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ABSTRACT

Chickpea reference set consisting of 300 accessions was evaluated at five
environments for 7 qualitative and 17 quantitative traits to study the phenotypic
diversity and to identify trait specific accessions for grain quality traits, resistance to
pod borer, for traits related to drought tolerance and also molecularly profiled using
91 SSR markers to study molecular genetic diversity, population structure and to
identify SSR markers associated with the agronomic, quality, pod borer and drought

tolerance related traits.

In REML analysis variance due to genotypes (c’g) and genotype X environment
(6°ge) were significant for all the traits except tertiary branches and pods per plant for
quantitative traits. On the basis of phenotypic dissimilarity between pair of
accessions, ten pairs of most diverse accessions were identified for use in crop
improvement program for developing high yielding cultivars with a broad genetic
base and for the development of mapping populations. On the basis of pooled BLUPs
(Best Linear Unbiased Predictors) of five environments, we have identified trait
specific accessions for economically important traits such as yield, pod borer
resistant, accessions with high protein content, anthocyanin content, drought tolerance
traits and its traits contributing to yield (10 accessions for each trait). These
accessions could be used in recombination breeding to develop cultivars with

desirable combination of traits.

The SSR markers detected a total of 2411 alleles with an average of 26.45 alleles per
locus. Of these, 2299 alleles were detected in cultivated types and 433 alleles in wild
types, of which 1980 were unique in cultivated, 114 in wild accessions. In cultivated
chickpea, desi accessions contained the largest number of unique alleles (864)
followed by kabuli (836) and pea type (52) which were specific to a particular
accession and useful for germplasm identification. The genetic diversity of chickpea
in this study was correlated well with actual classification of chickpea and showed
greater genetic distance among three seed types. Large molecular variation observed
in reference set, could be utilized effectively for selection of diverse parents for

breeding cultivars and development of mapping populations.

The STRUCTURE analysis provided the evidence for the presence of thirteen



subpopulations. A general linear model was implemented to identify the SSR markers
associated with the qualitative, quantitative and grain quality traits, resistance to pod
borer and for traits related to drought tolerance in chickpea reference set based on
population structure (Q matrix) and relatedness relationship. 64 (P<0.001) significant
MTAs were detected involving 49 SSR markers in E1, with maximum phenotypic
diversity of 43.4% for anthocyanin content. 86 significant MTAs were detected
involving 46 SSR markers in E2 with maximum phenotypic diversity of 42% for
tertiary branches whereas in E3, 76 significant MTAs with 50 SSR markers and
maximum phenotypic diversity of 42.9% for leaf area, in E4 74 significant MTAs
with 52 SSR markers and maximum phenotypic diversity of 45.4% for apical
secondary branches and in E5 56 significant MTAs with 44 SSR markers and

maximum phenotypic diversity of 34.8% for plant width.

In pooled analysis, the number of significant MTAs (P<0.001) were 27 for qualitative
traits with 21 markers, 76 (P<0.001) for quantitative trait, two for SCMR, one for
protein content, two for pod borer resistance traits and 21 for drought related traits.
The major MTAs with <20% phenotypic variation across all the environments were 7
for qualitative, 39 for quantitative, 1 for SPAD and 8 for drought tolerance related

traits, as the major associations in chickpea reference set.

Hence, these most significant MTAs were believed to be associated with co-
localized/pleiotropic QTLs. In summary, the co-localization of specific
genes/QTLs/markers could be a better way to understand the molecular basis of
drought tolerance or of traits related to drought response and pod borer resistance
traits. The presence of several co-localized/pleiotropic QTLs verified the complex
quantitative nature of drought tolerance, pod borer resistance in chickpea and allowed
the identification of some important genomic regions for traits related to high yield,
high protein content, drought tolerance and resistance to pod borer. The results from
this research also demonstrated the use of reference set as association mapping panel
to determine marker-trait associations in chickpea for traits that could lead to effective

utilization of ex-situ conserved genetic resources.
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1. INTRODUCTION

Chickpea (Cicer arietinum L.) commonly known as Bengal gram or garbanzo bean, is
one of the oldest (earlier than 9500 BC) and widely cultivated pulse crops in over 50
countries of the world. It is a highly self-pollinating (Auckland and van der Maesen
1980) annual grain legume, ranking second among edible pulses in global markets
(Yadav et al., 2007). Chickpea is widely cultivated in the Mediterranean, North
Africa, the Middle East, and the Indian subcontinent. It is a member of the family
Leguminosae, sub-family Papilionoideae and tribe Vicieae. Chickpea most probably
originated in Southeastern Turkey adjoining Syria (Ladizinsky, 1975) and
subsequently spread to India and Europe (Singh and Auckland, 1975). Wild annual
Cicer originated mainly in the Mediterranean regions having a wide ecogeographic
range, differing in habitat, topographic and climatic conditions (Abbo et al., 2003;
Berger et al., 2003). Chickpea is generally grown across a wide temperature regime
ranging from <5 °C in sub-tropics to >30 °C in the arid tropics (Sinha, 1977).
Optimum growing conditions include 21-29 °C day and 18-26 °C night temperatures
with an annual rainfall of 600-1000 mm (Duke, 1981; Smithson et al., 1985;
Muehlbauer et al., 1988).

The world area under chickpea is about 11.98 Mha, with a total production of 10.89
Mt, and an average productivity of 0.91 t ha™ (FAO, 2010). Important chickpea
producing countries are India (0.91 t ha™ in 8.21 Mha), Pakistan (0.55 t ha™ in 1.06
Mha), Turkey (1.20 t ha™ in 0.44 Mha), Myanmar (1.5 t ha™ in 0.27 Mha) and China
(2.83 t ha™! in 0.003 Mha). Large variations in chickpea yield, from 0.36 t ha™ in
Kenya to 2.83 t ha™ in China are reported. Chickpea productivity records in the last
four decades revealed interesting trend: productivity consistently increased in India

and Mexico, declined in Turkey, Pakistan, and Iran.

Chickpea is the important grain legume grown for protein-rich seeds for human
consumption, restore and maintain the soil fertility by nitrogen fixing capability, and
fit very well in various cropping patterns. Over 90% of the chickpea is produced and
consumed in Asia (FAO, 2010). Chickpea seeds contain protein, fibre, calcium,
potassium, phosphorus, iron, zinc and magnesium along with appreciable quantities of
selenium, sodium and copper, which make it one of the nutritionally best composed
edible dry legumes, for human consumption (Esha, 2010). Chickpea seeds contain
23% protein, 64% carbohydrates, 47% starch, 5% fat, 6% crude fiber, 6% soluble



sugar and 3% ash (FAO, 2010). Chickpea like other beans is a good source of
cholesterol lowering fiber (Pittaway et al., 2006). In addition to lowering cholesterol,
the high fiber content prevents blood sugar levels from rising, making chickpea a
good choice for individuals with diabetes, insulin resistance or hypoglycemia
(Mclntosh and Miller, 2001). The crop also enhances environmental sustainability due
to its nitrogen fixation ability and rotational benefit, all of which facilitate higher
cropping intensification (Miller et al., 2002). Hair like structures on the stems, leaves
and pods secrete acids that provide the first line defense against pests, reducing the

need for chemical sprays (Yadav et al., 2007).

