of 2172 cM within 10 LGs. This was the
first time a lentil-specific SSR marker was mapped.
The map of Kahraman et al. (2004) covered 1192

LG1 LG2 LG3 LG4 LG5 LG6 LG7
T Wiss T Y0205 - P03gy T Tl6se 1 Uldy, —— UBC807g,5 T K120
6.6 6.9 S B
154 17.9 T UBC8254 1 C04g 450 21.7
' 8.3 46 25.1 128
”s T X185 P08, s T NO4gy,
S 4~ UBC835,, 5. + Gz, : 4 o, 1
37 1 Gos 630 G045, 30 | P046/5 T woo,,, -+ Bos, N204g 35 L0745,
22 350 25 | /AC024, 33 1000 75 T Y0245
07 J= Eun 16 1 X035 T M205s T+ 11
- 1 33 1050 MO07gs0 27.7 ’
21 0 3 UBC825,,; 1.0 26.8 .
45 N e : 4
-+ Ptok‘;(:)-b* W03 950 o < Ptokin-a 11.8 K19455
» Bokin-b™ 5 5 S esor,, [T OUBOm T UBCRTW TG0
_\V20947* T s0154 8.5 14.9 11.6
? 349 M T Tl6iys - -1 BI8
12.1 13.5 4.6 - ] * T ADO04,,5 538 750
-+ G19 - * LG8 01 :;Wl%(m Po0s0 g I B08 T P06y
BT N 00 L e, 1) 3 Xose
10.1 35 U024 * 4 112, 24 4— Ti6 290 0.6 4— E20.. B 500 * 10.2
e ; * - 1T 610 12 +— 360 2.1 4— L17.
* WO07,000 0.7 T1655 L0255 Sa 800
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0.7 U065, [ NATs50, 10.7 01 Y04, LG9
T B8 AC025,s 22.0 670
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Fig. 1. Intraspecific map of lentil (ILL5588xILL7537) at a LOD score of 4.0 (Rubeena et al. 2003). The LGs are numbered
from LG1 to LGY. Loci names are indicated on the right side of the vertical lines and genetic distances (cM) are on the left
side of the vertical lines. ISSR markers are italicized, RGA markers are underlined and RAPD markers are in normal type.

Distorted markers are indicated with stars
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cM within 9 LGs and comprised a total of 130 arbi-
trarily produced (RAPD, ISSR and AFLP) markers.
Most recently a comprehensive intersubspecific
Lens map was developed by enriching the previous
map of Eujayl et al. (1998 a) with 39 new lentil-spe-
cific SSR and 50 new AFLP markers (Hamwieh et
al. 2005). The map comprised a total of 283 mark-
ers spanning 751 ¢cM within 14 LGs (8 with more
than 3 markers).

To date, all Lens and lentil genome maps devel-
oped have more LGs than the species haploid chro-
mosome number (n=7). The amount of the ge-
nome mapped varies from 751 to 2172 ¢cM with an
average marker density of 2.7 to 15.87 cM (Table
1). The expected full genome length is as yet un-
known. However, given the close phylogeny among
the species, perhaps the expected length would be
close to that of field pea, which is 700 to 800 cM as
determined by cytological studies (Hall et al.
1997 a,b).

Other important characteristics of the current
maps include the clustering of markers at various
regions and the inclusion of distorted markers.
Clustering may be indicative of centromeric and
telomeric regions, which experience up to ten-fold
less recombination than other areas of the genome
(Tanksley et al. 1992). This was also observed in
Pisum and Cicer maps (Laucou et al. 1998 and
Winter et al. 2000 respectively). Segregation distor-
tion is the consequence of unequal inheritance of
parts of chromosomes, which may affect the order-
ing of markers within a LG (Lorieux et al. 1995).
Factors that contribute to marker distortion include
recessive alleles, structural rearrangements or dif-
ferences in DNA content, abortion of male and fe-
male gametes and the selective fertilization of a
particular gametic genotype (Tadmor et al. 1987;
Barzen et al. 1995; Berry et al. 1995; Quillet et al.
1995; Jenczewski et al. 1997; Xu et al. 1997).

Until recently, a major limitation to Lens map-
ping has been the unavailability of locus-specific
PCR-based and co-dominant markers such as ex-
pressed sequence tag (EST), cleaved amplified poly-
morphic sequences (CAPS), single nucleotide poly-
morphism (SNP) or SSR microsatellite markers,
which are more robust and informative than arbi-
trary DNA markers. The lack of such markers has
largely hampered the ability to compare various
published linkage maps. However, the development
of SSR markers for lentil was recently achieved by
researchers at the ICARDA (Hamwieh et al. 2004,

2005). At present, one SSR marker has been
mapped by Durdn et al. (2004), and a further 39
SSR loci have been mapped by Hamwieh et al.
(2005).

5.2.4
Towards a Lens Consensus Map

The existing maps have not been well linked to
each other due to the lack of common markers.
However, morphological markers and the recently
developed lentil SSR markers (Hamwieh et al.
2005) should prove useful in assigning common
LGs. Of the seven morphological markers already
mapped, cotyledon color (orange vs. yellow; Yc),
presence or absence of anthocyanin in the stem
(Gs), seed coat pattern or spotting (Scp), pod de-
hiscence-indehiscence (Pi), ground color (brown
vs. tan) of the seed (Ggc), erect or prostrate growth
habit (Gh) and presence or absence of anthocyanin
in the pod (Pdp), four have been placed on multi-
ple maps (Yc, Gs, Scp and Pi) (Table 2).

Other markers that may be useful for consensus
mapping include the repetitive DNA sequences that
have been localised by fluorescent in situ hybridi-
zation (FISH) (Patil et al. 1995) and other gene-
specific markers such as expressed sequence tag
(EST) markers. Also, gene-specific markers trans-
ferable from related model legume crop species
such as Medicago truncatula and Lotus japonicus
and converted to SNP or cleaved amplified poly-
morphism (CAP) type markers. Such markers will
also be useful for comparative mapping across spe-
cies, to assign genetic LGs to specific Lens chromo-
somes and for integrating information from both
physical and genetic maps (Galasso et al. 2001).

Table 2. Morphological markers mapped on different LGs in
Lens genome may be useful as anchor markers

Marker locus Linkage group in different studies

Tahir et al.  Eujayl et al.  Durdn et al.
1993 1998 2004

Scp \% I I

Yc II - II

Gs I - v

Pi v II -
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5.3
Marker-Assisted Trait Mapping
and Selection

5.3.1
Trait Mapping

Many simply inherited traits have been placed
upon Lens genome maps. By knowing the map po-
sition of a gene, one can diagnose the presence of
the gene using flanking DNA markers without wait-
ing for the gene effect to be present in the pheno-
type (Paterson et al. 1991).

Bulked segregant analysis (BSA), first described
by Michelmore et al. (1991), is one method used
for linking molecular markers to phenotypic traits
controlled by single major genes. This method re-
lies on the availability of two bulked DNA samples
collected from individuals that segregate for an ex-
treme phenotype within a single population. One
bulk contains the DNA of the trait being targeted,
while the other contains DNA from individuals
lacking the trait. DNA polymorphisms between the
bulks are therefore likely to be linked to genes that
govern the trait. In lentil, this method has been
used to identify markers that are tightly linked to
genes for resistance to Fusarium vascular wilt and
ascochyta blight (Eujayl et al. 1998b; Ford et al.
1999; Chowdhury et al. 2001).

Eujayl et al. (1998b) used an RIL mapping pop-
ulation to identify linked molecular markers to the
single dominant gene conditioning Fusarium vas-
cular wilt resistance (Fw). They subsequently iden-
tified a RAPD marker (OPS16,5,) that was 9.1 cM
from the radiation-frost tolerance locus (Frt) (Eu-
jayl et al. 1999). However, most probably due to in-
sufficient genome map coverage, the Frt locus and
the linked RAPD marker were unable to be placed
on the existing linkage map developed by Eujayl et
al. (1998 a).

Ford et al. (1999) identified RAPD markers,
RV01 and RB18, approximately 6 and 14 cM, re-
spectively away from and flanking the foliar asco-
chyta blight resistance locus Rall (AbR;) in
ILL5588. These were subsequently converted to lo-
cus-specific sequence characterized amplified re-
gion (SCAR) markers and screened for applicability
across parental lines in the Australian breeding
program. Although the linkage was not maintained
across all parental genotypes, great potential exists

for the targeted use of these markers in breeding
and the pyramiding of resistance genes in ILL5588-
derived genetic backgrounds. Subsequently, two
RAPD markers, UBC227,,9o and OPD-10g,, were
identified that flanked and were linked in repulsion
phase to the resistance gene ral2 in the cultivar In-
dianhead at 12 and 16 cM respectively (Chowdhury
et al. 2001). Most recently, molecular markers were
developed linked to the complementary dominant
resistance genes in ILL7537 (Rubeena, unpubl.).
The resistance sources within these genotypes were
shown to be novel using pathogenicity tests
(Nguyen et al. 2001). Thus the potential exists to
use markers to pyramid ascochyta blight resistance
genes to develop durably resistant varieties.

Two RAPD markers, OPE06;,5, and UBC704,
linked at 6.4 cM (in repulsion) and 10.5 cM (in
coupling) respectively, were recently identified for
selecting the anthracnose resistance locus LCt-2 in
accession PI 320937 (Tullu et al. 2003). Three AFLP
markers were also identified linked in repulsion
phase to LCt-2; however, the closest of these was
21.5 cM. Most recently, an SSR marker and an
AFLP marker were identified flanking the Fw locus
in ILL5588 at 8.0 and 3.5 cM respectively (Ham-
wieh et al. 2005).

5.3.2
Quantitative Trait Loci Mapping

When a trait is governed by multiple and quantita-
tive trait loci (QTL) and/or co-dominantly inher-
ited genes, a more holistic genome mapping
approach may be undertaken to identify relative
genome loci location, interaction and subsequent
molecular markers for accurate trait selection.

A few QTL studies have been reported thus far
for lentil. The first one employed a genetic linkage
map developed from an intersubspecific population
(L.c. ssp. culinarisxL.c. ssp. orientalis). A total of
22 QTLs were placed upon the map including five
for height of the first ramification, three for plant
height, five for flowering, seven for pod dehiscence,
one for shoot number and one for F; seed diameter
(Durén et al. 2002). QTLs governing winter hardi-
ness were recently mapped using an F¢-derived RIL
population of 106 individuals of a cross between
WAB8649090 and Precoz (Kahraman et al. 2004). For
this, a framework map was produced with 9 LGs
comprising a total of 130 markers and spanning
1192 cM. Quantitative survival and injury data were
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Table 3. Putative QTL for winter hardiness in lentil (Kahra-
man et al. 2004)

Location Linkage QTL LOD R?* (%)
group position
(ecM)*
Haymana 1997-98 3 28 2.3 10.9
4 118 7.3 28.8
6 80 3.2 17.7
Total 334
Pullman 1998-99 4 110 2.5 11.5
Haymana 1999-2000 1 38 2.3 9.5
1 146 2.2 10.1
4 132 2.0 9.5
Total 22.9
Combined 4 116 6.9 28.8
6 80 3.1 14.2
Total 31.5

*QTL position from bottom of LG

collected at two locations in 1997 (Pullman, WA,
USA and Haymana, Turkey) and three locations in
1998 and 1999 (Pullman, WA, USA, Haymana and
Sivas, Turkey). Five independent QTLs were de-
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tected to account for survival with a LOD score > 2.
These were located on LGs 1, 3, 4 and 6 with two
QTLs on LG 1 (Table 3). One QTL on LG 4 was
common among locations, although the effect and
position differed. The maximum of the winter sur-
vival phenotype variation that these accounted for
was 33.4%. One ISSR marker, ubc808-12, was iden-
tified that may be useful for MAS of winter surviv-
al. A further four QTLs were reported to influence
winter injury in the USA location and together ac-
counted for 42.7% of the trait variation.
Preliminary QTL analysis of the ascochyta blight
resistance in ILL7537 was conducted using a popula-
tion comprising 153 F, individuals [ILL7537
(R)xXILL6002 (S)] and a linkage map comprising
72 markers spanning 412.5 cM anchored to a pre-ex-
isting map (Rubeena et al. 2003). The disease reac-
tion was scored using a 1-9 scale on each of the F,
individuals at 14, 21 and 28 d after inoculation,
and three QTL peaks (two on LGI and one on LGII)
were observed using composite interval mapping
(CIM) (Fig. 2). Two QTLs (QTL-1 and QTL-2) were
observed on LG I in close proximity; since these were
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Fig. 2. Four LGs with significant markers shown by stars and distorted markers by dots. QTL regions are shown as filled ver-
tical bars and named QTL-1, QTL-2 and QTL-3. All three QTL were observed by CIM, whereas only QTL-2 and QTL-3 were

detected by MIM
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Table 4. Putative QTL for ascochyta blight resistance identified in the F, population (ILL7537/ILL6002) by composite inter-

val mapping (CIM)

Test para- QTL Linkage  Interval Flanking markers QTL posi- LR Additive ~ R?*¢
meter group length tion (cM)® effect (%)
(cM)*
14 DAl QTL-1 LG I 5.4 C-CTA/M-ACCg — C-TTA/M-ACyg5 2.0 12.78 ~0.48 7.82
QTL-2 LG I 29.0 C-TTA/M-ACyg5 - C-TTA/M-ACjgs  14.0 13.83 -1.03 26.80
QTL-3 LG II 6.3 M20,¢o - C-GTA/M-GCy9; 0.0 10.49 -0.59 6.19
Total 40.81
21 DAl QTL-1 LG I 5.4 C-CTA/M-ACCpop — C-TTA/M-AC,g5 4.0 20.35 ~0.65 11.02
QTL-2 LG I 29.0 C-TTA/M-AC,s5 - C-TTA/M-ACy45  12.0 26.36 -0.95 33.62
QTL-3 LG II 6.3 M20790 - C-GTA/M-GCyo, 0.0 17.38 -0.72 9.25
Total 53.89
28 DAI  QTL-1 LG I 5.4 C-CTA/M-ACCg — C-TTA/M-ACyg5 2.0 31.19 ~0.89 16.41
QTL-2 LG I 29.0 C-TTA/M-AC,g5 - C-TTA/M-ACygs 8.0 34.70 -1.06 30.70
QTL-3 LG II 6.3 M20799 - C-GTA/M-GC, 9y 0.0 20.80 -0.73 10.25
Total 57.36
MDS QTL-1 LG I 5.4 C-CTA/M-ACCg0 - C-TTA/M-ACyg5 2.0 24.05 ~0.74 13.76
QTL-2 LG I 29.0 C-TTA/M-AC,35 - C-TTA/M-ACys5  12.0 29.12 -0.98 33.80
QTL-3 LG II 6.3 M20790 - C-GTA/M-GCyy, 0.0 18.73 -0.70 10.10
Total 57.66

*Interval between the two flanking markers (cM)
bQTL position from left flanking marker (cM)

“Peak value of maximum likelihood ratio (LR) test statistic observed for QTL

4Proportion of phenotypic variance explained by QTL

>10 cM apart, they were considered to be separate
QTLs (Table 4). They accounted for ca. 47%, whereas
QTL-3 on LG IT accounted for ca. 10% of the variance
of the trait. The position of the QTL changed slightly
over the different scoring periods after inoculation.
The AFLP marker C-TTA/M-AC,g5 was found to be
3.4 cM away from QTL-1 and 12 cM away from
QTL-2. The RAPD marker M20,,, was located at
the same position as QTL-3. When multiple interval
mapping (MIM) was performed, only two significant
QTLs (QTL-2 and QTL-3) were identified. These two
QTLs may potentially be the major effects of the two
co-dominant resistant genes previously identified to
govern resistance in ILL 7537 (Nguyen et al. 2001).
However, the QTLs identified must be validated in
different genetic backgrounds and populations be-
fore incorporation into breeding programs.

Recently, resistance gene analogues belonging to
the nucleotide binding site gene families were iso-
lated from the lentil genotype ILL5588 (Yaish et al.
2004). Mapping of RGA, together with the ascochy-
ta blight resistance trait, may be useful to validate
the location of genes that are functional in the re-
sistance mechanism, a step towards map-based
cloning of the active resistance genes.

5.3.3
Marker-Assisted Selection and Trait Pyramiding

Marker-assisted selection (MAS) is the ability to se-
lect for and breed for a desirable trait with a mark-
er, or suit of markers, from within a plant genotype
without the need to express the associated pheno-
type. Therefore, MAS offers great opportunity for
improved efficiency and effectiveness in the selec-
tion of plant genotypes with a desired combination
of traits. This approach relies upon the establish-
ment of a tight linkage between a molecular marker
and the chromosomal location of the gene(s) gov-
erning the trait to be selected in a particular envi-
ronment. Once this has been achieved, selection
can be conducted in the laboratory and does not
require the expression of the associated phenotype.
For example, using MAS, disease resistance can be
evaluated in the absence of the disease and in the
early stage of plant development.

Markers used for MAS are also termed sequence
tagged sites (STSs). These are mapped loci for which
all or part of the corresponding DNA sequences has
been determined. This information can be used to
design PCR primers for amplification of all or part
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of the original sequence. They are more robust and
reproducible than the arbitrary sequences they are
designed from, such as RAPD markers, as they are
developed from the known sequences and produce
an amplicon from longer primers. Differences in
the lengths of amplified fragments serve as genetic
markers for the locus. If no length polymorphism
is detected, the amplified fragments can be cleaved
with restriction enzymes to observe subsequent
length differences. This technique is often referred
to as cleaved amplified polymorphic sequences or
CAPS (Jarvis et al. 1994).

The use of converted locus-specific PCR markers
is also referred to as a specific polymorphic locus
amplification test (SPLAT), as well as sequence char-
acterized amplified region (SCAR) markers and al-
lele-specific associated primer (ASAP) markers.
SPLAT markers are designed from sequencing the in-
sert of a polymorphic RFLP marker (Gale and Wit-
combe 1992), whereas SCAR and ASAP markers
are developed from sequencing specific RAPD mark-
ers (Paran and Michelmore 1993; Gu et al. 1995; Ford
et al. 1999). The conversion of more technically de-
manding RFLP markers into PCR-based markers
(e.g. SPLAT) may provide a more rapid, cost-effec-
tive and efficient tool in lentil breeding.

Nguyen et al. (2001) first converted an arbitrari-
ly produced lentil sequence to a SCAR marker
(SCARW19) for selecting resistance to ascochyta
blight in lentil accession ILL5588. Tar’an et al
(2003) converted the RB1845, RAPD marker, for-
merly also shown to be linked to the AbRI gene
(Ford et al. 1999), into a robust SCAR marker. They
subsequently used SCAR markers linked to the
AbR1 gene and the ral2 gene (Chowdhury et al.
2001), together with a marker linked in repulsion
to a gene for anthracnose resistance (LCt2), to pyr-
amid the traits in an RIL population. Using the
linked markers, 11 of 156 RILs were shown to re-
tain all three resistance genes. Of these, 82%, which
contained the markers linked to AbRI and ral2,
were resistant to a highly virulent A. lentis isolate.
Furthermore, 85% of the lines that did not contain
the marker linked to the LCt2 gene were resistant
to the virulent 95B36 isolate of C. truncatum. This
is the first evidence of validating the use of molec-
ular markers for marker-assisted trait selection in
lentil. Pyramiding of multiple resistance genes to
foliar fungal pathogens should provide a broader
and more durable resistance, as similarly shown in
rice against bacterial blight (Singh et al. 2001).

5.4
Future Scope of Works

To date, no gene-specific, SSR or arbitrarily pro-
duced molecular marker has been identified in ex-
tremely close proximity (<1 c¢M) to any mapped
lentil quality, disease resistance or stress tolerance
gene locus. Hence, in order to increase the accu-
racy of MAS, the identification of tightly linked
markers is an ongoing goal for researchers target-
ing many traits.

Of the specific traits for which molecular mark-
ers could provide considerable benefit to current
breeding practices, water usage and drought toler-
ance are paramount. Furthermore, breeding for a
flowering response that gives broad adaptation is
currently a goal of the lentil breeding program in
Australia, and markers that are proven stable across
multiple environments have great potential in im-
proving grain yield across variable locations and
years in water-limited regions of the world.

To densely map the genomic areas surrounding
the genes governing traits of interest, highly robust,
unilocus, co-dominant and transferable markers
are required. In particular, those that may be trans-
ferred among multiple different genetic back-
grounds, and hence applicable across a broad range
of breeding programs, would be most useful. Mark-
ers such as SSRs and ESTs are only now being de-
veloped for lentil by several groups. Alternatively,
sequences from the model species Medicago tranca-
tula are showing great promise for their transfer-
ability to Lens (R. Oliver, personal communica-
tion). Such sequences are particularly useful since
many have already been assigned function and as-
sociated with desirable traits. Furthermore, the
gene space of the M. trunculata genome will be
fully sequenced using a bacterial artificial chromo-
some (BAC) library approach by the end of 2006
(Young et al. 2004), enabling the elucidation of syn-
tenic relationships among the grain legumes.

Another requirement necessary for the future of
fine genome mapping in lentil is the availability of
large fixed mapping populations, such as single seed
descent RILs and DHs. Such populations would allow
for the identification and validation of trait-asso-
ciated markers across different environments and
at different plant growth stages. For map-based clon-
ing of genes shown to be associated with desirable
traits, a BAC library of lentil is required with good
genome coverage (>5). Furthermore, the ability to
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tile the lentil BAC clones along the M. truncatula se-
quenced genome will also negate the necessity to se-
quence the entire lentil genome. Naturally the choice
of genotypes for mapping populations and BAC li-
brary construction will need to be carefully consider-
ed in order to produce tools that are compatible with
as many breeding priorities and programs through-
out the world as possible.

Once genes have been isolated from the lentil
genome they will need to be validated for function
using a differential or transgenic approach. Already
differential array chips exist that were constructed
from expressed sequences within related legume
species such as soybean (Vodkin et al. 2004).
Through gene conservation and intergeneric syn-
teny, these chips may be useful for determining the
orthologous genes up-regulated in lentil in re-
sponse to similar stimuli, such as exposure to a
fungal pathogen. However, correct gene identifica-
tion is still very much reliant on the sequences al-
ready present within existing databases. Agrobac-
terium-mediated and particle bombardment gene
transfer protocols have been developed for lentil
(Sarker et al. 2003 and Gulati et al. 2002 respec-
tively), and ultimately these will serve as a means
to prove gene function via gene silencing and gene
expression in alternate genetic backgrounds.
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6.1
Introduction

Chickpea (Cicer arietinum) is the only cultivated
species belonging to the Cicer genus, which is a
member of the Leguminosae family Cicereae Alef
tribe (van der Maesen 1987). Chickpea is an annu-
al, winter-grown legume that stands between 20 cm
and 1 m tall (Muehlbauer and Tullu 1997). The
plant resembles a small bush with frond-like leaves
and a number of woody stems at the base. Foliage
is covered with glandular hairs that secrete highly
acidic exudates, which are important compounds in
conferring tolerance to insect pests (Oplinger et al.
1997). The plant has a deep root system and is con-
sidered a hardy crop.

Chickpea flowers are white, pink, purplish, or
blue in color and are auxiliary, solitary, or in in-
florescences of two to three. Consequently, the pods
formed contain one to three seeds of varying size,
shape and color. The variations in seed characters
are used as the basis in the classification of Desi
and Kabuli - the two main commercial chickpea
types (Kearns 1991; Carter 1999). Desi has a small,
angular and usually brown seed, which ranges in
weight from 12 to 20 g per 100-seed, whereas Ka-
buli has a large (25 to 60 g/100-seed), round and
cream to white seed. The main use of chickpea is
for human consumption and it is grown as a crop
in many geographical regions around the world in-
cluding South Asia, West Asia, North and East Afri-
ca, southern Europe, North America and southern
Australia. The seeds provide an important source
of protein, especially for people who are strict ve-
getarians. They may be consumed whole, as dhal
or flour, or the young shoots may be eaten as a ve-
getable (Muehlbauer and Tullu 1997). Desi has a
long history of production in the Indian subconti-
nent and is split or milled to make food products.
The Kabuli type, also known as garbanzo bean, is

used mainly in salad bars and vegetable mixes. In
some countries, chickpea is used as a feed for live-
stock (Oplinger et al. 1997) and as a traditional
medicine (Muehlbauer and Tullu 1997). However,
the average annual chickpea yield worldwide (0.78
ton/ha) is considerably lower than its predicted po-
tential, most likely due to the cumulative effect of
many biotic and abiotic constraints (Singh et al.
1994; Sudupak et al. 2002).

6.1.1
Classification, Nomenclature and Origin

Chickpea (Cicer arietinum L.) was previously
placed in the tribe Vicieae of the legume family,
which includes vetch, lentil and faba beans. Due to
pollen morphology and vascular anatomy, the tribe
Cicereae was subsequently classified separately from
other members of the Vicieae (Kupicha 1977). So
far, there have been 43 species reported for Cicer: 9
annuals (including the cultivated C. arietinum), 33
perennials and 1 unspecified (van der Maesen
1972, 1987; Muehlbauer 1993). The cultivated spe-
cies has many common names including chickpea
(English), Bengal gram (Indian), garbanzo (Latin
America), hommes, hamaz (Arab world), nohud,
lablabi (Turkey) and shimbra (Ethiopia) (Muehl-
bauer and Tullu 1997).

Chickpea was one of the first grain legumes to
be domesticated in the old world (van der Maesen
1987). Earlier botanists postulated several different
geographical origins. De Candolle (1883) traced the
origin to an area south of the Caucasus and in the
north of Persia. This was supported by van der
Maesen (1972). However, Vavilov (1926) identified
two primary centers of origin, Southwest Asia and
the Mediterranean, and one secondary center of
origin, Ethiopia. Based on cytogenetical and seed
protein analyses, Ladizinsky and Adler (1976a) con-
sidered Cicer reticulatum as the wild progenitor of
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chickpea and southeastern Turkey as the center of
origin for the crop. Van der Maesen (1987) also
recognized the southeastern part of Turkey adjoin-
ing Syria as the possible center of origin of chick-
pea based on the presence of the closely related an-
nual species, C. reticulatum and C. echinospermum.

Investigations into the genetic relatedness
among Cicer species were initially done by assess-
ing similarities in plant morphology (Ladizinsky
and Adler 1976 b; Robertson et al. 1997), karyotype
(Ocampo et al. 1992), crossability (Ladizinsky and
Adler 1976b; Ahmad et al. 1988; Singh and Ocam-
po 1993) and isozymes (Kazan and Muehlbauer
1991; Ahmad et al. 1992; Labdi et al. 1996; Tayyar
and Waines 1996). Results from karyomorphologi-
cal examination (Ocampo et al. 1992), interspecific
hybridization (Singh and Ocampo 1993, 1997), iso-
zyme pattern analysis (Labdi et al. 1996) and chro-
matin characterization (Galasso et al. 1996) be-
tween chickpea and the wild relatives indicated that
C. arietinum evolved from C. reticulatum. More re-
cently, analyses using DNA-based molecular mark-
ers to directly evaluate genetic variation (Serret et
al. 1997; Ahmad 1999; Choumane et al. 2000; Iruela
et al. 2002; Sudupak et al. 2002; Nguyen et al. 2004)
confirmed that C. reticulatum was likely the pro-
genitor of cultivated chickpea.

Using AFLP markers, Nguyen et al. (2004) dem-
onstrated that all assessed Cicer species fitted into
three main groups: Group I (the primary and sec-
ondary crossability groups documented by Ladi-
zinsky et al. 1976b) clusters C. arietinum between
C. echinospermum and C. reticulatum. Group II
(the annual tertiary group) includes C. judaicum,
C. pinnatifidium and C. bijugum. Group III (mostly
perennial tertiary) includes C. anatolicum, C. oxyo-
don, C. canariensis, C. flexuosum, C. macracan-
thum, C. microphyllum, C. multijugum, C. nurista-
nicum and C. songaricum as well as two annual
species C. yamashitae and C. cuneatum. Using C-
banding and in situ hybridization techniques, Ga-
lasso et al. (1996) suggested that both C. arietinum
and C. echinospermum were derived from C. reticu-
latum via loss of one pair of satellite chromosomes.
Subsequent accumulation of chromosomal rear-
rangements in C. echinospermum gave rise to a hy-
brid sterility barrier, further differentiating this
species from the other two Cicer species.

6.1.2
Traditional and Current Breeding Objectives

Despite the economic value of chickpea and the rel-
atively long period of traditional breeding, the pro-
ductivity of the crop has not greatly improved in
recent years. In Australia, the annual yield substan-
tially dropped during the past decade and has only
now recovered to the 1995 level (FAOSTAT Data-
base 2004). This was most probably due to disease
and the effects of poor environmental adaptation.
Therefore, chickpea breeding programs are focused
on improving the genetic potential of the crop by
producing genetic combinations that offer protec-
tion against key abiotic and biotic stresses. In par-
ticular, the crop is highly susceptible to the fungal
diseases fusarium wilt and ascochyta blight.

Fusarium wilt, caused by Fusarium oxysporum
Schlecht. emend Snyd. & Hans. f.sp. ciceri (Pad-
wick) Snyd. & Hans., is prevalent in many chick-
pea-growing regions of the world including South
and North America, Asia, Africa and the Mediter-
ranean. The disease is capable of causing total crop
loss and is difficult to effectively manage via crop
rotation or foliage fumigation since the pathogen is
soil borne (Benko-Iseppon et al. 2003; Sharma et
al. 2004).

Ascochyta blight, caused by Ascochyta rabiei
(Pass.) Lab, is one of the most damaging diseases
of chickpea worldwide. Under favorable conditions
of high humidity and moderate temperature (20 to
22°C), the disease can cause total yield loss (Singh
and Reddy 1990). The use of resistant cultivars is
considered to be the most practical and cost-effec-
tive method of control (Jimenez-Diaz et al. 1993).
However, resistance is thought to be inherited in a
complex and quantitative manner (Flandez-Galvez
et al. 2003b). Although moderate resistance has
been detected in existing accessions within germ-
plasm collections (Singh and Reddy 1994; Tekeoglu
et al. 2000; Flandez-Galvez et al. 2003 a), the prob-
able recessive nature of the resistance genes has
most probably hindered the development of highly
resistant and superior cultivars.

As an initial step towards broadening the genet-
ic diversity of chickpea and achieving better yield-
ing varieties, there has been a surge in the compre-
hensive understanding of the amount and pattern
of natural genetic variation that exists within and
between the available cultivated chickpea germ-
plasm collections. Researchers have concluded that
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the cultivars and wilder accessions of C. arietinum
are lacking in necessary diversity that may include
desirable traits needed for effective genetic im-
provement of the crop (Robertson et al. 1997; Col-
lard et al. 2003). Nguyen et al. (2004) detected 102
polymorphic AFLP loci among accessions of C. pin-
natifidium, with an overall gene diversity of
h=0.126, whereas only 20 polymorphic AFLP loci
were detected among accessions of C. arietinum
(h=0.036). By looking to crosses with wild relative
species members, the genetic bases of breeding
programs may potentially be broadened and desir-
able traits integrated (Singh and Ocampo 1997).

Singh et al. (1994) reported that many Cicer
species contained sources of resistance to many
pathogens. In particular, accessions of the wild an-
nual species C. pinnatifidium, C. judaicum, C. biju-
gum and C. echinospermum have been shown to
contain useful levels of resistance to Ascochyta ra-
biei (Singh et al. 1981; Haware et al. 1992; Stami-
gna et al. 1998; Collard et al. 2003; Nguyen et al.
2005).

Recently, 11 of 56 accessions of Cicer species
(Berger et al. 2003) assessed were found to contain
moderate to high levels of resistance to an aggres-
sive Australian isolate of A. rabiei. Interestingly all
of the resistant C. pinnatifidum accessions (ATC
48694, ATC 46901, ATC 46960), the resistant C.
echinospermum accession (ATC 42328) and one re-
sistant C. judaicum accession (ATC 46864) origi-
nated from Turkey. The other resistant C. judaicum
accessions originated from Syria (ATC 46868, ATC
46934, ATC 46935), Israel (ATC 46892, ATC 46899)
and Jordan (ATC 46893) (Nguyen et al. 2005).

To be useful for potential desirable gene trans-
fer, two accessions from different species need to
be crossable. Among the annual relatives, only two
wild species, C. reticulatum and C. echinospermum,
have been crossed with C. arietinum to produce
fertile interspecific hybrids. Plants from C. arieti-
numx C. reticulatum crosses were completely fertile
(Singh and Ocampo 1993, 1997); however, plants
from C. arietinumxC. echinospermum crosses var-
ied from complete sterility to complete fertility
(Singh and Ocampo 1993). Confirming their close
phylogenetic origin, Tayyar et al. (1994) observed
similar C-banded karyotypes of these wild species
with that of cultivated chickpea. A preliminary
comparative mapping between interspecific C. arie-
tinumxC. reticulatum (Winter et al. 2000) and in-
traspecific C. arietinum genomes likewise revealed

the speciation of chickpea from C. reticulatum via
inversion of DNA sequences and minor chromo-
somal translocation (Flandez-Galvez et al. 2003 b).

In order to make optimal use of any desirable
traits detected within novel germplasm, the geno-
mic location of the governing genes should be
identified. The use of molecular markers closely
linked to genes of agronomic importance, such as
disease resistance and drought tolerance, may be
used to screen large numbers of new genetic com-
binations within breeding programs. Marker-as-
sisted selection will lead to a more effective selec-
tion and pyramiding of such desirable genes within
agronomically superior genotype backgrounds. The
first step towards this is the production of an infor-
mative genome map.

6.2
Construction of Genetic Maps

6.2.1
A Brief History of Cicer Mapping Efforts

There has been considerable progress on genetic
mapping in chickpea in recent years. However, due
to the extremely low level of genetic polymorphism
detected within the cultivated gene pool (Ahmad et
al. 1992; Udupa et al. 1993; Labdi et al. 1996), map-
ping has historically focused on using interspecific
Cicer populations. These have included populations
derived from crosses between C. arietinum and the
wild relatives C. reticulatum (Kazan et al. 1993; Si-
mon and Muehlbauer 1997; Winter et al. 1999,
2000; Santra et al. 2000; Banerjee et al. 2001; Tekeo-
glu et al. 2002) and C. echinospermum (Collard et
al. 2003) (Table 1).

However, a genetic map constructed from an in-
terspecific cross may not represent the true recom-
bination distance (cM) map order of the cultivated
genome. Due to the uneven recombination of
homoeologous chromosomes during meiosis, DNA
markers for linkage analysis may have a high de-
gree of segregation distortion in the mapping pop-
ulation. This results in biased estimations of the
linkage marker distances (Lorieux et al. 1995; Liu
et al. 1996). Irregularities during meiosis in inter-
specific F; plants have been reported in Cicer, like
the lacking of one chromosome during Anaphase I
in 6% of pollen mother cells (Pundir and Mengesha
1995) and the occasional observation of two univa-
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Table 1. Details of interspecific and intraspecific Cicer genome linkage maps

Population Pop. No.of Types of markers Length Trait Reference

type® size® markers (cM)

CaxCr; F, n.. 28 Morphological and iso- 257  None Kazan et al. (1993)
zyme

CaxCr; F, n.i. 91 Morphological, isozyme, 550 None Simon and Muehl-
RFLP and RAPD bauer (1997)

CaxCr; RIL 130 354 STMS, DAF, AFLP, ISSR, 2,078 Fusarium wilt resistance Winter et al. (1999,
RAPD, isozyme, cDNA, 2000)
SCAR

CaxCr; RIL 142 117 RAPD, ISSR, isozyme, 982 Ascochyta blight resistance Santra et al. (2000);
morphological, RGA Rajesh et al. (2002 a)

CaxCr; F, 86 36 RAPD 2 LGs  Leaf length, leaf width and Banerjee et al. (2001)

erect plant habit
CaxCa; RIL 76 80 STMS, RAPD, ISSR 297  Double podding and pig- Cho et al. (2002)
mentation
CaxCa; F, 85 66 STMS, RGA, ISSR 535  Ascochyta blight resistance Flandez-Galvez et al.
(2003 a,b)

CaxCr; RIL 142 167 RAPD, ISSR, isozyme, 1,175 Fusarium and ascochyta Tekeoglu et al. (2002)
morphological, STMS, blight resistance, agronomic
RGA added to Winter et traits
al. (2000) map

CaxCa; RIL 96 52 STMS 419  Ascochyta blight resistance Udupa and Baum

(2003)
CaxCe; F, 100 83 RAPD, STMS, ISSR, RGA 570 Ascochyta blight resistance Collard et al. (2003)
CaxCr 159 296 Defence response markers 2,483 Fusarium blight resistance Pfaff and Kahl (2003)

added to Winter et al.
(2000) map

*Population types: C a=Cicer arietinum, C r= Cicer reticulatum, C e= Cicer echinospermum

" n.1.= population size not indicated

lents at Metaphase I (Ladizinsky and Adler 1976a).
In an interspecific C. arietinumxC. echinospermum
population developed by Collard et al. (2003), the
abnormal chromosome pairing and recombination
between the chromosomes of C. arietinum and C.
echinospermum was the likely explanation of the
failure to map two chromosomes (linkage groups,
LGs) of the hybrid genome. Likewise, the most ex-
tensive Cicer interspecific linkage map (Winter et
al. 2000; Tekeoglu et al. 2002) has more than eight
LGs (exceeding the chromosome number of chick-
pea).

Genetic maps based on wide crosses rely on the
identification of polymorphic loci between diver-
gent genotypes. These same loci may not be poly-
morphic between more closely related genotypes.
Such maps thus may have little direct application
in breeding programs that exploit intraspecific
variation within the cultivated forms. A genetic
linkage map constructed from a cross within the

cultivated gene pool, especially in the framework of
targeting traits of breeding interest, would there-
fore be most desirable.

6.2.2
First-Generation Maps

Chickpea is a self-pollinated diploid (2n=2x=16)
annual grain legume with a genome size of ca. 750
Mbp (Arumuganathan and Earle 1991), slightly less
than the well-characterized tomato genome (950
Mbp). Assuming the same recombination rate as
tomato, a 1-cM genetic distance in the chickpea
map may equate to 500 Kbp in physical distance.
Therefore, 70 to 100 evenly distributed markers
may be sufficient to detect any particular locus in
the chickpea genome.

A major development in Cicer mapping was the
development and characterization of sequence
tagged microsatellite site (STMS) primer pairs,
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which have proven polymorphism in chickpea at
an intraspecific level (Hiittel et al. 1999; Winter et
al. 1999). Markers generated by STMS primer pairs
are particularly suitable for genome analysis. Aside
from being highly polymorphic, STMS markers are
PCR based, represent a single-locus, generally co-
dominantly inherited, may utilise non-radioisotope
detection and offer the potential for automated ap-
plication in plant breeding (Mansfield et al. 1994).

One hundred and seventy-four STMS loci were
characterized from the chickpea genome and
proved to be polymorphic in chickpea at an intra-
specific level (Hiittel et al. 1999; Winter et al. 1999).
Winter et al. (2000) demonstrated the suitability of
the chickpea-STMS markers for genome mapping
in a C. arietinumxC. reticulatum population. Te-
keoglu et al. (2002) integrated more chickpea-STMS
markers onto the same population used by Winter
et al. (2000) to produce an extensive linkage map
for Cicer. Pfaff and Khal (2003) also added to this
map 47 gene-specific markers derived from se-
quences of proteins known to be involved in plant
defence responses. The same chickpea-STMS mark-
ers were also used to develop intraspecific linkage
maps of the C. arietinum genome (Cho et al. 2002;
Galvez et al. 2002; Flandez-Galvez et al. 2003 Db;
Udupa and Baum 2003; Sharma et al. 2004) (Table
1). One of the problems with the use of these
chickpea-STMS primer pairs is that they were de-
veloped from a genomic library representing only
18% of the chickpea genome (Winter et al. 1999).
According to Cho et al. (2002) additional STMS
markers are required to provide a more compre-
hensive coverage of the genome.

Although recombination distances cannot be as-
sumed to be equal between intraspecific chickpea
and interspecific Cicer hybrid maps, the use of
common (anchor) markers would allow for a map-
based assessment of linkage conservation and coli-
nearity between the genomes.

6.2.3
Second-Generation Maps

Intraspecific linkage maps of the chickpea genome
have been established by Cho et al. (2002), Flan-
dez-Galvez et al. (2003 a), Udupa and Baum (2003)
and Sharma et al. (2004). The map by Flandez-Gal-
vez et al. (2003a) was the most extensive and re-
sulted in 8 LGs developed from 51 chickpea-STMS,
12 resistance gene analogue (RGA) and 3 ISSR

markers (Fig. 1). The chickpea map constructed by
Cho et al. (2002) consisted of 14 LGs developed
from 55 STMS, 20 RAPD, and 3 ISSR markers.

The mapping of RGA markers on linkage maps
was used as a candidate-gene approach to identify
genes for resistance to various pathogens (Kanazin
et al. 1996; Leister et al. 1996; Yu et al. 1996; Feuil-
let et al. 1997). Although not all amplified products
may correspond to a functional disease resistance
gene, RGA primers have been shown to amplify the
conserved sequences of leucine-rich repeats (LRR),
kinase genes and/or nucleotide-binding sites
(NBS), thereby targeting genes for disease resis-
tance or other important signal-transduction pro-
cesses in plants (Bent 1996). In interspecific popu-
lations of chickpea, degenerate RGA primers or
PCR primers designed from conserved DNA se-
quences of defence-related (DR) genes were suc-
cessfully utilised to identify and map the corre-
sponding sequences in chickpea (Hiittel et al. 2002;
Rajesh et al. 2002; Pfaff and Kahl 2003). However,
only the RGA mapped by Hiittel et al. (2002) were
linked to previously mapped R-genes of chickpea.
Using cleaved amplified polymorphic sequence
(CAPS) and restriction fragment length poly-
morphism (RFLP) analyses, the chickpea RGA were
associated with a Fusarium resistance gene cluster
(Hiittel et al. 2002).

For the chickpea linkage map of Flandez-Galvez
et al. (2003a) there was a tendency for the RGA
markers to locate at specific regions. In particular,
the XLRR and RLRR,s markers amplified with
RGA primers designed from the LRR regions of the
rice R-genes to Xanthomonas compestris pv. oryzae
(Chen et al. 1998), mapped to the central region of
LG 1. As well, RGA markers clustered on LG III,
which may suggest that this region contained a
conserved repertoire of different but functionally
related R-genes of chickpea. Genetic linkage and
clustering of R-genes have been classically estab-
lished (Pryor 1987) and confirmed by RGA-PCR
and linkage analyses in major crops including oat
(Rayapati et al. 1994), barley (Mahadevappa et al.
1994), flax (Ellis et al. 1995), soybean (Kanazin et
al. 1996), lettuce (Maisonneuve et al. 1994) and
corn (Faris et al. 1999). The clustering of R-genes
was suggested to be due to a common evolutionary
mechanism (Sudapak et al. 1993). Indeed, the map-
ping of the ISSR markers associated with ascochyta
blight resistance in an interspecific chickpea popu-
lation (Santra et al. 2000) adjacent to an RGA mar-
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Fig. 1. Intraspecific map of chickpea genome (Lasseter xICC12004) based on 51 chickpea-STMS, 12 RGA (bold) and 3 ISSR
markers (italics). Marker distance was set in cM by the Kosambi function (Lander et al. 1987, with 1 cM ~ 1.4 Mbp. Stars:
Loci that showed segregation distortion. The LGs are numbered from LG I to LG VIII according to their total cM lengths,
with the LG number of the interspecific (C. arietinumxC. reticulatum) map by Winter et al. (2000) noted in parentheses.

After Flandez-Galvez et al. (2003 a)
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ker or cluster may indicate the location of ascochy-
ta blight resistance genes in the region. However,
there was no sufficient data to conclude that the
loci mapped using the RGA by Flandez-Galvez et
al. (2003 a) were the same as those mapped by San-
tra et al. (2000).

Preliminary alignment of the intraspecific link-
age map of chickpea with the C. arietinumxC. reti-
culatum interspecific linkage map (Winter et al.
2000) revealed high linkage conservation in at least
three LGs and colinearity in one LG (Flandez-Gal-
vez et al. 2003 a). In particular, markers on LGs III
and V of the Flandez-Galvez et al. (2003 a) map and
LGs 4 and 6 of the Cho et al. (2002) map were syn-
tenic to LG 4 and LG 6 of the Winter et al. (2000)
map respectively. As well LGs I, II and VII of the
Flandez-Galvez et al. (2003a) map showed synteny
to LGs 2+3, 1 and 5 of the Winter et al. (2000)
map.

6.3
Gene Mapping and QTL Detection
for Disease Resistance

Molecular markers associated with quantitative
trait loci (QTL) for resistance to ascochyta blight
and fusarium wilt have been located on Cicer sp.
interspecific linkage maps (Santra et al. 2000; Win-
ter et al. 2000; Banerjee et al. 2001; Tekeoglu et al.

