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 Most of the grain legume crop species worldwide have an intrinsically narrow 
genetic base that has been exploited to the maximum level of productivity. 
Further breakthroughs in increasing yield and improving stability in future 
crop cultivars will require the identifi cation and incorporation of new sources 
of variation into the cultivated background. Knowledge, access, and use of 
diversity available in cultivated and wild relatives are essential for widening 
the genetic base of commercial legume crop species. In view of this need, an 
effort has been made to bring together the rather scattered research work done 
in this important area in the form of an edited collection, a compilation that 
should be of benefi t to legume researchers across the world. The book com-
prises 10 chapters contributed by researchers from reputed organizations of 
the world. The introductory chapter presents key issues linked to domestica-
tion bottlenecks and current trends on wide hybridization. The subsequent 
chapters (Chaps.   2    ,   3    ,   4    ,   5    ,   6    ,   7    ,   8    ,   9    ,   10    ) deal with various aspects related to 
broadening the genetic base of grain legumes. Each chapter provides detailed 
information on the following aspects: crop genepool, evolutionary relation-
ships and systematic’ assessment of gene fl ow for crop improvement, gene 
fl ow constraints, level of diversity in crop germplasm, production related 
problems, traits of importance for base broadening, wide hybridization, bar-
riers to wide hybridization, methods of wide hybridization, and genome map-
ping and genomics status of each grain legume. The editors are extremely 
thankful to all the authors for their signifi cant contributions to this book. The 
entire process of preparing the manuscript was marked by cordial collegiality. 
We are also grateful to Prof. Kailash Chander Bansal, The Director, National 
Bureau of Plant Genetic Resources, New Delhi, India, for providing guidance 
and a supportive atmosphere for the development of this edited collection. 
Thanks are also due to Ms. Megha Bakshi working as project assistant with 
the fi rst editor for her assistance during the preparation of this multi-authored 
edited book in terms of compilation, edited chapter processing, and typo-
graphical scientifi c work. We are also indebted to Springer India for excellent 
professional support in the completion of this project. Despite  several rounds 
of proofreading and our best efforts, the book may still have some scientifi c, 
technical, and printing errors. We will appreciate it if these omissions are 
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brought to our notice, so that they may be rectifi ed in future editions. Finally, 
we hope the book will be used and enjoyed by legume researchers and other 
readers across the world.  

  New Delhi, India  Editors                         

Preface
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        Over the last about 60 years, the global scientifi c 
community has become increasingly aware of 
the implications of genetic erosion in terms of its 
impact on environmental and agricultural sustain-
ability (Ford-Lloyd et al.  2008 ). Reductions in 
both the number of species and the level of intra-
specifi c variation have resulted in crops becoming 
more vulnerable to unpredictable weather pat-
terns, epidemics of pests and diseases and fl uctua-
tions in global markets. All these in combination 
directly affect the food availability for human con-
sumption. The ability to respond constructively to 
these situations requires continuing access to a 
broad range of novel forms of genetic variation. 

 Plant breeding is one way to confront the chal-
lenge of bridging the ever-widening gap between 
the demand and supply of food. Despite the impor-
tance, however, plant breeding has its own negative 
side effects (Keneni et al.  2012 ). The replacement 
of landraces with a few genetically uniform variet-
ies depletes genetic diversity and provides ideal 
conditions for diseases and insect pests, resulting in 
genetic vulnerability. The increasingly growing 
human population and the consequent rise in 
demand for more food, on the one hand, and the 
success of such efforts like the “green revolution” 
through adoption of genetically uniform varieties 

in many parts of the world, on the other, are the 
main contributing factors towards the narrow 
genetic base of  present- day crop cultivars. It is, 
therefore, important to understand the phenomena 
and adopt appropriate strategies to minimize the 
risks from genetic vulnerability. Under marginal 
conditions, where resource-poor farmers predomi-
nate, the current plant breeding strategies and vari-
ety release, registration and certifi cation procedures 
leading to genetic uniformity must be reconsid-
ered, and some level of genetic diversity should be 
deliberately maintained in variety development 
programmes. Genetic diversity can be introduced 
at different levels and in different ways which may 
include intra-varietal, inter-varietal, inter- parental 
and interspecifi c diversities. Breeding for specifi c 
adaptation instead of wide adaptation, systematic 
spatial and temporal gene deployment, use of inter-
specifi c varietal mixtures and integration of hori-
zontal and vertical resistances have been suggested 
as possible solutions (Keneni et al.  2012 ). 

 Crop improvement through plant breeding, 
like crop evolution in general, occurs through 
selection operating on genetic variability. 
Directed and intense selection by plant breeders 
or by farmers can be intense and has resulted in 
major crop improvements. However, continued 
success in plant breeding can only be realized in 
so far as new variability is available for selection 
to operate. Genetic diversity is therefore abso-
lutely essential for sustained crop improvement. 
On the other hand, there is a perception and con-
cern that genetic diversity is limited, both within 
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production systems and in breeding programmes, 
and that there is a need for continuing and 
 concerted efforts to broaden the genetic base of 
crops. In a wide sense, broadening the genetic 
base of crops can be considered at three levels: 
(a) increasing the extent of useful diversity avail-
able to breeders, i.e., broadening the genetic base 
of breeders’ material through genetic enhance-
ment or pre-breeding; (b) increasing the range of 
useful diversity available to farmers as planting 
material; and (c) increasing the diversity of crops 
and varieties grown in the fi eld. All three of these 
areas have been critically reviewed and the main 
concepts related to broadening the genetic base 
of crops, including the greater use of participa-
tory plant breeding and  on-farm  conservation of 
genetic resources, have been discussed and delib-
erated in greater detail by Cooper et al. ( 2001 ). 

 Genetic base as revealed by the pedigree 
records of released varieties appears to be narrow 
in major pulse crops, because of the frequent use 
of the same parents and their derivatives in breed-
ing programmes. Pedigree analysis of 86 chickpea 
cultivars, for example, that have been released 
through hybridization in India traced back to only 
95 ancestors (Kumar et al.  2004 ). This appears to 
be an insignifi cant part of chickpea germplasm 
accessions that are conserved in various gene 
banks across the world. Knowledge, access and 
use of diversity available in the cultivated and wild 
relatives are essential for broadening the genetic 
base of cultivars to sustain crop improvement. An 
overview of the existing level of diversity and the 
genetic base of major grain legumes is presented 
in this chapter based on the contributions made by 
respective crop experts collated in this book. 

1.1     Common Bean 

 The origin, domestication and organization of 
genetic diversity in  Phaseolus ; major production 
constraints and traits defi cient in the common 
bean cultivars; sources of useful germplasm, 
and progress achieved in broadening the genetic 
base of cultivars need to be better understood. 
 Phaseolus  that originated in the Americas has 
been critically reviewed by Singh ( 2001 ). Only 

fi ve species,  P. acutifolius  A. Gray,  P. coccineus  
L.,  P. lunatus  L.,  P. polyanthus  G. and  P. vulgaris  
L., have been domesticated. The interspecies 
diversity in common bean is organized in primary, 
secondary, tertiary and quaternary gene pools. 
Unique among crop plants, common bean con-
sists of two geographically distinct evolutionary 
lineages that predate domestication and trace back 
to a common, still extant ancestor. Common bean, 
cultivated across the world, is comprised of two 
major gene pools, the Andean originating from 
the Andes Mountains of South America and the 
Mesoamerican from Mexico and Central America 
along with well-established races. Gene fl ow 
between domesticated and wild beans led to sub-
stantial introgression of alleles from the domesti-
cated gene pool into the wild gene pool and vice 
versa. Cultivars are further divided into races, 
each with their distinguishing characteristics. 
Also, cultivars of dry seed and snap bean exist. 
Abiotic and biotic stresses limit common bean 
production in most parts of the world. The genetic 
base of cultivars within market classes is narrow, 
and the level of resistance to common bacterial 
blight [caused by  Xanthomonas campestris  pv. 
 phaseoli  (Smith) Dye] and white mould [caused 
by  Sclerotinia sclerotiorum  (Lib) de Bary] is inad-
equate although high levels of resistance to these 
and other desirable traits exist in the relatives and 
gene pools of  P. vulgaris . Early maturity, adapta-
tion to higher latitude, upright plant type, high 
pod quality and seed yield and resistance to  bean 
common mosaic virus  (a potyvirus) and/or rust 
[caused by  Uromyces appendiculatus  (Pers.) 
Unger] have been bred into modern cultivars. 
However, most of the genetic variability available 
in the common bean races, gene pools and wild 
relatives remains to be utilized yet. Resistance to 
various diseases has been transferred from  P. coc-
cineus ,  P. acutifolius  and  P. costaricensis  to 
 Phaseolus vulgaris . In addition,  P. acutifolius  and 
 P. parvifolius  have been explored to transfer high-
iron-content trait to  P. vulgaris . In order to maxi-
mize and sustain bean production, high-yielding, 
high-quality cultivars that are less dependent on 
water, fertilizer, pesticides and manual labour 
should be developed. This warrants sustained, 
comprehensive and integrated genetic improve-

M. Singh et al.
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ment in which favourable alleles from cultivated 
and wild relatives are accumulated in superior cul-
tivars. A three-tiered breeding approach involving 
(1) gene introgression from alien germplasm, (2) 
pyramiding favourable alleles from different 
sources and (3) simultaneous improvement of 
multiple traits for common bean cultivars would 
be the most appropriate strategy to meet these 
needs in comming future.  

1.2     Chickpea 

 Efforts to improve the yield and quality of culti-
vated chickpea ( Cicer arietinum  L.) are con-
strained by a low level of intraspecifi c genetic 
diversity. Increased genetic diversity can, how-
ever, be achieved through hybridization of the 
cultivated species with the “wild” relatives from 
within the 43 species of the  Cicer  genus. To date, 
the 8 species sharing an annual growth habit and 
common chromosome number with  C. arietinum  
have been the primary focus of screening and 
introgression efforts (Siddique et al.  2000 ). 
Screening of these species has uncovered novel 
morphological characteristics and resistance to a 
number of abiotic and biotic stresses that are of 
potential value to chickpea improvement pro-
grammes. Detailed analysis of protein and DNA, 
karyotyping and crossability studies have begun 
to elucidate the relationships between the annual 
 Cicer  species. In comparison, perennial species 
have received little attention due to diffi culties in 
collection, propagation and evaluation. A recent 
review by Croser et al. ( 2003 ) discusses the prog-
ress towards an understanding of genetic rela-
tionships between the  Cicer  species and the 
introgression of genes from wild  Cicer  species 
into the cultivated background. Considerable 
diversity among members of the primary gene 
pool of the chickpea, including  C. arietinum ,  C. 
reticulatum  and  C. echinospermum , has been 
recorded. Better understanding of the structure, 
diversity and relationships within and among the 
members of this gene pool will contribute to 
more effi cient identifi cation, conservation and 
utilization of chickpea germplasm for allele 
 mining; association genetics; mapping and clon-

ing gene(s); and applied breeding to widen the 
genetic base of cultivated species, for the devel-
opment of elite lines with superior yield and 
improved adaptation to diverse environments. 
Limiting factors to crop production, possible 
solutions and ways to overcome them, impor-
tance of wild relatives and barriers to alien gene 
introgression and strategies to overcome them 
and traits for base broadening have been dis-
cussed. It has been clearly demonstrated that 
resistance to major biotic and abiotic stresses can 
be successfully introgressed from the primary 
gene pool comprising progenitor species (Ahmad 
and Slinkard  1992 ). However, many desirable 
traits including high degree of resistance to mul-
tiple stresses are present in the species belonging 
to secondary and tertiary gene pools, that can 
also be introgressed by using special techniques 
to overcome pre- and post-fertilization barriers. 
Besides resistance to various biotic and abiotic 
stresses, the yield QTLs have also been intro-
gressed from wild  Cicer  species to the cultivated 
varieties. Status and importance of molecular 
markers, genome mapping and genomic tools for 
chickpea improvement are duly elaborated. By 
using major    genes for various biotic and abiotic 
stresses, the transfer of agronomically important 
traits into elite cultivars has been made easy and 
practical through marker-assisted selection and 
marker-assisted backcross breeding. Usefulness 
of molecular markers such as SSR and SNP for 
the construction of high-density genetic maps of 
chickpea and for identifi cation of genes/QTLs for 
stress resistance, quality and yield-contributing 
traits has also been discussed.  

1.3     Faba Bean 

 Broadening of the genetic base and systematic 
exploitation of heterosis in faba bean ( Vicia faba  
L.) requires reliable information on the genetic 
diversity in germplasm. Three divergent groups of 
faba bean inbred lines were examined by molecu-
lar means, viz., European small-seeded lines, 
European large-seeded lines and Mediterranean 
lines (Link et al.  1995 ). The results were in har-
mony with published archaeobotanical fi ndings. 

1 Introduction
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Faba bean germplasm of over 38,000 accessions 
of landraces and varieties is conserved worldwide 
in at least 43 national gene banks as well as at 
ICARDA centre (Duc et al.  2010 ). The largest 
genetic diversity study of faba bean landraces was 
of 802 landraces and varieties from China, North 
Africa, Europe and Asia, as revealed by ISSR 
markers (Wang et al.  2012 ). The Chinese landraces 
were widely separated from a combined grouping 
of African, European and Asian (outside of China) 
germplasm, which were closely similar though still 
distinct. Further, to attain breakthrough in enhanc-
ing yield and improving stability in commercial 
cultivars, new sources of variation need to be 
incorporated from wild crop relatives for genetic 
base widening.  

1.4     Cowpea 

 Cowpea ( Vigna unguiculata  L. Walp.) is a widely 
adapted, stress-tolerant grain legume, vegetable 
and fodder crop grown over seven million ha in 
warm to hot regions of Africa, Asia and the 
Americas. Major breeding achievements, current 
objectives and future opportunities for cowpea 
improvement have been reviewed by Ehlers and 
Hall ( 1997 ). Early maturing cultivars have been 
developed with regionally acceptable grain qual-
ity and resistance to some important diseases and 
pests including bacterial blight ( Xanthomonas 
campestris ), cowpea aphid-borne mosaic virus 
(CABMV), cowpea aphid ( Aphis craccivora ), 
cowpea curculio ( Chalcodermus aeneus ), root- 
knot nematodes ( Meloidogyne incognita  and  M. 
javanica ), cowpea weevil ( Callosobruchus mac-
ulatus ) and the parasitic weeds  Striga gesnerioi-
des  and  Alectra vogelii . Earliness is an important 
character in Africa and other regions because 
early cultivars can escape drought and some 
insect infestations, can provide the fi rst food 
grain and marketable product and can be grown 
in a diverse array of cropping systems. New early 
maturing cultivars with indeterminate growth 
habits have been very effective in the extremely 
dry and hot environment of the Sahel. Heat- 
tolerant breeding lines have been developed 
that have markedly higher pod set than most 

 cultivars under high-night-temperature conditions. 
Development of cultivars with multiple resistance 
to biotic and abiotic stresses is an important cur-
rent breeding objective. Earliness, delayed leaf 
senescence and indeterminate growth habit are 
characteristics, which are being combined to 
improve drought adaptation. In the future, high 
levels of resistance to important insect pests such 
as fl ower thrips ( Megalurothrips sjostedti ), maruca 
pod borer ( Maruca testulalis ), lygus ( Lygus hes-
perus ) and pod bugs ( Clavigralla tomentosicol-
lis ) need to be identifi ed. Introducing genes from 
wild cowpeas or related  Vigna  species, through 
genetic engineering, may be necessary to breed 
cultivars with high level of resistance to several 
of the major insect pests. A wide range of biotic 
(virus, bacteria, fungi, insects, nematodes and 
plants) and abiotic (like low phosphorus avail-
ability, soil acidity or salinity, drought and high 
temperature at night) factors are limiting cowpea 
production in different parts of the world. To 
overcome these constraints, diverse programmes 
were implemented for base broadening using 
interspecifi c hybridization between cowpea and 
other members of its genus with limited success 
because of pre- and post- zygotic barriers associ-
ated in the crop. These failures led the investiga-
tors to implement protocols to introduce foreign 
genes into cowpea. Currently, several genes of 
interest such as  herbicide imazapyr ,  α-amylase 
inhibitor 1  (against bruchids),  Cry1Ab  and  Cry1Ac  
(against  Maruca ) have been introduced success-
fully into commercially important cultivars, and the 
genes are transmitted in Mendelian fashion. In 
addition, signifi cant genomic resources and a con-
sensus genetic map where agronomic, growth habit, 
disease, pest resistance and other trait loci have 
been placed and are ready for use in breeding 
programmes.  

1.5     Lentil 

 Cultivation of lentil ( Lens culinaris  ssp.  culina-
ris ) in South Asia dates back to around 2000 
BC. Because of its nutritive value, soil ameliora-
tive properties and suitability to the existing 
cropping systems, it attains the status of main 

M. Singh et al.
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pulse crop in the region. Today, about half of the 
world’s lentil is grown in South Asia for human 
food, animal feed and diversifi cation and intensi-
fi cation of cropping systems. However, the indig-
enous lentils are of a specifi c ecotype ( pilosae ), 
which lack marked variability for morphological, 
phenological and yield related traits and resis-
tance to key stresses. The narrow genetic base, 
which limited the breeding progress in the region 
for a long time has been widened through the 
introduction of exotic germplasm and their use in 
hybridization programmes. The progenies devel-
oped through diverse crosses have led to the selec-
tion of transgressive segregants with enormous 
variability for crop duration, seed traits, plant 
height, growth habit, biomass production, resis-
tance to rust,  Stemphylium  blight, drought toler-
ance, etc. The promising progenies have led to the 
development of important lentil varieties in 
Afghanistan, Bangladesh, India, Nepal and 
Pakistan. Some of these cultivars with diverse 
genetic background are adapted to new niches 
emerging in the context of climate change, con-
sumers’ preference and market opportunities. 
Adoption and impact of these varieties have 
enhanced farmer’s income and national produc-
tion and are contributing to food and nutritional 
security to the people of South Asia (Sarker et al. 
 2010 ). Wild and cultivated accessions need to be 
further evaluated with regard to major biotic and 
abiotic stresses, placing emphasis on the devel-
opment of more accurate screening methods. In 
addition, further inheritance studies of resistance/
tolerance to biotic and abiotic stresses are 
required for a better understanding of the respec-
tive genetic systems controlling these responses. 
This knowledge will be useful to design appro-
priate breeding programmes based on regional 
and local requirements. There is a need to include 
reliable morphological and molecular markers to 
develop a comprehensive consensus genetic link-
age map in lentil, allowing for molecular tagging 
of resistance genes against biotic and abiotic 
stresses in order to exploit them in breeding with 
increased selection effi ciency. New molecular 
tools will increase the speed and precision of 
introgression of newly identifi ed alleles from 
both the adapted and wild  Lens  species and sub-

species into advanced breeding populations. The 
understanding of allele values from the adapted 
source and the wild gene pool will defi nitely 
increase both the effi ciency and worth of germ-
plasm utilization in lentil breeding programmes.  

1.6     Pigeon Pea 

 Pigeon pea ( Cajanus cajan  L. Millspaugh), with 
ample genetic and genomic information becoming 
available in recent times, is now considered a 
trendy and pace-setter crop. The results of Diversity 
Arrays Technology (DArT) revealed most of the 
diversity was among the wild relatives of pigeon 
pea or between the wild and cultivated pigeon pea. 
The genetic relationships among the accessions are 
consistent with the available information and sys-
tematic classifi cation of species and the cultivated 
 C. cajan.  The narrow genetic base of cultivated 
pigeon pea is likely to represent a serious impedi-
ment to breeding progress in pigeon pea. Further, it 
is now possible to cross wild relatives not only 
from the  Cajanus  group placed in secondary and 
tertiary gene pool, but also the related genera 
placed in quaternary gene pool. The most signifi -
cant achievement is the development of unique 
cytoplasmic male sterility systems. This is no small 
achievement for a legume, which is an important 
crop of Asia and Africa and plays a major role in 
the diet of majority of the people of this region. 
Recently, scientists from the International Crops 
Research Institute for the Semi-Arid Tropics, 
Hyderabad, have developed interspecifi c crosses 
using  C. acutifolius  and generated recombinants 
for high seed weight. A good success has also been 
achieved while attempting interspecifi c crosses 
with  C. albicans  (Subbarao et al.  1990 ),  C. platy-
carpus  (Mallikarjuna and Moss  1995 ),  C. reticu-
latus  var.  grandifolius  (Reddy et al.  2001 ) and 
 C. acutifolius  (Mallikarjuna and Saxena  2002 ).  

1.7    Groundnut 

 Groundnut ( Arachis hypogea  L.) germplasm con-
sists of the cultivated allotetraploid species 
 Arachis hypogaea  L. and a large number of wild 
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species, which are nearly all diploids. A very low 
level of genetic variability in American and other 
cultivars have been reported. However, in 
unadapted    germplasm lines from various centres 
of origin in South America, Africa and China, 
considerable morphological and physiological 
variability has been reported to exist. Wild spe-
cies of section  Arachis  were included in the eval-
uations since they show a high degree of variation 
when assayed by molecular analysis. In all cases, 
a very low level of variability was found in culti-
vated groundnut, while abundant variability was 
present among wild diploid species showcasing 
their signifi cance to groundnut breeding (Halward 
et al.  1992 ). Cultivated groundnut contains a 
fraction of the genetic diversity present in their 
closely related wild relatives, which is not more 
than 13 %, due to domestication bottleneck. 
Closely related ones are placed in section  Arachis , 
which have not been extensively utilized until 
now due to ploidy differences between the culti-
vated and wild relatives. In order to overcome 
 Arachis  species utilization bottleneck, a large 
number of tetraploid synthetics were developed 
at Legume Cell Biology Unit, Grain Legumes 
Program, ICRISAT, India. Evaluation of synthet-
ics for some of the production constraints showed 
that these were good sources of multiple disease 
and pest resistances. Some of the synthetics were 
utilized by developing ABQTL mapping popula-
tions, which were further screened for important 
biotic and abiotic constraints. Phenotyping exper-
iments showed ABQTL progeny lines with traits 
of interest were necessary for the improvement of 
groundnut.  

1.8      Vigna  species 

 The Asian  Vigna  species are very sensitive to 
photoperiod and temperatures, and these two 
variables have a very high bearing on the plant 
type and its adaptability in all these crops. Tickoo 
et al. ( 1994 ) elaborated the aspect in greater 
details in context of green gram. Jain ( 1975 ) has 
argued that grain legumes, as a group, are still 
undergoing domestication. Not long back, in the 
cultivation history of these crops and even today 

in most areas of the growing countries, these 
crops are being grown under conditions, not very 
much different than the ones in which their wild 
relatives have been grown. Under conditions of 
low-input management, the evolution has been 
for the survival of the crop species itself rather 
than for grain yield which is important from 
breeders’ point of view. The silver lining has been 
the evolution of symbiotic relationship of these 
crops and the nitrogen fi xing  Rhizobia  and the 
subsequent high protein content of their seeds. 
However, it will always be debatable, whether the 
evolution of symbiosis in grain legumes is a curse 
or a blessing to them. Other characters like inde-
terminate growth habit, photo- and thermo-insen-
sitivity, low harvest index, shattering of ripe pods, 
seed hardiness, zero seed dormancy, etc., have all 
evolved more to natural than human selection 
(Tickoo et al.  1994 ). Further, information on 
intraspecifi c diversity, particularly in  mungo-
radiata  complex, is lacking. This information is 
essential for effective use of wild species germ-
plasm in crop improvement programmes. A wild 
mung bean accession,  Vigna radiata  var.  sublo-
bata , was reported to be highly resistant to bru-
chid,  Callosobruchus chinensis  (L.), a serious 
pest of grain legumes during storage at the 
AVRDC (Talekar  1994 ). Mung bean yellow 
mosaic virus (MYMV) has been a major problem 
in green gram. The wild species  Vigna radiata  
var.  sublobata  is an important source to incorpo-
rate resistance to MYMV into cultivated varieties 
(Singh  1994 ). In addition to the landraces and 
cultivars, the wild species therefore needs to be 
collected, characterized and conserved carefully 
for use in crop improvement programmes. 

 In common with most grain legume crop spe-
cies, the wild related  Vigna  species do not form 
a particularly extensive or accessible genetic 
resource. More variability in wild conspecifi c 
forms is to be exploited in addition to the fullest 
range of landraces and cultivars (Singh et al.  2006 ; 
Bisht and Singh  2013 ). Greater exploitation of the 
conspecifi c wild species with valuable characters 
needs to be undertaken to make extended cultiva-
tion economically attractive (Smartt  1990 ). Some 
populations of  V. mungo  var.  sylvestris ,  V. radiata  
var.  sublobata  and  V. radiata  var.  setulosa  
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with valuable characters like more number of 
pod-bearing clusters and pods per cluster have great 
agronomic potential for use in crop improvement 
programmes beside in the resistance/tolerance to 
biotic stresses (Bisht et al.  2005 ). Sources of 
resistance available in  Vigna radiata var. sublo-
bata  (Singh  1994 ) need to be exploited more vig-
orously with the use of precise molecular tools.  

1.9     Horse Gram 

 Horse gram ( Macrotyloma unifl orum ) is a dual- 
purpose pulse and fodder crop native to the 
Southeast Asia and tropical Africa. India is the 
only country cultivating horse gram on a large 
scale, where it is being used for human food pur-
pose. About 1,161 germplasm accessions have 
been systematically characterized and evaluated 
for various stress parameters and important agro- 
morphological traits in different research institu-
tions of India. Disease and pest resistance and 
improving grain quality and protein percentage 
would be desirable traits for broadening the 
genetic base through interspecifi c hybridization. 

 There is increasing evidence that the formal 
breeding sector has not well served the needs of 
farmers in developing countries. Modern plant 
breeding leads inevitably to an extremely danger-
ous reduction of diversity in major world food 
crops. Indigenous locally adapted races of culti-
vated plants usually known as primitive cultivars 
are the product of agro-ecotypic differentiation 
during thousands of years of conscious and 
unconscious selection by man in the diverse con-
ditions of cultivation in many habitats. Genetically, 
they are marked by high level of adaptation to cli-
mate and disease and high variability, and these 
factors render primitive cultivars essential in plant 
breeding. Unfortunately, under advanced farming 
systems, the essentials of  on-farm  evolution, that 
is, the generation of variation and its subsequent 
natural and farmer selection, are no longer possi-
ble. This leads to an extremely dangerous reduc-
tion of diversity in major world crops, as noted by 
Simmonds ( 1979 ). Successful crop breeding 
tends to narrow the genetic base of a crop in 
direct proportion to its success; in all advanced, 

technology-based agriculture, few excellent 
varieties, themselves often interrelated, tend to 
cover large areas of land to the exclusion of all else 
(Simmonds  1979 ). In addition to the “bottleneck” 
effect during plant breeding, the diversity on 
which many important varieties were based was 
very limited, so there is also a “founder” effect. 
As an example, most varieties of the US soybean 
crop can be traced to 50 original introductions, 
only 10 of which contributed to 80 % of northern, 
and 7–80% of southern cultivars. Most introduc-
tions originated from Northeast China (Delannay 
et al.  1983 ). There is a particular danger with vari-
eties based on limited sources of cytoplasmic male 
sterility—found, for example, in many food crops 
(Chang  1985 ). It has been a common consensus 
now that a reasonable level of genetic diversity 
should be deliberately maintained in variety devel-
opment programmes. Farmers should be involved 
and get encouraged to maintain, improve and 
enhance the locally adapted and diverse genetic 
materials with appropriate technical and policy 
supports. In the marginal areas where problems of 
diseases, insects and environmental fl uctuations 
are more and hence risks are great, we should 
reconsider the current breeding strategies leading 
to genetic uniformity. Since risk aversion strate-
gies condition farmers’ responses to new options, 
technologies and policies should conform to and 
reinforce these strategies (Tilahun  1995 ). 

 Crop production characterized by genetic 
diversity is normally stable as compared to those 
characterized by genetic uniformity (Simmonds 
 1979 ; de Boef et al.  1996 ) for a number of rea-
sons. The problem with narrow genetic base is 
particularly aggravated by the widespread use of 
one or a few genetically uniform varieties over a 
large hectarage (spatial dominance), which is con-
sidered the other prerequisite for the widespread of 
disease and insect pests as it provides ideal condi-
tion and creates vulnerability (Simmonds  1979 ; 
Sharma  2001 ; Rubenstein et al.  2005 ; Smolders 
 2006 ). The continuous production of a single vari-
ety of the same crop year after year will facilitate 
disease epidemics particularly when host plant 
resistance is defeated by the counteractive muta-
tion of disease pests and pathogens (Marshall 
 1977 ; Wolfe and Barrett  1977 ; Agrios  1978 ; 
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Simmonds  1979 ; de Boef et al.  1996 ; Rubenstein 
et al.  2005 ; Smolders  2006 ). 

 Conventional breeding will continue to have 
a valuable role in providing resistance to biotic 
and abiotic stresses. Nevertheless, it appears 
that in some systems there will continue to be 
barriers to achieving resistance using this 
approach (Edwards and Singh  2006 ). Molecular 
tools give us an opportunity to develop geno-
types that carry resistance genes, and these tools 
have been utilized in DNA fi ngerprinting for 
identifi cation of cultivars, marker-assisted 
selection and, to a limited level, genetic modifi -
cation in breeding for resistance (Acosta-
Gallegos et al.  2008 ). Problems associated with 
the need for long backcrossing cycles, gene 
pyramiding and the diffi culties of crossing het-
erozygous clonally propagated crops with the 
conventional breeding method have already 
been resolved with the use of modern biotech-
nological tools to a great extent (Higgins et al. 
 1998 ; Witcombe and Hash  2000 ). 

 The habit of pushing varieties for release 
under marginal situations to a state of extreme 
uniformity by modern plant breeding has been 
criticized by several researchers (Marshall  1977 ; 
Wolfe and Barrett  1977 ; Simmonds  1979 ; de 
Boef et al.  1996 ). Under such situations, it is 
rather believed that uniformity is not biologically 
necessary or even desired, but diversity can, at 
least sometimes, enhance performance and sta-
bility (Simmonds  1979 ). Traits of interest to the 
resource-poor farmers in the marginal areas 
include yield stability; resistance to diseases, 
insects and abiotic calamities; and low depen-
dence on external inputs (de Boef et al.  1996 ). 
Farmers achieve these by deliberately creating 
genetic diversity at intra-varietal and/or 
 interspecifi c levels (Weltzien and Fiscbeck  1990 ; 
Broerse and Visser  1996 ; de Boef et al.  1996 ). 
Breeding activities to address this group of farm-
ers should, therefore, build on farmers’ practices 
to complement them and not to substitute their 
practices (Bunders et al.  1996 ). The physical 
environment and price ratios between external 
inputs and farm outputs do not allow the use of 
large quantities of purchased inputs, especially 
agrochemicals in large parts of the tropics and 

subtropics (de Boef et al.  1996 ) and which are 
also not ecofriendly. 

 Several co-workers have suggested that empha-
sis should be given to the maintenance of diversity 
in some planned fashion (Marshall  1977 ; Wolfe 
and Barrett  1977 ; Simmonds  1979 ; de Boef et al. 
 1996 ) for sustainability. The dangers of genetic 
uniformity can also largely be avoided if plant 
breeders use different sources of genes (inter-
parental diversity) in their breeding material, and it 
would certainly be dangerous to rely too much on 
any one individual source of resistance (Russell 
 1978 ). There are also speculations that crosses 
between parents with high inter-parental diver-
gence would not only be more responsive to 
improvement since they are likely to produce 
higher heterosis and desirable genetic recombina-
tion and segregation in their progenies (Wallace 
and Yan  1998 ; Chahal and Gosal  2002 ) but also 
help to develop varieties with broad genetic base 
(Russell  1978 ; Chandel and Joshi  1983 ) that are 
not liable to genetic vulnerability (Chandel and 
Joshi  1983 ). There is a possibility that, like many 
other traits including grain yield, heterosis may be 
manifested through diseases and insect pest resis-
tance (Singh  2002 ) and climatic resilience. 

 Farmers, particularly in the tropics and sub-
tropics, have been employing interspecifi c vari-
etal mixtures not only as a yield maximization 
and diversifi cation but also as risk aversion strat-
egies since time immemorial (Weltzien and 
Fiscbeck  1990 ; Broerse and Visser  1996 ; de Boef 
et al.  1996 ). In marginal areas where resource- 
poor farmers dominate and environments are 
highly variable, the initiation and enhancement 
of local breeding should be thought as one of the 
best strategies to overcome problems associated 
with genetic vulnerability of modern crop culti-
vars (Smolders  2006 ). Farmers have been breed-
ers since time immemorial, and the key feature 
in local crop development has been its mainte-
nance of genetic diversity, both between and 
within species (de Boef et al.  1996 ). Local breed-
ing involves the maintenance of local varieties 
(conservation through utilization), their enhance-
ment (through selection and enrichment with 
exotic materials) and the seed system (produc-
tion, selection, treatment, storage and exchange). 
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 To conclude that, narrow genetic base of crops 
and less use of germplasm are the prime factors 
limiting grain legume production and productiv-
ity worldwide. Therefore, exploitation of diverse 
sources of variability is required through pre- 
breeding for the genetic enhancement of grain 
legumes. It also further necessitates the identifi -
cation and use of wild germplasm resources to 
develop new high-yielding cultivars with a broad 
genetic base.     

      References 

    Acosta-Gallegos AJ, Kelly JD, Gepts P (2008) Prebreeding 
in common bean and use of genetic diversity from 
wild germplasm. Crop Sci 47:44–59  

    Agrios GN (1978) Plant pathology, 2nd edn. Academic, 
London  

    Ahmad F, Slinkard AE (1992) Genetic relationships in the 
genus  Cicer  L. as revealed by polyacrylamide gel elec-
trophoresis of seed storage proteins. Theor Appl Genet 
84:688–692  

       Bisht IS, Singh M (2013) Asian  vigna . In: Singh M, 
Upadhyaya HD, Bisht IS (eds) Genetic and genomic 
resources of grain legume improvement. Elsevier 
Science, London, pp 237–267  

    Bisht IS, Bhat KV, Lakhanpaul S, Latha M, Jayan PK, 
Biswas BK, Singh AK (2005) Diversity and genetic 
resources of wild  Vigna  species in India. Genet Resour 
Crop Evol 52:53–68  

     Broerse JEW, Visser B (1996) Assessing the potential. 
In: Bunders J, Haverkort B, Hiemstra W (eds) Biotech-
nology: building on farmers’ knowledge. Macmillan, 
London/Basingstoke, pp 131–180  

    Bunders J, Loeber A, Broers JEW, Havertkort B (1996) An 
integrated approach to biotechnology development. In: 
Bunders J, Haverkort B, Hiemstra W (eds) Biotech-
nology; building on farmers’ knowledge. Macmillan, 
London/Basingstoke, pp 201–227  

    Chahal GS, Gosal SS (2002) Principles and procedures of 
plant breeding. Narosa Publishing House, New Delhi, 
p 603  

     Chandel KPS, Joshi BS (1983) Multivariate analysis in 
green-seeded pea. Indian J Agric Sci 53(4):198–200  

    Chang TT (1985) Principles of genetic conservation. Iowa 
State J Res 59:325–348  

    Cooper HD, Spillane C, Hodgkin T (2001) Broadening the 
genetic base of crop production. CABI, Oxford, p 452  

    Croser JS, Ahmad F, Clarke HJ, Siddique KHM (2003) 
Utilization of wild  Cicer  in chickpea improvement – 
progress, constraints, and prospects. Aust J Agric Res 
54:429–444  

            de Boef WST, Berg T, Haverkort B (1996) Crop genetic 
resources. In: Bunders J, Haverkort B, Hiemstra W 
(eds) Biotechnology; building on farmers’ knowledge. 
Macmillan, London/Basingstoke, pp 103–128  

    Delannay X, Rodgers DM, Palmer RG (1983) Relative 
genetic contributions among ancestral lines to North 
American soybean cultivars. Crop Sci 23:944–949  

    Duc G, Bao SY, Baum M, Redden B, Sadiki M, Suso MJ, 
Vishniakova M, Zong XX (2010) Diversity mainte-
nance and use of  Vicia faba  L. genetic resources. Field 
Crop Res 115:270–278  

    Edwards O, Singh KB (2006) Resistance to insect pests: 
what do legumes have to offer? Euphytica 147:273–285  

    Ehlers JD, Hall AE (1997) Cowpea ( Vigna unguiculata  
L. Walp.). Field Crop Res 53:187–204  

    Ford-Lloyd BV, Brar D, Khush GS, Jackson MT, Virk PS 
(2008) Genetic erosion over time of rice landrace 
agrobiodiversity. Plant Genet Resour Charact Util 7:
163–168  

    Halward TM, Stalker HT, LaRau EA, Kochert GD (1992) 
Genetic Variation detectable with molecular markers 
among unadapted germplasm resources of cultivated 
peanut and related wild species. Genome 34:1013–1020  

    Higgins VJ, Huogen Lu, Xing Ti, Gelli A, Blumwald E 
(1998) The gene-for-gene concept and beyond: inter-
actions and signals. Can J Plant Pathol 20:150–157  

    Jain HK (1975) Breeding for yield and other attributes 
in grain legumes. Indian J Genet Plant Breed 35:
169–187  

     Keneni G, Bekele E, Imtiaz M, Dagne K (2012) Genetic 
vulnerability of modern crop cultivars: causes, mecha-
nism and remedies. Int J Plant Res 2(3):69–79  

    Kumar S, Gupta S, Chandra S, Singh BB (2004) How 
wide is the genetic base of pulse crops. In: Ali M, 
Singh BB, Kumar S, Dhar V (eds) Pulses in new per-
spective. Indian Society of Pulse Research and 
Development, IIPR, Kanpur, pp 211–221  

    Link W, Dixkens C, Singh M, Schwall M, Melchinger AE 
(1995) Genetic diversity in European and Mediterranean 
faba bean germplasm revealed by RAPD markers. Theor 
Appl Genet 90:27–32  

    Mallikarjuna N, Moss JP (1995) Production of hybrids 
between  Cajanus platycarpus  and  Cajanus cajan . 
Euphytica 83(1):43–46  

    Mallikarjuna N, Saxena KB (2002) Production of hybrids 
between  Cajanus acutifolius  and  C. cajan . Euphytica 
124(1):107–110  

      Marshall DR (1977) The advantages and hazards of 
genetic homogeneity. In: Day PR (ed) The genetic 
basis of epidemics in agriculture. The New York 
Academy of Sciences, New York, pp 1–20  

    Reddy LJ, Kameswara Rao N, Saxena KB (2001) Production 
and characterization of hybrids between  Cajanus cajan  
x  C. reticulatus  var.  grandifolius . Euphytica 121:93–98  

    Rubenstein DK, Heisey P, Shoemaker R, Sullivan J, 
Frisvold G (2005) Crop genetic resources: an eco-
nomic appraisal. Economic Information Bulletin No. 
2. United States Department of Agriculture (USDA), 
Washington, DC.   www.ers.usda.gov      

     Russell GE (1978) Plant breeding for pest and diseases 
resistance. Butterworths, London  

   Sarker A, Agrawal S, Shrestha R, Kumar J, Uddin MJ 
(2010) Broadening the genetic base of lentil in South 
Asia. In: ASA, CSSA, and SSSA international annual 

1 Introduction

http://www.ers.usda.gov/


10

meetings.   https://a-c-s.confex.com/crops/2010am/
webprogram/Paper61096.html      

    Sharma JR (2001) Principles and practice of plant breed-
ing. Tata McGraw-Hill, New Delhi  

    Siddique KHM, Brinsmead RB, Knight R, Knights EJ, Paull 
JG, Rose IA (2000) Adaptation of chickpea and faba 
bean to Australia. In: Knights R (ed) Linking research 
and marketing opportunities for pulses in the 21st cen-
tury. Kluwer Academic, Dordrecht, pp 289–303  

           Simmonds NW (1979) Principles of crop improvement. 
Longman, London/New York  

     Singh DP (1994) Breeding for resistance to diseases in 
mungbean: problems and prospects. In: Asthana AN, 
Kim DH (eds) Recent advances in pulses research. 
Indian Society of Pulses Research (IIPR), Kanpur, 
pp 152–164  

    Singh SP (2001) Broadening the genetic base of common 
bean cultivars. Crop Sci 41:1659–1675  

    Singh BD (2002) Plant breeding: principles and methods. 
Kalyani Publishers, New Delhi  

    Singh M, Bisht IS, Sardana S, Gautam NK, Husain Z, 
Gupta S, Singh BB, Dwivedi NK (2006) Asiatic  vigna . 
In: Dhillon BS, Saxena S, Agrawal A, Tyagi RK (eds) 
Plant genetic resources: food grain crops. Narosa 
Publishing House, New Delhi, pp 275–301  

    Smartt J (1990) The old world pulses: vigna species. In: 
Grain legume: evolution and genetic resources. 
Cambridge University Press, Cambridge  

      Smolders H (2006) Enhancing farmers’ role in crop devel-
opment: framework information for participatory plant 
breeding in farmer fi eld schools. Centre for Genetic 
Resources, Wageningen University and Research 
Centre, Wageningen  

    Subbarao GV, Johansen C, Kumar Rao JVDK, Jana MK 
(1990) Salinity tolerance in F1 hybrids of pigeonpea 
and a tolerant wild relative. Crop Sci 30(4):785–788  

    Talekar NS (1994) Sources of resistance to major insect 
pests of mungbean in Asia. In: Asthana AN, Kim 
DH (eds) Recent advances in mungbean research. 
Indian Society of Pulses Research (IIPR), Kanpur, 
pp 40–49  

     Tickoo JL, Gajraj Mahto R, Manji C (1994) Plant type in 
mungbean ( Vigna radiata  L. Wilczek). In: Asthana 
AN, Kim DH (eds) Recent advances in mungbean 
research. Indian Society of Pulses Research (IIPR), 
Kanpur, pp 197–213  

      Tilahun M (1995) Indigenous risk management strategies 
of small farms in the Central Rift Valley of Ethiopia. 
Food security, nutrition and poverty alleviation in 
Ethiopia: problems and prospects. In: Demeke M, 
Wolday A, Simeon E, Zegeye T (eds) Proceedings of 
the inaugural and fi rst annual conference of the 
Agricultural Economics Society of Ethiopia, Addis 
Ababa, 8–9 June 1995, pp 85–108  

    Wallace DH, Yan W (1998) Plant breeding and whole- 
system crop physiology. University Press, Cambridge  

    Wang H, Xuxiao Zong X, Jianping Guan J, Yang T, Sun X, 
Yu Y, Redden R (2012) Genetic diversity and relation-
ship of global faba bean (I L.) germplasm revealed by 
ISSR markers. Theor Appl Genet 124:789–797  

     Weltzien E, Fiscbeck G (1990) Performance and variabil-
ity of local barley landraces in Near-Eastern environ-
ments. Plant Breed 104:58–67  

    Witcombe JR, Hash CT (2000) Resistance gene dep-
loyment strategies in cereal hybrids using marker-
assisted selection: gene pyramiding, three-way 
hybrids, and synthetic parent populations. Euphytica 
112:175–186  

      Wolfe MS, Barrett JA (1977) Population genetics of pow-
dery mildew epidemics. In: Day PR (ed) The genetic 
basis of epidemics in agriculture. The New York 
Academy of Sciences, New York, pp 151–163      

M. Singh et al.

https://a-c-s.confex.com/crops/2010am/webprogram/Paper61096.html
https://a-c-s.confex.com/crops/2010am/webprogram/Paper61096.html


11M. Singh et al. (eds.), Broadening the Genetic Base of Grain Legumes,
DOI 10.1007/978-81-322-2023-7_2, © Springer India 2014

    Abstract  

  The chapter on the common bean reviews the origin and domestication, 
gene pool organization and their evolutionary relationship, genetic diver-
sity and gene fl ow assessment, production constraints, crop production- 
limiting factors, and crop improvement strategies. While the common 
bean originated in the Americas, it is now widely grown in all continents 
of the world. Several bean germplasm banks have been established and 
contain diverse genetic resources comprising fi ve domesticated and wild 
 Phaseolus  species, as well as an incipient stock collection. Unique among 
crop plants, the common bean consists of two geographically distinct evo-
lutionary lineages that predate domestication and trace back to a common, 
still extant ancestor. The common bean cultivated across the world com-
prises of two major gene pools: the Andean originating from the Andes 
mountains of South America and the Mesoamerican from Mexico and 
Central America along with well-established races. Gene fl ow between 
domesticated and wild beans led to substantial introgression of alleles 
from the domesticated gene pool into the wild gene pool and vice versa. 
Like other crops, the common bean also suffers from various biotic and 
abiotic stresses; however, these constraints vary with the agroecological 
regions experiencing tropical to temperate environments. The important 
biotic and abiotic constraints limiting bean production are bean anthrac-
nose, angular leaf spot, bean common mosaic and necrosis virus, bean 
golden mosaic virus, bacterial blights, drought, and phosphorus defi ciency. 
The common bean improvement program in Europe and the USA is 
mainly focused on biotic and abiotic factors, mainly diseases, drought, and 
biofortifi cation involving intra- and interspecifi c hybridization programs. 
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2.1         Introduction 

 The common bean ( Phaseolus vulgaris  L.) is one 
of the most important legume crops grown in all 
continents of the world except Antarctica, 
because of its high protein, fi ber, and complex 
carbohydrate content. Beans ( Phaseolus  spp.) are 
extremely diverse crops in terms of cultivation 
methods, in diverse environments and elevations 
ranging from sea level to 3,000 m height, 
 morphological variability, and utilities (dry as 
pulse and green as vegetable). The tremendous 
variability    for plant types and growth behavior 
makes beans part of the most diverse production 
systems of the world (Broughton et al.  2003 ). 
They are cultivated in monoculture, in associa-
tions, or in rotations. Dry beans are consumed 
both as pulse and vegetable (both leaves and 
pods). Their genetic resources exist as a complex 
array of major and minor gene pools, races, and 
intermediate types, with occasional introgression 
between wild and domesticated types. Beans are 
thus a crop that is adapted to many niches, both in 
terms of agronomic and consumer preference. 
While its production    is mainly centered on small 
holdings, beans are grown in monoculture bush 
beans to a complex association of indeterminate 
or climbing beans with maize, sugarcane, and 
other cereals or fruit crops. Short bush growth 
habits offer minimal competition and permit 
interplanting with other species, for example, in 

reforestation projects or among fruit trees or 
 coffee plantations during the early years until the 
main crop can be exploited. At the other extreme, 
aggressive climbers are found at higher altitudes 
on subsistence farms where a few plants are 
maintained as a sort of insurance and are continu-
ally harvested for about 6 months. Over the past 
20 years, beans have also been increasingly culti-
vated on a commercial scale and are now offered 
in national, regional, and international markets. 
The common bean regarded as a “grain of hope” 
is an important component of subsistence agri-
culture grown worldwide over an area of about 
28.78 million hectares with an annual production 
of 23.14 million tonnes (FAO  2013 ), and feeds 
about 300 million people in the tropics and 100 
million people in Africa alone. Besides it is 
emerging as an important income generation 
especially in Central America where beans have 
top ranking as income generators among fi eld 
crops. In terms of global pulse production, the 
common bean alone with 23 million tonnes 
accounts for about half of the total pulse produc-
tion (FAO  2012 ). However, this number is an over-
estimate as FAO does not report data for  Phaseolus  
and non -Phaseolus  species separately. Many com-
prehensive reviews on the different aspects of the 
common bean like origin and evolution (Gepts 
 1998 ), genetic diversity (Singh et al.  1991a ,  b ,  c ; 
Blair et al.  2012a ,  b ), population structure and evo-
lutionary dynamics  (Zizumbo-Villarreal et al. 

Various breeding methods, namely, recurrent backcrossing, congruity 
backcrossing, inbred backcross line and gamete selection using multiple-
parent crosses, and recurrent selection, have been used to transfer the trait 
of interest from related species. Resistance to various diseases has been 
transferred from  P. coccineus ,  P. acutifolius ,  P. costaricensis  to  Phaseolus 
vulgaris . In addition,  P. acutifolius  and  P. parvifolius  have been explored 
to transfer high iron content to  P. vulgaris . The crop improvement program 
over the last two decades involves the use of a marker-assisted selection 
strategy as a number of useful genes vis-à-vis molecular markers linked to 
them have been identifi ed. In addition, bean transformation protocols have 
also been developed to facilitate introgression of alien genes. The sequenc-
ing of whole common bean genome is going to open an era of functional 
genomics to understand, identify, and overcome the constraints experi-
enced by researchers across the world.  
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 2005 ), biotic and abiotic stresses (Miklas et al.  2006b ; 
Singh and Schwartz  2010 ), breeding for insect 
pests (Singh and Schwartz  2011 ), genomics 
(Gepts et al.  2008 ), genetic transformation 
(Kwapata et al.  2012 ), etc., have been published 
from time to time. In this chapter, an attempt has 
been made to compile the information on various 
aspects of the common bean from various sources 
to provide an overview about this important 
legume to the readers. The different sections con-
sist of common bean origin, gene pool, evolution-
ary relationship and systematics, gene fl ow, gene 
fl ow constraints, diversity in germplasm, 
production- limiting factors, important traits for 
broadening the genetic base, conventional and 
contemporary approaches for gene transfer, and 
the impact of molecular advances for the improve-
ment of production and productivity of this 
important legume crop.  

2.2     Crop Gene Pool, 
Evolutionary Relationship, 
and Systematics 

 The existence of    archaeological, botanical, and 
historical evidences indicated that the common 
bean is a New World crop that originated 
~7,000 years back in a long arc from the present- 
day northern Mexico (Chihuahua) through 
Central America and the Andes mountains to 
northwest Argentina (San Luis) (Broughton et al. 
 2003 ). Wild beans fi rst described in Argentina 
(Burkart  1941 ; Burkart and Brucher  1953 ) and in 
Guatemala (MacBryde  1947 ) are grown in a wide 
arc stretching from north Mexico (approx. 30°N) 
to northwestern Argentina (approx. 35°S) at an 
altitude ranging from 500 to 2,000 m, experienc-
ing annual rainfall of 500–1,800 mm. The two 
taxonomic subdivisions of  Phaseolus  have been 
described as  P. vulgaris  var.  aborigineus  and 
 P. vulgaris  var.  mexicanus  (Delgado-Salinas 
 1985 ) based on morphological and molecular 
 differentiation. There is no accurate record of the 
transition of wild beans to cultivated beans due to 
gaps in the archaeological record, but this event is 
estimated to occur somewhere between 7,000 
and 5,000 years ago (Broughton et al.  2003 ). 

 The individuals of this important legume are 
now well characterized on the basis of 
 morphological and molecular traits into two gene 
pools: the Andean originating from the Andes 
mountains of South America (southern Peru, 
Bolivia, and northern Argentina) and 
Mesoamerican from Central America and Mexico 
with at least seven races (Gepts et al.  1986 ; 
Koenig and Gepts  1989a ,  b ; Singh et al.  1991a ,  b ,  c ; 
Becerra Velásquez and Gepts  1994 ; Tohme et al. 
 1996 ; Beebe et al.  2000 ,  2001 ; Díaz and Blair 
 2006 ; Blair et al.  2007 ; Kwak and Gepts  2009 ). 
Important parameters separating individuals into 
different gene pools include seed size, phaseolin 
(seed storage protein) patterns, plant morphol-
ogy, isozymes, and RFLP, RAPD, AFLP, and 
microsatellite markers (Evan  1976 ; Gepts et al. 
 1986 ; Koenig and Gepts  1989a ,  b ; Singh et al. 
 1991a ; Khairallah et al.  1992 ; Becerra Velásquez 
and Gepts  1994 ; Blair et al.  2006a ,  2007 ,  2010 , 
 2012a ,  b ). The morphological and agroecological 
adaptation traits have been further used to distin-
guish the races among these gene pools (Singh 
et al.  1991a ,  b ; Gepts  1988 ). Race structure 
studies of Singh et al. ( 1991a ,  b ,  c ) demonstrated 
that members of each race have distinctive and 
specifi c physiological, agronomic, biochemical, 
and molecular characteristics and diverge from 
other races in the allelic frequencies at specifi c 
loci. Domestication is an outcome of the selec-
tion process that leads to increased  adaptation of 
plants to cultivation and utilization by humans. 
During domestication, plants and animals are 
subjected to natural as well as human selection. 
The traits that distinguished the domesticated 
forms from wild forms are collectively called as 
domestication syndrome (Hammer  1984 ). These 
traits include lack of seed dispersal and dor-
mancy, compact plant architecture, higher yield, 
a synchronicity and early fl owering, photoperiod 
sensitivity, harvest index and seed pigmentation 
(Gepts and Debouck  1991 ; Koinange et al.  1996 ). 
The domesticated common bean originated from 
wild gene pools through independent domestica-
tion events (Gepts and Debouck  1991 ; Kwak and 
Gepts  2009 ; Kwak et al.  2009 ) at two centers 
of domestications, i.e., Mesoamerica (western 
Mexico) and southern Andes of South America. 
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Two primary centers, located in Mesoamerica 
and in the southern Andes, gave rise to two major 
cultivar groups. The Mesoamerican cultivars 
consisted of small-seeded beans with a predomi-
nantly “S” phaseolin type, whereas Andean beans 
included large-seeded “T” phaseolin-type culti-
vars (Gepts et al.  1986 ; Gepts and Bliss  1988 ; 
Koenig and Gepts  1989a ,  b ; Sonnante et al.  1994 ; 
Chacón et al.  2005 ). However, another minor 
domestication center located in Colombia has 
been shown to possess small-seeded “B” 
phaseolin- type seed protein cultivars (Gepts and 
Debouck  1991 ; Chacon et al.  1996 ; Tohme 
et al.  1996 ). 

 The major common bean gene pools have 
been further divided into races based on plant 
morphology, adaptation range, and agronomic 
traits. The Mesoamerican gene pool includes the 
races Durango (prostrate bush types with 
medium-sized seed from the dry highlands 
Mexico), Jalisco (climbing beans from the moist 
highlands of central Mexico), and Mesoamerica 
(small-seeded types, mostly bush habits, from the 
lowlands Central America and Mexico; Singh et 
al.  1991a ), whereas the Andean gene pool 
includes the races Peru (predominantly highland 
climbing beans), Nueva Granada (mostly bush 
beans with mid-altitude adaptation), and Chile 
(prostrate bush or weak climbers, with temperate 
adaptation to higher altitudes). However, Beebe 
et al. ( 2000 ) suggested the existence of a fourth 
race—Guatemala in the Meso gene pool (mostly 
climbing beans from Guatemala and southern 
Mexico)—as well as some systematic variation 
within races. Chacón et al. ( 2005 ) found that the 
races Durango and Jalisco shared a common 
chloroplast DNA pattern, while the races 
Guatemala and Mesoamerica each presented a 
distinctive pattern, emphasizing their evolution-
ary uniqueness. Díaz and Blair ( 2006 ) found a 
dichotomous structure in the Middle American 
gene pool, with the grouping of the Durango and 
Jalisco races apart from the race Mesoamerica, 
and novel diversity in some climbing bean acces-
sions potentially from the race Guatemala. The 
differentiation of three races in the Andean gene 
pool (Singh et al.  1991a ,  b ,  c ) by restriction frag-
ment length polymorphism (RFLP) or random 

amplifi ed polymorphic DNA (RAPD) markers is 
not as clear as in the Middle American gene pool 
(Becerra Velásquez and Gepts  1994 ; Beebe et al. 
 2001 ). These races display a common chloroplast 
DNA composition, suggesting domestication of a 
single population (Chacón et al.  2005 ). However, 
Andean races are clearly distinguished by micro-
satellite alleles (Blair et al.  2007 ) and have differ-
ent growth habit prevalence and adaptation 
ranges. Signifi cant introgression into the Andean 
gene pool from Middle American types that have 
fi ltered into the northern Andes since pre- 
Colombian times has been reported (Islam et al. 
 2004 ; Blair et al.  2007 ). 

 After domestication, common beans were 
introduced into other regions of the world (Evan 
 1976 ) with initial dissemination mainly in the 
Americas and Europe. Mesoamerican cultivars 
became predominant in the lowlands of South 
America and southwestern USA, whereas 
Andean cultivars became predominant in Africa, 
Europe, and northeastern USA. The cultivars of 
Mesoamerican origin may have been dissemi-
nated along a route from Mexico or Guatemala to 
Colombia and Venezuela, and eventually into 
Brazil (South America). The introduction route 
of African common bean cultivars could have 
been directly from the Andes or indirectly 
through the Iberian Peninsula (Purseglove  1976 ) 
or Western Europe during the colonial period. In 
pre-Columbian times, a limited bean germplasm 
exchange took place between Mesoamerica and 
South America, but much more extensive seed 
movement occurred after the 1500s. The com-
mon bean was introduced into the Iberian 
Peninsula (Spain and Portugal) from Central 
America around 1506 (Ortwin-Sauer  1966 ) and 
from the southern Andes after 1532 by sailors 
and traders who brought with them the nicely 
colored and easily transportable seeds as a curi-
osity (Debouck and Smartt  1995 ). Some studies 
have provided evidences for the existence, in the 
Iberian Peninsula, of varieties of the Andean and 
Mesoamerican genetic pools that could have 
been disseminated through other countries, along 
the European Mediterranean basin, such as 
Greece, Cyprus, and Italy, as indicated by the 
phaseolin types found in such areas (Lioi  1989 ). 
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 The primary center of diversity for the genus 
 Phaseolus  lies in central and south Mexico, 
 bordering Guatemala of the Mesoamerica that 
harbors 70–80 wild species and the ancestors of 
fi ve domesticated species (Freytag and Debouck 
 2002 ). The presence of secondary centers of 
diversifi cation in Spain, Turkey, and Ethiopia 
(Harlan  1971 ; Santalla et al.  2002 ; Ocampo et al. 
 2005 ) is controversial (Kami et al.  1995 ). The 
addition to the secondary centers of common 
bean diversity in Asia has been made in recent 
analysis of Chinese and Indian beans (Zhang 
et al.  2008 ; Sharma et al.  2013 ). 

 The genus  Phaseolus  belongs to the tribe 
 Phaseoleae  (family  Leguminosae , subfamily 
 Papilionoideae ), which includes two other genera 
of domesticated species  Glycine  (soybean) and 
 Vigna  (cowpea).  Phaseolus  is a diverse genus with 
at least 50 species (Verdecourt  1970 ; Marechal 
et al.  1978 ; Lackey  1983 ). Out of these, only fi ve 
species ( Phaseolus vulgaris  (common bean), 
 Phaseolus lunatus  (lima bean),  Phaseolus acutifo-
lius  A. Gray (tepary bean),  Phaseolus coccineus  L. 
(runner bean), and  Phaseolus dumosus  (= polyan-
thus ) L. (yearlong bean)), are cultivated. Each of 
these species has a distinct wild ancestor, distinct 
geographical origin, life history, and reproductive 
system (Marechal et al.  1978 ; Delgado-Salinas 
 1985 ; Debouck  1991 ; Smartt  1990 ). The phyloge-
netic    relationship among domesticated  Phaseolus  

spp. by using morphological, biochemical, and 
molecular tools (Marechal et al.  1978 ; Debouck 
 1991 ; Sullivan and Freytag  1986 ; Jaaska  1996 ; 
Pueyo and Delgado-Salinas  1997 ; Delgado-
Salinas et al.  1993 ; Schmit et al.  1993 ; Liaca et al. 
 1994 ;    Hamann et al.  1995 ; Vekemans et al.  1998 ) 
and combined analysis by Delgado-Salinas et al. 
( 1999 ) suggested that the  Phaseolus  is monophy-
letic. The interspecies diversity in relation to the 
common bean is organized in primary, secondary, 
tertiary, and quaternary gene pools (Fig.  2.1 ).

2.2.1       Primary Gene Pool 

 The primary gene pool comprises both  Phaseolus 
vulgaris  cultivars and wild populations. Wild 
 Phaseolus vulgaris     forms are immediate ancestors 
of common bean cultivars (Berglund-Brucher and 
Brucher  1976 ; Brucher  1988 ), and they are found 
from north Mexico to northwest Argentina (Toro 
et al.  1990 ; Singh  2001 ). Within domesticated and 
wild populations, two major gene pools can be dis-
tinguished: an Andean and a Mesoamerican gene 
pool (Gepts and Bliss  1985 ; Koenig and Gepts 
 1989a ; Kairaillah et al.  1990 ). Only few domesti-
cated and wild forms of  Phaseolus vulgaris  are 
sexually compatible and in some Andean and 
Mesoamerican parents F 1  hybrid weakness is 
found. These hybridization barriers are due to the 

  Fig. 2.1    Interspecies diversity-based common bean gene pool       
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presence of  incompatibility genes in some 
Mesoamerican (Dl1) and Andean (Dl2) wild and 
domesticated populations (van Reheenen et al. 
 1979 ; Shii et al.  1980 ; Singh and Gutierrez  1984 ; 
Vieira et al.  1989 ). These genes lead to inviable F 1  
hybrids (Shii et al.  1980 ; Gepts and Bliss  1985 ) 
and hybrid weakness and phenotypic abnormali-
ties in later generations (Koinange and Gepts  1992 ; 
Debouck et al.  1993 ; Freyre et al.  1996 ; Singh and 
Molina  1996 ). Gene exchange and introgression in 
certain wild and domesticated populations of dif-
ferent gene pools is therefore limited (Kornegay 
et al.  1992 ; Mumba and Galwey  1998 ,  1999 ).  

2.2.2     Secondary Gene Pool 

 The secondary gene pool of the common bean 
comprises  P. coccineus ,  P. dumosus  (= P. polyan-
thus  Greenman), and  P. costaricensis  Freytag and 
Debouck. These three species cross easily with 
each other and with domesticated common beans 
under natural and controlled conditions mainly 
when the common bean is the female parent 
(Baggett  1956 ; Camarena and Baudoin  1987 ; 
Singh et al.  1997 ). When the common bean is the 
pollen donor parent, the cross is diffi cult because 
progenies tend to revert to the female parent 
(Smartt  1970 ; Ockendon et al.  1982 ; Hucl and 
Scoles  1985 ; Debouck  1999 ). Some crosses result 
partially sterile progeny (Ibrahim and Coyne 
 1975 ; Manshardt and Basset  1984 ).  Phaseolus 
coccineus  is infertile with common beans (Smartt 
 1979 ,  1990 ; Manshardt and Bassett  1984 ; Hoover 
et al.  1985 ; Debouck and Smartt  1995 ). 

2.2.2.1      Phaseolus coccineus  
 Introgression is possible in both directions 
(Smartt  1970 ; Ibrahim and Coyne  1975 ; 
Ockendon et al.  1982 ). However, the level of 
cross compatibility between two species varies 
and seems to be infl uenced by parental geno-
types (Bemis and Kedar  1961 ; Smartt and Haq 
 1972 ; Zagorcheva and Poriazov  1983 ). Natural 
hybrids between  P. coccineus  and  P. dumosus  are 
abundant in areas of sympatry in Colombia and 
Ecuador and not in Guatemala (Freytag and 
Debouck  2002 ).   

2.2.3     Tertiary Gene Pool 

 The tertiary gene pool includes  P acutifolius  and 
 P. parvifolius  Greene (Debouck  1999 ). Crosses 
between these two species with the common 
bean are possible through embryo rescue. Viable 
interspecifi c F 1  progeny is sterile (Menjia-
Jimenez et al.  1994 ; Singh et al.  1998 ). Hybrid 
fertility can be restored by chromosome dou-
bling or by one or more generations of back-
crossing with recurrent common bean parents 
(Prendota et al.  1982 ; Pratt et al.  1985 ; Thomas 
and Waines  1984 ). In exceptional cases, fertile 
hybrids are obtained (Honma  1956 ). The level of 
cross compatibility between  P. vulgaris  and  P. 
acutifolius  is strongly infl uenced by the geno-
type, due to the action of two complimentary 
dominant genes that are present in some popula-
tions (Parker and Michaels  1986 ). Choosing 
compatible common bean genotypes as female 
parents facilitates interspecifi c hybridization and 
increases hybrid fi tness (Federici and Waines 
 1988 ). Singh ( 1991 ) suggested that the F 1  hybrid 
incompatibility between  P. vulgaris  ×  P. acutifo-
lius ,  P. vulgaris  ×  P. coccineus , and other inter-
specifi c crosses might be due to the presence of 
 Dl-1  and  Dl-2  genes.  

2.2.4     Quaternary Gene Pool 

 Common beans have a so-called quaternary gene 
pool which includes  Phaseolus lunatus ,  P. carteri  
Freytag and Debouck,  P. fi liformis  Benth, and 
 P. angustissimus  A. Grey. Crosses of the common 
bean have been attempted between P . fi liformis  
(Benth),  P. angustissimus  (A. Grey), and  P. luna-
tus , but none of these reports documented that 
viable and fertile hybrid progeny could be 
obtained. Thus, for the purpose of gene introgres-
sion, these species should be included in the qua-
ternary gene pool of common beans (Fig.  2.1 ). 

 Cultivated forms of the common bean are her-
baceous annuals with determinate or indeterminate 
growth habits. On germination, the plant is pre-
dominantly tap-rooted and bears adventitious roots. 
Papilionaceous fl owers are borne in axillary and ter-
minal racemes and may bear one to many fl owers. 
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The fl owers are    zygomorphic with a bi-petalled 
keel and two lateral wing petals and are large, 
genetically independent seed color, but the associa-
tion between particular fl owers and seed colors is 
common. The fl owers may be white, pink, purple, 
or red .  The fl ower contains ten stamens and a single 
multi-ovuled ovary, is predominantly self-fertil-
ized, and develops into a straight or slightly curved 
pod. Seeds may be round, elliptical, somewhat fl at-
tened, or rounded elongate in shape, and a rich 
assortment of coat colors and patterns exists. Seed 
size ranges from 50 mg seed in wild accessions 
collected in Mexico, to more than 2,000 mg 
seed in some large-seeded Colombian varieties 
(detailed description by Debouck  1991 ). 

 Singh ( 1982 ) classifi ed the common bean growth 
habits into four (Table  2.1 ). Determinate plants of 
the common bean (growth habit I) may have 3–7 
trifoliate leaves on the main stem before the termi-
nal double raceme (as found in ‘bush’ or ‘dwarf’ 
cultivars selected for earliness in Europe and the 
USA) or may have many nodes with 7–15 (Middle 
American) or 15–25 (Andean) trifoliate leaves on 

the main stem (Debouck  1991 ). Three indeterminate 
growth habits are distinguished in the common 
bean (Schoonhoven and Pastor- Corrales  1987 ):
    Growth habit II: upright habit, with an erect stem 

and branches, and often without a guide  
  Growth habit III: bush habit with weak and pros-

trate stem and numerous branches; having a 
short or long guide and with variable ability to 
climb  

  Growth habit IV: climbing if supported on a suit-
able tutor, with a weak, long and twisted stem 
and reduced branching    
 Germination in  P. vulgaris  is epigeal and 

requires 5–7 days at a soil temperature of 
16 °F. Time to fl owering varies with cultivar, 
temperature, and photoperiod. Flowering is usually 
initiated 28–42 days after planting, but signifi cantly 
delayed among climbing varieties grown at higher 
elevation. Flowering in cultivars of growth habit I is 
concentrated over a very short period of time 
(usually 5–6 days). Indeterminate cultivars produce 
additional nodes after initial fl owering, leading to 
extendable fl owering for 15–30 days. As many as 
two-thirds of all the fl owers produced may abscise, 
and under temperature or water stress, young fruits 
and/or developing seeds may also abort. Abscission 
is greatest among fl owers formed on the upper 
nodes and branches and within a raceme is greatest 
among the later fl owers to form (CIAT  1975 ). Seed 
fi lling periods may vary between 23 and 50 days in 
determinate cultivars and indeterminate climbing 
varieties. Physiological maturity (the stage beyond 
which no further increase in seed dry matter takes 
place) may occur in 60–65 days after planting early 
maturing varieties grown under a short growing 
season or may extend to 200 days in climbing 
varieties grown in cooler upland elevations 
(Graham and Ranalli  1997 ).   

2.3     Assessment of Gene Flow 
for Crop Improvement 

 Wild and cultivated forms of common beans are 
often found together throughout the areas of its 
distribution (Zizumbo-Villareal et al.  2005 ). Gene 
fl ow between domesticated and wild beans has 
been shown to result in substantial  introgression of 

   Table 2.1    Growth habit classes of the common bean   

 Growth 
habit  Morphological features 

 Type I  1. Determinate growth habit 
 2. Terminal bud reproductive 
 3. Stems and branches erect or prostrate 
 4. Terminal guide absent 
 5. Pods distributed along the length of the stem 

 Type II  1. Indeterminate growth habit 
 2. Terminal bud vegetative 
 3. Stems and branches erect 
 4. Terminal guide absent or medium 
 5. Pods distributed along the length of the stem 

 Type III  1. Indeterminate growth habit 
 2. Terminal bud vegetative 
 3.  Stems and branches prostrate with little or 

no climbing ability 
 4.  Terminal guide small or long pods 

distributed mainly in the basal portion 
 Type IV  1. Indeterminate growth habit 

 2. Terminal bud vegetative 
 3.  Stems and branches twining with strong 

climbing ability 
 4. Terminal guide long or very long 
 5.  Pods distributed along the length of the 

stem or mainly in the upper portion 
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alleles from the domesticated gene pool to the wild 
gene pool (Freyre et al.  1996 ; Beebe et al.  1997 ). 
Although the common bean is a predominantly 
self-pollinated species, still outcrossing of 2–3 % 
has been observed (Ibarra-Pérez et al.  1997 ; 
Ferreira et al.  2000 ). Ellstrand et al. ( 1999 ) sug-
gested that in highly self-pollinated species, gene 
fl ow is likely to limit the independent evolution of 
wild and domesticated populations. Ferreira et al. 
( 2007 ) assessed the gene escape from transgenic 
bean plants into non- transgenic and wild popula-
tions of beans and found no natural outcrossing 
when cultivars are planted beyond 3.25 m. Over 
time, the level of introgression has been apparently 
such that genetic diversity from the domesticated 
gene pool has been displacing genetic diversity in 
the wild gene pool, with the exception of the 
genome regions surrounding domestication genes. 
In these regions, selection against deleterious 
domesticated alleles prevent or delay introgression 
of domesticated alleles that lead to the 
 maintenance of the original wild alleles (Papa 
et al.  2005 ). Genetic compatibility between 
wild and  domesticated populations leads to 
 wild– weedy– domesticated hybrid complexes in 
sites with sympatric distribution by introgression 
of genes from wild populations to domesticated 
ones or vice versa. The resultant of this introgres-
sion usually show morphological traits reminis-
cent of one or the other parent, such as larger seeds 
than the wild parent or seed color or color patterns 
similar to those observed in wild beans, thereby 
constitute a valuable source of genes to the farmer 
or plant breeder (Debouck and Smartt  1995 ; Beebe 
et al.  1997 ). However, at the same time, they also 
impose a risk for the massive introduction of genes 
from the domesticated to wild populations (Gepts 
et al.  1999 ; Papa and Gepts  2003 ). 

 Studies on gene dynamics of wild–weedy–
domesticated complexes within the Mesoamerican 
domestication are important, since 4 of the 5 domes-
ticated species and 45 of the 50 species of the genus 
 Phaseolus  dominate this area, and their natural 
reproductive relationships are still unknown. 
Genetic bridges may exist between these species, 
as reported by Escalante et al. ( 1994 ) regarding 
gene fl ow between wild populations of  P. vulgaris  
and  P. coccineus  L. Recent studies on wild popula-
tions of Mesoamerica, in areas where  traditional 

agriculture continues, indicate that opportunities 
for wild–domesticated hybridization are common 
in spite of a predominantly autogamous reproduc-
tive system. They suggest that gene fl ow is asym-
metric, at least three times greater from the 
domesticated to the wild (Papa and Gepts  2003 ; 
Chacón et al.  2005 ; González et al.  2005 ; Payro de 
la Cruz et al.  2005 ; Zizumbo-Villareal et al.  2005 ). 
This asymmetric gene fl ow may be due to the dif-
ferences in population size (domesticated > wild), 
dominance of wild phenotypes, and/or human 
selection against hybrids in domesticated popula-
tions (Papa and Gepts  2003 ,  2004 ; Papa et al. 
 2005 ). Thus, a displacement of genetic diversity 
can take place in wild populations due to the gene 
fl ow from domesticated populations (Papa and 
Gepts  2003 ). The primitive cultivars could have 
spread from an area of domestication to other 
regions where they crossed with local wild popu-
lations, giving rise to present-day landraces 
(Gentry  1969 ; Beebe et al.  2000 ). For example, in 
Mexico, Vanderborght reported up to a 50 % intro-
gression rate in wild populations. However, Lentini 
et al. ( 2006 ) observed a predominant gene fl ow 
from wild to domesticated type in Costa Rica, 
attributing it to the longer fl owering period of the 
wild type and fl oral characteristics rendering them 
prone to  outcrossing. This hypothesis is further 
supported by studies on chloroplast gene fl ow esti-
mated by allozyme and microsatellite marker anal-
ysis (Singh et al.  1991b ,  c ; Gonzalez-Torres  2004 ). 
In lima bean, the magnitude of both recent and 
long-term intraspecifi c gene fl ow between 
 domesticated and wild populations is low (Hardy 
et al.  1997 ; Maquet et al.  2001 ; Ouedraogo and 
Baudoin  2002 ; Martinez-Castillo et al.  2007 ).  