Genetic diversity studies in a crop are important in management of genetic resources,
identification of duplicate accessions in the germplasm collection and use of genetic
resources in applied breeding programs. A large number of chickpea germplasm
accessions (more than 98,000) are conserved in several genebanks (Gowda et al.,
2011). Some of important genebanks that conserve large germplasm collection of
chickpea are International Crop Research Institute for Semi Arid Tropics (ICRISAT)
in India, International Center for Agricultural Research in Dry Areas (ICARDA) in
Syria, Vavilov institute in Russia, the USDA-ARS Regional Plant Introduction
Station at Pullman in the U.S and NBPGR, New Delhi, India. The genebanks at
ICRISAT and ICARDA, the two CGIAR centers have global responsibility for
chickpea germplasm. ICRISAT maintains the largest collection of 20,267 accessions
from 60 countries which include 18,392 landraces, 98 advanced cultivars, 1293
breeding lines, 288 accessions of wild Cicer species and 196 accessions with no

information on biological status.

Plant breeders have successfully improved the yield potential of most crops, which
has resulted in higher production in last four decades, but further progress is not
impressive. One of the main reasons for such a situation is the use of limited genetic
diversity by the plant breeders who tend to use their working collection of highly
adapted material (Evans, 1983; Upadhyaya et al., 2006b; 2011a) or advanced
breeding lines as parents and only a small proportion of the available germplasm has
been used in national and international breeding programs. In India, which has a
strong chickpea breeding program, 41% of the 126 cultivars released in the past four
decades have Pb 7 (desi type) in their pedigree followed by IP 58, F 8, S 26 (all desi)
and Rabat (kabuli, 34 g 100 seed ™) (Kumar et al., 2004). In the breeding program at



ICRISAT, less than 1% of germplasm has been used in developing more than 3700
breeding lines during 1978-2008 (Upadhyaya et al., 2006b, 2009a). Of the 92
germplasm lines used, only 19 were kabuli types, 6 of which had large seed size
(>40g 100 seed ). L 550, a small seeded (20 g 100 seed ) kabuli cultivar was
frequently used (983 times) in the breeding program. One of the main reasons for low
use of germplasm in breeding programs is the lack of information on traits of
economic importance which show high genotype X environment interaction, and
require multilocational replicated evaluation to identify parents. Thus, the large
variability in the germplasm instead of prompting more use has created a situation of
not knowing where to begin (Upadhyaya et al., 2005). The importance of diverse
germplasm to generate new variability and to enhance the genetic yield potential and
to stabilize it against various biotic and abiotic stresses has been well established
(Singh, 1987; Upadhyaya et al., 2009a).

Various methods have been used to assess the genetic diversity in crops, such as
analyzing the range of morphological, agronomical and ecogeographical traits and
molecular tools, each with its own associated advantages and disadvantages (Gepts,
1995). Most plant traits are quantitative and are influenced by environment and
display high genotype-environment interaction. Phenotypic data therefore cannot
correctly reflect the genetic diversity among the germplasm accession. If genotypic
values can be predicted based on phenotypic data, then genetic distance based on
genotypic values among accessions can be measured more accurately (Hu et al.,
2000). Understanding the distribution of genetic diversity among individuals,
populations and genepools is crucial for efficient management of germplasm
collections and its use in crop improvement. Diversity analysis is routinely carried out
using sequencing of selected gene(s) or molecular marker technologies. Molecular
marker technologies are becoming increasingly important tools for genetic and
genomics studies, breeding and diversity research. The major advantage of molecular
and a biochemical marker is their genotypic nature which can reflect direct changes at

DNA sequence level.

Several DNA-based molecular markers are available for genetic diversity analysis for
most of the crops. The smaller core collection accessions have been characterized
initially using DNA markers such as random amplified fragment DNA (RAPD) in

common bean (Phaseolus vulgaris L.) (Skroch et al., 1998), potato (Solanum



tuberosum L.) (Ghislain et al., 1999) and isoenzyme markers in Wild barley
(Hordeum vulgare sp. spontaneum) (Liu et al., 2002). The AFLP markers have been
used for studying the variation in core subsets of oats (Fu et al., 2005). However, the
SSR markers are now the markers of choice in most areas of molecular genetics as
they are highly polymorphic even between closely related lines, require low amount
of DNA, can be easily automated for high throughput screening, can be exchanged
between laboratories and are highly transferable between populations. Microsatellite
(SSR) markers were utilized in apple (Malus spp.) (Hokanson et al., 1998), common
beans (Phaseolus vulgaris L.) (Blair et al., 2009) core collections and US peanut mini

core collection (Kottapalli et al., 2007) to reveal genetic diversity.

Molecular markers linked to major quantitative trait loci (QTLs) can greatly facilitate
breeding for complex traits through marker assisted selection (MAS) in segregating
generations. Linkage analysis and association mapping are two most commonly used
tools for dissecting complex traits and identifying major QTLS causing variation in
the traits of interest. Association mapping does not require a bi-parental cross derived
mapping population which is time consuming and expensive to develop. A
manageable diverse natural population is sufficient to carryout association mapping
and has become a promising approach for the dissection of complex traits in plants
(Wilson et al., 2004; Breseghello and Sorrells, 2006). Association mapping, also
known as linkage disequilibrium (LD) mapping, has emerged as a tool to resolve
complex trait variation down to the sequence level by exploiting historical and
evolutionary recombination events at the population level (Nordbourg and Tavare,
2002; Risch and Merikangas, 1996). Association mapping identifies QTLs by
examining the marker-trait associations that can be attributed to the strength of LD
between markers and functional polymorphism across a set of diverse germplasm.
Since its introduction to plants (Thornsberry et al., 2001), association mapping has
gained popularity in genetic research because of advances in high throughput genomic
technologies, interests in identifying novel and superior alleles, and improvements in
statistical methods. Information about the extent and genomic distribution of LD
within the population under consideration is of fundamental requirement for

association mapping (Stich et al., 2005).

The development of gene-based markers based on information derived from a model

plant is a key component. Upadhyaya et al., (2006), developed a global composite



collection of 3,000 accessions which included 1956 core collection (Upadhyaya et al.,
2001) accessions representing ICRISAT collection, 709 cultivated accessions
representing unique accession from ICARDA, 39 advanced breeding lines and
released cultivars, 35 distinct morphological variants, 20 wild species accessions and
241 accessions carrying specific traits such as tolerance/resistance to biotic, abiotic
stresses and important agronomic characters. Using the genetic structure, diversity
and allelic richness in composite collection, a genotype- based reference set of 300
accessions was developed for diverse applications in chickpea genomics and breeding
(Upadhyaya et al., 2008b). Further assessment of genetic diversity and dissection of
population structure, based on morpho-agronomic characters alone might be biased
because distinct morpho-types can result from few mutations and share a common
genetic background. Therefore present investigation was carried out with following

objectives:

1. To assess the phenotypic diversity in chickpea reference set for
morphological, agronomic, and grain quality traits, resistance to pod borer and
for traits related to drought tolerance.

2. To quantify the level of genetic diversity and determine population structure

of chickpea reference set using SSR markers.

3. To identify allelic variation associated with beneficial traits using association
mapping in the reference set of chickpea.