2002; Collard et al. 2003) and chickpea intraspecific
maps (Flandez-Galvez et al. 2003a; Udupa and
Baum 2003; Sharma et al. 2004). The estimated lo-
cation of these QTL for ascochyta blight resistance
(ABR) and fusarium wilt resistance (foc) were as-
signed to the LGs of the chickpea intraspecific map
of Flandez-Galvez et al. (2003 a) by reciprocal com-
parisons of STMS markers on the interspecific
maps (Santra et al. 2000; Winter et al. 2000; Tekeo-
glu et al. 2002) and intraspecific map (Udupa and
Baum 2003).

To identify the QTL which conditioned ascochy-
ta blight resistance in a pure C. arietinum genetic
background, Flandez-Galvez et al. (2003b) used a
segregating population that was either infected with
a single-spore A. rabiei isolate in a controlled envi-
ronment or naturally infected in the field. The ge-
netic effects of single-locus QTL and QTL in com-
bination were determined relative to their map po-
sitions in the chickpea genome.

By single-locus composite interval mapping
(CIM) analysis, six QTL for ABR were located on
the chickpea map (Table 2, Fig. 2). However, multiple
interval mapping (MIM) resolved only two QTL that
had simultaneous as well as epistatic interaction ef-
fects for resistance, for each disease scoring system
and blight condition. Although different QTL peaks
were detected on LG III using either initial disease
score (IDS) or area under the disease progress curve
(AUDPC) disease scoring systems, the region was

Table 2. Putative QTL for ABR identified by composite interval mapping (CIM) at critical LR threshold of 10.8 (a=0.05).

After Flandez-Galvez et al. (2003 b)

Test parameter® Linkage group Interval length Flanking markers QTL position LRY R%¢
(QTL no.) (cM)® (eM)© (%)

Growth room

IDS II (3) 22.3 TS45-TA3b 14.0 15.61 14.2
111 (6) 0.1 TA146-CLRRinvoo, 0.04 35.18 36.3

AUDPC II (2) 355 TA3a-TS45 16.0 11.70 48.9
III (5) 10.4 TA130-TA146 6.0 39.46 47.8

Field trial

IDS I(1) 5.6 STMS28-TS12b 4.0 13.31 8.0
III (5) 10.4 TA130-TA146 2.0 51.85 37.3

AUDPC 1(1) 5.6 STMS28-TS12b 4.0 12.11 6.5
III (4) 15.4 PTOFENbD,;,-TA130  10.0 67.09 50.2

*IDS =initial disease score, AUDPC=area under the disease progress curve

P Interval between the two flanking markers (cM)
“QTL position from the left flanking marker (cM)

4Peak value of the maximum likelihood ratio (LR) test statistic observed for the QTL in question

¢Proportion of phenotypic variance explained by the QTL
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Fig. 2. Location of putative QTL for ascochyta blight resistance (1 to 6, Flandez-Galvez et al. 2003b) in the intraspecific map
of the chickpea genome (LasseterxICC12004; Flandez-Galvez et al. 2003a). The estimated location of QTL for ascochyta
blight resistance and fusarium wilt resistance was assigned to LGs (left) by reciprocal comparisons of STMS markers on in-
terspecific maps of Santra et al. (2000) (AB shaded box), Collard et al. (2003) (AB open box) and Winter et al. (2000) (foc 4
and 5 star); and the intraspecific chickpea maps of Cho et al. (2004) (arlb horizontal shaded box), Udupa and Baum (2003)
(ar2b horizontal shaded box) and Sharma et al. (2004) (foc 3 star)

consistently mapped for adjacent QTL during both
controlled environment inoculations in a growth
room and the field trial with natural ascochyta blight
infection. The shift of QTL peaks could be due to the
specificity of the two disease scoring systems or to
the limitation of the linkage map used as a frame-
work in the analysis of the QTL. IDS measured the
initial disease reaction of the chickpea plant to asco-
chyta blight, while AUDPC measured the total dis-
ease severity over time.

Although LG III seemed to be well covered with
markers, the whole linkage map was still far from
marker saturation to precisely locate the ABR-QTL.
LG III could be conservatively declared as a major
QTL region for ABR, whereas LGs II and I con-
tained QTL regions more specific for either a con-
trolled environment or field resistance. QTL 2 and
QTL 3 on LG II were detected only in the con-

trolled environment trial, while QTL 1 on LG I was
detected only in the field trial.

All QTL for ascochyta blight resistance verified
by MIM were in regions similar to those mapped
by Santra et al. (2000) in an interspecific C. arieti-
numxC. reticulatum population. QTL 1 was mapped
on the LG containing the marker UBC836 - the QTL
2-ISSR marker previously detected in the interspecif-
ic population. QTL 2 and 3 were also mapped adja-
cent to UBC858, the QTL3-ISSR marker detected by
Santra et al. (2000). Although no marker was de-
tected between the two regions that was common
among studies, the major QTL region in the Flan-
dez-Galvez et al. (2003b) study (QTL 4, 5 and 6)
could also be associated with QTL 2 of Santra et al.
(2000) based on the alignment of a few STMS-anchor
markers between the C. reticulatum interspecific
linkage maps (Tekeoglu et al. 2002).



Chapter 6 Chickpea 117

In another intraspecific population of chickpea
(Udupa and Baum 2003) and an interspecific cross
involving C. echinospermum as the resistance donor
(Collard et al. 2003), the same major QTL region
was also strongly associated with ABR in glass-
house inoculation trials. In this region, Udupa and
Baum (2003) also mapped one of two recessive ma-
jor loci (ar2b) which conferred resistance to patho-
type II of A. rabiei. The other QTL (ar2a) was lo-
cated on LG I near the resistance for pathotype I.
Pathotype II is the same pathotype that occurred
in Australia, and a virulent isolate of this pathotype
was used by Flandez-Galvez et al. (2003b) to map
six QTL for ascochyta blight resistance, including
QTL 4, 5 and 6 on LG III. Studies on resistance loci
to pathotype I located QTL (arl - Udupa and
Baum 2003; and arla, arlb - Cho et al. 2004) on
LG I near the site of foc 4 and 5 resistant loci.

Two QTL for seedling resistance to ascochyta
blight were detected by interval mapping on LG III
of an interspecific population established from a
cross between C. arietinum and a resistant C. echi-
nospermum accession (Collard et al. 2003). Five
markers were also associated with stem resistance
with four of these being linked to seedling resis-
tance. QTL 1 for seedling resistance was flanked by
an STMS marker (TR20) which flanked the QTL 6
peak in the chickpea map (Flandez-Galvez et al.
2003b) (Fig. 2). As well, QTL 2 from Santra et al.
(2000) was determined to be in the same location
as QTL 1 in LG III.

In summary, LG III appears to be a major site
for ascochyta blight resistance loci. There appears
to be a clustering of resistance genes that have
originated from different resistant sources and ex-
pressed from plants challenged with different iso-
lates of the pathogen. Fine mapping around this
site and a functional genomics approach are
needed to determine the similarity or the unique-
ness of these QTL in this region and the effect that
these loci have on resistance.

The mapping of QTL adjacent to RGA markers
could provide a preliminary understanding of the
most likely biological significance of these statisti-
cal estimates and evidence of the location of candi-
date ABR genes in the region. The mapping of QTL
6 at ca. 0.06 cM from CLRRinv (Flandez-Galvez et
al. 2003b) may suggest that this region of the ge-
nome contained many resistance genes which also
contained a c¢f9-like gene. Further nucleotide se-
quencing of this area and functional analysis of pu-

tative resistance genes are required to confirm the
presence of major resistance genes conferring resis-
tance to ascochyta blight. RGA marker CLRRinv
was designed from the LRR regions of the Cf9 gene
in tomato against Cladosporium fulvum (Chen et
al. 1998). The Cf9 gene was shown to be involved
both in first-defence pathogen recognition and in
interaction with a Pfo gene product to activate a
protein kinase cascade of defense responses (Ham-
mond-Kosack and Jones 1997). Indeed, QTL 4 was
mapped adjacent to QTL 5 and 6 and was linked to
the RGA marker PTOFEN. The PTOFEN marker
was designed from the protein kinase domain of
the Pto gene in tomato which conferred resistance
to Pseudomonas syringae pv. tomato (Chen et al.
1998) via both signal transduction and binding/de-
activating capacities to AvrPto-proteins (Scofield et
al. 1996; Tang et al. 1996). Furthermore, the strong
association of the other RGA markers that flanked
these major QTL by one-way ANOVA might explain
the consistent association of this region for ABR
across different genetic backgrounds, disease scor-
ing systems and possibly different A. rabiei patho-
types.

Cho and Muehlbauer (2002) also identified de-
fence-related sequences in chickpea populations
segregating for ABR and fusarium resistance that
were homologous to a LRR receptor-like kinase.
Pfaff and Khal (2003) mapped 47 gene-specific
markers derived from sequences of plant defence
response (DR) proteins in the interspecific cross of
Winter et al. (2000). Although the markers were
distributed over all LGs, none was linked to fusar-
ium wilt resistance, foc4/foc5. However, the catalase
marker mapped between STMS markers TR20 and
TA2 flanked the major locus for ascochyta blight
resistance on LG 3 (Fig. 2).

Flandez-Galvez et al. (2002b) determined that
resistance of chickpea to ascochyta blight was con-
ferred by an epistatic interaction between the addi-
tive gene action of the major QTL and the domi-
nance gene action of the other (minor) QTL. In all
QTL, the resistance-enhancing alleles were found to
be derived from the susceptible parent, Lasseter,
validating the previously reported recessive inheri-
tance of ABR in chickpea (Singh and Reddy 1983;
Tewari and Pandey 1986; Dey and Singh 1993; Te-
keoglu et al. 2000). Results from QTL analysis re-
vealed that at least three recessive and complemen-
tary major genes, and four minor genes specific for
either glasshouse or field resistance, were control-
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ling the ABR in chickpea. This is in agreement
with the findings of Tekeoglu et al. (2000) that in
intra- and interspecific recombinant inbred lines
(RIL), ABR is conferred by at least three recessive
and complementary major genes with several
modifiers. Udupa and Baum (2003) reported that
ascochyta blight resistance to pathotype I was con-
trolled by one major gene, and resistance to patho-
type II was controlled by two recessive genes with
complementary gene action.

Fusarium wilt caused by Fusarium oxysporum
f.sp. ciceris is known to contain eight races; how-
ever, resistance is known for some of these to be
conferred by more than one gene in specific geno-
types. The resistance genes (foc) for fusarium wilt
races foc 1, 3, 4 and 5 have been shown to be clus-
tered into two groups on LG I: foc 1, 4, and foc 3,
5 (Fig. 2; Winter et al. 2000; Sharma et al. 2004).
The clustering of fusarium wilt resistance genes
(foc gene clusters) and ascochyta blight resistance
genes (arl, ar2a, arla, arlb) against two different
pathotypes of A. rabiei on this LG I indicates the
presence of another major site for pathogen de-
fence in chickpea.

6.4
Future Scope of Works

The exploitation of genome mapping in chickpea
to improve breeding strategies is in its infancy. Sat-
urated linkage maps have yet to be developed, and
only a few traits have been putatively mapped. A
lot more work is needed to fine map LGs that con-
tain functional genes and identify flanking markers
to these loci that can be used in marker-assisted se-
lection or for map-based gene cloning. The use of
transcriptome mapping and functional array tech-
nologies will enhance the identification of func-
tional genes.

The precise chromosomal localisation of fusar-
ium blight resistance genes and the quantitative as-
cochyta blight resistance genes will be developed
through the production of dense linkage maps of
chickpea. The complexity of the resistance genes in
chickpea is associated with the complex pathotype
or race structure of the pathogens.

For ascochyta blight and fusarium resistance,
the development of tightly linked molecular mark-
ers to major resistance genes will lead to pyramid-
ing of resistance genes through the breeding of elite

lines containing multiple resistance loci. Selected
lines containing multiple resistance genes, as well
as other desirable physiological and agronomic
traits, will be assessed for resistance level and sus-
tainability to multiple isolates and different patho-
types of A. rabiei under varying environmental
conditions. The developed lines will be used by
breeders to incorporate high levels of resistance
into commercial cultivars through conventional
breeding methods.
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7.1
Introduction

7.1.1
History of Crop

The genus Lathyrus L. is a member of the Vicieae
tribe (family Fabaceae), the other members of
which are Pisum, Lens and Vicia. Lathyrus consists
of ca. 160 species (Allkin et al. 1986). The most
comprehensive infrageneric classification of Lathy-
rus by Kupicha (1983) separated the species into 13
sections based on morphological traits (Orobus,
Lathyrostylis, Lathyrus, Orobon, Pratensis, Aphaca,
Clymenum, Orobastrum, Viciopsis, Linearicarpus,
Nissolia, Neurolobus and Notolathyrus). Recent
molecular-based studies have supported the classifi-
cation system of Kupicha (1983) for some species
(Croft et al. 1999); however, studies of the chloro-
plast DNA of 42 Lathyrus species (Asmussen and
Liston 1998) and AFLP analysis of 18 species (Badr
et al. 2002) suggest that reclassification of some
species to different sections may be required.

The most economically important and widely
cultivated Lathyrus species is L. sativus. L. sativus
is grown as a forage crop and is also cultivated for
human consumption and as a stock feed. Other im-
portant Lathyrus species are L. cicera (dwarf chick-
ling), L. tingitanus, L. ochrus, L. hirsutus, and L.
sylvestris as grain and/or forage crops and L. odor-
atus (sweet pea) and L. latifolius, which are orna-
mentals. The main center of diversity of Lathyrus
species is the eastern Mediterranean, with smaller
centers of diversity in North and South America
(Kupicha 1983). L. sativus is thought to have origi-
nated in southwest and central Asia; however, its
natural distribution has been obscured by wide-
spread cultivation, even in its presumed center of

origin (Smartt 1984). Domestication of L. sativus is
evidenced by remains of L. sativus seed from the
Balkans, dated at 8000 BC (Kislev 1989), and from
Jarmo (Iraq), dated at 6000 BC (Helbaek 1965). L.
sativus is now widely distributed throughout the
world. However, despite the widespread distribu-
tion of L. sativus and the length of time that it has
been cultivated, it has not progressed as a pulse
crop to the same extent as other Mediterranean
pulses (field pea, lentil and chickpea). Smartt
(1984) hypothesized that the lack of progress of L.
sativus as a pulse crop might have been due to its
other and perhaps more important use as a forage
crop; thus the countervailing selection pressures for
both purposes may have cancelled each other out.

7.1.2
Botanical Descriptions

L. sativus is known by many common names, in-
cluding grasspea, chickling pea, khesari (India,
Bangladesh), matri (Pakistan), sabberi and guaya
(Ethiopia) and san lee dow (China) (Campbell
1997). It is an herbaceous annual which may grow
to 1.5 m tall (Smartt 1984). It is much-branched
with a straggling or climbing habit (Campbell
1997). The morphology of the plant is reviewed in
detail by Campbell (1997). In summary, the stems
are angular and winged, leaves are pinnate with a
terminal tendril, flowers are solitary and range in
color from blue to red to white, the pods are ob-
long and contain three to five seeds and the seeds
are angled and wedge-shaped, ranging in color
from white to brownish-grey and may be spotted
or mottled (Fig. 1).

L. sativus is predominantly self-pollinated,
although outcrossing does occur. The average out-
crossing rate observed by Chowdhury and Slinkard
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Fig. 1. Lathyrus sativus plant at flowering, young pods and variation in seeds

(1997) was about 2.2%; however, the rate of out-
crossing has been found to vary significantly be-
tween L. sativus genotypes, ranging from 9.8 to
27.8% (Rahman et al. 1995). Bees are presumed to
be the predominant pollinator of L. sativus (Rah-
man et al. 1995; Chowdhury and Slinkard 1997).

All known annual species and most perennial
species in Lathyrus are diploid with 2n=14 chro-
mosomes. There are a few polyploids among the
perennials, including L. palustris, a hexaploid with
4x=42, and L. venosus, a tetraploid with 28 chro-
mosomes (Narayan and Durrant 1983). Large in-
creases in chromosome size have occurred during
the evolution of diploid Lathyrus species; Narayan
and Durrant (1983) measured a four-fold difference
in DNA between 25 Lathyrus species (16.78 pg of
2C nuclear DNA in L. sativus). However, despite
differences in chromosome size, chromosome shape
and karyotype arrangement between complements
are similar among Lathyrus species (Narayan and
Durrant 1983).

L. sativus is very tolerant of drought conditions
and is not affected by excessive rainfall (Campbell
et al. 1994). It has a penetrating root system and
can be grown on a wide range of soil types (Ali et
al. 2001) and is suited to a range of environments
from temperate to subtropical regions. In subtropical
regions of south Asia it is broadcast sown into a
standing rice crop before harvest and grows through
the winter months. In Mediterranean regions it is
sown after the first autumn rains (Campbell 1997).

7.1.3
Economic Importance

L. sativus is an important pulse crop of economic
significance in Bangladesh, India, Pakistan, Nepal
and Ethiopia (Campbell et al. 1994; Yadav and
Mehta 1995). It is also cultivated in central, south
and eastern Europe, west Asia and north Africa
(Campbell 1997). Additionally, it is being investi-
gated as a potential crop for other parts of the
world, including Australia (Siddique et al. 1996;
Hanbury et al. 1999). The crop is commonly grown
for its grain, but it is also used for fodder or green
manure (Campbell 1997). As L. sativus is a legume
crop it fixes atmospheric nitrogen; therefore the
crop itself is important in the farming system as a
source of nitrogen for later crops.

For human consumption the plant is utilized in
a number of ways, including boiling the split seeds
to produce a soup-like dish, using the ground seed
to produce bread, roasting the seed and cooking
the young shoots, green pods and seeds as a fresh
vegetable (Campbell 1997). There are few studies
on the nutritional composition of L. sativus seeds.
In a recent investigation of 117 lines, the protein
and ash contents ranged from 23.0 to 31.1% and
2.1 to 4.0% respectively (Granati et al. 2003). These
values are similar to the few previously published
reports reviewed by Campbell (1997).

Statistics on L. sativus area, production and
yield are not readily accessible; however, the infor-
mation that is available indicates that India is the
largest producer of L. sativus grain. Between 1980/
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81 and 1994/95 the area sown to L. sativus in India
ranged from 0.9 to 1.4 million ha, with an average
yield of 0.4 to 0.6 t/ha (Gautam et al. 1997). Ban-
gladesh and Ethiopia are the second and third larg-
est producers of L. sativus grain, with 0.24 m ha
(0.7 t/ha) in Bangladesh (as cited in Campbell
1997) and 0.14 m ha (0.7 t/ha) in Ethiopia (as cited
in Tadesse and Bekele 2003).

7.1.4
Breeding Objectives

The major breeding objective for L. sativus im-
provement is reducing concentrations of the neuro-
toxin  f-N-oxalyl-L-a, f-diaminopropanoic  acid
(ODAP) in the seed. ODAP is a non-protein amino
acid associated with a neurodegenerative disease
called neurolathyrism. The disease is not lethal but
causes a degeneration of upper motor neurons,
which is manifested as irreversible spastic parapar-
esis of the lower limbs (Spencer et al. 1986). A re-
cent epidemic of neurolathyrism occurred in Ethio-
pia after the drought of 1995/96, which wiped out
most of the food crops except L. sativus (Getahun
et al. 1999). Overconsumption of L. sativus was
found to be the primary casual factor for neuro-
lathyrism incidence (Getahun et al. 1999).

Other major breeding objectives for L. sativus
improvement are: increasing grain yield through
the incorporation of yield components such as
double pods per node and increased seeds per pod
and increasing biomass yield (for forage varieties)
(Campbell 1997).

L. sativus lines with low levels of ODAP have
been produced through classical breeding pro-
grams. There is a large natural range of variation
in ODAP concentrations in seed, ranging from ca.
0.22 to 7.20 g/kg (Campbell 1997). Selection for low
ODAP concentration by Dr Clayton Campbell at
Agriculture Canada resulted in a line with 0.03%
ODAP (Campbell 1987). ICARDA has also had a
breeding program for low ODAP since 1989/90,
which involves germplasm evaluation, introduction
of variation through somaclonal variation and hy-
bridization (to introduce the low ODAP trait into
locally adapted germplasm) (Ali et al. 2001).

Identification of molecular markers linked to al-
leles for the low ODAP trait would hasten the
transfer of this trait into locally adapted germ-
plasm. ODAP concentration is assessed on seed
samples; thus markers that distinguished between

plants with alleles conditioning low and high
ODAP concentration would allow assessment at the
seedling stage, saving space and allowing more
germplasm to be screened faster.

Screening of L. sativus lines by Hanbury et al.
(1999) indicated that genotype is the most impor-
tant determinant of ODAP concentration and that
environment has less influence, with genotype-en-
vironment interactions having no effect on seed
ODAP concentrations, which is positive news for
breeding for low ODAP concentration and for the
use of molecular markers to assist selection. ODAP
concentration was found to be quantitatively inher-
ited in crosses involving four low ODAP lines and
one high ODAP line (Tiwari and Campbell 1996).
The experiments also indicated that there were
common genes for ODAP concentration among the
low lines and that there was a maternal effect on
ODAP concentration in some crosses. Quantitative
inheritance of ODAP concentration suggests that
molecular mapping would be a very useful tool for
breeding low ODAP lines.

The biochemical pathway(s) for ODAP produc-
tion are not well characterized. Further research on
identification of the enzyme(s) responsible for
ODAP production would complement efforts to
map the gene(s) responsible for controlling ODAP
concentration. This could eventually lead to the
elimination of ODAP production in L. sativus.

An additional use of molecular markers would
be as diagnostic probes for identifying the presence
of L. sativus DNA. This is particularly important as
the split seed and flour of L. sativus is reported to
be used to adulterate higher-priced alternatives on
the market (Campbell 1997). Thus, L. sativus-spe-
cific markers would allow detection of L. sativus in
mixtures with other pulses.

7.1.5
Germplasm Screening

Morphological characters and characters associated
with phenology, yield and quality of L. sativus ac-
cessions from a wide range of geographical origins
are highly variable (Jackson and Yunus 1984; Han-
bury et al. 1999), which is promising for selection
and breeding of improved L. sativus varieties. Han-
bury et al. (1999) assessed 407 L. sativus lines and
found that there was good potential for selection
for seed weight, seedling vigor, yield, seed ODAP
concentration and phenological traits. The L. sati-
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Fig. 2. Principal component analysis of L. sativus genotypes, based on RAPD data presented in Croft et al. (1999)

vus lines could be divided into two geographical
origins: Indian subcontinent and Mediterranean/
European, based on the agronomic and quality
traits (Hanbury et al. 1999). Jackson and Yunus
(1984) also observed a distinct separation of acces-
sions into two main groups, based primarily on the
size of vegetative parts, flower color and seed color.
One group consisted of blue flowered types from
south-west and south Asia and Ethiopia while the
other group comprised the white and white and
blue flowered types, with a more westerly distribu-
tion around the Mediterranean basin.

Germplasm screening has also been undertaken
using isozymes and molecular markers. Isozyme
analysis by Yunus et al. (1991) showed polymorph-
isms between accessions and also showed no correla-
tion between isozyme polymorphisms and morphol-
ogy or geographical origin. Molecular (random am-
plified polymorphic DNA, RAPD) analysis of varia-
tion within and between L. sativus accessions by
Croft et al. (1999) showed that genetic variation ex-
ists within and between accessions, with generally
a higher level of variation between accessions than
within accessions. Principal component analysis of
this data supports the observation of Hanbury et
al. (1999) that L. sativus lines from the Indian sub-
continent (south and south-western Asia) are dis-
tinct to Mediterranean/European lines (Fig. 2).

7.2
Construction of Genetic Maps

One of the main objectives of plant geneticists is
the development of genetic linkage maps for impor-
tant agricultural crop species, and in recent times
these have become valuable tools for plant breed-
ers. Relative to other pulse species, limited pub-
lished information exists reporting the generation
of linkage maps for any Lathyrus species. The first
reports on linkage in Lathyrus examined linkage of
morphological traits in L. odoratus (sweet pea)
(Punnett 1923, 1932; Bhat 1948) and L. sativus
(grasspea) (Sen and Ghosh 1962). Punnett (1923,
1932) reported the arrangement of 17 morphologi-
cal characters into five linkage groups (LGs) and
two unassociated characters, a result that illustrated
that the haploid number of chromosomes in L.
odoratus is seven. Bhat (1948) later presented an
improved genetic map of Punnett’s B chromosome
in L. odoratus, based on Punnett’s data for only
three characters, using Fisher’s scoring method to
estimate linkage. More recently, the inheritance and
linkage of isozymes in four F, populations of L. sa-
tivus has been investigated (Chowdhury and Slin-
kard 2000). However, it has only been in the last 4
to 5 years that attempts have been made to use mo-
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Table 1. Molecular linkage maps generated for Lathyrus sativus

Population Marker type Marker Average marker No. linkage Reference
coverage (cM) interval (cM)  groups
F, 71 RAPDs 898 17.2 14 Chowdhury and
(100 individuals) 3 isozymes Slinkard (1999)
1 morphological
BC, 47 RAPDS 803.1 15.8 9 Skiba et al.
(92 individuals) 7 STMSs (2004)

13 STS/CAPS

lecular (DNA) markers to construct linkage maps
of the L. sativus genome, and only two molecular
maps have been published (Table 1).

Chowdhury and Slinkard (1999) constructed the
first genetic linkage map of L. sativus using 1 mor-
phological, 71 RAPD and 3 isozyme markers. An
F, mapping population was generated by crossing a
white-flowered parent (PI 42689.1.1.3) with a blue-
flowered parent (PI 283564c.3.2). Map distances
were calculated using the Haldane function, and
the resultant map consisted of 14 LGs covering 898
cM, with an average distance between markers of
17.2 cM.

The second molecular linkage map generated
for L. sativus was based on a backcross population
derived from a cross between one plant resistant to
ascochyta blight, of accession ATC 80878, and one
susceptible plant of accession ATC 80407 (Skiba et
al. 2004). The resistant accession ATC 80878 was
used as the recurrent parent. This linkage map in-
corporating 64 molecular markers, including 47
RAPD, 7 STMS and 13 STS/CAPS markers, com-
prised 9 LGs covering 803.1 Kosambi cM, with an
average spacing between markers of 15.8 cM. Un-
fortunately, due to a lack of common markers, the
two maps by Chowdhury and Slinkard (1999) and
Skiba et al. (2004) could not be aligned.

These two maps represent the first generation
of molecular linkage maps for L. sativus. Future
mapping studies should focus on further saturating
the current L. sativus maps with markers to create
a high-density linkage map, whereby the number
of LGs equals the haploid chromosome number of
L. sativus. Potential anchor markers from these two
maps should also be tested in order to attempt
comparative mapping. A key feature of the map
generated by Skiba et al. (2004) is that it shows the
location of 13 STS/CAPS markers, which were gen-
erated by primers from EST sequences obtained

from a L. sativus cDNA library (Skiba et al. 2003).
These STS/CAPS markers were located on all but
two LGs, and since they were designed from ESTs
derived from coding DNA, which generally have a
high degree of sequence conservation, these STS/
CAPS markers may potentially be transferable
among species, to serve as anchors, thereby facili-
tating comparative mapping.

7.3
Gene Mapping

As stated earlier, limited literature exists reporting
the use of molecular techniques to generate linkage
maps for the identification of genes or regions in
the Lathyrus genome linked to desirable traits. The
first and currently only report of the identification
of a molecular marker linked to a trait in Lathyrus
was made by Hanada and Hirai (2003). Using
bulked segregant analysis, Hanada and Hirai (2003)
identified a RAPD marker linked to the gene re-
sponsible for the tendril trait of L. odoratus. The
distance between the marker and the gene for ten-
drils in the F, population tested was demonstrated
to be 7.7 cM. Breeding L. sativus varieties with zero
or low ODAP content is of primary importance to
Lathyrus breeders. Developing a molecular marker
linked to this trait may promote the application of
marker-assisted selection (MAS) in Lathyrus breed-
ing. The use of molecular markers may accelerate
the generation of new varieties by three plant gen-
erations by allowing the selection of offspring that
contain the desired combination of genetic charac-
ters (Tanksley et al. 1989).
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7.4
QTL Detection

At present, there is only one reported study investi-
gating quantitative trait loci (QTLs) associated with
a trait in Lathyrus. The L. sativus linkage map de-
veloped by Skiba et al. (2004) was specifically used
to conduct QTL analysis to evaluate the backcross
population for stem resistance to ascochyta blight
[Mycosphaerella pinodes (Berk. & Blox.)] in tem-
perature controlled growth room trials. Many ac-
cessions of L. sativus were shown to be highly re-
sistant to ascochyta blight (Weimer 1947; Gurung
et al. 2002) and may serve as a potential source of
resistance alleles, which in future may be incorpo-
rated into resistance breeding programs for pulses
principally susceptible to the disease, such as Pi-
sum sativum L. Three methods were used to detect
QTLs for ascochyta blight resistance: single-point
analysis and simple and composite interval map-
ping. Each method was performed using MapMa-
nager QTX (Manly et al. 2001), which measures the
significance of each potential association between
marker and QTL by a likelihood ratio statistic
(LRS) (LOD="R%/,¢: Haley and Knott 1992).
Markers were considered to be associated with a
putative QTL for ascochyta blight using an LRS
threshold of 9.22 (equivalent to LOD 2).

Skiba et al. (2004) identified a total of two
genomic regions on two linkage groups (Fig. 3)
that were associated with ascochyta blight resis-
tance. The first putative QTL (QTL1) was located
on LG 1, in the vicinity of markers Cf-9, B04_1100
and M16_500, spanning ca. 30 cM. RAPD marker
M16_500 was the closest marker to QTL1, display-
ing the highest LRS value. The phase of these
markers to QTL1 appeared to be linked in repul-
sion with resistance, as an increase in disease was
observed with their presence in the backcross pop-
ulation. QTLI1 explained 12% of the phenotypic
variation in the backcross population.

The second potential QTL (QTL2) reported by
Skiba et al. (2004) was detected using single-point
analysis only. QTL2 was located between RAPD
markers P10_1200 and B07_700 on LG 2 (Fig. 3),
spanning ca. 34 cM. QTL2 accounted for 9% of the
trait variation. Backcross individuals possessing the
marker alleles flanking QTL2 were more resistant
than those that did not, illustrating that these
markers may be linked in coupling with resistance.
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Fig. 3. Genomic positions of QTLs for resistance to ascochy-
ta blight. The QTL detected using simple and composite in-
terval mapping is indicated with a box (' ). Markers signifi-
cantly associated for seedling resistance using single point
analysis are represented with circles (@), while those markers
which possessed significant P values are represented by stars
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However, following interval mapping and permuta-
tion testing, QTL2 was labeled as ‘suggestive’ by
MapManager QTX. Further confirmation of QTL2
is required which may be achieved by saturating
this region on LG 2 with more markers with the
aim of reducing the spacing between the two al-
ready mapped markers. This would thereby allow
for the identification of a marker more closely
linked to the QTL, which may also show a signifi-
cant association between the trait and QTL.

This area of molecular mapping and QTL analy-
sis is still very new in Lathyrus research. Future
Lathyrus mapping experiments should focus on
mapping traits/QTLs that are of particular interest
to Lathyrus breeders today, and in other species of
Lathyrus other than L. sativus. Such traits may in-
clude zero or low ODAP content, seed quality and
yield, as well as resistance to other biotic and
abiotic stresses. Lathyrus species are a possible
source of genes for resistance to many insect pests
(Tiwari and Campbell 1996), cold tolerance (Ro-
bertson et al. 1996) or downy and powdery mildew
resistance genes (Muehlbauer and Tullu 1997).
Mapping and identifying molecular markers linked
to genes conferring these traits may be useful as
molecular tools for MAS for Lathyrus breeders.

7.5
Marker-Assisted Breeding

Molecular markers have many applications in plant
breeding which include (1) determining the iden-
tity of plant genotypes, (2) testing the purity of
breeding lines, (3) analyzing genetic variation, (4)
predicting hybrid performance, (5) establishing hy-
bridity identity, (6) genome mapping and (7)
marker-assisted trait selection (Winter and Kahl
1995; Henry 1997). RAPD analysis was used by
Croft et al. (1999) to investigate the intraspecific
genetic diversity in eight L. sativus accessions from
a variety of geographical origins. In a later study,
RAPD analysis was also used in cluster analysis
studies for classification of two Lathyrus species, L.
odoratus and L. latifolius (Hanada and Hirai 2000).

One potential application of molecular markers
in Lathyrus is the development of sequence charac-
terized amplified region (SCAR) primers tightly
linked to the gene(s) for an economically important
trait. The first, and at present only, reported con-
version of a molecular marker linked to a trait into

a SCAR marker for Lathyrus was made by Hanada
and Hirai (2003). The region in the L. odoratus ge-
nome that was tagged by a RAPD marker linked to
the tendril trait was cloned and sequenced, and a
pair of primers was designed to specifically amplify
this region, thereby developing a SCAR marker.
This SCAR marker may be useful for MAS for
breeding sweet pea cultivars without tendrils,
which is a highly desirable feature of sweet pea in
the cut flower industry.

The identification of markers linked to genes
conferring economically important traits in
Lathyrus would provide a rapid and non-destruc-
tive method for plant breeders to select plants at
the seedling stage on the basis of genotype rather
than phenotype. These markers would also provide
a starting point for map-based cloning of these
genes. Map-based cloning involves the use of
tightly linked markers to isolate target genes by
using the marker as a probe to screen a genomic li-
brary (Tanksley et al. 1995). The identification of
genes controlling important traits will enable plant
scientists to predict gene function, isolate homolo-
gues and conduct transgenic experiments.

7.6
New Tools and Future Directions

Advanced tools for the study and manipulation of
Lathyrus spp. are currently limited, but work on
their development is progressing on several fronts.
Although transformation technologies are currently
unavailable for members of this genus, parallel
technologies in other pulses, e.g. field pea and len-
til (Grant and Cooper 2003; Popelka et al. 2004)
may presumably be adapted for Lathyrus. In other
areas, for instance in gene cloning and genomics,
progress has been made recently in the creation of
an EST library for L. sativus (Skiba et al. 2005).

At the time of writing, a search of GenBank
and GenBank ESTs revealed that there were only
about 40 entries for genomic and cDNA sequences
for all members of the genus Lathyrus. Sequences
for histone proteins, Rubisco, lectin, maturase and
ITS spacers were available for only four species, i.e.
L. sativus, japonicus, latifolius and tuberosus. At
present, the only comprehensive ¢cDNA or EST li-
brary for L. sativus was constructed by Skiba et al.
(2005) from Mycosphaerella pinodes-challenged leaf
and stem tissues. This library, comprising of 818
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Fig. 4. Functional classification of 818 Lathyrus sativus ESTs

ESTs encompasses the entire spectrum of func-
tional categories (Fig. 4), with a slight over-repre-
sentation of defence and cell rescue/death/aging
ESTs. This library will therefore be a particularly
useful resource in future studies on biotic and
abiotic stress factors in Lathyrus. A large percent-
age of ESTs (47%) could not be assigned any func-
tion, and may represent pseudogenes, untranslated
regions or novel genes. ESTs of interest from this
library may be spotted onto microarrays and be
used for a variety of expression studies, for in-
stance for responses to drought and salinity. De-
fence-related ESTs from this library have also been
converted into cleaved amplified polymorphic se-
quence (CAPS) markers (Skiba et al. 2003) for link-
age mapping purposes. As these markers are trans-
ferable between closely related species, they may be
useful as anchor markers in comparative genomic
studies within Lathyrus and between other pulses.
Further, a more comprehensive STS/CAPS map of
L. sativus will allow a comparison of the genome
organization of stress-related genes of this species
with that of model plant species such as Arabidop-
sis thaliana and Medicago truncatulata. However,
despite the usefulness of this library for studying

Energy
20%

Cell Cycle & DNA nocmng/‘
2%

Unknow n/Unclear
47%

biotic/abiotic stresses, it may not be adequate for
the study of other important traits in L. sativus
breeding, e.g. seed size/quality and ODAP content.
For such traits, it may be necessary to construct
specific EST libraries from seed and ovary tissues.
Microarrays constructed from such libraries may
then be used to examine e.g. the effects of different
environmental conditions on the expression of
genes in the ODAP biosynthetic pathway or the ex-
pression of genes upregulated during seed filling.
Despite the economic importance of Lathyrus,
in particular L. sativus, molecular approaches to
the improvement of this crop have largely been
lacking. Progress has been made in other areas,
particularly in germplasm evaluation and the re-
duction of seed ODAP content. The achievement of
the latter is significant, as high seed ODAP levels
has been the main impediment for the adoption of
L. sativus as a safe and viable crop in many coun-
tries. As this main hurdle is removed, new chal-
lenges and opportunities may be found in breeding
new varieties of L. sativus for cultivation in their
traditional regions, but perhaps also for countries
such as Australia and Canada, where the crop is
yet to gain wide acceptance. In this future arena,



Chapter 7 Genome Mapping and Molecular Breeding in Lathyrus 131

genetic engineering, MAS and genomics may pro-
vide the means for accelerating variety develop-
ment. More effort must therefore be expended to
develop these techniques as routine tools for
Lathyrus breeding.
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8.1
Introduction

Pigeonpea (Cajanus cajan L.) Millspaugh (2n=22)
is a major grain legume crop of the semiarid trop-
ics. It is grown extensively in India and other de-
veloping countries of Asia, Africa, and Latin Amer-
ica. Pigeonpea belongs to the genus Cajanus of the
subtribe Cajaninae, tribe Phaseoleae of the subfam-
ily Papilionoideae under the family Leguminosae. It
is the only cultivated food crop of the Cajaninae
subtribe. In terms of global grain legume produc-
tion, it ranks sixth following Phaseolus bean, peas,
chickpeas, broad beans, and lentils. The highest
production of pigeonpea is recorded by India,
where it is the most widely grown grain legume
second only to chickpea. Pigeonpea is grown on
about 5.25 million ha, yielding 3 million tons, and
contributes to about 5% of total world production
of pulses. It is grown for food, fodder, fuel wood,
hedges, windbreaks, soil conservation, green man-
uring, and roofing. Pigeonpea is cultivated as an
annual or semiperennial legume crop, usually in
mixed cropping systems. The crop shows a great
variation in maturity types (90 to 300 d) (Saxena
and Sharma 1990). Traditional cultivars or land-
races are medium to long duration and are har-
vested 6 to 12 months after sowing. The perennial
habit of short-duration pigeonpea enables the pro-
duction of multiple harvests in tropical areas.
Short-duration pigeonpea takes 100 to 140 d to ma-
ture, which now makes it possible to grow a sole
crop of pigeonpea. More recently, short- and extra-
short-duration genotypes have been developed that
mature in 90 d. The shorter-duration genotypes
generally have less sensitivity to photoperiod than
long-duration types.

Pigeonepea is a perennial erect bush, 0.5 to 4 m
tall with strong stem. It can be found growing on
an otherwise arid landscape due to its ability to

tolerate drought and high temperatures. Its deep
root system allows for optimum moisture and nu-
trient utilization and breaks the plow pans, thus
improving soil structure (Nene and Sheila 1990). It
has a fast growing, strong, woody taproot with
well-developed lateral roots in the superficial layers
of the soil. The extensive root system allows plant
to grow and produce grain in very arid conditions
when no other crop can survive. This crop is ideal
for intercropping or mixed cropping because of its
slow initial growth, allowing companion crop,
usually a coarse grain cereal, to grow unhindered.
In Asia, pigeonpea is frequently intercropped with
sorghum or millet, while in Africa maize is the pre-
dominant intercrop. In addition to cereals, pigeon-
pea is also intercropped with other legumes and
with root and fiber crops. Pigeonpea grows mainly
by utilizing the residual soil moisture left after the
harvest of companion crop. Local landraces and
cultivars of 180 to 280 d duration are often grown
in this manner to exploit residual moisture in soil
when it is not feasible to raise another crop in
South Asia. Elsewhere, they are generally grown as
perennial hedge crop. Their photoperiod sensitivity
allows them to be grown as a winter crop in mild
winter environments. Pigeonpea is mostly self-polli-
nating, but a range of 3 to 95% outcrossing has
been reported, probably depending on environment
and populations of pollinating insects. When pure
lines need to be maintained, it may be necessary to
cover plants with muslin bags to exclude insects.
Pigeonpea is part of many farming systems
throughout the tropics and subtropics. Although
India produces around 80% of the total crop, 2.6
million tons from nearly 3.5 million ha, it is also
grown less intensively, for instance, in home gar-
dens, elsewhere in Asia, throughout Africa, and in
Latin America. Pigeonpea is best known as a hu-
man food. In India, decorticated, split dried peas
are an important protein source. Pigeonpea is an
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excellent fodder species. Pigeonpea can be grown
in a wide range of soil textures, from sandy soils to
heavy clays. It grows best at a soil pH of 5.0 to 7.0
but tolerates a wider range. It does well in low-fer-
tility soils, making it a favorite among subsistence
farmers. As with most legumes, it does not tolerate
waterlogged or flooded conditions for too long. In
general, pigeonpea is tolerant to drought and high
temperature as compared to most other pulse
crops. It thrives under annual rainfall of between
24 and 40 inches (600 to 1000 mm). It is generally
grown where the temperatures are in the range of
64 to 85°F (18 to 30°C), but under moist soil con-
ditions it can withstand temperatures of 95°F
(35°C) or above. Once established, it is one of the
most drought-tolerant legumes, and it can be
grown in rainfed conditions or with minimal irri-
gation. Pigeonpea is also known for its ability to
access insoluble phosphates in soils low in P, in-
creasing the availability of soluble P for the follow-
ing cash crops in the rotation. Pigeonpea assimi-
lates more nitrogen per unit of plant biomass than
most other legumes and can nodulate in most soils.
Yields of pigeonpea vary considerably among loca-
tions, cultivars, seasons, and cropping systems. Pi-
geonpea seed contains 20 to 30% proteins, is rich
in essential amino acids, carbohydrates, minerals,
and has high amounts of vitamins A and C.

Table 1. Gene pools of pigeonpea.

8.1.1
Classification, Nomenclature, and Origin

Pigeonpea originated in India and later spread to
Africa. The revised genus Cajanus comprises 32
species, with 18 species. 18 species distributed in
Asia, 15 in Australia, and one in West Africa. Of
these, C. cajan is the only domesticated species.
Eleven related genera including Rhynchosia, Eriose-
ma, Dunbaria, Flemingia, and Paracalyx have been
described in the subtribe Cajaninae (van der Mae-
sen 1990). Cajanus cajanifolius is the most probable
progenitor of pigeonpea. Krishna and Reddy (1982)
studied the esterase isozyme pattern of seven Caja-
nus species, showing a closer homology between
pigeonpea and C. cajanifolius than when compared
with other species. The genomic relationships be-
tween C. cajan and its wild relatives have been dis-
cussed on the basis of karyotypes, crossability rela-
tionships, and meiotic behavior (Pundir and Singh
1985a-c, 1986; Dundas 1990), isozyme analysis
(Krishna and Reddy 1982), seed protein profiles
(Ladizinsky and Hemel 1980; Jha and Ohri 1996),
trypsin and chymotrypsin inhibitor patterns (Kolli-
para et al. 1994), random amplified polymorphic
DNA (RAPD) analysis (Ratnaparkhe et al. 1995),
and restriction fragment length polymorphism
(RFLP) studies (Nadimpalli et al. 1993; Parani et al.
2000; Sivaramakrishna et al. 2002). Six of the In-

Primary gene Secondary gene pool

Tertiary gene pool

pool

Pigeonpea C. acutifolius (F.v.Muell) van der Maesen C. geonsis Dalz.

cultivar C. albicans (W.&A.) van der Maesen C. heynei (W.&A.) van der Maesen
collection C. cajanifolius (Haines) van der Maesen C. mollis (Benth.) van der Maesen

C. lanceolatus (W.V. Fitzg) van der Maesen
C. latisepalus (Reynolds & Pedley)

van der Maesen

C. lineatus (W.&A.) van der Maesen

C. reticulatus (Drylander) E v. Muell var.
grandifolius (E. v. Muell) van der Maesen
var. reticulatus

C. scarabaeoides (L.) Thouars var. Penduncu-
latus (Reynolds & Pedley) van der Maesen
var. scarabaeoides

C. sericeus (Benth. Ex Bak.) van der Maesen
C. trinervius (DC) van der Maesen

C. platycarpus (Benth) van der Maesen
C. rugosus (W.&A.) van der Maesen

C. volubilis (Blanco) Blanco
C. kerstingii Harms

Rhyncosia spp.

Dunbaria spp.
Erisema spp.
Flemingia spp.