2.4     Level of Diversity 
in Crop Germplasm 

 Wild accessions of crops and landraces are  valuable 
genetic resources for plant breeding and conserva-
tion of alleles and gene combinations in plants. 
Information on the organization of genetic diver-
sity also helps us to prioritize the signifi cant 
 segments of genetic diversity for conservation. The 
common bean is in a unique situation among 
 various crops as its germplasm consists of two 
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major evolutionary lineages tracing back to a 
 common ancestor, which still exists and has been 
identifi ed. Cultivated common bean is a 
 morphologically diverse crop (Hedrick  1931 ), and 
wide variations exist for growth habit,  pigmentation, 
pod, seed, phenology, and other characters (Leakey 
 1988 ; Singh  1989 ). Singh et al. ( 1991a ) suggested 
the existence of  subgroups within each of the major 
Andean and Mesoamerican groups, with  distinctive 
 morphology, adaptation, and  disease resistance. 
The domestication process has led to a reduction in 
the genetic diversity within each of the bean gene 
pools (Sonnante et al.  1994 ). Several  evolutionary 
forces played a role in shaping the  P. vulgaris  
genetic diversity, which include the introgressive 
hybridization between  P. vulgaris  and  P. coccineus  
in Mesoamerica, gene fl ow and selection between 
wild and domesticated  populations, evolution of 
disease resistance, and introduction of beans into 
the Old World. Blair et al. ( 2012a ,  b ) suggested that 
geographical  isolation, founder effects, or natural 
selection could have created the  semi-discrete 
 populations of wild beans and that multiple 
 domestications and introgression were involved in 
creating the diversity in cultivated beans. In spite of 
the ample germplasm resources available in 
national and international gene banks, only a small 
proportion of the genetic variability has been uti-
lized by bean breeders for the identifi cation and 
 development of  high-yielding bean in national and 
international bean breeding programs (Miklas 
 2000 ; Singh  2001 ). 

2.4.1     Wild Gene Pool 

 Genetic drift and selection for domestication traits 
along with local adaptation are the major reasons 
for the reduction in genetic diversity that has 
accompanied domestication in crops (Gepts  2004 ). 
Based on this theoretical argument, it is therefore 
likely that the genetic diversity of the domesticated 
gene pool is reduced compared to that of its wild, 
ancestral gene pool. This has been verifi ed numer-
ous times at the molecular level (Gepts  2004 ). Blair 
et al. ( 2012a ,  b ) reported high diversity among 
wild beans as compared to  cultivated ones. The 
diversity in wild accessions of the species can be 
divided into various subpopulations from specifi c 

geographical regions for the species (Chacon et al. 
 2007 ; Miklas and Singh  2007 ). The number of sub-
populations has been a matter of discussion since 
the division of wild  P. vulgaris  is not as  simple as 
for the domesticated beans which are easily sepa-
rated into Andean and Mesoamerican gene pools. 
In addition, the morphological and molecular dif-
ferences among groups of wild accessions are not 
as clear as among races in the cultivated types and 
rely on differences in seed size, fl ower coloration, 
bracteole size, seed protein (phaseolin) type, and in 
large part on molecular marker evaluations (Chacon 
et al.  2007 ; Kwak and Gepts  2009 ; Rossi et al. 
 2009 ; Gepts et al.  1986 ; Koenig and Gepts  1989b ; 
Gepts and Debouck  1991 ). 

 Based on DNA fi ngerprinting with amplifi ed 
fragment length polymorphism (AFLP) markers, 
wild common bean accessions have been divided 
into four groups or gene pools (Tohme et al.  1996 ). 
These include Mesoamerican, Andean, Colombian, 
and Ecuadorian northern Peruvian gene pools. 
Some studies with Andean wild and cultivated 
common beans with the same marker system found 
no grouping of wild accessions within the Andean 
gene pool (Beebe et al.  2001 ). However, northern 
Argentinean and southern wild Bolivian accessions 
have been suggested to be most similar to cultivated 
Andean beans. Rossi et al. ( 2009 ) also found 
 geographical separation of wild bean populations 
with AFLP markers, suggesting that Colombian 
wild beans were closely related to Mesoamerican 
wild beans which could be separated into  accessions 
from Mexico and Central America. They also 
 suggested a reduction in diversity in the Andean 
gene pool. Kwak et al. ( 2009 ) found that wild beans 
from Mexico varied in their simple sequence repeat 
(SSR) fi ngerprint and that domestication of the cul-
tivated Mesoamerican gene pool was likely to have 
occurred in the Lerma valley. Introgression of wild-
derived genes from other subgroups of wild beans 
has been postulated to explain current SSR-based 
race structure in cultivated common beans (Díaz 
and Blair  2006 ; Blair et al.  2007 ,  2009a ). Finally, 
based on sequence information for fi ve gene 
 fragments, Bitocchi et al. ( 2012 )  proposed a 
Mesoamerican origin rather than a South American 
origin for wild populations of  P.  vulgaris  based on 
the detection of a strong bottleneck in the actual 
Andean gene pool of wild beans.  
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2.4.2     Domesticated Gene Pool 

 The interspecies diversity in relation to the common 
bean is organized in primary, secondary, tertiary, 
and quaternary gene pools. Intraspecies diversity in 
the common bean is separated into two major gene 
pools (Andean and Middle American). Cultivars 
are further divided into races, each with their distin-
guishing characteristics. Based on the distribution 
of most  Phaseolus  species in Mexico and Central 
America, it was thought that the Mesoamerican 
gene pool of the common bean was also the original 
gene pool of that species and that the Andean gene 
pool was a derived gene pool. If the Andean gene 
pool had been derived from the Mesoamerican 
gene pool, one would have expected that the Andean 
gene pool only contained a subset of the diversity of 
the Mesoamerican gene pool (except for  variation 
having appeared after the separation of the two 
gene pools). However, data suggest that both gene 
pools are derived gene pools. Thus, both gene pools 
should be conserved because they may likely 
 contain different genes of  agronomic interests. 
Evidence from disease resistance  analyses shows 
that the two gene pools contain distinct resistance 
specifi cities (Kelly and Vallejo  2004 ; Geffroy et al. 
 1999 ), illustrating the need for conservation of the 
two gene pools. Nutritional quality differed between 
the gene pools with respect to seed iron and zinc 
concentration, while genotypes from the intermedi-
ate group were notably high in both minerals (Blair 
et al.  2010 ). The genetic diversity in common 
bean gene pools elucidated by phaseolin types, 
allozyme alleles and molecular markers revealed 
that Mesoamerican gene pool is more diverse 
than Andean gene pool (Gepts et al.  1986 ; Koenig 
and Gepts  1989a ;  Becerra-Velásquez and Gepts 
 1994 ; Koenig et al.  1990 ; Blair et al.  2006a ,  2009a ; 
Chacon et al.  2007 ; Bitocchi et al.  2012 ).  

2.4.3     Landraces 

 Landraces are distinct but variable populations, 
which usually have a local name, lack “formal” 
crop improvement, are characterized by a specifi c 
adaptation to the environmental conditions of the 
area of cultivation (tolerant to the biotic and  abiotic 
stresses of that area), and are closely  associated 

with the uses, knowledge, habits, dialects, and 
celebrations of the people who developed and con-
tinue to grow it (Negri et al.  2009 ; Polegri and 
Negri  2010 ). Although landraces are an important 
component of agrobiodiversity, most of them are 
at risk of extinction because they are grown by old 
farmers and need to be preserved in situ and ex situ 
(Negri et al.  2009 ). Molecular markers have been 
widely used in the common bean to assess the 
genetic diversity and genetic structure of several 
important collections and to develop maps (Baudoin 
et al.  1998 ; Yu et al.  2000 ; Blair et al.  2003 ,  2006a , 
 2009a ,  2012a ,  b ; Hornakova et al.  2003 ; Sharma 
et al.  2006 ; Zhang et al.  2008 ; Kwak and Gepts 
 2009 ; McClean et al.  2012 ; Raggi et al.  2013 ). 

 Both molecular data and screening of 
 germplasm showed that landraces harboring 
 signifi cant levels of diversity are not found in the 
advanced breeding gene pools. Thus, recently 
bean breeders have actively sought to broaden the 
domesticated gene pool by crossing with  landraces 
of the two gene pools in the centers of origin. 
Landraces can provide sources of genetic  diversity 
for disease and pest resistance and  tolerance to abi-
otic stresses (Beebe et al.  1997 ; Singh et al.  1991c ). 
A further justifi cation for the conservation of land-
races is supported by the fact that local, indige-
nous, or traditional agriculture is gradually being 
replaced with industrial agriculture. A  concomitant 
trend is the replacement of native crop diversity 
with genetic monoculture.

2.4.4        Commercial Cultivars 

 Most of the present-day bean cultivars have 
resulted from crosses between closely related 
cultivars belonging to either of the gene pools. 
Pedigree and RFLP data revealed that  commercial 
classes of common bean possess low levels of 
genetic diversity, presumably because of little or 
no introduction of genetic diversity from outside 
these classes. Limited diversity in commercial 
cultivars has serious consequences for bean 
breeding and emphasizes broadening of the 
 cultivated gene pool through effective breeding 
programs. Many workers have reported low 
genetic diversity in elite and commercial  common 
bean cultivars as compared to landraces and wild 
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accessions (Cardoso  2009 ; Cabral et al.  2011 ; 
Blair et al.  2012a ,  b ).   

2.5     Production Related Problems 

 Constraints to bean productivity vary with region 
and various other concerns like marginal land-
holdings of farmers in Asia, Africa, and Latin 
America and the large scale producers commonly 
found in the USA and Europe. For the former, the 
greatest need is to stabilize yield under marginal 
conditions and using limited technical inputs, 
whereas the latter is mainly concerned with yield 
improvement per se. In addition, the common bean 
suffers both from biotic and abiotic production 
constraints (Schwartz and Pastor-Corraies  1989 ; 
Graham and Ranalli  1997 ; Singh and Schwartz 
 2010 ,  2011 ). 

2.5.1     Bean Diseases 

 The bean crop may be attacked by a wide range of 
insect pests, diseases, and nematodes. Among 
 diseases, the major constraints in bean produc-
tion are bean anthracnose ( Colletotrichum 
 lindemuthianum ), angular leaf spot ( Phaeoisariopsis 
griseola ), halo blight ( Pseudomonas phaseolicola ), 
rust ( Uromyces phaseoli ), and  bean common 
mosaic virus  (Miklas et al.  2006b ). However, 
 seed-borne diseases are the major issue with bean 
cultivation. The extent of damage generally depends 
on the type of cultivar, prevailing environments, and 
above all the production area. For example, none of 
the above-listed diseases are a problem in dry areas 
except viruses and dry root rots. The warm and 
humid    environment of the tropics and subtropics 
favors pathogen development, while 2–3 crop plant-
ing cycles per year −1  in some regions provides a 
continuity of inoculum. Further constraints include 
the small land availability that limits the possibili-
ties for crop rotation and the scarcity of disease-free 
seed. Beebe and Pastor-Corrales ( 1991 ) suggest that 
more pathogens and more virulent isolates of these 
pathogens are associated with bean production in 
Latin America and Africa than are found in the 
bean-producing regions of the USA and Europe. 

Good seed quality, uniform emergence, early 
seedling vigor, and freedom from disease are pre-
requisites for high yield. Seed contaminants also 
pose a problem with seed germination and may 
reduce the germination by 40 % (Ellis et al.  1976 ; 
Tseng et al.  1995a ,  b ). Seed coat characteristics also 
infl uence resistance to mechanical damage during 
harvest (Dickson and Boettger  1976 ,  1977 ). 

 The coevolution of hosts and pathogens has 
led to development of numerous physiologic 
races in most of the important pathogens listed 
above across the world, and the pathotypes origi-
nating on a particular gene pool primarily infect 
cultivars of the same gene pool, but with passage 
of time, complex virulences have also evolved 
that attack both the gene pools (Mahuku and 
Riascos  2004 ). A similar coevolution of pathogen 
virulence with common bean gene pools has 
been observed for the angular leaf spot (Guzmán 
et al.  1995 ; Pastor-Corrales and Jara  1995 ), 
anthracnose (Balardin and Kelly  1998 ; Islam 
et al.  2002 ; Sharma et al.  1999 ,  2007 ; Rodriguez- 
Guerra et al.  2003 ; Mahuku and Riascos  2004 ), 
common bacterial blight (Mkandawire et al. 
 2004 ), and rust pathogens (Sandlin et al.  1999 ). 
The coevolution of pathogen virulence within 
gene pools affects resistance-gene deployment 
strategies. A number of resistance genes have 
been identifi ed against almost all the biotic 
stresses in bean gene pools and efforts made to 
introgress them in commercial classes. For exam-
ple, more than 13 R-genes have been identifi ed to 
condition resistance against bean anthracnose, of 
which 12 major genes  Co-2  to  Co-13  are of 
Middle American origin and  Co-1  is the only 
locus from the Andean gene pool. However, only 
one recessive gene  co-8  is known to impart 
anthracnose resistance (Kelly and Vallejo  2004 ; 
Campa et al.  2009 ). Resistance genes of Middle 
American origin are very effective when trans-
ferred to beans of Andean background and 
deployed in regions where Andean isolates pre-
vail (East Africa, Colombia, Ecuador). Similarly, 
genes of Andean origin are very effective when 
transferred to beans of Middle American back-
ground and deployed in regions where isolates of 
Middle American origin prevail (Central 
America, Mexico, and the USA). 
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 The introgression of resistance genes from 
both gene pools is a recognized strategy for devel-
oping improved and durable bean varieties. The 
VAX lines with combined resistance from  P. vul-
garis  and  P. acutifolius  possess the highest level 
of CBB resistance developed to date (Singh et al. 
 2001a ). AND 277 and the derived line CAL 143 
represent an important breakthrough as the fi rst 
Andean beans with useful levels of  resistance to 
angular leaf spot (Aggarwal et al.  2004 ). The 
most recent breeding advance has been interspe-
cifi c crosses that have yielded adapted lines 
(Beaver et al.  2005 ) with novel resistance to 
BGYMV derived from  P. coccineus , a  well- known 
but underutilized source of resistance from the 
secondary gene pool (Beebe and Pastor- Corrales 
 1991 ; Bianchini et al.  1994 ). The widespread 
nature and importance of  F. solani  as the 
 predominant root rot pathogen in the common 
bean emphasizes the need for effective control 
through the development of resistant cultivars 
(Schneider et al.  2001 ; Chowdhury et al.  2002 ; 
Navarro et al.  2003 ). However, complex 
 inheritance combined with genetic  incompatibility 
between gene pools have limited attempts to 
incorporate  Fusarium  root rot resistance into 
large-seeded Andean bean cultivars, despite the 
existence of extensive information on sources of 
resistance in the Middle American gene pool 
(Beebe and Bliss  1981 ; Wallace and Wilkinson 
 1975 ). The highly variable nature of the rust 
 pathogen, causal organism  Uromyces 
 appendiculatus , and the rapid breakdown of major 
gene resistance present in bean cultivars have 
 challenged bean breeders working to develop 
durable resistance to bean rust. Pyramiding 
 different resistance genes and mechanisms (spe-
cifi c, adult plant, slow  rusting, reduced pustule 
size, and pubescence) should prolong the life of a 
bean cultivar by  creating a more durable  resistance 
complex (Mmbaga et al.  1996 ).

2.5.2        Bean Insects 

 The major bean insect pests including leafhop-
pers, thrips, weevils, whitefl ies, bean fl ies or 
bean stem maggots ( Ophiomyia phaseoli  and 

 O. spencerella ), chrysomelid beetles ( Ootheca 
bennigseni  and  O. mutabilis ), pod borers ( Maruca 
vitrata  and  Helicoverpa armigera ), and mites 
( Tetranychus cinnabarinus  Boisd . ,  Polyphago-
tarsonemus latus  Banks) attack crops at various 
stages (Schwartz et al.  1999 ); however, aphids 
( Aphis fabae ,  A. craccivora ) are  sometimes a 
problem on beans during dry spells, especially in 
the early stages of crop growth. The important 
insect pests in stored beans are the bean bru-
chids ( Acanthoscelides obtectus  and  Zabrotes 
subfasciatus ) (Schwartz and Pastor- Corraies 
 1989 ; Allen et al.  1998 ). Among nematodes, 
the root-knot nematodes ( Meloidogyne incog-
nita  and  M. javanica ) can be a problem in 
sandy loam soils (Ijani et al.  2000 ). Insect pests 
attack all parts of the bean plant from the roots 
and lower stem through to the pods and seeds. 
Rotation with other susceptible crops such as 
tomato, pepper, and potato aggravates prob-
lems for the succeeding common bean crop 
(Schwartz and  Pastor-Corraies  1989 ; Abawi 
and Widmer  2000 ; Schwartz et al.  2005 ). 

 In addition to causing direct damage to foliar 
and underground plant parts, insects also act as 
vectors of numerous common bean viruses 
(Schwartz et al.  2005 ). For example,  bean 
 common mosaic ,  bean common mosaic necrosis , 
and  bean yellow mosaic viruses  are worldwide 
aphid- vectored potyviruses.  Bean golden mosaic , 
 beet curly top , and  bean golden yellow mosaic 
viruses  occurring in Argentina, Bolivia, and 
Brazil found in tropical and subtropical Central 
America, coastal Mexico, the Caribbean, and 
southeastern USA are caused by  whitefl y-
transmitted Gemini viruses. Singh and Schwartz 
( 2010 ) recently reviewed advances in genetics 
and breeding for resistance to many of these viral 
and other diseases. Average yield losses caused 
by major insect pests and  nematodes in the 
American  continent may range from 35 to 100 % 
depending upon the occurrence and  severity of 
the individual and collective insect pests and 
nematodes occurring in the same fi eld, produc-
tion  systems and management practices used, 
 environmental conditions, common bean culti-
vars grown, and crop stages when affected. The 
efforts towards insect-pest resistance in the 
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common bean are still meager as compared to 
diseases; thus, more efforts are required for 
 resistance  breeding to insect pests and nema-
todes (Singh and Schwartz  2011 ). There are no 
defi ned methods of germplasm screening, data 
about genetic nature of  resistance, and breeding 
reports against major common bean insect pests.  

2.5.3     Weeds 

 Beans, like other annual crops, are highly suscep-
tible to early weed competition, but their yield is 
also sensitive to late-emerging weeds which are 
favored by crop foliage loss during the reproduc-
tive stage. The critical period of weed competition 
is between 10 and 30–40 days after crop emer-
gence. However, the importance and the role 
played by weeds vary with the production system. 
The weed fl ora prevalent in the common bean 
include broad-leafed species like  Amaranthus  spp., 
 Baltimora recta  L.,  Bidens pilosa  L.,  Melam-
podium divaricatum  DC.,  Tridax procubens  
L.,  Chamaesyce hirta  (L.) Millsp.,  Euphorbia 
heterophylla  L.,  Mimosa pudica  L.,  Portulaca 
oleracea  L.,  Parthenium hysterophorus  L.,  Solanum 
nigrum  L.,  Commelina benghalensis,  and 
 Ageratum conozoides  (important grassweeds and 
sedges include  Cenchrus  spp.,  Digitaria  spp., 
 Eleusine indica  (L.) Gaertn.,  Echinochloa colona  
(L.) Link,  Setaria  spp.,  Ixophorus unisetus  (Presl) 
Schlecht.,  Sorghum halepense  (L.) Pers.,  Cynodon 
dactylon  (L.) Pers.,  Cyperus esculentus  L., and 
 Cyperus rotundus  L.). Weeds can be managed by 
adopting suitable cultural practices like inter-
cropping and chemical measures. Beans are com-
monly intercropped with maize, and interrow 
cultivation is useful for weed control during the 
fi rst month after crop emergence and can be com-
bined with the application of selective herbicide 
spray. Several herbicides can be used selectively 
in beans; however, the feasibility of their use 
depends on the farm economy. Preemergence 
herbicides like pendimethalin (1.0–1.5 kg ai/ha), 
metolachlor (92.0–2.5 kg ai/ha), and metobromu-
ron (0.75–1.0 kg ai/ha) and postemergence 
herbicides like fomesafen (0.25–0.38 kg ai/ha), 

diclofop-methyl (1.1–1.44 kg ai/ha), and 
quizalofop- ethyl (0.10–0.15 kg ai/ha) can be used 
for annual grassweeds. The composition of weed 
population and most dominant weeds in bean 
fi elds vary from region to region and depend on 
many factors like growing environment and agro-
nomic management. In many regions of Latin 
America and Africa, beans are introduced with 
limited tillage or pesticide application into cereal 
residues or slashed/burned fallow areas. While the 
limited inputs used will often constrain yields, 
Tapia and Comacho ( 1988 ) and Thurston ( 1992 ) 
found less damage from insect pests and patho-
gens in such systems, and better control of soil 
erosion. Hand-weeding is often used in subsis-
tence agriculture and is critical during the period 
until fl owering, as weeds can compete for light, 
nutrients, and water. Liebman et al. ( 1993 ) com-
pared dry bean seed yield in a no-tillage system 
without fertilizers and herbicide, and attributed 
lower yields without tillage to limited N avail-
ability and competition from weeds. In further 
experiments with a no-tillage-rye mulch system, 
weed production was greater than for a conven-
tionally tilled planting, and yield without N 
fertilization was much reduced (Liebman et al. 
 1995 ). N fertilization improved crop yield in both 
conventional and no-till systems, but the effect 
was much greater for the no-till system under 
normal rainfall conditions.  

2.5.4     Abiotic Stresses 

 Among the most important abiotic constraints 
limiting bean production are drought and 
phosphorus and nitrogen defi ciency due to poor 
nitrogen fi xation (Rao  2001 ). Aluminum and 
manganese toxicity are also frequent problems 
(Thung  1990 ; Thung and Rao  1999 ; Wortmann 
et al.  1998 ). Water stress is a frequent problem in 
beans after rainy season (i.e. during October–
November) in those regions where moderate 
water stress occurs frequently. High temperature 
(>30 °C day or 20 °C night) during anthesis or 
seed setting at lower elevations (<650 m) or at 
higher altitude during summer, especially when 
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relative humidity is low, severely reduces bean 
production. Low temperature (<10 °C) and frost 
during the beginning and end of the growing sea-
son at higher elevations (>2,000 m amsl) signifi -
cantly lower the yield of beans. 

 Abiotic stress resistance is by nature more 
complex physiologically, is typically subject to 
large environmental effects, and has been less 
well studied than biotic stress resistance in the 
common bean (Rao  2001 ). Therefore, compared 
to pest and disease resistance, much less is known 
about genetics of resistance to abiotic constraints 
or physiological stress. Plant response to one 
stress may be conditioned by the presence or 
absence of other stresses. For example, inade-
quate soil fertility or compacted soil structure 
may reduce root growth and thus limit the poten-
tial of the plant to express drought resistance. 
Abiotic stress resistance is typically governed by 
polygenic inheritance and may be conditioned by 
multiple interacting mechanisms, thus complicat-
ing the study of this stress. Yet abiotic stress tol-
erance may be the key to improve the common 
bean yields both in stressed and unstressed envi-
ronments if experience in other crops is an indi-
cator (Beebe et al.  2004 ).  

2.5.5     Drought 

 Drought is a worldwide constraint in common 
bean production (Fairbairn  1993 ; Wortmann et al. 
 1998 ) and is endemic to a number of American 
continents in northeastern Brazil (1.5 million ha) 
and in the central and northern highlands of 
Mexico (1.5 million ha). In Central America, 
moderate drought towards the end of the cropping 
season (November and December) is a routine. In 
tropical and subtropical Latin America, commer-
cial bean-growing environments experience inter-
mittent drought which may result in complete 
crop failures (Acosta- Gallegos et al.  1999 ; 
Schneider et al.  1997 ). However, in dryland farm-
ing systems in intermountain regions of the USA, 
characterized by inadequate or no summer rain-
fall, terminal drought is more likely to affect bean 
production. Moderate to high drought stress 
reduces the biomass, number of seeds and pods, 

days to maturity, harvest index, seed yield, and 
seed weight in common bean (Acosta-Gallegos 
and Adams  1991 ; Ramirez-Vallejo and Kelly 
 1998 ). Foster et al. ( 1995 ) recorded a 41 % reduc-
tion in bean yield under moderate drought stress 
without altering nitrogen (N) partitioning, 
whereas severe drought stress reduced the yield 
by 92 % along with N harvest index and N- and 
water-use effi ciency in the common bean. Root 
rots caused by  Macrophomina phaseolina  (Tassi) 
Goid.,  Fusarium solani  f. sp.  phaseoli  (Burk.) 
Snyder & Hansen, and other fungi may aggravate 
drought stress. Similarly, DS bean crops may 
become prone to damage by leafhoppers 
( Empoasca kraemeri  Ross & Moore) in the trop-
ics and subtropics. 

 The effect of drought can vary when it occurs 
during the different stages of plant development. 
In general, drought mainly affects bean seed 
yield when it occurs during the reproductive 
phase of plant development. Morphological and 
phenological traits such as plant type, root sys-
tems, and early fl owering play a major role in the 
adaptation of plants to specifi c drought condi-
tions. For example, the bean cultivar ‘Pinto Villa’ 
has broad adaptation and yield stability in the 
semiarid highlands of Mexico (intermittent 
drought) partially due to phenotypic plasticity 
and the ability to continue seed fi lling at low 
night temperatures (Acosta-Gallegos et al.  1995 ). 
Beaver and Rosas ( 1998 ) found that the selection 
for early fl owering, a greater rate of partitioning, 
and a shorter reproductive period permitted the 
selection of small red bean breeding lines having 
1 week earlier maturity without sacrifi cing yield 
potential. Lines with earlier maturity would be 
less vulnerable to terminal drought; however, an 
association between early maturity and lower 
yields exists in some of the plant species. Rooting 
pattern, especially root length in lower soil strata, 
is an important drought-resistance mechanism 
(Sponchiado et al.  1989 ). More recently, the 
capacity to partition a greater proportion of car-
bohydrate to the seed under stress has emerged as 
an important trait (Rao  2001 ). The potential to 
select drought tolerance with QTL analysis and 
MAS was investigated by Schneider et al. ( 1997 ) 
in seven environments in Michigan and highland 
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Mexico. The selection based on MAS was 
 effective under severe drought in Michigan but 
not for moderate drought in Mexico. The geno-
type–environment interaction apparently affected 
the expression of QTL, and furthermore, genome 
coverage was incomplete and some unidentifi ed 
QTL might have determined yield in the Mexican 
environments. Additional preliminary drought 
QTLs have been identifi ed in bean accession 
BAT 477 under nonirrigated conditions at CIAT 
(Blair et al.  2002 ). Dehydration-responsive 
element- binding protein (DREB) genes have 
been identifi ed in beans, but their signifi cance to 
drought tolerance remains to be demonstrated 
(Galindo et al.  2003 ). However, if these are 
proven to have drought-resistance functions in 
the common bean, then gene-based MAS might 
be feasible (Ishitani et al.  2004 ). Sources of resistance 
against drought have been identifi ed in different 
seed classes of common bean (Table  2.2 ). 

 Local adaptation is another important 
 component of drought resistance, as evidenced by 
a  common set of genotypes evaluated in several 
countries in the 1980s (White  1987 ). Conventional 
genetic studies of White et al. ( 1994 ) suggested 
that drought-resistant genotypes available at that 
time and selected respectively in the Mexican 
highlands and in Colombia did not adapt in 
the other environment, and that the value of 
 drought- resistance sources as parents was closely 
associated with the yield in the given environment. 
If the component of local adaptation is greater 

than that of drought tolerance per se, the  expression 
of genes or QTL associated with draft could be 
 limited due to the inhibitory effects of local 
 adaptation. On the other hand, the stability of 
drought tolerance could be achieved by enhancing 
levels of resistance and accumulation of 
 “drought- specifi c” genes in elite lines and might 
become as important as local adaptation.  

2.5.6     Phosphorus Defi ciency 

 Genetic variability in the common bean has been 
widely documented as the capacity to produce 
grain in low soil phosphorus availability condi-
tions (Rao  2001 ; Beebe et al.  1997 ). P availability 
is greater in the topsoil compared to subsoil; the 
selection for root trait QTL markers associated 
with adventitious rooting and topsoil foraging 
may enhance P acquisition. For  example, Liao 
et al. ( 2004 ) showed that under phosphorus stress, 
the basal roots of bean accession G 19833    could 
reorient to explore more shallow soil strata 
where phosphorus is concentrated. Phosphorus 
 absorption in the common bean is a complex trait 
with multiple mechanisms (Yan et al.  1995a ,  b , 
 1996 ). Higher levels of leaf phosphates might be 
expected to improve phosphorus use effi ciency 
by facilitating better remobilization of phospho-
rus within the plant, but a major gene difference 
in this trait did not alter phosphorus use effi ciency 
in the common bean (Yan et al.  2001 ). QTL anal-
ysis has been very useful in determining which 
root traits contribute to phosphorus uptake. Beebe 
et al. ( 2006 ) identifi ed 26 QTLs associated with 
basal root development and greater P acquisition 
effi ciency under P stress in the common bean.  

2.5.7     Symbiotic Nitrogen Fixation 

 Dry beans have the ability to form an association 
with  Rhizobium  spp. which provides nitrogen 
fi xed from the atmosphere to the bean plant. Dry 
beans are generally considered poor nitrogen fi x-
ers and nitrogen is applied to achieve good yield. 
There exists variability among genotypes to fi x 
nitrogen. Bliss ( 1993 ) and Snoeck et al. ( 2003 ) 

   Table 2.2    Sources of resistance to drought in different 
seed classes   

 Name  Seed color/type  Reference 

 Negro Vizcaya, 
L88-63, B98311 

 9/black  Acosta-Gallejos 
et al. ( 2004 ) and 
Frahm et al. 
( 2004 ) 

 SEA 5, SEA 10, 
SEA 13 

 2/cream  Singh et al. 
( 2001b ) 

 RAB 651, RAB 
655 

 6/small red  CIAT ( 2002 ) 

 Matterhorn  1/great northern  Kelly et al. 
( 1999 ) 

 San Cristobal 83, 
ICA Palmar 

 6M/red mottled  White and Singh 
( 1991 ) and 
Rosales-Serna 
et al. ( 2004 ) 

 5K/light red 
kidney 
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extensively reviewed the genetics and breeding 
for symbiotic nitrogen fi xation. The potential to 
improve SNF has been amply demonstrated in 
the common bean (Bliss  1993 ; Barron et al. 
 1999 ). However, SNF improvement typically 
does not form a part of routine cultivar improve-
ment programs, and incorporating selection crite-
ria for SNF such as nodule mass, nitrogenase 
activity, and xylem ureide content into breeding 
schemes while attending to other breeding objec-
tives remains a challenge. If MAS for SNF could 
be integrated into breeding programs that are 
already practicing MAS for other traits, this 
would avoid the necessity of additional pheno-
typic selection methodologies purely for nitrogen 
or nodule determination. As many as six chromo-
somal regions for the degree of nodulation 
were identifi ed on an RFLP map based on a 
cross of BAT 93 and Jalo EEP558, which are 
Mesoamerican and Andean genotypes, respec-
tively (Tsai et al.  1998 ). In tropical soils, the low 
availability of soil phosphorus often limits SNF, 
and genetic variability for the ability to fi x N at 
low P has been reported (Vadez et al.  1999 ). In 
subsequent trials, BAT 477 displayed this trait 
and also exhibits superior nitrogen fi xation under 
optimal conditions (Kipe-Nolt et al.  1993 ) and 
under drought conditions (Castellanos et al. 
 1996 ). If MAS can become the primary selection 
criterion of SNF and can be coordinated with the 
selection for other traits, MAS could stimulate a 
more directed selection for SNF and thus permit 
capitalizing on the vast body of knowledge that 
exists about genetic variability in SNF in the 
common bean.   

2.6     Traits of Importance 
for Base Broadening 

 Knowledge, access, and the use of diversity 
available in cultivated and wild relatives of a 
given crop are essential for broadening the 
genetic base of cultivars to sustain improve-
ment, particularly those which are not present 
in commercial classes. For example, the genetic 
base of bean cultivars within market classes is 
narrow and inadequate for resistance to com-

mon bacterial blight (caused by  Xanthomonas 
campestris  pv.  phaseoli  (Smith) Dye) and white 
mold (caused by  Sclerotinia sclerotiorum  (Lib.) 
de Bary). High levels of resistance to these and 
other desirable traits exist in the relatives and 
gene pools of  P. vulgaris . Early maturity, adap-
tation to higher altitude, upright plant type, 
high pod quality and seed yield, and resistance 
to bean common mosaic virus (a potyvirus) 
and/or rust ( Uromyces appendiculatus ) have 
been bred into cultivars. However, most of the 
genetic variability available in the common 
bean races, gene pools, and wild relatives 
remains to be utilized. To maximize and sustain 
bean production, high-yielding and high- quality 
cultivars having less dependence on various 
inputs should be developed. Singh ( 2001 ) sug-
gested a three-tiered breeding approach for the 
broadening of the genetic base of the common 
bean involving: (1) gene introgression from 
alien germplasm, (2) pyramiding favorable 
alleles from different sources, and (3) simulta-
neous improvement of multiple traits for com-
mon bean cultivars. 

 Examples of trait transfer in interracial crosses 
include (1) upright plant type introduced into race 
Durango materials from race Mesoamerica (Singh 
 1999 ; Kelly  2004 ); (2) transfer of  Apion godmani  
resistance from race Jalisco to race Mesoamerica; 
and (3) introduction of the recessive  bgm-1  gene 
for resistance to the  bean golden mosaic virus  
(BGYMV) from race Durango to race Mesoamerica 
(Singh  1999 ).  I  gene for resistance to BCMV and 
 Co-2  gene for resistance to  anthracnose are of 
Mesoamerican origin (Johnson et al.  1997 ), yet 
these have been introduced into numerous cultivars 
of Andean gene pool. Gonzalez-Alonso et al. 
( 1995 ) showed that  photosynthetic rates of 
Mesoamerican and Andean beans are quite distinct. 
Mesoamerican accession have higher specifi c leaf 
mass, high chlorophyll content, high CO 2  exchange 
rate, higher stomatal conductance, higher stomatal 
density, and lower N content than Andean acces-
sions. Andean large- seeded bean varieties achieve 
higher yield by maturing earlier, and Mesoamerican 
beans in contrast achieve higher yield by maturing 
later but producing a large number of pods and a 
higher biomass. Beaver and Kelly ( 1994 ) used 
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recurrent selection with early-generation (F2) and 
late-generation (F5) testing to combine the 
medium–large seed type characteristic of Andean 
genotypes and indeterminate growth habit of 
Mesoamerican genotypes to increase the yield 
potential as high as 30 % to that of the determinate 
parent. Wild beans are a potential source of genetic 
diversity for arcelin seed protein which provides 
resistance to bean weevils ( Zabrotes subfasciatus ). 
Several expressed allelic variants for the arcelin 
locus have been identifi ed in wild  common bean 
 populations. No expressed allelic variant was found 
in cultivated common bean (Osborn et al.  1988 ). 
The  Arl  gene has been  successfully  transferred into 
cultivated  background (Kornegay et al.  1993 ). 

 The transfer of quantitative traits between 
Mesoamerican and Andean gene pools appears to 
be problematic. Attempts by breeders to combine 
traits from Andean and Mesoamerican gene pools 
such as larger seed size from the Andean gene 
pool and high yield potential from the 
Mesoamerican gene pool generally failed (Singh 
 1989 ) with a few exceptions (Beaver and Kelly 
 1994 ). The average performance of the progeny 
derived from intergene pool crosses is below that 
of the parents (Welsh et al.  1995 ). Divergence 
between the two gene pools may have led to the 
independent suites of genes controlling the overall 
performance in Mesoamerican and Andean gene 
pools. Hybridization between gene pools breaks 
up these suites which are diffi cult to reconstitute 
in the progeny because of recombination and lack 
of adaptation. Many of the concerns raised about 
the introgression between Mesoamerican and 
Andean cultivated gene pools are also valid for the 
introgression between wild and cultivated gene 
pools. There are additional concerns that wild 
beans lack adaptation because of their photope-
riod x temperature requirements and to the fi eld 
cultivation, due to lack of domestication syndrome 
traits (Koinange et al.  1996 ). The selection of 
determinacy and insensitivity to photoperiod, 
either directly through phenotypic means or indi-
rectly by molecular markers, could accelerate the 
introgression from wild beans to cultivated ones. 
These two traits are of prime importance in any 
germplasm conversion program aimed to broaden 
the genetic basis of the cultivated common beans.  

2.7     Interspecifi c Hybridization 
in Crop Species 

 Interspecifi c hybridization among  Phaseolus  spe-
cies: The genus  Phaseolus  is Neotropical in ori-
gin. Although we know clearly what a bean is, it 
is less certain how many  Phaseolus  species exist. 
A reasonable estimate would be 50–60 species, 
pending additional germplasm explorations in 
Central America (Debouck  2000 ). Understanding 
the relationships between the species is a question 
of practical importance to explore the variability 
aspect. Recent phylogenetic studies that included 
both wild and domesticated species of  Phaseolus  
using morphological, biochemical, and molecular 
data (seed proteins, isozymes and nuclear, chloro-
plastic and mitochondrial DNA, etc.) have con-
fi rmed that the genus is monophyletic (Debouck 
 1999 ). Two to nine subclades may exist at the 
subgeneric level (Baudoin et al.  1998 ; Delgado-
Salinas et al.  1999 ). One lineage includes the 
common bean, while another encompasses 
 P. lunatus  (Fofana et al.  1999 ,  2001 ; Maquet et al. 
 1999 ). Three species,  P. coccineus ,  P. polyanthus , 
and  P. vulgaris , belong to the same evolutionary 
branch (Schmit et al.  1993 ,  1995 ). However, dif-
ferences emerge between the number, kind of 
taxa, and type of DNA examined. 

 Of the 50–60 wild  Phaseolus  species of 
American origin, only fi ve, namely, common ( P. 
vulgaris ), yearlong ( P. polyanthus ), scarlet runner 
( P. coccineus ), tepary ( P. acutifolius ), and lima 
bean ( P. lunatus ), have been domesticated. Each 
domesticated species constitutes a primary gene 
pool with its wild ancestral form. Secondary and 
tertiary gene pools may exist for all the domesti-
cated species, depending on the phylogenetic 
events that lead to the formation of the biological 
species (Debouck  1999 ). Recently, a novel wild 
species,  P. costaricensis , was shown to belong to 
the secondary gene pool of  P. vulgaris. P. costari-
censis  is only known from Costa Rica and Panama. 
There are over 29,000    domesticated and more than 
1,300 wild accessions of  P. vulgaris  housed in the 
germplasm bank at CIAT, Cali, Colombia, and 
elsewhere. At CIAT, the numbers of accessions 
belonging to the secondary and tertiary gene pools, 
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respectively, are 1,049 and 335. In spite of this 
diversity, the genetic base of commercial cultivars 
of specifi c market classes is narrow. In fact, only a 
small portion ( < 5 % of the available genetic diver-
sity) has been used globally despite nearly a cen-
tury of organized bean improvement. 

 Systematic evaluation of wild common bean 
as well as wild and domesticated germplasm of 
alien species for resistance to pests, diseases, and 
other useful traits has been limited. Nevertheless, 
alien germplasm seems to be a promising source 
of common bean improvement as resistance to 
bruchids was found in wild  P. vulgaris. P. polyan-
thus  is well known for its resistance to ascochyta 
blight as well as to BGYMV.  P. coccineus  is a 
source of resistance to anthracnose as well as root 
rots, white mold, BYMV ( bean yellow mosaic 
virus ), and BGYMV. Tolerance to leafhoppers 
exists in  P. acutifolius , and high levels of resis-
tance to CBB (Common Bacterial Blight) and 
bruchids are found in some accessions of tepary 
bean (Baudoin  2001 ; Debouck  1999 ; Schmit and 
Baudoin  1992 ; Singh  1999 ). 

 Thus, major production constraints include 
the lack of resistance to diseases/pests; the slow 
progress in identifying useful genes in related 
species has led to the adoption of intraspecifi c 
hybridizations among  Phaseolus  species. 
However,  P. vulgaris  and  P. coccineus  were fre-
quently intercrossed between 1940 and 1985. It 
was observed that in reciprocal crosses using 
 P. coccineus  as the female parent, segregants nat-
urally reverted to the cytoplasm donor parent 
after a few generations (Baudoin et al.  1995 ). 
Major genes have established a barrier between 
these two species, and chromosome pairing is not 
perfect. Since reproductive isolation may be due 
to domestication, attempts were made to cross 
 P. vulgaris  with wild variants of  P. coccineus . 
Nevertheless, few commercial cultivars have 
been created this way.  P. polyanthus  crosses more 
easily with  P. coccineus  and related forms than 
with  P. vulgaris , particularly if the latter is the 
pollen donor (Baudoin et al.  2001 ).  P. polyanthus  
belongs to the  P. vulgaris  clade, but its nuclear 
genome has been introgressed with  P. coccineus  
genes and this limits its use in interspecifi c 
hybridizations. Especially when  P. vulgaris  is 
used as the female parent, crosses between  P. vul-

garis  and  P. costaricensis  are simple to perform 
without embryo rescue, but it is not clear whether 
 P. coccineus  genes have contaminated the nuclear 
genome of  P. costaricensis  (Debouck  1999 ). 
 P. coccineus  and its allies may thus be the reser-
voir of diversity with the greatest potential once 
the primary gene pool and the  P. vulgaris  phylum 
have been fully exploited. An unrealized dream 
of combining the potential of lima bean (part of 
the quaternary gene pool) that is well adapted to 
tropical conditions with the genome of the com-
mon bean has failed to produce fertile hybrids.  

2.8     Barriers to Interspecifi c 
Hybridization 

 The major reproductive barrier in interspecifi c 
hybridization among the genus  Phaseolus  occurs 
mainly during early embryo development after 
fertilization (Baudoin et al.  1995 ). When 
 maintained in vivo, embryos resulting from 
 P. polyanthus  (female) ×  P. vulgaris  crosses 
develop poorly despite the close phylogenetic 
relationship among species. Infertility in 
 P.  polyanthus  ×  P. vulgaris  crosses results from 
early nutritional barriers that are related to a 
 defi cient endosperm tissue development, while in 
reciprocal crosses, endothelium proliferation and, 
to some extent, hypertrophy of the vascular 
 elements are causes of early embryo abortion 
(Geerts  2001 ; Geerts et al.  1999 ,  2002 ; Lecomte 
et al.  1998 ). To a large extent, the importance of 
these abnormalities depends on the compatibility 
between the parent genotypes. Although several 
hybrids between  P. vulgaris  and species belong-
ing to its tertiary gene pool can only be obtained 
by embryo rescue, most infertility results from 
male sterility caused by incomplete chromosomal 
pairing in Metaphase I (Baudoin et al.  1995 ). 
Where sterility of hybrids precludes any form of 
introgression, traditional chromosome doubling 
yields weak semi-fertile amphidiploids. 

 Both inter- and intraspecies barriers to hybrid-
ization and genetic recombination are of great 
consequence for genetic and breeding studies of  P. 
vulgaris . Marechal ( 1971 ) and Pratt et al. ( 1985 ) 
reported that genic factors, in addition to varying 
degrees of chromosomal differences among 
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 Phaseolus  species, constitute an important barrier 
to interspecifi c hybridization and exploitation of 
genetic variability. Hucl and Scoles ( 1985 ) have 
reviewed interspecifi c hybridization among differ-
ent species of the genus  Phaseolus . Smartt ( 1970 ) 
attempted interspecifi c hybridization between the 
species  Phaseolus vulgaris ,  P. coccineus ,  P. acuti-
folius , and  P. lunatus  and found a close genetic 
relationship between  P. vulgaris  and  P. coccineus . 
Viable hybrids of varying fertility can be made 
reciprocally between these species. Affi nity is 
indicated with  P. acutifolius  by the formation of 
viable but sterile hybrids. Less affi nity is apparent 
between these three species and  P. lunatus  with 
which they do not produce viable interspecifi c 
hybrids. The effects of cytoplasmic constitution on 
both fertility and viability were shown in the F 2  and 
backcross progenies of  P. vulgaris  ×  P. coccineus  
hybrids and on viability in the  P.  vulgaris  × 
 P.  acutifolius  and reciprocal hybrids. In slightly fer-
tile  P.  vulgaris  ×  P. coccineus  hybrids, the distor-
tion in F 2  segregations was due to differential loss 
of  P. coccineus  genes in sporogenesis and embryo-
genesis occurring in a  P.  vulgaris  plasmon. Bemis 
and Kedar ( 1961 )  proposed a three- allele model to 
account for the occurrence of differential cross-
ability between particular  P. vulgaris  and  P. coc-
cineus  genotypes. Dimorphic segregation for 
normal versus  abnormal plants showing dwarfi ng 
was also observed in the cross of  P. vulgaris  ×  P. 
coccineus  by Zagorcheva and Poriazov ( 1983 ). 
Various degrees of incompatibility ranging in the 
 expression from pale green foliage to virescent, 
variegated, crippled, or stunted growth, semilethal 
chlorosis, and death of stunted plants have been 
reported in intervarietal crosses within cultivated 
common bean. The occurrence of abnormal F 1  
weakness or dwarfi sm within  P. vulgaris  crosses 
have been reviewed (Gepts and Bliss  1985 ; Singh 
and Gutierrez  1984 ). Shii et al. ( 1980 ) and van 
Reheenen et al. ( 1979 ) reported that F 1  abnormal-
ity was controlled by two complementary domi-
nant genes which suppress the growth and root 
development. The allelic dosage of  Dl1  in the root 
and  Dl2  in the shoot rather than the genotype of 
the whole plant determines the severity of expres-
sion. Gepts and Bliss ( 1985 ) found that a small-
seeded parent carrying  Dl1  gene possessed “S” 
phaseolin type, which is predominant in Middle 

American forms. Medium- and large-seeded 
parents carrying  Dl2  gene had either “T” or “C” 
phaseolin pattern, a characteristic of beans origi-
nated in Andean South America. Noncarriers of 
 Dl1  and  DL2  produced a higher frequency of com-
patible hybrids between  P. vulgaris  and  P. acutifo-
lius  crosses (Parker and Michaels  1986 ). Thus, 
perhaps the same loci are responsible for at least 
some of the intra- and interspecifi c genetic barriers 
to hybridization and gene exchange.  

2.9     Conventional 
and Contemporary 
Approaches of Interspecifi c 
Gene Transfer 

 Plant breeding programs have used different cross-
ing methods to integrate economically important 
traits from wild and related species into cultivated 
crops. Some approaches which have been used by 
various workers to transfer genes across the 
 Phaseolus  spp. are described below. 

2.9.1     Backcrossing 

 In distant crosses, often useful recombinants are not 
obtained in early generations due to delayed segre-
gation, and populations are required to be advanced 
up to F 9 –F 10  generations to get desirable recombi-
nants. This problem can be overcome by backcross-
ing F 1  hybrids with cultivated species in early 
generations. With recurrent backcrossing, the direc-
tion of the initial cross uses the cultivated species as 
the maternal parent; the F 1  primary hybrid and every 
subsequent generation are backcrossed to the culti-
vated parent species. The goal of such a mating 
scheme is to incorporate the economically impor-
tant trait from the wild species into the cultigen 
without any of the traits from the wild species that 
would be detrimental or unsuitable in cultivation. 
When  Phaseolus vulgaris  is crossed with  P. acutifo-
lius  and  P. parvifolius , one or more backcrosses to 
the recurrent parent are required to restore the fertil-
ity of the hybrids. Interspecifi c crosses to introgress 
high iron from related species appears to hold prom-
ise, especially for the Mesoamerican beans where it 
has been diffi cult to reach levels of iron of 90 +  ppm. 
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CIAT has made interspecifi c crosses with high iron 
accessions of  P. dumosus  ( P. polyanthus ) and  P. coc-
cineus  which have expressed as high as 127 ppm 
iron in grain harvested under greenhouse conditions 
(although fi eld-harvested grain is often lower in 
iron). One backcross of the interspecifi c F 1  has been 
performed, and so far, a small number of F3 families 
average nearly 20 ppm more than high-iron checks, 
while the range among families has been as high as 
98 ppm. Although interspecifi c crosses with an 
Andean bean (CAL 96) were also created, these did 
not show evidence of signifi cant introgression of the 
high-iron trait (Blair et al.  2009b ).  

2.9.2     Congruity Backcrossing 

 A slight modifi cation to backcrossing or recur-
rent backcrossing is congruity backcrossing. 
Recurrent backcrossing has only infrequently 
been capable of such a task; frequent problems 
are the loss of the important trait(s) from the non-
recurrent  parent, diffi culties in transferring traits 
that are  quantitatively inherited, chromosome or 
genome elimination, and large linkage groups 
that are  diffi cult to break. Haghighi and Ascher 
( 1988 ) were the fi rst to report the use of congru-
ity  backcrossing as a useful means to create an 
interspecifi c hybrid between  P. vulgaris  and 
 P.  acutifolius.  In this crossing scheme, the hybrids 
are backcrossed with each of the parent species in 
alternate generations. This eliminates the 
 problems noted above with the many forms of 
recurrent backcrossing as both genomes are con-
stantly incorporated and less, if any, traits are lost. 
In interspecifi c crosses between the common bean 
( P. vulgaris ) and tepary bean ( P.  acutifolius ), 
 congruity backcrossing is a better approach as com-
pared to recurrent backcrossing  (Mejia-Jimenez 
et al.  1994 ).  

2.9.3     Advanced 
Backcross-QTL Strategy 

 Since the mid-1990s, convincing evidence at 
morphological and molecular levels has accumu-
lated for the utility of wild progenitors and related 

species as donors of productivity alleles. Nobel 
breeding strategies such as AB-QTL have been 
deployed to exploit the worth of progenitor and 
related species as this helps to minimize the link-
age drag associated with gene introgression 
(Tanksley and Nelson  1996 ). QTL analysis of 
yield traits in an advanced backcross population 
derived from a cultivated Andean and wild com-
mon bean has been done by Blair et al. ( 2006b ).  

2.9.4     Reciprocal Crossing 

 In wide crosses, disharmony between the nucleus 
of one species and cytoplasm of other species is 
often a reason for postfertilization barrier, and 
under such conditions, reciprocal crosses can be 
exploited in developing hybrids. Reciprocal dif-
ferences are very common in wide crosses. 
Mejia- Jimenez et al. ( 1994 ) reported that when 
 P. acutifolius  is used as female parent in a cross 
with  P. vulgaris  and or fi rst backcrossing of  P. 
vulgaris  ×  P. acutifolius  hybrid on to  P. acutifo-
lius,  is often more diffi cult than  P. vulgaris  used 
as female parent.  

2.9.5     Bridge Species 

 In the common bean, genes for various biotic and 
abiotic stresses are available in secondary and 
tertiary gene pools which are diffi cult to transfer 
into cultivated species. So when direct hybridiza-
tion between cultivated and wild species does not 
result in fertile hybrids, the involvement of a third 
species as a bridge species has often been used 
for the introgression of genes across the species. 
Parker and Michaels ( 1986 ) noted that a bridge 
crossing scheme would facilitate the introgres-
sion of  P. acutifolius  germplasm into incompati-
ble  P. vulgaris  lines.  

2.9.6     Gamete Selection 
and Recurrent Selection 

 Gamete selection using multiple-parent crosses 
(Singh et al.  1998 ; Asensio et al.  2005 ,  2006 ; 
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Terán and Singh  2009 ) and recurrent selection 
(Singh et al.  1999 ; Terán and Singh  2010a ,  b ), 
respectively, may be more effective. But the use 
of these methods is not common in the common 
bean because of the large number of pollinations 
required and other demands on resources.  

2.9.7     Growth Hormones 

 In distant crosses, if hybrid seeds die when their 
embryos are too small to be cultured, post- 
pollination application of growth regulators such 
as gibberellic acid, naphthalene acetic acid, 
 kinetin, or 2, 4-D dimethylamine, singly or in 
combination, may be helpful in maintaining the 
developing seeds by facilitating the division of 
the hybrid zygote and endosperm. Some 
 interspecifi c crosses have been successful in 
 Phaseolus  (Stalker  1980 ) by the application of 
growth regulators after pollination. This suggests 
that further breakthroughs in wide crossing may 
be possible through the exploitation of growth 
regulators followed by embryo rescue.  

2.9.8     Embryo Culture 

 A range of in vitro methods have been developed 
to overcome postfertilization barriers in a number 
of plant species. When the mismatch between 
embryo and endosperm development starts very 
early and ovary culture and/or ovary-slice culture 
fails, ovules can be cultured in vitro. If young 
fruits can stay for a longer time on the mother 
plant, embryo rescue can be applied by different 
methods, i.e.,  in ovulo  rescue and embryo rescue. 
Embryo culture can be applied successfully in 
crosses in which pollinated fl owers can stay on 
the plant for a notable time, before natural abscis-
sion occurs and the technique has been applied in 
a large number of crops. Ovary culture and ovary- 
slice culture has been used in  Phaseolus  by Sabja 
et al. ( 1990 ) during interspecifi c hybridization of 
 Phaseolus vulgaris  ×  P. acutifolius  by using pods 
10 days after pollination (DAP) in a modifi ed liq-
uid Murashige and Skoog (MS) medium 
(Murashige and Skoog  1962 ). Ninety percent of 

the ovary culture generated embryos though 
survived, but viable hybrid plants were produced 
only from the ovaries collected 14 DAP and 
onward (Sabja et al.  1990 ). In most cases, ovary 
culture is applied during the growth of a small 
undifferentiated embryo inside the ovule, and the 
differentiated embryo is used for culture.  P. par-
vifolius  crosses easily with  P. acutifolius  and 
 P. vulgaris  using the embryo rescue technique. 
Other species such as  P. fi liformis  and  P. angus-
tissimus  have also been crossed with the common 
bean, but embryo-rescued hybrid plants were 
completely sterile (Baudoin  2001 ). Although 
several hybrids between  P. vulgaris  and species 
belonging to its tertiary gene pool can only be 
obtained by embryo rescue, most infertility 
results from male sterility which is caused by 
incomplete chromosomal pairing in metaphase 
I (Baudoin et al.  1995 ). Where sterility of hybrids 
precludes any form of introgression, traditional 
chromosome doubling yields weak semi-fertile 
amphidiploids.  

2.9.9     Androgenesis 
and Chromosome Doubling 

 Peters et al. ( 1977 ) reported an equal amount of 
haploid and diploid callus cells with less than 3 % 
cells showing polyploidy. Tai and Cheng ( 1990 ) 
cultured the common bean anthers on B5 medium 
with 2 mg/l 2, 4-D and 1 mg/l kinetin. Experiments 
on bean anther culture with modifi cation in MS 
base medium have also been conducted by other 
workers (Munoz and Baudoin  2002 ; Munoz et al. 
 1993 ; Munoz-Florez and Baudoin  1994 ). Callus 
cells during early growth stages were predomi-
nantly haploid, but with age, ploidy levels 
increased, indicating spontaneous chromosome 
doubling. Interspecifi c F 1  hybrids may display 
sterility owing to lack of chromosome pairing 
during meiosis and hampers further breeding. 
However, the somatic (mitotic) chromosome dou-
bling may induce homologous pairing of chromo-
somes and restores fertility (Hermsen  1984 ). 
Colchicine was used successfully to produce fer-
tile allotetraploids in  Phaseolus  (Weilenmann 
et al.  1986 ). Allopolyploids may function as fertile 
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bridges for gene introgression into the cultivar 
assortment (Hermsen  1984 ; Nandakumar and 
Shivanna  1993 ). Chromosome doubling has been 
attempted to overcome incompatibility barriers 
but may not be very useful, given the diffi culty of 
exploiting amphidiploids (Broughton et al.  2003 ).  

2.9.10     Transformation 

 Conventional breeding has contributed signifi -
cantly to the trait improvement of  P. vulgaris . 
However, breeding cannot add certain genes that 
do not exist naturally in the  P. vulgaris  gene pool. 
Due to this limitation of plant breeding, new trait 
improvement approaches such as interspecifi c 
horizontal gene transfer via genetic engineering 
need to be utilized in order to complement the 
limitations encountered by conventional  breeding 
of this crop (Aragão et al.  2002 ). The common 
bean has been transformed using two main 
approaches: particle bombardment or biolistics 
and  Agrobacterium  transformation. The applica-
bility of the particle bombardment to introduce 
and transiently express genes into dry bean was 
demonstrated in the beginning of the 1990s 
(Genga et al.  1992 ; Aragão et al.  1992 ,  1993 ). 
The bombardment of meristematic cells of 
embryonic axes revealed that foreign genes could 
effi ciently reach the superfi cial cell layers, dem-
onstrating the feasibility of producing transgenic 
bean using this method (Aragão et al.  1993 ). 
Russell et al. ( 1993 ) reported the production of 
transgenic navy bean plants using an electrical 
particle acceleration device. However, the proto-
col was time-consuming and the frequency of 
transformation was low (0.03 %) and variety- 
limited. Later, Kim and Minamikawa ( 1996 ) 
reported the recovery of transgenic bean plants 
(cv. Goldstar) by bombarding embryonic axes. A 
transformation system was developed for the 
regeneration of transgenic bean plants based on 
the bombardment of apical meristematic regions 
associated with an effi cient tissue culture proto-
col for multiple shoot induction, elongation, and 
rooting (Aragão et al.  1996 ). The frequency of 
transformation ranged from 0.2 to 0.9 % using 
linear or circular plasmid vectors, respectively 

(Aragão et al.  1996 ; Vianna et al.  2004 ). One 
important constraint in the transformation system 
based on the bombardment of meristematic tissue 
of embryonic axes is the diffi culty of having effi -
cient selection of transformed cells. Using the 
selective agent imazapyr, an herbicidal molecule 
of the imidazolinone class capable of systemi-
cally translocating and concentrating in the api-
cal meristematic region of the plant, we have 
been able to increase the recovery of fertile soy-
bean (Aragão et al.  2000 ) and, more recently, dry 
bean plants (Bonfi m et al.  2007 ). Since the fi rst 
report on  P. vulgaris  transformation in 1993, a 
few groups have transformed the bean to intro-
duce agronomic traits. Russell et al. ( 1993 ) intro-
duced into the bean the  bar  gene, which encodes 
the phosphinothricin acetyltransferase (PAT) and 
confers resistance to both phosphinothricin and 
the herbicide glufosinate ammonium, and the 
coat protein gene from the bean golden mosaic 
geminivirus (BGMV) in an attempt to produce 
virus-resistant plants. The introduced  bar  gene 
was shown to confer resistance to the herbicide 
under glasshouse conditions. However, trans-
genic bean plants expressing the BGMV coat 
protein gene did not exhibit virus resistance 
(D. Maxwell, unpublished results). Faria et al. 
( 2006 ) reported highly BGMV-resistant plants by 
the expression of a mutated  AC1  viral gene and 
using interfering RNA (RNAi). Transgenic bean 
lines containing the  bar  gene and resistant to the 
herbicide glufosinate ammonium were tested in 
fi eld (Aragão et al.  2002 ). This was the fi rst fi eld 
release of a transgenic line of  P. vulgaris . 

  Agrobacterium tumefaciens -assisted transfor-
mation is a standard protocol successfully applied 
to generate transgenic legume plants of some 
 Phaseolus  species (Zambre et al.  2005 ), although 
the frequency of transformation for  Phaseolus 
vulgaris  (common bean) has been very low (Zhang 
et al.  1997 ). The only report where  A. tumefa-
ciens  was used to achieve expression of a  lea  
gene that conferred abiotic tolerance in  P. vulgaris  
is a very recent protocol based on sonication and 
vacuum assistance (Liu et al.  2005 ). Although 
 A. rhizogenes -mediated root transformation has 
been described for a number of legumes, the 
induction of composite plants has not been 
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previously reported for the common bean (Díaz 
et al.  2000 ; Boisson-Dernier et al.  2001 ; and Van 
de Velde et al.  2003 ). Transgenic roots in the 
genus  Phaseolus  offers a new strategy for over-
expressing or suppressing endogenous genes. 
This method can be readily scaled up to perform 
functional genomics focused on root biology and 
root–microbe interactions. 

 It is thus not surprising that attempts to trans-
fer polygenetic traits from related species to  P. 
vulgaris  met with limited success. Yet less than 
5 % of the  Phaseolus  germplasm has been used 
in hybridization programs. New ways of enhanc-
ing introgression (congruity backcrossing, single 
seed descent, and recurrent selection) promise to 
restore fertility, as well as to augment the fre-
quency of desirable genes in the breeding popula-
tion. The Phaseomics program of CGIAR has 
envisaged that the availability of molecular mark-
ers, developing more detailed linkage maps, cou-
pled with marker-assisted selection will facilitate 
the retention of desirable genes and the elimina-
tion of harmful ones and remove restrictions on 
interspecifi c hybridizations.   

2.10     Molecular Markers, Genome 
Mapping and Genomics 
as an Adjunct to Breeding 

 In the last 25 years, an impressive array of DNA 
markers has been/are being developed that dis-
play an ever-increasing ease of application. In the 
common bean, markers have been used not only 
to understand the organization of genetic diver-
sity but also increasingly to map and tag genes of 
agronomic interest, particularly genes for disease 
resistance (Gepts et al.  1999 ; Freyre et al.  1998 ; 
Faleiro et al.  2004 ). Mapping and tagging of 
genes for resistance has facilitated our under-
standing of the inheritance of several diseases, 
previously considered to be very diffi cult to deal 
with including white mold (Miklas et al.  2001 ), 
bean gold mosaic (Urrea et al.  1996 ), and com-
mon bacterial blight (Kelly  2004 ). Markers have 
also been very useful to circumvent epistatic 
interactions occurring in genotypes with multiple 
resistance genes as is the case with the landrace 

G2333 (Young et al.  1998 ; Alzate-Marin et al. 
 2001 ; Pathania et al.  2006 ). 

 The most favored markers currently are micro-
satellite markers (SSRs) and single-nucleotide 
polymorphisms (SNPs) because they require little 
DNA and can be automated for high- throughput 
analysis. A number of SSR markers have been 
developed (Yu et al.  2000 ; Gaitán- Solís et al. 
 2002 ; Blair et al.  2003 ) and mapped on common 
bean chromosomes (Miklas et al.  2006  b ). Further 
efforts are now necessary to increase the number 
of microsatellite markers located on the common 
bean linkage map. Recently, a large set of 
expressed sequence tags (ESTs) has been pub-
lished (Ramírez et al.  2005 ). Because the bean 
genotypes involved originate in the Mesoamerican 
and Andean gene pools, respectively, a sequence 
comparison will reveal SNPs. 

 Most genes to date have been tagged with 
RAPD markers which have been converted to 
SCAR markers (Miklas  2005 ) with few excep-
tions, for example, the  Ur-13  gene tagged with 
an AFLP marker (Mienie et al.  2005 ) and a QTL 
conferring resistance to white mold linked with 
the phaseolin seed protein locus ( Phs ) (Miklas 
et al.  2001 ). A few codominant RAPD markers 
have been generated as for  bgm-1  (Urrea et al. 
 1996 ),  bc-3  (Johnson et al.  1997 ), and  Co-4  2  
(Awale and Kelly  2001 ), but most markers iden-
tifi ed have been dominant and in coupling phase 
linkage ( cis ) with the R genes and QTL. The pre-
dominance of dominant markers reduces the effi -
ciency of marker-assisted selection. The use of 
dominant markers in repulsion phase ( trans ) 
linkage alone or in combination with markers in 
coupling can be done to improve selection effi -
ciency (Kelly and Miklas  1998 ). Codominant 
markers like SSRs accelerate the identifi cation of 
homozygous individuals without the necessity 
for progeny tests, but still too few exist to be 
effective for gene tagging studies. Ideally, the 
selection of markers fl anking the resistance gene 
would be used to improve marker-assisted selec-
tion (MAS) effi ciency, but such fl anking markers 
are generally not available for the genes and 
QTL that have been tagged thus far in the 
common bean. For marker-assisted backcross-
ing, the lack of fl anking markers can be partially 
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overcome by also selecting for the recurrent 
parent genomic background outside the target 
locus using random markers (Hagiwara et al. 
 2001 ). Other gene sequence-based marker systems 
like RGA (López et al.  2003 ), resistance gene 
analog polymorphism (Mutlu et al.  2006 ), and 
TRAP (Miklas et al.  2006a ) show promise for 
tagging targeted traits but have not yet led to 
MAS. As EST databases expand for the common 
bean, concurrently STS and SNP markers will be 
generated, leading to additional and more direct 
marker systems for tagging genes. The utility of 
tightly linked markers for MAS has been evalu-
ated by surveying an array of accessions with 
and without the gene for the presence and 
absence of the marker. These surveys have 
revealed the utility for many markers to be lim-
ited to specifi c gene pools (Miklas et al.  1993 ). 
Once limitations of a marker are  understood, 
MAS can be implemented more effectively as a 
breeding tool. The utility of QTL for MAS is 
determined by the expression of the QTL in mul-
tiple environments and in different populations 
and by the effectiveness of MAS itself. 

 Multiple disease-resistant Mesoamerican 
bean lines possessing  Co-4 ,  Co-6 ,  Co-10 , 
 Ur-OuroNegro , and  Phg-1 R genes with “carioca- 
type” grains have been developed through MAS 
(Ragagnin et al.  2005 ; Alzate-Marin et al.  2005 ). 
Similarly, MAS was used to develop black and 
red bean cultivars with multiple disease 
 resistance (Costa et al.  2006 ). Ultimately, 
sequencing the bean genome and anchoring of 
the sequence contigs on genetic and physical 
maps will be the major source of markers for 
genetic analysis and marker-assisted selection in 
the common bean. The fi rst sequence contig 
from a bacterial artifi cial chromosome (BAC) 
clone in the common bean was obtained by 
Melotto et al. ( 2004 ). Finally, the use of bioin-
formatic tools applied to genomic sequence 
information from other species, especially 
legumes such  Medicago truncatula ,  Lotus 
japonicus , and  Glycine max  but also nonlegumes 
such as  Arabidopsis thaliana , will no doubt also 
provide additional sequence information and, 
hence, PCR-based molecular markers. 

2.10.1     Genetic Mapping 

 Linkage mapping in common beans as in other 
crops has benefi ted from a range of molecular 
technologies that have greatly supplemented the 
number of genetic markers used in genetic maps 
for the species. As a result, a large number of 
markers are in use today for common bean map-
ping compared to early linkage maps that were 
based almost entirely on a limited number of 
morphological markers such as those for fl ower 
or seed color or certain pod traits and growth 
habit characteristics (Bassett  1991 ). Isozymes 
and seed proteins, both analyzed based on bio-
chemical assays, were among the fi rst molecular 
markers to be used in genetic maps but suffered 
from the limitation of requiring multiple  protocols 
and different source tissues (Gepts  1988 ; Arndt 
and Gepts  1989 ; Koenig and Gepts  1989a ; 
Vallejos and Chase  1991 ). With the advent of 
DNA technologies, RFLP markers emerged as 
the fi rst DNA-based markers in common beans to 
be used on a large scale (Vallejos et al.  1992 ; 
Nodari et al.  1993a ; Adam-Blondon et al.  1994 ). 
New mapping populations were created at UC 
Davis and the University of Florida (UF) based 
on the crosses BAT93 × Jalo EEP558 (F2) and 
XR-235-1-1 × Calima (BC1) to determine the 
linkage relationships of large numbers of RFLP 
markers with totals of 224Bng and 108D series 
clones mapped in these studies. As single-copy 
markers, RFLPs were especially useful for com-
parative mapping and map integration and led to 
the creation of the core linkage map of Freyre 
et al. ( 1998 ). In that study, RFLP probes from the 
initial UC Davis and UF maps plus those of 
Adam-Blondon et al. ( 1994 ) were analyzed to 
create a core map for the BAT93 × Jalo EEP558 
(RIL) population that combined RFLPs with 
additional marker types including RAPDs, allo-
zymes, and known genes. RFLPs were also use-
ful for comparative mapping across legume 
species as they hybridized well to genomic DNA 
of soybean and mung bean (Boutin et al.  1995 ). 
The sequencing of the Bng probes used to estab-
lish the UF map showed them to be rich in gene 
sequences (Murray et al.  2002 ). 
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 Polymerase chain reaction (PCR)-based 
markers added greatly to the effi ciency of genetic 
mapping in common beans by increasing marker 
throughput, initially with multi-locus marker 
systems such as those of the RAPD and then 
AFLP techniques and more recently with single-
copy marker systems such as sequence-tagged 
sites/sequence-characterized amplifi ed regions 
(STSs/SCARs) and SSR primer pairs. RAPD 
and AFLP markers were especially useful for 
saturating RFLP-anchored genetic maps and for 
creating genetic maps for additional populations 
(Freyre et al.  1998 ; Johnson and Gepts  2002 ; 
Tar’an et al.  2002 ). As genetic maps became 
more saturated and based on a wide range of 
molecular marker types, the number of linkage 
groups coalesced to equal the haploid complement 

of chromosomes for beans ( n  = 11). The cumulative 
genetic distance represented by linkage maps 
also increased as a greater number of markers 
was used. Comparative mapping based on RAPD 
bands was frequently useful for linking genetic 
maps by correlating the presence of fragments 
with the evolutionary  origin of parental geno-
types in either the Mesoamerican or Andean 
gene pools. The advent of single-copy PCR-
based markers such as SSR and STS/SCAR 
markers has further aided in map comparison 
and integrating genetic maps. Over 30 STS or 
SCAR markers developed for many different 
disease or insect resistance genes and seed color 
traits have been placed on the core genetic map 
(McClean et al.  2002 ; Blair et al.  2006c ; Miklas 
et al.  2006b ) (Fig.  2.2 ). 

  Fig. 2.2    Comprehensive genomic map of the genes of 
known function for external phenotypic traits, and QTL in 
common bean, including genes with a biochemical function 
(mostly disease response genes) ( a ), the domestication 
genes and color genes ( b ) in common bean [Abstracted 
from Kelly et al.  2003 ]. Each linkage group is represented 

by its core map version (Freyre et al.  1998 ). To the left of 
each linkage group, are the framework molecular markers 
(smaller font) and the biochemical genes (larger font) and 
major phenotypic trait genes ( shaded boxes ) (Source: 
Miklas et al.  2006a ,  b ) ( a & b : Two maps to fi t all the genes 
and QTL on the map properly)         
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 Meanwhile, SSR markers are proving  informative 
due to their multiallelic nature, codominant inheri-
tance, and wide distribution in the genome. So far, 
SSR markers have been derived from GenBank 
sequences (Yu et al.  2000 ; Métais et al.  2002 ; Blair 
et al.  2003 ; Guerra-Sanz  2004 ), SSR-enriched 
genomic libraries (Gaitán-Solís et al.  2002 ; Yaish 
and de la Vega  2003 ; Buso et al.  2006 ), and bacterial 
artifi cial chromosome (BAC) sequences (Caixeta 
et al.  2005 ). The fi rst effort towards the integration of 
SSR markers into a common bean genetic map was 
performed by Yu et al. ( 2000 ), mapping 15 SSRs 
onto a framework map based on RAPD and RFLP 
markers, followed by Blair et al. ( 2003 ), integrating 
100 SSRs into two linkage maps with AFLP, RAPD, 
and RFLP markers. 