4. To identify most diverse accessions with beneficial traits for use in mapping

and improvement of chickpea.
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2. REVIEW OF LITERATURE

Chickpea (Cicer arietinum L.) is one of the oldest (earlier than 9500 BC) and widely
cultivated pulse crops in over 50 countries of the world. Chickpea is a member of the
West Asian Leolithic crop assemblage, associated with the origin of agriculture in the
Fertile Crescent, some 10,000 years ago (Lev-Yadun et al., 2000; Zohary and Hopf,
2000). South west Asia and the Mediterranean region are the two primary centres of
origin, and Ethiopia the secondary centre of diversity (Vavilov, 1926; 1950). It most
probably originated in Southeastern Turkey adjoining Syria. . The cultivated species,
C. arietinum is found only under cultivation and cannot colonize successfully without
human intervention. Three wild annual Cicer species, C. bijugum, C. echinospermum
and C. reticulatum, closely related to cultivated chickpea, cohabit in this area and
occur in weedy habitats, these three wild Cicer species, eight more wild Cicer species
occur naturally in Turkey, out of 43 known today in the Cicer genus (Van der
Maesen, 1987).

On the basis of Harlan and de Wet’s (1971) definition, and results obtained from
crossability, biochemical or molecular diversity, and karyotypic studies, a revised
model of the wild annual Cicer gene pools has been proposed (Croser et al., 2003).
The primary gene pool of Cicer consists of Cicer arietinum and only one wild
species, the wild annual progenitor C. reticulatum. The secondary gene pool thus
consists of C. echinospermum only. C. bijugum, C. pinnatifidum and C. judaicum,
which have been reported to give hybrids readily when crossed with the cultivated
species (Verma et al., 1990; Singh et al., 1994; Singh et al., 1999a, b; Croser et al.,
2003). Ahmad et al. (2005) have proposed that the above three species should be
placed in the tertiary gene pool of chickpea, along with the remaining annual species
C. chorassanicum, C. yamashitae and C. cuneatum. Thus until proven these perennial
Cicer spp should be appropriately placed in the tertiary gene pool along with the six

other annual wild species.

Chickpea is known by several names, such as Garbanzo bean, Indian pea, Ceci bean,
Bengal gram, chana, kadale kaalu, sanagalu, shimbra, kadala. It has been an integral
part of agriculture since long time because of its nitrogen fixing ability in the field and
diversified uses as food and feed along with its importance in crop diversification. It
is a good source of energy, protein, minerals, vitamins, fibre and also contains

potentially health-promoting phytochemicals. The nutritional quality of seeds can



vary depending on the environment, climate, soil nutrient status, soil biology,
agronomic practices and stress factors (biotic and abiotic). Amino acid composition is
well balanced; with limited sulphur containing amino acids (methionine and cysteine),
and high lysine. Due to high protein content, it is used as a protein rich animal feed

and the vegetative biomass is used as a fodder.

2.1.1 Importance of genetic diversity

Diverse gene pools are the foundation for effective crop improvement programmes.
The genetic diversity in plant breeding is of paramount importance in developing high
yielding cultivars having resistance to biotic and abiotic stresses and with a broad
genetic base. The recognition of such diversity, its nature and magnitude are crucial to
any breeding program. The genetic variation in crop plants has been narrowed during
domestication due to continuous selection pressure for particular traits like high yield
or disease resistance. It is therefore important to study the genetic composition of the
germplasm and existing cultivars for comparison with their ancestors and related
species, to find new and useful genes, and provide information about the phylogenetic
relationship and molecular markers are now being widely used to classify the
germplasm, to establish genetic linkages between markers and traits of agronomic and

economic interest.

2.1.2 Germplasm collection and its uses

Genetic diversity in crop plants is continuously being lost in farmer’s field and in
nature. In this context, genebanks assume paramount importance as reservoirs of
biodiversity and source of alleles that can be easily retrieved for genetic enhancement
of crop plants. Increasingly, efforts are being made to collect threatened landraces,
obsolete cultivars, genetic stocks and wild relatives of cultivated species (Ortiz et al.,
2004). All these materials are important for crop improvement because breeding gains
rely largely on access to the genetic variation in the respective gene pool.
International germplasm collections play a very important role in securing genetic
diversity and promoting its use. This has resulted in assemblage of large collections in
national and international genebanks. Some of major genebanks holding chickpea

germplasm are presented in Tablel.



Table: 1 Major Genebanks holding chickpea germplasm (more than 1000
accessions)

Country Institute Total

Australia Australian Temperate Field Crops Collection (ATFCC), Horsham 8655
Victoria

Ethiopia Institute of Biodiversity Conservation (IBC), Addis Ababa 1173

Hungary Institute for Agrobotany, Tapi6szele 1170

India Indian Agricultural Research Institute (IARI), New Delhi 2000
International Crop Research Institute for the Semi-Arid Tropics 20267

(ICRISAT), Patancheru
National Bureau of Plant Genetic Resources (NBPGR), New Delhi 16881

Iran College of Agriculture, Tehran University, Karaj 1200
National Plant Gene Bank of Iran, Seed and Plant Improvement 5700
Institute (NPGBI-SPII), Karaj

Mexico Estacion de lguala, Instituto Nacional de Investigaciones Agricolas 1600
(IA-1guala), Iguala

Pakistan Plant Genetic Resources Institute (PGRP), Islamabad 2146

Russian N.I. Vavilov All-Russian Scientific Research Institute of Plant 2091

Federation Industry (VIR), St. Petersburg

Syria International Centre for Agricultural Research in Dry Areas 13818
(ICARDA), Aleppo

Turkey Plant Genetic Resources Department, Aegean Agricultural 2075
Research Institute (AARI), Izmir

Ukraine Institute of Plant Production n.a. V.Y. Yurjev of UAAS, Kharkiv 1021

USA Western Regional Plant Introduction Station, USDA-ARS, Pullman 6789

Uzbekistan Uzbek Research Institute of Plant Industry (UzRIPI), Botanica 1055

Total 93977

The present status of germplasm collections held at ICRISAT genebank are 1,19,739
accessions as on 15.10.2012 from 144 countries which include 1,17,032 cultivated
and 2,707 wild species of ICRISAT mandate crops and six small millets. The
collection includes 37,949 accessions of sorghum, 22,211 accessions of pearl millet,
20,267 accessions of chickpea, 13,632 accessions of pigeonpea, 15,445 accessions of
groundnut and 10,235 accessions of small millets (Upadhyaya et al., 2010a). Gradual
loss of variability from cultivated species and their wild forms and wild relatives is
due to the advent of advanced breeding lines and replacement of genetically variable
landraces by the improved, genetically uniform cultivars. A large number of
germplasm lines are distributed by the genebank for use in crop improvement
programs. ICRISAT genebank distributed more than 7, 00,000 samples of accessions
to scientists in India and 143 other countries. Of the germplasm supplied by the
genebank, a very small proportion has been used in crop improvement programs. For
example, at ICRISAT, between 1986 and 2008, a total of 10,331 advanced groundnut



breeding lines (ICGV #) were developed from thousands of crosses involving 1,270
unique parents, out of these only 171 were germplasm lines, which includes 10 wild,
out of 15,445 accessions (Upadhyaya et al., 2010a). This is mainly due to lack of
reliable information on large collections particularly for traits of economic importance
which show high genotype x environment interaction and require multilocational
replicated evaluation to identify parents for use by breeders (Upadhyaya et al.,
2010a).

In crops such as, wheat (Dalrymple, 1986); spring barley (Vellve, 1992); groundnut
(Jiang and Duan, 1998, Upadhyaya et al., 2005); chickpea and pigeonpea (Shiv
Kumar et al., 2004, Upadhyaya et al., 2006c, Upadhyaya et al., 2007b); only a small
proportion of germplasm has been used in breeding programs. For effective utilization
of existing genetic resources in research, it is necessary to characterize the germplasm
for identification of trait-specific sources for crop improvement. This requires a small
sample of germplasm lines, which represent the entire diversity present in the crop
species, multi-environmental evaluation data of these subsets, would greatly
encourage the breeders to utilize more germplasm lines in to their breeding program.