Source: van der Maesen (1990)
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dian wild species, C. cajanifolius, C. scarabaeoides,
C. trinervius, C. albicans, C. lineatus, and C. seri-
ceus, were successfully crossed with pigeonpea. In-
terspecific hybrids have also been obtained with
the Australian species C. acutifolius, C. conferti-
florus, C. lanceolatus, C. latisepalus, and C. reticula-
tus. However, the hybrids had higher levels of
meiotic abnormalities than reported in hybrids be-
tween pigeonpea and Indian species (Dundas
1990). Recently, C. platicarpus has been successfully
crossed with pigeonpea using embryo rescue (Mal-
likarjuna and Moss 1995). Table 1 shows the wild
relatives of pigeonpea and their classification in
secondary and tertiary gene pool.

The gene bank of the International Crop Re-
search Institute For Semi-Arid Tropics (ICRISAT),
Patancheru, India, currently holds 213 accessions
representing 20 species, besides about 13,300 acces-
sions of cultivated pigeonpeas. The wild gene pool
assembled at ICRISAT also includes other related
genera Rhynchosia (35 species, 303 accessions), Fle-
mingia (8 species, 18 accessions), Eriosema (4 spe-
cies, 7 accessions), and Dunbaria (2 species, 12 ac-
cessions). On the basis of the success of hybridiza-
tion, the species in the secondary gene pool are in-
terfertile with pigeonpea. Those species that do not
readily cross with pigeonpea are placed in the ter-
tiary gene pool.

8.1.2
Yield Constraints and Breeding Objectives
in Pigeonpea

Diseases. More than 50 pigeonpea diseases caused
by a number of casual agents have been document-
ed. These include fungi, bacteria, viruses, nema-
tode, and mycoplasma like organisms. Fusarium
wilt, phytophthora blight, and sterility mosaic are
identified as the most important diseases of pi-
geonpea. Fusarium wilt is caused by Fusarium
udum Butler and is the most important soilborne
disease of pigeonpea. Phytophthora blight is caused
by the phycomycetous fungus Phytophthora drech-
sleri Tucker f.sp.cajani. The disease seems to be
relatively more serious in short-duration pigeonpea
than in medium- and long-duration pigeonpea.
Sterility mosaic (SMD) is the most damaging dis-
ease of pigeonpea. It is caused by pigeonpea steri-
lity mosaic virus (PPSMV) transmitted by the erio-
phyid mite, Aceria cajani (Kumar et al. 2005). SMD
is responsible for yield losses worth over US$ 300

million per annum and is endemic in all the pi-
geonpea-growing areas of South Asia. SMD-affected
plants show characteristic mosaic symptoms in
leaves with reduced or no flowering (Jones et al.
2004). Other pigeonpea diseases include Cercospora
leaf spot, witches’ broom, collar rot, dry root rot,
phoma stem canker, alternaria leaf spot, powdery
mildew, rust, bacterial leaf spot and stem canker,
yellow mosaic, cyst nematode, and root-knot nem-
atode. Though considerable progress has been
made on some of the important diseases, much re-
mains to be done.

Insect Pests of Pigeonpea. Insect pests are a ma-
jor constraint to pigeonpea production. Pigeonpea
plants and seeds attract over 200 species of insects
that damage their roots, shoots, flowers, and seeds.
Most of these insect species are sporadic in their
distribution and therefore may not all be regarded
as pests. Most of the economically important insect
pests attack pigeonpea at the reproductive phase
and in storage, when they damage flower buds,
flowers, pods, and seeds. Broadly speaking, the key
insect pests of pigeonpea at the reproductive phase
are grouped into three categories: (1) the flower-
and pod-feeding Lepidoptera larvae (mainly Heli-
coverpa armigera Hilbner, Maruca vitrata, Etiella
zinkenella), (2) the pod-sucking Hemiptera (mainly
Clavigralla spp.), and (3) the seed-feeding Diptera
(Melanagromyza sp.) and Hymenoptera.

The most important yield constraint on pigeon-
pea is from the lepidopteran pest Heliocoverpa ar-
migera. It is commonly found throughout the trop-
ics and subtropics in Asia. In addition to its wide
distribution and host range, high levels of insecti-
cide resistance make this species one of the most
difficult pests to manage. Annual pigeonpea losses
due to H. armigera have been estimated at US$ 317
million worldwide. The pigeonpea pod fly, Melana-
gromyza obtuse Malloch, is another major pest of
pigeonpea that appears to be restricted to Asia.
Losses due to pod fly damage have been estimated
at US$ 256 million annually. In addition to pod
borer and pod fly, the legume pod borer or spotted
caterpillar, M. vitrata (Geyer), is a serious pest of
grain legumes in the tropics and subtropics because
of its extensive host range and destructiveness. The
other important pests of pigeonpea are plume moth
[Exelastis atomosa (Walsingham)], blister beetles
(Mylabris spp.), pod-sucking bugs [Clavigralla spp.,
Nezara Viridula (L.)], weevils (Myllocerus spp.,
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Phyllobius spp., Apion spp., Collasobruchus spp.),
Jassids (Empoasca kerri Pruthi), and white fly [Be-
misia tabaci (Genn.)] (Reed and Lateef 1990; Sha-
nower et al. 1999). The development of insect-resis-
tant and/or tolerant pigeonpea cultivar has been a
high priority in research programs for many years.
Research has been concentrated on H. armigera, M.
obtuse, and other pests.

Breeding Objectives. Increased yield with accept-
able grain quality and stability; resistance to dis-
eases (sterility mosaic, wilt, phytophthora blight),
pests (pod borer, pod fly), drought, waterlogging;
and development of early varieties have been iden-
tified as important breeding targets for pigeonpea.
Pigeonpea is grown in a diverse array of cropping
systems and for multiple uses (food, fodder, and
fuel). In addition to high yields and resistance to
diseases, pests, drought, acidity, and salinity, the
breeding objectives also need to be concerned with
milling quality for split peas, vegetable fodder, high
protein content, and seed size and color. Early
breeding efforts aimed at improving yield, accept-
ability to specific uses and production systems, and
selections were made from landraces. As mentioned
earlier, considerable improvements can be made in
pigeonpea with the selective utilization of germ-
plasms that comprise excellent sources of resistance
to diseases and pests and other important agro-
nomic characteristics. Regarding yield, heterosis-
based breeding was identified as the method of
choice for its increase in pigeonpea. Hybrid breed-
ing is facilitated by using a genetic male-sterility
system. The availability of cytoplasmic males steril-
ity (CMS) in this crop has opened up the possibili-
ty of developing commercial hybrids in this legume
crop.

Use of Wild Relatives of Pigeonpea. Many
achievements have been made in the use of wild
relatives of pigeonpea. Several reports on the suc-
cess of hybridization between pigeonpea and com-
patible wild species in the secondary gene pool are
available (Dundas 1990). Novel plant types were
identified from interspecific crosses involving the
species in the primary gene pool. A shortest genet-
ic dwarf was isolated from a cross between C. cajan
and C. scarabaeoides. Introgression from compati-
ble wild germplasm in the primary gene pool re-
sulted in the transfer of new CMS systems and the
development of high-protein, cleistogamous flower

and dwarf pigeonpea lines. Utilization of wild spe-
cies in secondary and tertiary gene pools has been
generally limited due to sterility, restricted recom-
bination, or cross incompatibility. Nevertheless,
these species are extremely important as they con-
tain high levels of resistance to several important
biotic and abiotic stresses. The embryo-rescue and
tissue-culture techniques developed for pigeonpea
have now opened new vistas to access genes from
other wild species in the tertiary gene pool. Crosses
between pigeonpea and related wild species have
included species from both Asia and Australia.

Some Cajanus species possess economically de-
sirable characters that are not available in the pi-
geonpea gene pool. Resistance for insect pests has
been only partial, and germplasm with absolute re-
sistance is not available. Wide hybridization for de-
veloping resistance to pod borer has been sug-
gested. Hybrids were produced between pigeonpea
and C. acutifolius, which has resistance to H. armi-
gera (Mallikarjuna and Saxena 2002). C. scara-
baeoides has resistance to the pod borer, while C.
sericeus and C. albicans are rich in protein. Sharma
et al. (2003) evaluated 28 accessions of wild rela-
tives of pigeonpea for resistance to pod fly and pod
wasp (T. cajaninae). Accessions belonging to C.
scarabaeoides, C. sericeus, C. acutifolius, C. lineatus,
C. albicans, and R. bracteata showed resistance to
pod-fly damage. A partially cleistogamous line that
shows less than 1% pollination was produced from
an interspecific population of C. cajanusxC. linea-
tus, which resulted in the development of three
agronomically superior lines (Saxena et al. 1998).

CMS, which is not easily available in the pigeon-
pea cultivars, has been transferred from the wild
germplasm to the cultivars. CMS is a maternally in-
herited trait with the plant remaining female fertile
but with no viable pollen formation. In crop plants,
it is of great economic importance to have CMS for
commercial hybrid production. Stable CMS was ob-
tained through wide hybridization using C. scara-
baeoides (Reddy and Faris 1981; Tikka et al. 1997;
Saxena and Kumar 2003), C. sericeus (Ariyanayagam
et al. 1993), and C. volubilis (Wanjari et al. 2001).
CMS in pigeonpea has been reported when some
wild relatives of pigeonpea were crossed as the fe-
male parent with cultivated types as the male parent.
Mallikarjuna and Saxena (2005) reported a new
source of CMS developed by using the cultivated pi-
geonpea as the female parent and one of its wild rel-
ative C. acutifolius as the pollen donor.
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In an evaluation for phytophthora blight resis-
tance, C. platycarpus and C. sericeus were identified
as immune (Kannaiyan et al. 1981). ICRISAT has
produced the first hybrid between pigeonpea and
C. platycarpus, thereby transferring resistance to
Phytophthora blight from the wild species. Recently
Kumar et al. (2005) reported broad-based resistance
to pigeonpea SMD in wild relatives of pigeonpea.
In this study 115 wild Cajanus accessions from six
species (C. albicans, C. platycarpus, C. cajanifolius,
C. lineatus, C. scarabaeoides, and C. sericeus) were
evaluated against three pigeonpea sterility mosaic
viruses prevalent in peninsular India.

Most species of Cajanus, especially C. mollis, C.
scarabaeoides, and C. albicans, have higher protein
content (28 to 30%) as compared to cultivated pi-
geonpea. Screening of the wild species for salinity
tolerance identified C. albicans and C. platycarpus
as more tolerant than the cultivated pigeonpea.
Rhynchosia species also has several characters of
agronomic importance such as disease and insect
resistance. For instance, R. rothii possesses the
antimetabolic nature of protease inhibitor that can
provide physiological resistance against certain in-
sects (Singh and Jambunathan 1981). To transfer
such a trait from these species to cultivated pigeon-
pea, breeders need to understand the inheritance
pattern of the trait in such interspecific crosses.

8.2
Pigeonpea Genome Structure

Several crop legumes are among the best character-
ized plant genetic systems, with numerous classical
genetic markers, well-developed DNA marker maps,
and basic tools for genome analysis. However, there
are few reports of using molecular markers in pi-
geonpea genome analysis. Roy (1933) was the first
to report the chromosome number of pigeonpea
(n=11). Later, Naithani (1941) reported the somatic
chromosome number to be 2n=22. Wild relatives of
pigeonpea have been generally found to have same
chromosome number as the cultivated type. The first
report of molecular analysis of pigeonpea genome
was by Dabak et al. (1988) in which the repetitive
DNA content of pigeonpea was estimated. Later, Ohri
et al. (1994) measured the mean 4C DNA amount of
16 pigeonpea cultivars to be 6.86 pg. Greilhuber and
Obermayer (1998) measured DNA amount in eight
accessions of C. cajan by Feulgen densitometry and

flow cytometry. However, the values obtained by
them were only half those reported earlier by Ohri
et al. (1994). More recently, detailed karyotypes
and 4C DNA amounts have been studied in five cul-
tivars of C. cajan and 20 species belonging to Caja-
nus, Rhynchosia, Dunbaria, Flemingia, and Paraca-
lyx (Ohri and Singh 2002). The 4C DNA amounts
in ten species of Cajanus studied vary from 3.28 pg
(C. mollis) to 11.69 pg (C. acutifolius). The results
show that the grouping of Cajanus species according
to their karyotypic feature and DNA amount gener-
ally corresponds with their sectional classification
of the genus proposed by van der Maesen (1986).
The karyotype of C. cajanifolius is most similar to
that of C. cajan.

8.3
Employment of Molecular Markers

At present there are few reports on works at the
molecular level on pigeonpea genome analysis. The
potential of RFLP, RAPD, and simple sequence re-
peat (SSR) markers has been exploited for genetic
diversity studies of pigeonpea. These studies have
proved to be helpful in the classification of existing
biodiversity among plants, which can be further
exploited in wild gene introgression programs.
Classical methods of estimating the genetic diver-
sity in pigeonpea have relied upon morphological
and agronomical characters. However, these charac-
ters can be influenced by environmental factors.
Protein and isozyme electrophoresis were used for
estimating variability in pigeonpea cultivars (Ladi-
zinsky and Hemel 1980; Kollipara et al. 1994). The
major limitation of these techniques is an insuffi-
cient number of polymorphisms among closely re-
lated cultivars. Pigeonpea is one of the exceptions
among grain legumes in that it has a tendency to-
ward outcrossing. As a result of outcrossing, stan-
dard cultivars have become heterogeneous for sev-
eral important agronomic characters. The mainte-
nance of germplasm in pigeonpea is thus very te-
dious. The identification of accessions using molec-
ular markers will be helpful in assessing the purity
and stability of the genotypes entering into the
breeding program. Genetic maps have been con-
structed for several legume crops like soybean, pea,
alfalfa, and other members of Leguminoseae. In pi-
geonpea a genetic map is now being developed
using different molecular markers.
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Fig. 1. a Agarose gel electrophoretic pattern of PCR amplifica-
tion products obtained with different pigeonpea accessions
using Primer OPA1. M represents the phi X 174 marker. Lanes
1-10 indicate pigeonpea cultivars PT-14, T21, PT-31, DPPA 85-
12, ICPL 75-125, TAT-14, Bahar, MTH-12, ICPL-87, and C-11.
b, c Agarose gel electrophoretic pattern of PCR amplification
products obtained with different wild species of pigeonpea
using Primer OPA11 and OPA15. M represents the phi X 174
marker. Lanes 1: C. acutifolius, 2: C. albicans, 3: C. goensis,
4: C. grandifolius, 5: C. lineatus, 6: C. reticulates, 7: C. sericeus,
8: C. volubilis, 9: D. ferruginea, 10: R. rothii, 11: R. bracteata,
12: R. melacophylla, 13: F. stricta, 14: C. cajan-1, 15: C. ca-
jan-2

8.3.1
First-Generation DNA Markers

Nadimpalli et al. (1993) provided the first report of
the use of molecular markers (RFLP) to study the
phylogenetic relationships between the wild rela-
tives of pigeonpea. Twenty-four accessions repre-
senting 12 species of four genera (Cajanus, Dunbar-
ia, Eriosema and Rhynchosia) were examined and
the RFLP markers generated sufficient polymorph-
ism within the wild species. The overall grouping
pattern of species provides partial support for the
sectional classification of the genus as proposed by
van der Maesen (1986). Parsimony and distance
matrix analysis was used for establishing genetic
relationships among species. Both the analysis gen-
erated trees with similar, but not identical topolo-
gies. Following parsimony analysis species C. caja-
nifolius and C. cajan grouped together, as do spe-
cies belonging to other sections (C. albicans, C.
scarabaeoides, C. lineatus, C. sericeus). Parsimony
analysis supports previous reports by van der Mae-
sen (1986, 1990) and De (1974) that C. cajanifolius
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is one of the progenitors of C. cajan. Results from
distance matrix analysis, however, differed with
those from parsimony analysis where C. cajanifolius
clusters with C. scarabaeoides and not with C. ca-
jan. Similarly C. albicans clusters with C. sericeus
and C. lineatus, not with C. scarabaeoides, C. caja-
nifolius and C. cajan. In this study the grouping of
C. volubilis with species of Dunbaria and Rhyncho-
sia corroborates the view that the genomes of these
species are genetically similar. The data also indi-
cate that C. cajan is a monophyletic group with a
single line of descent and that C. cajanifolius and
C. cajan diverged more rapidly than C. cajan and
C. scarabaeoides. In general RFLP data supported
studies utilizing seed storage profiles, and to lesser
extent, crossability relationships and cytology.
These findings emphasize the importance of char-
acterizing the genomes of related species to assist
in effective utilization of wild germplasm in pi-
geonpea improvement.

Later, Ratnaparkhe et al. (1995) studied the util-
ity of RAPD markers for studying genetic relation-
ships among pigeonpea cultivars and wild species.
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Thirteen wild species representing the genus Caja-
nus, Rhynchosia, Flemingia and Dunbaria were
genotyped with RAPDs. Figures 1a-c are represen-
tative gel pictures of RAPD studies in pigeonpea
and its wild species. Figure 1a shows electrophoret-
ic pattern of PCR amplification products obtained
with different pigeonpea accessions using primer
OPA1. Pigeonpea cultivar specific bands were ob-
served using different RAPD primers. Figures 1b
and c are electrophoretic patterns of PCR amplifi-
cation products obtained with different wild species
of pigeonpea using primer OPA11l and OPA15, re-
spectively. Extensive genetic variability was ob-
served in different wild relatives of pigeonpea. The
study indicated that RAPD could be useful for ge-
netic fingerprinting of pigeonpea accessions and to
study the phylogenetic relationship between pi-
geonpea and its wild relatives. The similarity ma-
trix between wild species ranges from 0.22 to 0.85.
The results based on similarity matrix for different
wild species indicates that C. albicans clusters with
C. lineatus and C. sericeus. Cajanus grandifolius, C.
reticulates and C. acutifolius are less closely related
to C. cajan as compared to C. albicans, C. sericeus
and C. lineatus. Rhynchosia species grouped to-
gether, suggesting that all these species have been
derived from a common ancestor. Figure 2 shows
the genetic relationships among selected wild spe-
cies of pigeonpea using RAPD markers.

RAPD markers were recently used for the iden-
tification of two pigeonpea cytoplasmic male sterile
lines derived from crosses between the wild (Caja-
nus scarabaeoides and C. sericeus) and the culti-
vated species of Cajanus cajan (Souframanien et al.
2003). The male sterile (A) line and its maintainer
(B) line could be easily differentiated with certain
random primers. Authors reported that sufficient
polymorphism exists to allow the distinction be-
tween the CMS (A) line, maintainer line, putative R
line and other genotypes.

Parani et al. (2000) studied phylogenetic rela-
tionship between pigeonpea and wild relatives
using ribosomal DNA. Eight species of pigeonpea
were probed with ribosomal gene from wheat and
rDNA intergenic spacer region of Vicia faba. The
dendrogram revealed a close relationship between
C. cajan and C. scarabaeoides. The Australian spe-
cies C. scarabaeoides and C. retuculatus were close-
ly related to C. cajan and C. platycarpus while C.
goensis and C. lineatus were distantly related to the
cultivated species.
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Fig. 2. Genetic relationships among selected wild species of
pigeonpea using RAPD markers (Ratnaparkhe et al. 1995)
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Fig. 3. Genetic relationship among wild relatives of pigeon-
pea using mtDNA RFLP studies (Sivaramakrishnan et al.
2002)

The RFLP study of mitochondrial DNA has
proved to be an excellent method to characterize
closely related species (Grabau et al. 1992; Deu et
al. 1995). In pigeonpea, Sivaramakrishnan et al.
(1997) successfully used maize mtDNA probes to
characterize the various CMS systems.

Finally, Sivaramakrishnan et al. (2002) studied
the diversity in 28 accessions representing 12 spe-
cies of the genus Cajanus. The six sections of the
Cajanus could easily be distinguished based on
their characteristic hybridization patterns. The
study suggests that RFLP of mtDNA could be used
to distinguish Cajanus belonging to the secondary
and tertiary gene pool. Cluster analysis revealed
the clear separation of the two genera Cajanus and
Rhyncosia from each other. The four species of
Rhyncosia formed one major group. In Cajanus, the
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four accessions of C. platycarpus belonging to sec-
tion Rhyncosoides formed a separate group. Caja-
nus rugosus was together with C. volubilis. Cajanus
cajanifolius clustered with section Cantharosper-
mum in a separate subgroup. The close relationship
of C. albicans, C. sericeus, C. cajanifolius and C. ca-
jan was similar to those observed by others using
different molecular methods. Figure 3 shows the
genetic relationship among wild relatives of pi-
geonpea using mtDNA RFLP studies.

8.3.2
Retrotransposons and Microsatellite Markers:
The Second Generation of Molecular Markers

Retrotransposons constitute a large fraction of
many plant genomes. Retrotransposons are now
being utilized as molecular tools in DNA finger-
printing, genetic linkage mapping, phylogenetic
studies, and molecular breeding. Most retrotrans-
poson insertions are irreversible leading thus to
relatively fixed changes, which is a desired attribute
for analyzing phylogenetic relationships. Retro-
transposons are known to cause gene inactivation
by inserting near or within genes or by causing al-
terations in transcript processing and/or stability.
The presence of retroelements in high copy number
and in heterogeneous populations; their dispersed
distribution throughout the genome; and their in-
sertion into new genomic sites without the loss of
parental copies are some of the properties of retro-
transposons which make them particularly suitable
candidates for generating molecular markers in a
variety of crop plants. Lall et al. (2002) reported
isolation and characterization of the first complete
retrotransposon from pigeonpea, called Panzee.
Panzee is a typical retrotransposon, with two long
terminal repeats (LTRs) flanking its internal coding
region. Genomic Southern hybridization experi-
ments using probes derived from three different re-
gions of the element show that Panzee or Panzee-
related elements are present in high copy numbers
in the pigeonpea genome.

Microsatellite or SSRs have recently become im-
portant genetic markers in plant genome research.
SSRs are particularly attractive for distinguishing be-
tween cultivars because the level of polymorphism
detected at SSRs loci is higher than any other molec-
ular marker assay. They are also mostly codominant,
specific molecular markers. They are easier to use
than restriction fragment length polymorphism

(RFLPs) owing to the smaller amount of DNA re-
quired, higher polymorphism and the ability to
automate assays and they are more reproducible
from one laboratory to another than the RAPD
markers. SSR markers can easily be exchanged be-
tween researchers because each locus is defined by
the primer sequences. However, isolation of useful
simple sequence repeat (SSR) loci can be a time-con-
suming and expensive process. In pigeonpea, the iso-
lation of SSR was first reported by Burns et al.
(2001). In this study, (CA);s or (CT);s probe was
used to identify colonies containing SSR motifs that
were then sequenced. The screening for polymorphic
SSRs was conducted on a set of 12 diverse pigeonpea
accessions using 20 primers pairs derived from the
obtained sequences. A set of 10 SSR markers has
been successfully developed, which exhibits poly-
morphism across a range of pigeonpea varieties.
The development of SSR loci in pigeonpea is believed
to facilitate the rapid assessment of gene flow be-
tween populations, allowing the rates of genetic ero-
sion to be monitored, and the development of risk
assessment strategies that are required before any
transgenic pigeonpea can be grown in the field. It re-
mains to be checked if some of these primers can
also be used to amplify SSR loci in close relatives
of C. cajan.

8.4
Pigeonpea Transformation

The introduction of specific genes into pigeonpea
to improve pest and disease resistance and also to
improve nutritional quality could be achieved by
genetic engineering. Although a number of reports
are available on genetic transformation of legumes,
there are few reports of pigeonpea transformation.
Initial studies on regeneration in pigeonpea have
been reported from callus cultures (Kumar et al.
1983), direct differentiation from leaf (Eapen and
George 1993), cotyledon-node explants (Shiva Pra-
kash et al. 1994), and from different seedling ex-
plants (Eapen et al. 1998; Geetha et al. 1998; Mohan
and Krishnamurthy 1998). George and Eapen (1994)
reported organogenesis and embryogenesis from di-
verse explants of pigeonpea. Somatic embryogenesis
has been reported in pigeonpea by Patel et al. (1994),
Mallikarjuna et al. (1996), Srinivasu et al. (1998), An-
bazhagan and Ganapathi (1999), and Mohan and
Krishnamurthy (2002). Multiple shoot production
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was achieved from cotyledon-node explants (Mehta
and Mohan Ram 1980; Kumar et al. 1984; Shiva Pra-
kash et al. 1994; Naidu et al. 1995; Sudarsana Rao et
al. 2001) and from epicotyls explants (Kumar et al.
1984; Naidu et al. 1995).

Reports describing genetic transformation of pi-
geonpea are very recent. Geetha et al. (1999) re-
ported Agrobacterium-mediated genetic transfor-
mation of pigeonpea and development of transgenic
plants via direct organogenesis. Lawrence and
Koundal (2001) and Mohan and Krishnamurthy
(2003) reported the genetic transformation of pi-
geonpea and the analysis of regenerated plants.
Dayal et al. (2003) developed an efficient protocol
for shoot regeneration and genetic transformation
of pigeonpea using leaf explant. Sivamani et al.
(2001) described the development of a novel gene
transfer system for pigeonpea cell lines using parti-
cle bombardment. In this study, molecular analysis
of transformed pigeonpea callus lines engineered
with the heterologous oat arginine decarboxylase
activity (adc) cDNA demonstrated the successful
introduction of transgenes into the pigeonpea ge-
nome. Kumar et al. (2004) reported the genetic
transformation of pigeonpea with the rice chitinase
gene. Prasad et al. (2004) reported the expression
of the biologically active hemagglutin-neuramini-
dase protein of Peste des petits ruminants virus in
transgenic pigeonpea. The study shows that pigeon-
pea is a good experimental system in view of the
biological activity of hemagglutin-neuraminidase
and that pigeonpea satisfies the required conditions
as source of edible vaccine. Biotechnological ap-
proaches such as gene transfer for enhanced dis-
ease and pest resistance offer opportunities for rap-
id improvement of pigeonpea.

8.5
Pigeonpea Research at ICRISAT

ICRISAT has been engaged in research for pigeon-
pea improvement for the last 25 years. During this
period, concerted team efforts have metamor-
phosed the crop from a traditional medium- to
long-duration, bushy, low-yielding crop to pest-
and disease-resistant, early-maturing, photoperiod-
insensitive, and relatively high-yielding crop. The
two major achievements of ICRISAT were the iden-
tification of various sources of genetic male steril-
ity and their use for the development of the hybrid

cultivar of pigeonpea. Many efforts are devoted to
the identification of a CMS system to improve
large-scale seed production of hybrid cultivars.
Male sterile lines have been developed and are used
in hybridization programs. A major germplasm col-
lection has been developed. This collection is char-
acterized by a network of collaborators for different
agronomic traits. Transgenic pigeonpea resistant to
the destructive insect pest legume pod borer (H.
armigera) has been developed. New molecular and
biotechnological approaches are being used for pi-
geonpea improvement.

8.6

Future Outlook:
Comparative Mapping
and Genomics in Legumes

The grain legume crops are second to cereals in
agricultural importance based on area harvested
and total production. In 2004, more than 300 mil-
lion metric tons of grain legumes were produced
on 190 million ha. Traditionally, the legume family
has been divided into three subfamilies: Caesalpi-
nieae, Mimosoideae, and Papilionoideae. Most cul-
tivated grain legumes are found within the Papilio-
noideae, which include the so-called tropical or
phaseloid legumes and the temperate or galegoid
legumes, with the genera Melilotus, Trifolium, Med-
icago, Pisum, Vicia, Lotus, Cicer, and Lens (Young
et al. 2003). The phaseoloid/millettioid clade in-
cludes several legumes that are better adapted to
tropical climates (warm-season legumes), such as
common bean, cowpea (Vigna unguiculata L.
Walp.), pigeonpea (Cajanus cajan L. Millsp.), and
soybean (Doyle and Luckow 2003). Phylogenetic re-
lationships within the legume family (Wojciechows-
ki et al. 2004) are reflected in relatively high simi-
larity or synteny at the genome level among the
cool-season legumes, including Medicago sp. and
pea (Kalo et al. 2004), or between the warm-season
legumes common bean and soybean (Lee et al.
2001), but limited synteny is present among other
legumes (for example, between cool-season and
warm-season legumes) (Choi et al. 2004; Zhu et al.
2005).

Within the legume family, there are four well-
studied model systems, Medicago truncatula, Lotus
japonicus, Glycine max, and Pisum sativum, the
first two being currently the targets of large-scale
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genome sequencing projects. While these cover
only a tiny portion of the legume diversity, they
are providing valuable tools for the genetic charac-
terization and comparative mapping of some of the
more traditional crops. Genomics and bioinfor-
matics approaches allow the scientists to investigate
sequence collinearity between the main crops and
these model species. On a similar line, useful infor-
mation can also be obtained through the construc-
tion of comparative consensus maps integrating the
information of anchor markers and the results of
different mapping populations within the same spe-
cies, and in different species. The molecular genetic
map of the Medicago genome, together with the
knowledge of agronomically important genes,
should pave the way for comparative legume geno-
mics (Thoquet et al. 2002). A large set of markers
from highly conserved M. truncatula gene regions
is being created and used to establish a worldwide
framework for comparative genomic studies in leg-
umes. Gutierrez et al. (2005) investigated the poten-
tial for cross-species amplification of 209 expressed
sequence tag (EST)-based and 33 bacterial artificial
chromosome (BAC)-based microsatellites from M.
truncatula in the three most important legume
pulses, pea, faba bean, and chickpea, that might fa-
cilitate future comparative mapping. The results re-
vealed significant transferability of M. truncatula
microsatellites to the three pulses (40% in faba
bean, 36.3% in chickpea, and 37.6% in pea). The
studies from M. truncatula, soybean, and other leg-
umes may provide important information for the
development of the pigeonpea genetic map and in
genome analysis. The molecular maps for legume
crops of the semiarid tropics (chickpea, groundnut,
and pigeonpea) that are not very dense as com-
pared to the other related legume crops (i.e., soy-
bean) could be improved by the development of
new markers derived from the sequences of the
model species such as Medicago. For legumes, such
as pigeonpea, in which the availability of genomic
sequences and DNA markers are limited, venturing
into such approaches may provide better alterna-
tives than to wait for the genomic information. The
establishment of a comprehensive genetic linkage
map will be a major tool in the improvement of se-
lection efficiency of present breeding programs. It
would also help to understand pigeonpea genome
and its relationships to the wild species genome.
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9.1
Brief History of Crop

Quinoa (Chenopodium quinoa Willd.) is a domesti-
cated staple food in Andean South America
(Fig. 1). It is principally a grain crop, harvested
and consumed in a manner similar to that for cer-
eal grains, although its leaves are also used as a
potherb. Quinoa was domesticated by ancient An-
dean civilizations in the region surrounding the
Bolivian and Peruvian Altiplano (high plain). Gan-

darillas (1968) examined genetic diversity in qui-
noa landraces and found that the greatest diversity
is native to an area between Cuzco, Peru and Poto-
si, Bolivia, with the largest number of landraces lo-
cated in the area of the Altiplano surrounding Lake
Titicaca in Bolivia and Peru. According to Ganda-
rillas (1974) and the National Research Council
(1989), there is a consensus that quinoa’s center of
origin is in the Andean Altiplano and that the area
of ancient cultivation extends from Andean Altipla-
no to regions of Bolivia, Peru, Ecuador, Northern

Fig. 1. Quinoa (Chenopodium quinoa) cv. Real, growing under traditional cultivation practices (groups of plants spaced 1x1

m) near the Salar de Uyuni, Bolivia at ca. 3656 m above sea level
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Chile, and Colombia. The oldest archeological re-
mains of domesticated quinoa date to 5000 BC (Ta-
pia 1979).

Anciently, quinoa was known by a number of
names in local languages. Pulgar-Vidal (1954) men-
tioned that people of the Chibcha (Bogota) culture
called quinoa “suba” or “supha,” the Tiahuancotas
(Bolivia) called it “jupha,” and the inhabitants of
the Atacama desert (currently in Chile) knew it by
the name “dahue” Leén (1964) wrote that the
names “quinua” and “quinoa” were used in Bolivia,
Peru, Ecuador, Argentina, and Chile.

Although it was and is the most widely culti-
vated grain chenopod, quinoa is not the only do-
mesticated species of Chenopodium. Caiiithua (C.
pallidicaule) was domesticated in the same region
as quinoa but is not as productive, nor is it as
highly domesticated as quinoa. Because of its ex-
treme frost tolerance, caiiihua is adapted to high-
altitude environments greater than 4000 m above
sea level and is still cultivated in these areas (Gal-
wey 1995). Huazontle (C. berlandieri subsp. nuttal-
liae) was domesticated in Mexico, where it served
anciently as a seed crop and potherb but is cur-
rently cultivated principally for its leaves and im-
mature inflorescence. A domesticated form of C. al-
bum is cultivated in the Himalayas as a seed grain
and potherb (Partap and Kapoor 1985).

At the time of the Spanish conquest of the Inca
Empire in 1532, quinoa, potatoes, and maize were
the principal staple foods in Andean South Ameri-
ca, with quinoa cultivation extending slightly be-
yond the region occupied by the Incas (Galwey
1995; Cusack 1984; Risi and Galwey 1984). Follow-
ing the conquest of the Incas, quinoa cultivation
precipitously declined with displacement by crops
preferred by the conquistadores. According to Cu-
sack (1984), quinoa held such a high position in
Inca culture and religious ceremonies that the
Spanish conquistadores may have actively sup-
pressed its cultivation in an effort to eradicate tra-
ditional Inca religious rites. Furthermore, quinoa
was not adopted as a crop by European settlers in
South America or in Europe, as were the new world
crops of maize and potatoes. Quinoa cultivation
continued to decline into modern times as rural
farmers migrated to urban centers, incentives were
paid to farmers to plant barley, faba beans, and
oats instead of quinoa, and increased dependence
on imported food discouraged quinoa cultivation.
According to Galwey (1995), the area of world qui-

noa cultivation had declined to ca. 39,000 ha by
1975.

In the mid-1970s, the exceptional nutritional
characteristics of quinoa were discovered and its
popularity began to increase. Andean countries es-
tablished small, but effective, breeding programs,
and several new varieties were released. Efforts to
collect diverse landraces to prevent genetic erosion
resulted in national quinoa germplasm banks in
many Andean countries, the largest being in Boli-
via and Peru. Quinoa’s major use is still as a staple
crop for subsistence farmers in rural regions of the
Andes. However, a new international market for or-
ganically grown quinoa is increasing, creating a de-
mand for export quinoa production in South
America and some commercial production outside
of South America.

9.2
Botanical Description

Wilson (1990) described in detail the botanical clas-
sification of cultivated Chenopodium species. The
genus Chenopodium is in the family Amaranthaceae,
although it was formerly in the family Chenopodia-
ceae. Phylogenic revision has merged the Amar-
anthaceae and Chenopodiaceae under the name
Amaranthaceae (Angiosperm Phylogeny Group
1998). The domesticated Chenopodium species are
classified in two subsections: Cellulata and Leiosper-
ma. Leiosperma includes the South American species
canihua (C. pallidculale) and the Eurasian species
group C. album. Quinoa (C. quinoa) and huazontle
(C. berlandieri subsp. nuttalline) are members of
the subsection Cellulata. Most significantly for scien-
tists interested in quinoa improvement, there is a
dearth of published information on the breeding val-
ue of related Chenopodium species. Another serious
problem concerns the taxonomy of this complex
genus; for example, C. album has been used as a
“convenient taxonomic receptacle” (Wilson 1980),
although this species might actually form a complex
of diploids, tetraploids, and hexaploids (Table 1). It
should be noted that a few of quinoa’s close relatives
have been domesticated, such that they could poten-
tially be developed into productive cultivars in their
own right, either as vegetable or as seed crops. These
include C. album (fat hen or lambsquarters) in Eur-
asia, hexaploid C. giganteum (khan or bithua) in the
highlands of South and East Asia (Partap et al. 1998),
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Table 1. Chenopodium species with their 2n chromosome number, 45S and 5S rRNA locus number (as determined by FISH
to laminar meristem chromosomes) and orgins. Adapted with permission from Kolano 2004

Species Chromosome #  Origin rRNA loci Ref.
458 5S

C. album L. 18 Eurasia (wide spread) 1 2 1, 3,4, 6

36 1 3

54 2 4
C. ambrosioides L. 32 N. America 1 1 1,4,6
C. aristatum L. 18 Eurasia 1 1 1,4, 6
C. berlandieri subsp nuttalliae ‘Huauzontle’ 36 N. America 2 3 1, 4
C. berlandieri subsp nuttalliae ‘Quelite’ 36 N. America 1 3 1, 4
C. berlandieri Mogq. 36 N. America 1 2 1,4
C. bonus-henricus L. 36 Eurasia 2 2 1, 4
C. botrys L. 18, 36 Eurasia 1 1 1,4, 6
C. bushianum Aellen 36, 54 N. America (midwest) 2 4 1,3, 4
C. capitatum (L.) Ascher 18 N. America 1 1 1, 4, 6
C. ficifolium Smith 18 Asia 2 2 1, 3,4
C. foliosum (Moench) Asch. 18 Eurasia 2 1 1, 4
C. giganteum D. Don 54 Eurasia 2 4 2,3, 4
C. glaucum L. 18, 36 Asia/N. America 1 1 1,3,4,6
C. hybridum L. 18 Eurasia/N. America 1 1 1, 3,4
C. murale L. 18 Eurasia 1 1 1,3,4,6
C. neomexicanum Stand. 18 N. America (southwest) 1 1 1
C. pallidicaule Aellen 18 S. America (Andes) 1 1 4
C. petiolare Kunth 36, 54 S. America (Andes) 2 4 4,5
C. polyspermum L. 18 Eurasia 1 1 1,3, 4
C. quinoa Willd. 36 S. America (Andes) 1 2 3,4
C. rubrum L. 18, 36 Europe/N. America 1 2 1,4,6
C. schraderianum Schult. 18 Africa/Asia (southwest) 1 1 1,4
C. sp. Silvestre Salinas’ 18 S. America (Andes) 1 1 4
C. strictum Roth. 36 Eurasia 1 2 1,3
C. vulvaria L. 18 Europe/N. America 1 1 1, 3,4

References: (1) Clemants and Mosyakin 2003, (2) Zhu et al. 2003, (3) Rahiminejad and Gornall 2004, (4) Kolano 2004, (5)

Wilson 1980, (6) Welsh et al. 2003

tetraploid C. berlandieri subsp. nuttalliae (huauzon-
tle, chia, or quelite) in Mesoamerica (Wilson and
Heiser 1979), and diploid C. pallidicaule (cafiahua)
in the Andes.

Quinoa is apparently an allotetraploid, although
most genetic markers, both morphological and mo-
lecular, segregate in a typical disomic Mendelian
fashion (Maughan et al. 2004; Ward 2000, 2001; Bo-
nifacio 1990; Simmonds 1971; Gandarillas 1968).
The chromosome number is 2n=36. The basic
chromosome number for all known species in the
genus and most species in this family is x=9, and
quinoa has numerous wild relatives with chromo-
some numbers of 2n=18, 36, and 54, indicative of
its apparent tetraploid origin (Table 1). The hap-
loid genome of quinoa (n=18) is ca. 967 million

nucleotide pairs, as determined by flow cytometry,
and is thus relatively small compared to most plant
species (Maughan et al. 2004).

Genetically and ecologically, quinoa varieties
can be separated into two economically important
subgroups: Andean ecotypes adapted to the high-
altitude environments of the Altiplano regions of
Bolivia and Peru, and coastal ecotypes adapted to
the humid, disease-prone coastal lowlands of Chile
and Ecuador (Wilson 1988a). Recently, several
modern, improved varieties have been released,
predominantly within the Andean subgroup. These
varieties are genetically uniform inbred lines, and
they display substantially higher yields than their
landrace counterparts (Bonifacio and Gandarillas
1992; Bonifacio et al. 2003).
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There is great morphological diversity among
quinoa varieties and landraces. Leaf color is typi-
cally grayish-green, often with red betalin colora-
tion at the bases of the petioles and in the leaf
veins. Some varieties may have significant betalin
coloration throughout the plant. Seed colors in-
clude coffee, black, white, red, yellow, cream, and
various shades of white. Bitter saponins are present
in the seed pericarp of many varieties.

9.3

Breeding Value of

Other Chenopodium Species
for Quinoa Improvement

Intrageneric hybridization experiments involving a
limited number of related species have documented
the breeding value of other tetraploid species of the
subsection Cellulata for direct, sexual transfer of
genes to improve quinoa (Nelson 1968; Heiser and
Nelson 1974; Wilson and Heiser 1979; Wilson
1980). Wilson and Heiser (1979) and Wilson (1980)
performed a series of interspecific hybridization
experiments to assess relatedness of C. quinoa with
other Chenopodium species. In the former study,
the authors reported limited self-fertility in hybrids
between quinoa and C. berlandieri subsp. nuttalliae
or its wild North American relative C. berlandieri.
In the latter study, crosses with C. murale, C. gigan-
tospermum, C. album, C. missouriense, C. strictum,
C. standleyanum, C. dessicatum, and C. fremontii
failed to produce hybrids. Single hybrids produced
from the C. quinoaxC. petiolare and C. quinoaxC.
neomexicanum crosses did not survive to flower-
ing. However, hybrids between quinoa and other
tetraploid members of subsection Cellulata (C. ber-
landieri, C. berlandieri subsp. nuttalliae, and C.
bushianum) produced partially fertile hybrids that
could be backcrossed to quinoa to produce fruits.
Viable, though sterile, hybrids have also been re-
ported from crosses between quinoa and Atriplex
hortensis (Bonifacio 1995). Breeding strategies in-
volving bridging crosses, colchicine-mediated chro-
mosome doubling, and/or embryo rescue may
prove necessary to expand the breeding gene pool
of quinoa to include Cellulata diploids and more
distantly related Chenopodium and Atriplex species.

In a study analyzing the differential composition
of flavonoids of 16 Chenopodium species, Rahimine-
jad and Gornall (2004) found identical profiles

among the hexaploid “C. album aggregate” (Graeb-
ner 1919) consisting of C. album, C. giganteum, C.
opulifolium, and C. probstii. This profile was identi-
cal in tetraploid C. novopokrovskyanum while two
putative diploid ancestors, C. ficifolium and C. sueci-
cum, possessed component flavonoids of the higher-
ploidy species. Other diploids and tetraploids in-
cluded in the study had unique flavonoid composi-
tions, which indicates that they are not likely candi-
date-ancestors of the C. album hexaploid aggregate.

9.4
Economic Importance

Although quinoa is a minor crop in terms of
worldwide importance, it has great economic sig-
nificance for the Andean region of South America,
particularly for impoverished subsistence farmers
with small land holdings. For these people, quinoa
is an important source of food as well as income.
As the international market for quinoa grows, the
quantity of quinoa harvested for export increases.
The increased demand has led to higher market
prices, which is both an advantage and disadvan-
tage for Andean subsistence farmers. Many families
now sell the majority of their quinoa to generate
much needed income and purchase rice as a re-
placement grain in their diet, thus losing the nutri-
tional benefits of quinoa.

Quinoa is produced principally in Bolivia and
Peru with minor production in Ecuador, Chile, Ar-
gentina, and Colombia. The FAO tabulates data on
quinoa production in Bolivia and Peru and esti-
mates production in Ecuador (Statistical Databases
at www.fao.org). In 2000 (the most recent year with
actual data), quinoa was harvested on 36,847 ha
producing 23,785 metric tons in Bolivia and on
28,889 ha producing 28,382 metric tons in Peru.
Estimates for Ecuador in 2000 were 1,300 ha pro-
ducing 650 metric tons. Because many of the peo-
ple who produce quinoa directly consume much of
what they produce and many live in remote re-
gions, a significant proportion of the quinoa har-
vest does not enter local, national, or international
markets. For this reason, quinoa production data
likely underestimate actual production.

The Altiplano covers 255,000 km? at an altitude
of 3,500 to 3,850 m above sea level. It is predomi-
nantly cold and arid with annual precipitation in
the southern Altiplano of less than 250 mm and



Chapter 9 Quinoa (Chenopodium quinoa) 151

more than 200 d with frost. In spite of such harsh
conditions, more than two million people reside
there, half in rural areas. In these areas, quinoa
production accounts for ca. 50 to 60% of income
for farmers, and 60% of the crop is destined for ex-
port (Bonifacio 2004).

9.5
Breeding Objectives

Quinoa breeding programs have been established
in Bolivia, Peru, Ecuador, and Chile. Quinoa is a
self-pollinated species with predominantly perfect
flowers (a few flowers are pistillate or staminate),
and most improved varieties are homogeneous,
pure-line genotypes. Landrace varieties typically
consist of mixtures of pure-line, homozygous types.
Breeding methods include mass selection, pedigree,
and single-seed-descent approaches. Major objec-
tives include grain yield, maturity, plant habit
(amaranthiform or glomerulate), seed size and col-
or, presence or absence of seed saponins, and resis-
tance to downy mildew (Peronospora farinosa), cut-
worms, and armyworms (Feltia spp., Agrotis spp.
and Spodoptera spp.) and to the quinoa moth (Eur-
ysacca melanocampta).