 Additional integration of new SSR loci is 
ongoing at Empresa Brasileira de Pesquisas 
Agropecuarias Arroz e Feijão (Santo Antônio de 
Goiás, GO, Brazil) (for BAT93 × Jalo EEP558) 
and CIAT (for DOR364 × G19833) and will allow 

the identifi cation of more polymorphic and trans-
ferable markers that can be mapped across popu-
lations. Furthermore, existing SSRs have been 
useful in mapping studies (Ochoa et al.  2006 ; 
Blair et al.  2006c ) showing their potential for 
anchoring new genetic maps. Apart from SSR and 
STS markers, a new set of gene-based markers is 
being implemented for genetic mapping in the 
common bean that includes TRAP and resistance- 
gene analog (RGA)-based markers targeting dis-
ease resistance genes (López et al.   2003 ; Mutlu 
et al.  2006 ; Miklas et al.  2006a ). Meanwhile, 
gene-based SNP markers being mapped at CIAT 
and mapping of EST sequences at North Dakota 
State University and at the University of 
Saskatchewan hold promise for the development 
of a transcriptional map for beans that could help 
in the establishment of correlations between can-
didate genes and specifi c QTLs. For the future, 
the use of reference populations, anchor markers, 
and comparative mapping between populations 

Fig. 2.2  (continued)
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will continue to assist in the placement of new 
markers onto genetic maps and the comparison of 
genetic distances between markers. Comparative 
mapping has become important for correlating 
locations of QTL for biotic or abiotic stress resis-
tance, nitrogen fi xation, seed characteristics, and 
root traits (Nodari et al.  1993b ; Tar’an et al.  2002 ; 
Beebe et al.  2006 ; Miklas et al.  2006b ; Ochoa 
et al.  2006 ). In addition, the use of anchor mark-
ers, especially those that are highly polymorphic 
such as SSRs, will allow the genetic mapping of 
more narrow crosses that are often of interest to 
plant breeders.  

2.10.2     Expressed Sequence Tags 

 Partial sequencing of cDNA inserts or expressed 
ESTs, obtained from many tissues and organs, has 
been used as an effective method for gene discov-
ery, molecular marker generation, and transcrip-
tion pattern characterization. It is an effi cient 
approach for identifying a large number of plant 
genes expressed during the different develop-
mental stages and in response to a variety of 
environmental conditions. Contributions to the 
development of ESTs come from collaborative 
projects performed within the frame of Phaseomics 
among scientists from academic institutions in 
Brazil, Colombia, Mexico, and the USA. 

 The complete EST data set, generated by 
Ramírez et al. ( 2005 ) and Melotto et al. ( 2005 ), 
has been assembled into contigs to provide a sin-
gle  P. vulgaris  gene index containing 20,578 
ESTs (Graham et al.  2006 ). The  P. vulgaris  EST 
sequence resource developed has provided tools 
for projects oriented to characterize the transcript 
profi le of different bean organs and/or growth con-
ditions. For instance, macroarray technology was 
used for transcriptome analysis of bean mature 
nodules elicited by the nitrogen-fi xing bacteria: 
 Rhizobium tropici  (Ramírez et al.  2005 ). This 
study led to the identifi cation of genes overex-
pressed in nodules as compared to other plant 
organs such as roots, leaves, stems, and pods. 
Nodule transcript profi le showed that genes related 
to nitrogen and  carbon metabolism are integrated 
for ureide production (Ramírez et al.  2005 ). 

 Because genetic and genomic resources of the 
common bean are limited, a comparative genomic 
approach using bean ESTs and those of other plant 
species is important to determine the usefulness 
of sequence information from other plants to 
study the common bean. Bean unigenes share 
more orthologous sequences with soybean and 
 Arabidopsisthaliana  unigenes than with  Orzya 
sativa  and  Zea mays  unigenes (Melotto et al. 
 2005 ). However, the degree of conservation among 
genes of bean, soybean, and  A. thaliana  varies 
between functional categories (Melotto et al. 
 2005 ). Single-linkage clustering analysis of 
homologous sequences among fi ve different plant 
species ( P. vulgaris ,  Lupinus albus ,  soybean, 
 M. truncatula , and  A. thaliana ) has been used to 
identify candidate genes that are  relevant for adap-
tation to phosphorus defi ciency in the bean and are 
shared with other species (Graham et al.  2006 ).  

2.10.3     TILLING 

 Targeted induced local lesions in genomes 
(TILLING) is a powerful reverse genetic approach 
that uses gene-specifi c primers for the identifi ca-
tion of mutants of a gene of interest from a large 
mutagenesis population (McCallum et al.  2000 ). 
Theoretically, given a suffi cient population size, 
genome saturation can be achieved and mutants 
for any gene can be identifi ed. Tagged mutagen-
esis, such as T-DNA or transposon- based systems, 
generally requires an effective transformation 
system. TILLING,  however, does not rely on 
transformation and thus allows for reverse genetic 
approaches in transformation recalcitrant species, 
such as the common bean. Signifi cant advances 
have been made in the development of a TILLING 
platform in the common bean. The common bean 
genotype BAT93, from the Mesoamerican gene 
pool, was selected for TILLING by the common 
bean research community because it is one of the 
parents of the core genetic map (Freyre et al. 
 1998 ), it has been used in the generation of a 
large BAC library (Kami et al.  2006 ), has broad 
adaptation, and has desirable characteristics, 
such as disease resistance (Broughton et al.  2003 ). 
Based on genome saturation in other species, 
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such as  Lotus japonicus  (Perry et al.  2003 ), it was 
estimated that about 5,000 mutagenesis lines 
would be required for genome saturation in BAT93. 

 The TILLING consortium has currently pro-
duced about 1,500 M2 families and has advanced 
about 900 families to the M3 generation. DNA has 
been extracted from all M2 families, and these 
DNAs will be used to confi rm appropriate mutagen 
concentration and for TILLING analysis. Once the 
sequences of  P. vulgaris  loci of interest are avail-
able, gene-specifi c primers will be designed using 
codons optimized to detect deleterious lesions 
(CODDLE), developed for the discovery of delete-
rious lesions within coding sequences. The consor-
tium expects to identify allelic series, which will 
allow for the study of gene function, as has been the 
case in previous TILLING efforts (Henikoff et al. 
 2004 ; McCallum et al.  2000 ). These initial studies 
have shown that the common bean EMS mutagen-
esis protocol is effective at generating mutants and 
that mutants can be identifi ed using appropriate 
screening protocols. TILLING in the common 
bean will have wide applications for both basic and 
applied research, as requests for mutants have 
already been received. 

 The genome size of  P. vulgaris  (580 Mbp/
haploid genome) is comparable to that of rice 
(490 Mbp/haploid genome; Bennett and Leitch 
 2005 ). As the genome of the common bean has 
been sequenced, the sequence information will 
be powerful tools to improve agronomic and 
nutritional traits and facilitate marker-assisted 
selection, an important genetic alternative to 
improve the economic competitive of the crop, 
and comparative gene discovery in legumes and 
to study the function of genes within an economi-
cally important group of legumes, namely, soy-
bean, cowpea, and pigeon pea.   

2.11     Conclusions 

 Common bean   , a versatile food legume originated 
in the New World, adapted to many niches, agro-
nomically as well as consumer preferences point 
of view. Primary centers of origin as well as 
domestication are located in Mesoamerica and 
the Andes based on which this crop has been 

separated into two major gene pools, namely, 
Mesoamerican and Andean based on morpho- 
molecular markers. Both the gene pools are 
known to harbor different races. Out of 50–60 spp. 
in the genus  Phaseolus , only fi ve ( Phaseolus vul-
garis  L.,  Phaseolus lunatus ,  Phaseolus acutifo-
lius  A. Gray,  Phaseolus coccineus  L., and 
 Phaseolus dumosus  (= polyanthus ) L.) are culti-
vated; however,  Phaseolus vulgaris  L. is the most 
widely grown and exploited. This crop suffers 
from various biotic and abiotic stresses like dis-
eases, insect pests, nematodes, drought, and nutri-
tional defi ciencies. A number of resistance 
sources have been identifi ed against few diseases; 
however, this aspect needs exploration for other 
stresses. Bean improvement programs across the 
world are mainly based on intraspecifi c hybrid-
ization; hence, efforts are needed to address the 
problems associated with interspecifi c gene trans-
fer. Attempts have been made to explore 
approaches like congruity backcrossing, inbred 
backcross breeding, and recurrent and gamete 
selection to facilitate interspecifi c gene transfer 
which needs to be prioritized for the effective and 
rapid introgression of useful genes from alien 
species. The identifi cation of different molecular 
markers, particularly microsatellites in the com-
mon bean, and unveiling of whole genome 
sequence will facilitate the marker-assisted 
selection- based bean improvement. Molecular 
markers are increasingly being used for indirect 
selection for resistance to bacterial, fungal, and 
viral diseases in the common bean (Singh and 
Schwartz  2010 ). Currently, the limiting factor for 
MAS is the number of markers of known map 
location, primarily because of the lack of DNA 
sequence information available. The transforma-
tion of common bean, although very diffi cult to 
popularize at the moment, is no doubt possible 
(Aragão et al.  1998 ,  2002 ; Faria et al.  2006 ). Its 
use to introgress pest and pesticide resistance 
alleles from distantly related  Phaseolus  (e.g., 
quarternary gene pool and beyond) and non- 
Phaseolus    species may still be an impractical goal 
due to barriers to acceptance and costs involved. 
For sustained development of improved bean cul-
tivars, researchers need to continue to gain knowl-
edge about the biotic and abiotic stresses of 
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economic importance in production regions; 
identify, share, and preserve sources of resistance 
to the important stresses; develop faster and more 
reliable screening procedures for both direct 
selection (phenotypic) and MAS of resistance 
traits; gain a better understanding of the inheri-
tance and mechanisms of resistance especially for 
complex stresses; conduct molecular genetic and 
genomic studies relevant to gaining a better 
understanding of the genetics and physiology of 
resistance; translate molecular and genomic infor-
mation obtained into tools useful for marker-
aided breeding; and integrate marker- aided 
breeding to compliment classical breeding.     
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    Abstract  

  The narrow genetic base of cultivated chickpea warrants systematic collection, 
documentation and evaluation of chickpea germplasm and particularly wild 
 Cicer  species for effective and effi cient use in chickpea breeding programmes. 
Limiting factors to crop production, possible solutions and ways to overcome 
them, importance of wild relatives and barriers to alien gene introgression and 
strategies to overcome them and traits for base broadening have been  discussed. 
It has been clearly demonstrated that resistance to major biotic and abiotic 
stresses can be successfully introgressed from the primary gene pool 
 comprising progenitor species. However, many desirable traits including high 
degree of resistance to multiple stresses that are present in the species 
 belonging to secondary and tertiary gene pools can also be introgressed by 
using special techniques to overcome pre- and post-fertilization barriers. 
Besides resistance to various biotic and abiotic stresses, the yield QTLs have 
also been  introgressed from wild  Cicer  species to cultivated varieties. Status 
and importance of molecular markers, genome mapping and genomic tools 
for chickpea  improvement are elaborated. Because of major    genes for various 
biotic and abiotic stresses, the transfer of agronomically important traits into 
elite  cultivars has been made easy and practical through marker-assisted 
 selection and marker-assisted backcross. The usefulness of molecular markers 
such as SSR and SNP for the construction of high-density genetic maps of 
chickpea and for the identifi cation of genes/QTLs for stress resistance, quality 
and yield contributing traits has also been discussed.  
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3.1         Introduction 

 Chickpea ( Cicer arietinum  L.) is cultivated in 
almost all parts of the world covering Asia, Africa, 
Europe, Australia, North America and South 
America continents. It is known by various com-
mon or local names in different countries like 
 Hamas ,  Hommos ,  Humz ,  Nakhi  and  Melanch  in 
Arabian countries;  Keker  in the Netherlands; 
 Kichererbse  in Germany and Belgium;  Ceseror  and 
 Cicerolle  in France,  Ceci  in Vatican City and 
Switzerland,  Simbra  in Ethiopia;  Lablabi  in Turkey; 
 Garbanzo  or  Garbanzobean  in Spain;  Gravanço     in 
Portugal; and  Ovetichie  in Russia. Similarly, in 
India, chickpea is known by various names like 
 Chana  or  Gram  or  Bengal gram  or  Chani     in 
Haryana, Rajasthan, Uttarakhand, Uttar Pradesh, 
Madhya Pradesh, Chhattisgarh, Bihar, Jharkhand, 
etc.;  Chhole  in Punjab, Jammu and Kashmir and 
Delhi;  Chola  in West Bengal;  Harbara  in 
Maharashtra;  Boot  in Orissa;  Sanagulu  in Andhra 
Pradesh;  Kadale     in Karnataka;  Kadalai  in Tamil 
Nadu; and  Kadala  in Kerala, indicating its wide-
spread cultivation and knowledge of utilization. 

 Chickpea, a member of Fabaceae, is a self- 
pollinated true diploid (2 n  = 2 x  = 16) with genome 
size of 738 Mbp (Varshney et al.  2013a ). It is an 
ancient cool season food legume crop cultivated by 
man and has been found in Middle Eastern archae-
ological sites dated 7500–6800 BC (Zohary and 
Hopf  2000 ). Its cultivation is mainly concentrated 
in semiarid environments (Saxena  1990 ). Chickpea 
is the second most important food legume crop 
after common bean (FAOSTAT  2011 ). It is grown 
in more than 50 countries on an area of 13.2 m ha, 
producing approximately 11.62 m tonnes annually. 
India ranks fi rst in the world’s production and area 
by contributing around 70.7 % to the world’s total 
production (FAOSTAT  2011 ). It is one of the most 
important food legume plants in sustainable 
 agriculture system because of its low production 
cost, wider adaptation, ability to fi x atmospheric 
nitrogen and fi t in various crop rotations (Singh 
 1997 ) and presence of prolifi c tap root system. 
Chickpea can fi x atmospheric nitrogen up to 
140 kg/ha through its symbiotic association with 
 Rhizobium  and meets its 80 % requirement 
(Saraf et al.  1998 ). It also helps in enhancing the 

soil quality for subsequent cereal crop cultivation 
by adding organic matter for the maintenance of 
soil health and ecosystem. Deep and tap root 
 system of chickpea is known to help in opening up 
of the soil to the deeper strata, ensuring better 
 texture and aeration of the soil for next crop. 

 It is a rich source of quality protein (20–22 %) to 
the predominantly vegetarian population in Indian 
subcontinent, other South Asian countries and the 
Middle East. It has the highest nutritional composi-
tions and free from anti-nutritive components com-
pared to any other dry edible grain legumes, and 
thus, it is considered a functional food or nutraceu-
tical. Besides proteins, it is rich in fi bre and miner-
als (phosphorus, calcium, magnesium, iron and 
zinc), and its lipid fraction is high in unsaturated 
fatty acids (Williams and Singh  1987 ). It has no 
anti-nutritional factors (Mallikarjuna et al.  2007 ) 
and contains higher amounts of carotenoids like 
β-carotene than genetically engineered ‘golden 
rice’ (Abbo et al.  2005 ). This plant holds a good 
repute in ‘Ayurvedic’ and ‘Unani’ systems of medi-
cine. In India, acid exudates from the leaves were 
used medicinally for aphrodisiac, bronchitis, chol-
era, constipation, diarrhoea, dysentery, snakebite, 
sunstroke and warts. It also has the property to act 
as hypo-cholesteremic agent; germinating chickpea 
is believed to reduce the blood cholesterol level. 
Sprouted seeds are eaten as a vegetable or salad. 
Young leaves and stems and green pods are eaten 
like vegetables. Leaves yield an indigo-like dye. 
The dried seeds may be used in soups or after grind-
ing as fl our. Grain husks, stems and leaves may be 
used in livestock feed. In the USA and Europe, 
chickpeas are marketed dried, canned or in various 
vegetable mixtures. Mashed chickpea mixed with 
oils and spices (hummus) is a popular hors d’oeuvre 
in the Mediterranean Middle East. Vavilov ( 1926 ) 
supported the idea of Southwest Asia and the 
Mediterranean region being the primary centres of 
origin, with Ethiopia as the secondary centre. van 
der Maesen ( 1987 ) suggested that Anatolia in 
Turkey was the area where chickpea was believed 
to have originated. Two types of chickpea cultivars 
are recognized globally –  kabuli  and  desi . The  kab-
uli  types are generally grown in the Mediterranean 
region including Southern Europe, Western Asia 
and Northern Africa, and the  desi  types are grown 
mainly in Ethiopia and Indian subcontinent.  Desi  

S. Singh et al.



53

chickpeas are characterized by fl owers of varying 
colours, angular to round seeds with dark seed coat, 
anthocyanin pigmentation on stem or other plant 
parts, rough seed surface and with erect, semierect 
or semi-spreading growth habit, whereas  kabuli  
types generally have owl- or ram-shaped beige-
coloured seeds, white fl owers, smooth seed  surface, 
lack of anthocyanin pigmentation and semi- 
spreading to erect growth habit (Pundir et al.  1985 ). 
Of the total production, the  desi  and  kabuli  chick-
peas  contribute around 80 % and 20 %, respec-
tively.  Kabuli  type is mainly grown in temperate 
regions, while the  desi  type chickpea is grown 
mostly in the semiarid tropics (Malhotra et al.  1987 ; 
Muehlbauer and Singh  1987 ).  

3.2     Systematics, Genetic 
Relationships and Crop 
Gene Pool 

3.2.1     Systematics 

 The  Cicer  genus belongs to family Leguminosae, 
subfamily Papilionaceae and tribe Cicereae Alef. 
The  Cicer  genus currently comprises 43 species, 
out of which 9 are annual and 34 are perennial 
species (Muehlbauer et al.  1994 ). Most of these 
species are found in West Asia and North Africa, 
covering Turkey in the north to Ethiopia in the 
south and Pakistan in the east to Morocco in the 
west. Of the 9 annual  Cicer  species,  C. arietinum  
is the only cultivated species. The eight other 
annual  Cicer  species are  C. reticulatum ,  C. 
 echinospermum ,   C. pinnatifi dum ,  C. judaicum , 
 C. bijugum ,  C. cuneatum ,  C. chorassanicum  and 
 C. yamashitae . The wild annual progenitor of 
chickpea has been identifi ed as  C. reticulatum  L. 
(Ladizinsky and Adler  1976 ), and the perennial 
progenitor is proposed as  C. anatolicum  (Tayyar 
and Waines  1996 ). The  Cicer  species, including 
cultivated and wild, have been classifi ed into four 
sections based on their geographical distribution, 
life cycle and morphological characteristics (van 
der Maesen  1987 ). The 8 annual species, namely, 
 C. arietinum, C. reticulatum, C. echinospermum, 
C. pinnatifi dum, C. bijugum, C. judaicum, C. 
yamashitae  and  C. cuneatum , were grouped in 
 Monocicer  section,  C. chorassanicum  and  C. 

incisum  (perennial species) in  Chamaecicer  sec-
tion, 23 perennial species in  Polycicer  section 
and the remaining 7 woody perennial species in 
 Acanthocicer  section .  The distribution of differ-
ent  Cicer  species is given in Table  3.1 .

3.2.2        Genetic Relationships 

 The knowledge of genetic relationships between 
the cultivated and its wild relatives is a prerequisite 
to exploit related species for the introgression of 
useful traits from wild to cultivated background, to 
track the evolution of cultivated species and also to 
establish the relatedness among the species within 
the genus. Before making use of wild forms in a 
better way, there is need to understand crossability 
relationships, chemotaxonomic relationships and 
cytogenetical affi nities among the wild species 
and cultigens (Hawkes  1977 ). Interspecifi c hybrid-
ization, seed storage protein profi les, isozymes, 
karyotype and molecular markers have been used 
as criteria to study species relationships in the 
genus  Cicer  (Kaur et al.  2010a ).  

3.2.3     Crop Gene Pool 

 Harlan and de Wet ( 1971 ) proposed the concept of 
gene pools and their uses in crop improvement. 
The genus  Cicer  is classifi ed into three gene pools 
(primary, secondary and tertiary) based on cross-
ability with cultigens. The experimental evidences 
permitted to defi ne the gene pool of chickpea 
(Ladizinsky and Adler  1976 ; Ahmad et al.  1987 ). 
The accumulated evidence of experimental hybrid-
ization to the gene pool approach would save the 
misdirected efforts in attempting wide crosses. 
Various researchers proposed different pools for 
different species. van der Maesen et al. ( 2007 ) pro-
posed recent classifi cation in which primary gene 
pool consists of cultivated species and landraces. 
The secondary gene pool consists of the progeni-
tor species,  C. reticulatum  and  C. echinospermum , 
the species that are crossable with  C. arietinum  but 
with reduced fertility of the resulting hybrids and 
progenies; nevertheless, both are cross- compatible 
with the cultigen and do not need in vitro interven-
tions to produce hybrids. The tertiary gene pool 
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 Species  Distribution 

  C. nuristanicum   Afghanistan, India, 
Pakistan 

  C. oxyodon   Iran, Afghanistan, N 
Iraq 

  C. pungens   Afghanistan, USSR 
      C. spyroceras, C. stapfi anum, 
C. subaphyllum  

 Iran 

  C. tragacanthoides   Iran, USSR 

   Table 3.1    Distribution of different annual and perennial 
 Cicer  species   

 Species  Distribution 

 Annual species 

  C. arietinum   Mediterranean 
region to Burma, 
Ethiopia, Mexico, 
Chile 

  C. chorassanicum   N and C 
Afghanistan, N and 
NE Iran 

  C. bijugum   SE Turkey, N Syria, 
N Iraq 

  C. cuneatum   Ethiopia, SE Egypt, 
NE Sudan, Saudi 
Arabia 

  C. echinospermum   Turkey, E Anatolia, 
N Iraq 

  C. judaicum   Palestine, Lebanon 

  C. pinnatifi dum   Cyprus, N Iraq, 
Syria, Turkey, USSR 

  C. reticulatum   E Turkey 

  C. yamashitae   Afghanistan 

 Perennial species 
  C. acanthophyllum   Afghanistan, 

Pakistan, USSR 

  C. anatolicum   Turkey, Iran, Iraq, 
Armenia 

  C. atlanticum   Morocco 

  C. balcaricum   Caucasus (USSR) 

      C. baldshuanicum, 
C. fl exuosum, C. grande, 
C. incanum, C. korshinskyi, 
C. laetum, C. mogoltavicum, 
C. paucijugum, C. rassuloviae, 
C. songaricum  

 USSR 

  C. canariense   Canary islands, 
Tenerife, La Palma 

  C. fedtschenkoi   USSR, N and NE 
Afghanistan 

   C. fl oribundum, 
C. heterophyllum, C. isauricum  

 Turkey 

  C. graecum   Greece 

  C. incisum   Greece, Turkey, 
Iran, Lebanon, 
USSR 

  C. kermanense   SE Iran 

  C. macrocanthum   Afghanistan, India, 
Pakistan, USSR 

  C. microphyllum   E Afghanistan, 
Tibet, India, 
Pakistan, USSR 

  C. montbretti   Albania, Bulgaria, 
Turkey 

  C. multijugum, C. rechingeri   Afghanistan 

consists of all the annual and perennial  Cicer  spe-
cies that are not crossable with cultivated species. 

 The  Cicer  species possess wealth of useful genes 
for biotic and abiotic stresses and hold promise for 
enhancing seed yield through introgression of wild 
genes into cultivated species (Singh et al.  1982a ,  b , 
 2005 ,  2014 ; Singh and Ocampo  1993 ). Large inter-
accessions as well as intra-accessions variation has 
been observed in different  Cicer  species for resis-
tance to  Botrytis  grey mould (Kaur et al.  2007 ). 
Verma et al. ( 1990 ) studied the crossability of culti-
vated chickpea, used as female, with  C. echinosper-
mum, C. judaicum  and  C. bijugum,  used as males. 
All the F 1 s were fertile and were successfully 
advanced to later generations. All the crosses were 
developed under fi eld conditions using mixture of 
plant growth hormones at the time of emasculation 
and pollinations. The success was attributed to the 
use of growth hormones and large number of polli-
nations and, thus, indicated that there is a need to 
reclassify  Cicer  species. The recent studies (Sandhu 
et al.  2005 ; Kaur et al.  2013 ) indicated that  C. pin-
natifi dum , a valuable source for several biotic and 
abiotic stresses, can be crossed successfully with 
cultivated chickpea for the transfer of high level of 
resistance to  Botrytis  grey mould and  Ascochyta  
blight (Kaur et al.  2013 ). These studies further con-
fi rm fi ndings of Verma et al. ( 1990 ).   

3.3     Assessment of Gene Flow 
for Crop Improvement 

 Due to long evolutionary process, high-yielding 
genes might have been eroded from populations or 
become silent resulting in average grain yield of 
most of the present-day cultivars. It is also true that 
in most of the cases, high-yielding varieties devel-
oped through hybridization in the last 40–50 years 
have utilized limited variability as the derivatives of 
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already utilized plant genetic resources were consid-
ered in making crosses for the improvement of tar-
geted traits. Therefore, the assessment of gene fl ow 
and constraints in fl ow has been discussed below. 

 Due to domestication bottlenecks, the genetic 
base of various legume crops including chickpea 
became narrow (Spillane and Gepts  2001 ). The 
bottleneck is perpetuated further by various 
 reproductive isolation factors preventing gene fl ow. 
The domesticated plants may be carried by the 
 cultivators to sites far removed from its original 
habitat. During transfer between latitudes, there 
may be further narrowing of the genetic base, 
because the population would not be well adapted 
to the new day-length conditions, and so only a 
small number of the genotypes would survive. 
There may be other chance occurrences that narrow 
the genetic base such as disease epidemics, which 
may decimate populations. Post- domestication, the 
crops evolved under human selection but continued 
to possess a breadth of genetic variation in order to 
overcome challenges from changes in biotic and 
abiotic milieu. The advent of modern plant breed-
ing resulted in the creation of plant varieties that 
optimized adaptation at the cost of adaptability. The 
narrowed genetic base of germplasm is often 
 evident from plateau in yield gains as have been 
observed in several other crop plants. Historically, 
instances of more disastrous consequences have 
also been observed. Often quoted instances include 
the  Ascochyta  blight epidemics caused by 
 Ascochyta rabiei  in North India in 1980 and 1982 
(Singh et al.  1982b ,  1984b ). During    the process of 
evolution, chickpea like other crops are subjected to 
genetic bottlenecks and subsequent founder effect 
that resulted in narrow genetic base. The progenitor 
species  C. reticulatum  (Ladizinsky and Adler  1976 ) 
is narrowly distributed in Southeastern Turkey and 
harbours limited adapted variation compared to 
wheat and barley (Berger et al.  2003 ). During 
domestication, it is likely that only a small  proportion 
of diversity of wild population is sampled. 
Subsequent gene fl ow between new cultivars and its 
wild progenitors might be restricted by breeding 
barriers and nature of domestication event (Cooper 
et al.  2001 ).    Shifting from autumn to spring season 
probably to avoid  Ascochyta  blight has reduced the 
genetic diversity and selection to suit post-rainy sea-
son cropping has further narrowed the genetic base. 

The replacement of landraces by elite cultivars 
developed through hybridization using closely 
related parents caused another  bottleneck. With 
changing climatic conditions and evolution of new 
pathogens, selection will be  rigorous for chickpea 
germplasm to withhold biotic and abiotic stresses, 
which will further narrow down the genetic base. 
The pedigree analysis of 86 chickpea varieties 
released in India through  hybridization and selec-
tion revealed that top ten ancestors contributed 
more than 35 % to their genetic base and about 
41 % varieties have ‘Pb7’ as one of the ancestors in 
their pedigree (Kumar et al.  2004 ,  2008 ,  2009 ). 
Because of the    limited genetic variability within the 
primary gene pool, the genetic improvement of 
chickpea by classical breeding involving inter-
varietal crosses has met with limited success 
(Singh and Ocampo  1993 ). Thus, the  situation 
warrants an urgent need to broaden the genetic base 
of cultivated varieties through genetic enhancement 
by involving unadapted germplasm, exotic germ-
plasm and landraces in hybridization (Duvick  1995 ). 
Since the genetic variability within the primary gene 
pool is limited, there is a need for introgression 
of alien genes through pre-breeding efforts for 
widening the base of cultivated gene pool (Verma 
et al.  1990 ; van Rheenen et al.  1993 ; Nadarajan and 
Chaturvedi  2010 ).  

3.4     Level of Diversity in Crop 
Germplasm 

 The sum total of hereditary materials present in a 
crop species and its wild relatives is referred to 
as germplasm. This is also known as genetic 
resources or gene pool. In other words, germ-
plasm is a collection of genetic resources for an 
organism which include inbred lines, landraces, 
open pollinated varieties, exotic accessions, wild 
species, cultivars and breeding stocks. These 
types of germplasm can carry unidentifi ed varia-
tion that may be a valuable resource for breeders 
and other researchers. Germplasm can be collected 
from centres of diversity, gene banks, gene sanctu-
aries, farmer’s fi eld, markets and seed companies. 
Genetic pool represents the entire genetic variabil-
ity or diversity within a crop species. Agricultural 
practices have gradually dispersed the local tradi-
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tional varieties and crop wild relatives (CWRs) 
leading to a loss of indigenous diversity. However, 
CWR and landraces (LR) are the two major com-
ponents of agro- biodiversity that offer the widest 
range of diversity for breeders in crop improvement 
programmes. The CWRs and locally adapted tradi-
tional crop varieties contain vital sources of useful 
genes. These invaluable resources are threatened 
by the climate change as well as by a range of other 
human-induced pressures and socio-economic 
changes, while the value of CWR and LR for food 
security is widely recognized. A systematic strat-
egy for the conservation of the highest priority 
CWR and LR resources is required at global level. 

3.4.1     Crop Wild Relatives 

 The crop wild relatives (CWRs) provide the 
broadest range of genetic diversity in grain 
legumes, including chickpea, and have the ability 
to provide the wide range of germplasm resources 
for the incorporation of various traits of agro- 
economic importance (Singh et al.  2013 ). Many 
species are being extinct because natural habitats 
are being lost due to increased human pressure 
and ecological threats. There is an urgent need for 
systematic exploration and sample of the genetic 
diversity in wild relatives that was partially cap-
tured during the domestication. The  ex situ  conser-
vation was pioneered by Vavilov ( 1926 ), and 
subsequent explorations resulted in large collec-
tions in gene banks. However, these gene banks 
are dominated by cultivated forms of crops. Crop 
wild relatives are also important from phyloge-
netic perspective, applied in interspecifi c crosses to 
increase the diversity, as the majority of allelic vari-
ation is predicted to occur outside of the crop itself. 
In spite of the existence of vast collections of CWR, 
their use for crop improvement has been limited as 
assessing the genetic diversity was a challenge until 
now in most of the legumes including chickpea. 
Selections for higher yield and quality characteris-
tics during domestication have resulted in narrow-
ing of the genetic variation in cultivated chickpea. 
The wild  Cicer  species do not consist of useful 
variation for morphological characteristics and 
protein content, but they are rich sources of resis-

tance to various biotic and abiotic stresses (Singh 
et al.  1998 ; Croser et al.  2003 ; Sandhu et al.  2006 ; 
Mallikarjuna et al.  2007 ; Kaur et al.  2013 ), yield 
QTLs (Singh and Ocampo  1997 ; Singh et al.  2005 ) 
and biochemical traits (Kaur et al.  2010b ).  

3.4.2     Landraces 

 A variable population, which is identifi able and 
usually has a local name, is designated as land-
race. It lacks ‘formal’ crop improvement and 
characterized by a specifi c adaptation to the envi-
ronmental conditions of the area of cultivation 
and is associated with the traditional uses, knowl-
edge, habits, dialects and celebrations of the peo-
ple who developed and continue to grow it 
(Lorenzetti and Negri  2009 ). The LR belongs to 
the people who developed it and feel to be its 
owner (in a specifi c human context). They are 
maintained because of their better quality than 
commercial varieties and better yield perfor-
mance/persistence under diffi cult pedo-climatic 
conditions. It is estimated that less than one third 
of them is already marketed as niche, typical 
product (Negri  2003 ). However, most of them are 
highly threatened because they are cultivated pri-
marily by ageing farmers (Negri  2003 ; Galluzzi 
et al.  2010 ). The lack of traditional information 
severely hampers the possibility of conserving 
and using these LR effectively. There is an urgent 
need to make an inventory and focus should be 
given to the priority species .  Landraces as an 
agro-biodiversity resource is not only critical for 
future food security but is a vital component of 
our biodiversity and cultural heritage. The extent 
of loss of crop genetic diversity is associated with 
the loss of landraces which is very diffi cult to 
quantify accurately. This erosion of our agro- 
biodiversity resources is likely to be critical for 
future food security. It has been recognized in a 
number of international legal platforms, including 
the Convention on Biological Diversity and the 
International Treaty on Plant Genetic Resources 
for Food and Agriculture. In general, it has been 
noticed that the average landrace maintainer was 
found to be 65 years old and there was little evi-
dence of the next generation being willing or able 
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to continue the family role as maintainers. Hence 
the need for research in this area and the produc-
tion of a corresponding inventory is necessary. 
Any new variation will not replace the old variet-
ies that have been lost. Rich diversity in the form 
of landraces of chickpea has been reported in 
Bundelkhand and part of Chhattisgarh in India.  

3.4.3     Commercial Cultivars 

 In the 1970s, most of the commercial varieties 
were developed through selection from landraces. 
The major emphasis was given on increasing yield 
potential. During the 1980s, the focus was laid on 
breeding for disease resistance. Consequently, sev-
eral varieties (Avarodhi, JG 315, Pusa 209, GNG 
16, Pusa 212, Pusa 240, Pusa 244, Pusa 256, Pusa 
413, ICCV 10, ICCV 37, Phule G 5, Phule G 12, 
etc.) resistant/tolerant to  Fusarium  wilt were 
developed and released for their cultivation in dif-
ferent regions of the country (Chaturvedi et al. 
 2003 ). Similarly, genotypes tolerant to  Ascochyta  
blight, namely, C235, Gaurav, H 75-35, BG 261, 
PBG 1, GNG 146 and PBG 5, were developed for 
North West Plain Zone (Delhi, Punjab, Haryana, 
North Western Rajasthan and Western UP) and G 
543 and PBG 5 for the state of Punjab (Sandhu 
et al.  2004 ). However, during the 1990s, the major 
thrust was given on breeding for multiple disease 
resistance and high-input responsive varieties. 
Sources for drought tolerance (RSG 44, RSG 963, 
RSG 888, ICC 4958, ICCV 10, Vijay, GL 769, 
GPF 2, PDG 3, PDG 4, Phule G 5), cold tolerance 
(ICCV 88506, ICCV 88503, Phule G 96006, ICC 
8923, PDG 84-10, GL 28008, GL 28028) and salt 
tolerance (CSG 88101, CSG8962) were identifi ed 
for their use in breeding programme. As a result, 
multiple disease-resistant varieties, namely, 
Bharati   , Pusa 372, Pusa 362, BG 391, KWR 108 
and GNG 1581 against wilt and root rot and GNG 
469 against  Ascochyta  blight and root rot, and 
high-input responsive variety like DCP 92-3 were 
released for cultivation. Rice fallows (about 
11.0 m ha) in Eastern India (eastern UP, Bihar, 
West Bengal, Orissa, Jharkhand and Assam) and 
Central India (eastern MP and Chhattisgarh) 
 provide opportunities for horizontal expansion of 

area under chickpea. This requires the develop-
ment of varieties amenable for late planting to 
popularize rice-chickpea sequential cropping sys-
tem. As a result of concerted breeding efforts, vari-
eties like KPG 59, Pant G 186, BGM 547, RSG 
963, Rajas and Pusa 372 were developed for late 
sown condition in Eastern India. Similarly, 
recently developed varieties like JG 14, Vaibhav, 
JSC 55 and JSC 56 have great potential for adapta-
tion in late sown condition and rice fallow of 
Central India due to short duration, drought and 
heat tolerance traits. 

 The development of short-duration varieties 
like ICCV 2, JG 74, Vijay, JG 11, JG 16, JAKI 
9218 and KAK 2 was the major catalyst for the 
expansion of chickpea area in Southern and 
Central India. In spite of reduction in duration, 
the yield potential of these early maturing variet-
ies remains almost unaffected, thus improving 
per day the productivity of the crop. Presently 
emphasis has been laid on the development of 
extra-large seeded  kabuli  chickpea varieties 
(>50 g/100 seed weight). Some of the promising 
varieties, viz. Phule G 0517, IPCK 02, MNK 1 
and PKV Kabuli 4-1, have been released for 
Maharashtra, Madhya Pradesh, Andhra Pradesh 
and Karnataka, and a medium bold seeded vari-
ety L 552 has been released for Punjab state. A 
major breakthrough has been witnessed in devel-
oping large seeded  kabuli  varieties with high- 
yield potential such as KAK 2, BG 1003, BG 
1053, JGK 1, Phule G 95311, IPCK 2002-29, 
IPCK 2004-29, L 555 and HK 05-169 (Chaturvedi 
et al.  2010 ). Similarly, prominent large seeded 
 desi  varieties, viz. BG 256, Phule G 5, BGM 391, 
K 850, Radhey, Gujarat Gram 2 and L 556, were 
also developed.   

3.5     Production-Related 
Problems 

3.5.1      Fusarium  Wilt 

 Chickpea wilt occurs in 32 countries across 6 
continents in the world (Nene et al.  1991 ; Singh 
and Sharma  2002 ). It is caused by     Fusarium 
 oxysporum  f. sp.  ciceris.  The yield losses caused 
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by it vary from 10 to 90 % (Jimenez-Diaz et al. 
 1989 ; Singh and Reddy  1991 ). At present there 
are eight distinct physiological races of  Fusarium 
oxysporum , viz. 0, 1A, 1B/C, 2, 3, 4, 5 and 6, out 
of which four races that have been identifi ed as 1, 
2, 3 and 4 are prevalent in India (Haware and 
Nene  1982 ) and races 0, 5 and 6 are reported 
from Spain (Jimenez-Diaz et al.  1989 ). Breeding 
for  Fusarium  wilt is of prime importance because 
of the nature of the pathogen – it can persist in 
soil year after year even in the absence of the host 
(Haware et al.  1996 ). Due to the presence of such 
a number of races, it is very diffi cult to develop a 
cultivar which shows stability to the disease 
across different regions. Most of the resistance 
against  Fusarium  wilt is of vertical type (Sharma 
et al.  2005 ) as is mostly governed by a single 
major gene. Chickpea genotypes differ in the 
development of initial symptoms of wilt, indicat-
ing different degrees of resistance which is con-
trolled by the segregation of a single gene 
(Upadhyaya et al.  1983 ). Such individual genes 
which are part of oligogenic resistance mecha-
nism delay the onset of disease symptoms, and 
such a phenomenon is called as late wilting. The 
yield losses are signifi cantly less in the case of 
genotypes which show the phenomenon of late 
wilting due to the combination of two recessive 
genes for resistance. Resistance to race 0 is due to 
two independent genes (Rubio et al.  2003 ), while 
resistance is digenic or trigenic for race 1A, 2 and 
4. Resistance to race 3 and 5 is controlled by a 
single gene (Sharma et al.  2005 ). Singh    et al. 
( 2012a ) have also reported resistance against 
 Fusarium  wilt in the indigenous chickpea 
germplasm.  

3.5.2      Ascochyta  Blight 

  Ascochyta  blight is the most important foliar dis-
ease of chickpea in many parts of the world 
including India. It is caused by  Ascochyta rabiei  
and has a devastating effect on the chickpea pro-
duction by causing yield losses ranging from 10 
to 100 % (Nene and Reddy  1987 ; Singh  1990 ). It 
is reported in 37 countries all over the world. 
Among the most affected regions are the Indian 

subcontinent and Mediterranean region as their 
prevailing climatic conditions are conducive for 
the pathogens.  Ascochyta  disease epidemics are 
common and had occurred in India, Pakistan, the 
USA, Northwest Pacifi c, Australia and Syria in 
the past (Malhotra et al.  2003 ).  Ascochyta rabiei  
isolates have been classifi ed into either a two- or 
three-pathotype system (I, II and III) according to 
their levels of virulence (Udupa et al.  1998 ; Chen 
et al.  2004 ; Jayakumar et al.  2005 ). The main rea-
son for the epidemics is the nature of pathogen 
which is unstable and continuously evolves new 
races which break down the host resistance and, 
thus, reduces the life of cultivars under produc-
tion systems. The development of more virulent 
pathotypes has been reported in Syria (Reddy 
and Kabbabeh  1985 ), Italy (Stamigna et al.  2000 ) 
and Pakistan (Jamil et al.  2000 ). The genetics of 
resistance to  Ascochyta  blight is mainly digenic 
in nature, and both recessive and dominant 
genes are involved in its control (Bhardwaj et al. 
 2010 ). This has forced the breeders to devise a 
different approach for breeding cultivars with 
durable resistance. Under new breeding strat-
egy, plant breeders have shifted to gene pyra-
miding in elite lines instead of incorporating 
vertical resistance. An alternative strategy    of 
deploying different lines possessing resistance 
against different races of the pathogen prevalent 
in different regions can also be effective for 
minimizing yield losses.  

3.5.3      Botrytis  Grey Mould 

  Botrytis  grey mould (BGM) is a second major 
foliar disease of chickpea and is prevalent in 15 
countries including India, Bangladesh, Nepal, 
Pakistan, Australia, Argentina, Myanmar, Canada, 
Columbia, Hungary, Mexico, Spain, Turkey, the 
USA and Vietnam. Earlier there was no reliable 
source of resistance to BGM in India (Singh and 
Reddy  1991 ), but in recent years, derivative lines 
from the interspecifi c crosses of  C. arietinum  and 
 C. pinnatifi dum  had shown high level of genetic 
resistance to the BGM (Kaur et al.  2013 ). This 
resistance can be incorporated into elite lines to 
develop high-yielding chickpea cultivars with 
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durable resistance. According to Mallikarjuna 
(unpublished results), the resistance introgressed 
from wild  C. echinospermum  to cultivated chick-
pea was found to be monogenic in nature, indi-
cating that resistance to BGM can be easily 
incorporated to elite lines from the interspecifi c 
derivatives.  

3.5.4     Pod Borer 

 Among the various insects that attack chickpea 
crop, pod borer ( Helicoverpa armigera)  is the 
most damaging insect. It is quite prevalent in 
Asia, Africa, Australia and some other chickpea- 
growing regions.    As pod borer is a polyphagous 
insect that attacks on more than 182 plant spe-
cies, the development of cultivars resistant or tol-
erant to  H. armigera  could be integrated in the 
pest management strategy particularly in the 
developing countries (Fitt  1989 ; Sharma and 
Ortiz  2002 ). More than 14,000 chickpea germ-
plasm accessions were screened under fi eld con-
ditions at ICRISAT for resistance towards  H. 
armigera  (Lateef and Sachan  1990 ). This resulted 
in the identifi cation and release of moderately 
resistant/tolerant chickpea cultivars (Gowda et al. 
 1983 ; Lateef  1985 ; Lateef and Pimbert  1990 ). 
Still a complete resistance against pod borer is far 
from reach as different chickpea cultivars show 
differential inhibition activity of gut proteinases 
of  H. armigera , which indicate that  H. armigera  
is adapted to a wide range of host protein inhibi-
tors    (Singh et al.  2008 ).  

3.5.5     Bruchids 

 Apart from fi eld, chickpea is also damaged in 
the storage and one such insect is bruchids 
( Callosobruchus chinensis ). It causes loss of 
grains in the Mediterranean region and in India, 
where infestation levels approach 13 % 
(Mookherjee et al.  1970 ; Dias and Yadav  1988 ) 
to total loss (Weigand and Tahhan  1990 ). Till 
now there is no report of resistance in the culti-
vated chickpea, though wild chickpea acces-
sions have shown some resistance to bruchids 

(Singh et al.  1994 ,  1998 ). Owing to crossing 
barrier, it has not been possible to transfer this 
trait to the cultivated background. Thus, chemi-
cal methods are advised for the control of bru-
chids (Duke  1981 ).  

3.5.6     Cold Tolerance 

 If temperature ranges between 0 and 12 °C, then 
this stress can be defi ned as chilling without snow 
cover (Wery et al.  1993 ). If below 10 °C, the sus-
ceptibility of reproductive phase of chickpea to 
chilling temperatures increases (Sandhu et al. 
 2005 ; Srinivasan et al.  1999 ; Nayyar et al.  2005b ). 
When crop is sown in autumn or in early spring, it 
is exposed to freezing stress during vegetative 
growth in WANA region, Europe and Central Asia 
(Singh et al.  1994 ). Usually chickpea grown in 
winter season is more productive than the tradi-
tionally grown spring season in the Mediterranean 
region (Singh and Hawtin  1979 ). This is due to 
long growing season and better moisture avail-
ability. Problem encountered by winter season 
crop is fl ower drop and pod abortion, which leads 
to major yield loss, when mean temperature of the 
day falls below 15 °C (Savithri et al.  1980 ; 
Srinivasan et al.  1999 ; Clarke and Siddique  2004 ; 
Nayyar et al.  2005a ). Chaturvedi et al. ( 2009 ) 
reviewed the work on cold tolerance in chickpea 
extensively and highlighted the importance of 
cold tolerance at reproductive stage in chickpea. 
The deployment of genes for cold tolerance will 
protect crop from getting damaged and reduce 
yield losses. Cold tolerance was found to be con-
trolled by at least fi ve genes with both additive 
and nonadditive gene effects and was dominant 
over susceptibility (Malhotra and Singh  1990 , 
 1991 ). Selfi ng generations would result in reduced 
dominance and epistatic effects, which would be 
better for the selection of cold tolerance in chick-
pea. However, Bhardwaj and Sandhu ( 2009 ) 
reported that cold tolerance is under the control of 
a single recessive gene. Screening of wild  Cicer  
species showed promising traits for cold tolerance 
(Berger et al.  2012 ), but till now there are no 
reports of introgression of cold tolerance from 
wild to the cultivated chickpea.  
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3.5.7     Drought Tolerance 

 Drought is the second most important abiotic stress 
that contributes immensely to the losses in chick-
pea production globally. Most of the time, it is ter-
minal drought that has an adverse effect on the crop 
productivity (Khanna-Chopra and Sinha  1987 ). In 
order to counter this drought stress, development of 
early maturing cultivars will make judicious use of 
the available soil moisture effi ciently and produce 
relatively higher yields. Critical review made by 
Upadhyaya et al. ( 2012 ) illustrates effi cient meth-
ods for phenotyping with respect to drought in 
chickpea and pigeon pea. Drought tolerance may 
be under polygenic or oligogenic control with addi-
tive and nonadditive gene effects. Root traits have 
been given most importance in recent years because 
lines with longer root systems have shown better 
drought tolerance. As chickpea is grown under 
receding moisture conditions, the long root trait 
plays an important role in countering drought. 
Apart from this, early fl owering is considered to be 
very important for drought escape. There a single 
recessive locus involved in controlling early fl ow-
ering (Kumar and van Rheenen  2000 ). Genotypes 
with recessive allele in homozygous condition 
escape drought and give a good yield, and such 
alleles could be easily transferred to the drought-
susceptible lines using suitable breeding method 
for developing drought-tolerant cultivars. Apart 
from this, wild  Cicer  species have been screened, 
and few accessions of  C. pinnatifi dum  and  C. retic-
ulatum  were found to be resistant against drought 
(Toker et al.  2007 ). In the case of cultivated chick-
pea, the line ICC 4958 is currently considered as 
potential donor for drought tolerance. Some chick-
pea cultivars with improved drought tolerance have 
been released using ICC 4958 as one of the donors 
in South India and Kenya (Gaur et al.  2012a ).  

3.5.8     Heat Tolerance 

 Most of the time, heat stress occurs in combina-
tion with/overlapping with drought stress (Toker 
and Canci  2009 ). It is very diffi cult to make dis-
tinction between whether the crop is under heat 
or drought stress; thus, less progress has been 
made on heat tolerance (Malhotra and Saxena 

 1993 ). Chickpea is grown in post-rainy period in 
South Asia, which results in the exposure of crop 
to drought along with high temperature. It is pre-
dicted that climate change would result in tem-
perature rise by 3–4 °C over current levels by 
2050 (Basu et al.  2009 ). Chickpea is usually 
grown in winter season in Northern India. But it 
experiences a high temperature (>35 °C) during 
the reproductive phase. Most sensitive organs of 
plant to heat are fl owers (Wery et al.  1993 ; Toker 
and Canci  2006 ). During the fl owering or repro-
ductive period, if temperature rises above the 
threshold level, it would adversely affect the pod 
formation and seed set and, thus, results in 
reduced grain yield (Summerfi eld et al.  1984 ; 
Wang et al.  2006 ; Basu et al.  2009 ; Kumar et al. 
 2013 ). Adverse effects of high temperature occur 
in seed germination, respiration, membrane sta-
bility, photosynthesis, hormone level, nutrient 
absorption, protoplasmic movement, quality of 
seeds, fruit maturation, fertilization, materials 
transport, withering, burning of lower leaves, 
desiccation of poorly developed plants, stunting 
fl ower and pod abortion, reduced root nodula-
tion, nitrogen fi xation and seed yield (Saxena 
et al.  1988 ; Kurdali  1996 ; Chen et al.  1982 ; 
Wahid and Close  2007 ). In comparison to other 
cool season legume crops, chickpea is more tol-
erant to heat stress (Summerfi eld et al.  1984 ; 
Erskine et al.  1994 ; McDonald and Paulsen  1997 ; 
Patrick and Stoddard  2010 ). However, acute heat 
stress in chickpea could lead to high-yield losses 
and crop failure (Devasirvatham et al.  2012 ). 
Large genetic variations have been observed for 
heat tolerance in chickpea when reference set 
was screened against heat stress at several loca-
tions in India (Krishnamurthy et al.  2010 ). A fi eld 
screening technique for heat tolerance has been 
developed and several sources of heat tolerance 
were identifi ed (Gaur et al.  2014a ).   

3.6     Traits of Importance for Base 
Broadening 

 All studies on assessing genetic diversity in 
chickpea using molecular markers indicate that 
chickpea has a narrow genetic base. A large 
variability is seen in chickpea germplasm for 
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 morphological traits, but it could be a refl ection 
in expression of a limited number of mutant 
genes, as a single mutant gene may cause marked 
changes in the appearance of the plant (Gaur and 
Gour  2003 ). The narrow genetic base of chickpea 
is a major concern for plant breeding programmes 
as the genetic variability is a key factor that con-
tributes to genetic gain from selections. Thus, 
broadening the genetic base of chickpea is very 
much needed for improving effectiveness of 
breeding efforts. The genetic variability in the 
cultivated chickpea can be enhanced by gene 
introgression from the wild species and by induc-
ing genetic changes through induced mutagene-
sis. The wild species of chickpea constitutes a 
valuable genetic resource, particularly for resis-
tance to biotic and abiotic stresses and the nutri-
tional quality traits. Sources of resistance are 
available in the cultivated species for several 
biotic ( Fusarium  wilt,  Ascochyta  blight) and abi-
otic (drought, heat) stresses (reviewed by Gaur 
et al.  2010 ). There is a need to diversify sources 
of resistance being used in the breeding pro-
grammes by bringing new sources of resistance 
from the wild species. There are several biotic 
stresses, such as dry root rot,  Botrytis  grey mould, 
phytophthora blight and pod borer, for which 
high levels of resistance are not available in the 
germplasm of cultivated species and can be intro-
gressed from the wild species or induced through 
mutagenesis. Over a dozen mutants have been 
directly released as varieties (Gaur et al.  2007 ), 
while many others have been used as parents in 
crossing programmes. Mutants with novel traits, 
such as cymose infl orescence with more than 
three fl owers per node (Gaur and Gour  2002 ), 
brachytic growth habit (Gaur et al.  2008 ) and 
determinate growth habit (Hegde  2011 ), have 
been identifi ed in chickpea and have potential for 
developing new plant types in chickpea. Singh 
et al. ( 2014 ) have also identifi ed several useful 
agro-morphological traits and important biotic 
parameters in various wild annual  Cicer  species 
and suggested their introgressions for widening 
the genetic base of cultivated gene pool. 

 In present day, when farm labourers are 
becoming expansive day by day, the farmers are 
demanding chickpea varieties with traits such as 
suitability to mechanical harvesting and toler-

ance to herbicides to enhance mechanization of 
chickpea cultivation (Sandhu et al.  2010 ; Gaur 
et al.  2012a ). Large genetic variations have been 
observed for postemergence herbicide tolerance 
in chickpea (Gaur et al.  2013a ) which can be uti-
lized for the development of herbicide-tolerant 
cultivars. Several diseases, such as dry root rot, 
collar rot, wet root rot and stem rot, were minor 
hitherto and are becoming potential threat to 
chickpea cultivation in many parts of the world 
including India. There is a need to strengthen 
research efforts on identifying useful sources of 
resistance and breeding for enhancing resistance 
to these diseases. The other traits which have not 
received much attention in the past, but are impor-
tant under current scenario of growing environ-
ments and consumer requirements, include 
nutrient use effi ciency, especially phosphorus, 
and nutritional quality traits (protein, iron, zinc, 
β-carotene, oligosaccharides, etc.).  

3.7     Interspecifi c Hybridization 
in Crop Species 

 The crop wild relatives are species closely related 
to crops, including crop progenitors, identifi ed as 
critical resources that are vital for wealth cre-
ation, food security and environmental stability 
(Meilleur and Hodgkin  2004 ; Stolton et al.  2006 ; 
Maxted et al.  2008 ).    Historically, the commercial 
use of wild relatives started in the late nineteenth 
century (Prescott-Allen and Prescott-Allen 
 1988 ), and in the middle of twentieth century, the 
value of CWR was widely recognized and breed-
ing efforts to explore the potential of wild rela-
tives were initiated in many crop species. The use 
of wild relatives increased in the 1970s and 1980s 
(Hodgkin and Hajjar  2008 ) and in the mid-1980s. 
Prescott-Allen and Prescott-Allen ( 1988 ) asserted 
that the achievements were substantial enough to 
recognize the potential of wild relatives. 

 The proportion of wild or weedy relatives in 
gene bank holdings has signifi cantly increased in 
a span of 21    years starting from 1983 (Plucknett 
et al.  1987 ) to 2004 (  http://singer.grinfo.net/    ). 
Summarizing the use of wild relatives for the 
improvement of major crop species in the last 20 
years, Hajjar and Hodgkin ( 2007 ) have listed the 
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number of traits. They showed that the extent of 
utilization varies from crop to crop. Tomato takes 
lead with 55 traits followed by rice and potato 
with 12 traits each. Using CWR, wheat was 
improved for nine traits and sunfl ower for seven 
traits. Millet was featured on the list with three 
traits and maize and chickpea with two traits each. 

 Wild species have contributed substantially to 
crop improvement for many characters including 
seed yield in different crop plants (Stalker  1980 ). 
Similarly in chickpea, the productivity genes/
alleles have been introgressed from  C. echino-
spermum ,  C. reticulatum  (Singh and Ocampo 
 1997 ; Singh et al.  2005 ) and  C. pinnatifi dum  
(Sandhu et al.  2006 ; Singh et al.  2012a ,  b ,  c ). 
However, the transfer of specifi c genes is fre-
quently associated with the transfer of large alien 
chromosome segments having undesirable traits 
(Tanksley and Nelson  1996 ). Owing to linkage 
drag, the genes for primitive or wild traits are 
often introduced along with desirable traits. 
Breaking linkages with unwanted type and restor-
ing the genotype associated with accepted agro-
nomic background may take a long time. The 
fi rst report on interspecifi c crosses involving  C. 
arietinum  on one hand and  C. reticulatum  and  C. 
cuneatum  on the other hand was published by 
Ladizinsky and Adler ( 1976 ). The cross between 
 C. arietinum  and  C. reticulatum  was achieved 
successfully. Subsequently, wide hybridization 
was attempted between  C. arietinum  and  C. echi-
nospermum  by various workers (Pundir and 
Mengesha  1995 ; Singh and Ocampo  1993 ). van 
Dorrestein et al. ( 1998 ) attempted crosses involv-
ing  C. arietinum, C. bijugum  and  C. judaicum . 
Due to the use of in vitro technique, success has 
been made in achieving hybrids between  C. ari-
etinum  and  C. bijugum  and  C. arietinum  and  C. 
judaicum . Badami et al. ( 1997 ) also reported suc-
cessful hybridization between  C. arietinum  and 
 C. pinnatifi dum  using embryo rescue technique. 
No success has been reported in hybridization 
between  C. arietinum  and  C. microphyllum . The 
crossability and further generation advance stud-
ies showed that the species like  C. pinnatifi dum 
and C. judaicum  can be crossed with cultivated 
chickpea (Verma et al.  1990 ,  1995 ; Sandhu et al. 
 2006 ,  2007 ). The derived populations showed 

wide variation for different agro-morphological 
traits. Further, F 5  population of an interspecifi c 
cross with  C. pinnatifi dum  showed that some of 
the derived lines were superior in yield perfor-
mance than the recommended check variety and 
some of the lines also showed resistance against 
 Botrytis  grey mould.  

3.8     Barriers to Interspecifi c 
Hybridization 

 Cross-incompatibility, inviability of F1 hybrid 
and its progenies are the most common barriers 
to wide hybridization. Cross-incompatibility 
between parent species arises when pollen grain 
does not germinate or pollen tube does not reach 
to the ovary or male gamete does not fuse with 
female gamete (Chowdhury and Chowdhury 
 1978 ). Post-fertilization barriers in legumes such 
as production of shrivelled hybrid seed with 
reduced germination (hybrid inviability), produc-
tion of dwarf and weak F 1  plants (hybrid weak-
ness) and death of F 1  plants at critical stage of 
development (hybrid lethality) have been observed 
by various workers in  Cicer  (Ahmad et al.  1988 ). 
This may be attributed to disharmonies between 
genomes of parental species between genome(s) 
of one species and cytoplasm of other, or between 
genotype of F 1  zygote and the genotype of mater-
nal tissues. These barriers were found in varying 
degrees in most of the interspecifi c crosses 
(Al-Yasiri and Coyne  1966 ; Biswas and Dana 
 1976 ; Chowdhury and Chowdhury  1977 ; Machado 
et al.  1982 ; Chen et al.  1983 ; Gopinathan et al. 
 1986 ). Reciprocal crosses should be attempted, if 
there is disharmony between genome of one spe-
cies and cytoplasm of the other. The application of 
fl ower and fruit setting hormones to pollinated 
buds (GA 3 , indole-3-acetic acid, 6-benzyl amino 
purine, etc.) and pre-pollination foliar spray of 
x- aminocaproic acid (immunosuppressant) were 
also found useful in overcoming inviability of 
wide crosses. With the advent of in vitro tech-
niques, viz. embryo rescue and ovule culture, 
ambit of crossable species is greatly enhanced 
(van Rheenen  1992 ). In many instances, the 
hybrid zygote from wide cross died after few 
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days. Growth regulators in such cases increase 
the embryo survival. These embryos further res-
cued by culturing them on artifi cial medium. 
Murashige ( 1977 ) and Raghvan ( 1980 ) have pre-
sented a good discussion on embryo culture for 
crop breeding. The procedure of embryo culture 
has been detailed by Hadley and Opeshaw ( 1980 ). 
This technique has facilitated the production of 
many viable hybrids in different legume crops 
(Ahn and Hartmann  1978 ; Cohen et al.  1984 ; 
Chen et al.  1990 ; Sharma and Satija  1996 ; 
Gomathinayagam et al.  1998 ). 

 Hybrid sterility generally arises when chro-
mosomes do not pair in F 1 , and therefore, gam-
etes receive different number of chromosomes 
leading to sterility. Studies have shown that in 
some of the interspecifi c hybrids, sterility was of 
segregational type (as per Stebbins  1966  classifi -
cation) and was mainly due to interchange, inver-
sion and possible duplication and defi ciency type 
of structural heterozygosities in the F 1  individu-
als (Biswas and Dana  1976 ; Karmarkar and Dana 
 1987 ). Chromosome doubling of the parental 
species before crossing sometimes increases the 
chances of obtaining a viable hybrid. Colchicine- 
induced allopolyploids were raised from most of 
the semi-fertile and completely seed sterile F 1  
hybrids that had high pollen fertility and seed set 
(Pande et al.  1990 ). Some of the allopolyploids 
have been used as bridge species in wide crosses.  

3.9     Molecular Markers, Genome 
Mapping and Genomics 
as an Adjunct to Breeding 

3.9.1     Molecular Markers 

 Molecular markers which are abundant and have 
high level of polymorphism and can be subjected 
to high-throughput analysis are desired for appli-
cations in genomic studies and crop improvement 
(Sharma et al.  1995 ). Isozymes were the fi rst 
molecular markers used in chickpea genetic stud-
ies, but these markers were small in numbers and 
showed very low level of polymorphism in the 
cultivated species. Nevertheless, these markers 
were used in developing the fi rst linkage map of 

chickpea (Gaur and Slinkard  1990a ,  b ) and estab-
lishing phylogenetic relationships among annual 
 Cicer  species (Kazan and Muehlbauer  1991 ; 
Ahmad et al.  1992 ). The genetic maps developed 
from isozyme markers were further expanded 
using restriction fragment length polymorphisms 
(RFLP) and randomly amplifi ed polymorphic 
DNA (RAPD) markers (Simon and Muehlbauer 
 1997 ). The use of these markers was restricted, 
because of some limitations associated with 
them. The extensive use of molecular markers in 
chickpea genetics and breeding started only after 
the development of simple sequence repeat (SSR) 
markers. The multi-allelic and codominant nature 
of these markers made them ideal for genomic 
studies and for use in plant breeding. The SSR 
markers have been developed from sequence 
information obtained from various sources, 
including genomic libraries (Hüttel et al.  1999 ; 
Winter et al.  1999 ; Sethy et al.  2006a ,  b ; Nayak 
et al.  2010 ), bacterial artifi cial chromosome 
(BAC) libraries and BAC-end sequences 
(Lichtenzveig et al.  2005 ; Choudhary et al.  2006 ; 
Thudi et al.  2011 ), tentative unique sequences 
(TUS) (Hiremath et al.  2011 ) and expressed 
sequence tags (ESTs) (Coram and Pang  2005 ; 
Varshney et al.  2005 ,  2009a ; Gujaria et al.  2011 ; 
Hiremath et al.  2011 ). Over 2,000 SSR markers 
are now available for chickpea molecular analy-
sis. The recently published draft genome sequence 
of chickpea identifi ed over 48,000 SSRs suitable 
for PCR primer design for use as genetic markers 
(Varshney et al.  2013a ). 

 Diversity arrays technology (DArT), which 
utilizes the microarray platform to analyse DNA 
polymorphisms, is a high-throughput genome 
analysis method enabling a rapid and economical 
approach for screening a large number of marker 
loci (Jaccoud et al.  2001 ). In chickpea, 15,360 
DArT markers were generated from 94 diverse 
genotypes and 5,397 of these were found poly-
morphic (Thudi et al.  2011 ). The level of polymor-
phism observed for DArT markers was comparable 
to other crops like sorghum and cassava. Single 
nucleotide polymorphism (SNP) markers are the 
new class of markers and have become the pre-
ferred choice of markers because of their abun-
dance, codominant nature and amenability to 
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high-throughput analysis. Several thousand SNPs 
have been identifi ed from transcriptomic analysis 
in chickpea (Coram and Pang  2005 ; Varshney 
et al.  2009b ; Gujaria et al.  2011 ; Hiremath et al. 
 2011 ). The draft genome sequence of chickpea is 
now available (Varshney et al.  2013b ) and identi-
fi ed 76,084 SNPs in 15,526 genes. Of these, 
27,117 SNPs were identifi ed within the cultivated 
species and 54,178 SNPs between the cultivated 
species and its progenitor  C. reticulatum .  

3.9.2     Genome Mapping 

 All the markers developed in chickpea showed 
low level of polymorphism within the cultivated 
species as compared to between the cultivated 
and wild species. For this reason, the initial stud-
ies on genome mapping in chickpea used inter-
specifi c mapping populations. The fi rst linkage 
map of chickpea was developed by Gaur and 
Slinkard ( 1990a ,  b ) using isozyme markers and 
interspecifi c crosses of  C. arietinum  with  C. 
reticulatum  and  C. echinospermum . The DNA- 
based molecular markers, such as RAPDs and 
RFLPs, were later integrated to this map by 
Simon and Muehlbauer ( 1997 ). These initial 
studies used F 2  populations for the development 
of linkage maps. The fi rst mapping population of 
recombinant inbred lines (RILs) was developed 
from the interspecifi c cross  C. arietinum  (ICC 
4958) ×  C. reticulatum  (PI 489777) and has been 
considered as the reference mapping population 
for genome mapping in chickpea. The genotyp-
ing of this mapping population gave the fi rst large 
genetic map of chickpea consisting of 351 mark-
ers and covering a total distance of 2,077.9 cM 
(Winter et al.  2000 ). This map was further 
expanded by later studies using this reference 
mapping population. Nayak et al. ( 2010 ) devel-
oped a map with 521 markers and spanning 
2602.1 cM. Thudi et al. ( 2011 ) developed a com-
prehensive genetic map including 1,291 markers 
and spanning 845.56 cM. Recently, Hiremath 
et al. ( 2011 ) developed a genetic map comprising 
1,328 marker loci for this reference population. 
Several studies have been conducted on the 
development of genetic maps of chickpea based 

on intraspecifi c mapping populations (Cho et al. 
 2002 ; Flandez-Galvez et al.  2003a ,  b ; Cobos 
et al.  2005 ; Radhika et al.  2007 ; Anuradha et al. 
 2011 ; Garg Tosh  2012 ). Because of limited poly-
morphism in the cultivated chickpea, maps devel-
oped from intraspecifi c mapping populations had 
fewer markers (<250 markers) and less genome 
coverage (<800 cM). Consensus genetic maps 
using both interspecifi c and intraspecifi c popula-
tions were also developed. A consensus map 
based on fi ve interspecifi c ( C. arietinum  ×  C. 
reticulatum ) and fi ve intraspecifi c populations 
was developed by Millán et al. ( 2010 ). This map 
had integrated 555 marker loci. BAC and binary 
bacterial artifi cial chromosome (BIBAC) librar-
ies have been developed (Rajesh et al.  2004 ; 
Lichtenzveig et al.  2005 ; Zhang et al.  2010 ) and 
used in the development of a physical map of 
chickpea (Zhang et al.  2010 ). This physical map 
comprised 1,945 contigs, spanning about 1,088 Mb. 
Efforts have also been made to assign linkage 
groups to specifi c chromosomes using fl ow cytom-
etry and PCR-based primers that amplify sequence-
tagged microsatellite site markers (Tekeoglu et al. 
 2002 ; Zatloukalová et al.  2011 ). The linkage group 
8 (LG8) was assigned to chromosome H, LG5 to 
chromosome A, LG4 to chromosome E and LG3 to 
chromosome B. In other cases the chromosomes 
could not be sorted out separately, so LG1 and LG2 
were jointly assigned to chromosomes F and G, 
and LG6 and LG7 were jointly assigned to chro-
mosomes C and D.  

3.9.3     Molecular Mapping of Genes/
Quantitative Trait Loci 
Controlling Agronomically 
Important Traits 

 Several RIL mapping populations have been 
developed in chickpea at ICRISAT (Gaur et al. 
 2014b ) and several other institutes. Molecular 
markers have been identifi ed for the genes/QTLs 
linked to resistance to several diseases, including 
 Fusarium  wilt (Sharma et al.  2004 ,  2005 ; Cobos 
et al.  2005 ; Gowda et al.  2009 ; Garg Tosh  2012 ; 
Sabbavarapu et al.  2013 ),  Ascochyta  blight 
(Millán et al.  2003 ; Rakshit et al.  2003 ; Collard 
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et al.  2003 ; Udupa and Baum  2003 ; Cho et al. 
 2004 ; Iruela et al.  2006 ; Lichitenzveiz et al.  2006 ; 
Anbessa et al.  2009 ; Kottapalli et al.  2009 ; 
Aryamanesh et al.  2010 ; Garg Tosh  2012 ; 
Sabbavarapu et al.  2013 ),  Botrytis  grey mould 
(Anuradha et al.  2011 ) and rust (Madrid et al. 
 2008 ); salinity tolerance (Vadez et al.  2012 ); 
traits related to drought tolerance (Chandra et al. 
 2004 ; Molina et al.  2008 ; Rehman  2009 ; Rehman 
et al.  2012 ; ICRISAT unpublished results), 
growth habit and podding (Rajesh et al.  2002 ; 
Radhika et al.  2007 ; Gowda et al.  2009 ; 
Aryamanesh et al.  2010 ; Garg Tosh et al.  2012 ); 
phenology (Aryamanesh et al.  2010 ; Rehman 
 2009 ; Rehman et al.  2012 ); and seed characteris-
tics (Gowda et al.  2009 ). Several of these studies 
have been summarized in earlier reviews 
(Varshney et al.  2007 ; Upadhyaya et al.  2011 ; 
Gaur et al.  2012b ,  2014b ).  

3.9.4     Marker-Assisted Breeding 

 Marker-assisted breeding can greatly improve the 
precision and effi ciency of breeding programmes. 
Recent advances in the development of molecu-
lar markers and identifi cation of molecular mark-
ers linked to genes/QTLs controlling traits of 
breeders’ interest have encouraged applications 
of marker-assisted backcrossing (MABC) in 
chickpea improvement. A ‘QTL-hotspot’ contain-
ing QTLs for several root and drought tolerance 
traits was transferred from the drought-tolerant line 
ICC4958 to a leading  desi  chickpea cultivar JG 11 
through MABC (Varshney et al.  2013b ). Varshney 
et al. ( 2013b ) reviewed the status of genomic 
resources available for chickpea improvement and 
suggested ways to go for genomic-assisted breed-
ing in chickpea. Multilocation evaluations of intro-
gression lines (ILs) in India, Ethiopia and Kenya 
led to the identifi cation of lines with signifi cantly 
higher yield than JG11 at each location and in each 
growing condition (rainfed/irrigated) (Gaur et al. 
 2013b ). MABC is also being used for introgress-
ing resistance to various diseases in chickpea. 
ICRISAT is pyramiding resistances to two races 
of  Fusarium  wilt ( foc1  and  foc3 ) from WR315 
and 2 QTLs for  Ascochyta  blight resistance from 

ILC3279 line into C214. Marker- assisted recur-
rent selection (MARS) has also been initiated in 
chickpea for the improvement of yield, particu-
larly under moisture stress conditions. Two good-
by-good crosses (JG 11 × ICCV 04112 and JG 
130 × ICCV 05107) are being used at ICRISAT to 
implement MARS (Gaur et al.  2014b ). QTLs 
were identifi ed specifi c to these crosses by geno-
typing in F 3  and phenotyping of F 3:5  progenies. A 
set of eight lines were selected for each cross 
using OptiMAS 1.0 to pyramid superior alleles of 
the favourable QTLs identifi ed. Superior lines will 
be developed by accumulating favourable alleles 
through successive intercrossing using genotypic 
selection. In addition to MARS, genome-wide 
selection (GWS) or genomic selection (GS) has 
been proposed as a potential approach for improv-
ing complex traits governed by many genes/QTLs. 
In this approach, both phenotyping and genotyp-
ing data are used to predict genomic estimated 
breeding values (GEBVs) of progenies and supe-
rior progenies are selected based on GEBVs.   

3.10     Conclusions 

 The narrow genetic base of cultivated chickpea 
warrants systematic collection, documentation 
and evaluation of chickpea germplasm, particu-
larly wild annual  Cicer  species for effective and 
effi cient use in chickpea breeding programmes. 
Researchers have clearly demonstrated that desir-
able alien genes conferring resistance against 
biotic and abiotic stresses can be successfully 
introgressed from unexploited wild annual  Cicer  
species to the cultivated chickpea. The valuable 
genetic resources present in the primary gene pool 
comprising progenitor species can be successfully 
utilized for genetic enhancement. However, most 
of the wild species possessing high degree of 
resistance to multiple stresses are present in the 
secondary and tertiary gene pools, where hybrid-
ization with cultivated species is often limited due 
to reproductive barriers. There are indications that 
useful traits which are not available in cultigens 
may be recovered in the segregating generation of 
crosses involving wild  Cicer  species. Further the 
molecular markers can be effectively used to 
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monitor alien gene introgression into the elite 
cultivars. Besides major genes, the transfer of 
agronomically important traits into elite cultivars 
has been made easy and practical through marker-
assisted selection. Molecular markers such as 
SSR and SNP are useful for the construction of 
high-density genetic maps of chickpea which will 
be very useful to identify genes/QTLs for stress 
resistance, quality traits and other yield contribut-
ing characters.     
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    Abstract  

  Faba beans are partially allogamous with both self- and cross-fertilisation 
enhanced by various bee species. For breeding, this population structure 
enables population breeding methods or alternatively the development of 
inbred ‘pure’ lines in bee-proof enclosures and selection among lines. 
Heterosis occurs, notably in crosses between seed-type groups. Important dis-
eases are Aschochyta blight, chocolate spot, rust, Cercospora leaf spot, downey 
mildew, and a range of root rot and viral diseases. Forms of host plant resis-
tance include both major and quantitative gene resistances for Aschochyta and 
for chocolate spot, race- specifi c major genes for rust and a range of resistance 
expressions to various viruses. Resistance to broomrape is rare, incomplete, 
quantitative and of low heritability. Faba bean is very sensitive to abiotic 
stresses in the reproductive phase. Genetic variation in stomatal conductance 
and other component traits may provide drought tolerance, heat tolerance is 
being investigated, and there is a genetic variation for winter hardiness and for 
waterlogging tolerance. Genetic control of abiotic stress responses is being 
investigated with biotechnology tools, though previously few SSR markers 
were available. The application of next-generation sequencing has identifi ed 
many high-quality novel SSR markers which will improve the development of 
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4.1         Introduction 

 Faba bean ( Vicia faba  L.) is grown over a wide 
geographic range, with signifi cant production 
zones from 50°N to 40°S and up to an altitude of 
3,000 m above sea level. It is grown as an autumn/
winter crop in regions with mild winter such as in 
the Middle East, North Africa, the Mediterranean 
region, maritime Europe, Southern China and 
Australia or a spring-sown crop where winters 
are severe such as in continental Europe, Northern 
China and Canada. It is grown under both rainfed 
and irrigated conditions. The crop is harvested as 
dry seed which is used for food, particularly in 
the Middle East and North Africa where it is a 
staple component of the human diet or used as a 
protein component in animal feed. The average 
world production of faba bean for 2009–2011 
was 4.1 million metric tonnes (mmt), and the 
major producing countries were China 
(1.53 mmt), Ethiopia (0.67 mmt), France 
(0.42 mmt), Australia (0.26 mmt), Egypt 
(0.24 mmt), the UK (0.16 mmt), Morocco 
(0.15 mmt) and Sudan (0.13 mmt) (FAOSTAT 
 2013 ). Correspondingly, the mean percentages of 
the crop area were 36 % for China, 20 % for 
Ethiopia, 7 % for Morocco, 6 % for Australia and 
below 5 % for the other major producers. About 
25 % of world faba bean production is 
 internationally traded, with Egypt being the 
major importer and France, the UK and Australia 
the major exporters. 