Thus, the concept of core collection was proposed.

2.1.3 Core collection

Frankel (1984) proposed the ‘core collection’ concept, which would ‘represent with
a minimum of repetitiveness, the genetic diversity of a crop species and its
relatives’. A core collection is a subset, consisting of ~10% of total accessions,
which between them capture most of the available diversity in the entire collection
(Brown, 1989a). Core collections are cost-effective means of identifying accessions
with desirable agronomic traits as well new sources of disease and pest resistance or
abiotic stress tolerance.

Ever since the concept of core collection was developed, a number of core collections
have already been established for many crop species including perennial glycine
(Brown et al., 1987); perennial medicago species (Diwan et al., 1994; Basigulp et al.,
1995); common bean (Tohme et al., 1995); okra (Mahajan et al., 1996); quinoa (Ortiz
et al., 1998); alfalfa (Skinner et al., 1999); sweet potato (Huaman et al., 1999);
safflower (Diwedi et al., 2005). Core collections developed for ICRISAT mandate

crops are listed in Table 2.



Upadhyaya et al., (2001a) developed a chickpea core collection of 1956 accessions
that consisted of 1465 desi, 433 kabuli, and 58 intermediate types representing
more than 85% variation of the entire collection based on geographical origin of
accessions and 13 quantitative traits. This core collection was subjected to multi-

environmental evaluation to identify diverse germplasm with beneficial traits.

2.1.4 Minicore collection

The germplasm collections held by most International Agricultural Research Centers
(IARCs) genebanks are very large in size. For example the IRRI genebank holds more
than 108,000 rice accessions; hence the size of core collection (~10%) will be about
11000 accessions, which again restricts its proper evaluation and use by breeders. To
overcome this, Upadhyaya and Ortiz (2001) postulated the minicore concept. A
minicore is core of core (10% of core or 1% of entire collection) representing the
species diversity. Upadhyaya and Ortiz (2001) developed minicore collection of
chickpea consisting of 211 accessions (Table 2). This strategy was followed by
scientists in different countries such USA (Holbrook and Dong, 2005), Japan (Ebana
et al., 2008), and it has been recognized worldwide as an “International Public Good”
(IPG). The reduced size of minicore collections has provided ample opportunities to
the breeders for their efficient and economic multi-environment evaluation, which has
lead to the identification of several new sources of variation for different traits for
utilization in crop improvement programs. Minicore collections developed for
ICRISAT mandate crops are listed in Table 2.

Table 2: Core and mini core collections developed for ICRISAT mandate crops

Collection Accessions in
Crop Accessions | Traits | developed subset Reference
3350 Core 505 Hannan et al., 1994
Chickpea | 16,991 13 Core 1,956 Upadhyaya et al.,2001
Upadhyaya and Ortiz,
1956 22 Minicore 211 2001
7,432 Core collection 831 Holbrook et al.,1993
Groundnt 15 Asian core 504 Upadhyaya et al.,2001b
14,310 14 Core 1,704 Upadhyaya et al.,2003
Valencia core 77 Dwivedi et al.,2008
1704 31 Minicore 184 Upadhyaya et al.,2002
Pigeonpea 12,153 14 Core 1,290 REddy et al.,2005
1,290 33 Minicore 146 Upadhyaya et al.,2006c
Sorghum Prasada Rao and
33,100 7 Core 3,475 Ramanatha Rao, 1995
22,473 20 Core 2,247 Grenier et al.,2001
40,000 Core 3,011 Dahlberg et al.,2004




Collection

Accessions in

Crop Accessions | Traits | developed subset Reference

2,247 21 Minicore 242 Upadhyaya et al.,2009b
Pgarl 16,063 11 Core 1,600 Bhattacharjee et al.,2007
millet 20,766 12 Core (Augmented ) | 2,094 Upadhyaya et al.,2009a

2,094 18 Minicore 238 Upadhyaya et al.,2010c
Finger 5,940 14 Core 622 Upadhyaya et al.,2006b
millet

Minicore 80 Upadhyaya et al.,2010b

Foxtail
millet 1,474 23 Core 155 Upadhyaya et al.,2008a

2.2 Genetics of Qualitative and Quantitative traits.

Most of the economically important characters in chickpea including yield are

complex and polygenically controlled. The expression of these traits is likely to be

affected to a greater extent by environmental factors and genotype x environment

interactions. A thorough understanding of genetic diversity for yield and its attributes,

extent of genetic variation and its heritability would help in developing strong crop

improvement programmes. Investigations on yield and its components made on

genetic variability, heritability, genetic advance, character association, direct and

indirect effects of component traits on grain yield and genetic diversity has been very

useful in plant improvement programmes.

A brief review available on above aspects in chickpea is presented in this section,

under the following sub-headings.

2.2.1 Studies on range of variation and variability parameters (Mean, Range,

heritability and genetic advance)

2.2.2 Correlation studies

2.2.3 Genetic divergence

2.2.1 Variability Studies
Phenotypic variability expressed by a group of genotypes in any species can be

partitioned into genotypic and phenotypic components. The heritable genotypic part

of the total variability and its magnitude influence the selection strategies to be

adopted by the breeder.




2.2.1.1 Qualitative traits

Chickpea germplasm has abundant genetic variation for all traits.

Plant characters often are referred to as simple morphological or complex agronomic
characters, depending on ease of classification, the number of genes that control them
and the importance of the environment in their expression. Qualitative characters have

phenotypes that can be divided into discrete classes.
Genetics of many qualitative traits have been reported by several investigators.

a. Plant pigmentation

Plant pigmentation is an important morphological descriptor, characterized by
presence or absence of anthocyanin pigment. It imparts purplish colour to different
parts of the plant and was found that low anthocyanin content is dominant over high
anthocyanin and light green colour (Rao et al., 1980). Pundir et al., (1985) reported
that 67.1% accessions of the ICRISAT germplasm collection are low in anthocyanin,
32.4% had no anthocyanin and the remaining 0.5% had high anthocyanin content and
also revealed that ICC 5325 has yellow-green foliage which is a rare occurrence.
Sandhu et al., (1993) reported a chickpea line ICC 6071 having anthocyanin
pigmentation on all parts of the plant and pigmentation being stable throughout the
crop growth period (germination to maturity). ICC 5763 had anthocyanin
pigmentation on the parts of the plant exposed to sunlight, the unexposed parts being
green (Mathur, 1998). Upadhyaya et al., (2001) evaluated chickpea core collection at
ICRISAT and reported that 652 accessions had no anthocyanin (33.40%), 1254 were
with low anthocyanin (64.24%), and 50 were with high anthocyanin pigmentation
(2.56%).