Grain yields are inherently low, averaging less
than one metric ton per hectare. Improved varieties
often double grain yields and are being widely
adopted. Most improved varieties have large, white
seeds that meet high quality and processing charac-
teristics required by the export market. However, im-
proved varieties with dark-colored seeds, which are
used in traditional recipes and for popping, have also
just recently been released (Bonifacio et al. 2003).

The saponins, an antinutritional triterpenoid
compound found in the seed pericarp, are bitter
and must be removed by washing or through milling
when seeds are processed for local and export mar-
kets. Saponin-free quinoa lines have been developed
and have been shown to be controlled by a recessive
allele at a single genetic locus (Ward 2001). Saponin-
free types are advantageous in that they eliminate the
cost associated with saponin removal during quinoa
processing. However, the presence of saponins in the
seed coat plays an important role in deterring avian
predation in areas where birds are abundant (north-
ern and central Altiplano). In the southern Altiplano,
where birds are scarce and where most of the quinoa
produced is destined for export markets, the devel-

opment of saponin-free varieties is consequently a
major breeding goal and one where marker-assisted
selection (MAS) could be highly effective for breed-
ing programs.

9.6
Quinoa Molecular Marker Studies:
Introduction

Although quinoa is emerging as an important alter-
native crop species, only a few molecular investiga-
tions have been reported for quinoa to date. Initial
molecular investigations focused on isozyme, seed
protein variation, and morphological marker to
study phylogenetic relationships within C. quinoa
(Wilson 1988a,b; Fairbanks et al. 1990). Wilson
(1988 a) reported the detection of 26 allelic variants
at 12 polymorphic isozyme loci that, when com-
bined with morphological data, clearly differen-
tiated C. quinoa into two distinct elements, specifi-
cally into Andean ecotypes (distributed at eleva-
tions above 1800 m) and Coastal/Valley (mainly
Chilean) ecotypes. Moreover, the Andean ecotypes
showed a weak but discernible differentiation into
northern and southern phylogenetic groups. These
data also support the hypothesis of the Altiplano as
the center of origin for the species.

The first use of DNA-based molecular markers
was reported by Fairbanks et al. (1993), who showed
that random amplified polymorphic DNA (RAPD)
analysis could be used to identify DNA polymorph-
isms among C. quinoa accessions. Bonifacio (1995)
reported the use of RAPD markers to identify true
hybrids from intergeneric crosses between C. quinoa
and three species of the closely related genus Atri-
plex, specifically A. hortenisis, A. joaquiniana, and
A. serenana. Ruas et al. (1999) used the RAPD tech-
nique to investigate the genetic relationship among
19 Chenopodium taxa, including 10 C. quinoa (8 do-
mesticated and 2 wild) accessions and 6 related Che-
nopodium species (i.e., C. berlandieri subsp. nuttal-
liae, C. ambrosioides, C. album, C. berlandieri subsp.
joneianum, and C. pallidicale). A total of 33 10-mer
oligonucleotide primers amplified 399 DNA poly-
morphisms with an average of 12 polymorphisms
per RAPD primer. The RAPD data clearly clustered
the accessions relative to species classification. With-
in the C. quinoa group, the two wild accessions
(termed “ajara” ecotypes) clustered closely among
the eight cultivated varieties, suggesting little differ-
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entiation between sympatric domesticated cultivars
and wild C. quinoa accessions. According to Wilson
(1990), the origin and differentiation of C. quinoa in-
cludes placement of the Andean crop weed complex
as a monophyletic, possibly coevolving unit.

9.6.1
First-Generation Genetic Linkage Map

Maughan et al. (2004) developed the first genetic
linkage map of quinoa. This linkage map is based
on 80 F, individuals from the cross KU-2 and 0654,
a Chilean lowland type and a Peruvian Altiplano
type, respectively. The linkage map consists of 230
amplified fragment length polymorphisms (AFLPs),
19 microsatellite or simple sequence repeats (SSRs),
and 6 RAPD markers. It spans 1020 cM and contains
35 linkages with an average density of 4.0 cM per
marker (Fig.2). The number of linkage groups
(LGs) reported in this study is higher than the hap-
loid chromosome number of C. quinoa (n=18). The
excess of LGs when compared to the haploid chromo-
some number suggests that several areas of the ge-
nome remain undetected. Employing the method of
Hulbert et al. (1988), Maughan et al. (2004) predicted
the total length of the quinoa map to be 1700 cM.

Sugar beet (Beta vulgaris L., 2n=2x=18) is the
best-studied member of the Amaranthaceae family
and is a true diploid with a haploid chromosome
number of nine (half that of quinoa). The total
length of the sugar beet high-density genetic map
ranges from 621 cM (Halldén et al. 1996) to 815
cM (Barzen et al. 1995), approximately half the size
of the predicted genetic map for quinoa. Consider-
ing the likely allotetraploid nature of quinoa
(2n=4x=36), a quinoa genetic map twice the size
of sugar beet is not unexpected.

9.6.2
Simple Sequence Repeat (SSR) Markers

Unfortunately, the AFLP, RAPD and isozyme markers
developed for the initial molecular investigations of
quinoa are of only limited utility to laboratories based
in less-developed countries (such as those in the An-
dean region) due to the requirement of technical ex-
pertise (AFLP), expensive instrumentation or detec-
tion chemistry (sequencing polyacrylamide gel elec-
trophoresis and radioactivity for AFLP) or problems
of reproducibility (RAPD), marker abundance (iso-
zyme) and technology transfer (RAPD and AFLP).

SSR-based markers are codominant, multiallelic,
and generally more informative (based on heterozyg-
osity measures) than RAPD or AFLP markers (Powell
etal. 1996). The ease of use (simple PCR and horizon-
tal agarose electrophoresis), high reproducibility, and
low cost make them ideal marker systems for genetic
analysis. Moreover, once developed they are easily
maintained and shared among laboratories by pub-
lishing primer-pair sequence information.

In an attempt to make marker technology more
widely available for quinoa researchers, Mason et
al. (2005) sequenced 1276 clones from three SSR
(CA, ATT, ATG) enriched genomic libraries, of which
397 contained potential SSRs. Polymorphism analy-
sis using a panel of 31 diverse cultivated quinoa ac-
cessions showed that 208 (52%) of the SSRs were
polymorphic among the accessions. The number of
observed alleles ranged from 2 to 13, with an average
of 4 alleles detected per locus. Heterozygosity values
ranged from 0.2 to 0.9 with a mean value of 0.57.
Sixty-seven SSRs were highly polymorphic with het-
erozygosity values greater than 0.7.

Transferability and potential utility of these
SSRs as genetic markers in related crop species
were assessed by cross-species amplification using
two accessions each of three cultivated Chenopo-
dium species (C. pallidicaule, C. giganteum, C. ber-
landieri subsp. nuttalliae). Sixty-seven percent of
the SSRs amplified successfully in all species in the
panel. The most notable PCR conservation was
seen in C. berlandieri subsp. nuttalliae, where
99.5% of the SSR markers amplified specific PCR
products. These results confirm the close genetic
relationship between quinoa and C. berlandieri
subsp. nuttalliae (see also Ruas et al. 1999) and
suggest that these new quinoa sequence-based SSRs
may serve as new molecular tools for genetic map-
ping and characterization across the genus.

9.6.3
Expressed Sequence Tags and
Single Nucleotide Polymorphism Markers

Additional genomic resources for the improvement
of quinoa are beginning to emerge, and the utility
of these resources for cloning genes of interest has
been demonstrated. For example, a set of 424 ex-
pressed sequence tags (ESTs) from two cDNA li-
braries, developing seed and floral tissue, were ob-
tained and have been deposited in GenBank (Coles
et al. 2005). Of these sequences, 349 have significant
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Fig. 2. Linkage map of Chenopodium quinoa. Cumulative distances are in centiMorgans (cM) and indicated on left side of
LGs. Microsatellite markers are bolded. RAPD markers are underlined. All other markers are AFLP markers. AFLP markers
are named as described in material and methods section. Loci marked with * or ** showed significant distortion: p <0.05
and p<0.01, respectively. Originally published in Theoretical and Applied Genetics (Maughan et al. 1994)
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homology to protein-encoding genes from other
plant species. Putative functions related to metabo-
lism, protein synthesis, development, and so forth
have been assigned to many of these EST sequences,
although the majority of them have functions that
are unclassified or not yet clear cut. Interestingly,
the most abundant ESTs from the two cDNA libraries
have putative functions related to plant defense.
Identification of the 11S globulin seed storage
protein is an excellent example of the utility of EST
databases for cloning of specific genes. Identifica-
tion and characterization of the genes encoding
storage proteins are likely to provide important

clues to understanding the high protein content
and excellent balance of amino acids in quinoa
grain. Primers designed to match sequences from
the Amaranthus hypochondriacus 11S seed storage
globulin gene were used to amplify a portion of the
11S globulin gene from quinoa (C. Coleman, un-
publ. data). The resulting PCR fragment was then
used to screen the developing quinoa seed cDNA li-
brary (Coles et al. 2005), resulting in the identifica-
tion of two candidate cDNA clones. Sequencing of
the clones revealed two variants of a gene that en-
codes a protein with 72% homology to the 11S
globulin protein from A. hypochondriacus (Fig. 3).
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Fig. 3. Comparison of deduced 11S seed storage globulin amino acid sequences from two Chenopodium quinoa clones (CQ1
- GenBank Accession AAS67037 and CQ2 - GenBank Accession AAS67036), one Amaranthus hypochondriacus clone (AH -
GenBank Accession CAA57633). The N-terminal sequence of the basic B chain as determined by Brinegar and Goundan

(1993) is indicated with asterisks
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The deduced amino acid sequence of the putative
quinoa 11S globulin gene includes the 21-amino-
acid N-terminal sequence of the B chain (indicated
with asterisks in Fig. 3) as determined with direct
protein sequencing by Brinegar and Goundan
(1993), suggesting that the gene encodes a precur-
sor similar to legumin A from pea (Domoney et al.
1986; Rerie et al. 1990).

EST databases are also a rich source of genetic
information that can be exploited for genetic mark-
er development. For instance, Coles et al. (2005)
utilized the EST database described above as a
starting point for the identification of single nu-
cleotide polymorphisms (SNPs). By employing a re-
sequencing strategy with five quinoa accessions, 51
SNPs were identified from 20 of the ESTs described
above. This included 38 single-base changes and 13
insertion/deletions (indels) for an average of one
SNP per 462 base pair (bp) and one indel per 1812
bp. When the sequence information from C. berlan-
dieri subsp. jonesianum was included in the analy-
sis, an additional 81 SNPs were identified, bringing
the total number of SNPs identified to 132 (1 per
179 bp). The relatively low SNP frequency detected
within quinoa reflects a narrow genetic base and
demonstrates a need to collect and preserve primi-
tive landraces in germplasm banks to serve as
sources of potential genetic variation for improve-
ment programs. The development of SNP markers
is likely to be an important next step in the devel-
opment of MAS protocols in quinoa, especially as
DNA sequence information for quinoa becomes
more available. Indeed, SNP-based markers are
quickly becoming the marker system of choice be-
cause they are easily developed from sequence data,
highly reproducible, and amenable to laboratory
automation (Rafalski 2002).

9.6.4
Quinoa Bacterial Artificial Chromosome Library

Another important genomic tool that is available
for quinoa is a 74,880 clone bacterial artificial
chromosome (BAC) library that is available for
public use at the Arizona Genomic Institute at the
University of Arizona, Tucson, AZ, USA (Stevens et
al. 2006). The library was constructed using BamHI
(26,880 clones) and EcoRI (48,000 clones), with an
average clone insert size of 113 kb per insert and
130 kb, respectively for the two libraries. The esti-
mated coverage of the library is 9.0 haploid nuclear

genome equivalents, based on a calculated genome
size of 967 Mbp. Stevens et al. (2006) characterize
the BAC library probing with a set of 13 single-
copy sequences developed from the aforementioned
quinoa EST database (see above). These single-copy
EST probes yielded an average of 12.2 positive hits
per probe, suggesting that the estimation of 9.0
haploid genome equivalents coverage may be con-
servative. The utility of this BAC library for gene
cloning was demonstrated by screening it with a
probe consisting of a fragment of the quinoa 11S
seed storage globulin cDNA. Positive clones have
been identified that represent two different 11S
seed storage globulin genetic loci (Fig.4). Un-
doubtedly, the BAC library will be an important re-
source for efforts to identify specific genes and the
continued characterization of the quinoa genome.
Experiments are under way to identify additional
genes controlling protein deposition and saponin
accumulation in quinoa seeds. Furthermore, the de-
velopment of a BAC library is essential for the con-
struction of a quinoa physical map and map-based
cloning efforts.
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Fig. 4. Southern blot of quinoa BAC DNA containing an 118
seed storage protein gene compared to genomic DNA from
four quinoa cultivars and breeding lines. Lanes 1-2: BAC
clone 82M10; lanes 3-4: quinoa cultivar Chucapaca; lanes 5-
6: quinoa breeding line KU-2; lanes 7-8: quinoa breeding
line NL-6; lanes 9-10: quinoa breeding line 0654. DNA in
lanes 1, 3, 5, 7, and 9 were digested with EcoRI. DNA in
lanes 2, 4, 6, 8, and 10 were digested with HindIIL. The blot
was probed with a fragment of DNA containing the quinoa
11S seed storage protein gene amplified from BAC clone
77L9. The sizes of DNA markers given in kilobases (kb) are
shown on the left



156 P.J. Maughan et al.

9.6.5
Cytogenetics

Relatively little is known about quinoa cytogenetics
beyond the species’ chromosome number, the gen-
eral distribution of heterochromatin vs. euchroma-
tin, and distribution of a small number of highly
repetitive sequences, including the rRNA genes. C.
quinoa is a tetraploid with 2n=4x=36. When sub-
jected to the C-banding technique (Gill et al. 1991),
quinoa somatic chromosomes display a pattern of
primarily pericentric heterochromatin flanked by
euchromatin that extends distally to the telomeres
(Fig. 5). In addition, most of the chromosomes are
isobrachial. The minute size of quinoas chromo-
somes translates into a genome size of ca. 967MB/
1C (Maughan et al. 2004).

Kolano (2004) used fluorescent in situ hybridi-
zation (FISH) to study the chromosomal distribu-
tion of four repetitive sequences they isolated from
a quinoa genomic DNA library. The four sequences
were 15-5D, 21-5D, and 22-19A, with homology to
retrotransposons, and 20-20I, a sequence homolo-
gous to a transposase gene. All of these sequences
hybridized across the quinoa genome, without a
specific chromosome or subgenome distribution
pattern. When 21-5D was hybridized to Southern-
blotted DNAs of C. quinoa, several ecotypes of tet-
raploid North American C. berlandieri subsp. jone-

Fig. 5. C-banded somatic chromosomes of quinoa cv. Real.
Magnification is 1000x. (SE Parkinson)

sianumi and two weedy Polish accessions classified
as diploid and hexaploid C. album, a striking poly-
morphism for this sequence was revealed between
the Old World and New World species (Fig. 6).
These results suggest considerable genomic diver-
gence has occurred among the progenitors of the
C. album and C. berlandieri/C. quinoa hexaploid
complexes. However, the identification of genome-
specific repetitive elements remains an important
goal in the cytogenetic study of this genus.

Kolano et al. (2001) and Kolano (2004) studied
the organization and genomic distribution of 45S
(NOR) and 5S rRNA genes in quinoa and 23 re-
lated species (Table 1). Quinoa, although a tetra-
ploid, possesses only a single NOR locus and two
5S rRNA loci, indicating that one of the NOR loci
was lost during its evolutionary history. Rearrange-
ment was also evident in tetraploid C. berlandieri,
with the three ecotypes examined - cultivated Que-
lite, cultivated Huauzontle (subsp. nuttalliae), and
the weedy form (subsp. jonesianum) - exhibiting
variation for both NOR (1-2 loci) and 5S (2-3
loci).

C. beriandiern

C. aibum
Quelite . .
O berianier diploid hexaploid

C. berlandien
Huauzonile wild

l v qalmaa l

|

3kb — 3
2kb —
Tkb
06 kb =

Fig. 6. Southern hybridization of 21-5D to DNAs of six Che-
nopodium sp. (Kolano 2004, with permission)
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9.7
Future Scope of Work

While historical research in quinoa genetics and
breeding is clearly limited, public and private fund-
ing opportunities for quinoa research are quickly
emerging in Andean countries. As export markets
for quinoa continue to grow, it is anticipated that
these funding opportunities will increase in scope.
The future success of quinoa in the world food
market will rest greatly on resource allocation to
support traditional breeding programs as well as
increases in funds destined to develop molecular
genetic resources needed to increase the genetic
knowledge base of the crop. Such genetic resources
include, but are not limited to, the development of
(i) a significant increase in the number of user-
friendly molecular markers (e.g., SSRs and SNPs),
(ii) large immortalized recombinant inbred line
populations to facilitate development of advanced
genetic maps, (iii) initial qualitative and quantita-
tive trait experiments limited to breeding character-
istics of agronomic/economic importance (e.g., sa-
ponin deposition, downy mildew resistance), (iv)
advanced EST databases targeting multiple tissues
types and different stress inductions, and (v) physi-
cal genetic maps to facilitate map-based cloning
strategies. Additionally, resources should be allo-
cated for the development of comparative genetic
maps with related species. In particular, a compara-
tive genetic map with sugar beet via shared marker
loci (e.g., RFLP markers) should prove beneficial
not only for leveraging genetic information across
the species but also for resolving several proble-
matic taxonomic questions within the family Amar-
anthaceae.
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10.1
Introduction

10.1.1
The Crop Bambara Groundnut

The semi-arid tropics (SAT) comprise parts of 48
countries in the developing world, including vast
areas of India, South-east Asia, sub-Saharan Africa
and Latin America. These environments are charac-
terized by unpredictable weather, long dry seasons,
inconsistent rainfall and nutrient-poor soils. Here
several biotic and abiotic factors limit crop produc-
tivity and growth.

Bambara groundnut (Vigna subterranea L.
Verdc., 2n=2x=22) is grown primarily by subsis-
tence farmers in sub-Saharan Africa and is used as
a secondary food crop. It is a legume and is often
grown alone or as an intercrop with drought-resis-
tant crops like millet. The landraces consist of sev-
eral genotypes, which result in their capacity to
tolerate biotic and abiotic stress under a low-input
agricultural system (Zeven 1998).

Bambara groundnut can be cultivated up to
1600 m above sea level. An average day tempera-
ture of 20 to 28°C is ideal for the crop. A growth
period of 110 to 150 d is required for the crop to
develop, depending upon environment and land-
race. Bambara beans will grow on any well-drained
soil, but light, sandy, loams with a pH of 5.0 to 6.5
are most suitable. The crop does well on poor soil
which is low in nutrients.

Although it produces a nutritious food and is
cultivated throughout Africa the bambara ground-
nut remains one of the crops most neglected by
science. Yet empirical evidence and research results
suggest that it is a crop with great potential.

Bambara groundnut is an annual, which resem-
bles groundnut (Arachis hypogaea) in both cultiva-
tion and habit. It is one of the five most important
protein sources for many Africans (Vietmeyer
1978). The reported approximate chemical composi-
tion of bambara groundnut seeds is water 14.7%, ash
3.24%, crude protein 22.2%, fat 6.6%, cellulose 4.4%
and carbohydrates 63.56%. The fatty acid composi-
tion for seeds with cream and dark red seed coats
was found to be similar. However, the levels of palmi-
tic and linoleic acids in bambara groundnut were
higher than in groundnut (Ferrao et al. 1987).

Evans and Boulter (1974) estimated the amino
acid and amino acid N, S and cysteine contents for
various legumes. Total nitrogen in bambara
groundnut was found to be 4.48 g and amino acid
nitrogen 3.77 g per 100 g of meal. The amino acid
composition was (in g/16 g N): aspartic acid 11.90,
threonine 3.20, serine 5.40, glutamic acid 17.00,
proline 4.10, glycine 3.80, alanine 3.60, valine 4.80,
methionine 1.18, isoleucine 3.50, leucine 7.40, tyro-
sine 3.20, phenylalanine 5.80, histidine 3.10, lysine
7.70, arginine 7.70, cystine 1.14. Estimated total
sulphur was 0.377% and sulphur in sulphur amino
acids 0.154% (Evans and Boulter 1974).

In studies published on 16 indigenous plant spe-
cies of Burkina Faso that serve to supplement the nu-
trients provided by cereals such as millets and sor-
ghum, the nutritional quality of the protein in those
plant specimens that contained greater than 10%
protein on a dry-weight basis was assessed by com-
paring the amino acid composition of each of these
specimens to that of a World Health Organization
standard protein (WHO 1973). According to the
WHO reference protein, the highest quality plant
proteins were those of Vigna subterranea, Pennise-
tum americanum, and Bixa orellana; each of these
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scored at or above the score of the WHO standard for
six of eight amino acids or amino acid pairs (Glew et
al. 1997). However, the seeds are also reported to
contain trypsin inhibitors and a chymotrypsin in-
hibitor, which act as anti-nutritional factors. Roast-
ing the nuts helps greatly reduce the trypsin inhibi-
tors and subsequently improves their nutritional val-
ue (Aregheore 1992).

Bambara groundnut also contains an appreci-
able quantity of the anti-beriberi vitamin Bl. In
the raw state, it contains about half that of mung-
bean (V. radiata), the pre-eminent source of Bl vi-
tamin. However, when cooked, both legumes hold
about the same vitamin percentage. The food value
of bambara groundnut is higher than that of mung-
bean because of the better ratio of protein, fat and
carbohydrates. Based on this information, increased
cultivation of the crop was advocated by Donath
and Spruyt in 1933.

The bambara groundnut has become less im-
portant in many parts of Africa because of the ex-
pansion of groundnut production. In recent years
there has, however, been renewed interest in the
crop for cultivation in the arid savannah zones.

10.1.2
The Plant

The species subterranea is further differentiated at
the subspecific level into two groups: var. sponta-
nea, comprising the wild forms, restricted to Ca-
meroon in an area from Nigeria to Sudan, and var.
subterranea comprising the cultivated forms found
in many parts of the tropics, particularly sub-Sa-
haran Africa. It is a typical short-day plant.

The cultivated bambara groundnut (which exists
as landraces) is a self-pollinated legume with a
compact well-developed tap root with many short
lateral stems on which the leaves are borne. The
leaves are trifoliate, the petiole is long, stiff and
grooved, and the base is green or purple in color
(Fig. 1a). In contrast, the wild accessions have a
spreading growth habit with few lateral stems and
many pentafoliate leaves (Fig. 1b).

The flowers of bambara groundnut of both wild
and cultivated types are typically papilionaceous
and are borne in a raceme on long, hairy pedun-
cles which arise from the nodes on the stem
(Fig.2). The peduncles reach their maximum
length at the initiation of pod filling. Anthers de-
hisce and stigma becomes receptive even before

Fig. 1. a Cultivated bambara groundnut (erect growth habit).
b Wild bambara groundnut (spreading growth habit)

flowers open, and fertilization takes place on the
same day as anthesis (Linnemann 1994). When fer-
tilization takes place, the ovary covered by the ca-
lyx folds back at the flower base pointing towards
the glandular apex. While the fertilized ovary stays
unchanged for several days, the peduncle elongates
to bring the fertilized ovary to or below the soil
surface. The peduncle reaches its maximum length
at the initiation of pod formation. The apical end,
which bears the ovary with the fertilized ovules,
expands into a pod. After 10 to 18 d (depending
on the landrace), pod development commences,
although there is a photoperiod requirement for
this process in at least some landraces.

The pods of bambara groundnut develop under-
ground or just above the ground and are spherical
or oval in shape and may contain only one seed,
although pods with two seeds are also common in
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Fig. 2. Bambara groundnut peduncle with two flower buds

and a glandular apex

some landraces. Pods with more than two seeds
have also been reported (Pasquet and Fotso 1997).
Mature pods are indehiscent, ranging from cream/
yellow to reddish to dark brown in color (Massawe
et al. 2004).

The alteration of photoperiod and temperature
may affect flowering in some landraces (Linne-
mann 1994). Drought reduces the number of flow-
ers per plant and the percentage of fertile pollen
(Elia and Mwandemele 1986; Massawe et al. 2004).

Cultivated bambara groundnut seeds take 7 to
15 d to germinate. Flowering starts 30 to 35 d after
sowing and may continue until the end of the
plant’s life. Pod and seed development take place
ca. 30 to 40 d after fertilisation.

10.1.3
Intraspecific Hybridization for Development
of a Mapping Population

Bambara groundnut occurs wild in West Africa and
is distributed throughout Africa from where it later
spread to America and Asia (Zeven and Zhukovsky
1975).

Species and genotypes of underexploited plants
are threatened with disappearance through the rapid
loss of native habitats. A combination of economic

botany and biotechnology could help to prevent this.
Although little known, bambara groundnut, which is
grown by villagers throughout most of Africa south
of the Sahara, is one of the major foods of the world.
The seeds are a well-balanced food and the taste is
acceptable. The crop is high yielding if managed
well, but more research attention needs to be given
to this crop (Vietmeyer 1986).

Despite its potential as crop, no coordinated
plant-breeding programmes have been established
for bambara groundnut. One major limitation to
the establishment of breeding programmes is the
failure to produce controlled hybrids from promis-
ing parental genotypes. Assessing the composition
of landraces at the genetic level also makes the
evaluation and selection of individual genotypes
within the landrace mix more complex. To date,
there are no established varieties of bambara
groundnut, and for many centuries farmers have
grown locally adapted landraces consisting of a
mixture of genotypes. This often results in low and
unpredictable yields with variable responses to
agronomic interventions such as the application of
fertilizers and irrigation. Artificial hybridization
and selection will be a valuable strategy for the
generation of genotypes with new combinations of
desired traits through genetic recombination.

10.1.4
Distribution and Domestication

Cowpea (V. unguiculata) and bambara groundnut (V.
subterranea) are the main African grain legume spe-
cies. Although wild V. unguiculata is widespread
from Sahara to Kalahari, wild V. subterranea is found
in a smaller area, i.e. from Nigeria to Sudan. Both spe-
cies were domesticated in the savannah belt extend-
ing from the Atlantic Ocean to the Red Sea, and while
more than 500 herbarium specimens exist for V. un-
guiculata var. spontanea, there are less than 20 for V.
subterranea var. spontanea (Pasquet 2004). The prob-
able area of domestication of bambara groundnut is
northern Cameroon (Harlen 1977) (Fig. 3).

The domestication of most major crop plants
occurred during a brief period in human history
about 10,000 years ago. During this time, ancient
agriculturalists selected seed of preferred forms
and culled out seed of undesirable types to produce
each subsequent generation. Consequently, favoured
alleles at genes controlling traits of interest in-
creased in frequency, ultimately reaching fixation.
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Fig. 3. Areas of Africa where wild bambara groundnut mate-
rial has been identified (after Hepper 1968)

Domesticated bambara groundnut is characterized
by larger seed size, larger leaves and slightly larger
flowers as is the case with domesticated cowpea
and most grain legumes. Unlike cowpea, however,
domesticated bambara groundnut is characterized
by longer leaf petiole and shorter stem internodes,
two unusual traits in domesticated legumes. The
thin shell wall of the wild pod is thickened in the
domesticated form, which gives more protection
from humidity and early germination of the seed.
Therefore, the pods of the wild plant do not wrin-
kle upon drying, while the thick fleshy pods of the
freshly dug domesticated fruit wrinkle on drying
(Hepper 1963; Pasquet 2004).

Wild bambara groundnut plants are not as
homogeneous as suggested by Hepper (1963).
Within domesticated forms, it is possible to distin-
guish bunch, semi-bunch and open or spreading
cultivars, mainly based on internode length (Doku
1969; Karikari 1972; Begemann 1988). A survey of
Cameroonian landraces (Pasquet and Fotso 1997),
however, pointed to a new morphological character.
In Cameroon, domesticated accessions could be
split into two distinct groups: a northern group
characterized by one-seeded pods and a southern
group characterized by two- to four- seeded pods,
as well as an open habit. This can be correlated
with a similar phenomenon observed with Camer-
oonian cowpea landraces. In the northern area, the
cultigroups Biflora and Melanophthalmus display a
low ovule number, and in the southern area, the
cultigroup Unguiculata displays a high ovule num-

ber (Pasquet 1999, 2004). However, Pasquet and
Fosto (1997) were not able to check if the change
in the number of ovules in bambara groundnut was
accompanied by a switch from photoperiod-sensi-
tive to photoperiod-independent physiology as it
was in cowpea. The ovule number and sensitivity
to photoperiod splits domesticated cowpea into two
opposite groups, and since Rassel (1960) reported a
longer cropping cycle, a similar situation is sus-
pected in domesticated bambara groundnut (Pas-
quet 2004), but this remains to be confirmed.

Many cultivated bambara groundnut plants have
a similar upright growth habit. In contrast, wild
forms exhibit spreading growth. The latter charac-
teristic may be useful in many agronomic situa-
tions where limited soil moisture means that crop
stands are established at low planting densities. In
addition, a low spreading habit may have advan-
tages for light capture and complementary growth
when bambara groundnut is included as part of an
intercropping system. The development of spread-
ing forms in bambara groundnut provides a range
of agronomic options analogous to those for
groundnut (Arachis hypogaea) where erect, bunch
and runner types are available for differing situa-
tions.

Additionally, there are likely to be other traits
such as resistance to pests and diseases within wild
forms as yet unidentified that may also be useful
and worth introgressing into the cultivated gene
pool. One such example is pubescence. Damage to
cowpea pods caused by insect pests is a major
problem for cowpea seed production. Pubescence
found in wild relatives of cowpea, such as V. vexil-
lata, could deter attack from some postflowering
insect pests of cowpea. However, numerous at-
tempts to make crosses between this wild species
and cowpea were not successful. The close species
V. rhomboidea has hairy pods, leaves and stems
and is intercrossable with cowpea. The pubescence
of this species is quite dense and long, though less
pronounced than those found in V. vexillata. Hy-
brids derived from crosses made between cowpea
and V. rhombodiea showed partial resistance to
pod-sucking insects. It was concluded that pod
hairs of this wild cowpea might play a role in resis-
tance against some insect pests of cowpea (IITA
2000). Pubescence is also observed in VSSP18B, a
wild accession of bambara groundnut collected in
Cameroon and may have similar utility in culti-
vated bambara groundnut.
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Fig. 4. Bambara groundnut flower. a Flag. b Wing petals. ¢
Keel petal. d Fused stamen. e Vexillary stamen. f Style and
stigma

10.1.5
Floral Biology

Bambara groundnut is predominantly a self-pollinat-
ing species. The flowers are typically papilionaceous,
the term that describes a corolla having a standard
[flag], wings and keel petals (Fig.4). The flower
has a pair of hairy epicalyces, and the calyx consists
of five hairy sepals, four on the upper side and one
on the lower side. The four upper sepals are com-
pletely joined, while the lower sepal is largely free.
The standard petal encloses the wing and keel petals
until the flower opens. While the standard petal is
usually bright golden-yellowish in color, the wing
petals are generally yellow and wrap around the keel.
The keel is pale yellow and encloses the stamens,
style and stigma. The stamens are diadelphous, nine
with partly fused filament and one isolated vexillary
stamen. The stigma, which is located at the end of
the style, is spherical in shape with a curved lobe
at the very tip. In young flower buds, the stigma is
slightly above the anthers while in a mature flower
the filaments elongate to place the anthers at the level
of the stigma (Massawe et al. 2004).

Self- and cross-pollination, both brought about
by ants, occur to varying extents depending on the
variety or strain. Cross-pollination may be greater
in varieties or strains with an open habit resembling
that of the wild ancestor, but the bunched types are
more likely to be self-pollinated (Doku 1968).

10.2
Evaluation of Genetic Diversity

10.2.1
Genetic Diversity in Vigna

Genetic variability is not uniformly distributed in
plant populations. Some regions are particularly
polymorphic, especially centers of origin of culti-
vated species. In these areas, wild populations are
known to be a source of genes of interest, including
those responsible for adaptation to different cli-
matic conditions, resistance to stresses (e.g.
drought, salinity) and resistance to pathogens (Har-
len 1977; Cattan-Toupance et al. 1998).

In general, results of analyses of genetic diver-
sity in a wild progenitor and its domesticated des-
cendant crop species have shown that the latter has
only a limited part of the diversity present in the
progenitor (Doebley 1992; Gepts 1993). Three ma-
jor phases in the reduction in genetic diversity can
be identified: (1) the domestication process itself,
(2) cultivation in the centre of domestication and
dispersal in and from the centre of domestication,
and (3) modern breeding practices (Gepts and
Papa 2002). In studies on the characterization of
genetic variation in three forms of V. angularis,
namely cultivated, wild and weedy forms, it was
found that the genetic variation was highest in the
wild form, followed by the weedy form and the
lowest in the cultivated form. Intrapopulation ge-
netic variation was high in the weedy and wild
populations. However, interpopulation variation
was greater than intrapopulation genetic variation
for all groups of populations studied in the V. an-
gularis complex (Xu et al. 2000). Biochemical stud-
ies have shown that the cultivated bean (Phaseolus
vulgaris) germplasm presents a low level of genetic
diversity as compared to their wild ancestors
(Gepts et al. 1986; Koenig et al. 1990; Sonnante et
al. 1994; Johnson and Gepts 1998). Progress in
bean breeding around the world has been slow,
probably because of a limited genetic variability of
the parents, which have been selected from the
same gene pool (Alzate-Marin et al. 2003).

A survey of allozyme variation in cultivar
groups of cowpea undertaken by examining 21 en-
zyme systems encoded by 36 loci across 271 acces-
sions (representing the five cultivar groups) re-
vealed very low levels of variation within acces-
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sions. This is typical of self-pollinating species. Lit-
tle variation was also found among accessions. Com-
pared to other legume crops, V. unguiculata is de-
pauperate in allozyme variation. Of the variation
present, 90% was found within cultivar groups, while
10% was among cultivar groups (Pasquet 2000).

10.2.2
Genetic Diversity within the Bambara
Groundnut Gene Pool

Very few studies have been conducted to determine
the genetic diversity of bambara groundnut. Since
this is a self-pollinating crop, intralandrace diver-
sity is expected to be low. Pasquet et al. (1999) also
studied isozyme diversity in bambara groundnut.
Their aim was to investigate population structure
and the partitioning of genetic diversity between
domesticated and wild accessions. Seventy-nine ac-
cessions of domesticated and 21 wild bambara
groundnut populations were evaluated for genetic
diversity at 41 isozyme loci, representing 23 en-
zyme systems. They found that domesticated acces-
sions were characterized by very low genetic diver-
sity (Ht=50.052) with only 7 polymorphic loci.
Wild populations exhibited greater genetic diversity
(Ht=50.087), with 14 polymorphic loci, suggesting
a marked bottleneck between wild and domesti-
cated forms. Intrapopulation diversity was found to
be comparatively high (Hs=50.033 for domesti-
cated and Hs=50.025 for wild populations), despite
the near absence of heterozygous individuals,
which suggests a predominantly selfing mode of
pollination in both wild and domesticated bambara
groundnut. High genetic identity between wild and
domesticated forms suggests that wild bambara
groundnut is likely to be the true progenitor of do-
mesticated bambara groundnut. Pasquet et al
(1999) indicated the potential of wild germplasm in
bambara groundnut breeding.

Amadou et al. (2001) reported a considerably
high diversity among accessions on the basis of
RAPD markers. The use of the AFLP marker tech-
nique, resulting in higher levels of polymorphisms,
made it possible to reveal the non-existence of ge-
netically uniform landraces, whereas the intraland-
race diversity was found to be negligible (Massawe
et al. 2002).

Based on studies conducted in bambara ground-
nut, it was concluded that a hybrid between two
cultivated accessions/landraces could result in low

levels of polymorphism and, subsequently, lower
frequencies of polymorphic markers. Thus, in or-
der to obtain a F, mapping population with a wide
genetic base, efforts were concentrated on hybridiz-
ing wild with cultivated accessions. In most cases,
domesticated plants and animals belong to the
same biological species as their wild progenitor.
They can therefore hybridize with ease and their
progeny are viable and fertile.

10.3
Genetic Linkage Mapping and
Breeding in Bambara Groundnut

10.3.1
Choice of Parents

Predominantly a self-pollinating species, with ap-
parent low intralandrace diversity, a cross between
two cultivated accessions/landraces would theoreti-
cally result in a hybrid population with fewer poly-
morphisms, both at the phenotypic and gene level.

The choice of parents in a cross-breeding pro-
gramme, in most cases, depends on the breeding
objectives. With the objective of developing the first
genetic linkage map of bambara groundnut, the
wide cross between a wild [VSSP11 (V. subterranea
var. spontanea)] and cultivated [DipC (V. subterra-
nea var. subterranea)] accession was selected. Sev-
eral contrasting traits in plant morphology that
had been identified between DipC and VSSP11
formed the basis for selection of this intraspecific
Cross.

VSSP11, the wild accession from Cameroon and
the male parent, had a spreading habit with a ten-
dency to form pentafoliate leaves, deep yellow flow-
ers with dark pigmentation on wings and banner,
fewer (5 to 8) branches/plant and poor yields (15
to 20 seeds/plant). The seeds varied in size and had
light brown testa with dark brown spots without an
eye pattern around the hilum. In contrast, DipC,
the female parent from Botswana, had an erect
habit with trifoliate leaves, bright yellow petals
without the dark pigmentation on wings and ban-
ner, many (20 to 26) branches/plant and high
yields (150 to 200 seeds/plant). The seeds were uni-
form with cream testa, each with a dark red butter-
fly-like eye pattern around the hilum. It was also a
widely popular accession based on a survey of
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growers and consumer preferences as identified un-
der the BAMFOOD project (EU 2004).

10.3.2
Verification of a Successful Hybridization Event

F, seeds obtained through artificial hybridization
should be planted with their male and female par-
ents and carefully examined for various morpho-
logical traits and compared with both parents for
verification of hybrids. In addition to the traits de-
scribed here, anthocyanin staining of plant organs
is another very useful marker due to the generally
dominant pattern of inheritance of dark over light
colors. In bambara groundnut, one of the first ob-
servable traits after emergence is the color of the
primary leaves. Seedlings emerge either with a red-
dish brown color or with a pale green color, de-
pending on the genotype. In later stages of growth
and development, staining of other plant organs
like petioles, leaves, stems and pods can also be
used to confirm the hybrid status (Massawe et al.
2004).

Different traits have been used for the evalua-
tion of plant diversity. Morphological agronomic
traits were used first. Biochemical markers, partic-
ularly isozymes, were used later and facilitated the
detection of genetic variability independent of en-
vironmental factors. More recently, molecular
markers have allowed the study of polymorphisms
at the DNA level and are now prevalent for the as-
sessment of genetic diversity and to address ques-
tions regarding genetic relatedness among individ-
uals, population structure, phylogenetic relation-
ships and mapping of quantitative trait loci (QTLs).
However, agronomic traits remain essential for de-
tecting economically useful variability.

Use of Microsatellite Markers. Microsatellites
[sometimes referred to as a variable number of tan-
dem repeats, or simple sequence repeat (SSR) loci]
are short segments of DNA which have a repeated
sequence such as CACACACA, and they tend to oc-
cur in the non-coding DNA (Weber and May 1989).
To detect microsatellites from genomic DNA, two
PCR primers (forward and reverse) are designed to
flank the microsatellite region. Therefore, a single
pair of PCR primers should work for every individ-
ual in the species and produce different sized PCR
products for each of the different length microsatel-
lite repeats present. Microsatellite loci are widely

used for identification and relatedness testing by
DNA profiling or ‘fingerprinting’.

AG81, a soybean microsatellite (Peakall et al.
1998), proved very useful in the present study
where it identified polymorphisms between DipC
and VSSP11 and confirmed the presence of these
polymorphic fragments (from both parents) in the
F; hybrid between them. This provided confirma-
tion of the success of the first intraspecific hybridi-
zation between a wild and cultivated bambara
groundnut accession.

10.3.3
F; and F, Progenies of Intraspecific Cross

The F, hybrid seed between these two accessions
had the same testa color as the female parent
(DipC). The plant produced yellow flowers with
dark pigmentation on the wings and banner. How-
ever, unlike DipC, the F; plant was of a spreading
type resembling the male parent (VSSP11) with few
pentafoliate leaves and many branches. This estab-
lished the relative dominance of spreading over
non-spreading or bunch-type traits. The seed size
was uniform with dark purple testa without the eye
pattern and produced a high yield (147 seeds per
plant). The inheritance of this novel testa color and
recovery of the parental phenotypes were studied
in the F; generation of seeds obtained by selfing in-
dividual F, plants.

The simplest types of populations to create are
derived from a single cross of two elite lines. For
genetic mapping self-fertilising the F; can produce
an F, population, which is widely used in many
self-fertilising crops. The single F; hybrid from the
cross between DipCxVSSP11 was self-fertilized to
raise the F, generation, which was used to study
the genetics of a range of traits of agronomic inter-
est including internode length (as a measure of
spreading and non-spreading growth habits), tri-
foliate/pentafoliate leaves, number of branches per
plant, water use efficiency using carbon isotope
discrimination (CID), seed weight, testa color and
the eye pattern around the hilum.

The striking contrast in growth habit in terms
of spreading and bunch types as in wild and culti-
vated accessions, respectively, was also reported in
the Argentinean wild populations and primitive
landraces of common bean, which showed an inter-
mediate growth habit, while the improved cultivars
had determinate or indeterminate growth habits.
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This reflects the fact that modern common bean
breeding selects dwarf forms (Santalla et al. 2004),
a feature also evident in bambara groundnut culti-
vation. In his studies on Phaseolus beans, Smartt
(1988) observed that the production of pigmented
flowers is characteristic of wild forms, while re-
duced pigmentation or its total loss is more com-
mon in domesticated forms. Another phylogeneti-
cally ancient feature with a marked selection ad-
vantage is the mottled seed coat pattern found in
Argentinean wild bean seeds. Mottled seeds are less
visible to animals such as birds and rats when they
fall onto a debris-covered soil. However, with the
harvesting of bean seed under cultivation the adap-
tive value of mottled seeds was lost and a greater
range of colors became established, although
mottled seeds persist but in a modified form (Brii-
cher 1998). Similar adaptive changes in plant mor-
phology have also taken place in the course of do-
mestication of bambara groundnut.

10.3.4
Development of Future Breeding Lines
from the Existing Cross

With the development of an F, mapping population
based on a wide cross, it was possible to construct
the first core genetic linkage map of bambara
groundnut. However, the F, is an ephemeral popula-
tion. It is, therefore, essential that the breeding pro-
gram be carried further, leading to the development
and availability of recombinant inbred lines (RILs).
This will ensure that each line is a perpetual resource
that needs to be genotyped only once. It would also
provide greater mapping precision due to more re-
combination breakpoints on the RI chromosomes.

10.3.5
Types of Populations and Their Specific
Applications

Backcross and F,.3; Populations. Backcross or F,/
F; populations have been used most commonly for
detecting linkage between molecular markers and
genes controlling traits. In species where inbreed-
ing is tolerated, recombinant inbred populations
(derived by inbreeding F, progeny until they be-
come homozygous lines) have also been used.
While the latter case has less remaining linkage
disequilibrium, due to more opportunity for meiot-
ic recombination, it has the advantage of the popu-

lation being composed of homozygous lines that
can be replicated and retested for more accurate
measurement of the quantitative trait (Tanksley
1993). It also means that map construction only
needs to be undertaken once.

For most plants and many experimental organ-
isms, it is possible to select any two individuals
and make controlled matings between them. Con-
trolled matings have the advantage of allowing the
investigator to pick individuals that differ signifi-
cantly for the character of interest. The greater the
genotypic difference for a trait underlying the phe-
notypic difference between any two individuals, the
more likely one is to detect significant gene/QTLs
controlling that character in a derived, segregating
population. Controlled matings are also advanta-
geous in that they result in maximum linkage dis-
equilibrium (due to physical linkage between loci)
for detecting QTLs with linked molecular markers
(Tanksley 1993).

Crossing two parents that show significant poly-
morphism for the type of loci to be scored gives
rise to F; individuals. An F, population is devel-
oped by self-pollination (or intermating for cross-
pollinated species) an F, individual. Backcross pop-
ulations are developed by crossing the F; with one
of the two parents (in breeding populations it is of-
ten to the better parent) used in the initial cross.
The advantages of using a backcross (BC) popula-
tion for mapping are as follows. (1) The number of
individuals displaying a beneficial recessive trait
from the recurrent parent is greater than in an F,
population. (2) There are only two marker patterns
to score. The disadvantage of using a BC popula-
tion (compared with RILs) is that each BC 1 indi-
vidual is different and only a limited amount of tis-
sue can be obtained from each plant.