 The range in production environments and 
cultural conditions results in many factors, such 
as diseases, soil constraints, temperature extremes 
and moisture defi cit,  limiting crop production. 
Some limiting factors are widespread and form 
the topics of signifi cant international research 
while others are restricted to specifi c regions. 
Understanding the regional signifi cance, genetic 
control and sources of  resistance/tolerance to 
potential limiting factors will assist in determin-
ing the priorities for crop improvement pro-

grammes. China is the world’s dominant producer 
of faba beans, and it is useful to understand its 
production environments. Faba bean production 
in China is mainly done in the paddy fi elds of 
Southern China after harvest of rice, as an 
 irrigated winter legume crop for fresh green 
seeds and for dry grain. The major biotic limiting 
factors are chocolate spot, rust, aphids and leaf 
minors. The major abiotic limiting  factors for 
winter faba bean are frost damage, during both 
fl owering and podding stages, and terminal 
drought or waterlogging at maturity. Although 
spring-sown faba bean in Northern China shared 
only 17 % of the total faba bean production area 
in China, half of the spring faba bean sowing 
areas are irrigated and produce high-yielding 
large-seeded faba beans. The major biotic factors 
limiting spring sowing areas are aphids,  Epicauta 
gorhami  (Marseul) and leaf minors. The major 
abiotic factors limiting spring faba bean are salin-
ity, drought at seedling stage and waterlogging at 
maturity stage. A shortage of suitable machinery 
for sowing and harvesting coupled with an 
increasing shortage of rural labour, both for fresh 
green seeds and for dry grain, are the major 
 factors that discourage faba bean growers.  

4.2     Evolution and Taxonomy 

 Faba bean has a very wide range in seed size, 
which is usually regarded as seed-type groups, 
viz. major (large fl attened or broad bean, 100–
200 g/100 seed), equina (horse bean, 60–100 g/100 
seed), minor (tic bean with ellipsoidal seed, 
40–60 g/100 seed) and  paucijuga  (regarded as 
primitive, 31–40 g/100 seed) (Cubero  1973 ; 
Serradilla et al.  1993 ). Both Muratova ( 1931 ) and 
Hanelt et al. ( 1972 ) recognised these four seed 
types but classifi ed  paucijuga  as a subspecies.  V. 
faba  var.  paucijuga  has a higher level of dehiscent 
pods than the other groups; it is self-fertile with 
short stature and strong tillering and closest to the 

linkage maps, but at present linkage maps have not been resolved to six  linkage 
groups that represent each chromosome. Markers will be useful for 
 identifi cation of marker-locus-trait associations.  

R. Redden et al.



77

wild type in traits (Ladizinsky  1998 ), occurring in 
the Afghan-north Indian subcontinent region. The 
small-seeded features are dominant over that of 
the larger more recent seed types (Cubero and 
Nadal  2005 ). Fossil remains of faba bean date 
back to 8,500 BP in Israel and 9,300 BP in Syria 
and even 11,200 BP in Iraq (Ladizinsky  1998 ; 
Tanno and Willcox  2006 ), with seed from small, 
fl at to wedge-shaped at the hilum end, distinct 
from the more globular seed of wild  V. narbonen-
sis  and  V. johannis  which still occur in the vicinity 
of the Israeli site (Ladizinsky  1998 ). Medium-
sized seed were found in Iberia and central Europe 
in 5,000 BP, and larger more fl attened seed were 
not known before 1,500 BP (Ladizinsky  1998 ). 
There is archaeological evidence that indicates 
faba bean arrived in China/Japan around 4,000–
5,000 BP (Ye et al.  2003 ), and it has developed 
into a very distinct gene pool, as discussed below.  

4.3     Absence of Primary 
and Secondary Gene Pools 

 Faba bean has a basic chromosome number,  n  = 6, 
with twice the DNA content of the nearest wild 
relatives ( Vicia  species:  narbonensis ,  johannis  
and   galilea ) in the subgenus  Vicia  of the family 
 Viceae , which have  n  = 7 and appear to be only 
distantly related although morphologically simi-
lar (von Hanelt et al.  1972 ; Ladizinsky  1998 ).  V. 
faba  is cross incompatible with these and other 
 Vicia   relatives and also differs from them in mito-
chondrial and nuclear DNA (Ven et al.  1993 ). 
Thus, no wild relative is known for  V. faba , and 
no genetic divergence accompanied its geo-
graphic dispersal (Serradilla et al.  1993 ). Possibly, 
 V. faba  had  multiplicity in the number of lateral 
chromosome strands which results in disjunct 
karyotype groups with DNA content per chromo-
some in 1:2:4 ratios with one chromosome being 
very large, possibly with segmental duplications 
(Chooi  1971 ). There is a high cross compatibility 
between the different seed groups of  V. faba , indi-
cating that they belong to one species (Cubero 
 1973 ). The greatest morphological diversity in  V. 
faba  is found in the Fertile Crescent region of SW 
Asia (Muratova  1931 ), which may have been the 
centre of origin for this species. It is not clear 

whether the  paucijuga  group located in the region 
from Afghanistan to north India is derived from 
the main  V. faba  diversity in SW Asia or could 
have been independently  domesticated. Wild  V. 
faba  was reported in Algeria and Morocco as  V. 
pliniana  in the nineteenth century, but is appar-
ently extinct today (Muratova  1931 ).  

4.4     Morphological Diversity 
and Conservation 
of Germplasm 

 Faba beans require long days to fl ower and mature, 
with temperatures below 20 °C for germination 
and below 30 °C for optimal growth (Duc  1997 ; 
Cubero and Nadal  2005 ). Although indeterminate 
in habit, a radiation-induced mutation has provided 
a gene for a determinate growth habit used in the 
International Center for Agricultural Research in 
the Dry Areas (ICARDA) and other breeding pro-
grammes for the ‘major’ seed types (Cubero and 
Nadal  2005 ). The seed-type classifi cation as 
described in the chapter ‘History’ is widely 
accepted as a description of the range in seed size 
and associated end use as food or feed. 

 At ICARDA one representative plant per land-
race was inbred for at least fi ve generations as a 
bean pure line (BPL) for much of the faba bean 
collection. Compared to the initial landrace acces-
sions, the pure lines provided the advantages of 
ease of maintenance; screening could be under-
taken on several plants of the same genotype; the 
possibility of genetic drift due to intercrossing 
among accessions was reduced; specifi c geno-
types could be maintained even if a destructive 
screening method was used; and recessive genes 
that were hidden by heterozygosity were uncov-
ered (Hawtin  1982 ; Robertson and El-Sherbeeny 
 1991 ). A BPL collection of 840 accessions was 
fi eld-evaluated for 22 discretely scored vegeta-
tive, phenologic and seed traits as per IBPGR/
ICARDA descriptor lists (Robertson and 
El-Sherbeeny  1991 ). All accessions were indeter-
minate, and over 98 % had stipule spot pigmenta-
tion and no secondary branching. Although 72 % 
were susceptible to lodging, 7.3 % were rated as 
partially resistant due to stiffer straw and with 
similar height. Leaf size ranged from small 
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(38 %) to medium (51 %) to large (11 %). There 
was little variation in fl ower colour (99.8 % white 
with 99.5 % of the wings spotted), with the uni-
form white colour signifi cant as an indicator of 
low to zero tannin content which confers higher 
digestibility for mono-gastrics (Bond  1976 ). The 
fl ower standard was moderately streaked for the 
majority with variation from no streaks (0.4 %) to 
intensely streaked (12 %). Pods were non-shatter-
ing for 90 % of the BPLs, and 97 % had a matte 
surface, with mostly (93 %) uniform distribution 
on the stem but 6 % with basal distribution. For 
ease of harvest, 43 % of the BPLs had erect pods, 
in contrast to 17 % pendant types. Over 60 % of 
the BPLs had dark- coloured mature pods, and 
almost all had plain testa with black hilum (94 %). 
There was a variation among BPLs in levels of 
autofertility. The seed was 28 % major type, with 
a range through the  paucijuga  type, refl ecting the 
preponderance of origins from the Fertile 
Crescent, North Africa, Ethiopia and Afghanistan. 

 Patterns of trait combinations were associated 
with BPL origins: low stem pigmentation in 
Sudan and the Nile valley, a high frequency of 
small leaves in North Europe which also had the 
least lodging, erect pods in the Indian subconti-
nent but pendant in south Europe and both dark 
pods and severe lodging in Ethiopia (Robertson 
and El-Sherbeeny  1991 ). Regional adaptation 
included resistance to ‘chocolate spot’ and to rust 
from Ecuador, tolerance to heat stress from 
Bangladesh, frost tolerance in winter types from 
Europe and drought tolerance from the 
Mediterranean region, plus genetic variation for 
resistances to Ascochyta, nematodes, bean yel-
low mosaic virus and bean leaf roll virus with 
two BPLs from Afghanistan resistant to both 
viruses (Robertson et al.  2000 ). 

 Faba bean germplasm accessions (500) were 
evaluated for morphologic traits, disease resistance 
and abiotic stress tolerances (Lang Li-jaun et al. 
 1993 ). Some accessions from the Chinese prov-
inces Zhejiang, Fujian, Gansu and Shaanxi were 
salinity tolerant, consistent with another screening 
of 504 diverse sources of germplasm in which 
there were 16 tolerant lines especially from Greece 
and China, including Zhejiang (Enneking et al. 
personal communication; Duc et al.  2010 ). In 
Southern China, faba beans sown prior to winter 

are known as winter types. They are adapted to 
short mild winters and tolerate temperatures up to 
−5 °C, whereas in Northern China, where there is 
snow cover through a long winter, only spring 
types which tolerate temperatures of only 3–5 °C 
at seedling stage are sown (Lang Li-jaun et al. 
 1993 ). The differences between these two ecotypes 
can be characterised by responses to both photope-
riod and temperature that operate independently, 
with a lower base temperature for growth in the 
winter types which may have a higher optimum 
temperature for rate of progress towards fl owering. 
Though both ecotypes require 1,000 degree days 
for fl owering at suboptimal temperatures, varietal 
differences in base temperature and in sensitivity 
to temperature range characterise the geographic 
range in adaptation of different Chinese faba bean 
landraces to their respective local environments. 

 In Ethiopia faba landrace variation showed 
accessions from the north to be closely related 
with small seed and lower yield, plant height and 
greater susceptibility to chocolate spot disease, 
whereas in the south the diversity of morphologies 
and seed types was greatest and included those 
with large seed, superior yield and disease resis-
tance. Thus, the clustering of landraces in Ethiopia 
did not correspond to the geographic diversity of 
their origins. Faba bean germplasm of over 38,000 
accessions of landraces and varieties is conserved 
worldwide in at least 43 national gene banks as 
well as at ICARDA (Duc et al.  2010 ). The size of 
the collections ranges from below 100 to 9,000 at 
ICARDA, exceeding 1,000 in China, Australia, 
France, Germany, Italy, Russia, Spain, Poland, 
Morocco and Ethiopia. Although 52 % of acces-
sions originated in Europe, the range of habitats 
may be wider in Ethiopia and China, with cultiva-
tion up to 3,000 m in altitude.  

4.5     Genetic Diversity 
and Gene Pools  

 The largest genetic diversity study of faba bean 
landraces was of 802 landraces and varieties from 
China, North Africa, Europe and Asia, using ISSR 
markers (Wang et al.  2012 ). The Chinese landraces 
were widely separated from a combined grouping 
of African, European and Asian (outside of China) 
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germplasm which were closely similar though still 
distinct. Within China there was a major separa-
tion of the spring- and winter-grown landraces 
which corresponded with northern and southern 
regions, respectively. Spring landraces from the 
northern group of Shaanxi, Hebei, Inner Mongolia 
and Xinjiang provinces/regions were the most 
diverse, followed by the European group and then 
spring landraces from Northwest China (Qinghai, 
Ningxia and Gansu provinces), while a winter 
group from Central China (Hubei, Hunan, Anhui 
and Jiangsu provinces) was the least diverse. Two 
of the Chinese winter groups (Sichuan and Giuzhou 
provinces) and (Jiangxi and Sheijiang provinces), 
respectively from medium to low elevation (200–
1,000 m) regions in SW China and SE China, were 
widely separated (a) from the Central China group 
(mainly low, 0–400 m, elevation including the 
lower reaches of the Yangtze River) and (b) from 
the Yunnan group above 1,500 m. These various 
groupings in China refl ect in part selection for 
adaptation to different crop ecologies. 

 Faba bean landraces/varieties from outside of 
China were clustered in groups for North Africa 
with the Egypt and Sudan accessions as the most 
related; for Europe, from Turkey to Germany with 
distinct separation of those from Portugal; and for 
Asia, from Syria to Afghanistan with distinct sep-
aration of those from Japan. Again this is a general 
ecogeographical separation, indicating a trend for 
a crop with medium to high levels of outcrossing 
to evolve a dynamic population in equilibrium 
with local seasonal conditions provided that suffi -
cient genetic variation is available, thus a degree 
of local adaptation. An association of diversity 
across a wide range of geographic origins was also 
found by Kwon et al. ( 2010 ), who evaluated a 
world collection of 151 faba bean landraces and 
varieties with ‘target region amplifi ed polymor-
phism’ (TRAP) markers. Five major groups were 
identifi ed with a dendrogram: I with single entries 
from France and Nepal, II with 13/15 accessions 
from Afghanistan, III with four accessions from 
China plus one from Afghanistan, IV with 25 
European accessions plus three from Nepal and 
China and two commercial varieties and V with 
101 accessions from China. A wider variation was 
found in landraces than the advanced breeding 
line included for comparison in this analysis. 

 In contrast, in a less geographically diverse 
study, no clear geographic association was found 
for 34 Middle Eastern, European and diverse 
ICARDA accessions of faba beans, assayed with 
inter-simple sequence repeat (ISSR) markers. 
Twenty Greek landrace populations were analysed 
with ISSR by Terzopoulos and Bebeli ( 2008 ), with 
separation of the small-seeded ‘minor’ types from 
the medium- to large-seeded Mediterranean types 
which were divided into two subgroups. Although 
on morphological traits the ‘minor’ types were 
separated also from the Mediterranean types, the 
morphological and genetic groupings were not sig-
nifi cantly correlated. In a limited study of faba 
bean landraces from Tunisia compared with the 
variety Aquadulce, one large-seeded ‘major’ 
landrace was widely separated from other ‘major’ 
and ‘minor’ landraces and commercial 
 varieties/ reselections (Ouji et al.  2012 ). AFLP 
diversity  analysis of 22 elite faba bean cultivars 
from Europe revealed the most shared genetic sim-
ilarity among the spring types with one winter type 
classifi ed as separate, and the closest relationship 
was between two advanced lines from the same 
parents (Zeid et al.  2001 ). In an assay with transpo-
son-based markers, a diverse collection of 20 faba 
bean accessions from a gene bank in Spain sepa-
rated into groups mostly unrelated to geographic 
origins or to morphologic groupings (Sanz et al. 
 2007 ). Within relatively small  geographic regions 
and relatively small number of landraces, associa-
tions of genetic diversity with geographic distance 
of origins may not be found or are weak, with mor-
phology being an unreliable guide to genetic diver-
sity. However associations of genetic diversity with 
geographic distance tend to be found in more 
extensive studies including cross-continental 
sources of landraces and varieties, especially in 
spring and winter habits of landraces refl ecting the 
agricultural practices in respective diverse environ-
ments and geographic origins.  

4.6     Assessment of Gene Flow 
for Crop Improvement 

 Faba bean is a partially allogamous crop with 
both self- and cross-fertilisation occurring 
within a plant and even for individual seeds 

4 Faba Bean



80

within a single pod. Populations are therefore a 
mixture of inbred and hybrid individuals with 
hybrid  individuals being more vigorous. In 
addition, inbreeding results in lower set seed 
without manipulation of the fl ower, for exam-
ple, by bee visitation; therefore, the inbred 
plants within a population will contribute less 
seeds to the following generation than hybrid 
plants when pollinators are at a low frequency 
(Drayner  1956 ). Cross-pollination of faba bean 
is effected by a number of bee species, includ-
ing bumblebees ( Bombus  spp.), honeybees ( Apis 
mellifera ) and solitary bees ( Anthophora  and 
 Xylocarpa ), with the dominant species varying 
between regions (Bond and Poulson  1983 ). In 
addition to transferring pollen between fl owers, 
foraging insects trip the fl owers, or cause the 
style to be released and rupture the stigmatic 
surface, which can result in self-pollination. A 
wide range of cross- pollination of faba bean has 
been observed, and factors that contribute to 
variation include environment, germplasm, inci-
dence of insect pollinators and distance over 
which cross-pollination is measured. Bond and 
Poulson ( 1983 ) reported a range from 4 to 84 %, 
with an average value in the order of 35 %. Faba 
bean genotypes differ in autofertility (Siong and 
Knight  1980 ; Robertson and El-Sherbeeny 
 1988 ), or the ability to set seed in the absence of 
insect pollinators or without tripping of fl owers. 
The potential for cross- fertilisation has a very 
signifi cant impact in maintaining germplasm 
collections, devising breeding strategies, multi-
plying breeding lines and managing seed for 
commercial crops of faba bean.  

4.7     Gene Flow Constraints 

 Multiplication of faba bean germplasm, whether 
lines in a breeding programme or accessions in 
an ex situ genetic resource collection, can be 
undertaken either in insect-proof conditions to 
ensure self-fertilisation or in open-pollinated 
conditions where there might be contamination 
of pollen between lines. The method selected will 
depend on the specifi c germplasm, objectives and 
available resources. In a breeding programme, 

the early generations such as F 1 , F 2  and F 3  might 
be grown inside bee-proof cages to ensure self- 
fertilisation and a high frequency of  homozygosity 
for genes that control major breeding traits prior 
to selection and fi eld evaluation. Several methods 
can be employed for subsequent multiplication to 
obtain suffi cient seed for widespread fi eld evalu-
ation. Individual lines can be grown in spatially 
isolated plots that are spaced at suffi cient dis-
tance to ensure there is minimal pollen transfer 
between plots. Pope and Bond ( 1975 ) reported 
the rate of cross-fertilisation at a range of dis-
tances, and there was less than 5 % cross- 
fertilisation between plots 50 m apart. Only a 
limited number of lines can be grown in isolated 
plots due to the required space; therefore this 
means of multiplication is not suitable when 
numerous small plots are required. An alternative 
method of reducing cross-fertilisation is to grow 
a barrier crop between the faba bean plots. A 
number of crops, including canola, male sterile 
and autotetraploid faba bean and narbon bean, 
have been evaluated as barrier crops and com-
pared with barren ground between faba bean plots 
(Robertson and Cardona  1986 ; Suso et al.  2006 ). 
There was less inter-plot gene fl ow when small 
multiplication plots were surrounded by a barrier 
crop such as narbon bean compared to barren 
ground (Suso et al.  2006 ). However, results were 
inconsistent with the signifi cant effects of faba 
bean genotype, location and isolation zone, and 
there was variation among genotypes in the level 
of inter-plot gene fl ow when measured as female 
(pollen recipient) as compared to male (pollen 
donor) parent. Further steps can be taken to mini-
mise the impact of gene fl ow between multiplica-
tion plots. For instance, plots can be arranged 
according to phenotype, such as seed traits or dis-
ease resistance, or to pedigree groups so that any 
cross-pollination is among similar types. 

 Faba bean accessions and open-pollinated 
varieties are populations with varying degrees of 
heterozygosity at the gene level and heterogene-
ity among plants, which are maintained through 
insect-mediated cross-fertilisation. This popula-
tion structure enables population breeding meth-
ods, such as recurrent mass selection, to be 
applied for crop improvement. An alternative 
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breeding method is to develop inbred ‘pure’ lines 
through self-fertilisation in bee-proof enclosures 
and selection among these lines. Pure lines can 
either be evaluated and released as varieties or be 
included as components of synthetic varieties. In 
a comparison of a number of population struc-
tures of faba bean, including inbred lines, F 1  
hybrids, blends, synthetics and open-pollinated 
populations, Stelling et al. ( 1994 ) identifi ed that 
yield stability improved with an increase in het-
erozygosity and heterogeneity. The reproductive 
system of faba bean is well suited to developing 
and maintaining synthetic varieties and poten-
tially F 1  hybrids. 

 Heterosis for yield where F 1  hybrids yield 
more than both the mid-parent and the better par-
ent means has been reported for faba bean (Schill 
et al.  1998 ; Zeid et al.  2004 ; Ibrahim  2010 ). 
Heterosis has also been observed in the F 2  with 
its yield at approximately the midpoint of the F 1  
hybrid and parental mean (Zeid et al.  2004 ), as 
theoretically expected. Inter-pool crosses such as 
Mediterranean × minor or minor × major produce 
greater heterosis than intra-pool crosses (Schill 
et al.  1998 ); therefore, a high level of diversity 
should be maintained among component lines of 
a synthetic variety. Diversity can be introduced to 
the breeding programme by backcrossing 
between elite breeding lines as recurrent parents 
and exotic germplasm in a pre-breeding strategy. 
Selected lines can then be assessed for potential 
as components of a synthetic variety. F 1  hybrid 
varieties have been proposed for faba bean, and 
several cytoplasmic male sterility (CMS) lines 
have been identifi ed (Bond  1989 ). The fi rst, 
CMS477, was spontaneous and discovered by 
Bond in 1956 (Bond  1957 ). Additional spontane-
ous male sterile cytoplasm (CMS350) was 
reported by Berthelem and Le Guen ( 1974 ), 
while Link et al. ( 1997 ) identifi ed cytoplasmic 
male sterility in the F 2  following wide crosses 
(CMS199 and CMS297). Cytoplasmic male ste-
rility was also induced by chemical mutagens 
(Duc et al.  1985 ). All of the CMS systems were 
found to revert to a proportion of pollen fertility 
after a few generations, or in response to the envi-
ronment. Thus, despite a high level of heterosis 
being observed in faba bean and effective insect 

vectors to transfer pollen, F 1  hybrid varieties have 
not been developed yet for faba bean.  

4.8     Production-Related 
Problems 

4.8.1     Pests and Diseases 

 Faba bean is affected by a range of diseases and 
pests that vary in regional signifi cance and prior-
ity for crop improvement. While there are numer-
ous fungal diseases that infect faba bean, the 
three major diseases of widespread international 
signifi cance with respect to both crop damage 
and breeding objectives are Ascochyta blight 
(incited by  Ascochyta fabae  Speg.), chocolate 
spot ( Botrytis fabae  Sard. and  B. cinerea  Pers.) 
and rust ( Uromyces viciae-fabae  (Pers.) J. Shört.). 
Fungal diseases with restricted distribution or 
lesser impact on crop production include 
Cercospora leaf spot ( Cercospora zonata  
(G. Winter)) which has recently been reported to 
be damaging in Southern Australia (Kimber and 
Paull  2011 ) and downy mildew ( Peronospora 
viciae  (Berk.) de Bary f.sp.  fabae ) which is most 
frequent and severe in Northwestern Europe. A 
number of soilborne fungal diseases infect faba 
bean, including  Fusarium  spp.,  Rhizoctonia 
solani  Kühn,  Pythium  spp.,  Phoma  spp. and 
 Aphanomyces euteiches  Drechs. (recently 
reviewed by Sillero et al.  2010 ), but these are 
not major priorities in breeding programmes. 
Internationally, major breeding efforts are 
directed towards improving resistance to fungal 
diseases Ascochyta blight, chocolate spot and 
rust, while breeding is undertaken for other fun-
gal diseases at the local level. 

 Ascochyta blight is a cool-season disease and 
is therefore particularly important for autumn- 
and winter-sown crops where major loss in yield 
and seed quality can occur in susceptible culti-
vars if disease is not controlled. It is widespread 
and has been reported in most faba bean-growing 
regions. 

 Resistance to Ascochyta blight has been iden-
tifi ed by a number of researchers, and resistance 
appears to be widespread internationally (e.g. 
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Hanounik and Robertson  1989 ; Rashid et al. 
 1991 ; Maurin and Tivoli  1992 ; Sillero et al. 
 2010 ). Initial screening of germplasm accessions 
at ICARDA revealed a considerable variation in 
resistance although no accession was immune 
(Hanounik and Maliha  1986 ). A higher level of 
resistance was identifi ed in inbred lines that were 
more homozygous and homogeneous than the 
original accessions (Hanounik and Robertson 
 1989 ). Many accessions and cultivars have been 
identifi ed as heterogeneous in resistance to 
Ascochyta blight, and selection within  accessions 
through several generations under self- pollinating 
conditions, as undertaken at ICARDA to develop 
the BPLs (Hawtin and Omar  1980 ), has resulted 
in new sources of resistance for use in breeding 
programmes (Kimber et al.  2006 ) and the release 
of new resistant cultivars (Paull et al.  2006 ). 
A number of genes control resistance to Ascochyta 
blight and the genetic control of  resistance differ 
depending on the source of  resistance and combi-
nation of parents (Sillero et al.  2010 ). However, 
in general resistance is highly heritable and under 
the control of relatively few major genes. A sin-
gle dominant gene for resistance was identifi ed in 
ILB 752 (Kohpina et al.  2000 ), while seven genes 
for resistance were identifi ed among 19 inbred 
lines when inoculated with fi ve individual iso-
lates (Rashid et al.  1991 ). Six QTLs associated 
with resistance to Ascochyta blight were identi-
fi ed by Avila et al. ( 2004 ). Four of the QTLs were 
associated with the resistance of both leaves and 
stems, while resistance associated with the two 
other QTLs was effective only in leaves or stems. 
Diaz-Ruiz et al. ( 2009 ) identifi ed two QTLs in a 
different mapping population, one of which 
mapped to a similar region to one of the QTLs 
reported by Avila et al. ( 2004 ). The relatively 
large number and wide diversity of sources of 
resistance to Ascochyta blight enable breeding 
programmes to use a range of sources of resis-
tance as a precautionary measure against break-
down in resistance of one source. 

 Chocolate spot is the most devastating disease 
of faba bean and can result in very signifi cant 
yield losses. Chocolate spot is a signifi cant 
 problem in many faba bean-producing regions 
including the Nile Delta, Yangtze valley and 

areas of Southern China, coastal areas of the 
Mediterranean and oceanic region of western 
France and the western UK (Bond et al.  1994 ) 
and Australia. Resistance to chocolate spot has 
been identifi ed among a limited range of germ-
plasm, and the most resistant lines have origi-
nated from the mountainous region in Ecuador 
(Bond et al.  1994 ). Hanounik and Maliha ( 1986 ) 
and Hanounik and Robertson ( 1988 ) undertook 
two cycles of selection within a large germplasm 
collection at ICARDA, and 14 accessions, all 
originating from Colombia, were identifi ed as 
resistant in the two cycles. While the accessions 
were classifi ed as originating from Colombia, 
they were obtained from CIAT and potentially 
from other countries in the region. BPL 710 was 
one of the most resistant lines from the early 
ICARDA screening, and the resistance was dem-
onstrated across environments in international 
trials (Hanounik and Maliha  1986 ). The resis-
tance of BPL 710 has proven to be diffi cult to 
transfer in full to new cultivars through hybridi-
sation, and this refl ects the quantitative inheri-
tance of the trait (Robertson and Saxena  1993 ). 
Paull and Kimber ( 2006 ) demonstrated that minor 
genes conferring resistance to chocolate spot 
could be combined through several cycles of 
hybridisation to develop breeding lines with 
greater resistance than any of the parents and 
equivalent to cv. Icarus, which was selected from 
BPL 710. Resistance to chocolate spot has been 
reported in germplasm from other origins. 
Bouhassan et al. ( 2004 ) identifi ed nine  genotypes 
from the Magreb region that were equivalent to or 
more resistant than BPL 710.  Villegas- Fernández 
et al. ( 2009 ) identifi ed  several genotypes with 
greater stability of  chocolate spot resistance than 
BPL 710 in trials across fi ve countries. One of 
these, BPL 1763, was selected from ILB 1226 
which originated from Ethiopia, while several 
other resistant lines (designated Sel.97 Lat.97) 
were derived from germplasm collected in 
Ecuador in 1996. These alternative sources of 
resistance are important as they enable a greater 
diversity of disease resistance genes to be used in 
breeding programmes and also minimise adverse 
effects that might result from linkage drag when 
a single source of  resistance is used. 

R. Redden et al.



83

 Rust is a serious disease of faba bean in the 
Middle East, North Africa, Europe, China and 
Australia where it can cause signifi cant loss in 
yield and reduction in seed size if infection is 
early. A number of races of rust have been 
reported (Conner and Bernier  1982 ; Emeran 
et al.  2001 ). Early studies in Canada identifi ed 
distinct virulence patterns among 17 genotypes 
and two rust isolates (Conner and Bernier  1982 ), 
while 15 physiological races were identifi ed 
among 27 Spanish and Portuguese isolates 
(Rojas-Molina et al.  2006 ). Rust resistance has 
been identifi ed among geographically diverse 
materials, and several cycles of inbreeding and 
selection within accessions increase the success 
of identifying resistance. Many sources of rust 
resistance are summarised by Rashid and Bernier 
( 1984 ), Bond et al. ( 1994 ) and Sillero et al. 
( 2010 ). The race specifi city of resistance is indi-
cated by the fact that only one resistant line out of 
65 reported by Rashid and Bernier ( 1986 ) was 
resistant at ICARDA (Bond et al.  1994 ). 
Resistance to rust in the study by Conner and 
Bernier ( 1982 ) was controlled by major genes, 
with monogenic segregation for several combina-
tions of resistant × susceptible parents, and trans-
gressive segregation including susceptible 
progeny was observed in one resistant × resistant 
combination. Incomplete (Rashid and Bernier 
 1984 ) and hypersensitive resistance to rust has 
been identifi ed, with the hypersensitive resis-
tance controlled by major genes (Avila et al. 
 2003 ). The highly variable nature of faba bean 
rust indicates that a single gene resistance might 
not lead to long-term disease control, and breed-
ing programmes should include a range of 
sources of resistance to rust among parents. 
Genetic- and race-specifi c studies to better under-
stand the relationship between available sources 
of rust resistance are required to enable the effi -
cient use of alternative genes. The development 
of linked markers would facilitate pyramiding 
rust-resistant genes. 

 Many viruses damage faba beans, including 
bean yellow mosaic virus (BYMV), pea enation 
mosaic virus (PEMV), bean leaf roll virus (BLRV), 
faba bean necrotic yellows virus (FBNYV), true 
broad bean mosaic virus (TBBMV), broad bean 

mottle virus (BBMV) and broad bean stain virus 
(BBSV), as reviewed by Sillero et al. ( 2010 ). 
Viruses differ in importance, both on a regional 
and on a yield loss basis, and the degree of resis-
tance to individual viruses also varies. Selection 
for virus resistance can be undertaken in fi elds 
with either natural infection or introduced inocu-
lation or in screen houses with inoculation where 
self-pollination of resistant plants is assured. 
Progeny testing of resistant plants can result in 
improved resistance through identifi cation of 
homozygous resistant plants (Makkouk and 
Kumari  1995 ). Resistance to viruses can be 
assessed on the basis of symptom expression, 
concentration of virus in plant tissue based on 
tissue blot immunoassay reactions and seed 
yield in the presence of virus. Resistance to sev-
eral viruses that affect faba bean has been identi-
fi ed, including bean yellow mosaic virus 
(Robertson and Saxena  1993 ; Makkouk and 
Kumari  1995 ), pea enation mosaic virus-1 
(Schmidt et al.  1988 ) and bean leaf roll virus 
(Robertson and Saxena  1993 ; Makkouk et al. 
 2002 ). Makkouk et al. ( 2002 ) reported 15 lines 
from 10 countries with a high level of resistance 
to BLRV following several cycles of screening 
and selection. 

 Broomrapes ( Orobanche  spp.) are parasitic 
weeds of faba bean and a range of other crops and 
can lead to a very signifi cant reduction in yield. 
 O. crenata  is widespread throughout the 
Mediterranean and Middle East regions where it 
is one of the major constraints to production, 
whereas  O. foetida  is a signifi cant weed only in 
Tunisia although it does occur more widely 
(Sillero et al.  2010 ). Management of broomrape 
requires an integrated approach incorporating a 
range of agronomic practices, the use of herbi-
cides that are selective for broomrape but not the 
host plant, biological control, crop hygiene mea-
sures to prevent spread of broomrape seeds and 
resistance of the host (Pérez-de-Luque et al. 
 2010 ). Resistance of faba bean to broomrape is 
rare, incomplete, quantitative and of low herita-
bility; consequently breeding for resistance has 
been slow. The fi rst  O. crenata -resistant line to be 
developed was F 402 in Egypt, subsequently 
released as Giza 402 (Nassib et al.  1982 ). This 
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source of resistance has been used extensively 
and has been incorporated in several varieties, for 
instance, Baraca (Nadal et al.  2004 ). Additional 
sources of resistance to broomrape, including  O. 
foetida , have been summarised by Sillero et al. 
( 2010 ). Selection for resistance to broomrape is 
conducted in fi eld plots naturally infested with 
 Orobanche  and is assessed on the basis of weight 
and/or number of  Orobanche  shoots per faba 
bean plant or yield of faba bean lines. The inher-
ent variability in fi eld plots with heterogeneity of 
distribution of  Orobanche  seeds and other envi-
ronmental factors results in low heritability of 
resistance. Alternative selection methods, such as 
the use of molecular markers, could increase effi -
ciency of selection. Three QTLs controlling 
broomrape resistance were identifi ed in an F 2  
population (Román et al.  2002 ), and two of these 
QTLs were confi rmed in RILs across environ-
ments (Diaz et al.  2005 ).  

4.8.2     Abiotic Stresses 

 Faba bean has the highest yield potential among 
cool-season pulse crops, but yield stability is low 
compared to other winter crops. Much of this can 
be attributed to abiotic constraints such as cold, 
heat and drought at any stage of plant develop-
ment, but the fl owering stage is particularly 
vulnerable. 

4.8.2.1     Heat Stress 
 Faba beans produce an abundance of fl owers but 
the number that is retained and developed into 
pods is infl uenced by a number of environmental 
factors. These include partitioning of assimilates 
between the shoot tip and fl owers, with cold and 
overcast conditions at the time of fl owering 
resulting in reduced photosynthesis and reduced 
pod set (Stoddard  1993 ), and moisture stress (El 
Nadi  1969 ). Faba bean is sensitive to high tem-
perature during the reproductive stage (McDonald 
and Paulsen  1997 ; Saxena et al.  1988 ), and tem-
perature above 23 °C can lead to the termination 
of fl owering (Evans  1959 ). Faba bean is relatively 
intolerant of drought, as also discussed in 
Sect.  4.9  of this chapter, and temporary moisture 

stress can occur at any stage of the development, 
while terminal drought during the reproductive 
stage is particularly important. Physiological 
responses to moisture stress include stomatal clo-
sure which enables the plant water status to be 
maintained. Genetic variation in stomatal con-
ductance among eight faba bean genotypes was 
reported by Khan et al. ( 2007 ), with drought- 
avoiding accessions having lower Δ  13 C than a 
drought-sensitive line. Leaf temperature, as mea-
sured by infrared thermometer, was positively 
correlated with transpiration effi ciency and nega-
tively correlated with stomatal conductance and 
Δ  13 C, indicating that leaf temperature might be a 
simple parameter to measure as an indicator of 
water use (Khan et al.  2007 ). The impact of ter-
minal drought can be minimised via drought 
escape by developing early-fl owering faba bean 
varieties with the reproductive stage completed 
prior to the onset of drought. However, drought 
escape is not suitable for managing transient 
drought during earlier stages of development 
(Khan et al.  2010 ). 

 Faba bean is sown in winter in the areas of 
Europe where winters are mild and young plants 
are able to survive the winter. Crops sown at this 
time utilise moisture during winter; fl ower and 
mature earlier than spring-sown crops, thereby 
reducing exposure to summer drought; and have 
higher yield potential. An increase in the level of 
winter hardiness to reduce the likelihood of win-
terkill would increase the potential extent of this 
type of variety (Link et al.  2010 ). At present there 
are limited sources of tolerance to winter hardi-
ness, with the old variety Côte d’Or being the 
most tolerant line identifi ed, while several other 
genotypes that can withstand temperatures up to 
−14 °C or lower have been reported recently by 
Olszewski (cited in Link et al.  2010 ). Several 
physiological processes are involved in determin-
ing winter hardiness, including (1) vernalisation 
to ensure plants do not fl ower until they have 
been exposed to a suffi ciently long period of cold 
and thereby avoid fl owering during winter and 
(2) hardening which occurs as plants are exposed 
to a prolonged period of low but non-freezing 
temperatures prior to extreme cold. Hardening 
involves changes in the plant cell membrane such 

R. Redden et al.



85

as changes in lipid composition and accumula-
tion of proline (Arbaoui et al.  2008a ,  b ) that pro-
tects the cell against freezing. Breeding for winter 
hardiness requires combining of both processes 
and also tolerance to excess moisture that might 
occur during winter and fungal diseases such as 
Ascochyta blight that infects winter beans to a 
greater extent than it does with spring beans. 
Faba bean is adapted to heavy texture, often 
poorly drained soils, sometimes with irrigation, 
and these situations can result in waterlogging or 
soil oxygen defi ciency. While management of 
water application and drainage can reduce water-
logging in irrigated situations, identifi cation of 
varieties tolerant to waterlogging would have 
wide application. In a comparison of seven grain 
legume species, Solaiman et al. ( 2007 ) identifi ed 
faba bean to be more tolerant to waterlogging 
than six other species on the basis of root and 
shoot growth in comparison to a control. Variation 
was also identifi ed among six faba bean geno-
types, and Acc794 (origin Afghanistan) was sig-
nifi cantly more tolerant than the other genotypes 
and was the only genotype capable of maintain-
ing root growth after the waterlogged treatment.    

4.9      Traits of Importance for Base 
Broadening 

4.9.1     The Challenges of Climate 
Change 

 Climate change is now unequivocal, particularly 
in terms of increasing temperature, as is evident 
from observations of increases in global average 
air and ocean temperatures, widespread melting 
of snow and ice and rising global average sea 
level (IPCC  2007 ). Temperatures across the 
world could rise 1 °C by 2050 (Lobell et al. 
 2011 ), associated with increasing CO 2  concentra-
tion. Consequent adverse effects expected are 
likely increased frequencies of abiotic stresses 
such as heat and drought and increased frequency 
of biotic stresses (pests and diseases). Especially 
for drought, an interval of water defi cit leading to 
a signifi cant reduction in yield is widely consid-
ered to be the most important environmental 

 constraint to crop productivity (Fischer and 
Turner  1978 ; Borlaug and Dowswell  2005 ), 
and faba bean is reputed to be more sensitive to 
water defi cits than some other grain legumes 
(McDonald and Paulsen  1997 ; Amede and 
Schubert  2003 ). Climate change models predict 
greater variability in rainfall patterns, and 
increased periods of summer drought will affect 
many regions. Population growth will also 
require more of the available water to be used for 
domestic and industrial use, rather than for irri-
gating crops, giving a double benefi t for produc-
tive crops exhibiting enhanced drought resistance 
and water use effi ciency. In addition, climate 
change is also expected to cause losses of biodi-
versity, mainly in more marginal environments 
(Ceccarelli et al.  2010 ). Climate change will 
threaten food security for even more people in the 
decades to come and add new challenges for agri-
culture and food production including more fre-
quent, erratic and severe droughts, increased 
frequency of fl oods and higher pressure from 
insects and diseases.  

4.9.2     Breeding to Tackle Climate 
Change 

 Genetic diversity and plant breeding are key ele-
ments in tackling climate change. The genetic 
diversity of crop plants is the foundation for the 
sustainable development of new varieties for 
present and future challenges. Resource-poor 
farmers have been using genetic diversity intelli-
gently over centuries to develop varieties adapted 
to their own environmental stress conditions. 
Assessment research of germplasm resources 
with tolerance to abiotic stresses is being 
launched. Two thousand accessions of pea and 
300 accessions of faba bean germplasm from the 
Western Regional Plant Introduction Station, 
Pullman, USA, are being evaluated by scientists 
from America and China in a US Department of 
Agriculture project. For drought resistance and 
heat tolerance, screening will be conducted in 
Yunnan province. For salinity tolerance and win-
ter hardiness, screening will be conducted during 
winter in Qingdao and Beijing. Effi cient methods 
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to explore plant agro-biodiversity for climate 
change-adaptive traits are also researched. The 
Focused Identifi cation of Germplasm Strategy 
(FIGS) approach could enhance the discovery of 
new genes for abiotic stress adaptation. Khazaei 
et al. ( 2013 ) evaluated the effectiveness of FIGS 
to search a large faba bean collection for traits 
related to drought adaptation. Two sets of faba 
bean accessions were created, one from moisture-
limited environments and the other from wetter 
sites. The two sets were grown under well-watered 
conditions, and leaf morphophysiological traits 
related to plant water use were measured. 
Machine-learning algorithms split the accessions 
into two groups based on the evaluation data, and 
the groups created by this process were compared 
to the original climate-based FIGS sets. The sets 
defi ned by trait data were in almost perfect agree-
ment to the FIGS sets, demonstrating that eco-
type differentiation driven by moisture availability 
has occurred within the faba bean gene pool. 
Leafl et and canopy temperature as well as rela-
tive water content contributed more than other 
traits to the discrimination between sets, indicat-
ing their utility as drought-tolerance selection 
criteria for faba bean germplasm. This study sup-
ports the assertion that FIGS could be an effec-
tive tool to enhance the discovery of new genes 
for abiotic stress adaptation. 

 Plant breeding can develop varieties to cope 
with climate change through many different tech-
niques ranging from simply selecting plants with 
desirable traits to more complex classical or 
molecular techniques. With the discovery of 
genetics, plant breeding developed reliable proce-
dures to improve varieties. Now, with the applica-
tion of modern biotechnology in plant breeding, 
the development of new adapted varieties has 
become a more precise and rapid process (Singh 
et al.  2012 ). In the context of the Grain Legumes 
Integrated Project (GLIP), a European project, 
abiotic stress tolerance has been focused on spe-
cies such as  Medicago truncatula , pea and chick-
pea leading to the identifi cation of factors 
potentially involved in abiotic stress adaptation 
and tolerance (Singh et al.  2012 ). The involve-
ment of some genes in abiotic stress responses has 
been already analysed in different legumes. For 

instance, alfalfa over-expression of the gene for 
chloroplastic MnSOD showed lower cold- induced 
membrane injuries, although these  transgenic 
lines did not present better tolerance to drought 
stress (Singh et al.  2012 ). The transcriptional reg-
ulator, Alfi n1, over-expressed in alfalfa was 
shown to regulate endogenous NaCl- inducible 
gene expression, resulting in salinity tolerance. 
Similarly, a drought-responsive AP2- type TF 
induced several wax-related genes resulting in 
increased drought tolerance when over-expressed 
in alfalfa ( M. sativa ). These approaches are rele-
vant to the improvement of minor legume crops, 
such as faba bean. Several in vitro techniques 
would be very useful for faba bean. Based on the 
forgoing discussion, emphasis should be given on 
the following aspects for further improvement in 
faba bean:
    1.    Characterisation of phenological, morpholog-

ical, physiological and biochemical traits of 
faba bean that will contribute to adaptation in 
target environments   

   2.    Characterisation of the effect of gene and 
QTLs for selecting suitable genotypes with 
resistance to biotic and abiotic stresses   

   3.    Defi ning precisely the breeding targets in  abiotic 
stress-prone environments with delineation of 
the predominant type of stress, and identifi cation 
of the faba bean varieties  preferred by farmers   

   4.    Using simulation modelling and system anal-
ysis to evaluate crop response to major abiotic 
and biotic stress patterns (Singh et al.  2012 )   

   5.    Collaborative international evaluation, exchange 
of elite BPLs and open-pollinated varieties    

4.10        Molecular Marker Analysis 

 Faba bean suffers from several major biotic and 
abiotic factors that constrain productivity. 
Although signifi cant genetic gain to overcome 
these constraints has been made through conven-
tional selection and breeding efforts (Rispail 
et al.  2010 ), progress through the use of genomics 
and associated biotechnologies is limited. This is 
due mainly to the large genome size (13 GB) 
(Johnston et al.  1999 ), which is approximately 25 
times larger than that of the model legume, 
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 M. truncatula , and 2.5 times larger than  Pisum 
sativum  (Rispail et al.  2010 ), together with a lack 
of fi nancial investment in this crop species. 

4.10.1     SSR Marker Development 

 Initially, Požárková et al. ( 2002 ) developed 25 
SSR primer pairs detected in chromosome 1 
DNA libraries. Subsequently, Zeid et al. ( 2009 ) 
developed 54 SSR primer pairs, and Gong et al. 
( 2010 ) developed 11 EST-SSR loci primers. 
Recently, EST sequences within the public 
domain databases were screened, and an addi-
tional 21 novel SSR loci were characterised and 
validated among 32 faba bean accessions (Ma 
et al.  2011 ). Most recently, a library with 125,559 
putative SSR sequences was constructed and 
characterised for repeat type and length from a 
mixed genome of 247 spring- and winter-sown 
faba bean genotypes using the Roche 454 GS 
FLX Titanium Platform sequencing (Yang et al. 
 2012 ). A suite of 28,503 available primer pair 
sequences were designed, and 150 were ran-
domly selected for validation. Of these, 94 pro-
duced reproducible amplicons that were 
polymorphic among 32 faba bean genotypes 
selected from diverse geographic locations. The 
validation by UPGMA cluster analysis of 32 gen-
otypes based on Nei’s genetic distance showed a 
high quality and effectiveness of those novel SSR 
markers developed via next-generation sequenc-
ing technology. Large-scale SSR marker devel-
opment was successfully achieved using 
next-generation sequencing of the  V. faba  
genome. These novel markers are valuable for 
constructing genetic linkage maps, future QTL 
mapping and marker-assisted trait selection in 
faba bean breeding efforts.  

4.10.2     Genetic Linkage Map 
Construction Based on SSR 
Markers 

 Faba bean genetic linkage maps have been devel-
oped with different types (morphological, iso-
zyme, seed-protein gene, RAPD and RFLP) of 

markers (Ven et al.  1991 ; Torres et al.  1993 ; 
Satovic et al.  1996 ; Patto et al.  1999 ; Román 
et al.  2002 ; Avila et al.  2004 ; Arbaoui et al. 
 2008b ; Ellwood et al.  2008 ); however, few SSR 
markers have been developed for constructing 
faba bean linkage maps. Until recently, only ten 
SSR markers were mapped in faba bean linkage 
maps (Román et al.  2004 ; Dõaz et al.  2010 ). 
Genetic studies about faba bean are behind other 
legume crops because of its large genome size 
(Johnston et al.  1999 ; Kaur et al.  2012 ). The lack 
of a reliable faba bean linkage map affected 
marker-assisted breeding and discovery of candi-
date genes of important traits. Simple sequence 
repeat (SSR) marker is a powerful tool for the 
construction of genetic linkage maps which can 
be applied for quantitative trait loci (QTLs) and 
marker-assisted selection (MAS). A genetic map 
of faba bean was constructed with SSR markers 
using a population of 129 F 2  individuals derived 
from the cross of Chinese native variety 91825 
(large seed) and K1563 (small seed). By screen-
ing 11,551 SSR primers between two parents, 
149 primer pairs were detected polymorphic and 
used for F 2  population analysis. This SSR-based 
genetic linkage map consisted of 15 linkage 
groups with 128 SSR (Fig.  4.1 ). The map encom-
passed 1,587 cM with an average genetic dis-
tance of 12.4 cM. This SSR-based genetic map 
will be benefi cial for genetic studies of faba bean 
for identifi cation of marker-locus-trait associa-
tions as well as marker-assisted selection in faba 
bean breeding and comparative mapping among 
faba bean, pea and grass pea (Ma et al.  2013 ).

4.11         Conclusions 

 Faba bean is among the highest in yield potential 
of the cool-season food legumes and is adapted to 
a wide range of environments, both in terms of 
latitude and altitude; however, the area of produc-
tion of faba bean has decreased in recent decades 
despite an increase in the total area of cropping in 
the world. The reduction in production has been 
attributed to instability in yield resulting from both 
biotic and abiotic stresses, and it is also likely that 
limited markets and  competition from higher value 
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  Fig. 4.1    Genetic linkage map based on a population of 
129 F2 individuals of faba bean ( Vicia faba  L.). Simple 
sequence repeat (SSR) markers are listed to the  right  and 

the interval recombination distance (cM) to the  left  of 
each linkage group (Ma et al.  2013 )       
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crops have impacted on cultivation of faba bean. 
Faba bean is a minor crop, and the total interna-
tional input to research and breeding of faba bean 
is much less than for the major crops. As a conse-
quence the basic knowledge of faba bean and 
improvements in yield through breeding and 
advances in crop management are restricted. 
Nevertheless, this review has identifi ed a number 
of areas where the use of genetic resources to 
broaden the genetic base of faba bean breeding 
programmes can have a very signifi cant positive 
impact on outcomes. 

 Faba bean is reproductively isolated; there-
fore, genetic variation for crop improvement 
must be identifi ed within the species, induced by 
mutagenesis (e.g. the studies of Sjodin ( 1971 )) or 
introduced by transformation. Signifi cant varia-
tion at the molecular level has been demonstrated 
among faba bean germplasm in a number of stud-
ies, with distinct regional and ecotype groupings 
identifi ed. Variation has been identifi ed between 
European and Mediterranean region germplasm 
(Link et al.  1995 ), between winter- and spring- 
sown types, between regions within China and 
between China and other regions (Zong et al. 
 2009 ,  2010 ; Wang et al.  2012 ). Genetic diversity 
within faba bean breeding programmes is impor-
tant, not only for the identifi cation of novel traits 
but also because the outcrossing nature of faba 
bean that ensures a level of heterozygosity is 
maintained within a crop. Heterosis for yield is 
associated with heterozygosity, and a higher level 
of heterosis is observed for crosses between gene 
pools (Schill et al.  1998 ). While heterosis has not 
been utilised in the development of F 1  hybrid 
faba bean cultivars, it is expressed in hybrids 
between inbred lines, including mutations for a 
terminal infl orescence and reduced height, and 
the hybrids which are generally higher yielding 
and more stable than their component lines 
(Stelling et al.  1994 ). Therefore, maximising the 
diversity within a breeding programme should 
contribute to greater yield and stability of yield 
when synthetic varieties are developed. 

 To date, there has been very little interchange 
and utilisation of germplasm between China and 
other regions, and the diversity that has been 
identifi ed between Chinese and other germplasm 

pools offers  potential for new improvements in 
yield. The partially allogamous reproductive sys-
tem of faba bean results in a high level of hetero-
zygosity and heterogeneity within  germplasm 
accessions. Many reports of screening germ-
plasm collections for resistance or tolerance to a 
particular trait have identifi ed no or very limited 
 resistance/tolerance, particularly when assessing 
the overall performance of an accession. 
However, when accessions are inbred for several 
generations to increase the level of homozygos-
ity, and assessed on the basis of single plants or 
progeny derived from single plants, useful 
sources of variation have been identifi ed, with 
many examples in the area of disease resistance 
(e.g. Ascochyta blight, (Hanounik and Robertson 
 1989 ), rust (Conner and Bernier  1982 ) and bean 
yellow mosaic potyvirus (Makkouk and Kumari 
 1995 )). The inherent variation within faba bean 
accessions greatly increases the potential sources 
of genes for a particular trait above the average 
performance of each accession within a gene 
bank. This review has described a number of 
molecular marker technologies that have been 
applied to understand the genetic variation pres-
ent within faba bean germplasm and has enabled 
distinct gene pools to be identifi ed. These tech-
nologies have also been applied to the develop-
ment of linkage maps, and a number of maps are 
currently available. The challenge now is to iden-
tify linkage to a signifi cant number of genes con-
trolling the major traits of interest. This would 
enable better characterisation of the various 
sources of resistance to diseases that have been 
described and also enable marker-based selection 
to be adopted in breeding programmes to increase 
the effi ciency of selection and reduce the con-
founding effect of environmental variation that 
reduces heritability and slows genetic gain.     
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    Abstract  

  Cowpea ( Vigna unguiculata  (L.) Walp.) is an important warm-season legume 
grown mostly by the poor farmers in the semiarid tropics for human con-
sumption and animal feeding. The crop was originated from Africa where it 
was domesticated from its wild progenitor  V. unguiculata subsp. unguiculata 
var spontanea . In addition, single nucleotide polymorphism markers (SNP) 
analysis suggested different domestication events from East to West Africa or 
single domestication process in the fi rst region followed by transportation in 
the second. On the basis of molecular analyses, the genome organization of 
the crop was intensively studied, leading to the identifi cation of two gene 
pools and gene fl ow between cultivated and wild forms or crop to crop can be 
a threat to the breeding programs. A wide range of biotic (virus, bacteria, 
fungi, insects, nematodes, and plants) and abiotic (like low phosphorus avail-
ability, soil acidity or salinity, drought, and high temperature at night) factors 
are limiting cowpea production in different parts of the world. To overcome 
these constraints, diverse programs were implemented for base broadening 
using interspecifi c hybridization between cowpea and other members of its 
genus with limited success because of pre-zygotic and post-zygotic barriers. 
These failures led the investigators to implement protocols to introduce for-
eign genes into cowpea. Currently, several genes of interest such as  herbicide 
imazapyr ,  α-amylase inhibitor 1  (against bruchids), and  Cry1Ab  and  Cry1Ac  
(against  Maruca ) have been introduced successfully into commercially 

        F.  A.   Badiane      
     Département de Biologie Végétale, Faculté des 
Sciences et Techniques, Laboratoire de 
Biotechnologies Végétales ,  Université Cheikh Anta 
Diop ,   BP 5005 ,  Dakar-Fann ,  Dakar ,  Sénégal    

  Faculté des Sciences et Technologies de l’Education 
et de la Formation (FASTEF) ,   Dakar ,  Sénégal   
 e-mail: abayebadiane@gmail.com  

    M.   Diouf      •    D.   Diouf      (*) 
     Département de Biologie Végétale, Faculté des 
Sciences et Techniques, Laboratoire de 
Biotechnologies Végétales ,  Université Cheikh Anta 
Diop ,   BP 5005 ,  Dakar-Fann ,  Dakar , Sénégal    
 e-mail: dioufmade@yahoo.fr; 
diaga.diouf@ucad.edu.sn  

 5      Cowpea 

              François     Abaye     Badiane     ,     Made     Diouf     , 
and     Diaga     Diouf    

mailto:abayebadiane@gmail.com
mailto:dioufmade@yahoo.fr
mailto:diaga.diouf@ucad.edu.sn


96

important cultivars, and these genes are transmitted in Mendelian fashion. In 
addition, signifi cant genomic resources and a consensus genetic map where 
agronomic, growth habit, disease, pest resistance, and other trait loci have 
been placed and are usable in breeding programs.  

5.1         Introduction 

 Cowpea ( Vigna unguiculata  (L.) Walp.) is one of 
the most important grain legume crops in the semi-
arid regions of Africa, Asia, Southern Europe, 
Southern United States, and Central and South 
America (Singh  2005 ; Timko et al.  2007 ;    Diouf 
 2011 ). The crop plays a crucial role in human 
nutrition because of its grain protein quality con-
tents (rich in lysine, tryptophan) and high nutri-
tional value (23–32 %). Its grain contains a 
substantial amount of mineral and vitamins (e.g., 
folic acid and vitamin B) and the hay is used for 
feeding animals during the dry season in many 
parts of West Africa. In the poorer areas, cowpea is 
a valuable source of protein cheaper than fi sh, 
meat, or poultry helping to fi ght malnutrition for 
the low-income farmers. Mature or immature pods 
are consumed in many parts of Africa particularly 
during the “hungry period” between August and 
September. Cowpea is processed into various 
foods such as “ Akara ”, “ Moin-moin ”, “ Koki ”, 
“ Couscous ”, “ Red-Red Stew ”, “ Ndambe ”, “ Thiebou 
Kathiakh ”,  Cake ,  Bread , and  Cookie  and used in 
infantile aliments. According to Hall ( 2012 ), some 
varieties of cowpea are used to induce suicidal ger-
mination of  Striga hermonthica  or suppress the 
populations of the nematode  Scutellonema cave-
nessi , the fi rst parasitizing pearl millet, sorghum, 
and maize and the second affecting pearl millet, 
sorghum, and peanut. The plant is an important 
source of hay for cows in the Southeastern United 
States and other parts of the world which probably 
explains the name of cowpea given to the crop. 
More than 37 names were given to the crops across 
all of Africa but in West Africa “niébé” is the most 
popular name. Other local names used worldwide 
are “wake” and “ewa” in Nigeria, “niao” in 
Senegal, “luba hilu” in Sudan, “Kon or Kondi” in 
Cameroon, “Soso” in Mali and in The Gambia, 
“caupi” in Brazil, and “lobia” and “Chawli” in 
India. In the United States, it is variously named as 

“southern peas,” “black-eyed peas,” “fi eld peas,” 
“pinkeyes,” and “crowders”. Cowpea is cultivated 
in 14.5 million hectares with an annual production 
of 5.5 million tons worldwide. Presently, Nigeria 
is the largest producer of cowpea followed by 
Niger, Burkina Faso, Myanmar, Cameroon, 
and Mali (  http://www.cgiar.org/our-research/crop- 
factsheets/cowpea/    ; Simon et al.  2007 ). 

 Cowpea grows in a wide range of temperature 
from 18 to 28 °C through all stages of development 
but with an optimum of 28 °C (Craufurd et al.  1997 ; 
Hall et al.  2002 ). The crop is drought tolerant 
 compared with other crop species and can grow in 
low-fertility conditions due to its ability to establish 
nitrogen fi xation with the soil bacterium 
 Bradyrhizobium . Depending on the genotype, the 
growth habits are erect, semierect, prostrate (trail-
ing) or climbing, sensitive to the length of the day 
light (photoperiod), short-day plant, or day-neutral 
(Craufurd et al.  1997 ). In West Africa, the photosen-
sitive varieties are sown between the end of 
September and March resulting in poor survival of 
the genotypes as this period is the end of the rainy 
season and moisture availability is the main 
 constraint. The crop is autogamous but around 5 % 
outcrossing was reported in the cultivated varieties 
probably due to insect activities (Fery  1985 ). The 
full life cycle from germination to dry grain produc-
tion requires 60 days to more than 150 days depend-
ing on the maturity of the genotypes. Its cylindrical 
pods, which can be curved or straight, contain 
between 8 and 18 seeds. The seed coat can be white, 
cream, green, buff, red, brown, or black; the texture 
is smooth, rough, or wrinkled; and its uniformity 
ranges from solid, speckled, to patterned. This paper 
highlights the recent advances carried out on 
 cowpea genome organization, the impact of gene 
transfer occurring naturally or by conventional and 
modern approaches. Discussion on other aspects for 
which a lot of attention was paid in the recent years, 
such as interspecifi c hybridization and the use of 
omics data for base broadening, is also presented.  
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5.2     Crop Gene Pool, 
Evolutionary Relationships, 
and Systematics 

 Cowpea ( Vigna unguiculata  (L.) Walp.) is a dip-
loid species (2 n  = 2 x  = 22) that has been identifi ed 
since antiquity by Dioscorides but was described 
by Linné ( 1760 ) from a cultivated form collected 
from the Caribbean, known as  Dolichos unguicu-
latus  (Pasquet and Baudoin  1997 ). It is native to 
Africa, where it was domesticated since the 
Neolithic age, as wild  Vigna unguiculata  ssp . 
unguiculata  var . spontanea  is endemic in the 
continent and produces hybrids with the culti-
vated form (Vanderborght and Baudoin  2001 ). 
However, the center of domestication has been 
the subject of many controversies and two regions 
were proposed: West Africa and Northeastern 
Africa. 

 The theory of cowpea domestication in West 
Africa was based on the morphological variability 
of cultivated varieties, the existence of wild hybrids 
resulting from crossing between the wild and the 
cultivated form, the presence of cowpea in archaeo-
logical excavations carried out in Ghana, and the 
molecular similarities observed in the chloroplast 
DNA between the wild species and the cultivated 
forms from Nigeria (Ng and Marechal  1985 ; 
Vaillancourt and Weeden  1992 ; Ng  1995 ). However, 
this theory has been invalidated by isoenzymatic 
and ethnobotanical studies, which revealed the 
absence of diversity in the wild form in West Africa 
(Vaillancourt et al.  1993 ; Pasquet  1996b ). 

 The theory of cowpea domestication in 
Northeastern Africa was based on the absence of 
real varieties ecologically wild in West Africa 
and the great morphological diversity of the wild 
form in the region ranging from Ethiopia to 
Southern Africa (Baudoin and Maréchal  1985 ). 
Ethnobotanical studies conducted by Pasquet and 
Fotso ( 1994 ) and linguistic evidences recorded in 
Cameroon showed that cowpea is linked to the 
populations of Chadic languages than the ones 
of Adamawa and Benue-Congo populations. 
Similarly, the cultigroup  Textilis  would be linked 
to Nilo-Saharan languages. Both linguistic groups 
suggest domestication in Northeastern Africa. 
This hypothesis is validated through the large vari-

ability of Ethiopian provenances and genetic char-
acterization with AFLP technique, highlighting 
cowpea domestication in Northeastern Africa 
(Pasquet  2000 ; Coulibaly et al.  2002 ). 

 The spread of cowpea in Asia occurred in the 
third millennium BC and then in America between 
the sixteenth and seventeenth centuries (Padulosi 
and Ng  1997 ). It was introduced in Europe around 
300 BC, where it remains a minor crop in the south-
ern part. The Spanish and Portuguese exported 
cowpea in the seventeenth century to the new world, 
while other crop cultivars were transported directly 
from Africa to Latin America, through the slave 
trade (Fang et al.  2007 ). However, its introduction 
in the Southern United States occurred at the begin-
ning of the nineteenth century, explaining its pres-
ence in an area ranging from 35° N to 30° S. The 
crop also grows in the hot areas of Asia and Oceania 
(Singh and N’Tar  1985 ; Watt et al.  1985 ). 

 The taxonomy of cowpea was based on the 
major variability parameters including the shape 
of the leaves, the anthocyanin coloration of inter-
nodes, the length of fl oral stalk, photosensitivity, 
and the morphology of seeds and pods (Pasquet 
 1996b ). The characteristics of seeds and pods are 
very diverse in cultivated forms and are widely 
used to describe and identify cultivars and culti-
groups (Pasquet and Fotso  1994 ; Pasquet  1996b ). 
Four cultigroups were identifi ed in  V. unguicu-
lata  ssp.  unguiculata , namely,  unguiculata , 
 bifl ora  (or  cylindrica ),  sesquipedalis , and  textilis  
(Ng and Marechal  1985 ). Thus, the cowpea has 
been classifi ed as a herbaceous legume belonging 
to the group of dicotyledons, the order Fabales, 
family Fabaceae, subfamily Faboideae, tribe 
Phaseoleae, subtribe Phaseolinae, genus  Vigna , 
species  unguiculata , and subspecies  unguiculata  
(Maréchal et al.  1978 ). The genus  Vigna  includes 
more than 80 species. Based on morphological 
characteristics, geographical distribution, and 
genetic hybridization/reproductive isolation, the 
genus  Vigna  was subdivided into six subgenera: 
 Vigna ,  Ceratotropis ,  Plectotropis ,  Sigmoidotropis , 
 Lasiosporon , and  Haydonia . Recently, the tax-
onomy within the genus  Vigna  was revisited by 
Thulin et al. ( 2004 ) using chloroplast  trnK ,  ribo-
somal ITS (Internal Transcribed Spacer)  
sequences, and morphological data leading to the 
transfer of subgenus  Macrorynchus  to genus 
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 Wajira.  The genus  Vigna  usually named African 
 Vigna  contains 39 species encompassing  Vigna 
unguiculata  (cowpea) and  Vigna subterranea  
(bambara groundnut) which are agriculturally 
important (Maxted et al.  2004 ). The genus  Vigna  is 
divided into six sections, namely,  Vigna ,  Comosae , 
 Macrodontae ,  Reticulatae ,  Liebrechtsia , and 
 Catiang  (Maxted et al.  2004 ).  V. unguiculata  
includes 11 subspecies which comprise the culti-
vated form var.  unguiculata  and the wild var. 
 spontanea . Ten wild perennial subspecies divided 
into two groups according to their reproduction 
pattern were identifi ed (Pasquet  1999 ; Maxted 
et al.  2004 ). The allogamous group is formed by 
ssp . baoulensis , ssp . burundiensis , ssp . letouzeyi , 
ssp . aduensis , and ssp.  pawekiae ; in contrast, the 
autogamous group contains ssp . dekindtiana  
(var . spontanea ), ssp . stenophylla , ssp . tenuis , 
ssp.  alba , and ssp . pubescens . The cultivated 
form was divided into fi ve groups:  unguiculata , 
 bifl ora ,  sesquipedalis ,  textilis , and  melanophthal-
mus  (Pasquet  2000 ; Maxted et al.  2004 ). 

 In recent years, intensive studies based on mor-
phology (Padulosi  1993 ), biochemistry (Fotso 
et al.  1994 ; Panella and Gepts  1992 ; Vaillancourt 
et al.  1993 ; Pasquet  1999 ), and DNA markers 
(chloroplast DNA, Vaillancourt and Weeden  1992 ; 
amplifi ed fragment length polymorphism [AFLP], 
Coulibaly et al.  2002 ; random amplifi ed polymor-
phic DNA [RAPD], Sylla-Ba et al.  2004 ; Diouf 
and Hilu  2005 ; microsatellites, Badiane et al.  2012 ; 
Asare et al.  2010 ; Diouf and Hilu  2005 ) were car-
ried out to assess the genetic diversity of cowpea. 

 The gene pool organization of cowpea has been 
widely studied in recent years, resulting in the 
development of two hypotheses. The fi rst is based 
on limited crosses between the cultivated and the 
wild form showing a lack or weak incompatibility 
barriers between them (Rawal et al.  1976 ; Baudoin 
and Maréchal  1985 ; Sakupwanya et al.  1990 ; 
Padulosi  1993 ). The second, based on hybridization 
and enzymatic analyses, suggested the existence of 
signifi cant reproductive barriers between the culti-
vated and the wild forms and a secondary gene pool 
in  V. unguiculata  (Fatokun  1991 ; Pasquet and 
Baudoin  1997 ; Echikh  2000 ). On the basis of these 
fi ndings, Pasquet and Baudoin ( 1997 ) and Echikh 
( 2000 ) revisited the gene pool organization of  V. 

unguiculata . They proposed the existence of a pri-
mary gene pool including the cultivated and the 
autogamous spontaneous forms and the wild allo-
autogamous forms and a secondary gene pool 
encompassing the allogamous forms. Similar clas-
sifi cation was made by Kouadio et al. ( 2007 ). 

 Using single-nucleotide polymorphism (SNP) 
technology, Huynh et al. ( 2013 ) analyzed the 
genome organization of 422 cowpea landraces col-
lected worldwide encompassing 323 from North, 
East, Central, West, Southern, and Southeastern 
Africa and 99 distributed in the rest of the world. In 
addition, 46 accessions of wild cowpea collected 
from West, East, Southeast, and Southern Africa 
were included in these  studies. Their results showed 
two major gene pools among the cultivated cowpea 
throughout Africa. Gene pool 1 encompassed cow-
pea distributed in West Africa, while gene pool 2 
included the Eastern ones, each closely related to 
the wild cowpea in the same geographical region, 
suggesting divergent domestication process. The 
gene fl ow observed previously between the culti-
vated and the wild cowpea could also explain their 
close relationship (Sakupwanya et al.  1990 ; 
Vaillancourt and Weeden  1992 ; Coulibaly et al. 
 2002 ). The wider genetic diversity observed in 
gene pool 2 led Huynh et al. ( 2013 ) to conclude 
on a possible single domestication event which 
occurred in    Eastern Africa followed by transporta-
tion with human migration in West Africa. In addi-
tion, they hypnotized that given the organization of 
the cultivated and wild cowpea in two gene pools 
divergent domestication events might occur in East 
and West Africa. On the other hand, the close rela-
tionship between Asiatic cowpea and those from 
gene pools 1 and 2 could be explained by the trans-
portation of its seeds during the intense trade (min-
eral, agricultural products, and slaves) between 
these two continents as was reported by Collins 
( 2006 ).  

5.3     Assessment of Gene Flow 
for Crop Improvement 

 Gene fl ow is the transfer of gene(s) from one pop-
ulation to another which happens by cross- 
fertilization between cultivated crop and wild 
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relatives and landraces and can result in the acqui-
sition of new character. For this purpose, a lot of 
attention is paid on the impact of gene fl ow on 
plant evolution. According to the neo- Darwinist 
theories in the mid-1900s, gene fl ow was involved 
on the new adaptive variation observed in plant 
species but in around 1970, the force of natural 
selection on species evolution was emphasized 
(Anderson  1949 ; Levin and Kerster  1974 ). Around 
1980, the impact of gene fl ow was specially 
reevaluated in plants and it was suggested that it 
was one of the driving forces of evolution and 
speciation in fl owering plants (Ellstrand  2003 ). 
Nowadays, with the infl ux of genetically modifi ed 
plants on the fi eld, there is a renewed interest on 
the impact of gene fl ow on the crops and their 
wild relatives. Gene fl ow between cowpea ( Vigna 
unguiculata  ssp.  unguiculata  var . unguiculata  
(L.) Walp.) and its wild relative ( V. unguiculata  
ssp.  unguiculata  var . spontanea  (Schweinf.) 
Pasquet) was fi rst reported in 1989 by Sakupwanya 
et al. ( 1990 ) and confi rmed later by Vaillancourt 
and Weeden ( 1992 ) who suggested a very limited 
chloroplast gene exchange between the cultivated 
and the wild. This view was supported by the fi nd-
ings of Kouam et al .  ( 2012 ) who reported that the 
outcrossing rate ranged from 1 to 9.5 % (mean 
3.4 %) but Feleke et al. ( 2006 ) showed that gene 
fl ow can occur in both directions between the cul-
tivated and the wild. Similarly, Coulibaly et al. 
( 2002 ) concluded that the gene exchange makes it 
diffi cult to distinguish between the ancestral state 
and post-domestication evolution and that the 
large number of weedy forms observed within  V. 
unguiculata  resulted from the impact of gene fl ow 
on its genetic organization. 

 The studies carried out on cowpea varieties 
collected from several parts of Malawi showed a 
higher genetic variability within than among the 
populations. These results were not in agreement 
with previous studies showing a low genetic vari-
ability within population of cowpea (Diouf and 
Hilu  2005 ; Badiane et al.  2012 ). These fi ndings 
suggested an uncontrolled gene fl ow between 
populations despite their unchanged morphologi-
cal characters (seed color and size) due to pollen 
fl ow and seed exchange between farmers 
(Nkongolo  2003 ). Seed exchange can occur 

between farmers by way of gift or buying in the 
market or adoption of improved varieties from 
the research institutes. According to Langyintuo 
et al. ( 2003 ) a strong trade network exists in 
Africa between Benin, Burkina Faso, Ghana, 
Gabon, Niger, Nigeria, and Togo and from West 
to Central Africa. Planted in closest fi elds, these 
varieties from diverse regions pave the way for 
gene fl ow between populations. 