b. Flower colour

Flower colour is one of the most important diagnostic characters in chickpea and is
widely used as morphological marker in genetic studies and breeding work. Pundir et
al., (1985) at ICRISAT recognized three main flower colours in chickpea, pink
(71.0%), white (18.9%), light pink (9.4%), and a small proportion of dark pink, blue
and light blue. Gill and Cubero (1993) enumerated the dominance of purple flower
over white flower and reported that geographically, the pink flower colour dominates
in the Indian subcontinent and the white flower colour in the Mediterranean and
Andean regions, and Mexico. Pink and white as well as light pink flower colours



occur together in West Asia, Afghanistan and Ethiopia. Pink flower colour, which is
characteristic of desi type, was the most predominant, represented by 1329 of 1956
core subset accessions (67.94%), followed by white flower (24.59%), which is
characteristic of kabuli type (481 accessions) and light pink (6.03%, 118 accessions).
White flower with pink streaks was found in two accessions (0.10%) at ICRISAT
(Upadhyaya et al., 2001). Arshad et al., (2008) reported blue flower color in a disease
resistant, high yielding chickpea variety “Thal 2006”. Chaturvedi et al., (2009)
reported that 11 genotypes with white flower, two with purple flower, one with blue
flower and rest 74 with pink flowers among 88 chickpea genotypes collected from

various parts of India.

c. Growth habit

Growth habit is associated with early seedling establishment and maturity,
contributing to higher yield under adverse conditions like drought (Gupta, 1985;
Singh et al., 1997; Sabaghpour et al., 2003). The growth habit of Cicer varies from
prostrate to erect. Roberts (1986) and Roberts and Osei-Bonsu, (1988) presented
evidence that erect growth habit was dominant to prostrate habit and also reported that
prostrate type of growth habit may reduce seed yields. Semi-erect (80.73%) was the
most predominant growth habit (1579 accessions) followed by semi-spreading
(17.54%, 343 accessions), whereas prostrate growth habit was observed in only one
accession (0.05%) in chickpea core collection evaluated at ICRISAT (Upadhyaya et
al., 2001). One genotype exhibited prostrate growth habit whereas 24 were erect and
other 63 with semi-erect habitat from 88 chickpea genotypes collected from various

parts of the country (Chaturvedi et al., 2009).

d. Seed shape and Seed type

Seed shape and type are of interest to the breeders attempting to satisfy diverse
marketing criteria. There are three different seed shapes angular, owl and pea shaped
and three type’s desi, kabuli and intermediate in chickpea (Upadhyaya et al., 2002)
seed types. Desi and kabuli chickpea differ in nutrition as crude fibre (Jambunathan
and Singh 1980 and Singh et al., 1984), acid detergent fibre and neutral detergent
fibre (Singh and van Rheenen 1994). The protein and oil (Muhammad et al., 2007)
were similar in these two groups (Jambunathan and Singh 1980). Breeders have found
it convenient to classify chickpea into two main types, namely desi (characterized by

small size, angular shape, and coloured seed with high percentage of fibre) and kabuli



(characterized by large size, ram’s head shape and beige coloured seeds with a low
percentage of fibre). A third type, designated the intermediate, is characterized by
medium to small size, pea shape and cream coloured seeds. The desi type accounts for
about 85% of the world production, the remainder being kabuli. Hawtin and Singh
(1980) reported that there is a fairly clear distinction between the two types, which is
generally based upon seed shape and colour but also takes account of geographical
origin. Such round seeded types are generally designed “intermediate” or “pea” type
by breeders. Pundir et al., (1985) reported that 78.3% of ICRISAT germplasm
accounted angular shape, 15.46% were owl and 6.25% were pea shaped seeds. Desi
types account for about 85% of world production and the remainder being kabuli
(Singh et al., 1985). Desi seed type was found to be dominant over kabuli, while pea
type was dominant to both desi and kabuli types (Knights, 1980). It is commonly
accepted that kabuli (macrosperma) chickpea originated from desi (microsperma)
(Salimath et al., 1984). Upadhyaya et al., (2001) evaluated chickpea core collection
(1956 accessions) and reported that angular seed shape (74.90%), which is
characteristic of desi types, was most frequent (1465 accessions) followed by the owl
shape (22.14%) of kabuli type (433 accessions) and pea shape (2.97%) of the
intermediate type (58 accessions). In chickpea minicore collection (211 accessions),
159 entries were desi (75.4%), 44 were kabuli (20.9%), and 8 were intermediate
(3.8%) types, which corresponded very well with the number of desi (12,779,
75.5%), kabuli (3,528, 20.8%) and intermediate (621, 3.7%) types in the entire
collection of ICRISAT genebank (Upadhyaya et al., 2001).

e. Seed surface

Seed surface can have an overriding importance in determining market classes of
chickpea and in acceptance of improved cultivars. Three types of seed surface are
classified in chickpea, viz rough, smooth and tuberculated (Pundir et al., 1988). About
79.39% accessions of world germplasm collection of chickpea had rough seed
surface, 18.65% were smooth and 1.96% were tuberculated (Pundir et al., 1985). In a
core collection evaluated at ICRISAT, 1437 accessions were rough (73.47%), while
473 are smooth (22.34%) and 46 were tuberculated (2.35%) (Upadhyaya et al., 2001).



f. Seed colour

The utilization of seed of chickpea largely depends on its seed coat colour. Seed
colour is important with regard to consumer preference, which varies from region to
region. The variation for seed colour in chickpea is enormous. Seed coat colour is
known to change during seed development and ageing. Balasubramanian (1950a,
1950b) described thirteen seed colour classes ranging from yellow to dark brown.
Several factors are involved, which interact with each other, and some have
pleiotropic effects (Smithson et al. 1985). Of the 24 seed colours reported in the
chickpea core collection by Upadhyaya et al., (2001), yellow brown (61.06%) was the
most commonly represented (690 accessions) followed by beige (38.85%, 439

accessions). Orange was seen in only one accession (0.09%).

g. Seed dots
Dots on the seed testa, is a morphological trait which is characterised by the presence
or absence of small black dots on the seed surface. Minute black dots were present
(66.82%) on the seed testa of 1307 accessions and in the remaining 649 the black dots
were absent (33.18%) in chickpea core collection evaluated at ICRISAT (Upadhyaya
et al., 2001).

2.2.1.2 Quantitative Traits

In general most agronomic characters display a continuous distribution of phenotypes.
The variability is associated with the segregation of multiple minor genes or
polygenes, which have small individual effects and are influenced markedly by the
environment. Studies on quantitative variation in chickpea depicted that economic
traits such as plant height, pod number, number of branches, seed weight and yield are
quantitatively inherited. A thorough trait wise understanding of its genetic nature,
heritability and relationship with other characters is necessary for choosing
appropriate breeding and selection method in the crop improvement.

For the purpose of summarization, the traits studied were grouped into three broad
categories based on the life cycle of the chickpea plant (Gowda et al., 2011):

Vegetative traits: plant height, plant width, basal primary branches, apical primary

branches, basal secondary branches, apical secondary branches and tertiary branches;

Reproductive traits: days to 50 percent flowering, flowering duration, days to

maturity;



Yield and yield component traits: pods per plant, seeds per pod, 100-seed weight,
grain yield and productivity per day.

a. Vegetative traits:
(1) Plant height and width

Farmers, particularly in the Mediterranean region, desire mechanization of cultural
operations in chickpea cultivation. One reason for lack of satisfactory mechanization
is low plant height. Tall plants are often mentioned as ideal in chickpea for improving
the yield potential (Bahl et al., 1984; Singh et al., 1980). Plant height is receiving
attention as several workers (Bhardwaj and Singh, 1980, Kumar et al., 1981, Singh et
al., 1990, Misra, 1991, Sandhu et al., 1991, Dasgupta et al., 1992, Panchbhai et al.,
1992, Chavan et al., 1994, Bhatia et al., 1993, Rao et al., 1994, Naseem et al., 1995,
Singh et al., 1995, Mathur and Mathur 1996, Kumar et al., 2001, Somyasharma and
Singh, 2001, Burli et al., 2004) opined that taller stature is necessary for mechanical
harvesting and improving yield. Geneticists in the Indian subcontinent and in the
Mediterranean region have been devoting some of their resources in breeding plants
with taller stature. Arora, (1991), Patil, (1996) and Arora and Jeena, (2000) reported a
moderate variability in chickpea genotypes whereas low variability was reported by
Singh and Rao, (1991), Pushpa et al., 1993 and Mishra et al., 1994, Subhash et al.,
(2001) studied variability in 33 chickpea genotypes grown in five environments and
confirmed large variability for plant height. Chaturvedi et al., (2009) reported a wide
range of variation among 88 genotypes for plant height (31.5cm to 84.5 cm) with an
overall mean of 59.7 cm and reported, 48 genotypes having plant height above the
overall mean.