It has been suggested that bulked segregant anal-
ysis (BSA), used increasingly as a screen for QTLs, is
more easily detected in BC populations than in an F,
population. However, for dominant markers [includ-
ing amplified fragment length polymorphism
(AFLP), random amplified polymorphic DNA
(RAPD) and intersimple sequence repeat (ISSR)]
the number of loci segregating in the F, will be dou-
ble that in the BC and the probability of false-positive
results differs between F, and BC generations. A
study conducted by Mackay and Caligari (2000) to
re-examine the relative value of BC and F, popula-
tions for use in BSA showed that doubling the num-
ber of marker loci segregating in the F, population
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roughly halves the expected distance from the QTL to
the nearest marker, while the bulk size in the F, pop-
ulation can be reduced to nearly one half that of the
BC and still give the same probability of a false pos-
itive. The results further showed that for the same re-
combination frequencies, the BC is slightly superior
to the F in its ability to detect QTLs. However, if
the likely distance of the nearest marker to the QTLs
is taken into account, the F, is the more favorable
generation. Overall for dominant marker systems,
the F, is therefore the best generation in which to
conduct BSA.

The major drawback to using F, or BC popula-
tions is that the populations are not immortal.
Therefore, the source of tissue to isolate DNA or
protein will be exhausted at some point in time
and mapping has to begin all over again using an-
other population. Populations of RILs can be a
powerful solution to this problem.

The two types of populations that have been
commonly used to identify markers linked to QTLs
are F,; families (or F; families from F, plants) and
RILs. In addition, BC, near isogenic lines (NILs)
and double haploids (DHs) have also been used.
Each population type has advantages and disadvan-
tages over the others. The primary advantage of
F,.; families is the ability they confer to measure
the effects of additive and dominance gene actions
at specific loci. Because RILs are nearly homozy-
gous, only additive gene action can be measured.
The advantage, though, of the RILs is that they en-
able one to perform larger experiments at several
locations and even in multiple years. For many
crops, it is not possible to generate enough seed to
perform a multilocation experiment with popula-
tion of F,.; families. In the F; generation, enough
plants per F; family are needed to give an indica-
tion of the general features of that family. Selection
is based on single plant performance, but emphasis
is also placed on superior family performance.

To detect QTLs with molecular markers normally
requires analysis of a fairly large segregating popula-
tion (e.g. 100 individuals). Although most plants and
some animals readily produce offspring in such large
numbers, not all species do. Where offspring num-
bers are limited, alternative strategies (other than
BC or F, analysis) must be employed. The types of
modified populations employed for QTL mapping
are largely a function of the reproductive character-
istics of the species under study and the ingenuity of
the investigator (Tanksley 1993).

Recombinant Inbred Lines. RILs are developed by
single-seed selections from individual plants of an
F, population and are sometimes referred to as ‘F,-
derived lines’. Single-seed descent is repeated for
several generations. At this point, all of the seed
from an individual plant is bulked. For example,
some F;, RI populations underwent single-seed
descent through the F; generation and were bulked
to develop the F,. This population of seed can then
be grown to obtain a large quantity of seed of each
individual line. Importantly, each of the lines is
fixed for many recombination events.

These lines have several uses. Firstly, they can
be used to derive a map because it is essentially an
eternal F, population with unlimited mapping pos-
sibilities. Additionally, these lines can be scored for
morphological traits (such as disease resistance or
flower color) or quantitative traits (such as yield or
maturity). These morphological trait data can then
be compiled and those traits can be placed on the
developing molecular map. These lines are espe-
cially powerful for analyzing quantitative traits be-
cause replicated trials can be analyzed using identi-
cal genetic material. The quantitative trait data can
then be used to determine if any molecular mark-
ers are closely associated with those traits.

The objective of genetic mapping is to identify
simply inherited markers in close proximity to ge-
netic factors affecting quantitative traits (or QTLs).
This localisation relies on processes that create a
statistical association between markers and QTL al-
leles and processes (meiotic recombination) that se-
lectively reduce that association as a function of
the marker distance from the QTLs. When using
crosses between inbred parents to map QTLs, we
create in the F; hybrid complete association be-
tween all marker and QTL alleles that derive from
the same parent. Recombination in the meioses
which lead to double haploids, F,, or RILs reduces
the association between a given QTL and markers
distant from it. Unfortunately, arriving at these
generations of progeny requires relatively few
meioses such that even markers that are far from
the QTL (e.g. 10 cM) remain strongly associated
with it. Such long-distance associations hamper
precise localisation of the QTL. One approach for
fine mapping is to expand the genetic map, for ex-
ample through the use of advanced intercross lines
such as Fgs or higher generational lines derived by
continual generations of outcrossing the F, (Darva-
si and Soller 1995). In such lines, sufficient meioses
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have occurred to reduce disequilibrium between
moderately linked markers. When these advanced
generation lines are created by selfing, the reduc-
tion in disequilibrium is not nearly as great as that
under random mating.

Segregation for seed weight, pod length and
days to flowering was studied in the F; (early gen-
eration) and F¢ (late generation) of intersubspecific
crosses in cowpea. A wide range of segregants
showed continuous distributions for these traits in
both generations, confirming the quantitative na-
ture of inheritance for these traits. The F; and Fg
generations were not significantly different in all
three of the agronomic traits. Intergeneration cor-
relations revealed strong associations between traits
measured in the two generations. The results of
this study also indicated that selection in early gen-
erations for superior types is feasible (Ubi et al.
2001).

10.3.6
Genetic Linkage Map of Bambara Groundnut

The construction of the first framework genetic
linkage map of bambara groundnut, which has a
genome size of 1C=0.9 pg/haploid genome (La-
khanpaul and Babu 1991), is currently under way.
This intraspecific map is based on an F, population
derived by crossing V. subterranea var. subterranea
(wild)x V. subterranea var. spontanea (cultivated).
Sixty-seven AFLP and one SSR markers have been
mapped to 20 linkage groups (LGs) spanning a to-
tal length of 516 cM. The minimum and maximum
distances between markers varies from 4.7 to
32 cM.

The Mapping Population. Bambara groundnut is
a self-pollinated diploid annual legume character-
ized with very low intralandrace diversity. The wild
populations of this species, on the other hand, are
characterized by higher genetic diversity, and yet a
high genetic identity between wild and domesti-
cated forms tends to suggest that wild bambara
groundnut is the true progenitor of domesticated
bambara groundnut. The potential of the wild
germplasm in bambara groundnut breeding was
highlighted by Pasquet and co-workers (1999).
Extensive polymorphism between the progeni-
tors of the mapping population is a prerequisite for
the construction of a comprehensive linkage map.
This cannot be overemphasised, for in the absence

of DNA polymorphism, segregation analysis and
linkage mapping are impossible. The use of an F,
mapping population of a wide intraspecific cross
between a wild and cultivated accession for genome
mapping in bambara groundnut was primarily due
to a low level of genetic polymorphism detected
within the cultivated gene pool.

Levels of DNA sequence variation are generally
lower in naturally inbreeding species, which in-
clude most legumes. Low levels of polymorphisms
based on RFLPs have also been detected within the
cultivated gene pools of common bean (Vallejos et
al. 1992).

The problems associated with fewer polymorph-
isms in genome mapping have been dealt with in
many species by constructing linkage maps based
on interspecific crosses. The map of bambara
groundnut discussed here is based on a subintra-
specific cross.

Population Size. Resolution of a map and the abil-
ity to determine marker order is largely dependent
on population size and data quality. However, pop-
ulation size in most cases is technically limited by
the number of seeds available or by the number of
DNA samples that can reasonably be prepared.

In the present research a set of 98 F, progenies
was used for map construction and QTL mapping
of eight agronomic traits, which showed polygenic
inheritance. This number was higher than the 85
F, progenies used in the construction of an intraspe-
cific linkage map of chickpea (Flandez-Galvez et al.
2003), 75 RILs used in common bean (Freyre et al.
1998) and 94 RILs used in map construction in cow-
pea (Ouédraogo et al. 2002), although RIL popula-
tions have the practical advantage of being immortal.

Choice of Markers. Due to the large number of poly-
morphisms generated per primer combination, the
AFLP marker system was primarily exploited in con-
structing the first core map of the bambara ground-
nut genome. AFLP analysis is very sensitive to poly-
morphism in the genome, with as little as 1-bp length
differences in relatively short DNA fragments (50 to
1000 kb) being detectable (Qi et al. 1998).

AFLPs have been the marker of choice in map
construction and map saturation in many plant
and animal species including the model system
Arabidopsis thaliana (Alonso-Blanco et al. 1998).
Three hundred ninety-five AFLP markers were inte-
grated into the previous Arabidopsis molecular



Chapter 10 Bambara Groundnut 169

map of 122 RFLPs, cleaved amplified polymorphic
sequences and simple sequence length polymorph-
isms using an RIL population. This enabled the
evaluation of the efficiency and robustness of AFLP
technology for linkage analyses in Arabidopsis.
AFLP markers were found throughout the linkage
map. Two AFLP-based RIL maps were also inte-
grated through 49 common markers, all of which
mapped at similar positions. Comparison of both
maps led to the conclusion that segregating bands
from a common parent can be compared between
different populations, and that AFLP bands of simi-
lar molecular size, amplified with the same primer
combination in two different ecotypes, are likely to
correspond to the same locus. AFLPs were found
clustering around the centromeric regions, and the
authors have established the map position of the
centromere of chromosome 3 by a quantitative
analysis of AFLP bands using trisomic plants
(Alonso-Blanco et al. 1998).

The major disadvantage of AFLPs is that they
are dominant markers, so it is not possible to dis-
tinguish heterozygotes from homozygotes. This is a
limitation for an F, population and for a QTL anal-
ysis based on such a map. However, in the absence
of bambara-specific markers, AFLPs were adopted
for initial map construction.

Segregation Distortion. The present AFLP-based
map of bambara groundnut revealed a high propor-
tion of distorted loci (48.5%) that did not segregate
in the expected Mendelian ratio of 3:1.

Skewed segregation ratios have been reported
frequently in interspecific cross for all types of
markers (morphological, isozyme, RFLP or AFLP).
The percentage of loci showing segregation distor-
tions was found to be highly variable: 69% in Cryp-
tomeria japonica, 37% in Citrus, 36% in Oryza,
30% in coffee, 33% in Prunus, 23% in Helianthus,
8.4% in Lens sp. and only 1.4% in Hevea species.
In the genus Lycopersicum, based on a wild species
crossed with the cultivated L. esculentum, interspe-
cific crosses led to distortion rates varying from 51
to 80% (Ky et al. 2000).

During the construction of an intraspecific map
of chickpea based primarily on sequence tagged mi-
crosatellite site (STMS) and resistance gene analog
(RGA) markers Flandez-Galvez and co-workers
(2003) reported segregation distortion with all the
marker types used in its construction (chickpea-
STMS, ISSR, RAPD, RGA and field pea-STMS). How-

ever, in the extreme case, the field pea-STMS and
RAPD markers showed 100% aberrant segregations.
PCR-derived marker distortion levels as high as
36.9% and 40.6% have also been reported in F, intra-
specific populations of Medicago truncatula and M.
tornata, respectively (Jenczewski et al. 1997).

Therefore, compared to interspecific maps in
most species and the intraspecific map in Medica-
g0, a segregation distortion of 48.5% in the present
case is not overly abnormal. The explanations given
for such distortions are mostly gametic, zygotic or/
and postzygotic selection.

10.4
QTL Mapping in Bambara
Groundnut

The majority of biological traits are genetically
complex. Mapping the QTLs that determine these
phenotypes is a powerful means of estimating
many parameters of the genetic architecture for a
trait and potentially identifying the genes responsi-
ble for natural variation.

A direct application of genetic linkage maps has
been in tagging genes of economic importance with
molecular markers (Kumar 1999). The intraspecific
F, population used for map construction was de-
rived from a wide cross, which clearly segregated
for a number of agronomic traits. Eight such traits,
which either showed a continuous distribution or
no known (Mendelian) segregation pattern and in-
cluded emergence, flowering, internode length,
stems per plant, leaf area, specific leaf area, carbon
isotope discrimination and 100-seed weight, were
subjected to QTL analysis.

It has been proved by many field experiments
and QTL mapping results that among genes affect-
ing some quantitative traits there are some major
genes with larger genetic effect and some polygenes
with smaller genetic effect. For such traits, the dis-
tribution of segregating population demonstrates
multimodality, and this is the characteristic of the
mixture of more than one distribution.

For example, Wang and Gai (1997) analyzed the
inheritance of soybean flowering date in an F, pop-
ulation of a cross and reported the presence of one
major gene and tested the existence of polygenes
using the likelihood ratio test in controlling this
trait.
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Non-parametric (Kruskal Wallis analysis) and
parametric (interval mapping, IM) mapping re-
vealed associations of these traits to AFLPs and a
single SSR marker across 20 different LGs on the
genetic linkage map. Using IM it was possible to
declare one to four major QTLs along with their
positions on the map for traits like seed weight
(one QTL), SLA (two QTLs), CID (three QTLs) and
stems/plant (four QTLs).

Typically, QTL mapping is conducted in a single
mapping population and, therefore, only has the
potential to reveal genomic regions that are poly-
morphic between the progenitors of the population.
What remains unclear is how well the QTL identi-
fied in any one mapping experiment characterise
the genetics that underlie natural variation in
traits. Symonds and co-workers (2005) aligned four
RIL-based linkage maps of Arabidopsis thaliana
used for QTL mapping for trichome density onto a
common physical map. Seven of the nine QTLs
identified were population-specific, while two were
mapped in all four populations. Their results have
shown that many lineage-specific alleles that either
increase or decrease trichome density persist in
natural populations or that most of this genetic
variation is additive. More generally, these findings
suggest that the use of multiple populations holds
great promise for better understanding the genetic
architecture of natural variation (Symonds et al.
2005).

This also has implications in bambara ground-
nut, where in the future, using mapping popula-
tions derived by crossing between landraces, it may
still be possible to extend the results of the present
study by exploiting linkage conservation and colli-
nearity.

10.5
The Future Direction

10.5.1
Further Application of AFLPs in Saturation

A prerequisite for mapping and marker-assisted se-
lection (MAS) of QTLs is the development of a ge-
netic map with a high density of informative mark-
ers. AFLPs have been widely used to saturate exist-
ing genetic maps in a number of plant, animal and
microbial genomes. In the present project only 67
AFLP markers could be mapped to 20 LGs of bam-

bara groundnut. This number will be increased
three- to four-fold by screening more AFLP primer
combinations and mapping polymorphic markers
to the existing core map.

10.5.2
Development of Microsatellite-Enriched
Genomic Libraries

To perform a refined QTL mapping analysis for im-
portant agronomic traits, microsatellite markers
must be developed in bambara groundnut. Unlike
AFLPs and RAPDs, SSRs (as co-dominant and lo-
cus-specific markers) are useful as anchoring loci
between unrelated crosses. This not only offers the
potential for greater application in plant breeding
but would also enable the map-based assessment of
linkage conservation and collinearity between in-
traspecific and interspecific hybrid maps.

While one approach to generating species-spe-
cific SSRs for bambara groundnut could involve the
screening of EST databases of related and model
legumes like soybean and Medicago, another
approach would be to develop microsatellite-en-
riched genomic DNA libraries. The argument
against the latter is that it is a highly time-consum-
ing and expensive technique. But recent studies in
soybean by Song and co-workers (2004) have
shown that, in contrast to SSRs derived from EST
sequences, those derived from genomic libraries
were a superior source of polymorphic markers,
given that the mean number of tandem repeats in
the former was significantly less than that of the
latter (p<0.01) (Song et al. 2004).

10.5.3
Oligonucleotide DNA Microarrays

Changes in gene expression underlie many biologi-
cal phenomena. The use of DNA microarrays pro-
vides insight into tissue- and developmental-specif-
ic patterns of gene expression and the impact of
environmental stimuli on transcript accumulation.
To accelerate both gene discovery as well as hypo-
thesis-driven research in bambara groundnut, the
applications of microarray are unlimited.

cDNAs and ESTs representing a wide array of
developmental stages and physiological conditions
of the soybean plant are available. It has been dem-
onstrated that the quality of the data from the soy-
bean cDNA microarrays is sufficiently reliable to
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examine isogenic lines that differ with respect to a
mutant phenotype and thereby to define a small
list of candidate genes potentially encoding or
modulated by the mutant phenotype (Vodkin et al.
2004).

The Medicago Genome Oligo Set (v1.0) (QIA-
GEN), which contains 16,086 70-mer oligonucleo-
tides designed from the TIGR Medicago truncatula
Gene Index (MtGI) Release 5.0 (May 2002), is now
available to the research community. This has po-
tential utility for work in bambara groundnut,
although significant prescreening of response using
bambara groundnut mRNA would be needed before
it could be used routinely.

10.5.4
QTL Mapping

Initial QTL analysis in bambara groundnut was
based on the scored trait data for the F, single
plants. F; seeds derived by permitting the F, plants
to self-fertilize will be bulked and used for multilo-
cation field trialing and evaluation of phenological
performance and ecophysiological responses in dif-
ferent environments. Composite analysis of QTL
stability and relevance to different environments
could be estimated. A linked QTL analysis could
also be performed by combining the data from all
local analyses into a global analysis for consistent
and across-environment traits of value in this wide
cross material developed in the present study,
which may have potential use in future breeding
work and relevance to end-user requirements.

10.5.5
The Potential of Marker-Assisted Selection
in Bambara Groundnut

The AFLP assay is an efficient method for the iden-
tification of molecular markers, useful in the im-
provement of numerous crop species through MAS.
BSA could be used to identify AFLP markers asso-
ciated with important agronomic traits in bambara
groundnut, as this would permit rapid selection of
trait-specific genotypes for use in future breeding
programmes.

The further development of selected F; and Fy
lines derived from the intraspecific cross as breed-
ing lines and continuation of line development to-
wards RILs will allow conclusions to be drawn con-
cerning the genetics behind some of the key traits

for bambara groundnut. This will allow a clearer
understanding of end-user desirable traits and of
how conventional or MAS may be employed to as-
sist development of varieties or admixtures of vari-
eties suitable for local conditions.

Thanks to the European Union-funded BAM-
FOOD (EUFP5 INCO-DEV) project on bambara
groundnut, this crop has already come a long way
from obscurity to popularity. With some more con-
scious and concentrated efforts in the present di-
rection it could well be an important phenomenon
in the legume circle.
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Introduction

Sugar (sucrose) is the major product of photo-
synthesis and a carbohydrate that occurs naturally
in every fruit and vegetable. Used to alter the flavor
of beverages and foods, it occurs in greatest quanti-
ties in sugar beet and sugar cane (sugarcane) and
appears as a white crystalline substance in its pure
extracted form. Sugarcane is the main sugar-pro-
ducing crop in the world and has long been grown
in tropical and subtropical regions.

11.1.1
History of Sugarcane

Whilst Saccharum spontaneum occurs in the wild
from eastern and northern Africa, through the
Middle East to India, China, Taiwan and Malaysia
and through the Pacific to New Guinea, it is be-
lieved that New Guinea is the home of cultivated
cane. High-fiber forms were used in construction
whilst the softer and juicer forms were propagated
in gardens for chewing. The migrations of people
to the Pacific islands helped the spread of the plant.
It later reached Indonesia, the Philippines and
northern India.

Records of sugarcane in history have been in
existence since 510 BC where ‘reeds which produce
honey without bees’ were first indicated by the sol-
diers of the Emperor Darius near the river Indus.
However, not until Alexander the Great’s conquest
of India in 327 BC did sugar start its spread west-
ward (Purseglove 1972).

Possibly the first mention of ‘sugar’ as a com-
mercial product occurs in 95 AD in ‘Periplus Maris
Erythraei’ (or ‘Guide Book to the Red Sea’), where
we find the quote ‘Exported commonly ... honey
reeds which is called sakchar’ made by a merchant.
The Indians started pressing and boiling cane to

crystallise sugar around 300 AD, and by 540 AD
the Persians had learnt the art of sugar making.
The cultivation of cane spread from Persia when it
was invaded by the Arabs in 641 AD. The Arabs
spread this knowledge to Egypt during the Islamic
Holy War, but it was not until 710 AD that mention
is made of the Egyptians developing clarification,
crystallisation and refining of sugar. On the island
of Crete, or Qandi (meaning ‘crystallised sugar’ in
Arab), the Arabs installed the first sugar refinery
around the year 1000 (Toussant 1987).

Through the Crusades in the 11th century, cane
was brought to Europe, and in 1319 the first large
shipment of sugar reached England. Sugar spread
rapidly in the 1400s and in 1420 reached the Can-
ary Islands, from where it was introduced to the
New World by Columbus in 1493. Up until then,
sugar was considered a luxury item. The colonisa-
tion of the New World brought sugar onto the
world market in sufficiently large quantities at ac-
ceptable prices.

11.1.2
Morphology and Taxonomy

The sugarcane plant is a tall, thick-stemmed peren-
nial grass (Saccharum officinarum; family Poaceae)
(Fig. 1). Its parts and general appearance are simi-
lar to those of other grasses (Metcalfe 1960) and it
is one of the most photosynthetically efficient of
plants. The growth habit of the plant is character-
ized by a clumping of solid stalks bearing regularly
spaced nodes or joints 10 to 25 cm apart, each with
a single bud capable of asexual propagation. Leaves
are sword-shaped, similar to that of a corn plant,
and fold in a sheath with overlapping edges around
the stem at the node. The sheath from one node
encircles the stem up to the next node above and
may overlap the base of the leaf on the next higher
node. Mature cane stems extend 1.5 to 3 m in
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Fig. 1. Morphology of sugarcane plant. A Growth habit. B Stem morphology

height with a diameter from 2.5 to 7.5 cm (Bri-
tannica Concise Encyclopedia 2005). Its sap is high
in sugar content. It is tender to cold, the tops being
killed by temperatures slightly below freezing. The
plant does not have a rest period and can be
planted throughout the year in tropical countries
where it grows continually until harvest. The deri-
vation of the species name is of some interest: Up
until the 17th century, sugar was a rare foodstuff
and was attributed with numerous medicinal vir-
tues, with some doctors in the habit of prescribing
doses of sugar to their patients. It is from this offi-
cial use that the name Saccharum officinarum was
derived.

Sugarcane belongs to the genus Saccharum L.,
first established by Linnaeus in Species plantarum
in 1753 with two species: S. officinarum and S. spi-
calum. The genus falls in the tribe Andropogoneae
in the grass family, Poaceae. The tribe includes
other tropical grasses such as Sorghum and Zea
(maize). Very closely related to Saccharum are an-
other four genera that readily interbreed, forming
what is now commonly referred to as the Sacchar-

Table 1. Classification of the Saccharum complex.

Family: Poaceae

Sub-family: Panicoideae

Tribe: Andropogoneae

Sub-tribe: Saccharastrae

Genera: Erianthus Michx Sect. Ripidium Hen-

rard

Miscanthus Anderss Sect. Diandra Keng
Narenga Bor

Saccharum Linn.

Sclerostachya

um complex (Daniels and Roach 1987). The other
four genera are Erianthus section Ripidum, Mis-
canthus section Diandra, Narenga and Sclerostachya
(Table 1). They have in common a high level of
polyploidy, aneuploidy (unbalanced number of
chromosomes) that creates a challenge for the taxo-
nomist (Daniels and Roach 1987; Sreenivasan et al.
1987). Linnaeus’ original classification has since
been revised to contain six species: S. officinarum,
known as the noble cane; S. spontaneum, S. robus-
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tum, and S. edule, classified as wild species; and S.
sinense and S. barberi, classified as ancient hybrids
(Buzacott 1965; Daniels and Roach 1987; D’Hont
and Layssac 1998).

Saccharum officinarum

SYNONYM(S): Saccharum chinense Roxb., Sac-
charatum hybridum hort., Saccharum officinale Sal-
isb., Saccharatum violaceum Tussac

ENGLISH: Sugar cane, noble cane, cultivated sugar-
cane

S. officinarum, being high in sucrose content, has
been used primarily for sugar production. It is
characterized by being moderately tall, of various
colors, thick stalks and low in fiber. Over 400
clones of S. officinarum have been recorded. S. offi-
cinarum is generally characterized by having a
chromosome number of 2n =280, with a basic chro-
mosome number of x=10 (D’Hont et al. 1998a). It
is thought to be derived from 2n=280 forms of the
wild species S. robustum in New Guinea, the center
of origin (Brandes 1958). From there, clones of S.
officinarum would have first been dispersed to the
surrounding islands and later to various regions
that became the current sugar-producing countries
(Jannoo et al. 1999). In the early 19th century, to
produce interspecific hybrids, clones of S. officinar-
um were crossed with S. spontaneum and back-
crossed twice with S. officinarum as the recurrent
parent. S. officinarum transmitted its somatic chro-
mosome number during the first hybridization and
the first backcross contrarily to the S. spontaneum
clones. The chromosome number after the second
backcross became normal (Bremer 1961). This pro-
cess, referred to as ‘nobilisation’, has resulted in
modern varieties with genomes that comprise mul-
tiple sets of homologous chromosomes derived
from a single species (autopolyploid); possessing
two or more unlike sets of chromosomes (allopoly-
ploid) (Sreenivasan et al. 1987); and having a high
total chromosome number (2n=100 to 130) with
ca. 80% of the genome derived from S. officinarum
and the rest from S. spontaneum.

Saccharum spontaneum L.

SYNONYM(S): Saccharum chinense Nees

ENGLISH: Wild cane, wild sugar cane, fodder cane,
thatch grass

S. spontaneum is a wild species that has thinner
canes, shows great variability in its morphology, is
high in fiber and produces little sugar. Characteris-

tics of the spikelets at the end of tertiary branches
of the inflorescence are used to distinguish the spe-
cies from other Saccharum spp. (Purseglove 1972).
It, however, is highly adaptable to cold, drought
and other difficult growing conditions; is highly
vigorous and has resistance to several diseases. It
too is a complex polyploid with a chromosome
number varying from 2n=40 to 128. Its basic chro-
mosome number was initially suggested as being
either 8 or 10 (Sreenivasan et al. 1987) but has now
been confirmed by genomic in situ hybridization
(GISH) as x=8 (D’Hont et al. 1998a). S. sponta-
neum is widely used in hybridization with S. offici-
narum and is widely distributed from Japan and
New Guinea to the Mediterranean and Africa, with
India thought to be the center of origin (Daniels et
al. 1975). The vigour and adaptability of S. sponta-
neum has, however, earned it a reputation for being
weedy and as such has been classified as a weed
species in 33 countries. In Thailand, India, the Phi-
lippines and Indonesia, it is a serious agricultural
weed competing on disturbed sites (Holm et al
1997).

Saccharum robustum

This species was discovered in New Guinea and is
thought to be the intermediate form in the evolu-
tionary pathway from S. spontaneum to S. officinar-
um. In 1928, Brandes and Jeswiet, on expedition to
New Guinea, collected 154 clones (Daniels and Da-
niels 1975). Its stems are large in diameter, tall (up
to 10 m) and vigorous but, like S. officinarum, is
susceptible to similar diseases, such as sugarcane
mosaic virus. Due to its growth form, S. robustum
is often used as either wind breaks or fences in
New Guinea.

Saccharum edule

S. edule is thought to be an intergeneric hybrid of
Miscanthus floridus and S. robustum or S. officinar-
um. It is similar in appearance to S. robustum ex-
cept that its inflorescence is compacted and it is
cultivated as a vegetable on the islands of the Pacif-
ic and New Guinea.

Saccharum sinense and Saccharum barberi
Saccharum sinense Roxb.

ENGLISH: Chinese cane, Chinese sugar cane, In-
dian sugar cane, cultivated sugarcane

S. sinense (2n=81 to 124) and S. barberi (2n=11
to 120) are thought to be wild species that have
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been in cultivation since prehistory in northern In-
dia and China (Price 1968). The two species are
thought to be derived from natural hybridizations.
S. sinense is believed to be a result of natural hybri-
dization between S. officinarumxErianthus (sect.
Ripidium), whilst S. barberi is native to India and
thought to have been derived from S. officinarumx
Miscanthus introgression. Each species also con-
tains chromosomes homologous to S. officinarum
and S. spontaneum as well as those from the genera
Erianthus and Miscanthus, giving evidence to the
complex relationships between members of the Sac-
charum complex (Daniels and Roach 1987; D’Hont
et al. 1996). S. sinense has been used for sugar pro-
duction in areas of India, China, Japan, the Philip-
pines and Hawaii. It typically has narrow leaves
and its stalks are generally thin, but the plant is re-
sistant to disease, drought and flooding.

11.1.3
Karyotype

The Saccharum karyotype varies between species
and cultivars. Chromosome numbers within the
different species were determined early in sugar-
cane research. However, it is only recently that
greater understanding of the karyotype varieties
has been achieved. Cytogenetic studies had been
used largely to determine chromosome behavior in
sugarcane during meiosis. It had also been applied
to studies in determining chromosome number of
cultivars and interspecific and intergeneric hybrids
(Sreenivasan et al. 1987). With the development of
GISH, a method developed in the 1990s and involv-
ing the direct labelling of DNA from two sources
with SpectrumRed and SpectrumGreen fluorescent
dyes to act as probes that are then hybridized to
the DNA of interest (Jiang and Gill 1994; Bennett
1995; Gill and Friebe 1998), the technique paved
the way for studies of chromosomal composition in
sugarcane, and in the mid-1990s it was shown that
distinguishing the chromosome contributions made
by S. officinarum and S. spontaneum was possible
using GISH (D’Hont et al. 1995, 1996). In the culti-
var R570, where the chromosome count of chromo-
some preparations varied between 107 and 115,
about 10% of chromosomes were identified as hav-
ing been contributed by S. spontaneum and about
80% from S. officinarum. The remaining 10% are
recombinants of both species (D’Hont et al. 1995).
Whilst these figures indicate that recombination of

chromosomes does occur in contrast to previous
assumptions to the contrary (Price 1963), the fact
that 10% of the S. spontaneum chromosomes did
not recombine indicates that recombination is not
a frequent event (D’Hont et al. 1996).

The basic genome size (1x) estimated by flow
cytometry is ca. 930 Mbp (0.98 pg DNA) for S. offi-
cinarum and 750 Mbp (0.78 pg) for S. spontaneum,
whilst the total genome size estimated for the culti-
var R570 (2n=115) is ca. 10,000 Mbp. This is sig-
nificantly larger than related grass species such as
rice (860 Mbp, 2n=24), sorghum (1600 Mbp,
2n=20) or maize (5500 Mbp, 2n=20) and high-
lights the high ploidy level of sugarcane cultivars
(D’Hont & Glaszmann 2001).

Bremer (1924) established the chromosome
number of S. officinarum as 2n==80, but he be-
lieved that clones with chromosome numbers other
than 2n=80 were hybrids. Whilst Bremer provided
a range of 2n=60-200 for S. robustum, Price gave a
more detailed breakdown of the range as 2n=60,
63-70, 70, 80, 86, 92, 100-112, 157, 164 and 194
(Price 1957, 1965). The probable basic number was
thought to be x=10. This has now been confirmed
through physical mapping of the rDNA sites, where
eight copies of the locus was present in the species,
with further support coming from studies on the
interspecific hybrid R570 (D’Hont et al. 1996).

The chromosome number of S. spontaneum
clones also range widely from 2n=40 to 128, with
the five major cytotypes for the species being
2n=64, 2n=80, 2n=96, 2n=112, 2n=128 (Panje
and Babu 1960; Sreenivasan et al. 1987). Based on
this series of cytotypes, it was believed that the
most probable basic number would be x=8. This
has been confirmed again through in situ hybridi-

Table 2. Summary of members of genus Saccharum (Buza-
cott 1965; Daniels et al. 1987)

Species Classification ~ Sugar Chromosome
content  number

S. barbari Ancient hybrid Low 2n=11-120

S. edule Wild species  Used as a 2n=60-80 with
vegetable aneuploid forms

S. officinarum  Noble canes High 2n=280

S. robustum Wild species  Nil 2n=60-~200

S. sinense Ancient hybrid Low 2n=380-140

S. spontaneum Wild species  Nil 2n=40-128
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zation of rDNA sites on a S. spontaneum clone with
2n=64 (D’Hont et al. 1995).

Amongst the remaining Saccharum species, S.
barberi and S. sinense have been separated into five
morphologically different groups with chromosome
numbers ranging between 2n=82 and 124. S. ro-
bustum clones range from 2n=60 to 200.

11.1.4
Economic Importance

The sugar market includes beet, cane, high fructose
syrup and other sweeteners and farmers, proces-
sors, food manufacturers and consumers; in addi-
tion, there is extensive government involvement
around the world in this market. Over three-fourths
of sugar produced is from sugarcane, with the re-
mainder produced from sugar beet.

Sugarcane is the main sugar-producing crop
and is the source of sugar in all tropical and sub-
tropical countries of the world. Sugarcane today is
cultivated in 127 countries in both the tropics and
subtropics covering a land area of over 130,000
km” (32 million acres). The top 20 producing coun-
tries harvested 125 million metric tonnes of sugar-
cane in 2002 (over 6 times that of sugar beets pro-
duced) with the largest producers being Brazil, In-
dia and the European Union (sugar beet) and the
United States. However, the top five largest export-
ers are Brazil, Thailand, the European Union (sugar
beet), Australia and Cuba. However, it is the devel-
oping nations such as Latin America, the Carib-
bean, southern Africa, Asia and the Pacific that
have economies which are reliant on sugar as a sig-
nificant share of their export earnings.

Of the approximately 125 million metric tonnes
harvested, about 71% of this is sold profitably
within its country of origin, or at a profit to other
countries under agreement. What remains unsold
is traded internationally (or dumped) at below pro-
duction cost on the ‘world sugar market’. Since
1985, this dump price has averaged about half the
world average cost of producing sugar and is well
below that of even the most efficient producers
(Carter and Wenner 2003). At early-21st-century
prices, most sugar industries in the developing na-
tions have little hope of competing on the world
market without the support of tariffs, and between
early 2001 and late 2004, sugar prices went through
at least two rounds of fluctuations between US$
0.096 per pound and US$ 0.05 cents per pound.

The importance of achieving reasonable price
stability in the sugar market is a result of the need
for rational planning in the industry. Sugar is a
special agricultural product that is highly capital
intensive because it requires mills and factories for
final processing. The capital intensity means that
long-term planning is essential. This situation is
aggravated due to sugarcane being a multiyear
crop. It is therefore extremely difficult to match
production with price conditions, and there is an
in-built tendency to overproduce, driving prices
downwards in surplus years (Mulherin 1986).

Changes to world sugar prices can be partially
attributed to changes in sugar production by
Southern Hemisphere countries taking a greater
role as primary suppliers since 1985. Brazil is now
the leading producer and exporter of sugarcane,
and sustained production in Australia, South Afri-
ca, Zimbabwe and Swaziland have contributed to
the predominance of Southern Hemisphere produc-
ers. Over the 10 years to 2003, Brazil has increased
its exports ten-fold, to over 10 million tonnes. This
trend is expected to continue, with Brazil targeting
ca. 50% of the world sugar market. Brazil’s ability
to expand its exports has been helped largely by
the repeated devaluation of its currency, thereby ar-
tificially reducing its production costs. In addition,
the cross subsidy by the Brazilian government-sup-
ported bioethanol industry has also assisted in the
reduction of these costs. Expansion programs in
Brazil’s central, south and north-north-east regions
are expected to continue due to rising investment
in the industry through mergers, joint ventures and
direct acquisitions. In addition, an estimated 40
mills expected to be operational by 2007 will
strengthen Brazil’s supply response capabilities
(Knapp 2003).

11.1.5
Breeding Objectives

Increasing sugar production has been the aim of
improving cultivars for the sugarcane industries
since the 19th century. Whilst molecular diversity
in S. officinarum and commercial clones has been
shown to be greater than previously expected
(D’Hont et al. 1993; Al-Janabi et al. 1994; Harvey
and Botha 1996; Jannoo et al. 1999), there are still
many agriculturally desirable traits lacking in com-
mercial cane. Traits such as ratooning ability, vig-
our and disease resistance are found in closely re-
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lated members of the Andropogoneae tribe, and
multiple attempts have been made to introgress
these into commercial cane (D’Hont et al. 1995;
Besse et al. 1997; Alix et al. 1999; Piperidis et al.
2000) though various breeding efforts.

11.1.6
Classical Breeding Achievements

Sugarcane breeding consists of intercrossing superi-
or parental varieties with subsequent selection of
the best F; hybrids, a process that may take any-
where from 8 to 20 years. This proven technique
has produced all the current elite commercial culti-
vars, but it is limited by the extreme ploidy and
heterozygosity of the parental breeding lines, the
diversity in the gene pool, and the expense of se-
lection of commercial traits such as ratooning abil-
ity. The result is often a compromise between what
is technically feasible for the breeder and the needs
of the farmers, processor and consumer, often lead-
ing to commercial varieties with serious faults
(Skinner et al. 1987).

Prior to sugarcane farming and breeding pro-
grams, disease control relied mainly on naturally
occurring resistant clones. The introduction of
breeding programs and genetic improvement have
contributed significantly to the sugarcane industry
by rasing yield as a consequence of disease-resis-
tant and stress-tolerant varieties that changed the
sugarcane farming industry. Genetic improvement
and breeding exercises developed the varieties of
modern sugarcane that can be grown in a wide
range of environmental conditions and agronomic
practices.

The ability to produce seedlings in the early
20th century was a breakthrough in classical sugar-
cane breeding. Obtaining vital and fertile seeds is a
necessity for breeding programs and provides a
wide genetic variation in the hybrids. Hybrid su-
garcane fertility was doubtful until 1858, when it
was reported in Barbados, and not until 1885 when
Soltwedel in Java obtained seeds from S. sponta-
neum was fertility in sugarcane finally recognised.
Intercrossing of the noble cane in the early years of
sugarcane breeding was the only means of develop-
ing disease resistance and other commercial tar-
gets. However, the continuous intercrossing pro-
gram aimed at commercial characteristics in culti-
vated sugarcane resulted in a genetic drift that
made the improvement of clones difficult. Nonethe-

less, intensive interspecific crossing programs
around the world have resulted in a relative resis-
tance to gumming disease as well as improved su-
gar yield. These late interspecific crosses have pro-
vided a valuable basis for today’s germplasm in
breeding programs based upon interspecific hybri-
dizations.

S. officinarum as we know it today evolved in
1893 with the first successful crossing between S.
officinarum Black Cheribon and the wild S. sponta-
neum Kassoer (Bremer 1961). Stimulated by the
viral Sereh disease, Javan and Indian breeders se-
lectively introduced desired traits from S. sponta-
neum whilst still preserving the S. officinarum
characteristics through a double backcrossing with
S. officinarum. This process was later given the
term ‘nobilisation’ by Jeswiet (Jeswiet 1929) and
Stevenson (Stevenson 1965), which means develop-
ing a cane that carries ‘noble’ characters of high
productivity and disease resistance (Roach 1972).

The current commercial hybrid varieties are a
consequence of years of selection. This selection
for improved sugar-producing varieties commenced
early in China and India where the main varieties
used were S. sinense and S. barberi respectively.
The outcome of sugar trading and the movement
of sugar from these areas to Europe through the
Mediterranean and to the rest of the world saw an
international growth in the use of sugarcane for su-
gar that eventually evolved into the modern sugar-
cane industry we see today. The needs and de-
mands of the new world for more sugar forced the
search for more efficient sugar-producing clones to
fit these needs, thereby leading to the development
of modern-day cultivars.

In breeding for disease resistance, the strategy
adopted by the Australian sugar industry is to pref-
erentially use disease-resistant parent varieties
when the trait is known to show high heritability
but to limit the selection pressure so that parents
with superior agronomic performance can still be
used (Hogarth 1987). Breeding of resistant varieties
is now fundamental to the control of some of the
major diseases of sugarcane, including Fiji disease,
leaf scald, mosaic, red rot and smut. However,
breeding for resistance has not been successfully
developed for the control of other major diseases
such as ratoon stunting disease (RSD), controlled
with hot water treatment; pineapple disease, con-
trolled with fungicides; or for the control of major
insect pests such as cane grub.
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11.1.7
Limitations of Classical Activities

The complexity and size of the sugarcane genome
is a major limitation in classical breeding methods.
Linkage between different traits is a major factor
contributing to this complexity, and whilst contin-
ued selective breeding for enhanced sucrose accu-
mulation has been responsible for over half of the
yield increase in the past 50 years, it has probably
reached the limit of its capabilities. Nevertheless,
the employment of new technologies can aid in this
respect. The genetic selection process in sugarcane
can now be assisted by the ability to associate spe-
cific traits with genetic markers and genetic maps,
and the use of these molecular tools, mapping and
gene-identification techniques will be crucial if
yield increases through breeding are to be contin-
ued.

11.2
Genetic Maps

Due to the high ploidy level, complexity of aneu-
ploidy and the highly heterozygous nature of the
sugarcane genome, the application of molecular
markers for mapping purposes presents challenges
not commonly associated with diploid plants.
Marker systems such as amplified fragment length
polymorphisms (AFLPs), restricted fragment length
polymorphisms (RFLPs) and simple sequence re-
peats (SSRs) reveal several alleles for a single locus.
These markers may be single dose (SD) and pres-
ent as a single copy, double dose (DD) and present
as two copies, or multidose. Ideally, a mapping
population would show a high level of SD markers.
SD markers are present in one parent, absent in
the other and segregate in 1:1 ratio in the proge-
nies.

11.2.1
First-Generation Maps

RFLPs were amongst the first DNA marker systems
used to develop genetic maps in higher organisms
(Botstein et al. 1980). Initial efforts in developing
genetic maps of Saccharum were carried out simul-
taneously by da Silva using RFLP markers and by
Al-Janabi using arbitrarily primed polymerase
chain reaction (PCR) (Welsh and McLelland 1990),

a method similar to random amplified poly-
morphic DNA (RAPD) markers (Al-Janabi et al.
1993; da Silva et al. 1993). They based their initial
maps on a proposal that suggested direct mapping
of any polyploid was possible if it had strict biva-
lent pairing at meiosis (Wu et al. 1992). This prem-
ise allowed mapping based on the segregation of
SD markers (Bonierbale et al. 1988). The RFLP
map consisted of 216 SD loci comprising 44 linkage
groups (LGs), whilst the arbitrarily primed PCR
map had 208 SD loci comprising 41 LGs (Al-Janabi
et al. 1993; da Silva et al. 1993). Further efforts by
da Silva extended the RFLP map to 319 loci
through the development of a method to map DD
and triple-dose (TD) markers (da Silva et al. 1993).
Estimates of genome size and coverage of these two
studies were in close agreement, and both con-
cluded that sugarcane presented polysomic segrega-
tion, typical of autopolyploids. Both authors had
also developed their maps on the S. spontaneum
clone SES 208, which allowed for the combination
of both maps into a single genetic linkage map
comprising 527 markers randomly distributed
across the genome and bearing an average interval
of 6 cM between the markers (da Silva et al. 1995).
The results also suggested this clone to be an au-
topolyploid. Maps were later created for S. offici-
narum using RAPDs (Mudge et al. 1996) and
RFLPs (Ming et al. 1998), and for S. robustum with
RFLPs (Ming et al. 1998; Hoarau et al. 2001). The
RFLP maps by Ming were developed from interspe-
cific crosses of S. officinarumxs$. spontaneum, pro-
viding a total of four maps, two for S. officinarum
(clones Green German and Muntok Java) and a
further two for S. spontaneum (clones IND81-146
and PIN84-1). On Green German (2n=97-117), 418
markers were mapped of which 270 were distrib-
uted over 72 LGs and covered 2304 cM; with Mun-
tok Java (2n=140), 355 markers were mapped and
206 markers also distributed over 72 LGs covering
1443 cM. Of the 385 markers mapped on IND81-
146 (2n=52-56), 248 were distributed over 69
groups covering 2063 cM, and with the 297 mark-
ers on PIN84-1 (2n=96), 182 were also assembled
in 69 LGs over 1103 cM (Ming et al. 1998).

11.2.2
Second-Generation Maps

The first maps of a cultivar were initiated on the
selfed progeny of the cultivar SP70-1006 (D’Hont
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1994). This map was later transferred and further
developed on the cultivar R570 (Grivet et al. 1996a)
using RFLP probes from maize and sugarcane. By
2001 the R570 map, as it had become commonly
known, contained some 600 RFLP markers derived
from a number of grass (Poaceae) species (D’Hont
and Glaszmann 2001). The markers on this map
distribute over 98 cosegregation groups covering a
total length of 2008 cM. A parallel mapping effort
was also carried out to place 939 SD AFLP markers
on R570, of which 887 were distributed into 120
cosegregation or linkage groups (Hoarau et al
2001). A more recent map has been developed on a
cross between the Australian commercial variety
Q165 (2n=115) with the S. officinarum clone IJ76-
514 (2n=80) using a combination of AFLP and
SSR markers. A total of 967 SD markers were gen-
erated from the two marker systems, and 910 were

distributed across 116 LGs covering a total map
length of 9058.3 cM (Fig. 2) (Aitken et al. 2005).