 To anticipate the release of transgenic cowpea 
in Africa where the cultivated and the wild forms 
exist, studies were performed in order to assess 
the gene fl ow between populations. It is well doc-
umented that carpenter bee ( Xylocopa fl avorufa ) 
is one of the most important insect pollinators of 
cowpea in    Coastal Province of Kenya. Using 
radio-tracking method, Pasquet et al. ( 2008 ) 
reported that  X. fl avorufa  can forage up to 6 km 
from their nest but 64 % of the fl ight distances 
observed ranged between 200 m and 1 km. They 
observed a high level of gene fl ow within wild 
populations but a poor gene exchange between 
populations and concluded that  X. fl avorufa  has 
the potential to move pollen from wild to culti-
vated cowpea over several kilometers.  

5.4     Gene Flow Constraints 

 According to Hancock ( 2005 ), the cultivated 
crop diverged to their wild progenitor only a 
1,000 years ago and reproductive isolation has 
not occurred yet facilitating gene fl ow. This gene 
exchange which occurs when the wild is in the 
vicinity of the crop could be a concern for breed-
ers, seed producers, and the genebank curators 
who wish to keep their varieties genetically pure 
and true identity of their accessions. In addition, 
the hybrids resulting from a cross between the 
wild and cultivated crop are more similar to the 
wild which increases their chance of being not 
selected while the genes associated with domesti-
cation prevent them to spread in a long distance 
(Doebley et al.  1990 ; Lelou et al.  2011 ). 

 Developing new cowpea lines resistant to the 
most devastating insects such as pod borer or bru-
chid was the main objectives of many breeding 
programs. Unfortunately, due to the low to 
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 moderate level of resistance to pod borer or bru-
chid reported on some cowpea genotypes, the 
transferability of these genes by classical breed-
ing is problematic. To overcome this constraint, 
recent investigations were based on contempo-
rary approach for gene transfer to develop cow-
pea lines genetically modifi ed harboring the 
insect- resistant gene. Currently, signifi cant prog-
ress has been made on cowpea genetic transfor-
mation which may become shortly available for 
the African farmers. The genes used are the 
 Cry1Ab  expressing the delta endotoxin of 
 Bacillus thuringiensis  (Bt) ssp.  kurstaki  and the 
α-amylase inhibitor 1 (αAI-1) to target, respec-
tively, the pod borer ( Maruca vitrata Fabricius ; 
 Lepidoptera :  Pyraloidea :  Crambidae ) and 
 Callosobruchus maculatus  and  C. chinensis  
(Abrol  1999 ; Popelka et al.  2006 ; Tarver et al. 
 2007 ; Adesoye et al.  2008 ; Huesing et al.  2011 ). 
Due to the outcrossing observed between crops 
and crop to wild, the introduction of transgenic 
cowpea harboring insect-resistant gene in African 
agriculture would be a threat for the non-GM 
crop and their wild relatives (Williams and 
Chambliss  1980 ; Asiwe  2009 ). The introduction 
of the gene encoding insecticidal proteins into 
the wild due to gene fl ow might enhance the fi t-
ness of the wild which could be most aggressive 
particularly in Africa which is the center of origin 
and domestication of cowpea. Another threat 
could be the transfer of the Bt gene into the crop 
that might reduce the genetic diversity of the 
landraces and affecting thereby the effectiveness 
of the breeding programs. For these reasons, 
appropriate biosafety regulations need to be 
implemented on priority.  

5.5     Level of Diversity in Crop 
Germplasm 

 In the last decades, several approaches have been 
carried out to enhance our knowledge on the 
nature and the variability of cowpea accessions 
stored in different germplasm across the world. 
These approaches are a prerequisite to select the 
best parent for breeding program or to determine 
the level of representation of each accession and 

where particular gene is present. For better under-
standing of the genetic basis of the accessions 
stored in the germplasm, genetic diversity studies 
were performed using morphological or physio-
logical traits and biochemical or DNA markers 
(chloroplast or nuclear). Using morphological 
traits such as the leaf, stem, stipule size, calyx 
lobes, stigma, peduncle characters, and growth 
habit, Padulosi and Ng ( 1997 ) accomplished an 
interesting work leading to new species descrip-
tion. Combining 35 morphological and 20 isoen-
zyme markers to study 150 wild accessions of  V. 
unguiculata , Pasquet ( 1996a ) revealed their 
genetic relationship and suggested that  Vigna 
unguiculata  var . spontanea , the wild progenitor 
of the cultivated form, was more variable in 
Eastern Africa than in Western part of the conti-
nent. In contrast, using 21 enzymes in 271 
 accessions representing the fi ve cultivar groups 
( textilis ,  bifl ora ,  melanophthalmus ,  unguiculata , 
 sesquipedalis ), Pasquet ( 2000 ) found a narrow 
genetic variation within accessions. In the past 
decades, the intensive use of DNA markers in 
genetic variation studies of cowpea has provided 
a better understanding of the genome organiza-
tion of this crop and the structure of the germ-
plasm. Vaillancourt and Weeden ( 1992 ) used 
chloroplast DNA to describe only two plastome 
types in the cultivated cowpea accessions sug-
gesting a low genetic variation. These fi ndings 
were confi rmed by Feleke et al. ( 2006 ) who con-
cluded the loss of BamHI restriction site in the 
cultivated accessions which probably occurred 
prior to domestication. All these conclusions 
suggested a bottleneck effect induced by a single 
domestication event and explain the low genetic 
diversity of  V. unguiculata  var . unguiculata  
reported in several studies (Li et al.  2001 ; Fall 
et al.  2003 ; Badiane et al.  2004 ,  2012 ; Diouf and 
Hilu  2005 ; Asare et al.  2010 ). Assessing the 
USDA collection maintained at the USDA-ARS 
Plant Genetic Resources Conservation Unit 
(PGRCU) located at Griffi n, GA, the United 
States, Wang et al. ( 2008 ) used 30 gene-derived 
markers developed from legumes for examining 
the genetic relationship in 48 accessions repre-
senting 12  Vigna  species. Their studies revealed a 
putative misclassifi cation accession among the 
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collection. This assertion was in agreement with 
the seed morphology. Based on their results, the 
authors reported that some subspecies were 
underrepresented among the collection which 
needs to be corrected to expand the genetic varia-
tion. Studies based on univariate and multivariate 
analyses of 376 cowpea accessions showed that 
the cowpea from the United States were grouped 
with the one collected from the Mediterranean 
Basin (Cyprus, Egypt, Greece, Israel, Italy, and 
Libya), the collection from Egypt and Libya 
forming a subcluster in that group. In contrast, 
the cowpea from Nigeria and Southern Africa 
formed another cluster in their dendrogram. 
According to their studies, the Mediterranean 
cowpea showed the highest variability, but com-
pared to the others, Southern African prove-
nances shared the same characters such as shorter 
and broader pod, same number of locules, and 
low seed weight (Perrino et al.  1993 ). These 
 conclusions are in agreement with the fi ndings of 
Fang et al. ( 2007 ) leading to the assertion of the 
European origin of the cowpea cultivated in the 
United States. The investigators noticed that the 
cowpea cultivated in Asia are more closer to the 
European breeding lines, thus including West 
African provenances could increase variability 
and vice versa. Similar suggestions are valid for 
Algerian farmers as their landraces showed a low 
genetic variability (Ghalmi et al.  2010 ). However, 
other investigators suggested that in situ mainte-
nance of several populations in the region from 
where they came can induce genetic variability 
due to rare outcrossing occurring between variet-
ies (Nkongolo  2003 ; Tosti and Negri  2005 ). 

 Based on morphological characters, Sène 
( 1962 ) was the fi rst to survey the Senegalese land-
races and identifi ed 53 cowpea varieties. This col-
lection was estimated to 247 in 2002 by the 
“Institut Sénégalais de Recherches Agricoles” 
(ISRA) (Cissé et al.  2005 ) due to the addition of 
new varieties from the breeding programs or com-
ing from seed exchange activities with other germ-
plasm. Later, physiological studies using acetylene 
reduction assay (ARA) described Diongoma as a 
high nitrogen-fi xing variety while Mouride was 
the lowest (Fall et al.  2003 ). In contrast, the variety 
from IITA, IT81D- 1137, was more sensitive to 

drought by reducing its lateral root numbers but 
985 was the most tolerant variety and they showed 
genetic variability as revealed by RAPD analyses 
(Badiane et al.  2004 ). Furthermore, Diouf and 
Hilu ( 2005 ) reported that microsatellite markers 
were more effi cient to detect relationship among 
cowpea accessions and varieties from Senegalese 
germplasm. Based on these suggestions, Badiane 
et al. ( 2012 ) analyzed the genetic variation of 
Senegalese cowpea germplasm using microsatel-
lites and concluded that most of the local varieties 
were clustered in the same group suggesting their 
close relationship compared to the one from 
IITA. Asare et al. ( 2010 ) applied this technology to 
141 cowpea accessions collected from 9 regions in 
Ghana. According to their conclusions, the acces-
sions were clustered in fi ve main groups, each of 
which was loosely associated with geographical 
regions from which they were collected. These 
markers were also powerful to determine the 
genetic relationship among 16 cowpea varieties 
used in breeding for  Striga  resistance in Burkina 
Faso by grouping the resistant accessions into two 
separate clades (Sawadogo et al.  2010 ). These 
fi ndings can be used in breeding program as  Striga  
is one of the major weeds affecting cowpea pro-
duction in the sub-Saharan region. 

 Recently, Fatokun et al. ( 2012 ) made a notable 
work based on physiological studies of 1,288 
lines selected randomly from the collection main-
tained at IITA cowpea germplasm. By stopping 
irrigation 5 weeks after sowing, they selected 142 
drought-tolerant lines of which 6 are potentially 
usable in a breeding program to increase drought 
tolerance in cowpea. In addition, signifi cant 
investigations were carried out during the last 
three decades to study the impact of salinity on 
cowpea which led to the conclusions that NaCl 
affects seed germination and plant development 
(Dantas et al.  2005 ; Murillo-Amador et al.  2006 ; 
Hussein et al.  2007 ). Similar results were reported 
by Thiam et al. ( 2013 ) while screening 15 cow-
pea varieties from Senegalese germplasm for 
their sensitivity to NaCl at germination and 
growth stages. They identifi ed high salt-tolerant 
(Diongoma, 58–78, 58–191) and salt-sensitive 
(Mougne and Yacine) varieties. On the basis of 
dendrogram analyses, the salt-tolerant and the 
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salt-sensitive varieties were grouped in separate 
clades, and chlorophyll and proline accumulation 
were more in the fi rst group. 

 The genetic diversity of 206 accessions of 14 
wild  Vigna  including 12 species of Asian  Vigna  
(subgenus  Ceratotropis ),  V. vexillata  (subgenus 
 Plectotropis ), and  V. pilosa  ( Dolichovigna ) from 
India was studied using morphological characters 
subjected to multivariate analysis. A great homol-
ogy of morphological characters and growth 
habit was observed in the  mungo - radiata  group 
of the subgenus  Ceratotropis  except  V. khan-
dalensis , viz.,  V. radiata  var.  sublobata ,  V. radi-
ata  var.  setulosa ,  V. mungo  var.  silvestris , and  V. 
hainiana , while the species differed by fl ower, 
pod, and seed characteristics (Bisht et al.  2005 ). 
 V. umbellata  was more similar to  V. dalzelliana  
than  V. bourneae  and  V. minima  in the  angularis- 
umbellata   (adzuki bean) group, and the  V. trilo-
bata  accessions were more diverse than  V. 
aconitifolia  in the  aconitifolia-trilobata  (moth 
bean) group (Bisht et al.  2005 ). In addition, 
assessing the genetic diversity of 46 accessions of 
 V. vexillata  from Africa, America, and Australia 
based on globulin protein variability, Piergiovanni 
( 1998 ) revealed a high variation in the Southeastern 
provenances and observed variability between the 
African and American provenances.  

5.6     Production-Related 
Problems 

 The production of cowpea is limited by a wide 
range of factors because the crop is sensitive to 
biotic factors such as virus, bacteria, fungi, 
insects, nematodes, and weeds, which are respon-
sible for signifi cant yield loss in several parts of 
the world. In addition, despite its high tolerance 
to drought, some investigations performed at dif-
ferent stages of plant growth showed that the 
behavior of the crop vis-à-vis drought depends on 
the genotype. Drought affects root architecture; 
fl owering and maturity time impact cowpea yield 
negatively (Ehlers and Hall  1997 ; Matsui and 
Singh  2003 ). In the Sahelian region, high tem-
perature late in the night is a constraint for cow-
pea production as it disturbs fl ower production 

and pollination (   Hall  2004 ). Breeding cowpea 
tolerant to high temperature will impact posi-
tively the production of the crop in that region 
which is the biggest producer in the world. 

 Because low phosphorus availability in the 
soil is another major constraint in the Sudano- 
Sahelian region of West Africa, Saidou et al. 
( 2007 ) screened 200 cowpea genotypes leading 
to the identifi cation of high variation in grain and 
folder yield among varieties. They identifi ed tol-
erant genotypes which produce high yield under 
low phosphorus availability conditions. In con-
trast, in the wet zone, soil acidity is a major con-
straint for cowpea yield that reduces nutrient 
availability due to low microorganism activities. 
Germplasm is the basic material for breeders to 
create new varieties that will be distributed to the 
farmers to increase their production. However, 
germplasm accessibility is sometimes limited 
due to diverse reasons. The fi rst reason can be a 
lack of strong link between researchers, curators, 
and breeders. This assertion is supported by the 
report of Dumet and Fatokun ( 2010 ) showing 
that 40 % of cowpea germplasm in the IITA col-
lection has never been distributed. In addition, a 
lot of information collected by the breeders is not 
very often given to the germplasm provider, sug-
gesting a lack of sharing information within the 
genetic resource community. The second reason 
is related the low number of breeders particularly 
in Africa and the small amount of fund to support 
their activities which limits the potential use of 
genetic resources for the producers’ benefi t. In 
addition, the capacity of the breeding program to 
absorb the new varieties has to be improved. 
Therefore, a lot of effort should be carried out by 
the policymakers to meet the needs of the genetic 
resource community. The third reason is a lack of 
evaluation of genetic resources. It is relevant to 
know the traits of economic importance for a 
large number of accessions maintained world-
wide and to assess their genotype-environment 
interaction using multilocation and replicated 
evaluation. Introducing molecular technique will 
also be useful to identify the putative duplicated 
samples for better germplasm management. The 
fourth reason is related to the nature of the variet-
ies. The early fl owering varieties producing grain 
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in 60 days are widely planted in the tropical 
region, where agriculture depends on the rainy 
season which is usually short. In contrast, the 
long season genotypes producing grain in 
150 days are well adapted in the wet regions 
(Timko et al.  2007 ). In addition, some cowpea 
genotypes are sensitive to photoperiodism lead-
ing to the selection in West Africa of cultivars 
adapted to specifi c regions (Wein and 
Summerfi eld  1980 ; Ehlers and Hall  1996 ). This 
constraint limits the wider usefulness of these 
cultivars in other areas of adaptation and the 
exchange between farmers from these regions.  

5.7     Traits of Importance for Base 
Broadening 

 In the last decades, several breeding programs 
have been implemented to increase cowpea pro-
ductivity and to expand the genetic base of the 
crop (Singh  2005 ; Timko et al.  2007 ). Despite 
these progresses, signifi cant efforts need to be 
done due to the fact that the crop is susceptible to 
a wide range of parasites like virus, bacteria, 
fungi, nematodes, and parasitic weeds ( S. gesner-
ioides  and  A. vogelii ). In addition to this, insect 
pests are also one of the major constraints to 
increase cowpea production in different parts of 
the world; therefore, developing resistant culti-
vars is relevant for the low-income farmers 
because of the high cost of agrochemicals. 
Achieving these objectives is a challenge because 
the crop is susceptible to a wide range of insects 
at different stages of its growth including at seed 
storage level. But in the future, pyramiding resis-
tance genes will be a good approach to develop 
cowpea cultivar resistant to several parasites 
depending on the priority of each geographical 
region because strong resistance genes against 
certain insects are not yet available. Breeding 
abiotic stresses including drought, heat tolerance, 
and deep rooting have been implemented in the 
past years. For this purpose, Singh and Matsui 
( 2002 ) reported that 78 % of lines bred from IITA 
were drought tolerant at vegetative stage and sus-
ceptibility is due to a single recessive gene. 
Adaptation to drought may be improved when 

the crop is able to develop a deep rooting system 
to explore the far horizons within the soil. Studies 
performed in the Sahelian regions indicated that 
current cultivars can develop root system reach-
ing a depth of 200 cm in the wet season. Thus, 
breeding for this character in well-adapted farm-
ers’ varieties will improve production. High tem-
perature is also another constraint in the Sahelian 
region. It reduces productivity because it affects 
fl owers, pollination, and pod production (Hall 
 2004 ). The attempt to breed a heat-tolerant vari-
ety failed in the tropical zones of Africa because 
probably the gene needs to be in combination 
with other compatible genes (Ehlers and Hall 
 1998 ; Ismail and Hall  1998 ). The results showed 
that the heat-tolerant varieties had a semidwarf-
ing character which may be useful in intensive 
irrigation conditions. Attempting to separate 
heat-tolerant gene(s) might be another challenge 
in the coming years for breeders. Furthermore, 
photoperiod sensitivity is also a relevant charac-
ter to include in a breeding program due to the 
fact that most of the traditional cowpea cultivars 
in West Africa are photosensitive and sown at the 
end of the rainy season in the Sahelian region. 

 Cowpea seed protein and other mineral content 
have been intensively assessed in the recent years, 
leading to the conclusion that some genotypes 
(IT97K-1042-3, IT99K-216-48-1, and IT97K-
556-4, LST-IIC-12 and HC-5) contain signifi cant 
quantity of these products (Timko and Singh 
 2008 ; Gupta et al.  2010 ). Taking into account the 
high consumption of cowpea dry seeds in the 
poorer areas in tropical regions, breeding for 
improved cowpea protein content will be relevant 
to fi ght malnutrition for the low- income farmers. 
Another challenge for cowpea breeders is related 
to the seed quality or salinity tolerance. In Eastern 
and Southern Africa and parts of Central and 
South America, consumers prefer red- or brown-
seeded varieties with smooth seed coats while the 
white- and brown-seeded varieties with rough 
seed coats are not welcome in their dishes. In 
addition, cooking time is another important char-
acter, for example, in Senegal, where people pre-
fer low cooking time varieties. The future breeding 
programs can include these consumer preferences 
for their success.  
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5.8     Interspecifi c Hybridization 
in Crop Species 

 In the genus  Vigna , interspecifi c hybridization 
has been reported occurring with different levels 
of the hybrid progeny fertility in the subgenus 
 Ceratotropis . These fi ndings were supported by 
the clustering of  V. refl exo-pilosa  (2 n  = 4 x  = 44), a 
tetraploid species, with  V. trinervia  in the four 
plastid DNA region phylogenetic tree (Ye Tun 
Tun and Yamaguchi  2007 ; Javadi et al.  2011 ). 
This suggested that  V. trinervia  is the maternal 
progenitor of  V. refl exo-pilosa.  This view was 
also in agreement with  atpB-rbcL  spacer region 
analysis reported by Doi et al. ( 2002 ). Using 
nuclear DNA (ITS), the same authors suggested 
that the male progenitor of  V. refl exo-pilosa  could 
be  V. exilis ,  V. hirtella , or  V. umbellata  (adzuki 
bean group) .  In addition, referring to the Ye Tun 
Tun and Yamaguchi ( 2007 ) conclusions, similari-
ties of ITS sequences between  V. refl exo-pilosa  
and adzuki bean group could be due to concerted 
evolution. On the basis of these discoveries, 
 artifi cial interspecifi c hybridizations have been 
attempted in the subgenus  Ceratotropis  but lim-
ited successes were achieved (Dana and Karmakar 
 1990 ). Successful interspecifi c hybridization 
between  V. radiata  ×  V. mungo ,  V. radiata  ×  V. tri-
lobata , and  V. radiata  ×  V. umbellata  was reported 
by Dana ( 1966a ,  b ,  c ). Another hybrid involving 
 V. radiata  like  V. radiata  ×  V. mungo ,  V. angula-
ris  ×  V. radiata , and  V. radiata  ×  V. umbellata  has 
been well documented in the literature (Boling 
et al.  1961 ; Sen and Ghosh  1960 ; Sawa  1974 ). 
Pandiyan et al. ( 2010 ) achieved signifi cant suc-
cess by crossing  V. radiata  with 13 wild  Vigna . 
They recorded a low pod set in the cross  V. radi-
ata  ×  V. dalzelliana  while the cross  V. umbel-
lata  ×  V. radiata  exhibited a signifi cant number of 
branches and number of clusters in reciprocal 
direction, and the hybrids from  V. radiata  ×  V. 
umbellata  showed virus resistance for nine sea-
sons. The results paved the way towards the 
development of interesting agronomic lines. 

 Interspecifi c hybridization involving the cow-
pea and other  Vigna  species are not well docu-
mented. Fatokun and Singh ( 1987 ) reported 
interspecifi c hybridization between  V. unguiculata  

and its hairy wild relatives  V. pubescens . The 
hybrid embryos generated were rescued by cul-
turing in Murashige and Skoog medium and pro-
duced F 1  plants sharing characteristics from both 
the parents. In addition, interspecifi c hybridiza-
tion was also reported between  V. unguiculata  
and  V. vexillata  by Barone et al. ( 1992 ) and 
Gomathinayagam et al. ( 1998 ).  

5.9     Barriers to Interspecifi c 
Hybridization 

 The need to have cowpea varieties with desirable 
agronomic characteristics and resistance to a 
wide range of diseases has led breeders to rely on 
interspecifi c hybridization. For this purpose, sev-
eral attempts to hybridize cowpea with its wild 
relatives, which are the reservoir of resistant or 
tolerant genes for biotic and abiotic factors, have 
been performed using conventional cross tech-
niques or in vitro embryo culture but the excepted 
results have not been achieved yet. The conven-
tional hybridization techniques were constrained 
by pre-zygotic or post-zygotic barriers. The pre- 
zygotic barriers can be characterized by low ger-
mination of pollen on the stigma, slowing the 
growth of pollen tube in the style tissue and/or its 
distortion as it was described in a cross between 
 V. unguiculata  and  V. vexillata  that caused the 
reduction of fertilization between 18 and 30 % 
(Barone et al.  1992 ).    The post-zygotic barriers 
can occur with no hybrid embryo development, 
partial or complete sterility of the hybrid seeds or 
F1 plants (Barone et al.  1992 ). To overcome the 
post-zygotic barriers, embryogenic calli were 
generated from immature embryos resulting from 
the cross between  V. vexillata  ×  V. unguiculata  
cultured in Murashige and Skoog medium sup-
plemented with 2,4-D (2 mg/l) (Gomathinayagam 
et al.  1998 ). The hybrid plants regenerated from 
these calli inherited stem, leaf, and pod hairiness 
shape from  V. vexillata  which could be used as a 
barrier against viral vector. In addition, through 
biochemical analysis, they concluded that the 
hybrid plants exhibited high level of peroxidase, 
polyphenol oxidase, and phenylalanine ammonia 
lyase activities. They also concluded through 
cytological analysis that because of the univalent 
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formation in the hybrid chromosomes, the 
genomes of the two parents were structurally dif-
ferentiated (Gomathinayagam et al.  1998 ). Pre- 
zygotic barriers were also observed in the cross 
between  V. radiata  and  V. aconitifolia  (Bharathi 
et al.  2006 ). In contrast, in the interspecifi c 
crosses  Vigna umbellata  ×  Vigna radiata ,  Vigna 
sublobata  ×  Vigna radiata , and  Vigna trilo-
bata  ×  Vigna radiata , the high rate of seed abscis-
sion and low seed set suggested a post-zygotic 
barrier (Bharathi et al.  2006 ). At intraspecifi c 
level, pre-zygotic barriers were also described by 
different investigators in the cross between  V. 
unguiculata  and the subspecies  baoulensis , 
 letouzeyi , and  tenuis  (Echikh  2000 ; Kouadio 
et al.  2006 ). The fi ndings were in agreement with 
the results reported by Kouadio et al. ( 2006 ) who 
showed that more than 4 % of the ovules fertil-
ized in the cross  V. unguiculata  × subspecies 
 baoulensis.   

5.10     Conventional 
and Contemporary 
Approaches of Interspecifi c 
Gene Transfer 

5.10.1     Conventional Approaches 

 Several studies concluded that the cultivated spe-
cies ( V. unguiculata  ssp . unguiculata  var.  unguic-
ulata ) showed a narrow genetic variability (around 
16 %) due to a bottleneck resulting from a single 
domestication event (Panella and Gepts  1992 ; 
Badiane et al.  2004 ; Diouf and Hilu  2005 ). On the 
other hand, the crop is sensitive to a wide range 
of parasites (virus, bacteria, fungi, insects, and 
weeds). However, the closest wide relative  V. 
unguiculata  ssp.  unguiculata  var.  spontanea  is 
moderately resistant to insect pests while the  V. 
oblongifolia  and  V. luteola  from the genus  Vigna  
and  V. vexillata  have a high resistance. For this 
reason, the attempt was made to transfer the hairi-
ness character of the wild  V. unguiculata  ssp . 
unguiculata  var.  pubescens  (TVNu-110-3A), 
used as a male parent, to a cowpea improved vari-
ety (IT84S-2246-4). After 12 days pods and seeds 
withered and the rescued hybrid embryos pro-
duced a partially fertile F 1  population (Fatokun 

and Singh  1987 ). The objective of this work was 
to introduce some degree of insect resistance into 
cowpea. In contrast, the investigations of 
Mohammed et al. ( 2010 ) showed that the cross of 
 V. unguiculata  ssp.  unguiculata  var.  pubescens  
(TVNu-110-3A), used as a pollen parent with fi ve 
cowpea varieties (Dandunga, IT89KD-288, 
IT93K-452-1, IT97K-499-38, and IT81D-994), 
resulted in the production of F 1  plants which 
 produced viable seeds and subsequent F 2  genera-
tion. These fi ndings suggested that cowpea geno-
types can play a crucial role in the success of 
interspecifi c hybridization. Kouadio et al. ( 2007 ) 
made a successful cross between  V. unguiculata  
ssp.  unguiculata  var.  unguiculata  and  V. unguicu-
lata  ssp . stenophylla  with a rate of 41.7 %, but the 
reduction of pollen fertility suggested a genetic 
distance among these subspecies. These fi ndings 
provide hope to fi ght against aphid which causes 
a lot of damage in cowpea production because it is 
well documented that  V. unguiculata  ssp . steno-
phylla  contains one or two fl avonol p- coumaroyl 
glycosides, an antifeedant product against this 
virus. During their studies, the authors also exper-
imented a cross between  V. unguiculata  ssp. 
 unguiculata  var.  unguiculata  and the subspecies 
 alba ,  spontanea , and  baoulensis . Conventional 
approaches for transferring the gene of interest 
from others species into  Vigna unguiculata  ssp. 
 unguiculata  were time consuming because it 
requires several years for development of pure 
lines. In addition, there were compatibility issues 
between the two genomes involved in the cross. 
To overcome this constraint, contemporary 
approaches have been attempted for gene transfer 
into cowpea.  

5.10.2     Contemporary Approaches 

 The advantages of genetic transformation strate-
gies used were related to the resolution of incom-
patibility encountered during the classical cross 
between genotypes belonging to different species 
and to break the crossing barriers. This approach 
has been attempted and several investigations 
concluded that contemporary approaches were 
reliable methods to introduce alien genes in  V. 
unguiculata  ssp . unguiculata  var.  unguiculata . 
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For this purpose, the susceptibility of this crop to 
 Agrobacterium tumefaciens  has been tested 
(Garcia et al.  1986 ,  1987 ; Penza et al.  1991 ,  1992 ) 
in addition to the direct DNA delivery methods 
used (Akella and Lurquin  1993 ; Muthukumar 
et al.  1996 ; Ikea et al.  2003 ). These investigations 
led to the implementation of reliable protocols of 
genetic transformation of cowpea which were 
used by Popelka et al. ( 2006 ) to introduce suc-
cessfully the  bar  gene encoding herbicide resis-
tance. At the end they concluded on the basis of 
strong scientifi c evidence that the  bar  gene was 
transmitted to the progenies in the Mendelian 
fashion. A similar approach was used successfully 
by Ivo et al. ( 2008 ) to transfer the  ahas  gene cod-
ing for a mutated acetohydroxyacid synthase, 
under the control of the  ahas  5′ regulatory 
sequence. The AHAS is the fi rst enzyme involved 
in the biosynthesis of valine, leucine, and isoleu-
cine and is the target of several herbicides. In their 
studies, the authors used the  herbicide imazapyr  
gene under the control of  ahas5  promoter in order 
to develop as a selectable marker. The same gene 
was also introduced by Citadin et al. ( 2013 ) into 
the cultivar Nova Era using a biolistic method. 
They isolated a line (named 59) showing high her-
bicide tolerance of 400 g per ha of imazapyr, a 
concentration four times higher than the commer-
cial recommended dose. Surprisingly, this line 
showed a developmental growth similar to the 
control plants. In addition, researchers have paid 
some attention to the damage caused by bruchids, 
a major threat to stored cowpea grains particularly 
for the low- income farmers, which is mainly 
caused by  Callosobruchus maculatus  and  C. chi-
nensis  with a loss estimated from 20 to 60 % 

(Abrol  1999 ; Tarver et al.  2007 ). Presently, there 
is no identifi ed cowpea variety showing strong 
resistance to bruchids. In contrast, high resistance 
was described in the wild relative  Vigna vexillata  
but nonviable seeds resulting from their cross 
make this approach inappropriate to transfer these 
genes to the cultivated species (Fatokun  2002 ). 
However, artifi cial diet bioassay performed on 
cowpea weevils suggested that α-amylase inhibi-
tor 1 (αAI-1) isolated from common bean 
( Phaseolus vulgaris ) can be used to fi ght against 
these pest attacks (Ishimoto et al.  1999 ). These 
fi ndings were confi rmed by several authors as the 
introduction of this gene in pea (Shade et al.  1994 ; 
Schroeder et al.  1995 ; Morton et al.  2000 ; Sousa-
majer et al.  2007 ), adzuki bean (Ishimoto et al. 
 1996 ), and chickpea (Sarmah et al.  2004 ; 
Ignacimuthu and Prakash  2006 ) conferred resis-
tance against bruchid beetles. All these studies 
allowed Solleti et al. ( 2008 ) to introduce the  αAI-
1  gene under bean phytohemagglutinin promoter, 
in Pusa Komal a commercially important Indian 
cultivar, and to develop fertile transgenic plants 
which strongly inhibited the development of  C. 
maculatus  and  C. chinensis  insect bioassay. 
Similar results were reported by Lüthi et al. 
( 2013 ) who introduced  αAI-1  gene under the con-
trol of cotyledon-specifi c promoter into the breed-
ing line IT86D-1010, developed at the 
International Institute of Tropical Agriculture 
(IITA), Nigeria, and the Japanese cultivar 
‘Sasaque’ with 100 % larval ( C. chinensis  and  C. 
maculatus ) mortality in the seeds of transgenic 
lines (Table   5.1 ).  

 The Lepidoptera  Maruca  pod borer ( Maruca 
vitrata ) is one of the most devastating insects in 

   Table 5.1    Useful agronomic traits introduced in cowpea   

 Genes  Traits  Gene delivery systems  References 

  α-amylase inhibitor 1  ( αAI-1 )  Bruchid resistance   Agrobacterium   Solleti et al. ( 2008 ) 
 ( Callosobruchus maculates ) 
 ( Callosobruchus chinensis ) 

  Cry 1Ab   Pod borer resistance  Electroporation  Adesoye et al. ( 2008 ) 
 ( Maruca vitrata ) 

  Cry 1Ac   Pod borer resistance   Agrobacterium   Bakshi et al. ( 2011 ) 
 ( Maruca vitrata ) 

  Imazapyr   Herbicide tolerance  Particle bombardment  Citadin et al. ( 2013 ) 
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the tropical region which attacks the fl ower buds, 
fl owers, and young pods and can be responsible 
up to 80 % yield loss in cowpea (Jackai and 
Adalla  1997 ; Sharma  1998 ). However, the inves-
tigations performed by Jackai et al. ( 1997 ) 
showed that the insect pests of cowpea can be 
controlled by several different forms of Bt crystal 
toxins. This basic information was used by 
Adesoye et al. ( 2008 ) and Bakshi et al. ( 2011 ) to 
introduce  Cry1Ab  in cultivars (TVu 201, Ife 
Brown, IT90K-277-2, IT90K-288, and 
IT90K- 391) and  Cry1Ac  genes in cultivar (Pusa 
Komal) in different cowpea genotypes. Their 
experiments showed that the transgenes were 
transmitted in Mendelian fashion to the progenies 
which showed signifi cant reduction of larvae sur-
vival and weight.   

5.11     Molecular Markers, Genome 
Mapping, and Genomics 
as an Adjunct to Breeding 

 In the past decades, signifi cant progress has 
been made on genomic research of legumes, 
since a large amount of databases are available 
for the ones considered as the models such 
as  Medicago truncatula ,  Glycine max , and 
 Phaseolus vulgaris  (  http://www.phytozome.
org/    ). In contrast to cowpea, until recently, very 
little genomic data were available posing a 
major constraint to gene discovery. At present, 
the combination of technology improvement, 
the low cost of sequencing, and the signifi cant 
progress made by several teams working on this 
crop allowed the identifi cation of more than 
189,593 EST (  http://www.ncbi.nlm.nih.gov/
nucest?term=vigna%20unguiculata    ). Recently, 
using methylation fi ltering technology, Chen 
and coworkers ( 2007 ) sequenced the hypometh-
ylated regions of cowpea genome leading to the 
identifi cation of 268,950 gene-space sequence 
reads (GSRs) with an average length of 610 bp 
covering approximately 160 MB. These GSRs 
were blasted against the four plant proteomes 
from  Arabidopsis thaliana ,  Oryza sativa , 
 Medicago truncatula , and  Populus trichocarpa  
(  http://cowpeagenomics.med.virginia.edu/    ) 

 providing a signifi cant tool for marker develop-
ment and comparative genomics .  In addition, 
other genomic data are available such as 
microRNA likely to be involved in transcrip-
tion, development, growth, metabolism, and 
other physiological process regulation or asso-
ciated to drought (Lu and Yang  2010 ; Barrera- 
Figueroa et al.  2011 ). Since the fi rst attempt of 
mapping by Fatokun et al. ( 1993 ) consisting of 
10 linkage groups based on 87 random genomic 
DNA fragments, 5 cDNAs, and RAPDs, others 
with the objective to improve the initial map 
were published by several authors using differ-
ent techniques or markers (RAPD, RFLP, AFLP) 
(Menéndez et al.  1997 ; Ouédraogo et al.  2002 ). 
These improved maps were based on 11 linkage 
groups spanning a total of 2,670 cM with 18 dis-
eases or pest resistance-related markers. The 
most important markers are  Striga gesnerioides  
races 1 and 3 localized on the LG1 and LG6, 
cowpea mosaic virus (CPMV), and cowpea 
severe mosaic virus (CPSMV) in two distinct 
loci on LG2, B1CMV (black-eyed cowpea 
mosaic virus) in LG8, southern bean mosaic 
virus (SBMV) in LG6,  Fusarium  wilt in LG3, 
and root-knot nematode (gene  Rk ; NemR) on 
LG1. Candidate genes for Resistance Gene 
Analogs were mapped on LG2, LG3, LG5, and 
LG9 using RFLP markers. 

 A consensus genetic linkage map was devel-
oped using EST-derived SNP (single nucleotide 
polymorphism) assay of cowpea leading to the 
integration of 928 markers into a genetic map 
spanning 680 cM with 11 linkage groups and an 
average marker distance of 0.73 cM. Using com-
parative genomic approaches, a signifi cant macro-
synteny with  G. max ,  M. truncatula  genome, and 
some microsynteny with  Arabidopsis thaliana  
genome (Muchero et al.  2009b ) with cowpea 
genome were reported. Nine QTL ( Mac -1 to 9) for 
resistance to  Macrophomina phaseolina  were 
mapped on LG2, LG3, LG5, LG6 and LG11. 
Analyzing these QTLs, Muchero et al. ( 2011 ) 
found strong synteny with proteins involved in 
parasite resistance in  G. max  and  M. truncatula  or 
with other products like Ca 2+ -binding proteins, 
light-harvesting complex PSII, UDP glycosyl-
transferase, lipase class 3 family protein, and 
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 fl owering genes. Pottorff et al. ( 2012b ) mapped a 
candidate gene for resistance to  Fusarium oxyspo-
rum f.sp. tracheiphilum  ( Fot ) Race 3 in a LG6 of 
cowpea of a recombinant inbred line population, 
California Blackeye 27 (resistant) × 24-125B-1 
(susceptible). The locus  Fot 3–1  was found in the 
chromosome 6 of cowpea showing macro- and 
microsyntenies with  G. max  chromosome num-
bers 9 and 15 where four resistance genes are 
located. In contrast, Muchero et al. ( 2010a ), work-
ing on the cross from the foliar trips susceptible 
IT93K503-1 and the resistant black-eyed cowpea 
cultivar ‘California Blackeye No. 46’ (CB46), 
identifi ed three QTLs on the linkage groups 5 
and 7. These QTLs’ ( Thr- 1  ,  Thr-2 , and  Thr-3 ) peaks 
were colocated with the AFLP markers ACC-
CAT7, ACG-CTC5, and AGG-CAT1 and were 
associated with foliar damage caused by  Thrips 
tabaci  and  Frankliniella schultzei  ( Thysanoptera : 
 Thripidae ). These encouraging results paved the 
way for genetic characterization of thrips resis-
tance in cowpea as this disease causes 15 % yield 
loss in West Africa and impacts production in Asia 
and South America negatively. 

 Using synteny approaches Pottorff et al. 
( 2012a ) identifi ed QTL for leaf shape called  Hls  
(hastate leaf shape) on the linkage group 15 of a 
genetic map of Sanzi × Vita 7. The same QTL was 
localized on the LG4 of the consensus genetic 
map of cowpea spanning from 25.57 to 
35.96 cM. This fi nding might be important as 
fresh and dry leaves are used, respectively, in 
human consumption and in animal feeding. In 
addition, other markers such as QTL related to 
drought were mapped on linkage groups 1, 2, 3, 5, 
6, 7, 9, and 10, while the QTL for maturity were 
on LG7 and LG8 (Muchero et al.  2009a ,  b ). In the 
same vein, Andargie et al. ( 2013 ) studying popu-
lations resulting from a cross between a short 
duration domesticated cowpea variety (524B) and 
a relatively long duration, the wild accession  V. 
unguiculata  var . spontanea  (219- 01), mapped 8 
QTLs distributed in four linkage groups. The 
QTLs linked to time of fl ower opening (FOT) 
( qFot1.1 ,  qFot1.2 ,  qFot1.3 ) were located on the 
LG1, the  qfot2  on LG2, and  qfot10  on LG10. The 
QTLs linked to days to fl owering (DTF) time 
 qdtf1 ,  qdtf2 , and  qdtf7  were located on LG1, LG2, 

and LG7, respectively. The authors concluded that 
these results will provide a tool to restrain effi -
ciently gene fl ow between cultivated and wild 
 Vigna.  Furthermore, fi ne mapping and positional 
cloning will be needed for the identifi cation of the 
genes governing FOT and DTF as time of fl ower 
opening and the day of fl owering time are two 
important agronomic traits playing a role in geo-
graphical adaptability, the expression of which is 
controlled by environmental factors. Conventional 
breeding was based on the selection of elite vari-
eties showing the best morphological traits, resis-
tance to pest and disease, yield, grain quality, or 
abiotic stresses. The transfer of one of these traits 
or many of them by pyramiding strategies by pop-
ulation development was time consuming, taking 
around 5–10 years to come up with a new variety. 
The selection of the best variety had to be post-
poned until the process reaches the F 5  to F 8  gen-
eration allowing the line to become homogeneous. 
Currently biotechnology based on DNA markers 
derived on genetic and genomic studies bring a 
great hope in plant breeding. The integration of 
DNA markers into plant breeding program known 
as marker-assisted selection (MAS) forms a new 
discipline, “molecular breeding.” But these DNA 
markers have to meet fi ve requirements like reli-
ability, quantity and quality of DNA required, 
technical procedure for marker assay, level of 
polymorphism, and cost. The main advantages of 
MAS are linked to the fact that in some cases, a 
small population can only be required, the num-
ber of generation to achieve the goal is reduced, 
the accuracy of the evaluation is increased, and a 
single technology can handle the selection of mul-
tiple traits. In contrast, MAS is not necessarily 
useful or effective for every trait and require sub-
stantial investments for their development 
explaining their weak integration in the breeding 
programs of developing countries or in the orphan 
crops. On the other side the low impact of marker-
assisted selection is related to the fact that their 
validation is not considered enough for scientifi c 
publication, their accurate localization can be 
problematic, their unknown interaction with envi-
ronmental factors, the laboratory equipments and 
fi eld trial required or intellectual property rights, 
the lack of strong linkage between research centers 
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working on MAS, and the centers developing new 
varieties and misunderstanding between molecular 
biologists and plant breeders (Collard and Mackill 
 2008 ). In cowpea, an AFLP marker linked to  Striga  
races 1 and 3 resistance was converted into a SCAR 
(sequence-characterized amplifi ed region) called 
61R detecting a single band in some resistant vari-
eties (B301, IT82D- 849, and Tvu 14676). In addi-
tion, other putative candidate MAS for insect or 
disease resistance in cowpea were reported (Timko 
et al.  2008 ). Presently, the recent infl ux of SSR and 
SNP markers identifi ed in cowpea or closely 
related species like  Glycine max  which is sharing 
signifi cant synteny constitute interesting tools for 
the development of MAS.  

5.12     Conclusions 

 Improving cowpea varieties was the main objec-
tive of several programs implemented by research 
institutes around the world. For this purpose, 
 different approaches have been used. The fi rst 
approach was related to classical breeding tech-
nique based on the cross of two parents available 
in the germplasm in order to introduce new 
genes in a selected cultivar. This technique has 
led to the selection and release of several cowpea 
genotypes with agronomically important characters 
such as disease resistance. Other important traits 
such as drought tolerance, grain quality and size, 
and maturity were also included in the breeding 
programs but the biggest challenge still is the 
incorporation of several characters in individual 
varieties adapted to local conditions with high 
yield and high quality of seeds. Genetic transfor-
mation approach can be useful to achieve this 
goal as transgenic lines of cowpea carrying the 
gene of interest have been obtained. The second 
approach was based on the use of molecular tech-
nique leading to the identifi cation of several 
markers associated with important agronomic 
traits and the implementation of a good linkage 
genetic map. Refi ning the available genetic map 
by integrating the new molecular techniques and 
the bioinformatic tools will be useful for gene 
discovery. Finally, the integration of all these 
approaches in combination with the use of omic 

datasets available in the model plant ( Arabidopsis , 
 Oryza sativa ,  Glycine max ,  Medicago trunculata , 
etc.) will speed up the release of new elite variet-
ies to the farmers.     
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    Abstract  

  Among the cool season legume crops, lentil production has displayed the 
greatest increase, while cropping of many other grain legumes is actually in 
decline. This increase is most likely due to a convenient fast cooking cou-
pled to a saving of fuel and time – dehulled lentils cook even faster than 
milled rice. Worldwide lentil consumption has augmented more than twice 
the rate of human population growth, with lentil consumption over the past 
40 years having increased more than any other food crop. Therefore, contin-
ued genetic improvement of lentil is essential in all production regions; nev-
ertheless, without access to and use of diverse germplasm, prospects for 
yield genetic gain in lentil may be diffi cult to accomplish. Wild  Lens  acces-
sions represent less than 1 % of the world germplasm collection of this 
genus, this small fraction likely representing the greatest untapped pool of 
genetic variation in lentil. Germplasm evaluation together with a successful 
and targeted hybridization allows for an effi cient breeding and selection of 
varieties adapted to specifi c environments. The aim of the present chapter is 
to describe the evolutionary aspects of lentil and assess the gene pool and 
fl ow for crop improvement, considering levels of diversity and agronomic 
traits of importance, with emphasis placed on wild species and interspecifi c 
 Lens  hybridization, to fi nally conclude with molecular aspects and future 
prospects of lentil breeding.  
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6.1         Introduction 

 The global economic position of lentil ( Lens culi-
naris  Medik.) among grain legumes has increased 
in international trade and currently ranks sixth in 
terms of production after dry bean, pea, chickpea, 
faba bean, and cowpea. During the period 2003–
2006, lentil constituted 6 % of the total world dry 
pulse production. Lentil production increased 
more than fourfold (413 %) in a period of 
40 years, from 917,000 t in 1961–1963, with an 
average yield of 560 kg/ha, to a world harvest 
in 2004–2006 of 3,787,000 t with a mean yield 
of 950 kg/ha (Erskine  2009 ). According to 
FAOSTAT (  http://faostat.fao.org    ), in ( 2007 ), 
lentils were being produced in 52 countries with 
approximately 3.8 million hectares under cultiva-
tion. The spread of lentil from its center of origin 
in the “Fertile Crescent” after its early domesti-
cation about 10,000 years ago (Cubero et al. 
 2009 ) has been accompanied by selection for 
traits that enhance adaptation to a wide range of 
agroecological environments. The crop is now 
being cultivated from cold-winter continental cli-
mates to subtropical areas and high altitudes in 
tropical regions. With an initial selection against 
pod dehiscence, the main objective of human 
selection has remained seed size together with 
fl owering response to photoperiod and tempera-
ture, as well as resistance or tolerance to abiotic 
and biotic stresses. If lentils have been main-
tained by farmers through ages, it is most likely 
because they grow in poor soils, harsh climates, 
and conditions unfavorable for humans, animals, 
and crops (Cubero et al.  2009 ). In many cases, 
lentils may have been the only source of protein 
available to farmers. Lentil cultivation and adap-
tation to different environments and human pre-
ferences have resulted in a wealth of phenotypic 
seed variation together with the development 
of different culinary customs. Lentils are used 
worldwide as a starter, as a main dish, as a side 
dish, or in salads. For instance, according to 
Sarker and Kumar ( 2011 ), in West Asia and North 
Africa,  Mujaddarah  is a popular dish made out of 
whole lentil and immature wheat seed.  Koshary  
is a commonly served dish in Egypt, made out of 

a mixture of rice and red lentil. In North Africa, 
lentil is prepared with vegetables and the recipe 
is known as  Lentil Tagine . Of course, red lentil 
soup is popular all over West Asia, but most par-
ticularly in Turkey, Lebanon, Jordan, Palestine, 
and Syria.  Wot  is a traditional dish of Ethiopia. In 
South Asia, as indicated by Saha and Muehlbauer 
( 2011 ), lentil is an important source of protein 
and is consumed almost daily as  Dal , a typical 
stew seasoned with turmeric, ginger, onion, and 
other spices, by all strata of people irrespective of 
social and economic status. While in Western 
Europe, particularly in Spain, the brown lentil 
typifi ed by variety pardina (greenish-brown seed 
coat with some dark speckling and mottling with 
yellow cotyledons) is preferred to be cooked as 
lentil stew. In addition, lentil may be deep fried 
and eaten as a snack or combined with cereal 
fl our in the preparation of bread and cake. Large-
seeded green lentils are commonly used in salads. 
The newly developed product  Genki Energy 
Bar  is an example of a potential wider use of the 
wholesome lentil (Vandenberg  2011 ). On a global 
scale, lentil consumption has augmented more 
than twice the rate of human population growth, 
with lentil consumption over the past 40 years 
having increased more than any other food crop. 
Among the cool season pulses, lentil is by far the 
fastest- growing crop, while many of the other 
grain legumes are actually in decline. This is most 
likely due to the convenient fast cooking coupled 
with a saving of fuel and time; dehulled lentils 
cook even faster than milled rice. Moreover, lentil 
requires less processing when compared to soya 
beans and cereals. As part of a diet, lentils are rich 
in protein (20–30 %), complex carbohydrates, 
and dietary fi ber and are an excellent source of a 
large range of micronutrients (Thavarajah and 
Thavarajah  2011 ). 

 In order to introduce genetic variation, there 
remains no doubt as to the need to undertake 
manual crosses in a highly autogamous species such 
as lentil, allowing for segregation and selection, 
while introgression and genetic-based broaden-
ing go hand in hand. Germplasm evaluation 
together with a successful and targeted hybridi-
zation allows for an effi cient breeding and selec-
tion of varieties adapted to specifi c environments. 
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Therefore, knowledge on germplasm and specifi c 
practical skills regarding ways to optimize 
hybridization constitute vital factors to advance 
breeding programs. Our aim here is to provide 
insight into these issues; simultaneously we 
describe the evolutionary aspects of lentil and 
assess the gene pool and fl ow for crop improve-
ment; consider levels of diversity and agronomic 
traits of importance, with emphasis placed on 
wild species and interspecifi c  Lens  hybridization; 
and fi nally conclude with molecular aspects and 
future prospects of lentil breeding.  

6.2     Crop Gene Pool, 
Evolutionary Relationships, 
and Systematics 

6.2.1     The Genus  Lens  Miller 

 The genus  Lens  Miller is taxonomically classifi ed 
within the tribe Vicieae DC. (syn. Fabeae Rchb.) 
(syn. Fabaceae, Papilionoideae) together with three 
other genera:  Lathyrus  L.,  Pisum  L., and  Vicia  
L. The tribe Vicieae is included in the inverted 
repeat-lacking clade (IRLC) (Wojciechowski et al. 
 2000 ), accordingly denominated because the chlo-
roplast genome is uniquely marked by the loss of 
one copy of the large inverted repeat (approx. 
25 kb). The clade includes all the members of 
the tribes Cicereae, Hedysareae, Trifolieae, and 
Vicieae, as well as at least three other genera 
(Wojciechowski  2006 ; Jansen et al.  2008 ). Thus, 
the interesting crop legume genera such as 
 Trifolium, Medicago , and  Cicer  all hold a close 
phylogenetic relation to lentil and other Vicieae 
species. Although all botanical texts since the six-
teenth century have used the name  Lens  for the spe-
cies to which lentil belongs, the fi rst botanist to 
truly assign the status of the genus was Tournefort 
in 1700. Miller in 1740 verifi ed the designation and 
became the authority on the genus, while he is also 
responsible for producing the oldest available 
botanical description. In 1787, the German botanist 
and physician Medikus assigned lentil the scientifi c 
name  Lens culinaris  and the nomenclature is cur-
rently accepted and used. Numerous taxonomic 
treatments during the nineteenth century were 

published based on similarities of  Lens  with other 
taxa such as  Ervum ,  Ervilia ,  Vicia ,  Lathyrus , 
 Orobus , and even  Cicer  (all of which belong to a 
relatively young group of plants that are still in 
active evolution). Nonetheless, by the end of the 
nineteenth century, the genus  Lens  was fi nally well 
established (for historical references and syn-
onyms, see Cubero et al.  2009 ). 

 The taxonomy of the genus  Lens  is far from 
easy given the close relationships among species, 
and the phylogenetic relationships between  Lens  
species continue to be a subject of scientifi c dis-
cussion (Cubero et al.  2009 ). The classical struc-
ture of the genus based on morphological ana lyses 
and/or biochemical markers included four species: 
 Lens culinaris ,  L. orientalis ,  L. nigricans , and 
 L. ervoides  (Ladizinsky  1979 ). In 1984, acces-
sions of  nigricans  were reclassifi ed as  odemensis , 
and a new taxonomy of the genus was proposed, 
 Lens culinaris  with cultigen subspecies  culinaris  
and wild ssp.  orientalis  and  odemensis , and  Lens 
nigricans  with two subspecies,  nigricans  and 
 ervoides  (Ladizinsky et al.  1984 ). However, 
Ladizinsky later recognized the following taxa: 
 L. culinaris , with subspecies  culinaris  and  
orientalis ,  Lens odemensis ,  L. ervoides , and 
 L. nigricans  (Ladizinsky  1993 ). In 1997, two new 
species were added to the genus,  Lens tomento-
sus  (ex  L. orientalis ; Ladizinsky  1997 ) and  Lens 
lamottei  (ex  L. nigricans ; Van Oss et al.  1997 ). 
Ferguson et al. ( 2000 ), using morphological as 
well as molecular markers, considered both  ode-
mensis  and  tomentosus  as subspecies of  L. culi-
naris . The following classifi cation of the genus 
 Lens  was proposed by these authors:  L. culinaris , 
with four subspecies, namely,  culinaris ,  orienta-
lis ,  tomentosus , and  odemensis ;  L. ervoides ; 
 L. nigricans ; and  L. lamottei . This nomenclature 
is currently being used by the National Center 
for Biotechnology Information (NCBI). A phylo-
genetic nomenclature based on SDS-PAGE 
ana lysis of seed proteins undertaken by Zimniak-
Przybylska et al. ( 2001 ) clustered  culinaris , 
 orientalis ,  tomentosus , and  odemensis  in one 
group;  L. ervoides  and  L. lamottei  in a second 
group; and  L. nigricans  in a third group; this 
result conforms in grosso modo with the previous 
study of Ferguson et al. ( 2000 ). 
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 To summarize, taxonomic analyses based 
on morphological and/or biochemical markers 
ranged from four species in 1979, namely,  L. 
culinaris ,  L. orientalis ,  L. nigricans , and  L. 
ervoides , to two species in 1984:  L. culinaris  
(with subspecies  culinaris  (the cultigen),  orienta-
lis , and  odemensis ) and  L. nigricans  (with ssp. 
 nigricans  and  ervoides ); again to four species in 
1993, i.e.,  L. culinaris  (ssp.  culinaris  and  orien-
talis ),  L. odemensis ,  L. nigricans , and  L. ervoides ; 
and to the previous four species plus the addition 
of  L. tomentosus  and  L. lamottei  to comprise a 
total of six species in 1997. The number of six 
species is now widely accepted:  L. culinaris  [ssp. 
 culinaris , the cultigen and ssp.  orientalis  (Boiss.) 
Ponert, the wild ancestor of the cultivated forms], 
 L. odemensis  (Godr.) Ladiz.,  L. tomentosus  
Ladiz.,  L. nigricans  (Bieb.) Godr.,  L. ervoides  
(Bring.) Grande., and  L. lamottei  Czfr. The geo-
graphical distribution of the  Lens  species which 
are all self-pollinated is described by Cubero 
et al. ( 2009 ).  

6.2.2     Genome Size, Ploidy, 
Chromosomes, 
and Karyotypes 

 The C value (unreplicated haploid) of the lentil 
genome was determined by fl ow cytometry to 
amount to 4.41 pg, which is equivalent to 
4,063 Mbp (Arumuganathan and Earle  1991 ). 
This result agrees with a previous evaluation 
undertaken by Bennet and Smith ( 1976 ) using 
Feulgen microdensitometry of 4.6 pg, comparable 
also to the genome size of closely related Vicieae 
species such as pea (3,947–4,397 Mbp). Neither 
the mitochondrial nor the chloroplast genomes of 
lentil have been sequenced to date according to the 
data available in the NCBI Eukaryote Organelles 
and the Organelle Genome Megasequencing 
Program websites. However, Van Oss et al. ( 1997 ) 
carried out a comparative restriction fragment 
length polymorphism (RFLP) analysis of the  Lens  
species chloroplasts. 

 All  Lens  species possess the same chromo-
some number (2 n  = 14) and share similar karyo-
types, which consists of three pairs of metacentric 

and submetacentric chromosomes, three pairs of 
acrocentric chromosomes, and a pair of metacen-
tric chromosomes with the nucleolar organizing 
region (NOR) secondary constriction site proxi-
mal to the centromere location (Ladizinsky  1993 ), 
although some karyotype variants have been 
described (Balyan et al.  2002 ). In addition to the 
standard ssp.  culinaris  karyogram, Ladizinsky 
( 1993 ) also described other karyotypes in ssp.  ori-
entalis : a single accession (No 113) showed a 
karyotype in which about three- quarters of the 
satellite had been translocated to another chromo-
some and the metacentric- satellited    chromosome 
had become acrocentric. Accessions from Iran 
differed by a chromosomal rearrangement involv-
ing two metacentric chromosomes, and acces-
sions from Turkey differed by a paracentric 
inversion and inclusive of two or even three chro-
mosome rearrangements. Accordingly, ssp.  orien-
talis  appeared to be the most chromosomally 
variable  Lens  taxon (Ladizinsky  1993 ). Balyan 
et al. ( 2002 ) using fl uorescence in situ hybridiza-
tion (FISH) identifi ed the NOR region to be 
located in chromosome 3; chromosome 2 con-
sisted of a submetacentric chromosome with a 5S 
locus distally located on the long arm (the major 
site of hybridization), whereas chromosome 6 
comprised an acrocentric chromosome with the 
other 5S locus located proximal on the short arm 
(minor site). Further data based on  Lens  homolo-
gous probes, which differentially hybridized to 
the 5S non- transcribed spacer (NTS), allowed a 
better differentiation between the two 5S loci 
(Fernández et al.  2005 ). Locus 5S on chromo-
some 2 corresponded to the longer NTS family 
sequence, while the second 5S locus located on 
chromosome 6 corresponded to the shorter NTS 
family. Furthermore, FISH data indicated that in 
some wild  orientalis  accessions (e.g., ILWL-7), 
three-quarters of the satellite had been transferred 
to another chromosome, the metacentric-satellited 
chromosome had become acrocentric, and one of 
the submetacentric chromosomes had been 
lengthened. In this  orientalis  accession, only a 
single 5S locus was detected using the longer 
NTS probe on chromosome 6; thus, it is possible 
that some ssp.  orientalis  karyotypes lack one of 
the 5S loci (Fernández et al.  2005 ).  
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6.2.3     Gene Pools 

 The previous discussion regarding the genus  Lens  
and their different karyotypes can be confusing; in 
addition, as will be described further on, no clear 
hybridization barriers have been defi ned between 
the accepted species. The levels of fertility and ste-
rility so far found have depended on the taxa 
involved in a specifi c cross but also, to a greater or 
lesser extent, on the particular populations used 
within these taxa. This phenomenon is common as 
it happens in  Lens , since the taxa are close rela-
tives.  Lens  is a genus that belongs to a very active 
group from an evolutionary point of view. Even 
with the exceptions described above, of which 
more details are provided in the next sections, 
hybridization experiments have supported the idea 
of six differentiated species. In line with the above 
and particularly with hybridization barriers in 
mind, support for the idea of six differentiated  Lens  
species has gained. Besides of the forms of the cul-
tigen ( L. culinaris  ssp.  culinaris ),  L. culinaris  ssp. 
 orientalis  obviously belongs to the primary gene 
pool and  L. odemensis  to the second, although suc-
cess of  L. odemensis  crosses with the cultigen may 
or may not require embryo rescue depending on the 
specifi c accessions used. The tertiary gene pool is 
composed of  L. tomentosus ,  L. lamottei ,  L. nigri-
cans , and  L. ervoides , but these can become part of 
the secondary gene pool by means of embryo res-
cue. In any case, further hybridization studies are 
needed to truly establish whether  L. tomentosus  
and  L. lamottei  belong defi nitely to the secondary 
or tertiary gene pool (Cubero et al.  2009 ).  

6.2.4     Origin and Evolution 

 Seed size seems to be the only character which 
has allowed domestication events to be traced in 
archaeological remains. The oldest remains of 
wild lentils have been found in Mureybit (Syria) 
dated around 10,000 BP, while those of the culti-
gens have been dated around 9,000 BP and were 
discovered in aceramic Neolithic layers located in 
the Near East (see Cubero et al.  2009  for archaeo-
logical data). Given the coexistence of the wild and 
domesticated forms which is not found elsewhere, 

coupled with archaeological evidence, the Fertile 
Crescent is the most likely candidate to be the 
center of origin of the cultivated lentil. In addi-
tion, lentil diversity in the center of origin is still 
very high for both the cultivated primitive forms 
and the wild relatives. Using molecular markers, 
Ferguson et al. ( 1998a ,  b ) located areas of high 
diversity for ssp.  orientalis  alongside the border 
between Turkey and Syria as well as in areas of 
southern Syria and Jordan; this data supports the 
archaeological evidence and indicates the Near 
East region as the most likely center of lentil 
domestication. Ladizinsky ( 1999 ) also suggested 
the Near East as the center of origin based on the 
polymorphism found in wild accessions of ssp. 
 orientalis  and the monomorphism of  culinaris . 
Indicators of human activity suggest that some 
populations of  orientalis  were unconsciously sub-
jected to selection (Harlan  1992 ) which resulted 
in the crop that we know today as lentil. According 
to Zohary ( 1999 ) and based on chromosome and 
DNA polymorphisms, the domestication event of 
lentil happened once or only a few times. Toklu 
et al. ( 2009 ) used ISSRs and AFLPs to undertake 
a variability analysis of lentil landraces from 
Southeast Turkey concluding that they exhibited a 
high genetic variation index (He = 0.180); none-
theless one particular landrace from the Karacadag/
Diyarbakir region was found to be signifi cantly 
different to the rest of the germplasm evaluated. 
The Karacadag mountain range located in 
Southeast Turkey is placed within the core area of 
plant domestication of the Fertile Crescent. Lev-
Yadun et al. ( 2000 ) suggested a lentil domestica-
tion site close to or overlapping the area where 
einkorn and emmer wheats had been domesticated 
in the Fertile Crescent, concretely, the Karacadag/
Diyarbakir region as the domestication center of 
lentil. Furthermore, two centers of diversity for 
 L. culinaris  ssp.  orientalis  have been described: 
(1) Southeast Turkey and Northwest Syria and 
(2) West and North Jordan and southern Syria 
(Ferguson et al.  1998a ). 

 Compared to  L. orientalis , cultivated lentils 
have a greater stem and rachis length, more leaf-
lets per leaf, a greater leaf area, an increased 
number of fl owers per peduncle, as well as an 
increased number of pods and seeds. In addition, 
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peduncles of the cultivated forms are generally 
shorter or equal in length to the rachis when com-
pared to the wild forms. Aside from all of the 
above, pod indehiscence of the cultivated forms 
in contrast to the dehiscent mode of the wild spe-
cies, together with the erect growth habit of the 
cultivated lentil compared to the wild procum-
bent and prostrate plant structure, typifi es the 
most noticeable differences between the domesti-
cated and wild relatives, being traits of great eco-
nomic value and with many implications on yield 
and ease of harvesting. All of the abovementioned 
characters are strongly associated with increased 
yield levels, in a similar way as observed for the 
other domesticated food legumes. Lentil cultigens 
show a higher frequency of white fl owers com-
pared to the dominant purple-colored infl ores-
cences of the wild relatives, most probably a 
character associated to a better culinary quality 
and fi xed by indirect selection of lighter-colored 
seed coats (Fratini et al.  2011 ). As is also the case 
of chickpea and faba bean, there exists a clear 
regional distribution pattern of the cultivated len-
til forms (displayed in Cubero et al.  2009 ). The 
trend from eastern to western lentils comprises 
an increase in seed size, a higher number and size 
of leafl ets in addition to the length of the calyx 
teeth relative to the corolla length. To explain this 
cline, it has been postulated that the introgression 
into western forms of lentil came from  odemensis  
(more likely than from  nigricans  as  odemensis  
was given its specifi c status because of its cross-
ability with  culinaris ), while an introgression 
from  orientalis  played the leading role with 
regard to the eastern forms. For the short calyx of 
the prevalent lentil forms found in East Africa 
and mainly Ethiopia, the genetic infl uence of 
 ervoides  has also been postulated. A comparison 
between the geographical patterns of the wild 
species and the cultivated forms (see Cubero 
et al.  2009 ) seems to verify the introgression 
hypothesis as  orientalis  is the only wild form 
spreading eastward,  ervoides  to the Ethiopian 
region, and both  nigricans  and  ervoides  to the 
west. Nonetheless, the latter two species do not 
readily cross with  culinaris  as hybrids result in 
embryo abortion (Ladizinsky et al.  1984 ; Fratini 
and Ruiz  2006 ), but sporadic crosses through a 

long period of time cannot be readily dismissed. 
Besides, in the same way as  odemensis  was sepa-
rated from  nigricans  because of the differential 
fertility level with cultigens, other strains of 
 nigricans  and  ervoides  could have behaved in a 
similar way. 

 Thus, although crosses between  culinaris  and 
 odemensis  are feasible and produced longer 
(sometimes branched) tendrils than those observed 
for  culinaris  (Ladizinsky  1979 ; Ladizinsky et al. 
 1984 ), more experimental work, including molec-
ular biology analysis, is necessary to prove the his-
torical introgression of traits derived from 
 odemensis  into the cultigens. The geographical 
pattern could simply be an indirect (correlated) 
response to different human selection approaches 
in different parts of the world accompanied with 
the usual sources of genetic variation (mutation, 
migration, and genetic drift) and crosses with 
companion weeds. In fact, molecular marker 
analyses have indicated that the genetic variabil-
ity within cultivated lentil forms is relatively low 
(Durán and Pérez de la Vega  2004 ; Sonnante 
et al.  2003 ), suggesting that the two great groups 
of cultivated lentils,  microsperma  and  macro-
sperma , could only be variants for quantitative 
traits resulting from disruptive selection. 

 Summing up the available information on crop 
evolution, lentils were domesticated in the foot-
hills of the mountains of southern Turkey and 
northern Syria (Ferguson et al.  1998a ,  b ,  c ; 
Ladizinsky  1999 ; Lev-Yadun et al.  2000 ) most 
likely by unconscious selection (Harlan  1992 ) 
within populations of ssp.  orientalis . Nonetheless, 
the infl uence of other wild relatives cannot be 
excluded as has been shown to have occurred in 
the origin of most cultivated crops. In the concrete 
case of lentil, the similarity among wild species 
could have been a factor in favor of producing 
companion weeds and maintaining them in culti-
vated stocks. The ssp.  orientalis  and  L. odemensis  
are the most likely candidates to have constituted 
the main origin of extra-specifi c variability for the 
cultigens; however, more experimental proof is 
further needed. The genetic variability found with 
molecular markers seems to be low (Durán and 
Pérez de la Vega  2004 ; Sonnante et al.  2003 ), sug-
gesting a common origin for all the cultivated 
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forms of lentil and a narrow range of achieved 
artifi cial selection. The observed differences 
detected among different geographical groups 
could be the plain result of a correlated response 
exerted by selection for higher yield, compared to 
a direct consequence of a more basic genetic dif-
ference. All in all, the role of introgression from 
wild forms, however, requires further study.   

6.3     Assessment of Gene Flow 
for Crop Improvement 

 Ladizinsky ( 1979 ) made crosses between  culina-
ris  (three accessions representing extreme values 
for seed characteristics and other traits),  orientalis  
(four), and  nigricans  (one). The F 1  generation of 
the  culinaris  ×  orientalis  crosses grew normally, 
and the F 2  generation segregated for growth habit, 
fl ower color, pod dehiscence, and seed coat color. 
Meiosis was almost normal with the presence of a 
quadrivalent in most of the cells examined and, in 
very few cases, a trivalent and one univalent. This 
result supported previous proposals considering 
 orientalis  as a subspecies of  culinaris . Other 
hybridization experiments have indicated that 
 culinaris  ×  orientalis  crossing successes are equal 
or even higher than cross combinations within  L. 
c. culinaris  (Fratini et al.  2004 ), so far not having 
observed embryo abortion using different  orienta-
lis  accessions, although clear signs of varying 
degrees of plant deterioration, such as chlorosis 
and other weakness signs, are clearly detectable 
in recombinant inbred populations (RILs) most 
likely due to the fi xing of unfavorable allele asso-
ciations (Fratini, unpublished). Altogether, the 
 orientalis  taxon remains the best source among 
the wild species for the introgression of traits to 
the cultigen. According to Ladizinsky ( 1979 ), 
 culinaris  and  orientalis  share the same karyotype, 
although karyotype variants in  orientalis  have 
been described (Ladizinsky  1993 ; Balyan et al. 
 2002 ; Fernández et al.  2005 ). Likewise, some 
extent of intraspecifi c karyotype variations in sev-
eral  Lens  species has also been described (Galasso 
 2003 ; Fernández et al.  2005 ). Since fertility of 
the inter- subspecifi c hybrids between  culinaris  
and  orientalis  depends on the chromosome 

arrangement of parents (Ladizinsky  1979 ; 
Ladizinsky et al.  1984 ), three crossability groups 
have been identifi ed in the wild ssp.  orientalis : a 
common, a unique, and an intermediate. Crosses 
between members of the common and unique 
groups yield aborted seeds which can be rescued 
by embryo culture, while members of the inter-
mediate group are cross compatible with the other 
two groups (Ladizinsky  1993 ; van Oss et al.  1997 ). 
Subspecies  orientalis  is readily crossed with  L. 
odemensis , the hybrids are vegetatively normal 
but partially sterile due to meiotic irregularities 
resulting from three chromosome rearrangements 
between the parental strains (Ladizinsky  1993 ). 
The fi rst hybrids between  culinaris  and  nigricans  
developed normally (Ladizinsky  1979 ). However, 
later on crosses with other accessions of   nigricans   
were observed to be unviable (Ladizinsky et al. 
 1984 ). Therefore, in 1984, the former  nigricans  
accession was reclassifi ed as  L. odemensis. Lens 
tomentosus  is morphologically closer to  L. c.  ssp. 
 orientalis  than to any other  Lens  taxon; neverthe-
less, they are isolated by hybrid embryo break-
down, complete sterility, and fi ve chromosomal 
rearrangements (van Oss et al.  1997 ), which sup-
ports the idea of a specifi c status for  tomentosus . 
Likewise,  L. tomentosus  is reproductively isolated 
from  L. lamottei  and  L. odemensis  by hybrid 
embryo abortion (van Oss et al.  1997 ). Linkage 
studies have revealed chromosomal rearrange-
ments between  L. culinaris  and  L. odemensis  
(Ladizinsky  1993 ), which could possibly explain 
why certain accessions of  odemensis  are freely 
crossed with  culinaris  (Ladizinsky  1979 ) while 
others need embryo rescue (Fratini and Ruiz 
 2006 ).  Lens odemensis  is cross incompatible with 
 nigricans  and  ervoides  due to hybrid embryo abor-
tion (Ladizinsky et al.  1984 ; Ladizinsky  1993 ). 

 The morphological differences between  L. 
nigricans  and  L. lamottei  are limited to stipule 
shape; however, the two species differ by four 
reciprocal translocations and one paracentric 
inversion, resulting in the complete sterility of 
their hybrids (Ladizinsky et al.  1984 ).  Lens nigri-
cans  ×  L. ervoides  interspecifi c hybrids are vege-
tatively normal but completely sterile (Ladizinsky 
 1993 ). Fratini and Ruiz ( 2006 ) carried out exten-
sive crosses between  L. c . ssp.  culinaris  and 
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 L. nigricans  and  L. ervoides  and  L. odemensis . 
Hybrids between the cultigens and the other spe-
cies were viable only through embryo rescue; the 
rates of adult plants obtained were low: 9 % with 
 odemensis  and 3 % with  nigricans  and  ervoides . 
Previously, it had been already shown that crosses 
between  culinaris  and  nigricans  or  ervoides  
needed embryo rescue to recover interspecifi c 
hybrids (Ladizinsky et al.  1984 ; Ladizinsky 
 1993 ). In summary, hybridization barriers sup-
port the idea of six differentiated species. 
Together with  Lens c. culinaris , the cultivated 
form,  Lens c. orientalis  obviously belongs to the 
primary gene pool, whereas  L. odemensis  to the 
second. Although the success in such crosses 
(needing embryo rescue or not) depends on the 
particular  odemensis  accessions used in the study, 
 L. tomentosus, L. nigricans, L. ervoides , and  L. 
lamottei  belong to the tertiary gene pool, but can 
become part of the secondary gene pool by means 
of embryo rescue; however, further hybridization 
studies are needed to establish whether  L. tomen-
tosus  and  L. lamottei  truly belong to the second-
ary or tertiary gene pool (Cubero et al.  2009 ). 

6.3.1     Gene Flow Constraints 

 Mating system is a major determinant of the 
genetic structure of plant populations and of the 
breeding methods in crops. Lentil is a highly self- 
pollinating species in which outcrossing rates are 
usually low. Wilson and Law ( 1972 ) reported less 
than 0.8 % of natural cross-pollination as dis-
cerned by morphological markers. More recently, 
the outcrossing rate of lentils was established to 
range from 0.06 to 5.12 % among three varieties 
as measured in Central Europe using a dominant 
orange cotyledon allele as a genetic marker 
(Horneburg  2006 ). The outcrossing rate of indi-
vidual plants ranged from 0 to 22.2 %. Results 
were strongly infl uenced by cultivar, year, and 
location; thus, for instance, the outcrossing rates 
of the cultivar Pisarecka Perla in the same local-
ity were 0.89, 5.12, and 3.01 % in the years 1999, 
2000, and 2001, respectively (Horneburg  2006 ). 