Plant width is an average spread of plant and is an important trait in evaluation of
chickpea germplasm. Upadhyaya et al., (2001) evaluated chickpea core collection and
reported that means of desi, kabuli, and intermediate types were significantly different
from each other for plant width and kabuli types have greater plant width than desi
and intermediate types. Bhat and Singh, (1980), Mishra et al., (1988) and Chavan et
al., (1994) reported that plant width increases yield as it is related with branching

pattern and number of pods per plant.

Variable estimates of heritability (h’b) have been reported for plant height and plant
width. While Samal and Jagdev, (1989), Sharma et al., (1990), Singh and Rao,



(1991), Mishra, (1991), Chavan et al., (1994), Mishra et al., 1994, Rao et al., 1994,
Patil, (1996), Mathur and Mathur, (1996), Dubey and Srivastav, (2007) and Gowda et
al., (2011) reported high h%b, Rastogi and Singh, (1977); Setty et al., (1977), Sharma
et al., 1989, Sandhu et al., (1991) and Panchbhai et al., (1992), Arora and Jeena,
(2000) and Dubey and Srivastav, (2007) reported moderate and Samal and Jagdev,
(1989), Salimath and Patil, (1990), Mishra, (1991), Chavan et al., (1994) and Mishra
et al., (1988) reported low estimates of h’b for plant height and width.

Similarly, variable genetic advance have been reported for plant height and plant
width. It was reported to be low by Sandhu et al., (1991) and Panchbhavi et al.,
(1992) for plant height and Mishra et al., (1988) for plant width, moderate by Sharma
et al., (1990), Chavan et al., (1994), Geletu et al., (1995), Kumar et al., (2000), Dubey
and Srivastav, (2007) and high by Mandal and Bahl, (1983), Dumbre et al., (1984),
Agarwal, (1986), Rao et al., (1994) , Patil, (1996) and Dubey and Srivastav, (2007)
for plant height and plant width.

(i1) Branches

The chickpea plant is a short bush with several major and minor branches. Branching
affects growth habit, and strongly influences the number and position of reproductive
structures that ultimately determine yield. Pundir et al., (1988) reported five groups of
branching patterns namely, basal primary branches, apical primary branches, basal
secondary branches, apical secondary branches and tertiary branches. Several workers
have reported the importance of number of primary branches. Rang, (1980), Kumar et
al., (1981), Singh et al., (1982), Mandal and Bahl, (1983), Rao et al., (1984),
Malhotra and Singh, (1989), Singh et al., (1990), Dasgupta et al., (1990), Sandhu et
al., (1991), Singh et al., (1993), Singh and Rao, (1991), Chavan et al., (1994), Ghirase
and Deshmukh, (2000) and Shaukatali et al., (2002) whereas Mishra et al., (1988),
Sharma et al., (1989), Malhotra and Singh, (1989), Arora et al., (1991), Singh and
Rao, (1991), Sandhu et al., (1991), Maynez et al., (1993), Jahagirdar et al., (1994),
Rao et al., (1994) and Patil, (1996) reported the importance of number of secondary
branches and Arora, (1991), Rao et al., (1994), Patil, (1996) reported the importance
of number of tertiary branches and reported that large are number of branches are
important from the yield point of view. Subhash et al., (2001) studied variability in 33
chickpea genotypes grown in five environments and confirmed large variability for
number of primary and secondary branches per plant. Upadhyaya et al., (2001)



evaluated chickpea core collection and reported that the variances between chickpea
types were homogeneous for number of apical secondary branches, basal secondary
branches and tertiary branches. Bhavani et al., (2009) studied role of genetic
variability in 27 chickpea accessions and reported wide variations in number of
primary branches.

Variable estimates of heritability (h’b) have been reported for number of branches per
plant. While Sharma et al., (1990), Mishra et al., (1991), Chavan et al., (1994), Jha et
al., (1997), Subhaschandra et al., (2001), Gowda et al., (2011) reported high h%b,
moderate by Patil, (1996), while Singh and Rao, (1991), Rao et al., (1994) and Rana
et al., (1995) reported low estimates of h’b for number of primary branches per plant.
Yadav et al., (1989), Singh and Rao, (1991), Jahagirdar et al., (1994), Patil, (1996)
and Chauhan and Singh, (2000) reported high h?b, moderate by Patil, (1996), while
Rao et al., (1994) reported low estimates of h?b for number of secondary branches per
plant Singh and Rao, (1991), Jahagirdar et al., (1994), Patil, (1996) and Chauhan and
Singh, (2000) reported high h?b, moderate by Patil, (1996), while Rao et al., (1994)
reported low estimates of h®b for number of tertiary branches per plant.

Similarly, variable genetic advance have been reported for number of primary and
secondary branches per plant. It was reported to be low by Sharma and Maloo,
(1988), Sandhu et al., (1991) and Arora and Jeena, (2000), moderate by Kumar et al.,
(2001 ) while high by Sharma et al., (1990) Mishra et al., (1991), Chavan et al.,
(1994), Rao et al., (1994), Patil, (1996) and Subhaschandra et al., (2001) for

number of primary branches. It was reported to be high by Sharma et al., (1989),
Jahagirdar et al., (1994), Patil, (1996) and Chauhan and Singh, (2000) for number of
secondary branches. It was reported to be high by Jahagirdar et al., (1994), Patil,
(1996) and Chauhan and Singh, (2000) and moderate by Chauhan and Singh, (2000)

for number of tertiary branches.
b. Reproductive traits:
(i) Days to 50 percent flowering and maturity

Time of flowering is the major component of crop environmental adaptation,
particularly when the growing season is restricted by climatic factors such as drought
and high temperatures (Subba Rao et al., 1995). Early flowering will help in

minimizing the losses due to biotic (pod borer) and abiotic (terminal moisture and



heat) stresses and in enhancing the per day productivity. So there is a need to develop
early maturing chickpea varieties with large biomass (Chaturvedi and Ali, 2004).
Early flowering, mediated by photoperiod insensitivity was suggested as a means to
increase chickpea adaptability (Sandhu and Hodges, 1971) but, no genetic studies
have been reported until recent years (Kumar and van Rheenen, 2000; Or et al.,
1999). In semi-arid habitats, the time of flowering is of great adaptive value for both
wild and cultivated plants (Or et al., 1999), as early flowering helps the crop to
mature before the onset of biotic and abiotic stresses (Subba Rao et al., 1995, Van
Rheenen et al., 1997).