11.2.3
Comparative Mapping

Despite the complexities, parallel work has been
initiated and continues to be carried out in com-
parative mapping using diploid members of the
Adropogoneae tribe as a reference. The choice of
maize as a diploid reference was motivated by the
plausible synteny (Beckmann and Heun 1989)
among members of the Andropogoneae tribe that
was suggested by Hulbert (Hulbert and Richter
1990). Strong hybridization of maize DNA probes
to DNA of sorghum, foxtail millet, Johnsongrass
and sugarcane was observed and revealed the exis-
tence of large homosequential portions between the
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genomes of maize and sorghum, both of which
show synteny with sugarcane. Initial efforts in com-
parative mapping were carried out only with maize
due to its more advanced map at that stage (Grivet
et al. 1994; Dufour et al. 1996). However, these first
comparisons of LGs between sorghum and maize
revealed the presence of large chromosome rear-
rangements, i.e. translocations, centric fusions or
fissions (Grivet et al. 1994). Later efforts showed
sorghum and sugarcane as having a high degree of
colinearity between their chromosomes and they
appeared more closely related than either is to
maize (Fig. 3) (Ming et al. 2002b). The chromo-
some count of 2n=10 to 40 in sorghum makes it a
relatively simple genome as compared to that of su-
garcane (2n=107 to 115 in cultivar R570), making
sorghum the ideal candidate for comparative map-
ping (Grivet et al. 1994; Glaszmann et al. 1997; Gui-
maraes et al. 1997; Ming et al. 1998). Comparative
mapping should lead to a saturation of the sugar-
cane map. Linked loci can be predicted based on

their location on the complex sorghum map, em-
phasizing the usefulness of using synteny to di-
ploids as a means of accelerating the mapping ef-
forts of the complex sugarcane genome.

11.3
Detection of QTLs

Quantitative trait loci (QTLs), or groups of genes
or alleles controlling complex traits, can be used
for locating genomic regions associated with quan-
titative traits. The prerequisites for QTL detection
include having a mapping population that displays
the genetic variation for the trait of interest, suffi-
cient phenotypic data on the population and being
able to establish genetic LGs. The identification of
QTLs requires knowledge of the genome of the spe-
cies under investigation, and this can be acquired
by utilizing existing genetic maps, comparative
mapping and association mapping.
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There are inherent difficulties in the detection of
QTLs in the complex polyploid genome of sugarcane.
The majority of QTL analyses and the statistical
methods used to identify QTLs have been based on
diploid species that have homologous pairs of chro-
mosomes arranged in sets and, therefore, have pre-
dictable meiotic outcomes, single-copy molecular
markers and progeny that segregate in expected pat-
terns. In contrast, the high ploidy nature of sugar-
cane has more homologous chromosomes per set,
increasing the number of possible genotypes per
marker and/or QTL. Added to this, the number of
each marker and/or QTL in the parents and progeny
is not obvious and may not be observable. Added to
this, the additional marker copies can mask recombi-
nation information, and the outcome of meiosis is
usually unknown (Doerge and Craig 2000).

Despite these difficulties, comparative mapping
has been particularly useful for QTL analysis in su-
garcane. Synteny with diploid relatives, in particu-
lar sorghum, has been beneficial in constructing
genetic maps and for identifying QTLs for homolo-
gous agronomic traits in sugarcane (Paterson et al.
1995; Dufour et al. 1996, 1997; Grivet et al. 1996 b;
Guimaraes et al. 1997; Ming et al. 1998; 2002 a;
Bowers et al. 2003; Jordan et al. 2004)

While considerable effort has been put into creat-
ing various sugarcane genetic maps, there are rela-
tively few published QTL mapping studies in sugar-
cane. This, no doubt, is due in part to the difficulties
associated with QTL analysis in polyploid species.
The earliest QTL studies in Saccharum species used
small mapping populations with limited phenotypic
data. D’Hont et al. (1999) recognized the ‘bottleneck’
for identifying QTLs in sugarcane as the limited
availability of robust field data with insufficient re-
plications. To achieve an adequately dense map for
QTL analysis, particularly in polyploid species, a
mapping population of 200 to 300 individuals and
a reasonably high number of markers are required
(Hoarau et al. 2002; McMullen 2003).

In the first published QTL analysis in sugar-
cane, RAPD analysis was used to evaluate a small
mapping population consisting of 44 F, progeny of
a cross between S. officinarum and S. robustum
(Sills et al. 1995). The study included QTLs for
stalk number, tasseled stalks and stalks with smut
(Ustilago scitaminea). In addition, a RAPD marker
linked to eyespot resistance in a population of 84
F, progeny derived from a S. officinarumxS. spon-
taneum cross (Mudge et al. 1996) has been identi-
fied, as well as an RFLP marker associated with
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short-day flowering in a mapping population of
100 individuals (Guimaraes et al. 1997).

11.3.1
QTLs Associated with Resistance

Daugrois (Daugrois et al. 1996) used RFLP markers
to investigate the inheritance of rust resistance in a

population of 141 progenies from the rust resistant
cultivar R570. Rust resistance was evaluated with
field experiments and artificial inoculation in
greenhouse tests. The overall data revealed a 3:1
segregation (resistant/susceptible), suggesting the
presence of a major rust resistance gene in R570.
In an attempt to saturate the region surrounding
the major rust gene, Asnaghi (Asnaghi et al. 2000)
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Fig. 2 (continued)

utilised comparative mapping between sugarcane,
sorghum, maize and rice. Using RFLPs on a mapping
population of 88 selfed progeny of R570, another 217
SD markers were added to the R570 genetic map of
which 66% mapped to the rust-resistant gene.

In 2003, a large number of sugarcane expressed
sequence tags (ESTs) were released into the public
domain by the Brazil-based SUCEST project. Rossi
et al. (2003) exploited the SUCEST EST database to

identify candidate genes for pathogen resistance
and map their distribution on the sugarcane ge-
nome. A total of 261,609 EST sequences were ana-
lysed, resulting in the identification of 88 resistance
gene analogs (RGAs). Of these, 50 RGAs were lo-
cated on the sugarcane reference genetic map con-
structed on the cultivar R570 (Grivet et al. 1996b;
Hoarau et al. 2001). Using SD markers, 148 poly-
morphic RFLP markers and 55 SSR loci were
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Fig. 2 (continued)

mapped. The mapping population used for this
study consisted of 112 selfed progeny from R570
and was a subset of the population used by Hoarau
(Hoarau et al. 2001) to build an AFLP genetic map.
Prior to this study, the only pathogen resistance lo-
cus mapped in sugarcane was the common rust
gene (Daugrois et al. 1996; Asnaghi et al. 2000).

In the first well-characterized Mendelian trait
described in sugarcane, Asnaghi et al. (2004) built
upon the work of Daugrois et al. (1996), who first
demonstrated the rust gene in R570, and Grivet et
al. (1996a), who developed the R570 RFLP genetic
map. In this extensive study, Asnaghi et al. (2004)
used bulked segregated analysis (BSA) and AFLPs
to map the rust resistance gene (Brul). A large

population of 658 individuals, derived from selfing
of clone R570, were analysed for segregation of rust
resistance. Phenotypic data were collected from two
geographically distinct trials over 2 years. In addi-
tion, to confirm the Mendelian inheritance of the
R570 resistance gene, over 2000 clones were stud-
ied. These clones were derived from four biparental
crosses using R570 as the male parent and four
susceptible cultivars as the female parents.

11.3.2
QTLs Associated with Sugar Yield and Content

Initiating a systematic candidate gene approach,
Ming et al. (2001) used linkage analysis in two dif-
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Fig. 2 (continued)

ferent interspecific (S. officinarumxS. spontaneum)
F, populations to identify 36 genomic regions that
influence sugar content, although the number of
progeny was limited. In the first extensive QTL
mapping study in a cultivated sugarcane, Hoarau et
al. (2002) evaluated a population of 295 progeny
derived from the selfing of R570 for yield traits in-
cluding stalk length, number, diameter and brix
(percent of soluble solids). The quantitative trait al-
lele (QTA) mapping study used about 1000 AFLP
markers on a population in a replicated trial over
two crop cycles. Forty putative QTAs were found
for all four traits. However, the QTL effects were
inconsistent between the two crop cycles. The QTAs

had a small individual effect and accounted for be-
tween 3 and 7% of the phenotypic variation. The
researchers aimed to explore the Mendelian factors
underlying yield traits in sugarcane and managed
to do so from the large population size of 295 used
and through the use of a large number of markers.
Important traits for sugar yield are plant height
and flowering. Increased height improves yield due
to an increase in biomass, and flowering in sugar-
cane has a negative affect on yield because it termi-
nates vegetative growth (Coleman 1968; Rao 1977).
QTLs for these traits have been identified in many
crops including sorghum (Lin et al. 1995). These
traits were targeted by Ming et al. (2002a) in two
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interspecific segregating populations of 264 and
239 individuals, both from a S. officinarumxs$.
spontaneum cross. Phenotypic data were recorded
for both populations for one crop cycle in one loca-
tion. Sugarcane and sorghum maps were aligned to
facilitate QTL analysis for the height and flowering
traits. The mapping populations were genotyped
with 735 RFLP markers, and 65 significant associa-
tions were found. Of these loci, 35 could be
mapped as they were linked to sugarcane genetic
maps and 30 were unlinked. Four QTL clusters
controlling plant height corresponded to four of
the six plant height QTLs in sorghum, and one
QTL controlling flowering corresponded to one of
three mapped in sorghum. This study reinforces
the value of using the simpler sorghum genome as
a ‘template’ for molecular dissection of the more
complex sugarcane genome.

Using the same mapping population as Ming et
al. (2002a), QTLs for sugar content (pol, a mea-
surement of sucrose in stalk juice determined by
polarimetry; stalk weight; stalk number; fiber con-
tent and ash content) were mapped by Ming et al.
(2002 ¢). Using 735 RFLP markers, 102 significant
associations were found, and of these 61 were lo-
cated on sugarcane linkage maps.

Aitken et al. (2004) used 1000 AFLP and SSR
markers to map QTLs influencing sugar yield (stalk
weight, diameter and number) in a population of
230 progenies from a cross between a cultivar
(Q165) and a S. officinarum (1J76-514). The popula-
tion was evaluated for these yield traits in a repli-
cated field trial over 2 years. QTLs of small effect
were identified for all traits and were consistent
with other sugarcane studies (Hoarau et al. 2002;
Ming et al. 2002c). Positive and negative effects
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Fig. 3 (continued)

were identified and were consistent over both years.
This study is still in progress and will involve
further field trial data for traits and the repeatabil-
ity of trait-marker associations in populations de-
rived from the progeny used in this cross.

Jordan et al. (2004) conducted a preliminary
mapping study scoring 258 RFLP and RAF (radio-
labelled amplified fragments) markers over a popu-
lation of 108 F; progeny from a cross between two
elite Australian sugarcane clones (Q117x74C42).
The population was evaluated at two sites over 2
years for stalk number and suckering, both impor-
tant factors influencing sugar yield. Sixteen (7
RFLP and 9 RAF) markers were significantly asso-
ciated with stalk number and 14 (6 RFLP and 8
RAF) markers with suckering across both sites and
years. The 13 RFLP markers were generated by 8
different RFLP probes, 7 of which had previously

been mapped in sorghum (Paterson et al. 1995)
and/or sugarcane. The researchers observed that
these seven probes were located within or near
QTLs for tillering and rhizomatousness in sorghum
(Paterson et al. 1995). Thus their study highlighted
the benefits of comparative mapping between sor-
ghum and sugarcane and suggests useful markers
for sugarcane can be identified from sorghum QTLs
associated with related traits.

The opportunity to detect QTLs for traits of in-
terest in sugarcane will be greatly enhanced with
the construction of maps with an extensive genome
coverage and a large number of markers. Aitkin et
al. (2005) constructed a map using 40 AFLP, 5 RAF
and 72 SSR markers generating 1365 polymorphic
markers of which 967 (71%) were single dose. Ait-
kin et al’s map is probably the largest sugarcane
map to date, with the second largest constructed
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Fig. 3 (continued)

by Rossi et al. (2003), which, although shorter by
1213 cM, has 49 extra markers. However, Aitkin et
al. (2005) still estimates their map may only cover
about half the sugarcane genome.

11.4
Gene Mapping, Marker-Assisted
Breeding and Map-Based Cloning

The development of genetic maps has provided a
direct line of sight to the chromosomal location of
genes controlling agronomic traits, the number of
genes involved and the gene action. Marker-assisted
breeding has utilised this technology to cluster
plant genomes, bringing together desirable traits.
Molecular maps are a major step towards map-
based cloning of genes, which will support the

study of gene function and provide new opportu-
nities for genetic engineering (Paterson 1996).

Mapping efforts for the Australian sugarcane in-
dustry (McIntyre et al. 2001) have revealed markers
that are linked to various traits. However, these
markers have only been able to explain small varia-
tions (5 to 20%) in such traits as brix, commercial
cane sugar levels, moisture content, fiber, stalk
number and stem wax. As anticipated, mapped
markers have been able to identify linked traits.
Current mapping efforts are geared towards com-
parative mapping, relying on the synteny to sor-
ghum, as well as efforts in identifying microsatellite
markers linked to disease resistance, such as com-
mon rust, Pachymetra and Fiji disease, as well as
leaf scald and red rot.

In sugarcane, the rust resistance (Brul) gene is
the only major gene that has been mapped. Map-
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ping this gene was aided by the construction of a
gene map based on the selfed progeny of the culti-
var R570 (Daugrois et al. 1996; Grivet et al. 1996 a).
R570 is the leading commercial variety in Reunion,
Mauritius and Guadeloupe as well as some African
countries and in Vietnam. Leaf rust in sugarcane is
caused by the pathogenic agent Puccinia melano-
cephala and is characterized by sporulant rust-co-
lored pustules on the leaf surface of susceptible
clones. With a Mendelian segregation ratio of 3 re-
sistant to 1 susceptible in the progeny of R570, it
was apparent that a single-copy dominant allele
was responsible for providing resistance. Relying
on the synteny between related members of the An-
dropogoneae tribe, a comparative effort with sor-
ghum, rice, maize and barley was carried out to

detect and design probes to unravel the region
around the resistance gene. The gene was located
on the R570 genetic map and linked to a marker
revealed by the sugarcane probe CDSR29 that hy-
bridizes with sorghum DNA. Only one end of the
resistance gene has been marked, and the gene it-
self appears to occupy the terminal position of the
group (Asnaghi et al. 2000).

The agronomic and economic importance of
rust resistance, combined with monogenic rust re-
sistance inheritance and a linked molecular marker,
made this trait a potential candidate for map-based
cloning (Tomkins et al. 1999). To facilitate cloning
of the rust gene locus, a bacterial artificial chromo-
some (BAC) library for the cultivar R570 was con-
structed and the genetic map of R570 covering the
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rust resistance target area was saturated. Markers
were placed at between 0.14 and 0.3 cM on either
side of the gene, and a physical map built with su-
garcane BACs. An initial attempt at cloning the
gene identified three different BACs with markers
located at one or two recombinations respectively
on each side of the gene. Unfortunately, none of
these three BACs corresponded to the chromosome
segment bearing the rust resistance gene, which
may have been a result of the low coverage of the
BAC library. A second repeat attempt at recreating
the BAC library identified a clone containing the
rust resistance gene (D’Hont 2004).

New PCR based marker systems have been and
continue to be developed. In 1997, a consortium
was developed by the International Consortium for
Sugarcane Biotechnology to look into and develop
simple sequence repeats (SSRs), or microsatellite se-
quences, into a marker system for sugarcane. These
markers were developed from an enriched microsa-
tellite library and shown to have the capacity to dis-
tinguish between sugarcane genotypes due to their
ability to detect large numbers of alleles (Cordeiro
et al. 2000). Microsatellite markers have been used
in genome mapping, fingerprinting and population
and evolutionary studies in many plant species
(Dje et al. 2000; Hokanson and Lamboy 2001). Whilst
the use of various marker types in mapping and in
understanding relationships between members of
the sugarcane tribe have now been occurring for
over 10 years, the use of markers in sugarcane breed-
ing is still a relatively recent event. Anecdotal evi-
dence is available on the use of microsatellite mark-
ers in confirming mislabelled genotypes or identify-
ing progeny derived from contaminating pollen. Mi-
crosatellite markers linked to agronomic traits of in-
terest are also known to have been identified. A
number of reports are now available on the use of
markers in breeding, and these have largely been
for the verification of hybrid progeny.

The Hainan Sugarcane Breeding Station (HSBS)
of the Guangzhou Sugarcane Industry Research In-
stitute (GSIRI) in China have applied these markers
to the confirmation of fertile intergeneric F, hy-
brids of S. officinarum and E. arundinaceus as well
as backcross (BC;) progeny from the F; to hybrid
sugarcane (Saccharum sp.) (Cai et al. 2005). RAPD
and SSR markers were used by the USDA-ARS Su-
garcane Research Unit to validate introgression of
genes into F; hybrids of crosses made between S.
spontaneum and elite commercial clones (Pan et al.

2004); and a combination of 5S rDNA and microsa-
tellite markers has been used to verify first-genera-
tion backcross progeny from an intergeneric F,
parent (YC96-66 derived from S. officinarum clone
Badillax Erianthus arundinaceus clone HN92-105)
and a commercial clone produced by the USDA Ca-
nal Point facility (CP84-1198) (Cai et al. 2005). A
number of reports using 55 rDNA as a marker to
verify successful introgression in F; hybrids be-
tween E. arundinaceus and S. officinarum (or hy-
brids) are also available. However, these hybrids
have largely been sterile (D’Hont et al. 1995; Besse
et al. 1997; Alix et al. 1999; Piperidis et al. 2000).

11.4.1
Advanced Works

SSR markers have been widely adopted for use in
sugarcane genetics and breeding. However, high-
throughput genotyping technologies based on sin-
gle nucleotide polymorphisms (SNP) or small-scale
insertion/deletions (indel) could become efficient
alternative tools for traditional markers because of
their greater abundance in the genome and ease of
measurement. A further major advantage of SNP
markers is that they allow easy and unambiguous
identification of alleles or haplotypes. Adoption of
SNP markers will require large efforts in SNP dis-
covery. An efficient strategy, which has been exten-
sively tested in humans, relies on the comparison
of the sequences of ESTs derived from different
genotypes or different chromosomes in a polyploid
genome like that in sugarcane (Grivet et al. 2002).
The SUCEST project in Brazil has resulted in the
public release of 300,000 sugarcane EST sequences.
SUCEST was a large-scale EST program sequencing
clones from cDNA libraries prepared from calli,
root, stalk, etiolated leaves, flowers, seed and
pathogen-induced plants. The aim was to identify
around 50,000 sugarcane genes. The information
provided by SUCEST can be exploited by the re-
search community, as a source of markers for agri-
culturally significant characteristics, to understand
the molecular basis of plant growth and develop-
ment in plant physiology, biochemistry, cell biol-
ogy, pathology and, ultimately, in plant breeding.
ESTs are being used today as a major source of
DNA sequence data for identifying SNPs that could
potentially be used as genetic markers for mapping
and breeding purposes. An important issue to con-
sider in this research is the possible confusion be-
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tween orthologous alleles and paralogous genes
(Grivet et al. 2002). The complete genome sequence
of sugarcane remains a distant goal, and thus the
large collection of sugarcane ESTs will remain a
highly valuable resource for a long time to come.
This collection will be of primary interest for gene
discovery and functional analysis in sugarcane and
possibly in related grasses, such as maize and sor-
ghum (Grivet and Arruda 2001).

11.5
Future Scope of Works

Improving the genetic performance of the sugar-
cane plant, for increased sugar production in di-
verse environments and for the generation of new
products, is the ultimate target of sugarcane genetic
research. Achieving this target requires understand-
ing the biology molecular and cellular level of pro-
cesses that underpin sucrose accumulation and
candidate genes that may provide the basis for im-
proved selection and development of high sugar
genotypes in breeding programs.

The complexities of the sugarcane genome have
left its genetic peculiarities a mystery to science for
a long time, and sugarcane research has mainly been
carried out in an exploratory manner in order to un-
ravel its genetic intricacy. Current research is fo-
cused on achieving more functional goals - to devel-
op genomics-based knowledge and experimental
platforms for the discovery of new gene technologies
that can be applied in sugarcane improvement.

To circumnavigate the issue of genetic bottle-
necks, genetic manipulation methods were devel-
oped in the early 1990s for the production of trans-
genic sugarcane (Birch and Franks 1991; Birch and
Maretzki 1992; Franks and Birch 1991; Bower and
Birch 1992). The technology is capable of deliver-
ing its intended goals and has been adopted by var-
ious sugarcane biotechnology groups. However, in
countries such as Australia, where the negative atti-
tude of the community in regard to sugar from ge-
netically modified cane is high, the industry has
formed the view that this source of sugar cannot
be marketed successfully (Grice et al. 2003). The
industry has, however, seen the potential for genet-
ic engineering to diversify and develop cane plants
with the ability to store novel products with wider
markets than sugar (Grice et al. 2003).

The development of agronomic traits such as
reduction in use of nitrogen and pesticide or shoot

architecture in sugarcane farming systems is also
being investigated. Application of molecular tools
for the analysis of the sugarcane genome makes
use of DNA marker technology to clarify phyloge-
netic relationships, document varieties, assess ge-
netic diversity in the germplasm, detect major
genes and resolve complex genetic traits.

One of the main research goals of this ‘knowledge
gathering’ and a very important tool in gaining a
whole-genome perspective is the generation of ge-
netic maps that indicate the location and function
of genes and the relationship between genes and pro-
vide the markers for their identification. A result of
the high polyploidy nature of sugarcane, develop-
ment of genetic marker technology, is possibly more
difficult in sugarcane than it would be in any other
plant. However, the object remains highly desirable.
SNPs is a very promising genetic marker technology
for sugarcane currently under development in Aus-
tralia. A major source for SNP detection is the re-
cently established EST database. ESTs have proven
to be a valuable tool in the discovery of SNPs in hu-
man genes, but their use for this purpose is still lim-
ited in higher plants (Grivet et al. 2002). There are
two reasons why ESTs might provide a large number
of SNPs for genotyping. First, the sequencing of ESTs
provides sequence data for expressed genes. It is rea-
sonable to expect that at least some of these ESTs will
be responsible for the observed agronomic traits.
Therefore, unlike anonymous markers such as SSRs,
SNPs derived from ESTs could underline the traits
being examined. Secondly, the independent sequenc-
ing of ESTs derived from specific and different gen-
otypes will allow the in silico search for SNPs to take
place. However, while this latter approach is likely to
be the method of choice for the discovery of plant
SNPs, it is not without problems. For instance, in su-
garcane the occurrence of multigene families and the
presence of large introns may interfere with the se-
quence analysis. Furthermore it is clear that not all
genotypes will be the subject of large-scale EST se-
quencing, and therefore further targeted sequencing
will be necessary to cover all useful genotypes (Ed-
wards and Mogg 2001).

Nevertheless, SNPs are well on their way to be-
coming the dominant marker system in commercial
plant breeding. Given their significant practical ad-
vantages and the ability that they confer to examine
polymorphisms within ESTs associated with key un-
derlying traits, there is no doubt that SNPs will be-
come the method of choice for DNA fingerprinting
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(Edwards and Mogg 2001). One of the most direct
implications of SNPs is when an SNP in a coding re-
gion (cSNP) has functional significance resulting in
an amino acid change in the encoded protein and
causing an altered phenotype. Among the different
applications of information obtained with such
markers is the construction of genetic linkage maps
and saturation of genetic maps in polyploids. Once a
dense map has been constructed, it allows linkage
detection between markers and genes. Such linkages
are useful for marker-assisted selection in breeding
programs (Burr et al. 1983). Furthermore, high-den-
sity maps can provide starting points for map-based
gene cloning (Wicking and Williamson 1991). Dense
genetic maps (up to one marker per kilobase) are
possible with SNPs allowing genome scans for link-
age disequilibrium to screen directly for coding
polymorphisms of genes derived from complex pop-
ulations to directly identify candidates for agro-
nomic traits under investigation (Brookes 1999).

A considerable amount of work is dedicated to
the improvement of agronomic practices for envi-
ronmental and biological applications. Applications
of biotechnology for environmental sustainability
address the control of weeds, pests and nutrient
utilisation efficiency in sugarcane by a list of re-
search directions such as reduction of nitrogen in-
put, development of insect-resistant plants and en-
zymatic degradation of pesticide residues.

Sugarcane breeders use quantitative inheritance
knowledge in breeding programs to breed superior
varieties. Applications of DNA-based markers and
QTL mapping technology in sugarcane will enable
breeders to recombine loci, which account for ma-
jor variation in key traits in a more targeted way
by providing knowledge of genetic loci. Ignoring
the ‘popularity’ of genetically modified crops, mo-
lecular mapping and gene identification techniques
are definitely to be the basis of sugarcane breeding
programs in the future.

The competitive sugar world market is pushing
sugarcane research to identify new markets for
other sugarcane products. Sugarcane as a biofac-
tory is the new term that brings together the tech-
nologies for production of high-value materials
such as functional foods and nutraceuticals , bio-
polymers and enzymes in sugarcane.
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12.1
Introduction

The cultivated potato has undergone significant bio-
logical evolution over the past four centuries that
has led to its position as the fourth most important
cultivated crop worldwide after wheat, maize and
rice, with a total global production of ca. 311 mil-
lion metric tonnes on an area of ca. 18.9 million ha
(http://faostat.fao.org). Table 1 gives a summary of
the top six potato-producing countries/areas in the
world, which account for over two thirds of total
global potato production. In developing economies,
the majority of the crop is used for direct consump-
tion. Potatoes are a good source of carbohydrate,
protein, vitamins, e.g. vitamin C or ascorbic acid,
thiamine, niacin, pyroxidine, vitamin B6, riboflavin,
folic acid, and minerals, e.g. calcium, potassium,
phosphorus (Smith 1984). In recent years, particu-
larly in developed economies, there has been a shift
in the end use of potatoes, with production for di-
rect consumption being replaced by a trend towards
processing potatoes for the production of conve-
nience foods such as french fries and potato chips
(http://faostat.fao.org). In addition, diverse non-food

uses of potato are emerging, for example, potato as
a source of starch for the production of biodegrad-
able plastics (Doane 1994).

12.1.1
History, Taxonomy and Distribution

Despite the fact that it has only been known in Eu-
rope for the past 400 years, the potato is one of hu-
manity’s most ancient cultivated plant species. It
originated in South America and was probably first
seen by Europeans when the Spanish arrived on the
coast of what is modern-day Peru in 1532. Pub-
lished accounts describing potato as a staple food
crop of the peoples of the Andes of southern Peru
and Bolivia exist from this period (Lopez de Go-
mara 1552), and the antiquity of potato as a food
crop is supported by archaeological finds such as
ceramic pots of the Moche (1-600 AD) and Chimu
(900-1450 AD) tribes of the northern Peruvian
coast, which are illustrated with potato plants
(Hawkes 1990). Evidence predating the Christian
era has been found in plant remains excavated
from graves, food stores and rubbish dumps. In
Peru, potato remains, frequently in the form of

Table 1. Top six potato-producing countries/areas in the world (2003)

Production Area Average yield Seed production

(MT) (ha) (MT/ha) (MT)
World 310,810,336 18,896,832 16.45 36,201,982
China 66,813,331 4,501,667 14.84 3,001,500
EU 57,224,856 2,171,259 24.78 5,455,314
25 states, May 2004 *(42.4 in Denmark

to 13.1 in Latvia)

Russian Federation 36,746,512 3,171,990 11.58 10,000,000
India 23,161,400 1,337,200 17.32 2,100,000
USA 20,821,930 505,980 41.15 1,250,000
Ukraine 18,500,000 1,600,000 11.56 5,000,000
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chuno (freeze dried tubers), have been found dat-
ing from 4500 years ago for coastal sites (Mosely
1975; Martins-Farias 1976) and 7000 years ago for
one Andean site (Engel 1984). At one site in Chile,
potato remains dating from 13,000 years ago have
been found, predating the development of agricul-
ture (Ugent et al. 1987).

The taxonomy, evolution and route of domesti-
cation of potato are all the subject of debate
amongst experts in these respective fields. Taxono-
mically, it is generally agreed that potato and its
wild relatives occupy section Petota within subge-
nus Potatoe of the large and very diverse genus So-
lanum. Section Petota is divided into subsections
Estolonifera (non-tuber-bearing) and Potatoe (tu-
ber-bearing), and these subsections are further di-
vided into series in which species are placed. How-
ever, beyond this level there exist at least two major
schools of thought as to the further treatment of
section Petota. Hawkes (1994) recognizes 228 wild
and seven cultivated species (S. tuberosum, S. steno-
tonum, S. ajanhuiri, S. chaucha, S. phureja, S. curti-
lobum and S. juzepczukii) of potato. Within this
classification system, S. tuberosum is subdivided
into two subspecies, S. tuberosum ssp. tuberosum
(to which the modern cultivated potato belongs)

and S. tuberosum ssp. andigena. Spooner and col-
leagues, however, describe only 199 wild species
(Spooner and Hijmans 2001) and recognize all cul-
tivated potatoes as a single species, S. tuberosum (a
classification originally proposed by Dodds 1962),
which they further subdivide into eight cultivar
groups: Chilotanum Group, Andigenum Group, Ste-
notonum Group, Ajanhuiri Group, Chaucha Group,
Phureja Group, Curtilobum Group, and Juzepcukii
Group (Huaman and Spooner 2002). The eight cul-
tivar groups in this system are representative of the
seven cultivated species in the Hawkes system with
the exception that the two subspecies of S. tubero-
sum (ssp. tuberosum and ssp. andigena) are in-
dividually represented by the Chilotanum and An-
digenum Groups respectively.

The geographic distribution of wild potato spe-
cies is extensive, ranging from the southwestern
states of the USA, through the countries of Central
America, to South America, where they are found
along the entire length of the Andes from Venezue-
la to northwest Argentina, as well as lowland areas
of countries occupying the southernmost half of
South America (Hawkes 1994). Accompanying this
wide geographic distribution is a wide range of en-
vironmental conditions including cold, high-alti-

Table 2. Major potato germplasm collections worldwide. Information derived from Web site of Dutch-German Potato Collec-

tion. Web addresses were active at time of writing, some are not in English

Collection name Host institute

URL

The Dutch-German Potato Collection
lands (CGN)
The Commonwealth Potato Collection (CPC)

The Grof3 Liisewitz Potato Collection
(GLKS)

Centre for Genetic Resources, The Nether-

Scottish Crop Research Institute (SCRI), UK

Institute of Plant Genetics and Crop Plant

www.genebank.nl/potato/

http://www.external.scri.sari.ac.
uk/SCRI/Web/Site/home/
ResearchAreas/Commonwealth
PotatoCollection/cpc.asp
pgrc.ipk-gatersleben.de/potato/

Research (IPK), Germany

The Vavilov Institute Potato Collection
The US Potato Genebank (NRSP-6)

The CIP Potato Collection

The University of Cusco Potato Collection
The PROINPA Potato Collection

The INTA-Balcarce Potato Collection

The CORPOICA Potato Collection

N.I. Vavilov All-Russian Scientific Research
Institute of Plant Industry (VIR)

USDA-ARS Potato Introduction Station, USA

International Potato Center (CIP), Peru
University of Cusco, Peru

Proyecto de Investigacion de la Papa
(PROINPA), Bolivia

INTA-Balcarce, Argentina

Corporacion Colombiana de Investigacion
Agropecuaria (CORPOICA), Colombia

http://vir.nw.ru/

http://www.ars-grin.gov/ars/
MidWest/NR6/
www.cipotato.org/

http://www.proinpa.org/
www.inta.gov.ar/balcarce/

index.htm
http://www.corpoica.org.co/




Chapter 12 Potato 207

tude regions, near-desert regions, temperate rain
forests and coastal plains. Conversely, the cultivated
species/groups were originally confined to the
South American Andes and southern Chilean low-
lands, both of which experience cool temperate cli-
mates. Thus, while cultivated species, because of
their relatively narrow ecogeographical origin, are
adapted to relatively few environments and dis-
eases, their wild relatives, by contrast, have had to
adapt to a whole range of biotic and abiotic stress-
es. Because of this, wild potato species represent a
valuable resource which potato breeders can exploit
to broaden the originally narrow genetic base of
the modern cultivated potato. In order to maximise
the utility of these resources, several extensive po-
tato germplasm collections have been set up
around the world (Table 2) in which many of the
species of potential benefit to potato breeding are
held and characterized with respect to a variety of
potentially important agronomic traits.

Cultivated and wild potato species exist in a
polyploid series from diploid to hexaploid, with a
generally accepted basic haploid chromosome num-
ber of x=12. The modern cultivated potato, Sola-
num tuberosum ssp. tuberosum, is tetraploid
(2n=4x=48) and displays autotetrasomic inheri-
tance, with random pairing amongst its four sets of
homologous chromosomes during meiosis. The
South American cultivated species that bear the
greatest resemblance to the modern cultivated po-
tato are the Chilean S. tuberosum ssp. tuberosum
(Chilotanum Group) and the Andean S. tuberosum
ssp. andigena (Andigenum Group), and several hy-
potheses for the evolution of these species have
been proposed. In the case of S. tuberosum ssp. an-
digena, three main possibilities have been hypothe-
sised, unified by their assumption of the involve-
ment of the diploid cultivated species S. stenoto-
num. An early hypothesis suggested the autopoly-
ploidisation of S. stenotonum (Swaminathan and
Magoon 1961), while two alternative hypotheses in-
volve the hybridization of S. stenotonum with an-
other diploid species, in one case the weedy diploid
wild species S. sparsipilum (Cribb and Hawkes
1986), and in the other case the diploid cultivated
species S. phureja (Matsubayashi 1991). Similarly,
there are several hypotheses about the origin of the
Chilean populations of S. tuberosum ssp. tubero-
sum. Perhaps the most widely accepted theory is
that S. tuberosum ssp. andigena, which is adapted
to the short 12-h days of the high Andes, was

transported to Chile via trade or human population
movement, where it adapted to the longer day
length of that region, evolving into subspecies tu-
berosum (Hawkes 1990). There are alternative the-
ories; for instance, Ugent et al. (1987) proposed the
wild species S. maglia as a progenitor of subspecies
tuberosum on the basis of starch grains, and Grun
(1990) suggested that subspecies tuberosum evolved
from a cross between subspecies andigena and an
unidentified wild species. There is some agreement
by various authors, however, that all of the above
hypotheses are oversimplifications, and that South
American cultivated potatoes are likely of multiple
origins.

The introduction of potato from South America
into Europe, and its development into what we now
refer to as cultivated potato, is also a subject of
some controversy. It is generally accepted that the
first introductions occurred somewhere towards
the end of the 16th century. Historical records list-
ing the purchase of potatoes by the Hospital de la
Sangre in Seville in 1576 suggest an introduction
into Spain around 1570 (Hawkes 1990). The afore-
mentioned controversy surrounds the point of ori-
gin and subspecies (or cultivar group) of the ear-
liest introductions. Juzepcuk and Bukasov (1929)
originally proposed that the earliest introductions
were of the Chilean Solanum tuberosum ssp. tuber-
osum (Chilotanum Group) because of the fact that
both modern potato and these Chilean landraces
are morphologically similar and adapted to tuber-
ise under long days. Salaman (1949), however, pro-
posed that historical evidence indicated that the
earliest introductions were of the short-day-length-
adapted Andean Solanum tuberosum ssp. andigena
(Andigenum Group) and that their introduction
was followed by a rapid convergent selection to-
wards the day length and morphological character-
istics of the Chilean landraces because of the simi-
lar environments of the Chilean lowlands and con-
tinental Europe. Whatever the source of the origi-
nal introduction, modern potato cultivars certainly
derive much of their genetic background from the
Chilean tuberosum subspecies, as evidenced by the
fact that nearly all of these cultivars have a chloro-
plast genome possessing a 241-bp deletion charac-
teristic of Chilean tuberosum landraces (Hosaka
1995). Proponents of a sole original introduction of
S. tuberosum ssp. andigena attribute this fact to the
widespread decimation of potato crops during the
pan-European potato famine beginning in Ireland
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in 1845, followed by widespread breeding with Chi-
lean germplasm in an effort to increase levels of re-
sistance (Hawkes 1990). However, Spooner and col-
leagues have advanced an alternative hypothesis
that there were multiple early introductions of both
S. tuberosum subspecies into Europe, most of which
are simply not recorded in historical literature. In
this scenario it is likely that that the Chilean races,
which were adapted to European day-length condi-
tions, would have rapidly been selected over the
Andean landraces, explaining the possession of the
Chilean Tuberosum-type chloroplast genome by
most modern cultivars (D. Spooner, personal com-
munication).

12.1.2
Potato Breeding

Potato breeding began in earnest after the global
blight epidemics of the mid-19th century. The fact
that European cultivated potato was founded on rel-
atively few introductions of non-diverse landrace
material from South America resulted in a crop
with a narrow genetic base, and genetic diversity
was further eroded by the widespread decimation
of the species caused by disease epidemics. Early
attempts at introducing new germplasm failed to
widen the gene pool significantly, since many ini-
tial attempts involved crosses with descendants of a
single Chilean S. tuberosum ssp. tuberosum variety,
Rough Purple Chili (Hawkes 1990). These efforts
were also not very effective in increasing the level
of blight resistance in potato, and it was not until
the beginning of the 20th century, with the wide-
spread use of the Mexican hexaploid species Sola-
num demissum, that effective blight-resistant culti-
vars began to be developed (Hawkes 1990). Suc-
cesses such as this saw the realisation of the poten-
tial, in potato breeding, of wild and exotic culti-
vated germplasm of Central and South America,
which resulted in numerous collecting expeditions
that led to the establishment of several potato
germplasm collections worldwide.

While upwards of 130 wild and cultivated exotic
species of potato are available in potato germplasm
collections (Hawkes 1994), relatively few (of the
wild species) have been used extensively in breed-
ing programs. This is in part due to the existence
of interspecific crossing barriers such as different
nuclear ploidy levels, gametophytic self-incompat-
ibility, endosperm instability and sterility of F, pro-

geny. Although many of these barriers can be over-
come by various techniques, their existence has
limited the widespread use of many wild species in
potato breeding. Some of the evolutionarily more
advanced tuber-bearing diploid wild species can be
crossed with S. tuberosum ssp. tuberosum relatively
easily. The success of such crosses is facilitated by
the fact that the embryos that develop after fertili-
zation have a viable endosperm. Potato and its re-
latives have been empirically assigned a hypotheti-
cal value called an endosperm balance number
(EBN) and species with the same EBN (and nuclear
ploidy) can be crossed successfully (Hermsen
1994). Crossing is facilitated by the ease with which
ploidy and EBN can be manipulated in both culti-
vated potato (4%, EBN=4) and these wild species
(2%, EBN=2). Tetraploid cultivated potato can be
artificially haploidised to produce functional di-
ploids (with an EBN=2) through prickle pollina-
tion using specific S. phureja inducer genotypes or
through anther culture (‘androgenesis’), and many
diploid wild species (and potato dihaploids) have a
tendency to produce unreduced, diploid gametes,
effectively analogous to the gametes of tetraploids
(with an EBN=4). Strategies such as these allow
both individual traits and genetic diversity in gen-
eral to be transferred from these wild species to
germplasm that can be used in commercial breed-
ing programs, although several rounds of back-
crossing may be required to eliminate undesirable
traits from the donor species.

Use of wild species material has not been the
sole strategy employed in attempts to both widen
the genetic base of potato and introgress new traits.
Another strategy, developed by Simmonds (1969)
and subsequently adopted by breeders in the USA,
Canada and the Netherlands, was based on estab-
lishing populations of unadapted S. tuberosum ssp.
andigena and essentially rapidly ‘evolving’ them to-
wards the phenotype of ssp. tuberosum by recur-
rent mass selection over two decades. Material
from these programs is referred to as Neotubero-
sum. Simmonds’ program resulted in the genera-
tion of clones with comparable yield and maturity,
good cooking quality and better blight resistance
compared to Tuberosum, although they were inferi-
or in the regularity of tuber shape. Some of the
clones were also found to have an improved resis-
tance to low-temperature sweetening. Neotubero-
sum material from such programs has been used
successfully for cultivar development, for example
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the cultivars Shelagh and Rosa both resulted from
crosses between Tuberosum and Neotuberosum
material (Bradshaw and Mackay 1994).

The majority of potato-breeding programs
worldwide aimed at commercial cultivar develop-
ment (as opposed to the germplasm development
schemes described above, which might be referred
to as prebreeding) follow the same basic frame-
work. Generally, each cycle of such a program is
initiated by a large number of pair crosses involv-
ing well-adapted tetraploid material such as exist-
ing cultivars and advanced breeding material from
previous cycles. This is followed by several years of
recurrent phenotypic selection during which up to
60 traits are assessed. It can take up to 11 years
from the initial selection of seedlings to official
trials before commercialisation of the best clones

No. Plants/Crosses

100 - 200 pair crosses | 1

90,000 seedlingsin pots | 2

75,000 seedlingsin field |3

2500 single genotype plots (10 plants per plot) | 4
600 single genotype plots (as above) |3

70 genotypes (3 plots each, 20 clones per plot) 6

|7

8

9
Advanced Trials and Multiplication —<

10
15 genotypes (3 plots each of 84 or
18 plants for domestic or overseas 1
sites respectively)

12

N

Year

can take place (a process that takes several more
years). A schematic outlining the structure of the
current format of the potato-breeding program at
Oak Park Research Centre in Ireland is presented
in Fig. 1. This could be said to represent a typical
example of a ‘traditional’ breeding program. In this
scheme, ca. 150 pair crosses are performed in the
first year and 90,000 individual seedlings are raised
in pots during the second year. Apart from loss
due to events such as lack of tuberisation, all mate-
rial is carried forward as single plants in the field
in the third year, when the first round of selection
occurs, based on a non-destructive visual assess-
ment of tuber characteristics, including number,
size, shape, appearance, growth cracking, etc. Se-
lection in subsequent years is carried out in clonal
plots to approximate commercial production and

Traits Seected

Lirnited negative selection

Breeders preference for tuber charactenistics: number,
size, yield, shape, appearance, defects and scab.

As above, Foliage matunty, cover, height.

As ghove. Cooking charactenstics (fry colour, after
cooking blackening). PCN resistance.

As ghove (except PCN resistance).

As ahove. Reastance to blight, scab, Rrzoctorsa,
Fsariten and gangrene.

All of the above repeated.

Advanced trials take place at three domestic sites
and seven overseas sites.

Individual genotypes may be forwarded to National
List Trials at any stage duning advanced trials.

Cultivar Release

Fig. 1. Potato breeding program as practiced at Oak Park Research Centre at the time of writing. Information courtesy of D.

Griffin, potato breeder
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enable an accurate assessment of foliage character-
istics. Assessment of tuber quality traits such as
dry matter content, after-cooking blackening and
tendency to accumulate reducing sugars during
cold storage (leading to oxidative browning during
frying, an undesirable trait in potato chip produc-
tion) begins in the fifth year, when sufficient tubers
become available for such tests. Assessment of re-
sistance to potato cyst nematodes also takes place
at this point. Resistance levels to most other dis-
eases, e.g. late blight, scab, Rhizoctonia, Fusarium
and gangrene are assessed early in the seventh year.
The material subsequently moves on to advanced
trials at three sites in Ireland and sites in North
Africa, the UK and the Netherlands. Material per-
forming sufficiently well in these trials may be for-
warded to National List Trials to obtain cultivar
status.

The above strategy is representative of many
breeding programs, which may differ in specifics
such as numbers of clones and traits targeted (e.g.
different diseases, different end uses, different re-
gional preferences). Programs similar to this have
successfully produced the majority of commercial
cultivars available today. There is a drive, however,
to increase the efficiency and speed of potato
breeding. Arguably the single most useful means of
driving this increase in efficiency would be an in-
creased ability to predict the extent of transmission
of desired parental characteristics to the next gen-
eration. The goal of this concept is the reduction of
the total number of crosses (and thus progeny) re-
quired for cultivar development by identifying the
most useful parental sources of desired characteris-
tics and the best crosses to combine complemen-
tary characteristics. One method of achieving this
goal is to examine the segregation of traits of inter-
est in progeny populations derived from pairwise
crosses, in order to estimate the extent to which
particular parents will stably transmit desirable
traits to their offspring. This concept, known as
progeny testing, represents an attempt to define the
heritable, genetic component (and possible interac-
tions) of the traits under examination. For the pro-
cess to be truly efficient, it generally requires a
multifactorial scheme involving the crossing of sev-
eral parents of interest in different combinations
(e.g. diallels, selfs, reciprocals) and testing the pro-
geny of all of these crosses for the traits in ques-
tion (Bradshaw and Mackay 1994). The amount of
information gained depends largely on the genetic

architecture of the trait in question. Traits con-
trolled by dominant major genes may exhibit the
Mendelian segregation ratios expected in an autote-
traploid, and these can be used to predict gene
dosage in the parent (tetrasomic inheritance is dis-
cussed in greater depth later). Inferences (such as
narrow-sense heritability and general and specific
combining ability) about the heritable component
of quantitative traits can also be made, allowing
the identification of the best parents and parental
combinations to achieve particular breeding goals.
A breeding program based around a progeny test-
ing approach may differ significantly in structure
from the mass selection program described above.
The recurrent genotypic multitrait selection scheme
employed at SCRI makes use of these strategies
within the framework of a 3-year cycle of recurrent
selection. In the first year, crosses are performed
between chosen parents, and seed is obtained. In
the second year, seedling progeny tests are carried
out for traits such as disease resistance, and visual
assessment of glasshouse grown tubers is per-
formed. In year 3, selected tuber progenies are field
planted, and selected clones from amongst these
are either advanced directly to the cultivar selec-
tion stage or serve as material for subsequent
rounds of hybridization and selection (the reader
is referred to Bradshaw et al. 1994, 1995, 2000 and
2003 for a description of the various elements of
this program).