 The large variation detected in natural out-
crossing rates of lentil, which for a given cultivar 

depend upon year and location (Horneburg 
 2006 ), indicates that in addition to the genotype, 
the environmental conditions can play a determi-
nant role with regard to hybridization success. 
The effect of environmental conditions on intra- 
and inter-subspecifi c hybridization success was 
analyzed by Fratini et al. ( 2004 ). Fall crossing 
success under controlled greenhouse conditions 
among lentil cultivars or with subspecies  orienta-
lis  was substantially higher with regard to the 
same fi eld crosses carried out in the spring. In the 
fi rst published literature on intraspecifi c lentil 
hybridization (Wilson  1972 ), it was observed that 
lentil crosses in the greenhouse were most suc-
cessful during the winter months, when the tem-
peratures were maintained in a range of 18–24 °C, 
and the relative humidity was above 50 %, while 
manual crossing in the fi eld was unsuccessful. 
The study of Fratini et al. ( 2004 ) established that 
the fall crossing success in the greenhouse was 
favored by temperatures of 20–25 °C, high 
humidity, and sunny mornings; crosses per-
formed in the morning and early afternoon (10–
14 h) usually gave better results than crosses late 
in the afternoon (16–17 h); light conditions also 
infl uenced crossing success as crosses carried out 
on cloudy days (with lower temperatures around 
15 °C) yielded a signifi cantly lower pod and seed 
set; also a temperature range from 20 to 25 °C 
under high humidity conditions with an optimum 
temperature at 24 °C was found to be the most 
suitable for crossing lentil. Previously, Malhorta 
et al. ( 1978 ) had also determined that morning 
pollinations (9–11 a.m.) in India produced the 
highest percentage of pod set in intraspecifi c 
crosses. The fi eld results of the spring crosses 
undertaken by Fratini et al. ( 2004 ) agreed with 
previous fi eld data obtained for such crosses 
(Wilson  1972 ; Malhorta et al.  1978 ; Solh et al. 
 1980 ; Mera and Erskine  1982 ; Malaviya and 
Shukla  1990 ; Kumar and Singh  1998 ); all studies 
pointing out that conditions of high humidity and 
mild temperatures favored crossing success. In 
addition, for spring crosses in the fi eld, it has been 
determined that the bagging of pollinated fl owers 
or plants, together with a lower illumination, such 
as applying artifi cial shading after  pollination, 
increased the intraspecifi c fi eld hybridization 
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success (Solh et al.  1980 ; Mera and Erskine 
 1982 ). For instance, Mera and Erskine ( 1982 ) 
obtained an average percentage of pod set of 
27.1 %, ranging from 60.9 % with plastic bags 
left on shaded plants until harvest to 7.7 % for the 
unshaded control. During winter in India, Kumar 
and Singh ( 1998 ) found an overall pod set of 
23 %, observing that evening crosses, with tem-
peratures of 23–26 °C and a relative humidity of 
85 %, were the most successful. 

 Besides environmental factors determining 
hybridization success, genotype differences 
related to crossing effi ciency have also been 
detected. For instance, Fratini et al. ( 2004 ) found 
that the cultivar Lupa was on average the worst 
male parent (5.9 % of pod and 7.1 % of seed set 
per pollinated fl ower); however, this cultivar was 
on average to be the best female parent (29.1 and 
39.4 %, respectively). Under controlled green-
house conditions, it was concluded that the higher 
signifi cance of the variable  Male  relative to the 
 Female  pointed out the importance of pollen qual-
ity (Fratini et al.  2004 ). As to specifi c genotype 
infl uences, it has been noted that certain intraspe-
cifi c cross combinations are easier to obtain than 
others, inclusive in the case of reciprocal crosses, 
especially with regard to crosses between  micro-
sperma  and  macrosperma  varieties of lentil 
(Fratini, unpublished). Previously three crossabil-
ity groups had been identifi ed in the wild ssp.  ori-
entalis : a common, a unique, and an intermediate; 
only members of the intermediate group were 
cross compatible with the other two groups 
(Ladizinsky  1993 ; van Oss et al.  1997 ). Therefore, 
it seems that lentil genotypes infl uence crossing 
success, although further studies are needed to 
clarify the relative infl uence of the two main fac-
tors, genotype and environment. Besides from all 
of the above considerations regarding the mating 
system, environmental conditions, and parental 
genotype cross combinations, all of which con-
strain gene fl ow in lentil breeding; the operator 
effi ciency undertaking manual hybridizations is 
also a determinant factor. A skilled operator needs 
to possess the experience to discern highly fertile 
female lentil plants and appropriate male pollen 
donors. Identifying fl owers at the correct physio-
logical stage of ¾ sepals to petals to emasculate 

and pollinate or to gather pollen is of vital 
importance. For crosses undertaken in the green-
house under controlled conditions, out of 247 
emasculations and intra- and inter-subspecifi c 
pollinations, a total of 60 hybrids were obtained 
as discerned by morphological and molecular 
markers, equal to an overall hybridization effi -
ciency of 24 % (Fratini et al.  2004 ). 

 As a summary, gene fl ow in lentil breeding is 
constrained by (1) the mating system with the 
inherent complexity to undertake crosses by hand 
emasculation and pollination (which means, for 
instance, that gene introgression using the back-
cross method of breeding is diffi cult and tedious); 
(2) the need to dispose of controlled  environmental 
greenhouse conditions to assure hybridization 
success; (3) certain parental cross combinations 
result in higher crossing effi ciencies than other 
genotype combinations; (4) need of skilled man-
ual hybridization operators; and (5) in the case of 
certain inter-subspecifi c crosses and in most 
interspecifi c crosses, embryo abortion must be 
overcome by in vitro embryo rescue, although 
this may not preclude a future hybrid breakdown 
during the juvenile stage or sterility during the 
adult phase. More data on this aspect will be pro-
vided in the following sections. On the other 
hand, traditional lentil breeding is still limited by: 
(1) the apparent low genetic variability and the 
relatively low number of described Mendelian 
genes; (2) the lack of information on genetic, 
physiological, and other aspects of the crop; and 
(3) the lack of screening methods under con-
trolled conditions. Traditional breeding has often 
been directed to address major production con-
straints, which in turn has limited to take into 
consideration other possible breeding goals.   

6.4     Level of Diversity in Crop 
Germplasm 

6.4.1     Morphological Diversity 

 The fi rst detailed and complete study of the 
cultivated lentil was made by Barulina ( 1930 ), a 
disciple and subsequently wife of N. I. Vavilov. 
She considered two subspecies,  microsperma  and 
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 macrosperma , according to seed size, the main 
objective of human selection. Barulina also con-
sidered the geographical distribution of a cluster 
of characters, defi ning regional groups or  greges.  
The main characters used to defi ne the subspecies 
consisted of pod and seed traits together with dis-
tinct differences in fl ower length. Important char-
acters used to defi ne the groups within the 
subspecies included dehiscence, length of calyx 
teeth, and number of fl owers per peduncle (Cubero 
et al.  2009 ). More than half a century later, a study 
of the quantitative agro- morphological variation 
found in the germplasm of 13 major lentil-pro-
ducing countries identifi ed three major regional 
groups (Erskine et al.  1989 ). The close resem-
blance detected between germplasm from adja-
cent climatically similar countries indicated that 
environmental conditions were the major evolu-
tionary driving force in the case of the cultivated 
lentil. Furthermore, it appeared that the pheno-
logical adaptation to the environment was central 
to crop evolution. Landrace accessions from India 
and Ethiopia are grouped together with striking 
similar phenotypes for the nine quantitative traits 
surveyed. The group was characterized by early 
fl owering and maturity, low biological yield, short 
stature, low pod height, and small seeds. This 
similarity for quantitative traits had already been 
noted by Barulina ( 1930 ). 

 South Asia is the world’s largest lentil- growing 
region; nevertheless, indigenous lentils (with spe-
cifi c ecotype  pilosae ) show a noticeable lack of 
variability. According to Erskine et al. ( 1998 ), this 
lack of variability is the result of a genetic bottle-
neck (most likely a founder effect) derived from 
lentil introduction into the Indian subcontinent 
from Afghanistan around 2,000 BC. Further evi-
dence of the variation paucity within Indian germ-
plasm resides in a sensitivity study of a world lentil 
collection to temperature and photoperiod (Erskine 
et al.  1990 ). In the agro-morphological study 
(Erskine et al.  1989 ), germplasm from Afghanistan 
was found markedly different to the Indo-Ethiopian 
group and had a greater similarity to lentil germ-
plasm from Iran and Turkey. Of all the accessions 
tested, the Afghan accessions were among the lat-
est to mature. Germplasm from Pakistan was also 
of the  pilosae  group for qualitative characters, yet 

intermediate between Afghan and Indian material 
for quantitative traits. Remarkably, countries with a 
much smaller area dedicated to lentil production 
(e.g., Lebanon and Chile) compared to South Asian 
countries (e.g., India and Pakistan) showed a higher 
mean coeffi cient of variation for the nine morpho-
agronomic characters scored (Erskine et al.  1998 ).  

6.4.2     Biochemical and Molecular 
Diversity 

 The introduction of biochemical and molecular 
markers in  Lens  diversity studies represented a 
leap forward, overcoming the previous limitations 
imposed by the relative low number of morpho-
logical characteristics recorded. Isozymes and 
storage proteins were fi rst used in the 1980s to 
study genetic control and differences between 
 Lens  species and among lentil germplasm collec-
tions and to lay out geographical distribution 
(Skibinski and Warren  1984 ; Zamir and 
Ladizinsky  1984 ; Pinkas et al.  1985 ; Hoffman 
et al.  1986 ; Muehlbauer et al.  1989 ; Rosa and 
Jouve  1992 ). The use of isoenzymatic and protein 
SDS-electrophoresis procedures rapidly declined 
when DNA markers were introduced. Restriction 
fragment length polymorphism (RFLP) markers 
were the fi rst molecular markers used to under-
take lentil genetic and linkage analyses (Havey 
and Muehlbauer  1989 ). Subsequently, random 
amplifi ed polymorphic DNA (RAPD) was used, 
among other purposes, to study the diversity, phy-
logeny, and taxonomy of  Lens  (Ford et al.  1997 ; 
Ferguson et al.  1998a ,  b ,  c ). The most extensive 
analysis of the genetic variation in cultivated lentil 
was carried out by Ferguson et al. ( 1998c ) who 
analyzed isozyme and RAPD variation in acces-
sions derived from 16 different countries. The 
germplasm of Afghanistan clustered with that of 
South Asian countries. Accessions from these two 
areas were strikingly different to all other coun-
tries studied and showed low levels of variability. 
Another remarkable result was that the classifi ca-
tion into  macrosperma  or  microsperma  types did 
not refl ect overall country relationships, thus sug-
gesting that seed size variation has little relation 
to between-country genetic similarities. However, 
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different results in relation to seed size were 
observed by Duran and Pérez de la Vega ( 2004 ). 
Using RAPD and ISSR markers, they found that 
continental Spanish  macrosperma  and  micro-
sperma  were more similar between them than 
with  microsperma  from different origins. Most of 
the studies on genetic variability after 1998 have 
been limited to local or regional germplasm sam-
ples (Sonnante and Pignone  2001 ,  2007 ; Durán 
and Pérez de la Vega  2004 ; Babayeva et al.  2009 ; 
Fiocchetti et al.  2009 ; Toklu et al.  2009 ). The gen-
eral overview is that genetic variability in lentil is 
higher in or near the area where the domestication 
of lentil occurred in the Fertile Crescent. 

 In relation to the wild  Lens  species, the analysis 
of molecular variation with isozyme and RAPD 
data has revealed that between 78 and 99 % of the 
variation is attributable to between- population dif-
ferences (Ferguson et al.  1998b ). Areas of high 
diversity and unique diversity were located for 
four wild species, thus indicating regions where 
further germplasm collection is likely to yield 
novel genetic variation (Ferguson et al.  1998a ). A 
systematic comparative study on the extent of 
genetic variation in  Lens  is still lacking, but in gen-
eral it is considered that wild species hold more 
genetic variation compared to cultivated materials. 
In addition, when compared to other diploid sexu-
ally reproduced and cultivated crop species, lentils 
have less variation but show similar levels to that 
of the other cool season grain legumes. 

 Arbitrarily produced amplifi ed fragment length 
polymorphism (AFLP) markers have also been 
used to study genetic diversity (Sharma et al. 
 1996 ) and to differentiate cultivars (Závodná et al. 
 2000 ; Fiocchetti et al.  2009 ). More recently, sim-
ple sequence repeat (SSR or microsatellite) and 
inter-simple sequence repeat (ISSR) markers have 
been included in the list of markers managed in 
lentils. Sets of microsatellite markers have been 
developed by Závodná et al. ( 2000 ) and Hamwieh 
et al. ( 2005 ,  2009 ) at the ICARDA, while other 
sets (also functional markers) are currently being 
produced at the Universidad de León (de la Puente 
 2012 ). In addition, cross-genera SSRs have been 
used in a diversity analysis of  Lens  species (Reddy 
et al.  2010 ). Muehlbauer et al. ( 2006 ) reviewed the 
molecular marker use in lentil. During the fi rst 

decade of the twenty- fi rst century, numerous 
studies regarding lentil diversity using biochemical 
and/or molecular markers have analyzed local 
or regional germplasm collections (Sonnante and 
Pignone  2001 ,  2007 ; Durán and Pérez de la Vega 
 2004 ; Scippa et al.  2008 ; Yuzbasioglu et al.  2008 ; 
Inder et al.  2008 ; Fiocchetti et al.  2009 ; Babayeva 
et al.  2009 ; Hamwieh et al.  2009 ; Toklu et al. 
 2009 ). The extensive use of single nucleotide 
polymorphisms (SNPs) will further improve the 
usefulness of molecular markers applied to lentil 
for basic genetic studies and breeding.   

6.5     Germplasm Collection 

 Managed germplasm collections are available for 
many legume species, including lentil; character-
ization of the genetic diversity within these collec-
tions is a necessary prelude to their effi cient use 
(Varshney et al.  2009 ). At least 43 lentil germ-
plasm collections are maintained across the globe 
for breeding and research purposes. Muehlbauer 
et al. ( 1995 ) reviewed the most important institu-
tions holding lentil collections.    With a conserva-
tion capacity of more than one thousand accessions, 
the International Center for Agricultural Research 
in the Dry Areas (ICARDA;   http://www.icarda.
org    ), the Indian Agricultural Research Institute 
(  http://www.iari.res.in    ), the N I Vavilov Research 
Institute of Plant Industry (  http://www.vir.nw.ru    ), 
the National Bureau of Plant Genetic Resources, 
India, and fi nally the USDA collection at the 
Regional Plant Introduction Station, Pullman, 
Washington (  http://www.ars.usda.gov    ) stand out. 
Another national germplasm bank holding an 
important collection of lentils is the Spanish Plant 
Genetic Resource Center (  http://www.inia.es    ) 
with more than 600 accessions. A complete picture 
of the genetic resources available can be obtained 
at the germplasm collection directory web page of 
Bioversity International (  http://www.bioversityin-
ternational.org/    ), which integrates information 
regarding most of the world germplasm collec-
tions. For instance, the query on  Lens culinaris  
landraces and traditional cultivars generated in the 
year 2012 a list of 43 gene banks and institutions 
holding a total of 12,097 accessions, whereas the 
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query on wild or weedy forms of  Lens  yielded a 
list of six institutions maintaining only a total of 
296 accessions (Pérez de la Vega et al.  2012 ). 
The GapAnalysis tool (  http://gisweb.ciat.cgiar.org/
GapAnalysis/    ) under a wild lentil search describes 
gaps in the collected  Lens  gene pool and provides 
recommendations for new recollection priorities, 
particularly  L. tomentosus , which is given a high 
priority and of which only 4 gene bank accessions 
exist worldwide. Aside from the relatively low 
number of less than 300 wild accessions indexed 
by the germplasm collection directory web page of 
Bioversity International and maintained at six 
institutions, it is also remarkable that no genetic 
stocks, introgressed forms, or mutants were listed 
in 2012 among the available materials (Pérez de la 
Vega et al.  2012 ). Nevertheless, obtaining new 
useful mutants by artifi cial mutagenesis has been 
attended to in lentils. Chemical mutagens and ion-
izing radiation have been used to produce mutant 
lentil lines released for commercial production 
(review by Toker et al.  2007 ), and gamma ray-
induced mutations have been used to obtain and 
release new varieties of outstanding performance 
(“NIA- MASOOR-05”) in Pakistan (Ali and 
Shaikh  2007 ). Dixit and Dubey ( 1986 ) described 
the effect of alkylating agents to generate chromo-
some mutations, mainly translocations. Moreover, 
the world lentil core collections have been mainly 
developed from the ICARDA and USDA-ARS 
collections (Varshney et al.  2009 ), implying a 
great extent of overlapping; in addition, the possi-
bility might exist misclassifi cation for certain 
wild accessions given their great morphological 
similarity. 

 Ladizinsky et al. ( 1990 ) described tertiary tri-
somic lines of lentils with  L. orientalis  and  L. 
ervoides . Trisomic plants were weaker than 
euploid plants, and many did not reach maturity. 
There are no further records of their use in genetic 
analyses or breeding. Colchicine-induced lentil 
polyploids have been reported (Singh et al.  1992 ). 
Polyploidy results generally in gigantism for 
most determinate plant parts yet causes reduced 
fertility and yield; nonetheless, fertility and yield 
increased dramatically after selection from C1 to 
C4 generations. However, no commercial tetra-
ploid lentil varieties have so far been released. 

 Wild  Lens  species can constitute an important 
source of donor genes. For instance, resistance to 
 Ascochyta  blight was found in an ICARDA wild 
germplasm collection: 24 out of 86 accessions of 
 L. culinaris  ssp.  orientalis  were resistant, as were 
12 out of 35 accessions of  L. odemensis , 3 out of 
35 accessions of  L. nigricans , and 36 out of 89 
accessions of  L. ervoides  (Bayaa et al.  1994 ). Ye 
et al. ( 2002 ) listed a series of cultivated and wild 
lentil materials as sources of partial resistance to 
 Ascochyta  blight, and Muehlbauer and Chen 
( 2007 ) reported that the most prominent among 
the partially resistant germplasm accessions con-
sisted of lentil accessions PI 339283, PI 374118, 
ILL5588, ILL5684, PR86-360, and ILL7537. 
Wild materials have also been used as a source of 
genes for winter hardiness. Assessment of 245 
wild lentil accessions and 10 cultivated lentil lines 
in Turkey showed that, on average,  L. orientalis  
exhibited the highest level of winter hardiness, 
whereas accessions of  L. ervoides  were the most 
susceptible (Hamdi et al.  1996 ). Cultivated mate-
rials with large seeds were found in West Asia to 
be less susceptible to winter cold than those with 
small seeds, with average temperatures below 
10 °C from January to April; the yield of the large-
seeded group was higher than the group of the 
small-seeded lentils, while the converse was true 
at higher temperatures (Erskine  1996 ). 

  L. nigricans  provided the maximum number 
of resistant accessions for biotic (wilt, powdery 
mildew, and rust) and tolerance to abiotic stresses 
(Gupta and Sharma  2006 ). Tullu et al. ( 2006 ) 
tested all six wild  Lens  species for resistance to 
 Colletotrichum truncatum . Accessions of  L. 
ervoides  revealed the highest level of resistance 
(3–5) to races Ct1 and Ct0 followed by  L. lamot-
tei  in both fi eld and greenhouse assays.  L. orien-
talis ,  L. odemensis ,  L. nigricans , and  L. 
tomentosus  were highly susceptible (8–9) to race 
Ct0 in the greenhouse. The highest levels of 
resistance were found among  L. ervoides  acces-
sions originating from Syria and Turkey. 

 Resistance against the parasitic plant 
 Orobanche crenata  was found in wild  Lens  mate-
rials (Fernández-Aparicio et al.  2007 ,  2009 ). The 
screening of 23 wild accessions for resistance to 
 O. crenata  under fi eld conditions showed a wide 
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range of responses from complete resistance to 
high susceptibility. The highest levels of resis-
tance were observed in accessions of  L. ervoides , 
 L. odemensis , and  L. orientalis . Likewise, resis-
tance against  Sitona crinitus  Herbst, a major 
insect pest limiting lentil productivity mainly in 
the countries of West Asia and the North African 
region, was found in wild species ( L. ervoides ,  L. 
odemensis ,  L. nigricans , and  L. c.  ssp.  orientalis ) 
(El-Bouhssini et al.  2008 ). A lentil germplasm 
collection of 571 accessions from 27 countries 
including wild species was screened for suscep-
tibility to seed bruchids under natural fi eld con-
ditions in Central Spain (Laserna-Ruiz et al. 
 2012 ); a total of 32 accessions including culti-
vated landraces,  L. c.  ssp. orientalis,  L. nigri-
cans , and  L. lamottei  showed lower infestation 
rates than the susceptible check and were 
selected as potential sources of resistance to seed 
weevil ( Bruchus  spp.). 

 Resistance to fusarium wilt has been described 
in germplasm from India (Kamboj et al.  1990 ); 
and Bayaa et al. ( 1997 ) screened a core collec-
tion of 577 germplasm accessions from 33 coun-
tries and rescreened a subset of the 88 mostly 
resistant accessions. A total of 1,771 lentil acces-
sions from the US lentil collection (Pullman, 
WA) and the Institut für Pfl anzengenetik und 
Kulturpfl anzenforschung (Gatersleben, Germany) 
were screened for resistance to  C. truncatum ; 
about 95 % of the accessions were susceptible 
when inoculated with a single isolate in the fi eld, 
and 16 accessions displayed resistance (Buchwaldt 
et al.  2004 ). Tullu et al. ( 2006 ) searched for 
sources of resistance to anthracnose in cultivated 
and wild materials.  

6.6     Production-Related 
Problems 

 Muehlbauer et al. ( 2006 ) pointed out that several 
abiotic stresses (drought, heat, salinity, iron defi -
ciency, among others) are important constrains to 
lentil production worldwide. The severity of 
these stresses is unpredictable in fi eld experi-
ments; hence, fi eld trials are increasingly being 
supplemented with controlled environment testing 

and physiological screening. Lentils are mainly 
grown as a rainfed crop and often are seeded in 
marginal areas where limited rainfall and defi -
cient soil moisture conditions are  encountered. 
Thus, lentil breeding for improved drought resis-
tance is a major goal for most regions where len-
tils are grown and particularly in areas of limited 
and erratic rainfall such as the Middle East and 
areas of the Mediterranean climate. Drought- 
tolerant cultivars are required to stabilize lentil 
production and also to extend cultivation to fur-
ther dry areas. Muehlbauer et al. ( 1995 ) indicated 
that screening for drought tolerance was diffi cult 
due to the lack of knowledge of what to screen 
for and the absence of effi cient screening 
techniques. 

 Screening for drought tolerance has improved 
with controlled environment testing and physio-
logical screening. In a recent review on screening 
techniques and sources of resistance to abiotic 
stresses in cool season food legumes (Stoddard 
et al.  2006 ), it was stated that over the last decade, 
there has been considerable progress to increase 
the adaptation of lentil to autumn sowing, and a 
large body of literature exists regarding drought 
responses, particularly in chickpea and faba bean. 
Yet the available literature on salinity tolerance 
and waterlogging is minimal. The review of 
Stoddard et al. ( 2006 ) also summarizes informa-
tion on identifi ed lentil sources of resistance or 
tolerance to drought and heat stress [e.g., MI-30, 
a mutant line showing high yields under limited 
water supply identifi ed by Salam and Islam 
( 1994 )], to chilling or freezing stress (Hamdi 
et al.  1996 ; Ali et al.  1999 ; Kahraman et al. 
 2004a ), to salinity stress (Mamo et al.  1996 ; 
Ashraf and Zafar  1997 ; Rai and Singh  1999 ), to 
waterlogging (Ashraf and Chishti  1993 ), and to 
high boron concentrations (Hobson et al.  2006 ). 
Another very important component of drought 
resistance is the plant root system. Sarker et al. 
( 2005 ) analyzed the variation in shoot and root 
characteristics and their association with drought 
tolerance in several lentil landraces. Stem length, 
taproot length, and lateral root number were 
highly correlated, both among themselves and 
with yield. High heritability estimates provided 
reliability for screening based on these traits. 
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Among a total of 40 genotypes, only one line (ILL 
6002) was strikingly different to all other tested 
genotypes. Another approach to drought resis-
tance screening is to select for drought avoidance 
through early maturity, particularly when the 
major moisture stress occurs at the end of the 
growing season. Early planting can contribute to 
this avoidance since lentil plants usually develop 
and initiate fl owering before serious drought con-
ditions prevail. This is the case for fall versus 
spring lentil sowing in cold areas. On the other 
hand, among cool season legumes, lentils seem to 
be the least tolerant to transient waterlogging in 
greenhouse experiments (Solaiman et al.  2007 ; 
   Singh et al.  2013a ). 

 A factor for increasing production in the 
Mediterranean region and other areas with cool 
winters consists of earlier sowing in the fall rather 
than at the end of the winter. Available winter- 
hardy lentil germplasm has prompted interest in 
the development and use of cultivars that can be 
sown in the fall in cold highland areas. This 
change in production of lentils from normal spring 
sowing to fall sowing increases yield potential 
(Kahraman et al.  2004a ; Barrios  2012 ). Early 
sowing has proved to increase lentil production in 
several countries, for instance, by shifting sowing 
from spring to early spring or to autumn sowing in 
areas such as the highlands of Turkey, Iran, 
Afghanistan, the Baluchistan area in Pakistan, and 
also Spain. Early fall-seeded lentil increased yield 
from 480 to 590 kg ha −1  when compared to early 
spring sowing of non-winter- hardy varieties in the 
US Pacifi c Northwest and northern Great Plains 
of Canada. Fall sowing in Australia allowed for a 
longer period of vegetative and reproductive 
growth, rapid canopy development, greater 
absorption of photosynthetically active radiation, 
as well as a better water use effi ciency, increased 
dry matter, and improved seed production when 
compared to a later sowing. Early sown lentils 
began fl owering and forming seeds ahead in the 
growing season, at a time when vapor pressure 
defi cits and air temperatures were lower, using 
more water in the post- fl owering period compared 
to the delayed sowing treatments (Siddique et al. 
 1998 ; Chen et al.  2006 ). Delaying spring seeding 
in the northern Great Plains of Canada by 4 weeks 

negatively affected crop development parameters 
due to the exacerbation of summer drought stress. 
Seed yields decreased at the majority of site years 
and the production reduction averaged 38 %. 
Seeding delays of 2 and 4 weeks decreased aver-
age seed size by 10 % (Miller et al.  2006 ). 
However, early sowing increased the incidence of 
some fungal and bacterial diseases (Davidson and 
Kimber  2007 ). According to Muehlbauer et al. 
( 1995 ), diseases of lentil are in general less dam-
aging than those of most other food legume crops. 
However, there are some important and poten-
tially devastating diseases (Taylor et al.  2007 ). 
Several reviews on screening techniques and 
sources of resistance to root and foliar diseases in 
cool season grain legumes have been published 
(Infantino et al.  2006 ; Sillero et al.  2006 ; Tivoli 
et al.  2006 ). 

 The root rot/wilt complex is probably the most 
important lentil disease problem worldwide 
(Muehlbauer et al.  1995 ). This set of diseases is 
caused by several fungi of the genera  Fusarium , 
 Pythium ,  Rhizoctonia , and  Sclerotinia , in particu-
lar  F. oxysporum  f. sp.  lentis ,  R. solani , and  S. 
sclerotiorum.  Another fungus which can be 
included in this complex is  Aphanomyces eutei-
ches , a soil-borne pathogen causing  Aphanomyces  
root rot of several legumes, including alfalfa, 
bean, lentil, and pea. Relatively little is known 
about the population biology of this legume 
pathogen (Grunwald and Hoheisel  2006 ). The 
inheritance of resistance to  Fusarium  vascular 
wilt was investigated by Eujayl et al. ( 1998a ,  b ) 
who found several random amplifi ed polymor-
phic DNA (RAPD) markers linked to the  Fw  
locus. Wang et al. ( 2006 ) found small but consis-
tent differences among 14 lentil cultivars with 
regard to their reaction to  Rhizoctonia  seedling 
blight and root rot caused by  Rhizoctonia solani  
in greenhouse trials and in fi eld experiments con-
ducted in Canada.  Fusarium redolens  has also 
been described as a causal agent of  Fusarium  wilt 
in lentil (Riccioni et al.  2008 ). 

 Rust caused by  Uromyces viciae-fabae  Pers. is 
a serious problem in areas where mild tempera-
tures and humid conditions favor the development 
of this fungus (Muehlbauer et al.  1995 ). Incomplete 
(partial) resistance to  Uromyces  has been described 
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in lentil cultivars (Negussie et al.  2005 ). These 
authors analyzed the response to four components 
of resistance, namely, latent period, infection effi -
ciency, pustule size, and spore production and con-
cluded that, since there was an interdependence of 
the components, selection based on more than one 
component should help to obtain lines with higher 
levels of partial resistance.  Uromyces -resistant 
cultivars, such as Laird or Calpun-INIA derived 
from Laird, have been described (Penazola et al. 
 2007 ).  Ascochyta  blight, a seed-borne disease 
described in at least 16 countries across fi ve conti-
nents, is probably one of the most widely distrib-
uted and devastating diseases. The fungus, 
 Ascochyta lentis  (syn.  A. fabae  f.sp.  lentis;  teleo-
morph:  Didymella lentis ), attacks leaves, stems, 
and pods causing necrotic spots. In some cases it 
kills plants before harvest or infects seeds to such 
a degree that lentils are unmarketable. Ascospores 
of  Didymella lentis  can be found on lentil stubble 
under natural conditions, and the presence of the 
teleomorph has implications in the long-distance 
dispersal of  A. lentis  (Galloway et al.  2004 ). 
Species of the genus  Ascochyta  cause most of the 
major diseases of many cool season grain legumes, 
and a considerable amount of information about 
the pathogens, plant hosts, and disease resistance 
responses is available. Recently,  Phytopathologia 
Mediterranea  (Millan  2013 ) has brought out a 
special issue on  Ascochyta . 

 The mating type (MAT) locus of  Ascochyta 
lentis  was cloned and characterized, and a multi-
plex PCR assay for mating type was developed 
based on the MAT idiomorph and fl anking 
sequences (Cherif et al.  2006 ). Molecular diag-
nostic techniques have been developed to differ-
entiate the  Ascochyta  pathogens that infect cool 
season food and feed legumes, as well as to 
improve the sensitivity of detecting latent infec-
tion in plant tissues (Taylor and Ford  2007 ). 
Recent multilocus phylogenetic analyses of a 
worldwide sample of  Ascochyta  fungi causing 
 Ascochyta  blights of chickpea ( Cicer arietinum ), 
faba bean ( Vicia faba ), lentil ( Lens culinaris ), 
and pea ( Pisum sativum ) have revealed that the 
fungi causing disease of each host formed a 
monophyletic group. Host inoculations of these 
fungi demonstrated that they were host-specifi c, 

causing disease only on the host species from 
which they were isolated (Hernández-Bello et al. 
 2006 ; Peever  2007 ). Tivoli et al. ( 2006 ) provided 
a thorough review on the sources of resistance 
and screening techniques for  Ascochyta  blight in 
lentil, and Ye et al. ( 2002 ) gave an account of 
suitable breeding techniques for the selection of 
lentils with resistance to  Ascochyta  blight; partial 
resistance to the disease is available in germ-
plasm (Muehlbauer and Chen  2007 ). 

 Anthracnose is another important disease in 
lentil caused by the fungus  Colletotrichum trun-
catum  (Schwein) Andrus and Moore [teleomorph 
 Glomerella truncate , described by Armstrong- 
Cho and Banniza ( 2006 )]. The presence of two 
distinct pathogen races (Ct0 and Ct1) was dem-
onstrated (Buchwaldt et al.  2004 ), and Tullu et al. 
( 2006 ) searched for sources of resistance to 
anthracnose in cultivated and wild materials, 
localizing two resistant cultivars (Indianhead and 
PI 320937) to race Ct1 but none to race Ct0. 
Some accessions of wild  Lens  species are poten-
tial sources of genes for resistance to both races. 
Transfer of resistance to both races, Ct1 and Ct0, 
from  L. ervoides  accession L-01-827A to the cul-
tivar Eston by single-seed descent from F 2  indi-
viduals to F 7:8  RILs was described by Fiala et al. 
( 2009 ). Following rooting and hybrid clonal 
propagation procedures developed for lentil 
(Fratini and Ruiz  2003 ,  2008 ), Vail and 
Vandenberg ( 2010 ) produced a clonal propaga-
tion protocol to evaluate disease data of lentil 
infections. These authors tested the feasibility of 
cloning individual lentil plants to generate repli-
cated ratings in order to evaluate the response to 
anthracnose, proposing that this method is more 
dependable than using single-plant evaluations. 
Powdery mildew is a minor disease in lentil, pre-
dominantly present under controlled greenhouse 
conditions, even though it can severely affect cer-
tain lentil cultivars in some parts of the world. 
 Erysiphe pisi  is the pathogen which has been 
detected in several countries, although  E. trifolii  
has recently been added as a causal agent of this 
disease in the Pacifi c Northwest of the United 
States (Attanayake et al.  2009 ). 

 Genotypes with resistance to various biotic 
stresses, particularly resistance to vascular wilt, 

6 Lentil



130

rust, and  Ascochyta  blight, have been identifi ed 
and directly exploited or used in breeding pro-
grams (Sarker and Erskine  2006 ). Inclusive mul-
tiple resistant materials exist among both breeding 
lines and landraces. For instance, Laird is a mac-
rosperma multiresistant cultivar, and Assano is a 
recently released cultivar highly resistant to rust 
caused by  Uromyces viciae-fabae  with also mod-
erate resistance to  Ascochyta  blight and to the 
wilt-root rot complex ( Fusarium  sp. and 
 Rhizoctonia  sp.) (Fikru et al.  2007 ). A Pakistani 
accession, 66013-6, was found to have a high 
level of resistance to blight, rust, and pea seed-
borne mosaic virus (Hussain et al.  2008 ). 

 Lentils have been reported to be susceptible to 
more than 25 viruses according to the list sup-
plied by the Plant Virus Online (  http://www.agls.
uidaho.edu/ebi/vdie/    ). In a fi eld experiment, 12 
out of 16 lentil genotypes were ranked as highly 
susceptible and four as susceptible to the pea 
seed-borne mosaic virus (PSbMV). Once infected, 
plant sensitivities (symptom severities) were low 
in most lentil genotypes. Seed lots harvested from 
PSbMV-infected plants of lentil were usually less 
affected than other cool season grain legumes. 
Seed transmission of PSbMV (6 %) was detected 
in seed from infected lentil plants (Coutts et al. 
 2008 ). In a study (Bashir et al.  2005 ) to assess the 
amount of variation among lentil germplasm with 
regard to infection reaction against several viruses 
and also to identify sources of resistance, most of 
the lentil genotypes were susceptible to highly 
susceptible, and none was found to be highly 
resistant although some genotypes were found to 
be resistant and moderately resistant. Some dif-
ferences in the sequence of the  eIF4E  lentil gene 
have been found in lentil (Saenz de Miera, pers. 
comm.); this gene is related to virus resistance in 
pea and other plants species (Robaglia and 
Caranta  2006 ). 

 Another major threat with regard to lentil 
cultivation in the Mediterranean area and 
Western Asia consists of crenata broomrape 
( Orobanche crenata ). This weedy root parasite 
genus constitutes a serious threat to lentils. 
Broomrape control is diffi cult due to the large 
number of wind-blown seeds which are pro-
duced and dispersed each year and which may 

thereafter remain dormant in soils for several 
years. The control strategy has consisted in 
applying  different agronomic practices and her-
bicides. Resistance breeding so far is hampered 
by a scarcity of proper resistance sources in 
addition to a reliable and practical screening 
procedure. A Spanish germplasm collection of 
234 accessions of lentils was screened for resis-
tance to crenate broomrape under fi eld condi-
tions (Fernández- Aparicio et al.  2007 ), followed 
by a germplasm screening of 23 wild accessions 
(Fernández- Aparicio et al.  2009 ). A wide range 
of responses was observed; however, complete 
resistance was not detected. Other  Orobanche  
species can also parasitize lentil plants 
(Muehlbauer et al.  1995 ). 

 Lentil is damaged by many types of insects and 
other pests. Among insects, the major pests in the 
fi eld are aphids ( Aphis craccivora ,  Acyrthosiphon 
pisum ), leaf weevil ( Sitona  spp.), lygus bugs 
( Lygus  spp.), and the cutworm ( Agrotis ipsilon ). 
Another major pest problem causing great seed 
losses are the seed insect species:  Bruchus ervi  
and  B. lentis  and also  Callosobruchus chinensis  
and  C. maculatus  (Stevenson et al.  2007 ). Little 
progress in breeding for insect resistance was 
described by Muehlbauer et al. ( 1995 ), and com-
pared to breeding for diseases, the situation con-
tinues to be similar nowadays. No sources of 
resistance to  Sitona  were detected, and ICARDA 
materials showed only to be effective against the 
adult insect while not to larvae (Stevenson et al. 
 2007 ). However, resistance to  S. crinitus  Herbst 
has been described in wild materials (El-Bouhssini 
et al.  2008 ). An extensive search on bruchid spe-
cies infecting lentil was carried out in 10 years by 
the National Bureau of Plant Genetic Resources, 
New Delhi (Bhalla et al.  2004 ). A total of 2,517 
imported lentil samples from 40 countries were 
X-ray screened for hidden insects in seeds. About 
30 % of the samples were infected, and the species 
found consisted of  Bruchus ervi  Froelich,  B. lentis  
Froelich,  B. tristiculurs  Fahraeus,  Callosobruchus 
analis  (Fabr.),  C. chinensis  (L.), and  C. maculatus  
(Fabr.). After screening 571 accessions including 
wild species of the Spanish germplasm collec-
tion for susceptibility to seed bruchids under 
natural fi eld conditions in Central Spain, a total of 
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32 accessions including cultivated landraces, 
 L. c.  ssp.  orientalis ,  L. nigricans , and  L. lamottei  
were selected as potential sources of resistance to 
Seed weevil (Laserna-Ruiz et al.  2012 ).  

6.7     Traits of Importance for Base 
Broadening 

6.7.1     Pod and Seed Characteristics 

 Reduced shattering is a trait of great economic 
value as pod dehiscence can cause signifi cant 
losses before or during harvest; the trait is con-
sidered to have played a major role in lentil 
domestication. Pod dehiscence was found to be 
completely dominant over indehiscence and was 
assigned the gene symbol  Pi  (Ladizinsky  1979 ; 
Vaillancourt and Slinkard  1992 ); nonetheless, 
response to selection for pod indehiscence indi-
cates the presence of quantitative variation 
(Erskine  1985 ), which was confi rmed by quanti-
tative trait loci (QTL) analysis that determined 
one major recessive QTL and two minor domi-
nant QTLs which together accounted for 81 % of 
the observed variation (Fratini et al.  2007 ). Pod 
dehiscence in segregating populations shows sev-
eral degrees between completely dehiscent and 
non-dehiscent plants, therefore classifi ed since 
1985 by the IBPGR/ICARDA lentil descriptor 
into four classes on a scale from 0 to 9 when 
scored 1 week after maturity. 

 Seed size is an important economic trait with 
special attributes in lentil consumption and trade, 
considering that wholesale prices of small-seeded 
( microsperma ) and large-seeded ( macrosperma ) 
varieties differ by a large margin depending on 
consumer preferences and farmers’ choice. 
Cultivated lentils are divided on the basis of seed 
size differences into  microsperma  (<4.5 mm) and 
 macrosperma  (>4.5 mm and sometimes over 
7 mm). Seed size has a continuous distri bution in 
F 2  progenies following crossing of large- and 
small-seeded types (Ladizinsky  1979 ), and at 
least two major additive QTLs and one minor 
dominant QTL have been described to determine 
seed size variation (Fratini et al.  2007 ). 
Recombinant inbred populations (RILs) derived 

from the interspecifi c cross with  L. ervoides  
(Fiala et al.  2009 ) revealed transgressive segre-
gants with an 8 % increase in seed size (Tullu 
et al.  2011 ). With regard to seed mass, QTL anal-
ysis has shown a polygenic control with partial 
dominance for low seed weight alleles (Abbo 
et al.  1991 ), which has also been confi rmed in a 
second study which describes two recessive and 
one additive QTL associated to low seed weight 
(Fratini et al.  2007 ). 

 Imbibition is one of the fi rst steps in breaking 
seed dormancy to initiate seed germination; dor-
mancy and viability can be maintained over long 
periods of time in hard-seeded legumes because 
seed coats are impermeable to water, some legume 
seeds being capable of remaining viable for more 
than 100 years (Rolston  1978 ). This is important 
ecologically in wild populations and economically 
in cultivated legumes, since seed coat hardness 
conditions cooking and palatability. Typically, 
wild  Lens  accessions are hard seeded, whereas 
cultivated varieties are not. Seed hardness is an 
undesired agronomic character, when lentil was 
domesticated from wild populations seed hardness 
most probably was selected against – especially con-
sidering that among pulse crops, lentil stands out 
for their fast imbibition and cooking time. Reports 
on the inheritance of seed hardness in lentil are 
highly confl icting, particularly con sidering that 
the quantitative nature of the trait has been 
thoroughly demonstrated since 1990 in the closely 
related grain legume  Glycine max.  (Keim et al. 
 1990 ); however, in lentil Ladizinsky ( 1985 ) intially 
described a single recessive gene in crosses with 
ssp. orientalis compared to a single dominant 
gene in crosses with L. ervoides, nonetheless 
thereafter it has persistently been stated to be a 
monogenic trait and seed hardness was designated 
the gene symbol  Hsc  which in addition is assured 
to be linked to the  Pi  locus for pod dehiscence 
(Sharma  2011 ). 

 Lentil is a rich source of dietary proteins 
among crops that are consumed without indus-
trial processing. Furthermore, lentil is possibly 
the richest source of proteins among edible pulses 
that are cooked and directly consumed without 
prior processing for quality alterations. The usual 
protein content in dry lentil is around 26 %, 
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although a germplasm range from 20.4 to 29.8 % 
has been reported (Sharma  2011 ). Studies to ana-
lyze the inheritance of seed protein concentration 
in lentil (Hamdi et al.  1991 ; Chauhan and Singh 
 1995 ; Tyagi and Sharma  1995 ) have revealed the 
quantitative nature of this trait and a nonsignifi -
cant correlation with grain yield and seed size 
(Hamdi et al.  1991 ; Tyagi and Sharma  1995 ). 
According to Sharma ( 2011 ), in most crops, 
especially cereals, protein content is invariably 
negatively correlated to seed size; however, lentil 
is possibly an exception and protein content has 
been claimed to be positively (although mildly) 
correlated to seed size.  

6.7.2     Flowering and Plant 
Architecture 

 Flowering time is particularly important for adap-
tation and yield; it determines the length of the 
vegetative phase and conditions crop exposure 
during reproductive growth to climatic settings. 
Selection for response to specifi c regional bal-
ances between photoperiod and temperature for 
the onset of fl owering has played a vital role in the 
adaptation of lentil to different regions and condi-
tions around the globe (Erskine et al.  1990 ). 
Earliness is a desirable trait ensuring completion 
of the crop cycle in a relatively short period of 
time, thereby making more effi cient use of 
resources as well as avoiding losses due to high 
temperatures during crop maturation. The inheri-
tance of fl owering time was described as mono-
genic, with earliness being recessive, and the gene 
symbol  Sn  was assigned (Sarker et al.  1999 ); in 
spite of the authors also observing transgressive 
segregation for early fl owering, they considered 
the transgressive phenotypes to be a consequence 
of the interaction between the recessive  Sn  locus 
and a polygenic system of minor earliness genes. 

 Continuous polygenic variation had already 
been described in another analysis regarding 
fl owering response in crosses between early 
maturing  microsperma  varieties from India and 
an early maturing  macrosperma  variety from 
Latin America (Tyagi and Sharma  1989 ). 
Transgressive segregation was observed for these 
crosses hinting strongly to the quantitative nature 

of fl owering time. As crosses between  micro-
sperma  varieties did not produce transgressive 
fl owering segregants, they concluded that  micro-
sperma  and  macrosperma  lentils possess differ-
ent sets of genes controlling fl owering time, 
while the Indian  microsperma  genotypes all share 
the same gene pool with regard to fl owering 
response. Finally, three QTLs that accounted for 
more than 90 % of the observed variation in fl ow-
ering response were detected, one was a major 
recessive gene while the remaining two were 
minor and dominant (Fratini et al.  2007 ). As the 
 Sn  locus was shown to be linked to  Scp  (seed coat 
pattern) and the latter major recessive QTL was 
located in the linkage group (LG) containing  Gs  
(green stem), it seems likely that fl owering 
response is under a complex genetic control with 
several qualitative and quantitative genes segre-
gating differentially in diverse crosses. As a mat-
ter of fact, Tullu et al. ( 2008 ) reported two QTLs 
affecting earliness which accounted for 37–46 % 
of the variation observed in number of days to 
fl ower. Recently, a functional SSR marker in the 
 TFL1  gene related to earliness has been described 
(de la Puente et al.  2013 ). 

 Plant structure holds many implications regard-
ing yield and ease of harvesting. Incomplete domi-
nance of a bushy/erect growth habit was reported 
and the gene symbol  Gh  proposed (Ladizinsky 
 1979 ), later, the recessive  Ert  gene was discovered 
by Emami and Sharma ( 1999 ) and mapped in the 
LG containing  Gs  together with  Rdp  (red pod) and 
 Bl  (brown leaf). The erect phenotype  Ert  is reces-
sive to the most prevalent growth habit in cultivated 
lentil in which plants remain procumbent for about 
a month, and thereafter branches grow in a semi-
erect or semi- spreading fashion, while the wild 
 Lens  species retain prostrate stems much longer. 
Although according to Sharma ( 2011 ) there is a 
gradation between spreading and completely erect 
growth habit among the cultivated lentil varieties, 
genotypes with spreading growth habit can be 
grouped into several categories from highly pros-
trate to more upright; the spreading genotypes are 
generally endowed with profuse branching (basal 
as well as secondary). With regard to other plant 
structure attributes, QTL analysis has revealed 
that the number of branches at the fi rst node is 
mainly controlled by a dominant quantitative locus 

R.M. Fratini et al.



133

together with two minor loci of opposing effects 
which together explain 92 % of the observed varia-
tion. Two additive QTLs explained one-third of the 
variance for the height of the fi rst node. Finally, one 
recessive and one dominant QTL jointly explained 
half of the variation encountered for the total 
number of branches (Fratini et al.  2007 ). 

 Plant height is strongly associated to yield 
index. Plants of erect and a very tall habit tend to 
lodge as they approach maturity; thus, erect vari-
eties of medium height should be expected to be 
more lodging resistant, which results in higher 
yields and also to a more amenable mechanical 
harvesting. Tallness in plants has almost univer-
sally been shown to be dominant over dwarfness 
since Mendel’s times. In lentil, the gene  Ph  for 
plant height was fi rst reported (Tahir et al.  1994 ) 
and found to be dominant over dwarfness.  Ph  is 
located in an LG comprising eight morphological 
(Kumar et al.  2005 ) and more than a dozen iso-
zyme markers (Tahir et al.  1994 ). In addition, 
plant height was also found to be quantitatively 
inherited (Haddad et al.  1982 ), while another 
study described one additive QTL and two reces-
sive QTLs, but the three QTLs explained only 
38 % of the observed variation in plant height 
(Fratini et al.  2007 ); likewise, fi ve QTL for plant 
height accounted for 31–40 % of the observed 
variation (Tullu et al.  2008 ). 

 Flower number per peduncle in lentil may 
retain signifi cance in relation to productivity 
potential. This agronomic trait is known as pro-
lifi cacy and is defi ned as the ability of a genotype 
to produce many fl owers and ultimately pods on 
each peduncle (Sharma  2011 ). Genetic analysis 
is complicated because of an inconsistent expres-
sion of the trait which is highly infl uenced by 
environmental conditions and declines as plants 
get older. Nonetheless, monogenic inheritance 
with the two-fl ower phenotype dominant over the 
three fl owered was initially described (Gill and 
Malhotra  1980 ), followed by contrasting results 
from different studies that concluded that a higher 
fl ower number was dominant over a low fl ower 
number per peduncle (Sharma  2009 ). 

 It can be concluded from this section that con-
trasting results have been obtained for several 
morphological markers; some studies consider-
ing monogenic inheritance while other studies 

have determined quantitative variation. These 
contrasting results are not unexpected since many 
characters are controlled by both qualitative (e.g., 
dwarf plants insensible to phytohormones) and 
quantitative genes (generating variation within 
dwarf and “normal” plants). Anyway, an extensive 
revision of the status of several morphological 
traits is necessary. A very comprehensive list of 
the gene symbols used for all of the lentil traits of 
simple monogenic inheritance described so far, 
some of which are oligogenic instead of being 
strictly monogenic, together with the different 
linkage studies in which they have been used can 
be found in Pérez de la Vega et al. ( 2012 ); the list 
also provides references of linked markers to 
biotic disease resistance loci and to the abiotic 
radiation-frost tolerance gene.  

6.7.3     Abiotic Stresses 

 Tolerance to frost injury is an essential require-
ment when lentils are sown during the winter and 
cultivated in cooler climates. Monogenic inheri-
tance of radiation-frost tolerance was reported 
and assigned gene symbol  Frt ; the gene was also 
tagged with a random amplifi ed polymorphic 
DNA (RAPD) marker at a distance of 9.1 cm 
(Eujayl et al.  1999 ). On the other hand, it has 
been concluded that winter hardiness in lentil is a 
polygenic trait, and several QTLs together 
accounted for 42 % of the variation observed in 
recombinant inbred lines (RILs) (Kahraman et al. 
 2004a ,  b ). At least four QTLs were detected 
under controlled frost conditions and fi eld condi-
tions in two RIL populations; furthermore, two 
QTLs related to frost response were also related 
to yield under winter-sown conditions (Barrios 
et al.  2007 ); QTLs with a major effect for winter 
hardiness and yield seem to be closely located 
within a single linkage group, and some molecu-
lar markers are potentially useful for their track-
ing (Barrios  2012 ). SuperSAGE expression 
profi ling in response to some biotic and abiotic 
stresses has been carried out within the 
LEGRESIST and other projects, for instance, 
lentil SuperSAGE genomic analysis was used to 
analyze the allele-specifi c differential expres-
sion of transcripts potentially involved in frost 
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tolerance by bulk segregant analysis among 90 F 9  
RILs derived from the Precoz × WA8649041 lentil 
cross (Barrios et al.  2010 ). 

 Lentil has been traditionally grown in semiarid 
regions under rainfed conditions; thus it combines 
a high degree of drought resistance and a low 
water requirement; in fact, excessive water supply 
is damaging to the crop. The genetics of drought 
tolerance or waterlogging are still to be explored.  

6.7.4     Biotic Stresses 

 Most genetic studies regarding rust ( Uromyces 
fabae ) resistance in lentil have reported that resis-
tance is under a monogenic control, resistance 
being dominant over susceptibility. However, 
reports of incomplete resistance (Negussie et al. 
 2005 ), as well as duplicate dominant genes con-
trolling resistance, have frequently emerged; only 
one unconfi rmed report has suggested rust resis-
tance to be a recessive trait (see Sharma  2009  for a 
review). Furthermore, it has been observed that the 
dominant gene for resistance of a  macrosperma  
variety from Latin America differs from that of an 
Indian  microsperma  variety (Sharma  2009 ,  2011 ). 
Therefore, it seems that at least two separate genes 
controlling rust resistance have evolved in spa-
tially and temporally isolated lentil groups. Gene 
symbols  urf1 ,  urf2 , and the unconfi rmed  urf3  have 
been proposed (Sharma  2009 ).  Uromyces- resistant 
cultivars, such as Laird or Calpun-INIA derived 
from Laird, have been described (Penazola et al. 
 2007 ); in addition, Assano is a cultivar highly 
resistant to  Uromyces  with moderate resistance to 
 Ascochyta  blight and to the wilt-root rot complex 
(Fikru et al.  2007 ). 

 Resistance to  Fusarium  wilt was described in a 
germplasm collection from India (Kamboj et al. 
 1990 ). Allelism tests concluded that  Fusarium  
resistance in lentil is conferred by fi ve dominant 
genes (Kamboj et al.  1990 ). However, subse-
quently only one dominant gene ( Fw ) for wilt 
resistance was reported. It was tagged with a 
RAPD marker at 10.8 cm (Eujayl et al.  1998b ); a 
microsatellite marker and an AFLP marker were 
further linked to the  Fw  locus at distances of 8.0 

and 3.5 cm, respectively (Hamwieh et al.  2005 ). 
Moreover, a 3-year screening of lentil germplasm 
at the ICARDA yielded a total of 34 strains con-
fi rmed for resistance to  Fusarium  wilt. Evaluations 
from the F 5  to F 8  successfully identifi ed 753 resis-
tant lines. Among the small-seeded lines, 72 % 
were wilt resistant compared with 41 % of the 
large-seeded lines, suggesting that genes for small 
seed size might be loosely associated with genes 
for wilt resistance (Sarker et al.  2004 ). 

 Resistance to  Ascochyta  blight, screening 
techniques, and breeding methods have been 
reported (Bayaa et al.  1994 ; Ye et al.  2002 ; 
Muehlbauer and Chen  2007 ; Tivoli et al.  2006 ). 
The genetic control of  Ascochyta  blight resis-
tance was described to be monogenic recessive 
in spite of having observed transgressive segre-
gations (Tay and Slinkard  1989 ). However, two 
complementary dominant genes were further 
described in a cross between  L. ervoides  and  L. 
odemensis  (Ahmad et al.  1997 ), while only one 
dominant gene was found in crosses between  L. 
culinaris  accessions (Ahmad et al.  1997 ). The 
existence of two complementary dominant 
genes within cultivated lentils was thereafter 
established (Nguen et al.  2001 ). Two fl anking 
RAPD markers at distances of 8.0 and 3.5 cm 
from the designated resistance locus  Ral1  
( Abr1 ) have been mapped (Ford et al .   1999 ); 
likewise, two additional RAPD markers have 
been located in fl anking positions of the reces-
sive gene for resistance  ral1  at distances of 6.4 
and 10.5 cm (Chowdhury et al.  2001 ). The fi rst 
report on the use of the microarray technology 
to study gene expression in lentil was recently 
published (Mustafa et al.  2009 ). Highly resis-
tant (ILL7537) and highly susceptible 
(ILL6002) lentil germplasm accessions were 
inoculated with  Ascochyta lentis . Ninety genes 
were differentially expressed in ILL7537, and 
95 genes were differentially expressed in 
ILL6002. The expression profi les of the two 
accessions showed substantial difference in the 
type of genes and the time of expression in 
response to the pathogen. The resistant variety 
showed early upregulation of  PR4  and 10 proteins 
and other defense-related genes. The susceptible 
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genotype showed early downregulation of 
defense-related genes. Real-time PCR 
(RT-PCR) was used to verify microarray 
expression ratios. The resistant and susceptible 
lentil accessions differed not only in the type of 
genes expressed but also in the time and level of 
expression in response to  A. lentis  inoculation 
(Mustafa et al.  2009 ). 

 Tullu et al. ( 2006 ) searched for sources of 
resistance to anthracnose caused by  Colle-
totrichum truncatum  in cultivated and wild 
materials and found resistant cultivars 
(Indianhead and PI 320937) to race Ct1 but 
none to race Ct0. Some accessions of wild  Lens  
species are potential sources of genes for resis-
tance to both the races. Transfer of resistance to 
both races, Ct1 and Ct0, from  L. ervoides  acces-
sion L-01-827A to the cultivar Eston through 
embryo rescue followed by single-seed descent 
from F 2  individuals to F 7:8  RILs was described 
(Fiala et al.  2009 ); authors indicated that resis-
tance to race Ct1 and race Ct0 may be conferred 
by two recessive genes. Resistance to Ct1 race was 
reported to be under the control of one recessive 
gene ( lct-1 ) in one cultivar, while two dominant 
genes designated  LCt-2  and  LCt-3  were respec-
tively responsible for resistance in two additional 
cultivars (Buchwaldt et al.  2004 ). The  LCt-2  
resistance locus was tagged with two fl anking 
RAPD markers at 6.4 and 10.5 cm (Tullu et al. 
 2003 ); in addition, three AFLP markers were 
also found to be linked to this locus (Tar’an 
et al.  2003 ). However, most recently Buchwaldt 
et al. ( 2013 ) have established that resistance to 
Ct1 race is controlled by two recessive genes 
( lct-1  and  lct-2 ) and three closely linked domi-
nant genes ( LCt-3 ,  LCt-4  and  LCt-5) . 

 Pea seed-borne mosaic virus (PSbMV) is a 
major disease in lentil transmitted through seed 
as well as aphids. Monogenic recessive inheri-
tance of viral immunity has been confi rmed in 
four crosses, and the gene symbol  sbv  was pro-
posed to denote PsbMV resistance in lentil 
(Haddad et al.  1978 ). Pakistan accession 66013-6 
was found to have a high level of resistance to 
blight, rust, and pea seed-borne mosaic virus 
(Hussain et al.  2008 ).   

6.8     Interspecifi c Hybridization 
in Crop Species 

 Artifi cial cross-pollination in a highly self- 
pollinated crop species, such as lentil, is important 
to increase genetic variability. Wide crosses to 
yield interspecifi c hybrids allow for the introgres-
sion of important alleles of agricultural interest 
from wild species to cultivars, as, for instance, 
the resistance or tolerance to abiotic and biotic 
stresses (Erskine et al.  1994 ; Ocampo et al.  2000 ; 
Davis et al.  2007 ; Cubero et al.  2009 ;  Pérez de la 
Vega et al.  2012 ). Lentil is generally described as 
a strictly self-pollinated species holding cleis-
togamous fl owers (Wilson  1972 ; Kumar and 
Singh  1998 ); nonetheless, recent studies point 
out that natural outcrossing rates of lentil can be 
relatively high (Horneburg  2006 ). Lentil fl owers 
are complete with a typical structure of the sub-
family Papilionaceae of the Leguminosae family 
(Muehlbauer et al.  1980 ), and as it was previously 
mentioned, emasculation and artifi cial crossing 
in lentil is a demanding task. In the case of 
interspecifi c hybridization, crossing effi ciencies 
are much lower than intraspecifi c ones, for 
instance, out of a total of 1,707 pollinations, six 
interspecifi c hybrids with  L. odemensis , two 
with  L. nigricans , and one with  L. ervoides  were 
recovered using embryo rescue (Fratini and 
Ruiz  2006 ). Therefore, a large number of manual 
pollinations are needed to recover each single 
interspecifi c hybrid. 

 As has already been discussed previously, 
intraspecifi c crosses between cultivated lentils 
produce viable descendants (Malhorta et al. 
 1978 ; Solh et al.  1980 ; Mera and Erskine  1982 ; 
Kumar and Singh  1998 ; Fratini et al.  2004 ; Singh 
et al.  2013b ). With regard to inter-subspecifi c 
hybrids of lentil, it has been reported that the 
domesticated lentil is readily crossable with sub-
species  orientalis  (Ladizinsky  1979 ; Muehlbauer 
et al.  1989 ; Vandenberg and Slinkard  1989 ; 
Vaillancourt and Slinkard  1992 ; Fratini et al. 
 2004 ), although the fertility of the hybrids depends 
on the chromosome arrangement of the wild 
parent (Ladizinsky  1979 ; Ladizinsky et al.  1984 ). 
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 Lens odemensis  produces partially fertile hybrids 
with both subspecies of  L. culinaris  depending 
on the accessions used (Cubero et al.  2009 ). 
Interspecifi c embryos between cultivated lentils 
and either  L. ervoides  or  L. nigricans  abort (Abbo 
and Ladizinsky  1991 ,  1994 ; van Oss et al.  1997 ; 
Fratini and Ruiz  2006 ) and embryo rescue tech-
niques are necessary to recover hybrids (Cohen 
et al.  1984 ; Ladizinsky et al.  1985 ; Fratini and 
Ruiz  2006 ; Fiala et al.  2009 ). Nonetheless, gib-
berellic acid (GA 3 ) application after pollination 
aided to develop viable pods and interspecifi c 
 Lens  hybrids were obtained without the need of 
in vitro embryo culture (Ahmad et al.  1995 ). 
To enhance the gene pool and the hybridization 
range of lentil, hand-pollination followed by 
embryo rescue is in most cases the only practical 
method to recover interspecifi c hybrids of  Lens ; 
thus, it is necessary to dispose of an effi cient 
embryo rescue protocol.  

6.9     Barriers to Interspecifi c 
Hybridization 

 Pollination followed by fertilization normally 
leads to the production of an embryo which in the 
intact plant is linked with normal seed develop-
ment. Crossability was defi ned by Ladizinsky 
( 1992 ) as the potential for intercrossing individu-
als belonging to the same or different taxa to pro-
duce embryos or seeds that can give rise to an F 1  
plant. Crossability is either limited by incompat-
ibility or by incongruity barriers; the sexual bar-
riers that belong to the second aspect have been 
further divided into pre- and postfertilization bar-
riers (Stebbins  1958 ). Part of the postfertilization 
barriers may be overcome by using in vitro 
embryo rescue methods (Yeung et al.  1981 ; 
Fratini and Ruiz  2011 ), although depending on 
plant species, the process can entail the culture of 
ovaries immediately after pollination and/or in 
ovulo embryo culture and/or embryo culture. 
Ladizinsky ( 1992 ) explained that the success in 
lentil crosses depends on the interaction between 
the parental genomes in the hybrid zygote, 
embryo, and endosperm and between the hybrid 
tissue and the surrounding maternal tissue. The 

crossability between the cultivated lentils and 
the wild  Lens  relatives has been described to be 
hampered by pre- as well as by postfertilization 
barriers (Abbo and Ladizinsky  1991 ,  1994 ; 
Ladizinsky  1993 ; Ladizinsky and Abbo  1993 ; 
van Oss et al.  1997 ). It is now clear that epigenetic 
processes during embryo-endosperm development 
can also infl uence crossability at a post-zygotic 
level (Law and Jacobsen  2010 ). 

 Cohen et al. ( 1984 ) and Ladizinsky et al. 
( 1985 ) were the fi rst to describe hybrid embryo 
abortion after interspecifi c hybridization in lentil. 
Interspecifi c hybridization between the cultivated 
lentil and  L. ervoides  and  L. nigricans  resulted 
initially in pod development followed by an 
arrest 10–16 days after pollination with a conse-
quent production of shriveled and nonviable 
seeds. This postfertilization barrier has pre-
vented gene fl ow from the wild  L. ervoides  and 
 L. nigricans  species into the cultivated lentil, 
hindering the use of these wild forms for 
breeding purposes. The anatomical aspects of 
hybrid embryo abortion in the genus  Lens  were 
described by Abbo and Ladizinsky ( 1991 ); more 
recently Fratini and Ruiz ( 2006 ) also have pro-
vided a description of the appearance and fre-
quency of aborted pods and ovules 14 days after 
pollination. So far the only study which describes 
the genetic aspects leading to embryo abortion 
of wide  Lens  hybridizations was carried out by 
Abbo and Ladizinsky ( 1994 ).  

6.10     Conventional 
and Contemporary 
Approaches of Interspecifi c 
Gene Transfer 

 The fi rst lentil embryo rescue protocol published 
(Cohen et al.  1984 ) allowed to recover interspe-
cifi c hybrids between the cultivated lentil and 
 L. ervoides  and  L. nigricans . This method con-
sisted of a two-step culture procedure to recover 
interspecifi c hybrids: fi rst, ovule-embryos were 
collected 2 weeks after pollination and cultured on 
MS medium supplemented with 10 % sucrose and 
0.2 mg/l IAA + 0.5 mg/l ZEA + 0.5 mg/l GA 3  and 
0.9 % agar. After 1 week in culture, embryos were 
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excised from the ovular integuments and placed 
on a second MS medium, supplemented with 3 % 
sucrose and 0.2 mg/l IAA + 0.2 mg/l ZEA and 
0.9 % agar. Later, using the same embryo culture 
technique, Ladizinsky et al. ( 1985 ) again obtained 
hybrids of the cultivated lentil with  L. ervoides . 

 On the other hand, viable interspecifi c 
hybrids were obtained without the use of embryo 
rescue between lentil cultivars of New Zealand 
crossed with  L. odemensis ,  L. ervoides , and 
 L. nigricans , applying GA 3  after pollination 
(Ahmad et al.  1995 ). Fratini and Ruiz ( 2006 ) in a 
fi rst hybridization experiment carried out 630 
pollinations with  L. odemensis  and  L. nigricans , 
performing no embryo rescue, and no hybrid 
seed was recovered; in a second hybridization 
experiment, 218 pollinations were carried out 
with  L. odemensis ,  L. nigricans , and  L. ervoides , 
applying GA 3  after fertilization, increasing the 
percentage of ovules obtained; however, ovules 
started to turn brown and pods initiated to dry out 
18–21 days after pollination (DAP). When ovules 
of both hybridization experiments were dis-
sected, either no embryos were located or the 
embryos had dried out. This outcome is in dis-
agreement with the results of Ahmad et al. ( 1995 ); 
nonetheless, it has been described in the literature 
that certain cultivars and accessions of a species 
are better combiners to recover interspecifi c 
hybrids than other cross combinations (Pitarelli 
and Stavely  1975 ; Harlan and de Wet  1977 ; 
Williams  1987 ; Pickersgill  1993 ). Based on the 
results of interspecifi c crosses of Spanish lentil 
cultivars, Fratini and Ruiz ( 2006 ) concluded that 
embryo rescue is necessary to obtain lentil inter-
specifi c hybrids, as had been previously indicated 
by other authors (Cohen et al.  1984 ; Ladizinsky 
et al.  1985 ; Abbo and Ladizinsky  1991 ,  1994 ). 

 Gupta and Sharma ( 2005 ) used a two-step 
in vitro method of embryo rescue analogous to 
Cohen et al. ( 1984 ) to overcome the postfertiliza-
tion interspecifi c barrier. The hybrid embryos 
developed multiple shoots which subsequently 
did not allow induction of root differentiation to 
recover whole plants. Fratini and Ruiz ( 2006 ) 
applying the rescue protocol of Cohen et al. 
( 1984 ) observed similar multiple shoot results 
recovering a single hybrid with  L. odemensis  out 

of 1,350 hybridizations. In view of the above, 
Fratini and Ruiz ( 2006 ) developed an interspe-
cifi c embryo rescue protocol suited for Spanish 
lentil cultivars consisting of four different stages: 
(1) in ovule-embryo culture, (2) embryo culture, 
(3) plantlet development, and fi nally, (4) the 
gradual habituation to ex vitro conditions of the 
recovered interspecifi c hybrid plantlets (see 
also Fratini and Ruiz  2011 ). Ovule-embryos of 
18 DAP were cultured on MS salts with 1 % 
sucrose and 1 μM IAA + 0.8 μM KN; after 
2 weeks, embryos were released from the ovular 
integuments and cultured on the same medium 
for another 2 weeks in upright position. 
Afterward, the embryos were transferred to test 
tubes containing the same medium, and 1 month 
later interspecifi c plantlets were obtained (Fratini 
and Ruiz  2006 ). Using this rescue protocol, the 
effi ciency of interspecifi c hybrids with  L. ode-
mensis ,  L. nigricans , and  L. ervoides  recovered 
per number of ovules cultured ranged between 50 
and 100 % (Fratini and Ruiz  2006 ). Authors 
noted that interspecifi c hybrids were always 
obtained in the spring season with increasing 
daylight hours and an average temperature of 
20 ºC, albeit an approximate equal number of 
crosses were carried out in the fall under nearly 
the same environmental conditions. 

 The main differences between the embryo res-
cue protocol of Cohen et al. ( 1984 ) and that 
developed by Fratini and Ruiz ( 2006 ) comprise 
the number of culture media used and the amount 
of carbohydrate added to the media. Whereas in 
the case of Cohen et al. ( 1984 ) two different 
media were used for ovule and embryo culture 
supplemented respectively with 10 and 3 % of 
sucrose, the single medium used by Fratini and 
Ruiz ( 2006 ) for ovule, embryo, and plantlet cul-
ture contained only 1 % sucrose. Embryo rescue 
protocols in other legumes have also used sucrose 
concentrations lower than 3 %, such as 2.5 % for 
 Medicago  (McCoy and Smith  1986 ), 2 % for 
 Vicia faba  and  Vicia narbonensis  (Lazaridou et al. 
 1993 ), and 2 % for  Phaseolus  (Mejia- Jimenez 
et al.  1994 ). With respect to phytohormones, the 
embryo rescue procedure of Cohen et al. ( 1984 ) 
compared to that of Fratini and Ruiz ( 2006 ) con-
tains approximately equivalent concentrations of 
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auxins and cytokinins, even though ZEA (Cohen 
et al.  1984 ) and KN (Fratini and Ruiz  2006 ) were 
respectively used. 

 The most recent embryo rescue technique 
based on Cohen et al. ( 1984 ) for interspecies 
transfer of anthracnose resistance from  L. ervoides  
to cultivated lentils allowed to recover only one F 1  
hybrid (Fiala et al.  2009 ). Some of the interspe-
cifi c hybrids recovered by Fratini and Ruiz ( 2006 ) 
were cloned in vitro in order to increase the 
number of segregating descendant seeds obtained 
to be used for breeding and genetic analysis 
purposes (Fratini and Ruiz  2008 ). Contemporary 
approaches to interspecifi c gene transfer have 
been reviewed by Davis et al. ( 2007 ) and Fratini 
and Ruiz ( 2011 ).  

6.11     Molecular Markers, Genome 
Mapping, and Genomics 
as an Adjunct to Breeding 

 Lentil is a relatively minor crop compared to com-
mon bean, pea, and chickpea; as a result, genomic 
information regarding lentil is still limited by a 
relatively large genome size together with scarce 
information available on gene sequences, consti-
tuting a major obstacle to undertake genomic 
studies in lentil. So far for lentil, there exist no 
descriptions of a bacterial artifi cial chromosome 
(BAC) library, BAC-end sequence, or a physical 
map (Ford et al.  2007 ,  2009 ; Varshney et al.  2009 ; 
Pérez de la Vega et al.  2012 ). In comparison to 
other crop species, the number of  Lens  data 
indexed continues to be scarce, although this situ-
ation is rapidly changing, in particular for nucleo-
tide-expressed sequence tags (ESTs) (Kaur et al. 
 2011 ; Bhadauria et al.  2013 ; Sharpe et al.  2013 ; 
Verma et al.  2013 ). Reports regarding the charac-
terization of the nucleotide binding site-leucine-
rich repeat (NBS- LRR) disease resistance genes 
of several legume species, including lentils, and 
on transcriptome sequencing of cool season food 
legumes using 454 GS-FLX Titanium technology 
(Penmetsa et al.  2010 ; Kaur et al.  2010 ) also 
reveal a change of tendency. 

 The fi rst report on the use of the microarray 
technology to study gene expression in lentil was 

published by Mustafa et al. ( 2009 ). The highly 
resistant (ILL7537) and highly susceptible 
(ILL6002) lentil germplasm accessions were 
inoculated with  Ascochyta lentis ; a total of 90 
genes were differentially expressed in ILL7537 
compared to 95 genes differentially expressed in 
ILL6002. The expression profi les of the two 
accessions showed substantial difference in the 
type of genes and the times of expression in 
response to the pathogen, whereas the resistant 
variety showed an early upregulation of PR4 and 
ten proteins plus other defense-related genes; the 
susceptible genotype showed an early downregu-
lation of defense-related genes. Real-time PCR 
(RT-PCR) was used to verify the microarray 
expression ratios. The resistant and susceptible 
lentil accessions differed not only in the type of 
genes expressed but also in the time and level of 
expression in response to  A. lentis  inoculation. 

 Lentil proteomics is also still underdeveloped. 
Two-dimensional electrophoretic maps of pro-
teins from mature lentil seed have been described 
(Scippa et al.  2008 ,  2010 ). Among the hundreds 
of protein species, 122 were further identifi ed by 
MALDI-TOF PMF and/or LC-ESI-LIT-MS/
MS. Map comparisons revealed that 103 protein 
spots were differentially expressed within and 
between populations (Scippa et al.  2010 ). 