In chickpea, the duration of flowering is a major yield determinant (Kumar and Abbo,
2001), phenology of the crop has an immense influence on productivity and stability.
Murfet and Reid, (1985) have reported that flowering genes influence maturity and
crop yield through their effects on the onset of reproductive phase, number of
branches, and number of flowers per node. The flowering time of chickpea genotypes
varies with latitude and temperature variations. In the trails conducted by ICRISAT
on 25 genotypes at three locations: Patancheru (18°N), Gwalior (26°N) and Hisar
(29°N), the range for flowering time did not overlap (80-102 days in Hisar, 71-78 in
Gwalior and 40-61 days in Patancheru) and the mean number of days to 50 percent
flowering was 51, 76 and 96 for three locations, respectively. Pundir et al., (1988),
evaluated the world chickpea germplasm maintained at ICRISAT and listed 43
accessions that flowered in less than 39 days at Patancheru. Kumar and Abbo, (2001)
evaluated ICCV 96029 and control Pant G 114 for their flowering time at Patancheru
and Hisar. The number of days taken to flower by ICCV 96029 was 29 and 43 at
Patancheru and Hisar respectively. This might indicate that mutations for early
flowering genes also survived in sub tropical environments. Upadhyaya et al., (2001)
evaluated chickpea core collection (1956 accessions) for identification of diverse
germplasm lines for use in crop improvement and reported twelve early maturing
genotypes and also reported that means of desi, kabuli, and intermediate types were
significantly different from each other for days to maturity and kabuli types matured
later than desi and intermediate types. Kumar and Abbo, (2001) described the effect
of flowering time on chickpea adaptation, seed weight, seed yield and stability under
semi-arid Near—East and Indian sub continental environments. Subhash et al., (2001)
studied variability in 33 chickpea genotypes grown in five environments and

confirmed large variability for days to 50 percent flowering and days to maturity.



Sandhu et al., (2002) evaluated three genotypes (super early ICCV 96029, early ICCV
2 and late flowering control PBG 1) on three different sowing dates, and reported that
ICCV 96029 flowered in 28-35 days followed by, ICCV 2 in 31- 40 days, while PBG
1 took twice the number of days to flower than ICCV 96029 and ICCV 2 in all three
sowing dates. Kumar and Johansen, (2002) reported that the super early genotype
ICCV 96029 took 43 days to flower and matured in 128 days at Hisar in early
November sown crop. Upadhyaya et al., (2007) identified six most early maturing
genotypes by evaluating twenty eight early maturing genotypes selected from core
and entire collection of ICRISAT genebank. Chaturvedi et al., (2009) evaluated 88
chickpea lines and reported that days to 50 percent flowering varied from 36 to 103
days with an overall mean of 87 days and confirmed that 44 lines flowered earlier
than the control cultivar (96 days). Similarly days to maturity varied from 116 days to
137 days with an overall mean of 130 days and 37 lines took less number of days to
mature than the overall mean. Agarwal, (1985), Shaukatali et al., (2002) and Dubey
and Srivastav, (2007) reported high variability for days to 50% flowering whereas
Dasgupta et al., (1992) Rao et al., (1994) and Rao and Kumar et al., (2000) reported

moderate variability for days to 50% flowering.

Variable estimates of heritability (h’b) have been reported for days to 50 percent
flowering and maturity. While Chandra, (1968); Joshi, (1972); Agarwal, (1985),
Samal and Jagdev, (1989); Sharma et al., (1990); Misra, (1991); Singh and Rao,
(1991); Panchbhavi et al., (1992); Chavan et al., (1994); Jahagirdar et al., (1994);
Mathur and Mathur, (1996), Arora and Jeena, (2000), Burli et al., (2004); Dubey and
Srivastav, (2007), Upadhyaya et al., (2007) and Gowda et al., (2011) reported high
h®b for days to flowering and maturity.

Similarly, variable genetic advance have been reported for days to flowering. It was
reported to be low by Sharma et al., (1990), Misra, (1991) and Rao et al., (1994) and
moderate by Arora, (1991), Arora and Jeena, (2000), while high by Agarwal, (1985),
Jahagirdar et al., (1994) Burli et al., (2004) and Dubey and Srivastav, (2007), for days
to flowering and Mishra et al., (1994) for days to maturity.



c. Yield and yield component traits:

The major yield components of chickpea are pod number per plant, seed number per
pod and 100-seed weight.

(1) Pods per plant and Seeds per pod

In chickpea the number of pods per plant and seeds per pod are directly correlated
with seed yield (Zafar and Khan, 1968, Gupta et al., 1974, Katiyar, 1975, Bhat and
Singh, 1980, Bhardwaj and Singh, 1980, Kumar et al., 1981, Deshmukh and Bhapkar,
1982a, Singh et al., 1982, Singh and Paroda, 1986, Mishra et al., 1988, Fillipetti,
1990, Arora, 1991, Sandhu et al., 1991, Dasgupta et al., 1992, Bhatia et al., 1993,
Chavan et al., 1994, Jahagirdar et al., 1994, Mishra et al., 1994, Rao et al., 1994,
Patil, 1996, Jha et al., 1997, Kumar, 2001, Upadhyaya et al., 2002, Burli et al., 2004
and Dubey and Srivastav, 2007 ). Normally single flowers are borne on pedicels
suspended by single peduncles in the axils of the leaves, at the rate of one pedicel
(one flower) per peduncle which contributes to more stable yield (Smithson et al.
1985). Sheldrake et al., (1978) obtained 6—13% higher yield in double podded plants
compared to single podded plants. Singh and van Rheenen, (1994) suggested double
poddedness can contribute positively to higher productivity in chickpea. Upadhyaya
et al., (2001) evaluated chickpea core collection and reported that means of desi,
kabuli, and intermediate types were significantly different from each other for pods
per plant and kabuli types have the lowest average number of pods than desi and
intermediate types. Bhavani et al., (2009) studied role of genetic variability in 27
chickpea accessions for 12 quantitative traits and reported a wide variation in number
of seeds per pod and pods per plant. Chaturvedi et al., (2009) reported varied number
of pods per plant from 19 to 64 in six genotypes with overall mean of 37 pods.
Twenty genotypes exhibited higher number of pods per plant than the best control
cultivar (45). The mean number of seeds per pod varied from 0.9 to 2.2 with overall
mean of 1.4 seeds and 4 genotypes had more number of seeds per pod than the overall
mean.

Estimates of heritability (h’b) for number of pods per plant varied from high (Joshi,
1972, Mishra et al., 1988; Samal and Jagdev, 1989, Mishra, 1991; Kumar et al., 1991;
Singh and Rao, 1991, Dasgupta et al., 1992; Chavan et al., 1994, Jahagirdar et al.,
1994; Mishra et al., 1994; Mehndi et al., 1994, Rao et al., 1994; Mathur and Mathur,
1996, Patil, 1996, Arunkumar et al., 1998; Kumar, 2001, Narayana and Reddy, 2002,



Sial et al., 2003; Dubey and Srivastava, 2007 and Gowda et al., 2011) to low (Sandhu
et al., 1991; Mishra et al., 1994; Rao et al., 1994, Rana et al., 1995 and Arora and
Jeena, 2000). While moderate heritability for seeds per plant was reported by Pandey
et al., 1989 and low heritability was reported by Pundir et al., (1991) and Panchbhavi
et al., (1992). Low to moderately high heritability was reported by Rao et al., 1994,
Igbal et al, 1994 and Arora and Jeena, 2000 low estimates of h°b for pods per plant as
reported by Sandhu et al., (1991); Mishra et al., (1994); Rao et al., (1994) and Rana et
al., (1995). For seeds per pod also varying estimates of h’b have been reported. Low
to moderately high h®b estimates were reported by Igbal et al., (1994), moderate h’b
estimates were reported by Pandey et al., (1989), low estimates were reported by
Pundir et al., (1991) and Panchbhavi et al., (1992);

The expected genetic gain was reported to be low (Agarwal, 1985, Panchbhavi et al.,
1992) for number of seeds per plant and pods per plant, high for pods per plant by
Jivani and Yadavendra, (1988); Mishra et al., (1991), Kumar et al., (1991), Chavan et
al., (1994), Jahagirdar et al., (1994), Mishra et al., (1994), Rao et al., (1994), Patil,
(1996), Arunkumar et al., (1998), Kumar, (2001) and Dubey and Srivastav, (2007).