While progeny tests can give some insights into
the inheritance patterns of traits, their main limita-
tion is the fact that they generally provide only an
indirect indication of the genetic component of the
character being assessed. Only with the develop-
ment of molecular-marker-based genetic linkage
mapping has it been possible to move towards
identifying and quantifying the genetic component
of quantitative traits through the identification of
quantitative trait loci (QTLs) for these traits. Not
only does genetic mapping provide a more direct
indication of the genetic component of quantitative
traits, but the association of QTLs with closely
linked molecular markers offers the possibility of
practising selection directly on the genetic compo-
nents underlying quantitative traits. The potential
for marker-assisted selection (MAS) of both quanti-
tative and qualitative traits in potato breeding will
be discussed later in the chapter after a thorough
review of the current state of the art in genetic
mapping of potato.
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12.2
First-Generation Genetic Linkage
Maps of Potato

Despite the fact that the modern cultivated potato
is autotetraploid, the vast majority of molecular-
marker-based genetic linkage mapping in potato to
date has been carried out at the diploid level in or-
der to circumvent the complexities associated with
tetrasomic inheritance. This section will examine
several diploid maps that could be considered as
‘first-generation reference maps’ of potato by virtue
of the fact that they have been constructed using
markers whose chromosomal location, once estab-
lished in one mapping experiment, will remain
consistent in subsequent mapping studies using
different mapping populations. The ability to align
genetic maps relative to each other by virtue of the
inclusion of markers from these maps is obviously
of central importance if the genetic mapping of
traits of interest is going to have any significance
beyond the specific germplasm in which the map-
ping study has been undertaken.

The first published molecular-marker-based ge-
netic linkage maps of potato were based on restric-
tion fragment length polymorphisms (RFLPs). Bo-
nierbale et al. (1988) took advantage of the synteny
between the genomes of tomato and potato by em-
ploying tomato-derived ¢cDNA and gDNA probes
that had been used previously to construct an
RFLP-based map in tomato (Bernatzky and Tanks-
ley 1986). One hundred thirty-five markers were
mapped to 12 linkage groups (LGs) in a population
of 65 F, individuals in an interspecific cross: Sola-
num phurejax(Solanum tuberosumxSolanum cha-
coense). The map was produced by following the
segregation of alleles from the hybrid parent only.
The similarity of the genomes of potato and tomato
was confirmed by the fact that all but two of the
tomato-derived probes tested hybridized in potato.
Furthermore, almost all probes mapped to the
same LGs in both species, and the linear order of
markers was found to be the same on all but three
chromosomes. The order differences were all due
to paracentric inversions with breakpoints at or
near the centromere. The resulting map length of
606 cM was almost half the length of the tomato
map produced using the same markers, with potato
LGs exhibiting a 1.4- to 3.6-fold reduction in length
compared to their tomato homeologues. Compari-

son of recombination fractions between tomato and
the two potato parents suggested that the reduced
level of recombination was restricted to the inter-
specific hybrid parent. Significant deviations from
the expected marker segregation ratios for a di-
ploid cross were observed for 28% of mapped
markers, and these loci occurred in clusters on five
LGs. The map was extended in a subsequent study
by analysing the segregation of a larger set (approx.
170) of RFLP markers in an interspecific backcross
(BC): (Solanum tuberosumxSolanum berthaultii) X
Solanum berthaultii (Tanksley et al. 1992). The re-
sulting map length increased to 684 cM, and the in-
creased marker density allowed the observation of
two further paracentric inversions differentiating
the tomato and potato genomes, bringing the total
to five inversions located on chromosomes V, IX, X,
XI and XII. An interesting feature of this study was
the fact that the potato genetic map was con-
structed in parallel with the construction of a high-
density genetic map of the tomato genome com-
prising over 1000 molecular markers, of which the
markers used to construct the potato map were a
subset. The high level of gene-order conservation
observed between the two species, and the fact that
the majority of probes used in tomato also hybrid-
ize to potato DNA, means that the order of those
markers not mapped directly in potato can be ap-
proximately inferred by their positions on the to-
mato map and that these markers can be applied to
the construction of genetic maps in other potato
crosses.

In many plant systems, interspecific crosses are
used to generate mapping populations in order to
maximise the genetic diversity, and thus the level
of marker polymorphism between mapping par-
ents. Gebhardt et al. (1989a) screened 38 diploid S.
tuberosum breeding lines for RFLPs using 168 pota-
to-derived gDNA and cDNA probes. The lines cho-
sen exhibited variability for various morphological
and agronomically important characters. Eighty
percent of the probes tested were polymorphic in
the germplasm examined (three probe/enzyme
combinations), with a minimum of 49% and a
maximum of 95% polymorphism between any two
lines. The observed intraspecific variation in potato
is very high in comparison to the closely related to-
mato, probably due to a mixture of the outbreeding
nature of potato and the introgression of wild
germplasm into many potato breeding lines. The
level of variability observed implied that the F;
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progeny of the majority of S. tuberosum intraspecif-
ic crosses would provide sufficient polymorphism
for the creation of genetic maps in potato, and sub-
sequent mapping experiments have confirmed this.

Based on the preliminary data a BC population
created from two of the lines was used to generate
an RFLP-based linkage map with 141 loci covering
all 12 chromosomes (Gebhardt et al. 1989b). The
map was 14% longer than that of Bonierbale et al.
(1988) at 690 cM, and showed similar levels of seg-
regation distortion. In contrast to the previous
studies involving interspecific BCs, markers segre-
gating from both parents were used for map con-
struction. Individual maps were constructed for
each of the parents using RFLP alleles derived from
the individual parents (expected segregation ratio
1:1, presence:absence), and a third map comprised
RFLP marker alleles present in both parents and
segregating in the population (expected segregation
ratio 3:1, presence:absence). These maps were
aligned relative to each other based on assumed al-
lelism between marker alleles derived from the
same probe. The map was further extended by in-
creasing the total number of markers analysed in
the cross and by incorporating data from an inter-
specific BC (S. tuberosumxS. spegazzinii)xS. spe-
gazzinii (Barone et al. 1990) indirectly onto the
map on the basis of linkage to flanking markers
(Gebhardt et al. 1991). Increasing the number of
markers by 117% almost doubled the map length
to 1034 cM, estimated at 80% genome coverage. In
addition, mapping a number of markers from the
study of Bonierbale et al. (1988) in the intraspecific
S. tuberosum BC and a concurrent transfer of
markers from this population to the tomato popula-
tion of Bernatzky and Tanksley (1986) allowed the
alignment of both sets of potato RFLP maps de-
scribed previously. This allowed a comparison of
potato RFLP maps derived from different genetic
backgrounds. Significant reduction in map length
was observed in the interspecific compared to the
intraspecific crosses. While some segregation dis-
tortion could be attributed directly to the interspe-
cific hybridity of parents, regions of distortion con-
sistent across several mapping parents from this
study and that of Bonierbale et al. (1988) were
found on chromosomes I, II, III, VI, IX and X. The
most notable of these was the interval surrounding
the SI (self-incompatibility) locus on LG I.

Jacobs et al. (1995) subsequently used a S. tu-
berosum intraspecific BC to produce a map com-

bining molecular markers (gDNA and cDNA de-
rived RFLPs, and probes flanking T-DNA inserts or
maize transposable element reintegration sites,
morphological markers and isozyme markers).
Maps were produced separately for the male and
female parents, and these were subsequently com-
bined on the basis of allelic bridges between the
maps. The final map consisted of 175 molecular
markers, 10 morphological markers and eight iso-
zyme markers, with a total map length of 1120 cM.

As evidenced by the above examples, the codo-
minant and highly transferable nature of RFLPs
makes them a very powerful tool for map integra-
tion both within and across species boundaries.
However, features of the assay (such as the require-
ment for microgramme quantities of DNA, the nec-
essity to acquire and maintain large collections of
probes, and the recalcitrance of the method to
automation and other measures to increase
throughput) have limited their widespread use in
the face of the advent of polymerase chain reaction
(PCR)-based marker systems that can overcome
many of these limitations.

One of the early illustrations of the utility of
PCR-based markers for map construction in potato
was the use by van Eck et al. (1995) of the highly
multiplex amplified fragment length polymorphism
(AFLP) technique (Vos et al. 1995) to add a further
264 markers, using only six AFLP primer combina-
tions, to the maps constructed by Jacobs et al.
(1995). Subsequently, Rouppe van de Voort et al.
(1997a) demonstrated that AFLP-based maps pro-
duced in fairly unrelated diploid S. tuberosum
genotypes may be aligned relative to each other by
virtue of the fact that AFLP markers of the same
size (electrophoretic mobility) produced by the
same primer combination in different genotypes
are generally allelic and will map to homologous
positions. Using the six AFLP primer combinations
previously used by van Eck et al. (1995), they iden-
tified a total of 117 comigrating markers mapping
to homologous positions the genetic maps of five
genotypes. Because two of the genotypes were
those used by Jacobs et al. (1995), the remaining
three (entirely AFLP-based) maps could also be
aligned relative to the RFLP-based maps of potato.
In order to allow this approach to be used in other
AFLP-based mapping studies, the results of this
and further AFLP mapping experiments were used
to assemble a catalogue of chromosome-specific
AFLP markers to allow any new AFLP-based map
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of potato generated using the appropriate primer
combinations to be aligned relative to the potato
RFLP maps (Rouppe van der Voort et al. 1998a).
The catalogue consists of a Web site (http://
www.dpw.wau.nl/pv/aflp/catalog.htm) comprising 12
autoradiogram images of AFLP fingerprints gener-
ated with commonly used primer combinations on
six mapping parents. AFLP markers are described
by indicating on the autoradiogram images:

1. Their name (including enzyme combinations,
primer extensions and mobility)

2. Their position on the potato genome

3. The parental genotype in which the mapping
was carried out.

Inclusion of a size standard and one or several of
the mapping parents from the catalogue in AFLP
assays when producing a map in other S. tubero-
sum genotypes allows the identification of chromo-
some-specific AFLPs in the resulting maps. While
the AFLP catalogue described here has proven to
be a very useful tool in constructing genetic link-
age maps in potato, it does suffer from some lim-
itations. On a practical level, minor differences in
assay conditions can occasionally make it difficult
to relate AFLP patterns to the catalogue images,
even when the appropriate mapping parents and
size standard are present. There is also an increas-
ing trend towards use of fluorescence-based geno-
typing/sequencing systems for AFLP mapping stud-
ies in plants, causing issues of back-compatibility
to autoradiogram images as well as intersystem
compatibility between different platforms. Finally,
the catalogue was assembled from genotypes that
are derived largely from a S. tuberosum back-
ground, with introgressions from a limited number
of other cultivated and wild species. The number of
markers (per primer combination) that comigrate
with those from the catalogue parents can drop ra-
dically when using wild species mapping parents,
reducing the utility of this method for chromosom-
al identification and orientation in these situations.

Microsatellite- or simple sequence repeat (SSR)-
based markers combine the convenience of a PCR-
based assay with the codominant and locus-specific
nature of RFLPs and have become the system of
choice for linkage mapping in most well-character-
ized plant species. Milbourne et al. (1998) charac-
terized SSR loci in potato, from a mixture of data-
base searches, cDNA libraries and selectively en-

riched small insert libraries. Primer pairs flanking
112 SSRs were designed, and 65 of these were
mapped to 89 loci on two separate populations
(Fig. 2). One of the mapping populations used was
the S. tuberosum BC population of Gebhardt et al.
(1991), allowing the alignment of the SSR-based
map relative to the potato RFLP maps. To date, the
utility of SSR-based markers in potato has been
limited by the relatively low numbers that have
been mapped. Their role is frequently limited to
providing chromosomal identification and orienta-
tion on maps constructed largely of other markers
such as AFLPs. Originally, the low number of SSRs
available was due to the fact that the isolation and
characterization of SSR loci required extensive li-
brary construction and screening, followed by se-
quencing and primer testing. Development of SSRs
from databases was hampered by the low number
of entries for potato - only 451 S. tuberosum se-
quences were present in the EMBL and GenBank
databases at the time of the study of Milbourne et
al. (1998), but these yielded a total of 38 primer
pairs that successfully amplified SSR loci. However,
the advent of large-scale expressed sequence tag
(EST) programs has led to a radical increase in the
amount of gene-derived sequence currently avail-
able, and at the time of writing over 120,000 EST
sequences are available for potato. The Institute for
Genomic Research (TIGR) has developed a pipeline
for the identification of potato ESTs containing SSR
motifs, and to date over 6000 SSR-containing ESTs
have been identified (a summary of these is avail-
able at http://www.tigr.org). Development of suc-
cessful SSR markers is a process with a relatively
high attrition rate, and it is not expected that all of
the SSR sequences identified in ESTs can success-
fully be developed as markers. For instance, ap-
prox. 50% of SSRs in ESTs are mononucleotide re-
peats (after removal of poly-A tails), which are less
desirable as SSR markers because the segregation
of single-base-pair-length polymorphisms can be
difficult to follow over entire populations. In addi-
tion, coding-sequence-derived SSRs, many of which
are codon-derived trinucleotide repeats, generally
exhibit lower levels of polymorphism than those
derived from non-coding sequence, and this has
been confirmed specifically for EST-derived SSRs
in potato by Ghislain et al. (2004). Forty percent of
the SSRs in potato ESTs are trinucleotide repeats,
the majority of which are likely to be codon de-
rived. Despite these factors, ESTs represent a pro-
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mising source for the development of SSR markers
in potato, and work is currently under way in sev-
eral laboratories worldwide towards this goal.

Knowledge of the sequence of any stretch of
DNA (preferably single-copy and more than 100
nucleotides) for an organism offers the potential to
develop a PCR-based marker for that piece of DNA
(referred to as a sequence-tagged site or STS) by
simply designing PCR primers that amplify the se-
quence. The PCR products generated can then be
examined for differences in restriction-endonu-
clease-site content, either by sequencing or screen-
ing with multiple restriction enzymes, in order to
develop cleaved amplified polymorphic site (CAPS)
markers. The earliest applications of this approach
in potato involved attempts to circumvent some of
the aforementioned technical complexities asso-
ciated with RFLP markers by sequencing probes
mapped to loci of specific interest and developing
CAPS markers that cosegregated with the original
RFLP marker, for example by Niewohner et al.
(1995), who successfully converted RFLPs linked to
nematode resistance to CAPS markers. The high
level of heterozygosity present in most potato
genotypes can make it practical, in certain circum-
stances, to use CAPS markers in a more high-
throughput fashion, to map multiple loci for which
sequence information is available. In an experiment
to map functional genes involved in carbohydrate
metabolism in potato, Chen et al. (2001) success-
tully mapped 45 genes relative to markers from the
potato RFLP maps using a CAPS-based approach.
In most cases, primer pairs were designed to in-
clude introns within the amplification product,
since these are more likely to exhibit variation be-
tween genotypes. Genes were amplified and tested
for polymorphism in the parents of four diploid
potato populations, for which RFLP segregation
data also existed, using 4-bp-recognition-site re-
striction enzymes (generally Alul, Taql and Rsal).
CAPS markers were then mapped in one or both
populations and the resulting maps integrated on
the basis of common markers. This study demon-
strated that, given due attention to primer design,
and with the availability of multiple populations
with common reference markers, it is possible to
map reasonable numbers of specific gene sequences
in potato using CAPS.

12.3
Genetic Mapping of Agronomically
Significant Traits

Since the publication of the first genetic linkage
map of potato in 1988, about 60 papers have been
published in the scientific literature describing ex-
periments in mapping both quantitative and quali-
tative traits in potato. While this represents a large
number of individual studies, the types of traits
mapped can, with a few exceptions, be placed into
two broad categories - namely loci associated with
disease resistance and loci associated with tuber
traits.

12.3.1
Mapping of Loci Associated
with Disease Resistance

Chemical control of disease represents one of the
biggest costs in the production of potatoes. To con-
trol late blight, caused by the oomycete pathogen
Phytophthora infestans, it is estimated that farmers
in Europe apply fungicide to their crop an average
of eight times a year at a cost of ca. €200 (US$
370) per hectare (Duncan 1999). In the UK alone,
it is estimated that up to £30 million sterling (US$
55 million) p.a. are spent on fungicides for the con-
trol of late blight and £9 million sterling (almost
US$ 17 million) p.a. are spent on the application of
granular nematicides for the control of potato cyst
nematodes (Minnis et al. 2002). Thus, the develop-
ment of cultivars with genetically derived resistance
to disease is a high-priority target for both tradi-
tional breeding and marker development programs.
Both qualitative (vertical) and quantitative (hori-
zontal) resistance is evident for a broad range of
diseases in potato germplasm. Indeed, attempts to
breed late-blight-resistant cultivars of potato at the
beginning of the century provided one of the ear-
liest models of vertical, or qualitative, resistance in
plants (Wastie 1991). The introgression of resis-
tance from the wild Mexican hexaploid species S.
demissum resulted in cultivars with complete (hy-
persensitive-response-based) resistance to P. infes-
tans. However, strains of the pathogen capable of
overcoming the resistance developed rapidly (Ross
1986). Breeding and classical genetics experiments
in the 1950s and 1960s identified the source of the
S. demissum-based resistance as a series of domi-
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nant genes, designated R genes (Black et al. 1953).
Eleven S. demissum-derived R genes (RI to R1I)
are known, and these form the basis of the patho-
type scheme by which races of P infestans are
characterized through their ability to overcome re-
sistance conferred by the presence of these genes
in a series of differential lines referred to as Black’s
differential series (Black et al. 1953; Malcomson
and Black 1966). The following section contains a
brief summary of genetic mapping of disease resis-
tance loci in potato over the last 15 years. For a
more in-depth analysis of the area, the reader is re-
ferred to the excellent review of Gebhardt and
Valkonen (2001), who have summarised the results
of many of the disease resistance mapping studies
to date and constructed a potato function map for
pathogen resistance on which the relative positions
of all of these loci are illustrated.

To date, over 20 single dominant genes confer-
ring resistance to fungi (including P. infestans),
nematodes or viruses have been genetically
mapped in potato. Five of the 11 aforementioned S.
demissum-derived R genes have been mapped: RI
to chromosome V (Leonards-Schippers et al. 1992),
R2 to chromosome IV (Li et al. 1998) and R3, R6
and R7 (El-Kharbotly et al. 1994, 1996) to chromo-
some XI. More recently, dominant resistance genes
conferring apparently durable, non-race-specific re-
sistance to P. infestans have also been mapped. The
R, gene derived from S. bulbocastanum is located
on ChrVIII (Naess et al. 2000) and the R, gene
from S. berthaultii on chromosome X (Ewing et al.
2000). A dominant resistance gene from S. pinnati-
sectum, named R,;I (which is possibly equivalent
to R9) has been mapped to chromosome VII (Kuhl
et al. 2001). The only other fungal pathogen of po-
tato for which a major resistance gene has been
mapped to date is Synchytrium endobioticum, the
causal agent of potato wart. The dominant resis-
tance gene Senl (of unknown origin) is located on
chromosome XI (Hehl et al. 1999). Major resistance
genes for both the golden potato cyst nematode
species Globodera rostochiensis and the white PCN
species G. pallida have also been mapped. The gene
Grol, derived from S. spegazzinii, is located on
chromosome VII (Barone et al. 1990). The S. tuber-
osum ssp. andigena-derived HI gene, which confers
durable resistance to pathotype Rol, is located on
chromosome V (Gebhardt et al. 1993), as is the
GroVI gene originating from S. vernei (Jacobs et al.
1996).

The gene Gpa2, conferring resistance to popula-
tions of G. pallida found in the Netherlands, has
been mapped to the distal end of chromosome XII
(Rouppe van der Voort et al. 1997b). The gene
Rasers conferring resistance to the root knot nema-
tode Meloidogyne chitwoodii, has been mapped to
chromosome XI (Brown et al. 1996). Several domi-
nant genes conferring resistance to potato viruses
have also been mapped. Rx! (derived from S. tu-
berosum ssp. andigena) and Rx2 (S. acaule), which
confer resistance to potato virus X (PVX), map to
loci on chromosomes XII and V respectively (Ritter
et al. 1991). The PVX resistance gene Nb also maps
to chromosome V (De Jong et al. 1997), and the S.
phureja-derived PVX resistance gene Nix,,, maps to
chromosome IX (Tommiska et al. 1998). The Potato
virus Y resistance genes Ry,q, (S. tuberosum ssp.
andigena) and Ry, (S. stoloniferum) both map to
chromosome XI (Hémdldinen et al. 1998; Brigneti
et al. 1997), as does the Potato virus A resistance
gene Nag, (also derived from S. tuberosum ssp. an-
digena) (Hiamildinen et al. 2000).

As has been observed in other plant species,
dominant resistance genes in potato tend to occur
in clustered loci, and indeed, approximately three-
quarters of all resistance genes mapped in potato
to date have been found in only five ‘resistance-
gene hotspots’ located on chromosomes V, XI and
XII (Fig. 3). Resistance-gene clusters in potato com-
prise both genes conferring specificity to different
races of the same pathogen and/or genes conferring
resistance to completely different pathogens. Both
types of cluster are evident, for example, on chro-
mosome XI (Fig. 3). In separate studies, genes con-
ferring resistance to Potato virus A (Na,g4,), Potato
virus Y (Ryuqy and Ryg,), the wart fungus Synchy-
trium endobioticum (Senl) and the root knot nem-
atode Meloidogyne chitwoodii (Ry;.;) were mapped
to the distal end of chromosome XI, defined by
RFLP anchor marker CP58. On the proximal end of
the same chromosome, three of the five mapped
Solanum demissum-derived late blight resistance
genes (R3, R6 and R7) were mapped (in two sepa-
rate studies) to the same genomic interval near
RFLP marker GP185.

QTLs for resistance to many potato pathogens,
including P. infestans, both PCN species, Erwinia
carotovora ssp. atroseptica and Colorado potato
beetle (CPB), have also been mapped in potato.
Quantitative, or field, resistance to late blight,
which tends to be partial, but race non-specific, is
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of greater interest to breeders than S. demissum-de-
rived R-gene-mediated resistance because of the ra-
pidity with which P. infestans can overcome the lat-
ter. QTLs conferring resistance to late blight have
been mapped on almost every potato chromosome
in a number of different diploid and tetraploid
populations (Leonards-Schippers et al. 1994; Collins
et al. 1999; Oberhagemann et al. 1999; Ewing et al.
2000; Costanzo et al. 2002; Trognitz et al. 2002;
Bradshaw et al. 2004). The use of some common
RFLP anchor markers in many of the studies has
allowed observation of the fact that some of the
blight resistance QTLs found in different popula-
tions map to similar regions, most notably on
chromosomes III, IV, V and VI. The consistent ob-
servation of QTLs for blight resistance in homolo-
gous positions in several mapping populations is
obviously indicative of the possibility that the ef-
fects observed at these loci are mediated by the

same sets of genes in the different populations.
Such consistency of effect is hopeful for the pro-
spect of marker-assisted breeding for quantitative
resistance to late blight. However, the genomic in-
tervals encompassed by most of the individual
QTLs for blight resistance in the various studies
are significant, and caution must be used when in-
ferring common underlying causal genetic compo-
nents for mapped traits in intervals which poten-
tially harbour hundreds of genes.

Despite this caveat, there is at least one region
which consistently displays a high level of associa-
tion with blight resistance across most of the popu-
lations analysed to date. This QTL is located on
chromosome V near the RFLP markers GP21 and
GP179. This QTL is particularly interesting because
it coincides with a major QTL for maturity in
many populations. The association between matur-
ity and blight resistance is well known to potato
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breeders, who have long noted a positive correla-
tion between field resistance to late blight and a
late-maturing phenotype in long-day-adapted mate-
rial (Toxopeus 1958). Of further interest is the fact
that this QTL also coincides with the most exten-
sive disease resistance hotspot in the potato ge-
nome (Fig. 3), where the RI gene, amongst others,
has also been located. The first study in which
large-effect QTLs for both field resistance to blight
and maturity were mapped to chromosome V in
the same (diploid) population was carried out by
Collins et al. (1999). No major gene for resistance
to blight was present in this population, and the
authors of the study hypothesised a direct causal
link between the maturity phenotype and resis-
tance. In brief, they proposed that late-maturing
varieties are in a period of active growth when lev-
els of blight inoculum are at their highest and, as a
result, are naturally more resistant to infection at
this point. Conversely, early varieties are approach-
ing flowering at this point and are in a more
blight-susceptible stage as the blight epidemic
peaks. However, as the season progresses, and late-
maturing varieties enter the blight-susceptible flow-
ering stage, the pathogen population has decreased
to a level where infection is less problematic.
Although this pleiotropic-effect hypothesis is at-
tractive, it cannot be the sole mechanism underly-
ing field resistance to late blight for several rea-
sons. Firstly, there exist QTLs on other chromo-
somes at which no effects on maturity are detected.
Furthermore, in a more recent experiment where a
maturity-corrected blight resistance scoring system
was used for QTL analysis (Visker et al. 2003), the
effect on blight resistance was reduced (by about
half) but not eliminated, indicating that causal
agents other than a pleiotropic effect of the matur-
ity phenotype may also be involved in resistance at
this complex locus. Visker et al. (2003) tentatively
acknowledged the possibility that the existence of a
resistance-gene cluster/hotspot in this interval may
contribute to the remaining effect observed at the
locus. The concept that members of resistance-gene
clusters may also play a role in quantitative disease
resistance in potato has been proposed (Gebhardt
and Valkonen 2001). This is supported by the ob-
servation (Stewart et al. 2003) that potato geno-
types possessing S. demissum-derived R genes ex-
hibit greater resistance to complex races of blight
than those not possessing R genes, even when the
blight races used were known to overcome the par-

ticular R genes present. This, combined with genet-
ic mapping evidence, supports a role for ‘defeated’
R genes in quantitative resistance to late blight.

As mentioned above, the majority of blight re-
sistance QTLs mapped to date do not coincide with
QTLs for maturity. In the course of several blight
resistance QTL mapping studies in potato (Leo-
nards-Schippers et al. 1994; Oberhagemann et al.
1999; Trognitz et al. 2002) it was observed that
genes and gene families known to be involved in
pathogen defence response map to similar posi-
tions to blight-resistant QTLs. These genes, there-
fore, are also candidates for the effect observed at
QTL loci for resistance to blight, and, given their
non-specific nature, to other pathogens as well.

QTLs for resistance to the PCN species G. palli-
da and G. rostochiensis have also been mapped in a
number of diploid and tetraploid crosses. However,
unlike quantitative resistance to late blight, which
in most cases seems to be controlled by numerous
loci of relatively small effect (after maturity is
taken into account), quantitative resistance to PCN
seems to be controlled by relatively few loci of
large effect. Indeed, the number of loci are so few
and the effects sufficiently large to warrant actually
naming many of the loci in a manner similar to
major disease resistance genes. Much evidence sup-
ports the idea that the type of genes underlying
these large-effect QTLs are the same resistance
genes that are responsible for ‘monogenic’ resis-
tance to PCN. Firstly, in many cases, quantitative
resistance to PCN is not only species specific but
pathotype specific, in the same manner as mono-
genic resistance. Secondly, unlike truly polygenic
resistance to late blight, where, in most experi-
ments, QTLs (for resistance and susceptibility) are
observed from both parents in the mapping popu-
lation, resistance to PCN is generally derived solely
from the resistant parent. Finally, and perhaps
most significantly, in the vast majority of cases,
QTLs for PCN resistance map to well-known dis-
ease resistance hotspots or to genetic intervals to
which at least one major disease resistance gene
has been mapped. For instance, the G. pallida-spe-
cific QTLs Gpa and Gpa5, the broad-spectrum QTL
Grpl (which confers resistance to pathotypes of
both species), and unnamed QTLs from S. vernei
and S. spegazzinii conferring resistance to G. palli-
da are all located in the largest resistance-gene hot-
spot on LGV (Fig.3) (Kreike et al. 1994; Rouppe
van der Voort et al. 1998b, 2000; Bryan et al. 2002;
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Caromel et al. 2003). The G. rostochiensis-specific
Gro 1.3 maps to a position similar to that of three
blight resistance genes R3, R6 and R7 on chromo-
some XI (Kreike et al. 1993). Gpa4 maps to a posi-
tion on potato chromosome IV (Bradshaw et al.
1998), similar to where the Hero gene for G. rosto-
chiensis maps on the homeologous tomato chromo-
some IV, although comparison is rendered difficult
because of a lack of common markers. Gpa6 and
another unnamed G. pallida-specific QTL from .
vernei map to a similar location to the PVX resis-
tance gene Nx on chromosome IX (Rouppe van der
Voort et al. 2000; Bryan et al. 2002). Gro 1.2 maps
to a position similar to that of the broad-spectrum
blight resistance gene R, on chromosome X
(Kreike et al. 1993). Another G. pallida-specific
QTL from S. spegazzinii maps to a position similar
to that of Gpa2 on chromosome XII (Caromel et al.
2003). Grol.4, on the distal arm of chromosome III
(Kreike et al. 1996), is one of the only PCN QTLs
not to coincide with a locus known to harbour ma-
jor resistance genes. Given this high frequency of
coincidence between large-effect QTLs for PCN re-
sistance and loci known to harbour major resis-
tance-gene loci, it seems likely that quantitative re-
sistance to PCN in potato is almost always
mediated by resistance genes acting in some par-
tially effective manner.

QTLs for insect resistance have also been
mapped in potato. Specifically, resistance to CPB
has been mapped in reciprocal BC populations be-
tween S. berthaultii and diploid S. tuberosum (Bo-
nierbale et al. 1994; Yencho et al. 1996). Interest-
ingly, insect resistance in S. berthaultii is mediated
by hair-like secretory structures called glandular
trichomes on the surfaces of the leaves. Two sepa-
rate types of trichomes, types A and B, secrete oxi-
dases and sucrose esters respectively that act as a
chemical deterrent to the insect in a number of dif-
ferent ways. In these experiments, QTLs for resis-
tance to CPB (measured as the ability of the insect
to feed and lay eggs) were found on chromosomes
L, II, IV, V, VIII and X. In the same experiments,
QTLs for trichome characteristics were also
mapped. The characteristics were density of types
A and B trichomes, polyphenol oxidase (PPO) pro-
duction and enzymatic browning resulting from
PPO interaction with polyphenolic compounds
(both characteristics of type A trichomes) and su-
crose ester production (characteristic of type B tri-
chomes). QTLs for these characteristics were found

on chromosomes I, II, IV, V, VI, VIII, X and XI.
Coincidence of QTLs for insect resistance and tri-
chome characteristics was found on chromosomes
II, IV, V, VIII and X, supporting the role of tri-
chomes in resistance to CPB. However, a significant
QTL and pan-environmentally stable QTL on chro-
mosome I was not linked to any trichome charac-
teristic QTLs, indicating that other factors also play
a role in CPB resistance.

The only bacterial pathogen for which genetic
components of resistance have been mapped is Er-
winia carotovora ssp. atroseptica, the causal agent
of blackleg and tuber soft rot (Zimnoch-Guzowska
et al. 2000). Mapping was performed in a diploid
population derived from parents produced by inter-
crossing S. tuberosum with the wild species S. cha-
coense and S. yungasense. QTLs for foliar and/or
tuber resistance to the pathogen were found on all
12 potato chromosomes, with the largest and most
consistent effect for tuber resistance found near the
self-incompatibility locus on chromosome I. Some
markers for resistance-gene-like loci mapped dur-
ing the experiment coincided with QTLs for tuber
resistance, including the aforementioned locus on
chromosome I.

12.3.2
Mapping of Loci Affecting Tuber Characteristics

With an increasing emphasis on specialist uses for
potato, tuber shape is becoming an important char-
acteristic for selection in breeding. For example, to
minimise waste, round tubers are preferred for po-
tato crisps whereas long tubers are preferred for
french fry production. Through work at the diploid
level, it was originally postulated that tuber shape
was controlled by a single dominant gene (Ro),
with the round phenotype dominant to the long
(Masson 1985). Using RFLPs in a diploid popula-
tion, van Eck et al. (1994a) mapped the Ro locus to
chromosome 10 using both qualitative and quanti-
tative mapping approaches. In order to map Ro as
a dominant major gene, tubers from an F; popula-
tion were visually classified as round or long, while
for the QTL mapping approach, the ratio of tuber
length to tuber width was recorded. From this
study it was evident that Ro could be viewed as a
very large-effect QTL explaining most of the varia-
tion observed for tuber shape, and that multiple
dominant alleles (of varying effect) are present in
the gene pool of potato.
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Tuber skin color is a trait for which consumer
preference is divided largely along the lines of geo-
graphic region, with some markets preferring red-
skinned varieties and others preferring white- or
paler-skinned varieties. Tuber skin color is known
to be controlled by three loci, R, P and I (de Jong
1991). The dominant alleles of R and P are required
for the production of the red and purple anthocya-
nin pigments underlying these color phenotypes in
potato, while the dominant allele of I is required
for the specific expression of these pigments in tu-
ber skin. All three loci have been mapped relative
to RFLP markers in diploid potato crosses (van
Eck et al. 1993, 1994b), R to chromosome II, P to
chromosome XI, and I to chromosome X. In an at-
tempt to identify candidate genes governing natural
variation for anthocyanin-related traits in crop spe-
cies in the Solanaceae, de Jong et al. (2004)
mapped 13 anthocyanin-related genes from the so-
lanaceous ornamental species Petunia on the genet-
ic map of tomato and compared the resulting map
positions of these genes to (amongst other things)
the established positions of R, P and I on the ge-
netic map of potato. Comparisons were enabled by
the well-established gene-order relationships be-
tween tomato and potato, which were described
earlier in this chapter with reference to RFLP-based
maps. At least one good candidate gene was identi-
fied, on the basis of both known map position and
a knowledge of the biochemistry of anthocyanin
biosynthesis, for all three potato loci. The candidate
identified for R was the gene for the enzyme dihy-
droflavanol 4-reductase (dfr), which is necessary
for the production of pelargonodin-based red an-
thocyanin pigments. The candidate identified for P
was the gene for the enzyme flavanoid 3'5'-hydrox-
ylase (f3'5'h), which is necessary for the production
of petunidin-based purple anthocyanin pigments.
The candidate identified for I was the Myb domain
transcriptional regulatory gene an2. Further sup-
port for the identity of dfr as the R gene comes
from another study by de Jong et al. (2003). In this
experiment, PCR primers designed to potato and
tomato ESTs were used to amplify the dfr gene
from a diploid potato genotype known to be het-
erozygous for R (Rr). Sequencing the resulting PCR
product revealed two distinct alleles, which could
also be differentiated by digesting the product
using BamHI in a CAPS assay. In a segregating
population produced by selfing the Rr diploid pota-
to genotype, a particular 370-bp fragment charac-

teristic of one of the two alleles produced by the
CAPS assay was consistently associated with red tu-
bers. When the CAPS analysis was repeated in a
range of diploid and tetraploid potato germplasm,
it was discovered that the same 370-bp fragment
was found in all genotypes known to produce red
anthocyanins in the flower, stem or tubers, but not
in those genotypes that did not produce any red
anthocyanins. Thus it would seem that the 370-bp
fragment of the potato dfr gene arising from the
CAPS assay is diagnostic of the presence of the
dominant allele of the R locus required for the pro-
duction of red anthocyanins in potato (the domi-
nant allele of I is still required to for the phenotype
to manifest in tuber skin). This provides excellent
support for the identity of dfr as the potato R gene.
This series of experiments is an excellent illustra-
tion of the power of both comparative genetics and
the candidate-gene approach in potato.

Dormancy can be defined as the obligate period
after harvest when the tuber is unable to sprout,
even when subjected to conditions conducive to
sprouting. The ability to inhibit sprouting is of sig-
nificant importance in the storage of processing
potatoes, which may be stored under relatively
warm conditions (~10°C) to prevent the accumu-
lation of reducing sugars that lead to enzymatic
browning during frying. Under these conditions,
chemical sprouting inhibitors are necessary to pre-
vent sprouting; however, these chemicals are under
threat of being banned. In this scenario an under-
standing of the genetics underlying dormancy
would be useful in the development of cultivars
with increased dormancy periods. QTLs for dor-
mancy have been mapped in at least two separate
genetic backgrounds to date. Freyre et al. (1994)
identified six QTLs on chromosomes II, III, IV, V,
VII and VIII in a diploid cross between a S. tubero-
sumxS. chacoense hybrid and a S. phureja geno-
type. QTLs for dormancy were also mapped on the
S. tuberosumXxS. berthaultii populations previously
described for mapping resistance to CPB (van den
Berg et al. 1996a). In this case, QTLs were detected
directly on five chromosomes (II, III, IV, V and
VIII), and a further four QTLs were suggested by
analysis of epistatic interactions between these loci
and other markers on the map. There were few
common markers between two the studies, so a
comparison of the coincidence of QTLs is difficult
beyond highlighting the fact that QTLs were de-
tected on many of the same chromosomes in both
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studies. However, van den Berg et al. (1996a) dis-
covered no QTL on chromosome VII, which har-
boured the largest-effect QTL in the other study. In
addition, while Freyre et al. found that their S.
phureja parent contributed dominant alleles for
short dormancy, van den Berg et al. found that S.
berthaultii contributed recessive alleles for longer
dormancy. The differences between these studies
highlight the complexity of the trait under analysis
and illustrate that it is unwise to assume the con-
trol of complex traits in different genetic back-
grounds will always be mediated by the same loci.
Three of the QTLs for dormancy detected by van
den Berg et al. (1996a) coincided with QTLs for tu-
berisation detected in the same population (van
den Berg et al. 1996b), prompting the authors to
suggest that these loci might be related to plant
hormones or other substances that are involved in
the regulation of both traits. In an attempt to test
this hypothesis, they followed the segregation of
abscisic acid (ABA) content in the tubers of their
mapping population (Simko et al. 1997) and
mapped three QTLs for this trait directly to chro-
mosomes 4 and 7, and a further QTL, through the
epistatic interaction of one of these loci (on chro-
mosome 4), to the distal arm of chromosome 2.
This epistatic interaction mirrored one of the epi-
static interactions found in the dormancy mapping
experiment, indicating a possible role for ABA level
in dormancy for this population.

Tuber starch content (sometimes measured as
specific gravity) is an important character in potato
because it is a component of many quality traits,
including suitability for processing, texture and the
ability to resist mechanical damage. QTLs for
starch content were detected during three separate
studies, in a wide range of material and, in some
cases, over multiple environments (Bonierbale et al.
1993; Freyre and Douches 1994; Schifer-Pregl et al.
1998). Numerous QTLs have been identified for the
trait on all 12 chromosomes of potato, indicating
that starch content is a complex trait under the in-
fluence of many genes, and analysis of the same
trait over multiple years and environments has
shown that many of the QTLs associated with the
trait are detected inconsistently, indicating both
population specific and environmental influences.
As in many other situations, comparison of the rel-
ative positions of QTLs over the three studies is
rendered difficult by a varying number of shared
markers between the experiments. Nevertheless,

taking the results of all of these studies as a whole,
there is some evidence for reproducible QTLs af-
fecting tuber starch content/specific gravity on
chromosomes I, 11, III, V and VII.

Schifer-Pregl et al. (1998) found coincidence of
QTLs for tuber starch content and several QTLs for
tuber yield, which they ascribed to the fact that tu-
ber starch content has an effect on tuber weight (a
component of tuber yield). This study also found
significant QTLs for both tuber starch content and
yield at the locus on chromosome V that has been
shown to harbour a major QTL for maturity in
other studies, although no maturity data were avail-
able in the populations under study at the time.
Physiologically, the accumulation of starch in pota-
to tubers is the net result of several processes in-
volved in carbohydrate metabolism and transport
within the plant. Many of the genes involved in
these processes have been identified and isolated in
potato and other solanaceous species. It is a rea-
sonable assumption that allelic variants of these
genes are likely to be the source of the natural vari-
ation observed for these traits in potato genotypes,
and this idea is certainly supported by some stud-
ies in which such genes have been repressed or
overexpressed in transgenic systems. If this is the
case, then genetic linkage should be evident be-
tween such genes and QTLs for tuber starch con-
tent in populations segregating for this character.

In order to test this hypothesis, Chen et al.
(2001) created a molecular-function map for carbo-
hydrate metabolism and transport by creating a ge-
netic map comprising 85 loci from 69 genes in-
volved in starch synthesis and degradation, sucrose
metabolism, membrane transport, the Calvin cycle
and photorespiration, glycolysis and the oxidative
pentose phosphate pathway and the TCA cycle. This
map (which was mentioned earlier with specific
reference to CAPS-based mapping) was a synthesis
of CAPS and RFLP mapping data for the gene-
based markers in four populations, two of which
had been used in the study of Schifer-Pregl et al.
(1998) and two of which had been used to con-
struct previous RFLP-based maps. A single unified
map showing the relative positions of the 85 func-
tional gene loci was constructed on the basis of
shared markers. When the positions of 17 QTLs
from the study of Schifer-Pregl et al. (1998) were
overlaid onto the function map, only three of them
were not linked to any candidate-gene loci. The re-
maining QTL intervals coincided with at least one
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and, in some cases, several functional gene loci, re-
inforcing the candidacy of these genes for a role in
tuber starch accumulation.

As previously mentioned, another aspect of car-
bohydrate metabolism that is of significance in po-
tato production is the phenomenon of cold sweet-
ening, whereby storage of tubers at low tempera-
tures results in the accumulation of free sucrose,
which is subsequently converted into the reducing
sugars glucose and fructose. At high frying tem-
peratures, these reducing sugars interact with ami-
no acids in a non-enzymatic Maillard browning re-
action, resulting in unacceptably dark and bitter
tasting crisps/chips. Menéndez et al. (2002)
mapped QTLs for sucrose, fructose and glucose
content of potato tubers after a period of cold stor-
age in two diploid potato populations using AFLPs,
RFLPs and CAPS. The populations were grown in
several different locations over several years, result-
ing in a total of six separate environments from
which sugar content data were scored on both pop-
ulations. Between the two populations, a total of 24
QTLs with an effect on sugar content were detected
on all 12 chromosomes. One advantage of using
multiple environments is the ability to assess QTL
stability, and for glucose and fructose content, sev-
en and eight QTLs respectively were detected in
three to six of the environments. Furthermore, six
of these QTLs were coincident for the two traits,
conforming to the observation of a high phenotyp-
ic correlation between the two sugars. In contrast,
of 17 QTLs detected for sucrose content in the two
populations, only 3 were reproducible in more than
two environments. Six of the 17 sucrose content
QTLs corresponded to QTLs exhibiting an effect of
glucose and/or fructose content. A total of 6 of the
24 QTLs for sugar content were shown to be repeat-
ably detectable in four or more environments. Sta-
tistical analysis showed that the likelihood that this
was a chance detection of different QTLs in similar
positions was low; suggesting that the same group
of genes is responsible for the effect observed at
these loci across all environments. Loci such as
these, which give a consistent effect across environ-
ments, are an obvious first target for MAS.

Ten genes involved in starch and hexose meta-
bolism or transport were mapped to 14 loci in the
two populations. Eight of these candidate-gene loci
showed an effect on two (and in some cases all
three) of the traits. The likelihood that at least
some of the candidate-gene loci were responsible

for effects observed at QTLs was reinforced by the
fact that, for several loci, the candidate genes were
the best predictors of the phenotypic variance ob-
served at the QTL. In an older QTL mapping study
relating to the cold sweetening phenomenon,
Douches and Freyre (1994) mapped six QTLs for
variation in chip color (after a period of cold stor-
age) in an interspecific diploid cross. As chip color
is mostly a function of reducing sugar content, the
authors of the above study attempted to compare
the positions of sugar-content QTLs in their maps
to chip-color QTLs in the map of Douches and
Freyre (1994). As in previous examples, a lack of
common markers made comparisons difficult, but
tentative coincidences were proposed for QTLs on
chromosomes V and X.