 Comparative mapping was able to show exten-
sive macrosynteny between  Medicago truncatula  
and  L. culinaris  (Phan et al.  2007 ). These authors 
generated the fi rst gene-based genetic linkage 
map of lentil ( L. culinaris  ssp.  culinaris ) using an 
F 5  population derived from a cross between culti-
var Digger (ILL5722) and Northfi eld (ILL5588) 
composed of 79 ITAP and 18 genomic SSR 
markers. Evidence for the macrosynteny between 
lentil and  M. truncatula  was found as 66 out of 
71 gene-based markers, which had previously 
been assigned to the  M. truncatula  genetic and 
physical maps, were found in regions syntenic 
between the  L. c . ssp.  culinaris  and  M. truncatula  
genomes. However, moderate evidence of chro-
mosomal rearrangements was found, which may 
account for the difference in chromosome 
numbers between these two legume species. 
Comparative mapping showed a direct and sim-
ple relationship between the  M. truncatula  and 
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 L. culinaris  ssp.  culinaris  chromosomes, with 
complete homology evident between LGs. Thus, 
lentil LG 1, 2, 3, 4, 5, 6, and 7 were proposed to 
be syntenic to  M. truncatula  LG 4 + 7, 8, 1 + 6, 2, 
5, 3, and 3, respectively; next, considering lentil 
or pea LGs syntenic to the same  M. truncatula  or 
 M. sativa  LGs, lentil LG 1, 2, 3, 4, 5, 6, and 7 
were proposed to be syntenic to pea LG VII + V, 
IV, II + III + VI, III + IV, I, III, and III, respectively 
(see Pérez de la Vega et al.  2012 ). 

 Eighteen common SSR markers were used by 
Phan et al. ( 2007 ) to connect their map to another 
comprehensive map of lentil (Hamwieh et al. 
 2005 ), providing a syntenic context for four 
important domestication traits. Ellwood et al. 
( 2008 ) used 151 markers out of 796 ITAP mark-
ers screened to construct a comparative genetic 
map between  L. culinaris  and  Vicia faba . A sim-
ple and direct macrosyntenic relationship 
between faba bean and  M. truncatula  was evi-
dent, while faba bean and lentil shared a common 
rearrangement relative to  M. truncatula . This 
study also provided a preliminary indication for a 
fi ner scale macrosynteny between  M. truncatula , 
lentil, and faba bean. Markers originally designed 
from genes on the same  M. truncatula  bacterial 
artifi cial chromosomes (BACs) were found to be 
grouped together in corresponding syntenic areas 
in lentil and faba bean. Previous research had 
already demonstrated marker and/or gene order 
conservation between species closely related to 
lentil such as  Pisum sativum  and  Medicago sativa  
(Kalo et al.  2004 ),  P. sativum  and  M. truncatula  

(Aubert et al.  2006 ), and  P. sativum ,  M. truncatula , 
 M. sativa ,  Vigna radiata ,  Glycine max , and 
 Phaseolus vulgaris  (Choi et al.  2004 ). 

 Tar’an et al. ( 2003 ) using 156 RILs were able 
to pyramid into lentil breeding lines two genes 
for resistance to  Ascochyta  blight caused by  A. 
lentis,  together with the gene for resistance to 
anthracnose caused by  Colletotrichum trunca-
tum . Genetic analysis of the disease reactions 
demonstrated that the observed segregation ratios 
of resistant versus susceptible fi tted a two gene 
model for resistance to  Ascochyta  blight and a 
single gene model for resistance to anthracnose. 
Using molecular markers linked to the two genes 
conferring resistance to  A. lentis  (UBC 2271290) 
to  ral 1 and (RB18680) to  AbR1 , in conjunction 
with the major gene for resistance to anthracnose 
(OPO61250), they found 11 RILs that retained 
all of the three resistance genes providing a prac-
tical evidence of progress toward pyramiding 
resistance in a lentil population. Table  6.1  dis-
plays other molecular markers linked to agro-
nomic traits of interest useful for marker-assisted 
selection; most recently a polymorphic microsat-
ellite in the fi rst intron of the  TFL1a  gene involved 
in the transition from vegetative to fl owering 
stages was detected (de la Puente et al.  2013 ).

   Detailed information regarding molecular 
markers, genome mapping, and genomics as an 
adjunct to lentil breeding can be found in Ford 
et al. ( 2007 ,  2009 ), and more recently Pérez de la 
Vega et al. ( 2012 ). Lastly, the development of a 
deep and diverse transcriptome resource for lentil 

   Table 6.1    Molecular markers closely linked to desirable lentil breeding characteristics for use in marker-assisted 
selection   

 Trait mapped  Linked molecular markers  Reference 

  Fusarium  wilt resistance ( Fw )  OPK15  Eujayl et al. ( 1998b ) 
  Ascochyta  blight resistance ( AbR 1)  RV01, RB18, SCARW19  Ford et al. ( 1999 ) 
 Frost tolerance ( Frt )  OPS-16  Eujayl et al. ( 1999 ) 
  Ascochyta  blight resistance ( ral 2)  UBC227, OPD-10  Chowdhury et al. ( 2001 ) 
 Anthracnose resistance ( Lct2 )  OPE06, UBC704  Tullu et al. ( 2003 ) 
 Winter hardiness  UBC808-12  Kahraman et al. ( 2004b ) 
  Fusarium  wilt resistance ( Fw )  SSR59-2B, p17m30710  Hamwieh et al. ( 2005 ) 
  Ascochyta  blight resistance (mapped 
as a QTL) 

 C-TTA/M-AC (QTL1 and QTL2), M20 (QTL3)  Rubeena et al. ( 2006 ) 

  Stemphylium  resistance  SRAPME5XR10 and ME4XR16c  Saha et al. ( 2010 ) 
 Vegetative to fl owering ( TFL1a )  SSR-TFL1  de la Puente et al. ( 2013 ) 
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using next-generation sequencing technology 
allowed to generate data in multiple-cultivated 
( L. culinaris ) and wild ( L. ervoides ) genotypes, 
which together with the use of a bioinformatics 
workfl ow enabled for the identifi cation of a large 
collection of SNPs and SSR markers for the subse-
quent development of a genotyping platform that 
was used to establish the fi rst comprehensive 
genetic map of the  L. culinaris  genome, comprising 
seven linkage groups corresponding to the number 
of chromosome pairs of lentil (Sharpe et al.  2013 ). 
Extensive collinearity with  M. truncatula  was 
evident on the basis of sequence homology 
between mapped markers and the model genome, 
and large translocations and inversions relative to 
 M. truncatula  were identifi ed. Synonymous 
changes that were only observed between  L. culi-
naris  and  L. ervoides  enabled to estimate the time 
of divergence to 677,000 years ago, whereas syn-
onymous changes observed between  L. culinaris  
and  M. truncatula  led to estimate divergence to 38 
million years ago (Sharpe et al.  2013 ).  

6.12     Conclusions 

 The exact taxonomy of the genus  Lens  still needs 
to be established, especially with regard to  L. 
tomentosus  and  L. lamottei ; further hybridization 
experiments need to be undertaken to establish if 
these wild species belong to the secondary or ter-
tiary gene pool of  Lens . With regard to wild germ-
plasm, further recollections are needed as, for 
instance, only four  L. tomentosus  and 39  L. ode-
mensis  accessions are maintained in gene banks 
worldwide. More variable and valuable alleles of 
cultivated landraces must be conserved in ex situ 
collections for genotyping and phenotyping to 
discover new and useful variants. One example is 
the recent fi nding of a high genetic variability 
among accessions from Azerbaijan which sug-
gests that this gene pool needs to be increased 
through additional accessions. Another example, 
Chinese land races are not represented in the 
ICARDA nor USDA core collections; however, 
evidence from other Chinese pulse landraces 
strongly indicates that collected Chinese landra-
ces of lentil, from west and central China, will 

constitute a very interesting germplasm for trait 
and allelic variation assessment. 

 Wild and cultivated accessions need to be 
further evaluated with regard to biotic and abiotic 
stresses, placing emphasis on developing more 
accurate screening methods. In addition, further 
inheritance studies of resistance/tolerance to biotic 
and abiotic stresses are required for a better under-
standing of the respective genetic systems con-
trolling these responses. This knowledge will be 
useful to design adequate breeding programs based 
on regional requirements. There is a need to include 
more morphological and molecular markers and to 
develop a comprehensive consensus genetic linkage 
map in lentil, allowing for molecular tagging of 
resistance genes against biotic and abiotic stresses 
in order to exploit them in breeding with increased 
selection effi ciency. However, many morphological 
markers so far considered of monogenic inheri-
tance need to be reassessed as they most likely 
better fi t an oligogenic inheritance. 

 The development of fi ne genetic maps that 
include direct gene markers (functional markers) 
is expected to revolutionize the use of lentil genetic 
resources. Microsatellite markers have been devel-
oped and deployed to characterize composite and 
core collections at ICARDA; 109 accessions of 
lentil including  culinaris  (57),   orientalis  (30), 
 tomentosus  (4), and  odemensis  (18) were geno-
typed using 14 microsatellite (SSR) markers; the 
study of Hamwieh et al. ( 2009 ) revealed that the 
wild accessions were rich in alleles (151 alleles) 
compared to cultigens (114 alleles). New molecu-
lar tools will increase the speed and precision of 
introgression of these newly identifi ed alleles from 
both the adapted and wild lentil species and sub-
species into the advanced breeding populations. 
For example, a lentil pyrosequencing and SNP dis-
covery project has recently been concluded at the 
University of Saskatchewan (Sharpe et al.  2013 ). 
The successful completion of this project has led 
to a dense linkage map of SSR and SNP in seven 
linkage groups constituting the seven chromosome 
pairs of lentil (Sharpe et al.  2013 ), thus allowing 
for a future great reduction of gene/QTL discovery 
timelines. The high throughput genotyping con-
ducted by the CGIAR Challenge Program and 
other national programs will characterize the 
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world’s ex situ germplasm resources, leading to an 
understanding of the population structure from a 
statistical genetics perspective (Furman et al. 
 2009 ). This information combined with genome 
sequencing, SNP variation studies (haplotype 
mapping), and detailed phenotyping of the lentil 
germplasm will lead to successful genome- wide 
association studies. The understanding of allele 
values from the adapted and wild lentil gene pool 
will dramatically increase both the effi ciency and 
worth of germplasm utilization in lentil breeding 
programs (Coyne et al.  2011 ).     
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7.1         Introduction 

 In a time of resource constraint, land pressure, 
environmental concerns, and population 
 explosion, genetic improvement of crops 
becomes the most promising approach by which 
food production can meet the demand. For 
genetic improvement to succeed, plant breeders 
rely on a rich source of genetic diversity. 
Although there is no shortage of genetic varia-
tion in nature, a process of genetic erosion due 
to various  reasons,  including plant breeding, 

threatens modern varieties. All crop species 
were originally domesticated from wild plants 
by humans; the very process of domestication 
 inherently reduced genetic variation 
(Ladizinsky   1985 ). The limited genetic varia-
tion among  modern crop varieties not only 
made them more susceptible to disease epidem-
ics, but it also reduced the chance for plant 
breeders to identify new and useful combina-
tions of genes, thus  causing a slower rate of 
crop improvement in the long term. There is 
renewed interest in the  utilization of wild 
 relatives for the improvement of crop plants 
worldwide including India. Wild ancestors of 
most crop plants can still be found in their natu-
ral habitats, but their numbers are slowly dwin-
dling. There is an urgent need to  conserve all 
the available germplasm under  long- term stor-
age. The germplasm of crop plants represents a 
precious source of genetic variation that can 
potentially insure more rapid and  sustained crop 
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plant improvement for many years to come 
(Tanksley and McCouch  1997 ).  

7.2     Origin and Potential 

 Pigeonpea [ Cajanus cajan  (L.) Millspaugh] is an 
important crop providing protein in the human 
diet to a large population of Asia, Africa, the 
Caribbean, and Latin America. It has a special 
place in the diet of the vast majority of Indians, 
who consume pigeonpea in one form or the other 
daily. It also has wide applications in traditional 
medicine (van der Maesen  2006 ). Cultivation of 
the pigeonpea dates back to at least 3,500 years. 
The center of origin is the eastern part of peninsu-
lar India, including the state of Orissa, where the 
closest wild relatives ( Cajanus cajanifolius ) occur 
in tropical deciduous woodlands (van der Maeson 
 1995 ). Archaeological fi nds of pigeonpea include 
those from two Neolithic sites in Orissa, Gopalpur 
and Golbai Sassan, dating between 3,400 and 
3,000 years ago, and sites in South India, 
Sanganakallu and Tuljapur Garhi, also dating 
back to 3,400 years ago. From India, it traveled to 
East Africa and West Africa (Fuller and Harvey 
 2006 ). There, it was fi rst encountered by 
Europeans, so it obtained the name Congo pea. By 
means of the slave trade, it came to the American 
continent, probably in the seventeenth century. 
Nutritionally they contain high levels of protein 
and the important amino acids like methionine, 
lysine, and tryptophan (Saxena et al.  2010 ). In 
combination with cereals, pigeonpea makes a 
well-balanced human diet. Pigeonpea is grown in 
low-input and risk-prone marginal environments. 
There is a large gap between potential yield (2,500 
Kg/ha) and actual yield on farmer’s fi elds which is 
866.2 kg/ha in Asia and 736.2 kg/ha in Africa 
(Mula and Saxena  2010 ). It is a drought-tolerant 
and hardy crop of India, assuring sustainable 
returns from marginal lands with minimal inputs. 
Hence it is considered as a very suitable crop for 
subsistence agriculture. Pigeonpea is a 
 cross-pollinated (20–70 %) species with a diploid 
number of 2 n  = 2 x  = 22 and genome size of 858 
Mbp. Pigeonpea is the fi rst seed legume plant to 
have its genome sequenced. The fi rst draft was 

done by a group of more than 30 ICRISAT and 
other institution scientists belonging to different 
organizations across the world (Varshney et al. 
 2012a ).  

7.3     Diversity in Crop Cultivars 

 Ample morphological diversity is exhibited by 
pigeonpea as a crop but the same is not true at the 
molecular level (Yang et al.  2006 ; Odeny et al. 
 2007 ). A low level of genetic diversity has led to a 
narrow genetic base, and this is refl ected in the 
absence of resistance to various biotic and abiotic 
constraints. The reason for the low level of genetic 
diversity is the evolutionary bottleneck. There is 
some evidence that pigeonpea has a monophyletic 
evolution and has evolved from wild relative 
 Cajanus cajanifolius  (Kassa et al.  2012 ). There are 
5–6 traits that differentiate  C. cajanifolius  from 
pigeonpea such as fl ower morphology, pod color 
and morphology, pod constriction, seed color, and 
100-seed weight (Mallikarjuna et al.  2012a   ). 
Molecular studies revealed that a genetic dissimi-
larity index value ranging from 0.81 to 0.94 exists 
between the two species (Mallikarjuna et al.  2012a , 
 b ). But the crop has a rich source of variability in the 
form of wild relatives in different gene pools, which 
have played a major role in the introduction of dis-
ease resistance and agronomic traits such as high 
protein content, identifi cation and diversifi cation of 
the cytoplasmic base of CMS system, and more 
recently introgression of pod borer ( Helicoverpa 
armigera ), pod fl y, bruchid resistance, and other 
agronomic traits (Mallikarjuna et al.  2011a ).  

7.4     Production-Related 
Problems 

 Pigeonpea is an important crop of Asia and espe-
cially in India, where it forms an important source 
of protein in the vegetarian diet. Despite its 
immense importance in sustainable agriculture and 
continued breeding efforts directed toward genetic 
improvement, the global production per hectare of 
pigeonpea has remained static over the last three 
decades. The yield gap between the potential yield 
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and on-farm yield is mainly due to the prevalence 
of various abiotic and biotic stresses in pigeonpea-
growing areas together with its cultivation in mar-
ginal lands with low input supply and lack of 
effi cient management practices (Varshney et al. 
 2012b ). Among the various diseases, fusarium 
wilt, caused by  Fusarium udum  Butler, is the most 
important disease in the Indian subcontinent and 
East Africa (Saxena  2008 ). Occurrence of wilting 
during the pod-fi lling stage causes infection to 
pigeonpea seeds and yield losses up to 50–70 % 
(Marley and Hillocks  1996 ). Another disease 
severely affecting pigeonpea yield is sterility 
mosaic disease (SMD) caused by the pigeonpea 
sterility mosaic virus (PPSMV) causing losses up 
to 95–100 % with infection occurring early at 
<45-day-old plants (Kannaiyan et al.  1984 ). Apart 
from wilt and mosaic,  Phytophthora  blight caused 
by the fungus  Phytophthora drechsleri  Tucker f. 
sp.  cajani  is another important disease that has got 
the status of an economic concern. However, the 
disease is limited in distribution and witnesses 
more severity in short-duration cultivars as com-
pared to long- or medium- duration genotypes 
(Ratnaparkhe and Gupta  2007 ). Among the variety 
of insects feeding on pigeonpea, the pod borer, 
 Helicoverpa armigera  (Hubner), is the most dam-
aging pest worldwide, and its frequent occurrence 
often results in complete crop failure. Besides 
 Helicoverpa , other pests like  Maruca  ( Maruca vit-
rata  Geyer), pod- sucking bugs ( Clavigralla hor-
rida  Germar), and pod fl y ( Melanagromyza 
chalcosoma  Spencer) pose a big threat to pigeon-
pea production. Moreover, infestations from stor-
age pests like bruchids ( Callosobruchus chinensis ) 
intensify the situation and result in profound seed 
damage during storage. Among the abiotic con-
straints, salinity and waterlogging severely affect 
the pigeonpea production (Saxena  2008 ; 
Choudhary et al.  2011 ). The limited success 
achieved so far in addressing the problem of pro-
duction constraints is mainly due to the complex 
mechanism underlying these stresses together with 
the lack of precise and effi cient screening tech-
niques. Genetic diversity and resistance to many of 
the constraints are not up to the desired level in the 
cultivated germplasm. Low use of germplasm 
which is 0.4 % of the total 13,771 accessions to 

develop advanced breeding lines may have also 
contributed to the lack of good sources of resis-
tance. Factors responsible for the low use of germ-
plasm might be the large size of germplasm 
collections and lack of presence of useful traits 
present in them, thus emphasizing the importance 
of wild relatives with extensive genetic diversity.  

7.5     Crop Gene Pools and Alien 
Introgressions 

 The classifi cation of Harlan and de Wet ( 1971 ) of 
grouping the germplasm of a crop is followed to 
group the genetic resources of pigeonpea includ-
ing their wild relatives. They constitute three basic 
gene pools and are divided as primary gene pool 
(GP1), secondary gene pool (GP2), and tertiary 
gene pool (GP3) and the related genera in the qua-
ternary gene pool (GP4). In the genus  Cajanus  
with 32 species and 11 related genera,  Cajanus 
cajan  is the only species cultivated throughout 
Asia and Africa for its leguminous proteins. The 
gene bank at ICRISAT conserves over 13,632 
accessions of  Cajanus  species from 74 countries. 
This includes 555 accessions of wild relatives 
 representing six genera and 57 species (Upadhyaya 
et al.  2007 ). Pigeonpea belongs to the subtribe 
 Cajaninae  which contains 13 genera. Earlier the 
genera  Atylosia  and  Cajanus  were considered 
closely related; later genus  Atylosia  was merged 
with the genus  Cajanus  (van der Maesen  1980 ). 
Subsequently, the genus  Cajanus  has 32 species, 
18 of which are endemic to Asia and 13 to 
Australia and one to West Africa (van der Maesen 
 1986 ). Apart from these, there are other related 
genera, namely,  Rhynchosia ,  Dunbaria , 
 Flemingia ,  Paracalyx ,  Eriosema ,  Adenodolichos , 
 Bolusafra ,  Carissoa ,  Chrysoscias , and  Baukea . 
For details of the gene pools, please refer to the 
publication of Mallikarjuna et al. ( 2011a ). 

7.5.1     Primary Gene Pool 

 Considerable progress has been made in pigeonpea 
improvement by using variability within the culti-
vated species, and globally pigeonpea is grown on 
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4.5 million ha with a production of 3.5 million met-
ric tons and productivity of 863 kg ha −1  (FAO 
 2009 ). The gene bank at ICRISAT, Patancheru, 
India, conserves the largest collection of pigeonpea 
germplasm assembled in the world. The germ-
plasm collection includes 8,215 landraces, 4,795 
breeding lines, and 67 improved cultivars 
(Upadhyaya et al.  2012 ). In spite of the large germ-
plasm collection in the primary gene pool, it is not 
widely used (Wright  1997 ) as information on the 
presence of useful traits is not easily available and 
necessitating an extended period of research when-
ever utilized (Goodman  1990 ). To overcome these 
issues, core and mini core collections have been 
developed (Upadhyaya et al.  2006 ). Variation with 
the primary gene pool is of importance as they are 
easy to use with quicker gains and can be directly 
released as cultivars. Progress has been made in the 
utilization of material from the primary gene pool 
(Saxena  2000 ). Varieties BDN-1 and Maruthi 
released in 1989 are selections from pure-line 
breeding which are popular even today (Bantilan 
and Joshi  1996 ). Development of high yielding 
varieties such as ICPL 87, ICPL 151, Prabhat, T 
21, Pusa Ageti, CO 5, and JA 3 has also been 
reported (Singh et al.  2005 ). In spite of the above 
successes, a perusal of the utilization pattern of 
 Cajanus  germplasm indicates that so far a very 
small proportion of germplasm has been used in 
pigeonpea improvement programs globally. In 
pigeonpea, 57 ancestors were used to develop 47 
varieties. The top 10 ancestors contributed 48 % to 
the genetic base of the released varieties (Kumar 
et al.  2003 ). One of the reasons for such poor utili-
zation may be the vast number of lines available in 
the primary gene pool which lack detailed charac-
terization, evaluation, and genetic diversity data. In 
spite of the above constraints, 10 pigeonpea germ-
plasm have been released as cultivars with two in 
Nepal, one in the Philippines, two in India, one in 
China, one in Fiji, and one each in Malawi and 
Venezuela between 1985 and 2005.  

7.5.2     Secondary Gene Pool 

 The pigeonpea wild species collection at the 
ICRISAT gene bank has not been characterized 

and evaluated systematically, although the data is 
beginning to emerge. Main reasons could be low 
seed quantity, lack of resources, diffi culties in 
phenology and growth habit, and lower priority 
than the cultivated species (Upadhyaya et al. 
 2012 ). However, limited evaluation of different 
species by researchers across the world indicated 
that the wild gene pool of pigeonpea, particularly 
the secondary gene pool, is a promising source for 
various biotic and abiotic stresses (Bohra et al.  2010 ; 
Mallikarjuna et al.  2011a ; Jadhav et al.  2012a ,  b ). 
Compatible wild relatives of pigeonpea which are 
placed in the secondary gene pool do not need spe-
cialized techniques in the crossability  experiments 
in majority of the cases with a few exceptions 
(Mallikarjuna et al.  2011a ). Cytoplasmic male 
sterile systems were developed for pigeonpea 
exploiting the cross- pollination mechanism and 
utilizing wild  Cajanus  species. So far eight CMS 
systems have been reported utilizing wild relatives 
of pigeonpea (Mallikarjuna et al.  2012b ). Of these, 
seven have been developed utilizing wild relatives 
from the secondary gene pool as the female  parent. 
One system has cultivated pigeonpea cytoplasm 
with the utilization of wild species as the male 
 parent (Mallikarjuna and Saxena  2005 ). More 
recently, CMS trait was observed utilizing 
 C.  lanceolatus , which is a wild relative in the 
 secondary gene pool (Sandhya S and Mallikarjuna 
N, unpublished data). Efforts are underway to 
identify their restorers. Once developed, this will 
be named as A 9  CMS system. 

 The process of outcrossing is important in the 
development of CMS systems, but this can lead 
to genetic deterioration. A partially  cleistogamous 
line, which showed less than 1 %  cross- pollination, 
was purifi ed from the cross  C. cajan  ×  C. linea-
tus , which was governed by a single recessive 
gene (Saxena et al.  1992 ). Partial cleistogamous 
lines developed from the above cross were found 
to be stable in India as well as in Sri Lanka. The 
cleistogamous trait can be utilized in pigeonpea 
to obtain pure seeds from genetic stocks. 
Cleistogamous lines were identifi ed utilizing 
 C. platycarpus  (Cherian et al.  2006 ), a wild rela-
tive in the tertiary gene pool of pigeonpea. These 
lines had open fl owers. When CMS is developed 
on such lines, it will help better cross- pollination 
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and thus better yield. High-protein breeding lines 
were developed from  C. sericeus ,  C. albicans , 
and  C. scarabaeoides . A signifi cant positive 
 correlation between seed size and protein content 
was observed in lines derived from  C. scarabae-
oides . Lines HPL 2, HPL 7, HPL 40, and HPL 51 
are some of the high-protein and high-seed-
weight lines derived from wild species (Saxena 
et al.  1987 ). More recently crosses between 
pigeonpea and  C. acutifolius  yielded progeny 
with high seed weight. High seed weight accom-
panied by beige seed color is a desirable trait 
(Jadhav et al.  2012a ,  b ).  C. acutifolius , a wild 
relative from the secondary gene pool and native 
of Australia, can be crossed with pigeonpea as a 
one-way cross. The reciprocal cross using 
 C.  acutifolius  as the female parent aborts to give 
rise to immature seeds. In vitro interventions are 
necessary to obtain hybrid plants (Mallikarjuna 
and Saxena  2002 ). Advanced generation 
 population from the cross utilizing  C. acutifolius  
as the pollen parent has shown resistance for 
 pod-borer damage (Mallikarjuna et al.  2007 ; 
Jadhav et al.  2012a ), variation for seed color, and 
high seed weight. Some of the lines showed high 
level of resistance to pod borers, pod fl y, and bru-
chid under unprotected fi eld conditions (Jadhav 
et al.  2012a ). Bruchid resistance (Jadhav et al. 
 2012a ) is an important trait for pigeonpea seeds 
under storage as resistance to the pest has not 
been observed in cultivated pigeonpea. These 
lines are available in pigeonpea breeding and 
legume cell biology units of the Grain Legumes 
Program (CGIAR project on grain legumes). 
Some of the advance generation lines derived 
from  C. acutifolius  were screened for  waterlogging 
by germinating them and later growing them 
under waterlogged conditions. A few lines grew 
under waterlogged conditions and formation of 
lenticels was observed in the region above the 
water surface. The region gave rise to roots which 
entered the soil through the water surface. This 
shows that some of these lines may survive under 
waterlogged conditions (Aneesha Begum and 
Mallikarjuna N, unpublished data). Another 
 species from the secondary gene pool, namely, 
 C. lanceolatus , was crossed successfully with 
cultivated pigeonpea at ICRISAT and progeny 

lines developed (Srikanth et al.  2013 ). F 1  hybrids 
fl owered, but some of the hybrids were pollen 
sterile, and in the rest of the hybrids, pollen fertil-
ity varied from 25 to 55 %. All the hybrids were 
female fertile. Progeny lines developed from the 
cross were screened for bruchid resistance. 
Bruchid growth and survival was inhibited in the 
lines derived from  C. lanceolatus . Some of the 
lines showed delayed bruchid growth and delayed 
life cycle thus showing antibiosis mechanism of 
resistance to bruchids. Lines were screened for 
protein content and some of the lines showed 
higher protein content than both their parents. 
Further, biochemical analysis showed higher 
content of proteinase inhibitor activity in some of 
the lines (Sandhya Srikanth and Mallikarjuna, N, 
unpublished data). A new source of CMS was 
identifi ed in the progeny lines and experiments 
are underway to identify maintainers and restor-
ers (Sandhya Srikanth and Mallikarjuna N, unpub-
lished data). Previously, Sateesh Kumar ( 1985 ) 
attempted crossing pigeonpea with  C.  lanceolatus  
but obtained sterile hybrids which did not fl ower 
and remained in the vegetative stage.  

7.5.3     Tertiary Gene Pool 

 There are 20 wild species in the tertiary gene 
pool of pigeonpea (Mallikarjuna et al.  2011a ). 
Until now, only one wild  Cajanus  species from 
this gene pool has been successfully crossed and 
traits of interest transferred (Mallikarjuna et al. 
 2011b ).  Cajanus platycarpus  was successfully 
crossed utilizing hormone-aided pollinations and 
in vitro interventions (Mallikarjuna  1998 ) to 
obtain hybrids. Progeny lines showed variation 
for days to fl ower, growth habit, seed weight and 
number, seed color, and resistance to pod borer, 
pod fl y, bruchids,  Fusarium , and sterility mosaic 
disease (Mallikarjuna N unpublished data). Some 
cleistogamous lines were identifi ed in CMS lines 
(Cherian et al.  2006 ), a trait favoring total 
 cross- pollination. Hence utilizing  C. platycarpus  
not only broadened the genetic base of  pigeonpea, 
but it was possible to introgress useful traits. 
Diversity Arrays Technology (DArT), a genome- 
wide marker technology, was used to genotype 
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the parents and advance generation hybrids after 
four backcrosses. A total of 1,225 markers were 
found polymorphic among the parents and the 
progeny. The results of the study showed that 
apart from DNA stretches from the female and 
male parent, there was some novel DNA poly-
morphism observed in the progeny not seen in 
both parental species. It was interesting to 
observe that as per theoretical calculations, there 
should be 3.12 % of  C. platycarpus  genome after 
four backcrosses with cultivated parent  C. cajan  
(Mallikarjuna et al.  2011b ). Diversity Arrays 
Technology (DArT) analysis showed the  presence 
of  C. platycarpus  genome ranging from 2.0 to 
4.8 %. The presence of nonparental DNA sequences 
was presumably because of  recombination, ranging 
from 2.6 to 10.4 % (Mallikarjuna et al.  2011b ). 

 More recently, another species from the  tertiary 
gene pool, namely,  C. volubilis , was crossed with 
pigeonpea. In F 2  generation, extra short duration 
lines were recovered in 2011. These lines fl owered 
earlier than the short-duration cultivar ICPL 85010 
which was the female parent of the cross. The lines 
were again screened for the short duration trait in    
Rabi Season of 2012 and were found to retain the 
trait. Dwarf growth habit coupled with determinate 
and semi-determinate plants was observed. In the 
determinate types, the number of pods per infl ores-
cence and the number of infl orescence were more 
than that observed in the extra early and  determinate 
cultivar MN5 (Sandhya Srikanth and Mallikarjuna 
N, unpublished data).  

7.5.4     Quaternary Gene Pool 

 There are 11 related genera, namely,  Rhynchosia , 
 Flemingia ,  Dunbaria ,  Eriosema ,  Paracalyx , 
 Adenodolichos ,  Bolusafra ,  Carissoa ,  Chrysoscias , 
and  Baukea  including  Cajanus  under the subtribe 
 Cajaninae . Many of these  genera are classifi ed as 
underexploited legumes.  Rhynchosia  is one such 
example as it harbors important nutritional and 
therapeutic properties (Drabu et al.  2011 ), with the 
presence of  phytochemicals such as alkaloids, gly-
cosides, anthraquinones, carotenoids, coumarins, 
 dihydrochalcones, fatty acids, fl avonoids,  steroids, 
and triterpenoids (Bakshu and Venkataraju  2001 ). 

Some species of  Rhynchosia  are used in human 
and animal diet (Oke et al.  1995 ). Many of the 
tribal communities in India soak the seeds in water 
and consume the seeds after boiling and decanting 
many times to get rid of unwanted constituents 
(Murthy and Emmannuel  2011 ). Many of the 
 Rhynchosia  species are known to exhibit antitu-
mor and thus curative properties. Normally during 
cancer treatment, iron defi ciency and anemia are 
major issues. It was observed that treatment with 
 Rhynchosia  seeds restored hemoglobin (Hb), 
RBC, and WBC counts to normal levels. With the 
interest in dietary fl avonoids and suppression of 
cancer,  Rhynchosia  species are surely going to 
attract more attention in the coming days. 

 None of the genera in the quaternary gene 
pool have been successfully crossed with pigeon-
pea until now. Among the genera in the quater-
nary gene pool,  Rhynchosia  was selected to 
initiate crossing/introgression/gene transfer 
experiments as it had many desirable properties 
as listed above. It was possible to successfully 
cross  Rhynchosia  with pigeonpea through 
hormone- aided pollinations. The success rate of 
crossing  Rhynchosia  was low not exceeding 
1–2 %, but it was possible to obtain hybrids. 
Screening the hybrids with molecular markers 
confi rmed the hybridity (Mallikarjuna N and 
Varshney R unpublished data). Although the ini-
tial process of crossing  Rhynchosia  with pigeon-
pea was challenging, nevertheless, hybrids were 
obtained. They were fertile and it was possible to 
obtain self and backcross progenies. Experiments 
to screen and study the progeny lines for different 
traits/constraints are in progress.   

7.6     AB-QTL Mapping 
Populations Utilizing Wild 
 Cajanus  Species 

 Advanced backcross quantitative trait locus 
detection method abbreviated as AB-QTL 
increases the effi ciency of identifying and trans-
ferring benefi cial alleles from exotic germplasm 
(Tanksley and Nelson  1996 ). In this method, 
instead of using traditional F 2  or RIL mapping 
populations, it involves two or three backcrosses 
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to the recurrent parent during population 
 development, thus reducing the amount of donor 
introgressions in each individual. This method is 
especially advantageous, where wild relatives are 
used to develop mapping populations. AB-QTL 
method is used for simultaneous discovery and 
transfer of valuable QTLs from wild relatives. 
Since QTL analysis is delayed till BC 2  or BC 3  
generations, it may be possible to detect domi-
nant, partially dominant, overdominant, additive, 
and epistatic QTLs to name a few. Introgression 
of useful genes/traits accompanied by  undesirable 
genomic fractions harboring deleterious alleles, 
collectively called linkage drag, can be overcome 
to identify favorable exotic quantitative trait 
locus (QTL) alleles for the improvement of 
 agronomic traits. Two wild relatives, namely, 
 C. cajanifolius  (the progenitor species) and 
 C. acutifolius , a wild species from the secondary 
gene pool and with many desirable traits 
(Mallikarjuna et al.  2011a ), were used to develop 
AB-QTL mapping populations. The populations 
are ready for phenotyping and genotyping after 
two backcrosses and selfi ng. It is envisaged that 
such mapping populations will identify useful 
alleles present in the wild species as observed in 
other crops such as rice (Septiningsih et al.  2003 ) 
and groundnut (Chap.   8    , this volume)   . Initial 
screening efforts have shown that AB-QTL lines 
have resistance to pod borers,  Phytophthora  
blight, high yield, and a few other desirable traits.  

7.7     Diversity in Expression 
of Traits Due to Alien 
Introgression 

7.7.1     Segregation of Traits 
Following Classical 
Inheritance Pattern 

 Wild relatives from the secondary gene pool cross 
with cultigen following the Mendelian pattern of 
inheritance. This meant the F 1  produced broadly 
showed the expression of both the parental species 
in the ratio of 1:1. When the F 1  was selfed, the 
progeny lines segregated to traits in the ratio of 
3:1, again following the Mendelian pattern of 

 segregation. Similar results were observed when a 
tertiary gene pool species  C. platycarpus  was 
crossed with the cultigen (Mallikarjuna et al. 
 2011b ). DArT analysis of the BC 4 F 1  lines, where 
the recurrent parent was the cultigen, showed that 
it followed the Mendelian pattern of inheritance 
having approximately 94 % percent C . Cajan  
genome and the remaining of C. platycarpus 
(Mallikarjuna et al.  2011b ).  

7.7.2     Segregation Pattern 
of Genomic Dominance 

  C. volubilis , a wild relative in the tertiary gene 
pool of pigeonpea, produced F 1  hybrids when 
crossed with the cultigen. The F 1  hybrid showed 
traits of both the parental species of both  C. volu-
bilis  and the cultigen, and the hybridity was fur-
ther confi rmed by SSR analysis (Sandhya 
Srikanth and Mallikarjuna N, unpublished data). 
F 1  hybrid was selfed to produce F 2  progeny lines. 
All the plants from F 2  onward showed genomic 
disequilibrium by resembling the cultigen with 
respect to morphological traits. None of the 
plants had any morphological traits or characters 
of  C. volubilis . Molecular analysis of F 2  plants 
confi rmed that they resembled the cultigen. Such 
a phenomenon has not been observed in pigeon-
pea wide crosses using compatible wild relatives 
from the secondary gene pool (Mallikarjuna and 
Saxena  2002 ; Saxena et al.  2010 ). Genomic 
asymmetry was observed in the present cross as 
distantly related genomes of  Cajanus , i.e., of cul-
tigen and of  C. volubilis , were brought together 
for the fi rst time through hybridization. Bringing 
together distantly related genomes involves radi-
cal and rapid mode of speciation by means of 
interspecifi c hybridization. It has been observed 
in wheat that, when different genomes were 
brought together, there was predominance of one 
genome over the others (Flagel et al.  2009 ; Rapp 
et al.  2009 ). In wheat A and B genome hybrids, 
B genome exhibited more or higher marker poly-
morphism than the A genome (Chao et al.  1989 ). 
Genome-wide transcriptome analysis in synthetic 
 Arabidopsis  allotetraploid showed that expres-
sion patterns from one genome could be  dominant 
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over the other (Wang et al.  2006a ,  b ). Pumphrey 
et al. ( 2009 ) observed that some of the genes 
were similar to one of the parental genomes in 
synthetic hexaploid wheat. In the present investi-
gation too, predominant expression of one of the 
parental genomes over the other was observed, 
and this can be explained taking examples of 
wheat,  Arabidopsis , etc., that when distantly 
related genomes are brought together, there is 
silencing of the expression of the other genome 
completely or partially, although the DNA from 
the other parent is present, at least for many of 
the morphological traits female parental genome 
expression is obvious. Genome asymmetry has 
been observed not only for the expression of 
morphological traits but for other important traits 
in a few crops when different genomes are 
brought together by hybridization. Genome 
asymmetry in the control of storage proteins has 
been observed in wheat (Levy et al.  1988 ). In 
 Gossypium hirsutum , genome asymmetry was 
found in the accumulation of seed storage pro-
teins (Hu et al.  2011 ). Genome asymmetry in the 
control of agronomic, disease, and pest resistance 
traits has also been observed in wheat (Feldman 
et al.  2012 ). There were unsuccessful attempts in 
the past to cross pigeonpea with  C. volubilis  
 pollen (Pundir and Singh  1985 ). This is the fi rst 
report of successful interspecifi c hybridization 
between pigeonpea and  C. volubilis . 
Morphological traits of the F 1  hybrid were more 
skewed toward the female parent, and such phe-
nomenon is not new when distant genomes are 
made to come together through wide hybridiza-
tion.  C. volubilis  is a wild relative of pigeonpea 
placed in its tertiary gene pool (Mallikarjuna 
et al.  2011a ; Bohra et al.  2010 ). Genomic studies 
have also shown its distant relationship with cul-
tivated pigeonpea (Punguluri et al.  2007 ). 
Genome-wide transcription analysis in synthetic 
 Arabidopsis  allotetraploid showed that expres-
sion patterns from one genome could be domi-
nant over the other genome (Wang et al.  2006a , 
 b ). Pumphrey et al. ( 2009 ) found that a small per-
centage of hybrids between wheat and synthetic 
hexaploids were similar to one of the parents. We 
report for the fi rst time in pigeonpea that such a 
phenomenon is taking place in the hybrid between 

 C. cajan  (cultivated pigeonpea) and  C. volubilis  
with the morphology of the F 2  hybrids skewed 
toward the female parent. Genetic control in stor-
age proteins has been observed in allopolyploid 
wheat. Galili and Feldman ( 1984 ) showed that 
inactivation of an endosperm protein is brought 
about by an intergenomic suppression. Wheat 
genome-driven control of some agronomic, pest, 
and disease resistance was observed in wheat. 
Peng et al. ( 2000 ) observed that the R-gene 
 cluster in the B genome of wheat and high marker 
clustering in the B genome than the A genome 
are the result of the expression of genome 
 asymmetry. The ability of one genome to  suppress 
the activity of genes in another in newly formed 
hybrids with different genomes may be to prevent 
defective organ formation/phenotype.   

7.8     Conclusions 

 The synthesis of the review article shows the 
state-of-the-art information on experiments to 
broaden the genetic base of pigeonpea, elevating 
the crop to a trendsetting legume. Firstly, its 
genome sequence became available and now 
with interspecifi c and intergeneric hybrids 
 utilizing wild relatives from secondary, tertiary, 
and quaternary gene pools is a path-breaking 
research. Concerted efforts might yield many 
more intergeneric crosses utilizing many more 
not only  Rhynchosia  species but with other 
 genera such as  Flemingia ,  Dunbaria , etc. At 
present there are 230  Rhynchosia  species 
reported, and many of them have useful traits of 
interest. The need of the time is the committed 
research to exploit this vast gene pool with a 
major effort to cross many more species of 
 Cajanus  and utilize other related genera too. The 
results of the present investigation open new vis-
tas in wide crosses research in pigeonpea. No 
other food legume crop has been investigated for 
alien introgression and succeeded in crossing 
wild relatives from all the gene pools, namely, 
secondary, tertiary, and quaternary. Pigeonpea is 
one crop where tremendous progress has been 
made to cross wild  Cajanus  species from  different 
gene pools and introgress genes/traits  successfully. 
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With these successes, it can no more have a nar-
row genetic base. With the advances in pigeonpea 
genomics, a major effort in sequencing the crop, 
and success in wide crosses in pigeonpea, it has 
emerged from being labeled as an orphan crop to 
a trendsetter. Recent successes in wide crosses 
show that it is possible to introduce desirable 
traits such as pod-borer resistance, develop CMS 
systems, develop lines with multiple disease and 
pest resistance, change plant type, and increase 
seed weight and yield.     
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8.1         Introduction 

 Groundnuts ( Arachis hypogaea  L.) are rich in 
nutrients, providing over 30 essential nutrients and 
phytochemicals. They are a good source of niacin 

(Whitley et al.  2011 ), which plays a role in brain 
health and blood fl ow, folate, fi ber,  magnesium, 
vitamin E, manganese, and  phosphorus (Savage 
and Keenan  1994 ). Plumpy’Nut, a ready-to- use 
therapeutic food made from groundnut, is a  popular 
source of nutrient used by UNESCO to treat acute 
malnourished    kids in Africa. Groundnuts contain 
about 25 % protein, a higher proportion than in any 
true nut. Recent research on groundnuts and nuts 
in general has found antioxidants (Yu et al.  2005 ) 
and other chemicals, which may provide health 
benefi ts. Roasted groundnuts rival the antioxidant 
content of blackberries and strawberries and are far 
richer in antioxidants than carrots or beets. 
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    Abstract  

  Groundnut, a crop rich in nutrients, originated in South America and 
spread to the rest of the world. Cultivated groundnut contains a fraction of 
the genetic diversity present in their closely related wild relatives, which is 
not more than 13 %, due to domestication bottleneck. Closely related ones 
are placed in section  Arachis , which have not been extensively utilized 
until now due to ploidy differences between the cultivated and wild rela-
tives. In order to overcome  Arachis  species utilization bottleneck, a large 
number of tetraploid synthetics were developed at the Legume Cell 
Biology Unit of Grain Legumes Program, ICRISAT, India. Evaluation of 
synthetics for some of the constraints showed that these were good sources 
of multiple disease and pest resistances. Some of the synthetics were uti-
lized by developing ABQTL mapping populations, which were screened 
for some biotic and abiotic constraints. Phenotyping experiments showed 
ABQTL progeny lines with traits of interest necessary for the improve-
ment of groundnut.  
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Research shows that groundnuts contain high con-
centrations of antioxidant  polyphenols (Craft et al. 
 2010 ). Groundnuts are a signifi cant source of res-
veratrol, and the amount of resveratrol equivalent 
to that present in red grapes (Sanders et al.  2000 ), 
a chemical associated with reduction in the risk of 
cardiovascular disease (Fraser et al.  1992 ; Hu et al. 
 1998 ; Prineas et al.  1993 ) and cancer (Awad et al. 
 2000 ) and having antiaging properties, hence would 
have high impact in both health and cosmetic 
industries. Groundnuts are a source of coenzyme 
Q10 (Pravst and Zmitek  2010 ), as are oily fi sh, 
beef, soybeans, and  spinach. It is believed that the 
crop has originated in South America. According 
to Vavilov ( 1951 ), it was fi rst domesticated in the 
Brazilian-Paraguayan region. The area of the val-
leys of Paraguay and Parana  rivers is the most 
likely center of origin of this legume. Excavation 
in coastal Peru dating back to 800 BC shows the 
cultivation of groundnut. From South America, 
groundnut spread to other parts of the world. It was 
commonly found in the West Indies, but not in the 
United States in pre-Columbian times. Groundnut 
was introduced to the Old World in the sixteenth 
century when the Portuguese took the seeds from 
America to Africa. The Spaniards introduced it 
into the Philippines. It then spread to China, India, 
Japan, Malaysia, and other parts of the world. 

 Human interaction through selection of most 
suited lines over the centuries resulted in loss of 
much of the genetic diversity/desirable alleles 
and genes whose importance is now being real-
ized. Further, we are still unaware of future pref-
erence for the so-called “lost” genetic diversity 
which includes genes for resistance/tolerance to 
biotic and abiotic stresses as well as taste and 
nutritional composition along with yield. 
Although such concerns are raised at majority of 
the scientifi c gatherings, still not much initiative 
has been taken even for very important food 
crops. Hence, this is the prime time to retrieve 
desirable alleles not only to address existing 
problems but also for the future as well in order 
to sustain food production. Although  pre- breeding 
utilizing wild gene pool does not produce new 
varieties, it does turn up intermediate products 
that breeders fi nd easier to use. It throws up 
enough variation in the crops such as groundnut 

to sustain breeding activities especially with the 
assistance of molecular markers. Many public 
agricultural research institutions, such as the 
International Rice Research Institute (IRRI), 
International Maize and Wheat Improvement 
Center (CIMMYT), International Institute of 
Tropical Agriculture (IITA), and International 
Crops Research Institute for Semi-Arid Tropics 
(ICRISAT), have active pre-breeding programs in 
their mandate crops. Pre-breeding is the link 
between conservation and use of crop wild 
 relatives. Out of all the raw materials at the 
breeder’s disposal, the diversity of crop wild rela-
tives has been relatively neglected. The con-
served germplasm in the gene banks is for the 
present and future use. With    urbanization, explo-
sion in population growth, and dwindling water 
resources and being in a 2 °C warmer world, we 
may not have a choice but to bring in new sources 
of variation through pre-breeding.  

8.2     Taxonomy 

 The cultivated groundnut ( Arachis hypogaea  L.), 
an annual herb belonging to the family Fabaceae 
(Leguminosae), is classifi ed into two subspecies, 
subsp.  fastigiata  Waldron and subsp.  hypogaea  
Krap. et. Rig. The subsp.  fastigiata  contains four 
botanical varieties, var.  vulgaris , var.  fastigiata , 
var.  peruviana , and var.  aequatoriana . The subsp. 
 hypogaea  contains two varieties, var.  hypogaea  
and var.  hirsuta . Each of these botanical types 
has different plant, pod, and seed characteristics 
(Krapovickas and Gregory  1994 ). Groundnut is 
an allotetraploid (2 n  = 2 x  = 40) with “AA” and 
“BB” genomes. All species, except the cultivated 
species ( A. hypogaea  and  A. monticola ) in  section 
 Arachis  and certain species in section 
 Rhizomatosae , are diploid (2 n  = 2 x  = 20). The 
diploid progenitors,  A. duranensis  and  A. 
ipaensis , contributed “AA” and “BB” genomes, 
respectively, to the cultivated groundnut (Kochert 
et al.  1996 ). The phylogenetic analyses based on 
intron sequences and microsatellite markers also 
provide evidence for this hypothesis (Moretzsohn 
et al.  2012 ). A single hybridization event between 
the diploid progenitors followed by chromosome 
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doubling (Kochert et al.  1996 ) about 3,500 years 
ago led to the origin of cultivated groundnut. 
Krapovickas and Gregory ( 1994 ) used taxonomy 
and crossability studies to classify 69  Arachis  
species into nine sections. The additional 11 spe-
cies described by Valls and Simpson ( 2005 ) also 
come under these nine sections, making the total 
to 80  Arachis  species. Sections  Trierectoides , 
 Erectoides ,  Extranervosae ,  Triseminatae , and 
 Heteranthae  are treated as older sections while 
 Procumbentes ,  Caulorrhizae ,  Rhizomatosae , and 
 Arachis  are of more recent origin.  

8.3     Production-Related 
Problems 

 There is a large gap between potential pod yield 
and the realized pod yield in most of the  groundnut 
growing areas (Johansen and Nageswara Rao 
 1996 ). Abiotic stresses such as drought and high 
temperature are important yield-reducing factors. 
Groundnut is attacked by several fungal patho-
gens such as late leaf spot (LLS) caused by 
 Phaeoisariopsis personata  (Berk. & Curt.) von 
Arx, early leaf spot (ELS) caused by  Cercospora 
arachidicola  Hori, and rust caused by  Puccinia 
arachidis  Spegazzini which are among the impor-
tant foliar fungal diseases worldwide. Afl atoxins 
are potent carcinogens produced by  Aspergillus  
spp.  A. fl avus  is the predominant species in Asia 
and Africa. Stem and pod rot, caused by 
 Sclerotium rolfsii , is a potential threat to 
 groundnut. Apart from this, groundnut is prone to 
 several virus diseases such as groundnut rosette 
disease (GRD), peanut bud necrosis disease 
(PBND), peanut stripe potyvirus (PStV), peanut 
stem necrosis disease (PSND), and peanut clump 
virus disease (PCVD). Bacterial wilt, caused by 
 Ralstonia solanacearum , is predominant among 
bacterial diseases of groundnut. Globally, nema-
todes cause 11.8 % yield loss in groundnut 
(Sharma and McDonald  1990 ). Aphids ( Aphis 
craccivora  Koch), several species of thrips 
( Frankliniella schultzei ,  Thrips palmi , and  F. 
fusca ), leaf miner ( Aproaerema modicella ), red 
hairy caterpillar ( Amsacta albistriga ), jassids 
( Empoasca kerri  and  E. fabae ), and  Spodoptera  

are the major insect pests in groundnut, causing 
serious damage (Wightman and Amin  1988 ). 
Groundnut borer or weevil ( Caryedon serratus ) 
and rust-red fl our beetle ( Tribolium castaneum ) 
are the major storage insect pests in groundnut. 
Nutritional traits which include oil, protein, 
sugar, iron, and zinc content, fatty acid profi le, 
and freedom from toxins are important. The 
major issue being the presence of sources of 
resistance in cultivated germplasm is low to mod-
erate compared to high levels of resistance in 
wild  Arachis  species.  

8.4     Evolution and Diversity 
in Cultivated Groundnut 

 Cultivated groundnut contains a fraction of the 
genetic diversity which is not more than 13 % 
(Varshney et al.  2009 ), found in their closest wild 
relatives in section  Arachis  (Kochert et al.  1991 ), 
a legacy of the “domestication bottleneck.” 
Groundnut has an interesting evolutionary 
 history. The domesticated groundnut is an amphi-
diploid or allotetraploid, meaning that it has two 
sets of chromosomes from two different species, 
thought to be  A. duranensis  and  A. ipaensis  
(Kochert et al.  1991 ,  1996 ; Seijo et al.  2007 ). 
These species combined in the wild to form the 
tetraploid species which gave rise to the domesti-
cated groundnut. The fi rst domestication bottle-
neck was the combination of two species  A. 
duranensis  and  A. ipaensis  among 26 species 
from section  Arachis . Crossing experiments 
between  A. duranensis  and  A. ipaensis  have 
shown that the diploid hybrid is highly sterile 
(Mallikarjuna et al.  2011a ). Had the hybrid been 
fertile, there would not have been the need to 
double its chromosome number to form the fer-
tile amphidiploid. It would probably have 
remained a diploid than a tetraploid as it is today. 
So the second bottleneck was in the formation of 
a diploid sterile hybrid. The third bottleneck was 
in process of chromosome duplication to form 
the allotetraploid as it is known in literature that 
polyploidy causes genetic bottlenecks (Sanford 
 1983 ). Ancient farmers would have selected 
 relatively few plants from the progenitors of 
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modern crops in a limited number of places, and 
a similar situation would have existed for ground-
nut in South America. This can be visualized as 
the fourth bottleneck. The early Portuguese and 
Spanish traders during their expeditions spread 
the crop to the rest of the world thus giving rise to 
yet another, the fi fth, bottleneck, superimposed 
by the sixth bottleneck which is the self- 
pollinating nature of the crop. To conclude, 
groundnut is the product of evolution after a 
series of six bottlenecks.  

8.5     Utilization of Wild Relatives 

  Arachis  species from section  Arachis , which are 
true diploid with 2 n  = 20, have been extensively 
utilized in crosses with cultivated groundnut 
(2 n  = 40) utilizing various pathways of introgres-
sion (Simpson and Starr  2001 ), and traits of inter-
est such as resistance to nematode, late leaf spot, 
rust, and  Spodoptera litura  transferred (Garcia 
et al.  1996 ; Burrow et al.  1996 ; Singh et al.  2003 ; 
Mallikarjuna et al.  2004a ,  b ). GPBD4, a ground-
nut genotype resistant to rust and LLS, was 
released for commercial cultivation in India 
(Gowda et al.  2002 ). One of its parents, ICGV 
86855, is an interspecifi c derivative between  A. 
hypogaea  and  A. cardenasii , resistant to rust and 
LLS, and was developed at ICRISAT, India. 
Members of section  Procumbentes  have been suc-
cessfully crossed and fertile progeny has been 
obtained using in vitro techniques. Progeny lines 
were screened for various traits of interest. Another 
member of section  Procumbentes ,  A. kretschmeri , 
was also crossed successfully (Mallikarjuna and 
Hoisington  2009 ).  A. chiquitana  that was previ-
ously placed in section  Procumbentes  
(Krapovickas and Gregory  1994 ) has now been 
moved to section  Arachis  (Robledo et al.  2009 ). F 2  
seeds were screened for  A. fl avus  infection, and 
many of the seeds did not have any  A. fl avus  infec-
tion, whereas the control and some of the other F 2  
seeds had  A. fl avus  infection (Mallikarjuna  2005 ). 
 A. glabrata  belonging to section  Rhizomatosae  
was successfully crossed with  A. duranensis  and 
 A. diogoi  (Mallikarjuna  2002 ) and  A. hypogaea  
(Mallikarjuna and Sastri  2002 ) using embryo 

 rescue techniques (Mallikarjuna and Sastri  1985 ). 
The interest at present is to exploit the genetic 
diversity present in section  Arachis  through the 
development of tetraploid amphidiploid and 
 autotetraploid groundnuts which are also called 
synthetic groundnuts. 

 Inadequate levels of resistance in peanut germ-
plasm are one of the important factors for not hav-
ing resistance to  A. fl avus  afl atoxin in peanut. This 
means sources of resistances have to be scouted 
beyond the cultivated primary gene pool. The 
report from Xue et al. ( 2005 ) showed that  Arachis  
species  A. duranensis  (8 accessions) and  A. carde-
nasii  (2 accessions) from section  Arachis  had high 
levels of resistance to afl atoxin production and 
interspecifi c derivatives obtained from them con-
tinued to show the trait. ICRISAT screened 
advance generation lines derived from  A. carde-
nasii  (10,017 lines) in afl atoxin sick plot for three 
consecutive years and found many of the lines 
with low afl atoxin production. This opens up new 
avenues for afl atoxin resistance breeding in pea-
nut (Mallikarjuna N and Sudini H,  unpublished 
data). Sources of resistance to late leaf spot caused 
by  Cercosporidium personatum  (Berk. & 
M.A. Curtis) are higher in wild  Arachis  species 
(Subrahmanyam et al.  1985b ) as compared to 
moderate levels of resistance in cultivated germ-
plasm (Dwivedi et al.  2002 ).  Arachis cardenasii -
derived lines showed resistance to LLS, when 
screened under unprotected fi eld conditions in dif-
ferent locations (Mallikarjuna N and Sudini H, 
unpublished data). Peanut bud necrosis disease 
(PBND) is an economically important virus dis-
ease of peanut in many Asian countries where 
peanut is grown. The disease causes crop losses 
exceeding 89 million US dollars in India alone 
(Anon  1992 ). Sources of resistance are absent in 
cultivated germplasm (Reddy  1998 ). Many of the 
 Arachis  species have been found to be resistant to 
the disease (Reddy et al.  2000 ). Stable lines 
derived from  Arachis  species were screened for 
PBND under disease hot spot locations, and a few 
resistant lines were identifi ed (Sunkad G and 
Mallikarjuna N, unpublished data). 

 Among the soilborne fungal diseases of 
 peanut, stem rot caused by  S. rolfsii  is a potential 
threat to peanut production throughout the world. 
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The disease causes severe damage during any 
stage of crop growth, and yield losses over 25 % 
have been reported by Mayee and Datar ( 1988 ). 
Sources of resistance to the constraint is not up to 
the desired level in cultivated gene pool. Stable 
lines derived from  Arachis  species were screened 
for  S. rolfsii  in the disease hot spot location at 
Dharwad, Karnataka State, India, and a few lines 
with durable resistance were obtained 
(Kenchanagowdar and Mallikarjuna N, unpub-
lished data).  Spodoptera litura , also called fall 
armyworm   , a polyphagous insect, is becoming an 
important insect pest of groundnut with sources 
of resistance to the pest absent in the cultivated 
gene pool. Yield losses of peanuts have been 
directly associated with higher density of larvae 
of  S. litura  and the intensity of defoliation 
(Panchbhavi and Nethradani  1987 ). Currently, no 
cultivars of peanut are known to express reason-
able resistance to  S. litura . However, some wild 
relatives of peanut were found resistant to  S. 
litura . Neonate larvae suffer high levels of mor-
tality, and the development of older larvae on 
resistant wild species is severely inhibited 
(Stevenson et al.  1993b ). Stevenson et al. ( 1993a ) 
identifi ed fl avonoids chlorogenic acid, quercetin, 
and rutin present in  Arachis kempff-mercadoi  
responsible for resistance to  S. litura . Mallikarjuna 
et al. ( 2004a ) developed lines utilizing 
 A.  kempff- mercadoi   and screened lines for 
 S. litura  resistance. Resistant derivatives were 
found to have high levels of fl avonoids, and anti-
biosis mechanism prevented larval growth. 
Susceptible derivatives and the female parent  A. 
hypogaea  had low levels of fl avonoids 
(Mallikarjuna et al.  2004b ).  

8.6     Development of Synthetics 
for Groundnut Improvement 

 Tremendous progress has been made in wheat 
and brassica, two similar polyploid genera in the 
development and utilization of synthetics, by 
combining the putative genome donors of the cul-
tivated species. This triggered the development of 
tetraploid amphidiploids (synthetics) in ground-
nut. Until recently, there were three sources of 

amphiploids or new sources of tetraploid  A. hypo-
gaea  available in public domain. The fi rst one 
originated from a cross between  A. cardenasii  
Krapov. et W.C. Gregory,  A. diogoi  Hoehne, and 
 A. batizocoi  Krapov. et W.C. Gregory, and it was 
utilized to develop backcross progeny lines 
(Simpson et al.  1993 ). Two groundnut cultivars, 
namely, COAN (Simpson and Starr  2001 ) and 
NemaTAM, were released utilizing this source. 
More recently, an amphidiploid was constructed 
utilizing  A. ipaensis  and  A. duranensis  (Favero 
et al.  2006 ). This amphidiploid is being used by 
Brazil and Senegal to develop backcross popula-
tion and chromosome substitution lines. 
Preliminary mapping data indicated low level of 
marker segregation distortion in F 2  population 
utilizing amphidiploid (Dwivedi et al.  2008 ). A 
successful effort for genome-wide segment intro-
gressions from a synthetic amphidiploid ( A. 
ipaensis  ×  A. duranensis ) to a cultivated variety 
(Fluer 11) using molecular markers has already 
been reported (Foncéka et al.  2009 ). The    third 
one is a cross between  A. gregoryi  and  A. lineari-
folium  (GCP  2005 ), and there is no information 
of using this source for peanut improvement. 
With this background, the Legume Cell Biology 
Unit of ICRISAT under the stewardship of 
N. Mallikarjuna has generated many new sources 
of tetraploid groundnut utilizing many more 
 Arachis  A, B, and K genome species, not used 
until now to generate new sources of tetraploid/
synthetic groundnut (Mallikarjuna et al.  2011a ). 
Traditionally, wild relatives of peanut were 
directly used in crossing program producing 
 triploids as  Arachis  species in the compatible 
gene pool are diploids and cultivated groundnut is 
a tetraploid. Triploids are cumbersome to use for 
groundnut improvement, as they demand an 
 elaborate backcross program, but such efforts 
have not gone without dividends (Mallikarjuna 
et al.  2004a ,  b ). Among the published 17 new 
sources of synthetics (Mallikarjuna et al.  2011a ), 
one (ISATGR 1212) had putative genome donors 
and it comprised of  A. duranensis  and  A. ipaensis , 
and another one (ISATGR 40A) had the  reciprocal 
combination ( A. ipaensis  ×  A. duranensis ). Three 
of them had at least one of the genome donors of 
 A. hypogaea , i.e., either  A. duranensis  or 
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 A. ipaensis . Since there is only one accession of 
 A. ipaensis  reported to date, it can be presumed 
that it is indeed the B genome donor. With respect 
to  A. duranensis , there are many accessions avail-
able in different gene banks across the world, and 
molecular analysis has shown that there are some 
differences between the accessions (Husain and 
Mallikarjuna  2012 ) as well as with respect to 
traits.  A. duranensis  accession ICG 8139 is of the 
earliest fl owering accessions in the ICRISAT 
gene bank (Mallikarjuna N, unpublished data). 
Five amphidiploids had K genome either with A 
or B genome; hence these would be totally new 
combinations available for the improvement of 
groundnut. Among the fi ve autotetraploids syn-
thesized with A genome species, there is diversity 
with respect to the groups they belong, for exam-
ple, one autotetraploid ISATGR 90B comprised 
of two A genome species  A. kempff- mercadoi   and 
 A. stenosperma. A. kempff-mercadoi  belongs to 
group Chiquitano. Members of the group 
Chiquitano grow in the southern and western por-
tion of the Chiquitania biogeographic region of 
the Santa Cruz Department of Bolivia (Robledo 
et al.  2009 ). Another autotetraploid ISATGR 99B 
is made up of  A. diogoi  and  A. cardenasii. A. dio-
goi  belongs to the Pantanal group and  A. cardena-
sii  belongs to Chiquitano group. Robledo et al. 
( 2009 ) have shown variability in heterochromatin 
and 18S–26S rRNA loci between the members 
belonging to Chiquitano and Pantanal groups. 
Hence, the autotetraploids generated are also 
important sources of variation which can be 
exploited for broadening the genetic base of cul-
tivated groundnut. 

 Apart from the published new sources of syn-
thetics, a few more synthetics have been gener-
ated since then (Mallikarjuna N, unpublished 
data). They include ISATGR 47A comprising of 
 A. valida  ×  A. duranensis . Here, the accession of 
 A. valida  was different than that of ISATGR 168B 
reported by Mallikarjuna et al. ( 2011a ). ISATGR 
72B is made up of  A. duranensis  and  A. cardena-
sii . ISATGR 163B is made up  A. kempff- mercadoi   
and  A. stenosperma . A different accession of  A. 
kempff-mercadoi  was used in this cross than the 
one used to develop ISATGR 80A (Mallikarjuna 
et al.  2011a ). In attempts to broaden the genetic 

base and introduce variation into cultivated 
groundnut, double synthetics were generated by 
combining the genomes of two synthetics. Care 
was taken to see that at least three  Arachis  spe-
cies, and a maximum of four, contributed their 
genomes. There were fi ve such sources devel-
oped, ISATGR 1212 ( A. duranensis  ×  A. ipaensis ) 
X ISATGR 9A ( A. batizocoi  ×  A. cardenasii ), 
ISATGR 1212 ( A. duranensis  ×  A. ipaensis ) X 
ISATGR 5B ( A. magna  ×  A. batizocoi ), ISATGR 
278-18 ( A. duranensis  ×  A. batizocoi ) X ISATGR 
5B ( A. magna  ×  A. batizocoi ), and ISATGR 1212 
( A. duranensis  ×  A. ipaensis ) X ISATGR 265-5A 
( A. kempff-mercadoi  and  A. hoehnei ) (Shilpa 
et al.  2013 ), and it was observed that although 
synthetics selected to develop double synthetics 
were stable and fertile, not all double synthetics 
were fertile. One of them [ISATGR 278-18 ( A. 
duranensis  ×  A. batizocoi ) X ISATGR 11A ( A. 
magna  ×  A. valida )] did not set any pods/seeds, 
hence was a genetic dead end. The rest of the 
double synthetics set pods/seeds and hence were 
considered valuable sources of variation. All the 
synthetics and double synthetics produced single-
seeded pods being larger in size in majority of the 
cases but resembling the wild species pods in 
shape and reticulation. An interesting feature was 
observed in the pod traits from double synthetic 
ISATGR 278-18 ( A. duranensis  ×  A. batizocoi ) X 
ISATGR 5B ( A. magna  ×  A. batizocoi ). Many of 
the pods were double seeded which did not have 
peg, as seen in many wild  Arachis  pods, and 
resembled those of  A. hypogaea  pod shape and 
pod wall architecture. Such a feature was not 
observed in any  Arachis  species conserved in the 
ICRISAT gene bank, or in the combination of 
 Arachis  species during the formation of synthet-
ics, or in any other double synthetics generated in 
this study. Double-seeded pods from this cross 
may be a case of evolution fast- forward, as they 
resemble those of  A. hypogaea . It will be interest-
ing to see if only double-seeded pods can be 
recovered from this cross a few generations later. 

 Cultivated groundnut is susceptible to late leaf 
spot (LLS) caused by  Phaeoisariopsis personata  
[(Berk. & M.A. Curtis) Aex], and the resistance is 
low to moderate in the primary gene pool of 
groundnuts (Dwivedi et al.  2002 ). Closely related 
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wild species in the secondary gene pool are highly 
resistant to the disease (Subrahmanyam et al. 
 1985a ). Diploid  Arachis  species are diffi cult to 
use for the introgression of LLS resistance due to 
ploidy differences between cultivated and  Arachis  
species. Synthetics were screened for LLS in a 
disease hot spot location at Raichur. All the tetra-
ploids, except for ISATGR 155, showed resis-
tance to the disease (Shilpa et al.  2013 ). Utilizing 
one of the synthetics, namely, ISATGR 265-5, 
and crossing it with cultivated groundnut yielded 
BC 2 F 3  lines. These lines were screened for 
LLS. Screening results showed that some of the 
progenies had LLS resistance (Sudini H and 
Mallikarjuna N, unpublished data), thus showing 
that synthesized tetraploids are good sources of 
LLS resistance. Mallikarjuna et al. ( 2012a ) stud-
ied the components of LLS resistance such as 
incubation period, leaf area damage, lesion num-
ber and diameter, latent period of infection, and 
infection frequency in some of the synthetics 
using detached leaf technique. The studies gave a 
clearer picture of LLS resistance in the synthetics. 
Synthetics were screened for the presence of res-
veratrol, and its presence was observed in the few 
lines (Padmashree and Mallikarjuna,  unpublished 
data). Peanut bud necrosis disease is an economi-
cally important disease causing yield losses up to 
89 million USD in India alone (Anon  1992 ), and 
the sources of high levels of resistance are lacking 
in the cultivated germplasm, but many wild 
 Arachis  species have reasonable  resistance 
(Reddy et al.  2000 ). Some of the  synthetics were 
screened for PBND in a disease hot spot at 
Raichur, India, and many of them were found to 
have immune to resistant reaction to the disease 
(Shilpa et al.  2013 ). Since tetraploids can be eas-
ily crossed with cultivated peanut, sources of 
resistance in tetraploids open up new opportuni-
ties to breed PBND-resistant groundnuts. Plant 
proteinase inhibitors are known for improving 
defense against insects and pathogens (Ryan 
 1990 ). Trypsin and chymotrypsin inhibitors have 
been described as potential cancer or 
 chemo- protective agents (Clemente et al.  2005 ). 
Many of the synthetics used in the study by Shilpa 
et al. ( 2013 ) showed high PI activity compared to 
that present in the cultivated groundnut varieties. 

This may be one of the reasons for the presence of 
disease and pest resistance in the synthetics. PIs 
are known to prevent the target insect from   
digesting protein by competitively binding to the 
active site of protein, which is the actual binding 
site of proteinase. As the insect cannot digest 
 protein, it is subjected to starvation and/or death. 
PIs are also known to cause increased levels of 
insect deformity, due to the potential inhibition of 
the proteinases involved in the metamorphosis of 
the larvae (Prasad et al.  2010 ). Screening the 
 synthetics for the presence of proteinase inhibi-
tory activity against bovine pancreatic trypsin and 
chymotrypsin showed activity against midgut 
trypsin-like proteinases of  Spodoptera litura  
(Padmashree and Swathi unpublished data). 
A new role for PI in the modulation of apoptosis 
or programmed cell death has been identifi ed in 
soybean (Koslak et al.  1997 ). Although PI was 
also present in the cultivated groundnut, S. Marri 
and K. Padmashree (unpublished data) observed 
that the molecular components of those present in 
the cultivated and the synthesized tetraploids 
were different, and these components have a 
 differential role with respect to insect midgut 
trypsin- like proteinases of  Spodoptera litura . 
Nutritional composition which is composed of 
oil, fatty acid composition, O/L ratio (oleic to 
 linoleic fatty acid ratio), amount of protein, and 
iodine value were studied (Shilpa et al.  2013 ). 
O/L ratio is an important factor in deciding the 
stability of the oil. Fatty acid composition is made 
up of unsaturated fatty acids (TUSF) and  saturated 
fatty acids (TSF), which make up the physical and 
chemical properties of the oil. Variation was 
observed for total protein concentration. In the 
cultivated peanut accessions, total protein 
 concentration ranged from 65 to 85 mg/g 
 compared to a range of  protein concentration of 
43–134 mg/g in the synthetics. High-protein 
 concentration synthetics can be selected to breed 
for high-protein groundnut lines in those regions 
of the world, where groundnut is not only an 
 oilseed crop but is used as a food crop too. Some 
difference was observed with respect to percent 
oil content between the cultivated groundnut 
 varieties (approx. 40 %) and synthetics (45–57 %) 
(Shilpa et al.  2013 ). With respect to O/L ratio, it 
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was 1.0 in cultivated varieties, and in the synthet-
ics, it varied from 0.8 to 1.3 (Shilpa et al.  2013 ). 
Not much difference was observed between the 
cultivated varieties and synthetics with respect to 
fatty acid composition (excluding oleic and 
 linoleic). Iodine content (IV), a measure of the 
degree of unsaturation which has been commonly 
used as an indicator of predicting shelf life 
(Mercer et al.  1990 ), was 88–105 in synthetics 
compared to 90–95 in groundnut varieties. 

 In order to study meiotic recombinations 
between the cultivated groundnut and the newly 
developed synthetics, a range of synthetics were 
crossed with a few cultivars of  A. hypogaea  
(Mallikarjuna et al.  2012b ). The study showed 
good recombination between cultivated and syn-
thetics with high pollen fertility in the hybrids, 
thus showing that synthetics form a good source 
of variation, which can be successfully utilized 
for broadening the genetic base of the cultigen. 
More recently, double synthetics were used in the 
crossing program, and a high level of meiotic 
recombination was observed (Mallikarjuna N, 
unpublished data). Fonceka et al. ( 2012 ) used a 
synthetic amphidiploid (Favero et al.  2006 ) and 
applied a conventional breeding scheme to cap-
ture the genetic diversity in peanut wild relatives. 
In their study, a set of 122 introgression lines (IL) 
that offered an extensive coverage of the culti-
vated peanut genome with generally a unique 
fragment per line and overlapping fragments 
between contiguous lines were developed. Their 
fi ndings opened new avenues for peanut improve-
ment using new sources of tetraploid/synthetic 
groundnuts. Realizing the scope for advanced 
backcross (ABQTL) breeding in the improve-
ment of groundnut, initiatives have been taken at 
ICRISAT to develop three ABQTL mapping pop-
ulations utilizing three sources of synthetics. 
These populations were segregated for several 
biotic, abiotic, and agronomic traits. A subset of 
BC2F1 individuals was genotyped with DArT 
markers to construct genetic maps. Advance gen-
eration lines (BC2F3) from all populations were 
screened for a range of biotic and abiotic traits 
such as O/L ratio, LLS, rust, PBND, and other 
yield-related traits. These initial screening exper-
iments revealed a range of useful traits present in 

the populations. Population one was developed 
by utilizing synthetic amphidiploid ISATGR 
1212 (Mallikarjuna et al.  2011a ), which is com-
posed of putative genome donors of  A. hypogaea  
( A. duranensis  ×  A. ipaensis ). Screening the syn-
thetic ISATGR 1212 for LLS and rust showed 
that it is highly resistant to LLS and rust 
(   Mallikarjuna et al.  2012b ). In population one 
(pop I), 16 % of the lines had moderate levels of 
resistance to LLS (score of 4, on a scale of 1–9). 
Majority of the lines had a score of 2 for rust (on 
a scale of 1–9). O/L ratio in the population varied 
from 1 to 4 with 50 % of the lines having a ratio 
of 2–3 compared to a ratio of 1 in cultivated lines 
used in the study. Only one line had a ratio of 4. 
The population was screened for peanut bud 
necrosis disease (PBND) in Raichur, which is a 
disease hot spot in the Karnataka State of India. 
The cultivated check line showed 48 % disease 
incidence. Two lines were devoid of the disease. 
Many (40 %) of the test lines from pop I had 
20 % or less disease incidence, and 5 % of the 
lines had 10 % or less disease damage. Stem rot 
of groundnut caused by  Sclerotium rolfsii  is an 
economically important disease with sources of 
resistance lacking in the cultivated gene pool. 
Pop I (97 lines) was screened for the disease in a 
hot spot location, and 36 lines (37 % of the 
screened lines) did not show any disease symp-
toms. Hence, these can be classifi ed as immune 
to the disease. The progenies were evaluated in a 
replicated trail along with the recurrent parent 
and some popular checks for dry pod yield and 
other yield parameters. The dry pod yield per 
plant of the progenies was between 3 and 17 g per 
plant higher compared to the recurrent parent 
ICGV 91114 that produced about 13 g per plant. 
Similarly, shelling outturn (ranged from 54 to 
74 %) and 100-seed weight (HSW   ) (23 to 42 g) 
were higher than the recurrent parent mean val-
ues in the trial (63 % shelling outturn and 32 g of 
HSW). The proportion of sound mature kernels 
(SMK) in the progenies ranged from 75 to 97 % 
that is slightly higher than ICGV 91114 (93 %). 
Population 2 (pop II) was developed utilizing 
synthetic amphidiploid ISATGR 265-5 ( A. 
kempff-mercadoi  ×  A. hoehnei ), which does not 
have any putative genome donors of  A. hypogaea  
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(Mallikarjuna et al.  2011a ). Population two had 
better levels of resistance to LLS compared to 
pop I. Forty percent of the lines had a score of 3 
for LLS, and 58 % of the lines had a score of 4 
(on a scale of 1–9). Most of the lines had a score 
2 for rust (on a scale of 1–9). O/L ratio in the 
lines was higher in pop II compared to pop I. In 
four lines, the ratio was 4 or above but less than 
5. In 41 % percent of lines, the ratio was above 2 
and 57 % percent of lines had a ratio of more than 
3. Thirty-eight percent of lines from pop II did 
not show any  S. rolfsii  symptoms, when screened 
for the disease in the hot spot location. These 
lines can be classifi ed as immune to the disease. 
The dry pod yield in the progenies ranged 
between 4 and 27 g, which was lower as com-
pared to the recurrent parent ICGV 87846, which 
had a mean of 36 g. Nevertheless, the other yield 
parameters of the progenies were slightly better 
than the mean value of ICGV 87846. The SMK 
of progenies ranged from 58 to 95 %, shelling 
outturn ranged from 55 to 74 %, and HSW ranged 
from 26 to 51 g, as compared to the recurrent par-
ent ICGV 87846 (SMK 86 %, shelling outturn 
68 %, and HSW of 44 g). 

 Breeders often encounter comprised yield 
and/or pod and kernel features when they use 
wild species in groundnut breeding programs. 
However, the results from the evaluation studies 
of ABQTL populations showed that it is possible 
to circumvent this constraint. It is possible to 
combine high levels of resistance from the wild 
species with high yield potential of elite breeding 
lines as seen in the progenies. The progenies hav-
ing high levels of resistance as well as desirable 
yield levels can be carried forward to the advance 
generations for use in groundnut breeding as 
potential sources of variability or breeding lines. 
Nevertheless, to draw valid conclusions, a more 
thorough evaluation in fi xed lines (of advance 
generations) may be desirable given the quantita-
tive nature of the inheritance of yield and other 
yield parameters. 

 Population 3 (pop III) was derived utilizing 
synthetic ISATGR 278-18 ( A. duranensis  ×  A. 
batizocoi ) (Mallikarjuna et al.  2011a ).  A. durane-
nsis  is one of the genome donors of  A. hypogaea , 
but  A. batizocoi  is not. Two lines had a LLS dis-

ease score of 2 and majority of the lines had a 
score of 3. All the lines had a score of 2 for rust. 
The population was studied for the presence of 
proteinase inhibitors. Many of the lines showed 
maximum TI activity of 8–9 TI units/mg protein, 
and some lines had a minimum of 2–3 TI units/
mg proteins, and in CI activity maximum was 3 
CI units/mg protein, whereas in the cultivated 
species, maximum TI activity was 2–3 TI units/
mg protein and CI activity maximum was 2 CI 
units/mg protein. To examine the specifi city of 
inhibitors on  Spodoptera litura  larvae feeding on 
groundnut, the gut extracts were also assayed for 
inhibition of trypsin and chymotrypsin specifi ci-
ties. Maximum of 2 gut units were observed in 
pop III, and 1 gut unit was observed in cultivated 
species. The presence of PI in pop III shows that 
they may play a major role in pest resistance 
(Shilpa and Mallikarjuna unpublished data).  

8.7     Molecular Markers, Genome 
Mapping, and Genomics 
as an Adjunct to Breeding 

 The fi rst groundnut variety developed through 
integrated marker-assisted selection (MAS) was 
NemaTAM, a root-knot nematode-resistant vari-
ety (Simpson et al.  2003 ). Identifi cation    of a 
major QTL (QTL rust 01) contributing up to 
82.96 % phenotypic variation for rust resistance, 
it was introgressed through MABC to improve 
three popular groundnut varieties (ICGV 91114, 
JL 24, and TAG 24) for rust resistance using 
GPBD4 as a donor genotype. Several promising 
introgression lines with remarkable reduction in 
disease spread and other desirable agronomic 
traits have been selected for further multiplica-
tion and generation advancement (Pandey et al. 
 2012 ). Availability of a large number of markers 
in recent years has ensured limiting linkage drag 
through stringent background selection and 
tracking the presence of non-desirable genomic 
region from the wild relatives. Several reviews 
provided in-depth information on development, 
availability, and deployment of genomic 
resources in groundnut published most recently 
(Pandey et al.  2012 ; Janila et al.  2013 ) and sug-
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gested the use of molecular markers in routine 
breeding programs. Although simple sequence 
repeat (SSR) markers still rule the hearts of plant 
breeders for use in genetics and breeding applica-
tions, other genotyping systems such as diversity 
array technology (DArT) and single nucleotide 
polymorphisms (SNPs) hold the key role for 
future groundnut improvement. ICRISAT in col-
laboration with DArT Pvt. Ltd   , Australia, devel-
oped DArT arrays with 15,360 features which 
showed low polymorphism among genotypes of 
primary gene pool. Despite low polymorphism, 
these markers are of great help in monitoring the 
alien genome introgression in the cultivated spe-
cies as observed in the case of pigeon pea 
(Mallikarjuna et al.  2011b ). Furthermore, realiz-
ing the great potential role of SNPs, thousands of 
SNPs were identifi ed in groundnut by the 
University of Georgia (8486 SNPs) and the 
University of California-Davis (>2,000 SNPs). 
To deploy abovementioned marker resources, a 
range of cost-effective SNP genotyping plat-
forms have become available such as Illumina 
GoldenGate assays for genotyping 768 SNPs by 
the University of California-Davis, USA, and 
1536 SNPs for groundnut by the University of 
Georgia, USA. Similarly, an alternative genotyp-
ing assay (KASP assay) developed by LGC 
Genomics (  www.lgcgenomics.com/genotyping/
kasp-genotyping-reagents    , Semagn et al.  2013 ) 
provides fl exibility to genotype any number of 
samples with any number of SNPs. Thus, 
ICRISAT has developed KASP assays for 90 
SNPs in groundnut (Khera et al.  2013 ). 

 Breeders have been continuously struggling to 
handle linkage drag using conventional 
approaches. On the other side, genomic 
approaches provided reliable and precise solution 
for monitoring genome-wide alien introgression 
in elite lines. Thus, integration of genomic tools 
with conventional breeding approaches promises 
to enrich cultivated gene pool which will help in 
harnessing available rich diversity of wild rela-
tives possessing superior alleles. Several synthet-
ics have been developed so far (Simpson et al. 
 1993 ; Favero et al.  2006 ; Mallikarjuna et al. 
 2011a ), providing opportunity to diversify the 
primary gene pool and conduct ABQTL analysis. 

A subset of the abovementioned two populations 
(ABQTL pop I and ABQTL pop II) was geno-
typed with DArT markers to construct genetic 
maps and conduct ABQTL analysis. Already one 
study reported genome-wide segment introgres-
sions using markers from a synthetic amphidip-
loid ( A. duranensis  ×  A. ipaensis ) into the genetic 
background of the cultivated variety (Fluer 11) 
(Foncéka et al.  2009 ). Therefore, availability of 
cost-effective genotyping systems in recent years 
has accelerated the introgression of useful traits 
and thus improvement of groundnut.  

8.8     Conclusion 

 There is ample genetic diversity in the wild gene 
pool which harbors several useful genes for 
groundnut improvement. Direct utilization of 
diploid  Arachis  species, which are closely related, 
is cumbersome due to ploidy differences between 
the cultivated and wild  Arachis  species germ-
plasm. Utilization of distantly related  Arachis  
species needs in vitro interventions (Mallikarjuna 
and Sastri  1985 ), and utilization of both closely 
and distantly related species in secondary and 
tertiary gene pools needs an elaborate backcross 
program for alien introgressions and obtaining 
stable tetraploid lines. Ample variation is now 
available in the form of synthetics and double 
synthetics (Mallikarjuna et al.  2012a ,  b ; Shilpa 
et al.  2013 ). Research experience in the utiliza-
tion of synthetics has shown that stable tetraploid 
lines with alien introgressions can be achieved in 
a shorter period of time and the utilization of suit-
able molecular markers further accelerates the 
research programs. The best option for alien 
introgressions in groundnut is through the utiliza-
tion of already available tetraploid synthetics and 
double synthetics in the breeding programs. It is 
also necessary to develop new sources of tetra-
ploid synthetics so that ample variation is avail-
able for groundnut improvement. A range of 
groundnut synthetics (   Mallikarjuna et al.  2011a ) 
are available at ICRISAT (Sharma et al.  2013 ) for 
groundnut researchers for utilization in their 
breeding programs for groundnut genetic 
improvement.     
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    Abstract  

  The scientifi c information about the genus  Vigna , which contains nine 
important food legumes, has been accumulated in the past decade. In this 
chapter, progress of the genetics of domestication, important agronomic 
traits, ecological adaptations, and genomic information are summarized. 
Domestication genetics revealed by a detailed Quantitative trait locus 
(QTL) analysis for mung bean, black gram, azuki bean, rice bean, and 
yard-long bean have been described and compared. Amazing abilities of 
some wild  Vigna  species to adapt harsh environments were described. 
Some outstanding examples are adaptation to sandy and saline soils by  V. 
marina  and  V. trilobata , alkaline limestone rock soils by  V. exilis , exposed 
windy cliff top environments by  V. riukiuensis , waterlogged riverside by 
 V. luteola , and shady forests by  V. minima. Vigna  genome project which is 
under way and aims to sequence 16  Vigna  species will provide a founda-
tion of clarifying genes which are responsible for the abilities to survive 
under extreme environments.  

        N.   Tomooka      (*) •    T.   Isemura      •    K.   Naito      
   A.   Kaga      •    D.   Vaughan      
  Genetic Resources Center ,  National Institute 
of Agrobiological Sciences ,   Tsukuba ,  Japan   
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 9       Vigna  Species 
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9.1         Introduction 

  Vigna  species play a particularly important role 
in diets of people in Asia. In East Asia, azuki 
bean has a cultural signifi cance as it is mixed 
with glutinous rice (red rice) on days of cele-
bration (Lumpkin and McClary  1994 ). In the 

hills of Southeast Asia, rice bean is a source of 
protein for poor people. Mung bean is used in a 
variety of forms including noodles, sprouts, 
fl our, and whole seeds and is an ingredient of 
many Asian dishes. In South Asia, several dif-
ferent  Vigna  species form an essential compo-
nent of a vegetarian’s diet. Several of the wild 
 Vigna  species are harvested as an occasional 
food. In addition, cowpea introduced to Asia 
long ago from Africa is used for both its seeds 
and, in the form of yard- long bean, its pods as a 
vegetable. 

 The Asian  Vigna  generally refers to the  Vigna  
species in the subgenus  Ceratotropis  (Tomooka 
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et al.  2002a ). However, there are  Vigna  species in 
other subgenera that occur in Asia; some of them 
are domesticated such as  V. unguiculata  and 
 V. vexillata . In this chapter, we will discuss all 
the  Vigna  crops of Asia (Table  9.1 ). Despite the 

obvious importance of  Vigna  in Asia, where most 
of the world’s poor and undernourished live, it 
is only recently that there has been increased 
attention to their understudied genetic resources 
and application of biotechnology tools to them. 

   Table 9.1     Vigna  species in Asia   

 Subgenus  Section  Species  Crop name 

  Ceratotropis  
  Angulares    V. angularis  (Willd.) Ohwi & Ohashi var. 

 angularis  
 Azuki bean 

  Vigna angularis  (Willd.) Ohwi & Ohashi 
var.  nipponensis  
  V. dalzelliana  (O. Kuntze) Verdcourt 

  V. exilis  Tateishi & Maxted 

  V. hirtella  Ridley 

  V. minima  (Roxb.) Ohwi & Ohashi 

  V. nakashimae  (Ohwi) Ohwi & Ohashi 

  V. nepalensis  Tateishi & Maxted 

  V. refl exo-pilosa  Hayata var.  glabra   Creole bean 
  V. refl exo-pilosa  Hayata var.  refl exo-pilosa  

  V. riukiuensis  (Ohwi) Ohwi & Ohashi 

  V. tenuicaulis  N. Tomooka & Maxted 

  V. trinervia  (Heyne ex Wall.) Tateishi & 
Maxted 
  V. umbellata  (Thunb.) Ohwi & Ohashi  Rice bean 

  Ceratotropis    V. grandifl ora  (Prain) Tateishi & Maxted 

  V. mungo  (L.) Hepper  Black gram 
  V. silvestris  (Lukoki, Mar é chal et Otoul, 
Aitawada, Bhat et Yadav) 
  V. sahyadriana  Aitawade, Bhat et Yadav 

  V. radiata  (L.) Wilczek var.  radiata   Mung bean 
  V. radiata  (L.) Wilczek var.  sublobata  

  V. subramaniana  (Babu ex Raizada) 
M. Sharma 

  Aconitifolia    V. aconitifolia  (Jacq.) Maréchal  Moth bean 
  V. aridicola  N. Tomooka & Maxted 

  V. khandalensis  (Santapau) Raghavan & 
Wadhwa 
  V. stipulacea  Kuntze 

  V. trilobata  (L.) Verdc. 

  V. indica  Dixit, Bhat & Yadav 

  Vigna    Catiang    V. unguiculata  (L.) Walpers cv.-gr. 
Unguiculata 

 Cowpea 

  V. unguiculata  (L.) Walpers cv.-gr. 
Sesquipedalis 

 Yard-long bean 

  Vigna    V. marina  (Burm.) Merrill 

  Vigna    V. hosei  (Craib) Backer ex K. Heyne 

  Vigna    V. luteola  (Jacq.) Benth. 

  Plectotropis    Plectotropis    V. vexillata  (L.) A. Rich.  Tuber cowpea 

N. Tomooka et al.
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Surprisingly, a recent paper on “orphan grain 
legumes” does not mention the Asian  Vigna  
(Varshney et al.  2009 ), so perhaps the Asian  Vigna  
should be called the “forgotten grain legumes.” 
The international agricultural research commu-
nity of the Consultative Group on International 
Agriculture Research (CGIAR) system has not 
conducted research on the  Vigna  crops of Asia, 
although an affi liate organization, the World 
Vegetable Center (AVRDC), does conduct 
research on mung bean. Despite this, there have 
been two recent genetic resource monographs, 
one on the Asian and the other on the African 
 Vigna  (Maxted et al.  2004 ; Tomooka et al. 
 2002a ). Laboratories in different countries have 
conducted various genomic and genetic studies 
on the  Vigna  crops of Asia, but this research 
 community has, unfortunately, not benefi tted 
from a globally coordinated effort. A summary 
of the current status of  Vigna  genome maps 
(updated from Kaga et al.  2005 ) and molecular 
mapping of agronomically important traits is 
presented (Tables  9.2  and  9.3 ). In this chapter, 
we will discuss fi rst the recent progress that 
has been made in understanding the  Vigna  crops 
of Asia and their wild progenitor species. Then 
the other wild  Vigna  species of Asia that may 
have a role to play in future crop improvement 
are discussed.

9.2          The  Vigna  Crops of Asia 
and Their Wild Progenitor 
Species 

9.2.1     Mung Bean [ Vigna radiata  (L.) 
Wilczek] 

 Wild mung bean is very widely distributed from 
West Africa to Northern Australia. Within its 
range, germplasm from Australia and the island 
of New Guinea represents a distinct gene pool 
(Sangiri et al.  2007 ). Based on the diversity of 
domesticated mung bean and archaeobotanical 
records, mung bean seems to have been domesti-
cated in India (Sangiri et al.  2007 ; Fuller and 
Harvey  2006 ). Recently, a comprehensive 
genome map of mung bean was published 

(Isemura et al.  2012 ). In common with many 
crops, domestication traits in mung bean are con-
trolled by a few major genes including some 
minor genes. However, compared to other crops, 
including domesticated  Vigna , domestication- 
related traits in mung bean were more dispersed 
across the genome. Several genes, such as hilum 
and seed color, are found at a similar location in 
mung bean and other Asian  Vigna  species. 
Several QTLs for 100-seed weight in mung bean 
were located in a similar genomic position to 
other  Vigna  species, such as QTLs on linkage 
groups 1 and 2 that were at a similar location to 
those on the azuki bean and rice bean genome 
maps (Fig.  9.1 ). However, the QTL with the 
 largest effect for 100-seed weight in mung bean 
was found on linkage group 8 and is specifi c to 
mung bean. Further studies of the differences 
among QTLs and their effect in relation to seed 
size in mung bean and other domesticated  Vigna  
species will help to explain the marked differ-
ences for seed size among domesticated  Vigna . 
Both the mitochondrial and chloroplast genomes 
of mung bean have been sequenced (Alverson 
et al.  2011 ; Tangphatsornruang et al.  2010 ). The 
mung bean mitochondrial genome sequence was 
the fi rst for a legume and is of unexceptional size. 
The genome is unusually depauperate in repeti-
tive DNA compared with the mitochondrial 
genomes of other species (Alverson et al.  2011 ). 
The chloroplast genome includes a pair of 
inverted repeats (IRs). In addition, compared to 
other plant chloroplast genome sequences, 
 V. radiata  has two distinct rearrangements of 50 
and 78 kb (Tangphatsornruang et al.  2010 ).

   Among domesticated pulses, mung bean has 
one of the smallest seed sizes, and seeds are usu-
ally green. It has a short growth duration and can 
readily be intercropped with cereals. Powdery 
mildew is a major disease of mung bean and 
breeding for resistance to this disease is a priority. 
However, breeding progress has been slow because 
there appear to be many races of the disease, and 
these races have not yet been described. Several 
sources of resistance or partial resistance to the 
disease have been identifi ed. Results of different 
studies have identifi ed sources of a major resis-
tance QTL on both linkage groups 9 and 6 
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(Chankaew et al.  2013 ; Kasettranan et al.  2010 ). 
Other resistance genes have been found on linkage 
group 4 (Chaitieng et al.  2002 ; Chankaew et al. 
 2013 ). Chaitieng et al. ( 2002 ) analyzed a mapping 
population using mung bean accession VC1210A 
as the resistant parent and found a QTL for fi eld 
resistance to Thai races of powdery mildew that 
explained 65 % of the variation to powdery mil-
dew resistance. Mung bean yellow mosaic viruses 
belong to the geminivirus group (Sunitha et al. 
 2013 ) and are highly destructive diseases of mung 
bean. Breeders have focused on fi nding resistance 
to MYMV (mung bean yellow mosaic virus) that 
is mainly found in south and west South Asia and 
MYMIV (mung bean yellow mosaic Indian virus) 
that is prevalent in central and northern South 

Asia. They are also a threat to a wide range of 
other legumes such as black gram and soybean. 

 There are a number of reports analyzing 
resistance to MYMV in different germplasm and 
both recessive and dominant genes. The resistant 
variety SML-668 has two recessive genes for 
resistance. Sudha et al. ( 2013 ) reported that the 
resistance of mung bean variety    ‘KMG189’ is 
controlled by a single recessive gene. Two stud-
ies using different sources of MYMIV resis-
tance, one using the wild mung bean ( V. radiata  
var.  sublobata ) and the other a breeding line 
from Pakistan, have found a common major 
resistance QTL (variously named MYMIV’9_25, 
qMYMIV1, qMYMIV4) (Chen et al.  2013 ; 
Kitsanachandee et al.  2013 ). This locus was 

LG1 LG2 LG3 LG4 LG5 LG6 LG7 LG8 LG9 LG10 LG11

LG1 LG2 LG3 LG4 LG5 LG6 LG7 LG8 LG9 LG10 LG11

- - - - - - - - - - - -

- - - - - - - -

- - - - - - - - - - -

- - - - - - - - - -

LG1 LG2 LG3 LG4 LG5 LG6 LG7 LG8 LG9 LG10 LG11

- - - - - - - - - - - -

- - - - - - - -

- - - - - - - - - - -

- - - - - - - - -

Seed size (100 seed weight)

Azuki

Rice bean

Mungbean

Black gram

Pod dehiscence
mog

Azuki

Rice bean

Mungbean

Black gram

Water absorption by seeds

Azuki

Rice bean

Mungbean

Black gram

Contribution: 5 - 20% Contribution: 21 - 40% Contribution: > 41%

Common QTL Specific QTL QTL showing negative effect

  Fig. 9.1    Comparison of QTLs for three domestication-related traits among four  Vigna  crop species       
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detected in different locations, years, sources of 
resistance, and scoring systems. The locus has 
been associated with specifi c markers; hence, 
these can be used in marker-assisted selection. 
Other QTLs have also been detected for MYMIV 
resistance, but these have not been consistently 
found in different tests. 

 Overcoming yellow mosaic virus may require 
various approaches, both genetic and agronomic, 
because this virus undergoes genetic recombina-
tion in its host whitefl y ( Bemisia tabaci ) which is 
an effi cient vector. Two iron defi ciency chlorosis 
QTL (qIDC) for resistance to iron defi ciency 
have been identifi ed in a cross between suscepti-
ble ‘Kamphaeng Saen 2’ and a resistant line from 
Pakistan (NM10-12) (Prathet et al.  2012 ). The 
major QTL on linkage group 3 was the same as the 
dominant gene (IR) reported by Srinives et al. ( 2010 ) 

in a cross between ‘Kamphaeng Saen 1’ and the 
same resistant Pakistan line. Resistance to bruchid 
has been reported in mung bean cultivars 
(Somta P et al.  2006 ,  2008 ; Somta C et al.  2008 ); 
however, mung bean breeders are interested in new 
sources of resistance to this important pest from 
other Asian  Vigna   species such as  V. umbellata  and 
 V. nepalensis  (Pandiyan et al.  2010 ; Somta P 
et al.  2008 ; Somta C et al.  2008 ).  

9.2.2     Azuki Bean [ Vigna angularis  
(Willd.) Ohwi and Ohashi] 

 Wild azuki bean ( Vigna angularis  var.  nippon-
ensis ) is widely distributed in the ecological and 
cultural zone associated with broad-leaved ever-
green forests (Isemura et al.  2011 ) (Fig.  9.2 ). 

Daundong
3000BP

Nam River Katsurami Sannai Maruyama
5000BP

Liangchengzhen
4000BP

The Broadleaved Evergreen
Forest Culture

Sakuramachi
4000BP

Torihama
6000BP 

Kuwagaishimo

Awazu
6000BP

Nabatake
3000 ~ 4000BP

3000 ~ 4000BP

4000 ~ 5500BP4000 ~ 5000BP

Center of wild
azuki bean
diversity

  Fig. 9.2    Distribution of the “Broad-leaved Evergreen Forest Culture (Laurel Forest Culture),” center of wild azuki bean 
diversity and sites of the archaeological remains where putative azuki bean seeds were found (after Isemura et al. ( 2011 ))       
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Analysis of the present-day diversity of azuki 
beans and abundance of wild azuki beans sug-
gests that Japan is the center of diversity of 
azuki beans (Yamaguchi  1992 ; Xu et al.  2000a , 
 b ,  2008 ). The earliest archaeobotanical remains 
of domesticated azuki bean have been found in 
the central regions of Japan, Shiga, and Fukui 
prefectures, dated at 5–6000 BP (Tomooka 
 2007 ). These dates are earlier than for archaeo-
botanical remains in China and Korea (Crawford 
 2005 ), suggesting azuki bean was domesticated 
in Japan. Two    paper analyses domestication-
related traits by the same method and with similar 
markers, but involving different parents (Isemura 
et al.  2007 ; Kaga et al.  2008 ). One paper results 
from a cross between  V. angularis  and its closely 
related species,  V. nepalensis  (female). The 
other mapping population was derived from 
wild and cultivated (female) azuki bean parents 
from Japan. While some results were similar, 
such as single QTL for pod dehiscence, about 
60 % of the QTLs were considered to be differ-
ent. This highlights the extent of genetic diver-
sity that is available for  Vigna  breeders among 
the close relatives of  Vigna  crops. The useful 
diversity in species closely related to azuki bean 
was also shown when resistance to azuki brown 
stem rot was analyzed (Kondo and Tomooka 
 2012 ). Eight disease responses were observed, 
of which four were newly detected and 28 acces-
sions (of 4 species) among 252 accessions from 
26 Asian  Vigna  species were considered as 
potential sources of multiple resistance to azuki 
brown stem rot.

   The chloroplast and mitochondrial genomes 
of azuki bean have been sequenced (Naito et al. 
 2013 ). The results were very similar to those 
for the chloroplast and mitochondrial genomes 
of mung bean (Alverson et al.  2011 ; 
Tangphatsornruang et al.  2010 ). The results have 
confi rmed the relative stability of the chloroplast 
genome compared to the mitochondrial genome 
as has been shown in other species including 
mung bean. Since  Vigna  species in Asia are rela-
tively recently evolved, the mitochondrial 
genome may be more suitable for understanding 
their evolutionary dynamics than the chloroplast 
genome (Naito et al.  2013 ).  

9.2.3     Rice Bean [ Vigna umbellata  
(Thunb.) Ohwi and Ohashi] 

 Wild rice bean ( V. umbellata ) is not taxonomi-
cally distinguished from its domesticated form. 
This refl ects the lack of prominent differentiation 
between the two forms and possibly the recent 
domestication of rice bean (Tomooka et al. 
 2002a ). The wild form is distributed in tropical 
monsoon climate areas from Nepal to East Timor 
but with most diversity centered on Southeast 
Asia (Isemura et al.  2011 ; Tian et al.  2013 ; 
Tomooka  2009 ). Rice bean is cultivated on small 
scale across a wide area of South, Southeast, and 
East Asia. It is most common in highlands, some-
times cultivated in the slash-and-burn agriculture 
of northeast India (Arora et al.  1980 ), Myanmar, 
Laos, Thailand, Vietnam, and southern China. 
It is occasionally grown in Japan, Korea, 
Indonesia, and East Timor. Rice bean is of par-
ticular interest, because it has the highest level of 
bruchid resistance among the species of  Vigna  
subgenus  Ceratotropis  (Kashiwaba et al.  2002 ; 
Tomooka et al.  2000 ). Three chemicals, based on 
the structure of the fl avonoid naringenin, were 
found to be associated with bruchid resistance in 
rice bean (Tomooka et al.  2006 ). There have been 
many efforts to introduce bruchid resistance from 
rice bean to other domesticated  Vigna  species. 
Somta et al. ( 2006 ) used a wild species  V. 
nakashimae  to develop rice bean linkage map 
and identify a source of resistance to bruchids. In 
India, direct crossing between mung bean and 
rice bean resulted in viable hybrids, and this may 
enable introduction of bruchid resistance to mung 
bean varieties (Pandiyan et al.  2010 ). In addition, 
resistance to mung bean yellow mosaic virus in 
rice bean has been analyzed in a cross with mung 
bean, and it was found to be conferred by a single 
recessive gene (Sudha et al.  2012 ,  2013 ). In 
Thailand, scientists have attempted to transfer 
useful traits from rice bean to mung bean by 
developing tetraploid interspecifi c hybrids from 
sterile F 1  hybrids (Chaisan et al.  2013 ). The fer-
tile tetraploid produced artifi cially may have a 
potential for improving  V. refl exo-pilosa  var.  gla-
bra  ( V. glabrescens ); the only domesticated Asian 
 Vigna  that is tetraploid. Rice bean is a highly 
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prolifi c seed producer which may refl ect its simi-
larity to the wild form. In legumes, domestication 
has not always resulted in higher seed yield on 
plant basis (Kaga et al.  2008 ). A genome map 
developed for  V. umbellata  revealed many differ-
ences in the location of QTLs for domestication-
related traits compared with  V. angularis . Major 
QTLs for domestication-related traits in rice bean 
were reported to be on linkage group 4, whereas 
for azuki bean, they were mainly on linkage 
group 9 (Isemura et al.  2010 ). Among the QTLs 
detected in rice bean (69) and azuki bean (76) for 
domestication- related traits, only 15 were con-
sidered to be common. Of these, 15 QTLs were 
for seed size-related traits such as 100-seed 
weight, seed length, width, and thickness 
(Isemura et al.  2011 ). The numerous species- 
specifi c QTLs between these closely related 
 species suggest that they can provide novel genes 
for breeding.  

9.2.4     Black Gram ( Vigna mungo  (L.) 
Hepper) 

 Black gram is thought to have been domesticated 
in Gujarat and northern Peninsular India (Fuller 
 2007 ). Recently, the close relatives of black 
gram that still grow in northern Peninsular India 
have been studied and a new nomenclature has 
been published;  Vigna silvestris  is the presumed 
progenitor of black gram, and  V. sahyadriana  is 
a species closely related to black gram and other 
species in India of the section  Ceratotropis , 
 V. hainiana ,  V. radiata , and  V. subramaniana  
(Aitawade et al.  2012 ). The largest production 
area for black gram is India. Black gram shows 
complete resistance to azuki bean weevil 
( Callosobruchus chinensis ) but is susceptible to 
cowpea weevil ( C. maculatus ). In contrast, the 
wild progenitor of black gram shows complete 
resistance to both azuki bean weevil and cowpea 
weevil (Tomooka et al.  2000 ; Souframanien 
et al.  2010 ). Genome maps for black gram have 
been developed and compared to  V. angularis  
(Chaitieng et al.  2006 ; Gupta et al.  2008 ). There 
have been a number of studies of a gigantism 
mutant of black gram that produces seeds, pods, 

and vegetative parts much larger than the parent 
from which it was derived, e.g., parent has 
100- seed weight of 4.8 g compared to the 
mutant’s 7.9 g (Tomooka et al.  2010 ). The mutant 
gene is located on linkage group 8 at a site dif-
ferent from seed size (100-seed weight) QTLs in 
other  Vigna  species. The potential of transferring 
this gene to other species is being explored to 
produce super- domesticated legumes (Vaughan 
et al.  2007 ). 

 Resistance to mung bean yellow mosaic India 
virus (MYMIV) has been found in an accession 
of black gram, and this resistance gene has been 
mapped using SSR markers (Gupta et al.  2013 ). 
An SSR marker closely linked to the resistant 
locus was found that can be used for marker- 
assisted selection.  

9.2.5     Moth Bean ( Vigna aconitifolia  
(Jacq.) Maréchal) 

 Moth bean is thought to have been domesticated 
in South Asia where its wild conspecifi c progeni-
tor is reported to be widely distributed (Arora and 
Nayar  1984 ). The outstanding characteristic of 
this species is its drought and heat tolerance. 
Consequently, it is grown in arid and semiarid 
zones of northwest South Asia (Jain and Mehra 
 1980 ). Among 15  Vigna  species, moth bean 
showed the highest heat tolerance, surviving con-
ditions of 36 °C for 12 days followed by 40 °C 
for 11 days; all other  Vigna  species tested died at 
40 °C (Tomooka et al.  2001 ).  

9.2.6     Creole Bean ( Vigna refl exo- 
pilosa   Hayata var.  glabra  
( Vigna glabrescens )) 

  Vigna refl exo-pilosa  var.  glabra  is a rare domesti-
cated species, and very few accessions are to be 
found in the world’s germplasm collections 
(Tomooka et al.  2002a ). It seems, based on 
 herbarium specimens and direct collection, to be 
mainly grown in Vietnam although there are 
reports of it being cultivated in Angola, 
Mauritius, West Bengal, and the Philippines. 
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Little is known about the agronomic aspects of 
this crop. On the other hand, the wild progenitor, 
var.  refl exo- pilosa  , is widely distributed across 
Southeast Asia into the Pacifi c (Tomooka et al. 
 2002a ). There have been a number of studies to 
determine the origins of the two genomes that 
 constitute this allotetraploid (Egawa and 
Tomooka  1994 ). The most recent and compre-
hensive survey confi rms some earlier reports that 
the likely donor species are  V. trinervia  and  
V. hirtella  (Chankaew et al.  2014b ).  

9.2.7     Cowpea Complex 

 Evidence suggests that cowpea ( V. unguiculata ) 
was domesticated in West Africa (Ng and 
Maréchal  1985 ). Early archaeological remains of 
domesticated cowpea in Ghana, West Africa, have 
been dated at between 3360 and 3840 BP 
(D’Andrea et al.  2007 ). It is presumed that some-
time not long after domestication, the crop came 
to Asia by trading networks that developed from 
about 4,000 years ago (Fuller  2003 ; Fuller et al. 
 2011 ). In Africa, cowpea was selected for its 
seeds ( V. unguiculata  subsp.  unguiculata  cv.-gr. 
 Unguiculata ), but sometime after it arrived in 
Asia, divergent selection resulted in a new form of 
cowpea with long tender pods that could be eaten 
raw or cooked—yard-long bean ( V. unguiculata  
subsp.  unguiculata  cv.-gr. Sesquipedalis). In some 
parts of Asia, such as Sri Lanka, cowpea is being 
planted instead of other  Vigna  species because of 
its higher yield and suitability to double cropping 
due to its short life cycle. Yard-long bean has the 
longest pod of any domesticated legume, and the 
pod can reach up to 90 cm long (35.4 in.) which is 
quite close to being a yard (36 in.) (  http://www.
gene.affrc.go.jp/databases-plant_images_detail_
en.php?plno=5420610049    ). However, this is well 
short of the pod length of some wild legumes with 
 Cassia fi stula  reported as having pods up to 
238 cm (Jayasuriya  2012 ). 

 Three recent studies have analyzed the impor-
tant agronomic traits related to the domestication 
of yard-long bean (Kongjaimun et al.  2012a ,  b , 
 2013 ). QTLs for domestication-related traits 
show co-localization on many linkage groups, 
but linkage groups 3, 7, 8, and 11 appear to be 

most important. Genomic dissection of pod 
length revealed 6 and 7 QTLs for this trait on dif-
ferent linkage groups in two populations, F 2  and 
BC 1 F 1 , respectively. The QTL with the main 
effect was on linkage group 7, explaining 30.5 % 
of the variation. A QTL with a large effect for 
pod length was also found on linkage group 7 in 
azuki bean. Linkage group 7 in yard-long bean 
appears to be important for a range of other 
domestication-related traits such as size of seed, 
stem, and leaf. This suggests that further study of 
genes for trait gigantism in yard-long bean should 
focus on linkage group 7.   

9.3     Wild  Vigna  in Asia 

9.3.1      Vigna aridicola  N. Tomooka 
and Maxted 

 This species is recently found in the dry zone of 
Sri Lanka (Tomooka et al.  2002c ). It is closely 
related to the wild form of  V. aconitifolia. V. 
aridicola  has been little studied, and there is an 
urgent need to understand the adaptive mecha-
nism of this species and  V. aconitifolia  to harsh 
dry habitats.  

9.3.2      Vigna dalzelliana  (Kuntze) 
Verdc. 

 This species is poorly understood and previously 
was confused with  V. minima  (Tomooka et al. 
 2006 ). Recent germplasm collecting has found 
this species in Sri Lanka and India. There have 
also been collections of  Vigna  from southern 
Myanmar that appear to be  V. dalzelliana  
(Tomooka et al.  2006 ).  

9.3.3      Vigna exilis  Tateishi & Maxted 

  Vigna exilis  is only found growing in limestone 
outcrops (Tomooka et al.  2011b ). It has been 
 little studied but its distinctive habitat suggests 
that it may have useful genes for adaptation to 
specifi c high pH and dry soil conditions.  

N. Tomooka et al.

http://www.gene.affrc.go.jp/databasesplant_images_detail_en.php?plno=5420610049
http://www.gene.affrc.go.jp/databasesplant_images_detail_en.php?plno=5420610049
http://www.gene.affrc.go.jp/databasesplant_images_detail_en.php?plno=5420610049


199

9.3.4      Vigna grandifl ora  (Prain) 
Tateishi & Maxted 

 This species should join  V. khandalensis  on the 
IUCN Red List of Threatened Species, since it is 
known currently from only a few rather vulnera-
ble populations in Thailand.  

9.3.5      Vigna hirtella  Ridley and 
 V. tenuicaulis  N. Tomooka 
and Maxted 

 Based on AFLP analysis,  V. hirtella  appears to be 
a variable species with two eco-types, one of low 
altitude and another of high altitude (Seehalak 
et al.  2006 ; Tomooka et al.  2002b ).  V. hirtella  
grows sympatrically with a number of other spe-
cies in section  Angulares  of the subgenus 
 Ceratotropis  in highland Southeast Asia. A natu-
ral hybrid between  V. hirtella  and  V. minima  has 
been found at one site (author’s unpublished 
data). It is probable that this variable species may 
naturally hybridize with other species where it 
grows.  Vigna tenuicaulis  is relatively recently 
described using an accession collected in north-
ern Thailand and is closely related to  V. hirtella  to 
which it is sometimes confused (Tomooka et al. 
 2002c ). It has a low level of trypsin inhibitor 
activity that might be a useful characteristic to 
transfer to  Vigna  crops (Konarev et al.  2002 ).  

9.3.6      Vigna khandalensis  
(Santapau) Raghavan 
& Wadhwa 

  V. khandalensis  is poorly known; not even its 
 chromosome number has been reported. It is con-
sidered “near threatened” in the IUCN Red List 
of Threatened Species (  http://www.iucnredlist.
org/details/19892969/0    ). Among the wild Asian 
 Vigna , this species is an erect herb rather than a 
climbing vine. It is only found in India, mainly in 
the Western Ghats. It is reported that the seeds 
are sometimes used as a famine food (Babu 
et al.  1985 ).  

9.3.7      Vigna minima  (Roxb.) Ohwi 
& Ohashi,  V. nakashimae  
(Ohwi) Ohwi and Ohashi, 
 V. riukiuensis  (Ohwi) Ohwi 
& Ohashi 

  Vigna minima  is widely distributed in variable 
habitats across East Asia (China), Southeast Asia, 
and as far east as Papua New Guinea (Tomooka 
et al.  2002a ). The closely related species  V. 
nakashimae  and  V. riukiuensis  have more 
restricted distributions. These three species are 
genetically closely related and are called  Vigna 
minima  complex (Yoon et al.  2000 ).  V. nakashi-
mae  is widely distributed on the Korean penin-
sula and the Goto islands, Nagasaki, Japan (Yoon 
et al.  2007 ; Tomooka et al.  2013 ). Some popula-
tions of  V. nakashimae  from the Goto islands, 
living on a hill exposed to strong sea winds, are 
revealed to have a high level of salt tolerance. 
 V. riukiuensis  is found in the southern Okinawa 
Islands in Japan. It grows on a cliff near the sea 
and shows a high level of salt tolerance.  V. min-
ima  is found in both shaded forest fl oor and open 
habitats such as around paddy fi eld, suggesting a 
high level of diversity. Since it has been little 
studied, it may well consist of several varieties or 
subspecies. Recently, studies have shown that 
some accessions of  V. minima  and  V. nakashimae  
have a high level of resistance to all races of 
soybean cyst nematode found in Japan (Kushida 
et al.  2013 ). These resistant sources are being 
used in azuki breeding since soybean cyst 
nematode is becoming an increasingly pro-
blematic pest on legumes in Hokkaido, Japan. 
 V. nakashimae  has been used to develop an inter-
specifi c linkage map with  V. umbellata  (Somta 
et al.  2006 ).  

9.3.8      Vigna nepalensis  Tateishi 
& Maxted 

     V. nepalensis  is closely related to  V. angularis  
with which it makes fertile hybrids.  V. nepalensis  
was used as the female parent in a mapping popu-
lation to analyze domestication-related traits in 
azuki bean (Isemura et al.  2007 ). It    has a restricted 
distribution in Nepal and its adjacent localities in 
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India and Bhutan, and it was found growing 
between the altitude of 350 and 1,650 m 
(Tomooka et al.  2002a ). QTLs for bruchid resis-
tance have been reported from  V. nepalensis , and 
some of these appear to be new sources of resis-
tance including one QTL that is unrelated to seed 
size (Somta P et al.  2008 ).  

9.3.9      Vigna stipulacea  Kuntze 

 This species is characterized by extremely long 
peduncles 22–30 cm long that result in the fl ower 
and pod rising conspicuously above canopy. This 
characteristic is probably why this species has 
been harvested, and some harvested forms have 
been semidomesticated having increased vegeta-
tive organs and weak seed dormancy (Tomooka 
et al.  2011a ). In Tamil Nadu, India, semidomesti-
cated  V. stipulacea  is grown before or after rice in 
paddy fi elds and is considered good forage for 
cattle and green manure. Despite the labor 
required to harvest it because of shattering pods, 
this species is also sometimes used as a human 
food. Based on comments by farmers,  V. stipula-
cea  is resistant to many insects and diseases such 
as stinkbug and powdery mildew, grows faster 
(early fl owering and maturing) than mung bean 
and black gram, and has high palatability 
(Tomooka et al.  2006 ,  2011b ). Seeds are sold in a 
local seed shop in Tamil Nadu (Tomooka et al. 
 2011b ). Given these positive attributes, the spe-
cies warrants particular study of its agronomic 
potential and potential for furnishing new and 
useful genes to legume breeding.  

9.3.10      Vigna subramaniana  (Babu ex 
Raizada) M. Sharma and  Vigna 
hainiana  Babu, Gopinathan, 
and Sharma 

  V. subramaniana  has the lowest level of tryp-
sin inhibitor activity among the subgenus 
 Ceratotropis  species studied and absence of 
chymotrypsin inhibitor activity (Konarev et al. 
 2002 ). Taxonomic confusion surrounding this 
species and  V. hainiana  has been discussed by 

Tomooka et al. ( 2006 ). There remains a need to 
more thoroughly understand relationships in the 
mung bean complex to which these two species 
belong. There is now suffi cient germplasm in 
various gene banks to permit these studies to be 
conducted.  

9.3.11      Vigna trinervia  (Heyne ex 
Wall.) Tateishi & Maxted 

  V. trinervia  consists of two varieties.  Vigna tri-
nervia  var.  trinervia  is widely distributed in 
South and Southeast Asia and also in the Indian 
Ocean Islands and Tanzania.  Vigna trinervia  var. 
 bourneae  ( Vigna bourneae ) is found only in 
southern India and is distinguished by being cov-
ered with white villose hairs. This species is an 
important cover crop in between plantations of 
coconut and rubber.  

9.3.12      Vigna trilobata  (L.) Verdc .  
and  V. indica  T.M. Dixit, 
K.V. Bhat & S.R. Yadav 

  Vigna trilobata  characteristically is found in 
sandy soils; hence, it is found along the beaches 
in Sri Lanka. However, it is more commonly 
found inland where sandy soils predominate 
such as Tamil Nadu, India, and Sagaing, 
Myanmar. This species is characterized by its 
very long taproot and so is found along the 
coastline of the dry zone, whereas  V. marina  
with shallower roots is found predominately 
along the coast of the wet zone in Sri Lanka 
(Liyanage 2013, personal communication to the 
authors). Previously, variation in the  V. trilobata  
gene pool resulted in the species being divided 
into two subspecies, subsp.  trilobata  and subsp. 
 pusilla . However, recently, subsp.  pusilla  has 
been raised to the rank of a species called 
 V. indica , differing from  V. trilobata  in various 
characteristics of which cylindrical seeds with 
truncated ends are most obvious. The two sub-
species in India are found in the western, cen-
tral, and northern regions for  V. indica  
and southern and eastern India for  V. trilobata  
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(Dixit et al.  2011 ).  V. trilobata  is occasionally 
 harvested as seeds or young pods in India 
(Tomooka et al.  2011a ). It has been successfully 
hybridized with mung bean (female parent) 
(Pandiyan et al.  2012 ).  

9.3.13      Vigna vexillata  (L.) A. Rich. 
(Tuber Cowpea) 

  V. vexillata  has a pantropical distribution and, 
like many legumes, produces tubers. In Bali and 
Timor, Indonesia, this species is cultivated. Since 
Bali’s cultivated accession seeds increased their 
size remarkably and lost strong dormancy and 
pods are indehiscent, it may be considered as 
fully domesticated. In Bali and Timor,  V. vexil-
lata  is used for its tubers and seeds as well as 
forage with estimated yields of 18–30 t ha −1  and 
0.8–1.2 t ha −1  for tubers and seeds, respectively. 
Root protein content is ca. 15 % which is about 
2.5 times higher than that of yam (6 %), 3 times 
higher than that of potato (5 %) and sweet potato 
(5 %), and 5 times higher than that of cassava 
(3 %) (Karuniawan et al.  2006 ). It is also reported 
to be cultivated in parts of India and harvested by 
aboriginals in Australia. Based on the genetic 
study of agronomic traits by hybridization, it was 
concluded that the wild African and Australian 
accessions could be used along with var.  macro-
sperma  (putative cultivated form) for breeding 
improved varieties of  V. vexillata  for forage, 
cover crop, and vegetable uses (Damayanti et al. 
 2010a ). They also reported a high level of cross 
incompatibility between the wild and cultivated 
form in Bali (Damayanti et al.  2010b ).  

9.3.14      Vigna hosei  (Craib) Backer 
( V. parkeri  Backer) 

  V. hosei  is widely distributed in Asia, Africa, and 
both North and South America. It is a useful 
legume in intensively grazed pastures and forms 
a good ground cover in lightly shaded areas. 
(  http://www.tropicalforages.info/key/Forages/
Media/Html/Vigna_parkeri.htm    ).  

9.3.15      Vigna luteola  (Jacq.) Benth. 

  V. luteola  is native to Africa, Asia, and Australasia 
but has been used as a short-season and highly 
palatable pasture or green manure in Europe and 
the New World. It is particularly useful in wet or 
waterlogged conditions. It has a wide range of 
adaptation to soil types, light conditions, and 
temperatures. An Australian accession, CPI 
60428, has been reported to have some jassid 
insect resistance in humid, subtropical Australia 
(  http://www.tropicalforages.info/key/Forages/
Media/Html/Vigna_luteola.htm    ). It has been 
used to develop a linkage map to analyze salt tol-
erance in  V. marina  (Chankaew et al.  2014a ).  

9.3.16      Vigna marina  (Burm.) Merr. 

 This species consists of two subspecies that have 
different geographic distributions: subspecies 
 marina  is found in Asia, Australia, the coast of 
Indian Ocean, and countries of Africa, whereas 
subspecies  oblonga  is found on the coastal areas 
of the tropical Atlantic countries of Africa. The 
species is reportedly used by some African farm-
ers as a cover crop and green manure and has a 
potential as a sand-binding agent (Padulosi and 
Ng  1993 ). It also produces edible tubers that are 
eaten by aboriginals in Australia, while in the 
Maldives seeds are harvested and eaten (Padulosi 
and Ng  1993 ). The seeds are used as a coffee sub-
stitute in Gabon (Burkill  1995 ). Diversity analy-
sis has shown that  V. marina  subsp.  oblonga  is 
more closely related to  V. luteola  than subsp. 
 marina  (Sonnante et al.  1997 ). As a consequence, 
recent studies to identify genes for salt tolerance 
in  Vigna marina  have concentrated on an 
 interspecifi c mapping population between subsp. 
 oblonga  and  V. luteola  (Chankaew et al.  2014a ). 
The F 2:3  population was evaluated for salt toler-
ance under hydroponic conditions at the seedling 
and developmental stages. Segregation analysis 
indicated that salt tolerance in  V. marina  is con-
trolled by a few genes. Multiple-interval mapping 
(MIM) consistently identifi ed one major QTL for 
each trait— Saltol1.1 ,  Saltol1.2 , and  Saltol1.3  for 
the percentage of surviving plants in salt water at 
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the seedling stage and leaf wilt and recovery 
score during vegetative stage, respectively. All of 
the QTLs detected were located on LG1. These 
QTLs explained 50.7 %, 41.4 %, and 20.0 % of 
variation in the evaluated trait, respectively. All of 
the detected salt-tolerant QTLs, alleles from 
 V. marina  subsp.  oblonga , increased salt toler-
ance. The fl anking markers of each QTL can 
facilitate transferring of the salt-tolerant allele 
from  V. marina  subsp.  oblonga  into related  Vigna  
crops. Unlike other  Vigna  species,  Sinorhizobium  
spp. not  Bradyrhizobium  spp. forms nodules on 
 V. marina  roots (Akatsu, personal communica-
tion). The isolated  Sinorhizobium  strains showed 
an extremely high level of salt tolerance. The iso-
lates could grow even in a nutrient solution with 
5 % NaCl (Tomooka et al.  2011b ).  

9.3.17      Vigna adenantha  (G.F. Meyer) 
Maréchal, Mascherpa & 
Stainier 

  V. adenantha  has a pantropical distribution and is 
occasionally cultivated (Brink and Belay  2006 ). 
The green pods and ripe seeds are used as an 
emergency food. In India, its tuberous roots are 
eaten in times of food scarcity. It grows in humid 
swampy locations, along seashores and rivers. 
The seed has a large cavity between the cotyle-
dons that enables it to fl oat, and distribution pat-
terns suggest it can be dispersed by sea (Brink 
and Belay  2006 ).  

9.3.18     Interspecifi c Hybridization 

 Cross compatibility studies have been reviewed 
by Tomooka et al. ( 2002a ). Generally, there is no 
barrier to gene fl ow between domesticated forms 
and their closest relatives. Species in the same 
section of the subgenus  Ceratotropis  can usually 
cross with little diffi culty. Natural interspecifi c 
hybrids have been found between  V. hirtella  and 
 V. minima  in northern Thailand (author’s unpub-
lished observations). Recently, Pandiyan et al. 
( 2010 ) reported a number of cross-sectional and 
cross subgenus hybrids. Among these hybrids, 

the cross between  V. radiata  and  V. umbellata  is 
particularly signifi cant as  V. umbellata  possesses 
a high level of resistance to bruchid beetles, one 
of the most serious    pests of  Vigna .   

9.4     Domestication 

 The  Vigna  of Asia offer an unusually broad spec-
trum of species in various stages of domestica-
tion. Plant parts used by humans vary from seeds, 
green pods, to swollen roots. Several are useful 
forage species, such as  V. stipulacea ,  V. luteola , 
and  V. marina . Among them,  V. marina  may be 
de-domesticated since it has large seeds with 
non-dehiscent pods. Also in many parts of south-
ern Japan and Southeast Asia, nonnative popula-
tions of escaped (de-domesticated or feral) 
cowpea are common with dehiscent pods 
(Bervillé et al.  2005 ). 

 The  Vigna  of Asia exhibit extremes in certain 
agronomic characteristics; among domesticated 
legumes, the longest pod is found in yard-long 
bean ( V. unguiculata  subsp.  unguiculata  cv.-gr. 
Sesquipedalis), and among the smallest seeds for 
a domesticated pulse used for its seeds are mung 
bean ( V. radiata ), black gram ( V. mungo ), and 
moth bean ( V. aconitifolia ).  

9.5     Ecological Adaptation 

 The  Vigna  of Asia are adapted to a range of 
 ecological conditions, among them harsh environ-
ments such as arid conditions ( V. aconitifolia ), 
sandy and saline soils ( V. marina  and  V. trilobata ), 
alkaline limestone rock soils ( V. exilis ), exposed 
windy cliff top environments ( V. riukiuensis ), 
waterlogged riverside ( V. luteola ), and shady for-
ests ( V. minima ).  

9.6     Genomic Studies 

 Currently, a large sequencing project is under 
way that aims to sequence 16  Vigna  species of 
Asia (Naito et al.  2013 ). This information cou-
pled with complete sequence information for the 
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chloroplast and mitochondria of azuki bean and 
mung bean will provide a foundation of genome 
information resources for  Vigna  improvement in 
the future. Although the  Vigna  of Asia have been 
“forgotten” by much of the international agricul-
tural research community, considerable progress 
has been made by national programs. However, 
the effort devoted to research on Asian  Vigna  
does not do justice to their importance and poten-
tial contribution to agriculture in the future. The 
very wide ecological adaptation of  Vigna  in Asia, 
highlighted in this chapter, suggests that  Vigna  
have much to offer other crops. Gigantism exhib-
ited by the pods of yard-long bean and very high 
levels of salt tolerance in  Vigna marina  are two 
outstanding examples.     
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10.1         Introduction 

  Macrotyloma unifl orum  (Lam.) Verd. commonly 
known as “horse gram” is an arid food legume 
grown in diverse environmental conditions 
(Duke and Reed  1981 ). The species is native to 
Southeast Asia and tropical Africa, but the center 
of origin of cultivated species is considered to be 
southern India (Vavilov  1951 ; Zohary  1970 ). 
Horse gram has number of desirable traits like 
drought tolerance (Reddy et al.  1990 ), heavy 
metal stress tolerance (Sudhakar et al .   1992 ), 
high protein content, antioxidant activity (Reddy 
et al.  2005 ), and antimicrobial activity and 
 various medicinal properties make it a crop of 
interest and potential food source of the future. It 
is widely grown as a pulse, fodder crop, green 
manure and medicinal purposes. Horse gram is 
cultivated in India, Myanmar, Nepal, Malaysia, 
Mauritius and Sri Lanka for food purposes, 
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    Abstract  

  The chapter discusses detailed account on germplasm enhancement-related 
information with regard to collection, systematic evaluation, and develop-
ment of high yielding cultivars, which are necessary in consortium concept 
for its full exploitations.    Key traits for broadening the genetic base in horse 
gram through interspecifi c hybridization would be disease and pest resis-
tance, improving grain quality and protein percentage, and also reducing 
antinutritional factors. Utilization of  Macrotyloma axillare, a  wild species, 
which has many desirable traits like high number of pods per plant, high seed 
yield, and tolerance to cold and drought, has been highlighted.  
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whereas in Australia and Africa it is grown for 
fodder purpose (Asha et al.  2006 ). Seed color 
ranges from black to chocolate brown, and pro-
tein content in cultivated horse gram is reported 
to be 16.9–30.4 % (Patel et al.  1995 ). It has also 
high lysine content, an essential amino acid, 
(Gopalan et al.  1989 ), rich in phosphorus, iron, 
and vitamins, viz., carotene, thiamine, ribofl avin, 
niacin and vitamin C (Sodani et al.  2004 ). The 
identifi cation and development of high-yielding 
varieties are key for the full exploitation of this 
dry land crop. The limited use of dry seeds of 
horse gram is due to its poor cooking quality 
although with a high protein percentage. As a 
result, it is consumed as soup in many parts of 
India (Sudha et al.  1995 ). The US National 
Academy of Sciences has identifi ed this legume 
as a potential food source for the future (USNAS 
 1978 ) for its medicinal importance and its 
drought resistance ability. The crop is highly 
suitable for rainfed and marginal agriculture, but 
does not tolerate frost and water logging condi-
tions. Sprouted seeds of horse gram also contain 
polyphenols that have high antioxidant proper-
ties than that of dry seeds (Ramesh et al .   2011 ).  

10.2     Crop Gene Pool, 
Evolutionary Relationships 
and Systematics 

 The Genus  Macrotyloma  (Wight & Arn.) Verdc. 
belongs to the family  Fabaceae  and consist of about 
25 wild species having chromosome numbers 
2 n  = 2 x  = 20 and 2 n  = 2 x  = 22 (Allen and Allen  1981 ; 
Lackey  1981 ). Linnaeus ( 1753 ) included horse 
gram in the genus  Dolichos , but Verdcourt ( 1970 ) 
on the basis of style and pollen characteristics dis-
tinguish  Macrotyloma  from  Dolichos.  The center of 
origin of  M. unifl orum  var.  unifl orum  is mentioned 
in India, though wild members of the species occur 
both in Africa and India (Vavilov  1951 ; Zohary 
 1970 ; Purseglove  1974 ; Smartt  1985 ). Arora and 
Chandel ( 1972 ) considered south-west India as the 
primary center of origin of  M. unifl orum  var. 
  unifl orum , whereas Mehra and Magoon ( 1974 ) 
considered both Africa and India as gene rich cen-
ters. All the species of the genus  Macrotyloma  are 

distributed in African continent and  Macrotyloma 
unifl orum  is the only cultivated species grown in 
Indian subcontinent. The species occur exclusively 
in Africa includes  Macrotyloma africanum  
(Wilczek) Verdc.,  M. bieense (Torre) Verdc., M. 
bifl oru., M. brevicaule, M. coddi., M. daltonii, M. 
decipiens, M. densifl orum, M. dewildemanianum 
(Wilczek) Verdc., M. ellipticum, M. fi mbriatum, M. 
 geocarpum, M. hockii, M. kasaiense, M. 
maranguense, M.  oliganthum, M. prostratum, M. 
repestre, M.  schweinfurthii, M. stenophyllum, M. 
stipulosum,  and  M. tenuifl orum. Macrotyloma axil-
lare  is  distributed both in Australia and Africa;  M. 
 cilliatum  occurs in Asia and Africa, whereas  M. 
unifl orum  (Lam.) Verdc. is distributed in Asia, 
Africa and Australia. Zeven and de Wet ( 1982 ) con-
sidered maximum genetic diversity of this species 
from Old World Tropics mainly, southern India 
and Himalayas. Based on pod characteristics, four 
 varieties have been recognized within 
 Macrotyloma unifl orum, i.e., Macrotyloma uni-
fl orum  var.   unifl orum, Macrotyloma unifl orum  
var.   stenocarpum  (Brenan) Verdc,  Macrityloma 
 unifl orum  var.  verrucosum  Verdc., and  Macrotyloma 
unifl orum  var.  benadirianum  (Chiov.) Verdc. Bailey 
( 1900 ) reported that var.  stenocarpum  and var.  ver-
rucosum  are of African origin.  

10.3     Assessment of Gene Flow 
for Crop Improvement 

 Gene fl ow is actually the transfer of genes from 
one population to another of the same species. 
Within a population, it can introduce or reintro-
duce genes to a population and changes in the 
frequency of alleles and thus increase the genetic 
variation of that population. Gene fl ow can occur 
both from domesticated to wild and in the oppo-
site direction (Ellstrand et al.  1999 ; Jarvis and 
Hodgkin  1999 ). Effects of gene fl ow on fi tness 
appear to be as complex in domesticated plants 
and their relatives as they are in wild form 
(Arnold  1992 ). It is an ongoing process affecting 
the genetic diversity of crop populations and may 
be a source of new genetic combinations in tradi-
tional farming systems (Jarvis and Hodgkin 
 1999 ; Elias et al.  2001 ).  
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10.4     Level of Diversity in Crop 
Germplasm 

 The Indian collection of horse gram exhibited 
tremendous variability for agro-morphological 
traits such as early plant vigor, plant growth 
habit and growth pattern, leaf color, leaf 
 surface, stem color, number of primary 
branches, days to 50 % fl owering, fl ower color, 
number of pods per plant, pod length, pod 
shape, pod surface, plant height, number of 
seeds per pod, days to 80 % maturity, seed 
yield per plant, test seed weight, and seed color 
(Patel et al.  1995 ). Latha ( 2006 ) observed vari-
ations in 22 accessions for seed related traits. 
Morpho-agronomical studies were also under-
taken by several other workers like 
Savithriamma et al. ( 1990 ), Jayan and Maya 
( 2001 ), Chahota et al. ( 2005 ), Mahajan et al. 
( 2007 ), Kulkarni and Mogle ( 2011 ), and 
Kulkarni ( 2010 ).  

10.5     Traits of Importance for Base 
Broadening 

 Horse gram has narrow genetic base due to its 
self-reproduction system. In the past, improve-
ment work in horse gram has mainly been c onfi ned 
to single plant selection and limited hybridization. 
Past breeding efforts in the  development of variet-
ies have utilized only a fraction of the vast avail-
able diversity. There is a need to undertake an 
extensive hybridization program to incorporate 
useful variability from diverse parents and related 
species. Broadening genetic base necessitates 
 collection of indigenous and exotic germplasm. 
The breeding work needs to be organized to make 
use of the variability present at the varietal, spe-
cies, and generic levels. Induced mutations can 
create new genetic variability and can enlarge the 
genetic base of horse gram. Photo and thermo-
insensitive, development of determinate, early 
maturing (90–110 days) varieties, resistant to 
 yellow mosaic, and suitable for sole cropping 
under high plant population density for increasing 
production are important parameters. Interspecifi c 

hybridization also needs to be resorted for disease 
and pest resistance. Efforts should be made for 
improving the grain quality, protein  percentage, 
and sulfur-containing amino acid and also to 
reduce anti-nutritional factors.  

10.6     Interspecifi c Hybridization 
in Crop Species 

 Interspecifi c hybridization is a potential way of 
increasing genetic variation and introgression 
of resistance genes from wild species (   Hawkes 
 1977 ). Concerted and systematic efforts are, 
however, required to harness the potential of 
this vast variability into the background of cul-
tivated genepool. Though genus  Macrotyloma  
consists of more than 25 species, there is no 
report regarding the evaluation of these wild 
species for desirable traits. Morris ( 2008 ) com-
pared  Macrotyloma unifl orum  with 
 Macrotyloma axillare  and described a set of 
descriptors to differentiate these species. 
Evaluation of few wild species of  Macrotyloma  
has been undertaken at the CSK, Himachal 
Pradesh Agricultural University Palampur 
India, to initiate systematic hybridization pro-
gram among cultivated and wild species to 
transfer desirable traits from  Macrotyloma 
axillare  and  Macrotyloma  sar- garhwalensis  into 
cultivated background (Chahota et al.  2013 ). 
 Macrotyloma axillare  has many desirable traits 
such as high number of pods per plant, high 
number of seeds per plant and tolerance to cold 
and drought (Staples  1966 ,  1982 ). The culti-
vated species,  Macrotyloma unifl orum , is 
infected by a number of diseases, particularly 
in high rain fall areas, such as  Anthracnose, 
Cercospora  leaf spot , Fusarium  wilt, rust , 
Pellicularia  root rot and  Ascochyta  blight. 
Though the  Macrotyloma axillare  is reported 
to be resistant to many diseases, hybridization 
between  M. unifl orum  and  M. axillare  resulted 
in juvenile fl owering in the fi rst year of F 1  
plant, hence prolonging the breeding process. 
 Macrotyloma axillare  and  M. africanum , the 
two other species of this genus, have also 
shown potential as forage plants.  
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10.7     Molecular Markers, Genome 
Mapping, and Genomics 
as an Adjunct to Breeding 

 Horse gram ( Macrotyloma unifl orum ) can toler-
ate severe adverse environmental conditions such 
as drought (Reddy et al.  1990 ), salinity (Sudhakar 
et al.  1997 ; Reddy et al.  1998 ), and heavy metal 
contamination (Sudhakar et al.  1992 ; Reddy et al. 
 2005 ). Horse gram is thus an ideal candidate 
plant for mining genes for abiotic stress toler-
ance. The estimated genome-size of horse gram 
is 400 Mb. However, genomic-level question 
could be addressed through developing informa-
tive transcriptome (Mardis  2008 ; Ellegren  2008 ). 
When answering fundamental questions like 
mechanisms involved or related to a particular 
trait like drought tolerance, it becomes impera-
tive to draw a conclusion based on a comparative 
study (Ashraf  2010 ). Comparison of plant geno-
types differing in their sensitivities towards 
drought is an inevitable approach to discover 
natural drought tolerance mechanisms (Inan et al. 
 2004 ). Further, identifi cation of stress-induced 
genes in this crop would provide a logical 
approach for improving drought tolerance in 
other related crop plants (Reddy et al.  2008 ). But, 
till date there is no much data related to global 
genomic, transcriptome or protein biology stud-
ies on horse gram relating to various attributes 
especially to drought tolerance. However, drought 
tolerance is an attribute maintained in plants by 
cross-talk between multiple and cascading meta-
bolic pathways. Without a sequenced genome 
available for horse gram, it is diffi cult to compre-
hend such complex networks and intercalated 
genes associated with drought tolerance. 
Therefore, de novo transcriptome discovery and 
associated analysis were done for this highly 
drought tolerant yet underexploited legume to 
decipher its genetic makeup by Bhardwaj et al. 
( 2013 ). As a fi rst step towards characterization of 
genes that contribute to combating abiotic 
stresses, construction and analysis of subtracted 
cDNA library were carried out on Illumina GAIIx 
sequencing platform. On analysis, a total of 1,050 
ESTs were isolated and sequenced. Out of the 

discovered ESTs, 959 high quality ESTs were 
clustered for further analysis. It revealed that, out 
of the detected ESTs, 531 sequences were unique 
and 30 % of these sequences had no homology to 
known proteins in the database. Further, to 
 validate the identifi ed differentially expressed 
genes, expression profi les of selected clones were 
analyzed using reverse-northern, northern blot 
analysis and showed that these clones were 
 differentially expressed under various abiotic 
stress conditions (Reddy et al.  2008 ). 

 MicroRNAs (miRNAs) are a class of naturally 
occurring and small noncoding RNA molecules 
of about 21–25 nucleotides in length. The main 
function of these molecules is to downregulate 
gene expression in different manners like transla-
tional repression, mRNA cleavage, and epigene-
tic modifi cation. To predict new miRNAs in 
plants, different computational approaches have 
been developed. The study carried out by 
Bhardwaj et al .  ( 2010 ), an EST-based approach 
has been used to identify novel miRNAs in horse 
gram. Identifi cation of miRNAs was initiated by 
mining the EST database available at NCBI. These 
ESTs were subjected to CAP3 assembly to 
remove the redundancy. This resulted in an output 
of 72 contigs and 606 singletons as nonredundant 
datasets. The miRNAs were then predicted by 
using miRNA-fi nder. A total of eight potential 
miRNAs were predicted and named as hor-miR1 
to hor-miR8, unique and novel to the plant species. 
These miRNAs were inputted to miRU2 program 
to predict their targets. The target mRNAs for 
these miRNAs mainly belong to zinc fi nger, 
chromosome condensation, protein kinase, abscisic 
acid-responsive, calcineurin-like phosphoesterase, 
disease resistance and transcriptional factor family 
proteins. These targets appeared to be involved in 
plant growth and development and environmental 
stress responses. In some legumes, seed-coat color 
is quite heterogeneous within a sample and such 
seeds often comprise a collection of germplasm 
in a genebank. Correlation of different seed-coat 
colors with seed quality parameters usually 
provides a nondestructive tool (especially useful 
in a genebank) for sorting good quality seeds. 
Relationship between seed-coat color and quality 
parameters in horse gram ( Macrotyloma unifl orum ) 
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was studied in seeds with different colors like 
pale brown, medium brown, and blackish brown. 
The colored seeds of 20 accessions of horse gram 
were carried out by Singh et al. ( 2009 ). Seed 
quality was assessed in terms of germination, 
seedling vigor, and seed storability. Random 
amplifi ed polymorphic DNA (RAPD) markers 
were used to assess the genetic basis of heteroge-
neity in seed coat color. The light-colored frac-
tions consistently showed highest germination 
percentage and seedling vigor followed by 
medium- and dark-colored fractions in all the 
accessions. Percentage seed moisture content and 
electrical conductivity were observed to be high-
est in the dark-colored seeds. Light-colored seeds 
showed better storability after 3 years of ambient 
storage, whereas the medium- and dark-colored 
seeds were poor in germination and showed 
signifi cant decline. Out of the 18 random primers 
screened on three different colored seed sub-
samples (cream, red and black) from a single 
accession, fi ve showed polymorphic pattern on 
template DNA. The results showed that color of 
seeds could be used as a visual indicator of seed 
quality and storability in horse gram. 

 The genetic diversity of 49 genotypes of  M. 
unifl orum  and one each of related wild species  M. 
axillare  and  M. sar-garhwalensis  was assessed 
using 25 random (RAPD and ISSR) and 76 newly 
designed sequence-based (EST-SSR and ILP) 
markers by Sharma et al. ( 2013 ). A considerable 
high polymorphism was detected in few geno-
types which were proved to be promising lines 
for further genetic analyses. However, the study 
conducted by Varma et al. ( 2013 ) provided the 
estimates of genetic variability present in  M. uni-
fl orum  germplasm countrywide, which could be 
harnessed for various breeding and improvement 
programs in this crop. Information on root nodule 
endosymbionts of this legume in India is limited. 
The study carried out on 69 isolates of naturally 
occurring root nodules of horse gram collected 
from two agro-eco-climatic regions of South 
India was analyzed by generation rate, acid/alkali 
reaction on YMA medium, restriction fragment 
length polymorphism analysis of 16S-23S rDNA 
intergenic spacer region (IGS), and sequence 
analyses of IGS and housekeeping genes glnII 

and recA. Based on the rDNA IGS RFLP with 
three restriction enzymes, the three studied 
rhizobia were grouped in fi ve clusters (I–V). 
By sequence analysis of 16S–23S rDNA IGS, 
identifi ed genotypes of horse gram rhizobia 
were distributed into fi ve divergent lineages of 
 Bradyrhizobium  genus. All the isolated rhizobia 
nodulated  Macrotyloma  sp. and  Vigna  spp., and 
only some of them formed nodules on  Arachis 
hypogaea . The isolates within each IGS type var-
ied in their ability to fi x nitrogen. Selection for 
high symbiotic effective strains could reward 
horse gram production in poor soils of South 
India where this legume is largely cultivated 
(Appunu et al.  2011 ).  

10.8     Conclusions 

 Horse gram is a minor legume and said to be the 
poor man’s crop. It provides high quality inex-
pensive protein, eaten both as boiled and fried. 
Nutritionally horse gram contains about 23 % 
protein and rich in lysine content when compared 
to pigeon pea and chickpea. It is also used as an 
ayurvedic medicine for curing piles, renal stones 
etc. besides its number of medicinal and thera-
peutic applications. It is indigenous to the Indian 
subcontinent and archaeological investigations 
have revealed the use of horse gram as food espe-
cially in India as origin around 2000 BC (Mehra 
and Magoon  1974 ). It is ubiquitous among 
Neolithic human dwellings found in South India 
(Bolivin et al.  2007 ). According to Mehra ( 2000 ) 
southern Indian plains and Eastern Ghats seems 
to be the limits for its domestication. Horse gram 
cultivation diffused into western and northern 
parts of Indian subcontinent during Neolithic 
period through the counter-migration of human 
beings (Fuller et al.  2004 ; Mehra  2000 ; Mittre 
 1961 ). Several wild species of  Macrotyloma  are 
traceable in African woods and savannas, but 
none seems to have contributed to its gene pool to 
the evolution of domestication of South Indian 
horse gram (Fuller and Harvey  2006 ). Horse 
gram is not a well-established pulse crop of 
Indian subcontinent and the germplasm informa-
tion with regard to traits are scanty; therefore, 
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collection and systematic evaluation work of 
germplasm is necessary in consortium concept. 
An urgent need of genetic database (phenotypic, 
biochemical, and DNA level diversity) of this 
crop is very essential. Development of DNA 
markers through DNA fi ngerprinting in a system-
atic manner can lead to establish a genetic map of 
potential germplasm for future breeding and crop 
improvement program. Of course genetic drifts 
could be immediately measured and phyloge-
netic analysis can be done applying Genomic in 
situ hybridization (GISH) or fl uorescent in situ 
hybridization (FISH) program besides the chro-
mosome number and meiotic behavior study of 
the germplasm.     
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