As can be seen from the above, the map posi-
tion of many major genes and QTLs for resistance
to major pathogens and various tuber-related char-
acters has been established in potato. This not only
lays the groundwork for the possibility of perform-
ing MAS for these traits in potato breeding pro-
grams, but has also given insights into the mecha-
nisms underlying both disease resistance and the
tuber traits examined. In particular, it is apparent
that the functional distinction between qualitative
and quantitative traits in potato is becoming in-
creasingly blurred. A consistent problem with a ge-
netic mapping approach to resolving the genes un-
derlying QTLs (for any trait) in potato is a lack of
the appropriate genetic tools for fine-scale mapping
of quantitative traits in this species. The outcross-
ing nature of potato largely prevents the produc-
tion of recombinant inbred and near-isogenic lines
(RILs and NILs) and mutant populations that have
made the candidate-gene approach to QTL analysis
in self-compatible species such as tomato so power-
ful. Approaches such as allele mining of EST data-
bases, linkage disequilibrium mapping and physical
mapping/genome sequencing will play an impor-
tant role resolving many of the questions arising as
a result of the genetic mapping studies described
here.



224 D. Milbourne et al.

124

Second-Generation Maps:
Linkage and QTL Analysis
in Tetraploid Potato

Originally, most molecular-marker-based linkage
analyses were performed in populations derived
from the F,; of crosses between two inbred (homo-
zygous) diploid parents (e.g. BCs, F,, RILs and
doubled haploids). This is due to the fact that
many agronomically important crop species are
fully self-fertile and that in such populations link-
age analysis is simplified because only two alleles
segregate per locus and the linkage phase (coupling
or repulsion) of all markers is known. Linkage
analysis is more complicated in populations derived
from the progeny of crosses between non-inbred
parents of an outbreeding species. Markers vary in
the number of segregating alleles, one or both par-
ents may be heterozygous at a locus, and frequently
the linkage phase of the markers is unknown (Mal-
iepaard et al. 1997). This is the case in diploid po-
tato crosses, which have been used to avoid the
complicating factor of tetrasomic inheritance in
most mapping studies to date. Diploid potatoes are
highly heterozygous and generally self-incompati-
ble, precluding the possibility of obtaining inbred
lines. Formulae for the calculation of recombina-
tion fractions and methods for the construction of
genetic linkage maps in crosses between heterozy-
gous parents have been presented by Ritter et al.
(1990) and Ritter and Salamini (1996). In addition,
most computer packages used to construct genetic
linkage maps can now deal with segregation data
obtained from crosses between heterozygous par-
ents for both dominant and codominant markers,
eg. JoinMap (Stam and Van Ooijen 1995). However,
most potato breeding is carried out at the tetra-
ploid level, and much variation for traits of interest
to breeders is present in cultivars and advanced tet-
raploid breeding lines. Thus, the ability to perform
linkage and QTL analysis at the tetraploid level in
potato would be extremely useful in a practical
breeding context.

The autotetraploid nature of potato implies the
random pairing of four homologous chromosomes
at meiosis. This, in conjunction with its high level
of heterozygosity, results in a large number of pos-
sible allelic combinations at a single locus. In the
most extreme case, with four independent alleles

contributed by each parent, 36 possible genotypic
classes can be found in the progeny. It is the com-
putational difficulty in resolving this number of
possible genotypic classes, and the subsequent
problem of following recombination events between
two such loci (as well as the occurrence of quadriv-
alents, and double reduction), that has discouraged
linkage analysis at this ploidy level.

Several approaches to performing linkage analy-
sis in polyploids were originally devised in species
other than potato. The simplest of these was pro-
posed by Wu et al. (1992) and involved using
markers present in only one parent and segregating
in a 1:1 proportion in the progeny. These ‘single-
dose’ (or ‘simplex’) markers are found in their sim-
plest form in the F; generation of a diploid cross
between a dominant heterozygote and a recessive
homozygote (AOXOO, where A indicates allele
presence and O indicates allele absence). The fact
that their inheritance pattern is the same in the F;
progeny of diploids and polyploids (1:1 presence:
absence) means that the methodology for calculat-
ing recombination fractions between simplex mark-
ers in diploids (Ritter et al. 1990) can also be ap-
plied to autopolyploids (this applies to coupling-
phase linkages only). This strategy was employed
by Al-Janabi et al. (1993, 1994) to construct linkage
maps using AP-PCR-based markers in wild Sac-
charum (sugarcane), a complex polyploid of un-
known genetic constitution. The disadvantage to
this approach is that, using only linkages in cou-
pling, each resulting cosegregation group repre-
sents only one homologue of N homologous chro-
mosomes (N=ploidy level). Applying this tech-
nique to potato could result in 48 (4x12) LGs per
parent. Merging of these homologous groups via
the use of repulsion linkages between simplex
markers alone is hampered by the reduced sensitiv-
ity of their detection and by high associated stan-
dard errors in polyploids.

Two approaches were originally devised to over-
come this problem. One method involves the use of
markers present in ‘double dose’ (duplex markers)
in one parent and absent in the other (AAOOX
0000). This strategy was originally adopted by Yu
and Pauls (1993) to construct a very limited linkage
map in tetraploid alfalfa using RAPD markers. A
second strategy involves the use of codominant,
multi-allelic markers revealing several bands/peaks
(depending on detection method) segregating in
the expected ratio for simplex markers. Bands from
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the same assay are assumed to be allelic, and this
acts as an anchor point to align homologous
groups. This approach was originally deployed in
mapping both wild (Da Silva et al. 1993) and culti-
vated sugarcane (Grivet et al. 1995) using RFLPs.

Both approaches were used in the construction
of the first genetic linkage map of tetraploid potato
(Meyer et al. 1998). In this study an F; population
of 78 individuals derived from a cross between the
cultivar Stirling and the advanced SCRI breeding
clone 12601abl was genotyped with both AFLP and
SSR markers. Linkages were calculated between
simplex (AOOOXx0000), duplex (AAOOx0O000)
and double simplex AFLP markers (AOOOXAOOO,
equivalent to a diploid cross between two dominant
heterozygotes; AOXAO, 3:1 segregation ratio). Par-
allel simulation studies by Hackett et al. (1998)
showed that a population of this size allowed detec-
tion of only the most reliable linkages (generally
coupling phase) and that population sizes of be-
tween 150 and 250 would be necessary to detect re-
pulsion-phase linkages, which would allow greater
use of available marker information. This inability
to make full use of the marker segregation data
meant that, despite the availability of over 500 seg-
regating AFLP markers for the population, the re-
sulting maps covered only 12% and 25% of the pa-
ternal and maternal genomes respectively. The use
of SSR markers allowed the identification of some
of the LGs in the tetraploid map relative to diploid
maps but was not very successful in identifying ho-
mologous groups within each parent. Theoretically,
if an SSR had a different simplex allele on each ho-
mologous chromosome of both parents, all homol-
ogous chromosomes could be identified. However,
in practice, the number of alleles detected per SSR
locus in the study was quite low (an average of just
over three alleles out of a possible eight). This
complicates the determination of the parental
marker genotype because the gel band phenotype
may be compatible with more than one genotype.
The impact on linkage mapping is significant since
map construction relies on distinguishing parental
and recombinant genotypes and thus knowledge of
the parental genotype is essential. Manual recon-
struction of the parental genotype is possible but
very time consuming, particularly where each pos-
sible genotype must be tested for linkage with a
large number of loci.

In the mapping studies in tetraploid potato de-
scribed above, SSR alleles had to be assessed as

separate dominant markers, reducing the inherent
advantage of this marker system. Luo et al. (2000)
showed how the codominance of SSRs could be
exploited by using the joint segregation ratios of
the SSR bands present in both parents and progeny
and using this to infer all possible configurations
of the parental genotypes for each SSR marker, and
their associated probabilities, using Bayes’ theorem.
Then, for every predicted parental genotypic con-
figuration, the expected number of progeny pheno-
types and their frequencies are calculated and com-
pared with the actual frequencies of phenotypes
observed in the progeny. Linkage analysis can then
be carried out using the most probable parental
marker genotype(s). Knowing the phase relation-
ship between pairs of markers is important not
only for linkage analysis but in the application of
map information to locate QTL affecting traits of
importance and to optimise MAS strategies. The
challenge of determining linkage phase was ap-
proached in further work by Luo et al. (2001),
where the EM algorithm was applied to calculate
the recombination frequencies and likelihoods be-
tween pairs of dominant and/or codominant mark-
ers testing up to eight alleles in any phase to deter-
mine the most likely configuration(s). Since tightly
linked markers are less subject to separation by re-
combination, several similar map orders can result
from these computational analyses with equal like-
lihood estimates. To examine such marker place-
ments in greater detail, Hackett and Luo (2003)
used a ‘simulated annealing’ approach, to optimise
the least-squares criterion for segregating markers,
whereby orders close to the optimum are compared
to identify markers that remain fixed with respect
to map position and markers whose placings are
less certain.

The earliest QTL mapping studies in tetraploid
potato (Bradshaw et al. 1998; Meyer et al. 1998)
were based on testing for associations at single
markers using regression-based approaches. How-
ever, unless there is sufficiently dense genome cov-
erage by markers, or unless the marker and QTL
are tightly linked in coupling, single-marker analy-
sis will still result in a low resolution of QTL loca-
tion. Hackett (2001) was able to apply interval
mapping theory to reanalyse the study of Meyer et
al. (1998) and examine the intervals between mark-
er locations. All possible chromosome configura-
tions were constructed based on the observed
marker phenotypes for each offspring, and config-
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urations with the minimum number of crossovers
consistent with the observed data were identified. It
was found that marker types differed in their reli-
ability to reconstruct chromosomal configurations.
Not surprisingly, and as mentioned earlier, recon-
struction of individual LGs using codominant
markers with multiple simplex alleles was more re-
liable than when mixtures of dominant and codo-
minant markers were used.

For simplicity, the methodology developed by
Hackett (2001), Luo et al. (2001) and Hackett and
Luo (2003) assumed only bivalent formation during
meiosis, and that all gametes have an equal likeli-
hood and viability. This is unlikely to represent the
situation in real data with the possibility of multi-
valent formation, double reduction, departure from
random pairing of chromosomes due to incomplete
homology, distorted segregation and therefore dif-
ferential fertility and viability, cytological anoma-
lies and, finally, errors in data collection. To test
the above methodology on actual data, therefore,
Bradshaw et al. (2004) and Bryan et al. (2004) used
an expanded 227-individual family resulting from
the same cross as used by Meyer at al. (1998) to
more precisely locate QTL for resistance to late
blight and G. pallida, plant height and maturity
using interval mapping. These studies demon-
strated that the methodology developed in the pre-
vious practical and simulation studies could effec-
tively be deployed for the effective dissection of
QTLs using interval mapping in tetraploid potato.
It was also evident that a bulked segregant analysis
could be very effective in a tetraploid cross to de-
velop markers tightly linked to a large effect PCN
resistance QTL. The widespread utility of the ap-
proaches described here for linkage and QTL analy-
sis depends on the ability of other groups to deploy
them in tetraploid potato. To that end, user-friendly
computer programs based on the principles de-
scribed above are currently under development and
will hopefully become available in the near future
(J. Bradshaw, personal communication). Further de-
velopment of the software to allow incorporation of
other types of marker data (e.g. SNP), and espe-
cially codominant marker data where allele dosage
is known, would greatly enhance its utility, particu-
larly for the generation of ‘local’ linkage maps.

12.5

Second-Generation Maps:
The Ultra-High Density Map
of Potato

The ultra-high-density (UHD) map of potato has
been constructed by a consortium of European pota-
to groups and is based on the application of over 400
AFLP primer combinations to a population derived
from two heterozygous diploid parents (SHxRH).
The objective was to develop a framework for marker
saturation of the potato genome by the construction
of a genetic map comprising ca. 10,000 AFLP mark-
ers. This project has involved developing a new
approach to mapping very large numbers of markers,
which conventional mapping software could not ac-
commodate. This approach is demonstrated using
chromosome I as a model (Isidore et al. 2003) and
relies on the use of a ‘bin concept’, due to the rela-
tively small size (in terms of possible recombination
events) of the UHD mapping population (130 indivi-
duals). All marker and map information is available
on the Web (http://www.dpw.wau.nl/uhd/). The UHD
map has become a very useful resource for all of
those performing mapping using AFLP markers in
potato. Previous work by van Eck et al. (1995) and
Rouppe van der Voort et al. (1997 a) looked at the
question of ‘transferability’ of AFLPs in potato, and
it is evident that AFLP-based linkage maps derived
from different crosses can be aligned, based on the
observation that ‘comigrating’ fragments in different
populations are generally allelic. Thus the UHD map
functions as an invaluable genetic tool for both map
alignment and for identifying chromosomes from
linkage map data from new mapping studies. More-
over, the map of the male parent of the UHD cross
has become the means for genetically ‘anchoring’
the potato physical map, currently under construc-
tion, and will ultimately form the template for the
potato-genome-sequencing effort.

12.6
Map-Based Gene Cloning in Potato

To date most map-based cloning in potato has been
directed towards isolation of major genes for resis-
tance to the aforementioned pests and pathogens of
cultivated potato. These activities have necessitated
the development of dense genetic maps around the
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targeted resistance loci, as well as a concomitant
generation of genomic resources, chiefly large-in-
sert genomic (e.g. BAC) DNA libraries. Prior to
these relatively recent efforts, a small number of
potato genes (mostly ‘housekeeping’ and genes in-
volved in well-studied metabolic processes) were
cloned from potato, either by homology to other
plant species or by random sequencing of cDNA
clones from EST libraries. Similarly, many of the
RFLP probes used to make the early potato maps
are derived from potato cDNA libraries. These will
not be discussed further here.

The first successful map-based cloning of a po-
tato resistance gene was isolation of the PVX resis-
tance gene RxI, introgressed into cultivated potato
from S. tuberosum ssp. andigena accession
CPC1673 (Bendahmane et al. 1999). A population
derived from a self of the cultivar Cara (which car-
ries RxI in a single dose) was used to fine map the
gene, and a BAC library of 160,000 clones was con-
structed from a progeny plant carrying the gene in
the duplex condition (Kanyuka et al. 1999). This li-
brary was used to isolate a BAC clone carrying the
Rx1 gene. The Rx2 gene on chromosome V was
cloned by homology to Rxl (Bendahmane et al.
2000). This work also aided the isolation of Gpa2,
which resides with RxI in a resistance gene ‘hot-
spot’ on chromosome XII (van der Vossen et al.
2000). These genes share certain structural similar-
ities and form part of a cluster of four resistance-
gene ‘homologues’. The work on the Gpa2/Rxl
‘cluster’ has yielded a lot of important information
concerning the evolution and structure of R gene
loci and has shown beyond any doubt that resis-
tances to different pests/pathogens can be coded by
structurally similar genes from the same cluster.

The RI gene confers race-specific resistance to
P infestans and has been isolated using a map-
based approach (Ballvora et al. 2002). This gene
has been found to be a member of the leucine zip-
per/NBS/LRR class of plant resistance genes, being
most similar to the Prf gene, which confers resis-
tance to Pseudomonas syringae in tomato. R1 maps
to a hotspot for resistance in the GP21-GP179 re-
gion of chromosome V and was introgressed into
cultivated potato from the wild hexaploid Mexican
species S. demissum. The resistance allele was ob-
served to represent an insertion of a functional re-
sistance gene with respect to the susceptible allele.

The RB gene, which confers broad spectrum re-
sistance to P. infestans, was introduced into S. tu-

berosum from the wild Mexican diploid S. bulbo-
castanum via somatic hybridization (Helgeson et
al. 1998). Advanced BCs have been used to develop
large populations, which have enabled the cloning
of the gene using a map-based approach allied to
long-range PCR (Song et al. 2003). The unusual
PCR approach was used to address the fact that all
of 11 BACs identified that spanned the Rb locus ap-
peared to be from the susceptible haplotype. This
gene is of the CC-NBS-LRR class and is located
within a cluster of four very similar full-length
genes. This gene holds great promise as a source of
broad-spectrum resistance against late blight that
can be deployed via transgenesis or though conven-
tional breeding. Another allele of this gene has also
been cloned by another group (van der Vossen et
al. 2003), and this latter group have recently re-
ported the isolation of another broad-spectrum re-
sistance gene derived from S. bulbocastanum, Rpi-
blb2, which resides on chromosome VI (van der
Vossen et al. 2004).

Cloning of the Grol-4 gene, which confers resis-
tance to pathotype Rol of the cyst nematode G.
rostochiensis, has been achieved using a candidate-
gene approach (Paal et al. 2004). The gene was
found to colocalise in a large segregating popula-
tion with a marker derived from a ‘resistance-gene-
like’ sequence. The marker was used to isolate 15
members of a closely related gene family from
genomic libraries. By taking into account different
types of information (inheritance patterns in resis-
tant and susceptible germplasm, mapping data,
DNA sequence information) it was possible to re-
duce the number of candidates to three genes,
which were subsequently tested for complementa-
tion of a susceptible phenotype by stable transfor-
mation. The identified functional gene, a member
of the TIR-NBS-LRR class, differs from susceptible
members of the same family by 29 amino acid
changes. This study may pave the way for other re-
sistance-gene-cloning efforts in potato using a simi-
lar approach. It is hoped that this type of approach
may also lead to the isolation of QTLs conferring
partial and durable resistance to the major potato
pests and pathogens, which to now has remained
an elusive goal.

Isolation of the R3 locus, which maps to a clus-
ter of P. infestans and other resistance genes at the
bottom of LG XI, is very close to completion
(Huang et al. 2004). This ‘gene’ turns out to be
comprised of two very tightly linked genes with
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different specificities, R3a and R3b. This locus is
found to be syntenic with the I2 locus of tomato. It
is highly likely that several other potato resistance
genes will be cloned in the near future. Efforts are
under way to isolate the HI gene on chromosome
V (Bakker et al. 2004), around which a fine-scale
map has been constructed. The genes isolated to
date from potato conform to the same types of R-
gene structure seen in other plants, further infor-
mation on which can be found in the excellent re-
view by Hulbert et al. (2001).

12.7
Physical Mapping and Sequencing
of Potato Genome

Physical mapping of the potato genome is being per-
formed using a strategy based on the use of the UHD
genetic map. Approximately 73,000 BAC clones from
a BAC library of the male parent of the UHD male
parent (RH) have been fingerprinted using an
AFLP-based method. The resultant fingerprints are
being analysed using standard software tools for
making physical maps. At the time of writing there
were 7134 BAC contigs and 7580 ‘singletons’ from
70,988 good quality fingerprint traces. Subsequent
contiging will use a reduced stringency alignment
approach that will reduce the number of contigs
yet further. A sophisticated BAC pool mapping meth-
od has been developed for anchoring BACs and BAC
contigs to the UHD genetic map (de Boer et al. 2004).
This should lead to the development of an integrated
genetic and physical map in 2005. The RH physical
map will form the basis for the current objective of
sequencing the potato genome, proposed by the Po-
tato Genome Sequencing Consortium (http:/
www.potatogenome.net), by the year 2008. In com-
mon with the already-in-progress tomato-sequenc-
ing project, this recent and ongoing development will
have huge implications for all those working in the
area of potato genetics and genomics.

12.8
Association Genetics

Trait analysis in crop plants is undergoing a radical
shift away from the use of single-pair crosses to-
wards an approach based on analysing trait varia-
tion in large populations of unrelated individuals.
This new approach relies on the presence of linkage

disequilibrium (LD) between trait and marker and
is also known as association genetics. For potato,
there exist considerable genetic resources in the
form of elite cultivars, landraces, breeding lines,
primitive cultivars and wild species, and a cross
between two such parents captures only a fraction
of the potential variation that exists. To date, there
have been three published studies in potato (Geb-
hardt et al. 2004; Simko et al. 2004a,b). In the
former study, the authors investigated the associa-
tion between late blight resistance and plant matur-
ity and markers often found to be linked to QTL
for these traits, using a germplasm collection com-
prising 600 European, American and Asian culti-
vars. This collection includes cultivars that are re-
lated by descent, but with an interesting situation
of admixture between related genome segments ac-
crued through 100 years of breeding and selection
in many different geographical regions. Earlier
studies had located a major QTL for maturity and
blight resistance and also the RI gene for blight re-
sistance to a 1-cM region on potato chromosome V.
Gebhardt et al. (2004) scored the presence or ab-
sence of four linked PCR-based markers within this
region in the cultivar collection and tested associa-
tion with phenotypic data for resistance and matur-
ity. LD was found to extend to three of the markers
(BA47f2, CosA and the RI resistance gene), which
are linked within 0.3 cM on an introgressed seg-
ment from the wild species S. demissum. Interest-
ingly, the marker GP179, previously found in link-
age analysis studies to be significantly linked to
both traits in an experimental population (Oberha-
gemann et al. 1999), was not significantly asso-
ciated in the cultivar collection and was also out-
side of the introgressed segment, mapping 0.6 to
0.9 cM away from the three markers. Since Ballvora
et al. (2002) have made a physical map of the re-
gion between BA47f2 and the RI gene, this segment
being at least 300 kb, this reduces the region in
which to search for a candidate gene. This example
highlights an important distinction between linkage
of a marker to a trait over large genetic distances
and the tight linkage required for detecting LD in
this study. This latter property can be exploited in
MAS experiments where if a marker is tightly
linked, markers would be diagnostic for selecting
individuals carrying the trait of interest.

The two other examples of association mapping
in potato are related studies from the same re-
search group investigating resistance to two species
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of Verticillium fungus (V. dahliae and V. albo-
atrum), which causes vascular wilt disease. Often,
resistance to both species is found to be strongly
correlated. Simko et al. (2004a) employed a candi-
date-gene approach and derived a probe from a
Verticillium resistance gene in tomato (Vel), using
this to identify homologous potato sequences. The
sequences were found to map to a single locus,
named StVel, and a closely linked SSR marker,
STM1051, located 1.5 cM from StVel, was used for
LD tests. The association test was carried out using
137 tetraploid cultivars, thought to be closely re-
lated due to the narrow genetic base of North
American potato germplasm. Association mapping
relies on the measurement of any population struc-
ture in the sampled germplasm. To do this, Simko
et al. (2004a) constructed a genetic similarity ma-
trix based on the similarity of the STM1051 band-
ing pattern among the genotypes as an indication
of their interrelatedness. The difference in the fre-
quency of an allele of STM1051, STM1051-193 suc-
cessfully divided the population into two subpopu-
lations, with the allele explaining around 10 and
25% in each subpopulation. The StVel locus was
further found to comprise an 11-member family of
plant-specific leucine-rich repeat containing pro-
teins highly similar to the Ve proteins in tomato.
The map position of the potato homologues was
both found to correspond with the mapped posi-
tion of the tomato Vel gene on chromosome IX.
These pieces of evidence appear to suggest that the
potato StVel homologues could be orthologues of
the tomato Ve genes, although further work would
be needed to state this conclusively (Simko et al.
2004 a).

In a second study, Simko et al. (2004b) tested
the association between a haplotype at the StVel
locus and resistance to V. albo-atrum. They ampli-
fied an 839-bp fragment of an StVel homologue
from a set of 30 North American tetraploid culti-
vars. The analysis revealed 56 SNPs, forming 3 dis-
tinct haplotypes (A, B and C) with frequencies of
97%, 10% and 33% in the population respectively.
Only the C haplotype of the StVel-839 amplicon
was significantly associated with disease status, its
presence associated with susceptibility. Since one
practical application of this work would be to use
this information to improve MAS, Simko et al
(2004b) subjected the data to a Bayesian analysis to
establish the occurrence of false positive and false
negative predictions of resistance status of the

plants. They showed that using this haplotype
alone to predict disease susceptibility was correct
in calling truly susceptible and truly resistant indi-
viduals only 72% of the time. The authors con-
cluded that in this case, a single haplotype would
not provide a diagnostic test and that MAS would
be made more efficient by tagging additional Verti-
cillium resistance genes.

A major issue in using LD approaches in highly
heterozygous species such as potato is that of deter-
mining haplotype phase. Several methods have
been developed for diploids, but none of them can
be utilised for tetraploids, and so phase must be
determined experimentally. This can be achieved
by cloning multiple PCR products per locus to
‘capture’ all possible haplotypes, or by generating
individuals of lower ploidy to simplify the analysis.
Simko et al. (2004b) used the latter approach and
generated monoploids using Solanum phureja in
their study.

Another important consideration is the extent
of LD, which is currently not known across the po-
tato genome. In cultivated species such as potato,
where the initial introductory gene pool was lim-
ited, LD is likely to be extensive, and this is sug-
gested by the studies in potato where few distinct
haplotypes are shared among many individuals.
Gebhardt et al. (2004) estimated a frequency of one
SNP every 21 bp and an InDel every 243 bp. The
study by Simko et al. (2004b) found a slightly
higher frequency of one SNP per 15 bp, which is
plausible for the leucine rich repeat region they
were studying due to its involvement in resistance-
gene evolution. However, to establish the overall
frequency of SNPs in the potato genome, multiple
loci from several populations need to be analysed.

The use of LD mapping is becoming established
as a tool in mapping plant genes and complex
traits. By utilising existing populations of germ-
plasm, time and resources involved in generating
new populations are saved. LD mapping also offers
a more realistic hope for MAS by identifying mark-
ers that are truly closely linked and therefore diag-
nostic for a phenotype of interest, and it further-
more defines the genomic region that should be
searched for candidate genes.
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12.9
Functional Genomics Resources

Our knowledge of the relationship of genes and
traits in cultivated potato has expanded greatly in
the last two decades, and this expansion looks set
to continue over the coming decade. This chapter
has focused on advancements in genetic and physi-
cal mapping, map-based cloning and genome se-
quencing, all of which could be described under
the heading of structural genetics/genomics. Paral-
lel to developments in these areas are exciting de-
velopments in functional genetics/genomics tools
and resources for potato. As previously mentioned,
at the time of writing, about 120,000 ESTs are
available in potato (http://www.tigr.org), and these
represent a large (but unknown) portion of the to-
tal gene complement of the species. The fact that
the ESTs are from a variety of genotypes, tissues,
environmental influences and developmental
changes is allowing researchers to begin to examine
differences in global gene expression patterns for
various states and potentially identify key genes ac-
tive in these states. A non-redundant set of 10,000
of these ESTs has been used by the Institute for
Genomic Research (TIGR) to develop a potato mi-
croarray that is available to the potato genetics re-
search community at minimal cost. This, and fu-
ture microarrays, in combination with other func-
tional genomics tools such as virus-induced gene
silencing (VIGS) and activation tagged lines, has
the potential to facilitate the identification of the
role of thousands of potato genes over the next
several years. Furthermore, combining structural
genetics approaches (such as QTL and candidate-
gene mapping) with functional genomics informa-
tion (such as microarray-derived gene expression
data for candidate genes) has great potential for
the dissection of many of the complex, polygenic
traits mentioned here.

12.10
MAS in Potato Breeding

One of the most significant challenges to be faced
over the next decade is how to deploy all of this in-
formation in potato cultivar development. The stat-
ed goal of most genetic mapping studies in plant
species has been to provide a framework for MAS,
in order to increase the rapidity and decrease the

cost of breeding new varieties. Despite the fact that
genetic mapping studies in potato have been going
on for 15 years, reported incidences of the actual
use of molecular markers in potato breeding pro-
grams have been few. One of the greatest impedi-
ments to the deployment of MAS in potato breed-
ing to date has undoubtedly been the difficulty as-
sociated with developing markers that are truly di-
agnostic for the trait in question. Association of a
particular marker allele with a gene/QTL for a trait
in the appropriate parent of a specific mapping
population does not guarantee that the same mar-
ker allele will be diagnostic for this genetic compo-
nent in a broad selection of germplasma (Niewoh-
ner et al. 1995). However, with recent advances
such as the actual cloning of many disease resis-
tance genes, the demonstration of the potential of
association genetics and the availability of the
genomics tools and resources described above, this
situation is gradually improving, especially for ma-
jor genes and large-effect QTLs. However, MAS for
many of the polygenic traits described in this chap-
ter remains a truly challenging proposition, since it
requires the development of diagnostic markers for
many loci whose effect varies with environment,
genetic background and the presence/absence of
other loci. Identifying the genes (and the specific
alleles thereof) underlying each individual QTL for
such traits, although challenging in itself, may be
the most prudent route to truly effective MAS for
QTL in potato breeding. The candidate-gene
approach described earlier in the chapter repre-
sents the first step in this process.

Another challenge in the application of MAS to
potato breeding lies in the question of how best to
actually deploy the technology in potato breeding
programs. It would be difficult, for instance, to
simply deploy a MAS scheme directly in a program
such as that illustrated in Fig.2 because of the
sheer numbers of genotypes involved. MAS in the
context of a program like this would probably best
be carried out at the ‘prebreeding’ stage discussed
earlier in order to speed the introgression of target
genes from wild species donors into a cultivated
potato genetic background (via some form of re-
current BC selection process) and for the develop-
ment of multiplex tetraploid parents. This might
largely obviate the necessity for any marker-based
selection in the subsequent stages, since parental
material that was triplex or quadruplex for the tar-
get genes would definitely transfer these genes to
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the subsequent generation. Breeding programs that
employ extensive progeny testing as part of the se-
lection process (such as SCRI’s recurrent genotypic
multitrait selection scheme, described earlier)
might be more suitable for the direct application of
MAS with relatively few modifications, because of
the use of fewer parental clones, and the fact that
segregating populations suitable for mapping are
generated, and phenotyped, as a natural conse-
quence of the program. In the long term, it is likely
that a realisation of the full potential of MAS in po-
tato breeding may require a redesign of breeding
programs and an adoption of a marker-led ethos in
potato breeding schemes rather than adaptation of
marker technology to present phenotype-based
breeding strategies.
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13.1
Introduction

The sweetpotato, the seventh largest food crop
(FAO 1990) in the world, has not attracted the at-
tention from modern geneticists that many other
economically important crops have. Sweetpotato
belongs to Ipomoea series Batatas Choisy (Choisy
1984) and is thought to have originated in Central
America and northern South America (Austin
1988) or Mexico (McDonald and Austin 1990).
Sweetpotato (I. batatas L.) is a hexaploid with 90
chromosomes that collectively hold a DNA content
of 1050 Mbp (Arumuganathan and Earle 1991). Cy-
tological and genetic studies of sweetpotato are dif-
ficult due to the sticky nature of small chromo-
somes and the self- and cross-incompatibility na-
ture of reproductive behavior (Jones et al. 1986).
To understand the nature of polyploidy, several hy-
potheses have been advanced. Allopolyploidy has
been proposed by Ting and Kehr (1953), Jones
(1965), and Magoon et al. (1970), and several
others (Nishiyama et al. 1975; Shiotani 1988; Ukos-
kit and Thompson 1997) have proposed that sweet-
potato could be autopolyploid.

Sweetpotato is a complex polyploid that might
have been derived from the ancient polyploidiza-
tion of I triloba L. (diploid, x=15) (A genome
type) and two other B genome types, namely, L
triffida (H.B.K.) G. Don (diploid, x=15) and L ta-
bascana (tetraploid). Though these species could be
supposed as progenitors, based on evidence made
available by insufficient morphological, molecular,
and cytogenetic studies conducted so far, definitive
conclusions cannot be firmly established (Austin
1988; Bohac et al. 1993; Rajapakse et al. 2004). The
most unique feature in this ancient polyploidized
hexaploid is the production of storage roots, a new
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trait that otherwise is not present in its progenitor
genomes. Emerging new traits from newly occur-
ring gene interactions resulting from totally diverse
genomes when they come together in a single nu-
cleus and subsequent genome adjustments or al-
terations are clearly a natural advantage for poly-
ploid survival. Such a phenomenon of evolving
new traits in polyploids is well demonstrated in
cotton, wheat, and several other polyploid crop ge-
nomes (Paterson et al. 2004, 2005). Further, in
sweetpotato, the genes that came together through
ancient polyploidization for producing storage root
have been locked after a polyploidization event
through self-incompatibility, perhaps to prevent
segregation and loss of the delicate balance of in-
terspecific genes that are responsible for storage
root formation during selfing. However, successful
crossing has been recorded between the clones of
sweetpotato, producing viable seeds. With several
interesting features coupled with its economic im-
portance, sweetpotato indeed deserves the lion’s
share in resource allocation for genome research.
Here we present a brief review of genomic research,
focusing on the importance of future research.

13.1.1
Importance of Sweetpotato

Sweetpotato is the seventh most important food crop
(both humans and animals) in the world with an es-
timated production of 135 million metric tons every
year and currently grown in more than 100 coun-
tries. A tropical perennial, but mostly cultivated as
an annual, it can also be grown in temperate climates
(FAOSTAT 2001). China is the largest producer (85%
of the world’s sweetpotatoes), and half of the world-
wide production is used either for animal feedstock
or the production of starch-based products (Wang
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et al. 1998). Many genotypes can produce sizable
quantities of anthocyanin and carotenoid plant pig-
ments. Sweetpotato with white- to cream-colored
flesh is common in the Pacific, whereas US sweetpo-
tato normally has yellow to orange flesh (Bradbury
and Holloway 1988). Some of these are currently
considered as a source of natural dye because of their
unique stability characteristics, while others (e.g.,
beta-carotene, a vitamin A precursor) are known to
be highly beneficial to human health and nutrition
(Woolfe 1992). In developing countries, sweetpotato
ranks third in value of production and fifth in caloric
contribution to human diet (Plucknett 1991). Sweet-
potato offers the highest solar energy fixation capac-
ity per unit area of any crop that can be grown in
temperate climate (JRT 2000). Sweetpotato can be
grown in areas that are not suitable for corn. Cur-
rently, corn is a major crop for ethanol, but as de-
mand increases, it would be more sustainable to de-
velop other bio-based sources of ethanol that can be
used either separately or as a blended feedstock for
the production of alcohol. Sweetpotato is highly
adaptable, drought tolerant, and easy to grow and
produces higher yields with minimal fertilizer in-
puts. There are mounting concerns about ground-
water contamination from the gasoline additive
methyl tertiary-butyl ether (MTBE), and its recent
ban, coupled with increasing gasoline prices, has in-
creased demand for the use of ethanol as an econom-
ical, more environment-friendly fuel additive. Cur-
rently, the ethanol industry adds more than $2 bil-
lion to the US economy each year, but its future con-
tribution is potentially greater (www.ethanolrfa.org).
Sweetpotato is capable of producing 30% more
starch yield per unit area than corn. Indeed, sweet-
potato produces more edible energy per hectare
per day than any other major food crop, and the en-
ormous potential of this crop as a food and carbohy-
drate source is widely recognized (Woolfe 1992).
Sweetpotato is known for its high-grade starches
for the food and pharmaceutical industries.
According to Kays and Kays (1998) and Yoshi-
moto (1998), Japan started using sweetpotato to
produce carbohydrate-based products during the
World War II period. The value-added byproducts
captured from the ethanol production process are
CO,, distiller’s dried grain soluble that can also be
used to supplement animal feeds, and high-quality
starch and carbohydrate-based polymers for phar-
maceuticals. The characteristics of the starch con-
tent of sweetpotato storage roots are well docu-

mented (Huang et al. 1999). Roughly 80% of the
dry matter of a storage root is made up of carbohy-
drates, and the bulk of this consists primarily of
type A starches (similar to most cereals) that are
typically composed of amylopectin and amylose in
3:1 to 4:1 ratios (Bradbury et al. 1985). The en-
zymes q- and f-amylase present in the storage
roots readily break down a portion of these
starches into readily fermentable sugars.

13.1.2
Ipomoea Series Batatas (Convolvulaceae):
Phylogenetic Relationships

To date, Ipomoea species are A genome types that
include I triloba (2n=30), I cordatotriloba (2n=
30), I cynanchifolia (2n=30), I. grandifolia (2n=
30), I launosa (2n=30), I. ramosissima (2n=30), L
tenuissima (2n=30), L tiliaea (2n=60), 1. umbrati-
cola (2n=30), and I xlecantha (2n=30). B genome
is characterized in L littoralis (2n=30), L trifida
(2n=30), I tabascana (2n=60), 1. batata var. api-
culata (2n=60), L. batatas var. batatas (2n=60), L
batatas var. batatas (sweetpotato) (2n=90), and I
setosa and I nil are out-group species, awaiting
further characterization (Ting et al. 1957; Jones
1965, 1974; Jones and Deonier 1965; Martin and
Jones 1973; Nishiyama et al. 1975; Oracion et al.
1990; Jarret et al. 1992). Intragenome types of Ipo-
moea are cross-compatible. Austin (1998) and Bo-
hac et al. (1993) have shown the strong morpholog-
ical relation between sweetpotato and I trifida.
Studies using molecular markers (Jarret et al. 1992;
McDonald and Marby 1992; Jarret and Austin 1994;
Huang and Sun 2000) have confirmed the similarity
between I batatas (6x) and I trifida. Based on
available information on f-amylase, a fairly con-
served nuclear gene (Hattori and Nakamura 1988;
Yoshida and Nakamura 1991; Yoshida et al. 1992),
Rajapakse et al. (2004) cloned and sequenced f-
amylase gene to study phylogenetic relationships in
several species. In this study, I. tabascana, a tetra-
ploid species with B genome, was shown to be
closely related to I trifida. The species I. tabascana
is a recently discovered species in the series
(McDonald and Austin 1990). Austin (unpubl. data)
concluded that the I tabascana is more similar to
I batatas than to L trifida. Rajapakse et al. (2004)
resolved the phylogenetic relationships of these
three species to a terminal clade. Successful cross-
ing has been reported between I trifida and 1. ba-
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tatas (Oracion et al. 1990; Freyre et al. 1991; Mont
et al. 1993). Exon analysis of f-amylase indicates
(Rajapakse et al. 2004) that I. ramosissima, I. um-
braticola, and I. littoralis are distantly related to the
other species in the series.

13.1.3
Genetic Diversity Among Cultivars

Huaman et al. (1999) characterized 1939 Peruvian
collections out of 5000 sweetpotato accessions,
available at the International Potato Center (CIP),
based on morphological traits and electrophoretic
banding patterns of total proteins and esterase. A
total of 21 morphological descriptors were used to
support a clustering pattern based on UPGMA.
Huang and Sun (2000) used inter simple sequence
repeats (ISSRs) for restriction site variation in four
noncoding regions of chloroplast DNA and scored
2071 bands in 40 accessions of Ipomoea. This study
included I trifida, I. ramosissima, 1. umbraticola,
and I triloba. The study concluded that I triloba
could be an ancestor of I. batatas. He et al. (1995)
used DNA amplification fingerprinting (DAF) on 73
plant introductions of sweetpotato drawn from the
USA and New Guinea along with tetraploid I bata-
tas and L triloba. In this study, US cultivars formed
a single cluster, indicating less diversity, while ac-
cessions from New Guinea showed wide variation.
To further extend their study, Prakash et al. (1996)
used DAF on 30 heirlooms that also included Regal
and Excel, lines that are developed using a popula-
tion-based breeding approach. Regal and Excel
have shown greater divergence from other heir-
looms. In this study, a total of 144 bands were used
to support a phenogram depicting molecular rela-
tionships among cultivars. Wang et al. (1998) used
DAF on 42 sweetpotato accessions from Guangdong
and Fujian provinces of China and from Japan to
verify pedigree records. This study concluded that
the DAF could resolve the domestication history of
sweetpotato germplasm.

Sagredo (1998) used random amplified poly-
morphic DNA (RAPD) markers to understand the
genetic diversity of 28 Chilean cultivars. This study
was very informative for understanding historical
records of sweetpotato breeding and cultivar collec-
tion. Bruckner et al. (2005) presented a comprehen-
sive amplified fragment length polymorphisms
(AFLP)-based genetic diversity study on 775 acces-
sions from the Plant Genetic Resources Conserva-

tion Unit USDA-ARS in Griffin, GA, USA and the
International Potato Center (CIP) in Lima, Peru.
The data of 183 polymorphic bands were subjected
to ANOVA and principal coordinate analysis to
conclude that several clusters existed in the collec-
tion.

13.2
DNA Markers

DNA markers (AFLPs, DAF, RAPDs, and ISSRs) are
used quite intensively, as reviewed in the previous
section, the paucity of codominant markers such as
RFLPs, microsatellites (or single sequence repeats,
SSRs), and single nucleotide polymorphisms
(SNPs) are currently hindering efforts of allele
mining in sweetpotato germplasm and marker-as-
sisted selection (MAS). DNA markers are known to
greatly enhance breeding methodology by allowing
breeders to reduce breeding cycles, establish early
generation selections, decipher the genetic com-
plexity of polygenic traits, and pyramid favorable
allele combinations. The basic essence of molecu-
lar-marker technology is to resolve nucleotide-se-
quence differences within and between closely as
well as distantly related species. The DNA differ-
ences could be insertion and deletion events, SNPs
that are located in restriction sites gaining or los-
ing classical RFLP sites, or SNPs that are not in re-
striction sites but can still be resolved based on
hetero- and homoduplexes or other advanced poly-
merase chain reaction (PCR) technologies. In sev-
eral crops RFLPs are used to detect genomewide
homeologous relationships. Several reports of RFLP
mapping have been published on many crops in-
cluding cotton, peanut, rice, tomato, maize, and
wheat. Extensive use of RFLPs has facilitated the
identification of duplicate chromosomal regions
and an understanding of the mechanisms of poly-
ploid formation (Paterson 1995; Lan and Paterson
2000; Osterlund and Paterson 2002).

Many technologies resolve the above-mentioned
DNA differences by classical hybridization methods
like RFLPs or PCR-based technologies. Based on
whether the priming site is intact or lost in a ge-
nome, we see dominant markers resolved in popu-
lations losing a lot of information. Dominant mark-
ers are largely from nontargeted and random prim-
ers that are used for single-directional PCRs. Co-
dominant polymorphisms result from the bidirec-
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tional priming of a PCR to resolve sequence-tagged
sites accompanying the insertion and deletion of
nucleotides.

Located at regular intervals throughout the
length of a genome, tandem repeats often serve as
milestones to characterize eukaryotic genomes.
When these tandem repeats are used as DNA mark-
ers, they are called SSRs or microsatellites. Due to
replication slippages and errors that accumulated
over the course of evolution cause polymorphisms
in repeat motifs. The insertion and deletion of a
portion of repeat motif allow one to resolve allelic
differences when using bidirectional PCR by flank-
ing primers.

The features that make microsatellites the ideal
DNA marker technology are that they (1) can be
resolved in simple agarose gels as well as with
high-throughput technologies, (2) can be exchang-
ed among laboratories by sharing primer sequence
information rather than physical DNAs, (3) have
been successfully used in several crop species for
genetic mapping, germplasm analysis, MAS, and
integrating previously generated mapping data, (4)
can be resolved as bins for multiplexing at the PCR
level or at the genotyper/gel level if amplicon sizes
of various loci are different and will not get mixed
up with each other, and (5) are known to be trans-
portable across species and genera. With a view to
capitalizing on the various advantages of microsa-
tellites, our laboratory (at WVSU) has developed
technologies that can be used to capture genome-
wide repeat motifs and convert them to PCR mark-
ers. Having widely available cheaper (less than
US$1 per sample to genotype or sequence) high-
throughput genotyping and sequencing technolo-
gies, during the next 5 years, we predict that this
technology will have a big impact on crop improve-
ment.

A microsatellite-enriched library has been de-
veloped for the purpose of capturing repeat motifs
containing genomic fragments. The capturing pro-
cedure involves the hybridization of genomic DNA
fragments to biotin-labeled synthetic SSR oligonu-
cleotides of various repeat types. Fragments are
captured using streptavidin paramagnetic bead af-
finity selection methods. The resultant fragments
from final PCR were cloned, and of these, 96 ran-
domly selected clones were sequenced. These se-
quences were trimmed by removing the vector and
adaptor sequences, and finally 20 sequences con-
taining long repeat motifs of GA, CA, AGA, and

ACA with sufficient flanking sequence were selected
for primer design. Primers were designed to ampli-
fy repeat units of 20 sequences and tested for poly-
morphisms in a set of reference genotypes (Nim-
makayala et al. 2004). These microsatellite markers
will be useful for assessing sweetpotato molecular
diversity and/or saturate the genetic map of sweet-
potato.

Buteler et al. (1999) reported 63 microsatellite
loci of which only 9 were resolvable. The remaining
SSRs in this study were not useful since banding
patterns were not smeared or not amplified for un-
known reasons. In this study, out of nine amplified
microsatellites, five loci segregated in Mendelian
fashion. However, this is the first attempt ever
made at generating this important class of markers.
Hu et al. (2004) screened 1425 I trifida sequences
available from Genbank (http://www.ncbi.nlm.nil.-
gov) to identify 61 microsatellite-containing se-
quences. Of these 61 sequences, they used 12 mi-
crosatellites to amplify sweetpotato cultivars and
wild species. A high degree of transportability was
reported among species. To date, a total of 4829 se-
quences are available for I. batatas that might result
in potential SSR resources.

Berenyi et al. (2002) developed a new class of
markers from RNaseH-LTR regions of the Ty-copia
retrotransposon that have shown 97 to 99% poly-
morphism in comparison with 70 to 90% in AFLPs
and 88% in RAPDs, thus demonstrating their effi-
ciency. Zhang et al. (2003) presented their work on
cleaved amplified 