(i) Seed weight and size

Seed size (as measured by 100-seed weight) is not only the most important yield
component (Singh and Paroda, 1986), but also an important criterion for consumer
preference (Deshmukh and Bhapkar, 1982a, Mandal and Bahl, 1983, Agarwal, 1985,
Salimath and Bahl, 1985, Singh, 1987, Malik et al., 1988, Fillipetti, 1990, Salimath
and Patil, 1990, Sharma et al., 1990, Singh et al., 1990, Bhatia et al., 1993, Maynez
et al., 1994, Bhoyta et al.,1994, Rao et al., 1994, Patil, 1996, Shaukatali et al., 2002
). Tomar et al., (1982) reported that small-seeded cultivars were phenotypically more
stable than large-seeded cultivars. Small-seeded cultivars are a major hurdle in the
large-scale introduction of winter sowing of chickpea (Malhotra et al., 1997).
Therefore improvement in seed size is an important goal in chickpea breeding
programmes. Yadav and Sharma, (1999) evaluated 108 kabuli chickpea accessions to
study various seed quality characteristics under irrigated conditions and they observed
high variation in 100-seed weight. Upadhyaya et al., (2001) evaluated chickpea core
collection and reported that means of desi, kabuli, and intermediate types were
significantly different from each other for 100-seed weight and kabuli types have the

highest 100-seed weight than desi and intermediate types. Bhavani et al., (2009)



studied role of genetic variability in 27 chickpea accessions for 12 quantitative traits
and reported a wide variation in 100- seed weight. Chaturvedi et al., (2009) reported
that the 100-seed weight ranged from 10.2g to 36.6g with the overall mean of 19.2g.
Twenty six genotypes were at par with overall mean, whereas 24 genotypes showed
larger 100-seed weight than the large seeded control cultivar.

Varying estimates of heritability (h?b) have been reported for 100-seed weight. While
Mandal and Bahl, (1983); Agarwal, (1985); Salimath and Bahl, (1985); Salimath and
Patil, (1985); Samal and Jagdev, (1989); Sharma et al., (1990); Kumar et al., (1991);
Mishra et al., (1991); Sandhu et al., (1991); Singh and Rao, (1991); Dasgupta et al.,
(1992); Chavan et al., (1994); Jahagirdar et al., (1994); Rao et al., (1994); Patil,
(1996); Tripathi, (1998); Subhaschandra et al., (2001); Saleem et al., (2002); Toker,
(2004); Burli et al., (2004); Dubey and Srivastav, (2007) and Gowda et al., (2011)
reported high h’b for 100-seed weight; whereas Sandha and Chandra (1969), Joshi,
(1972), Rastogi and Singh, (1977), Sandhu et al., (1991) and Singh et al., (1992)
observed moderate heritability for 100-seed weight.

Similarly, variable genetic advance have been reported for 100-seed weight. It was
reported to be low (Agarwal,1985; Mishra et al., 1991; Sandhu et al., 1991; Arshad et
al., 2003, 2004) and moderate (Agarwal,1985; Mishra et al., 1991) to high (Mandal
and Bahl, (1983); Agarwal, (1985); Sharma et al., (1990); Kumar et al., (1991);
Jahagirdar et al., (1994); Rao et al., (1994); Patil, (1996); Mathur and Mathur, 1996;
Tripathi, (1998); Nimbalkar, 2000; Burli et al., (2004) and Dubey and Srivastav,
(2007)).

(iii) Grain yield and productivity

Grain vyield of chickpea is a quantitative character which is influenced by many
genetic factors as well as environmental factors (Muehlbauer and Singh, 1987). Grain
yield per plant is the major determinant of plot yield (Deshmukh and Bhapkar, (1982),
Islam et al., (1984), Malik et al., (1988), Mishra et al., (1988), Reddy and Rao,
(1988), Fillipetti, (1990), Patil, (1996), Arora, (1991), Sandhu et al., (1991), Singh
and Rao, (1991), Dasgupta et al., (1992), Bhatia et al., (1993), Maynez et al., (1993),
Jirali et al., (1994), Rao et al., (1994), Srivastav and Jain, (1994), Wanjari et al.,
(1996), Rao and Kumar, (2000), Kumar, (2001), Burli et al., (2004) and Dubey and
Srivastav, (2007). Although direct selection for grain yield could be misleading,

indirect selection via yield related characters with high heritability might be more



effective (Toker, 1998). Raju et al., (1978) reported high genetic variability,
heritability, genetic advance and trait correlations with respect to yield and its
components in chickpea. Pundir et al., (1991) evaluated twenty-five short and
medium duration chickpea germplasm accessions of diverse geographic origin and
reported wide variation for physio-morphic and vyield traits. Bakhsh et al., (1998)
reported a consistent and positive association of biological yield per plant, pods per
plant, harvest index and secondary branches per plant with grain yield. Ali et al.,
(1999) reported that yield was accounted by the plant height, number of secondary
branches and pods per plant, under normal field conditions. The findings are
consistent with the results obtained by Ghafoor et al., (1990) and Khattak et al.,
(1995, 1997, and 1999) in mungbean. Upadhyaya et al., (2001) evaluated chickpea
core collection and reported that means of desi, kabuli, and intermediate types were
significantly different from each other for plot yield and kabuli types have the lowest
plot yield than desi and intermediate types. Saleem et al., (2002) observed high co-
efficient of variability for grain yield and other yield parameters in chickpea. Raval
and Dobariya, (2003) estimated genetic variability and interrelationships among
thirteen yield components in chickpea. Arshad et al., (2004) reported high range of
yield per plant for twenty-four varieties of chickpea. Ali et al., (2002), Kaur et al.,
(2004), Qureshi et al., (2004), Sharma et al., (2005), Singh, (2007) and Sidramappa et
al., (2008) reported that parameters with high genetic variability could be focused for
genetic improvement in chickpea. Renukadevi and Subbalakshmi, (2006) reported the
positive direct effect of number of branches, pods per plant and 100-seed weight on
yield per plant in chickpea genotypes. Bhavani et al., (2009) studied genetic
variability in 27 chickpea accessions on 12 quantitative traits and reported a wide
range of variation in plot yield. Chaturvedi et al., (2009) evaluated 88 chickpea lines
collected from various parts of the country and reported that the mean yield per plant
ranged from 3.4g to 14.4g with overall mean of 8.7g.

Variable estimates of h?b for yield have been reported. Some workers have reported
low h?b (Salimath and Patil, 1990, Sharma et al., 1990, Panchbhai et al., 1992, Rao et
al., 1994 and Wanjari et al., 1996), whereas others have reported moderate h%b
estimates (Mandal and Bahl, 1980, Wanjari et al., 1996 and Arora and Jeena, 2000),
and still others reported high estimates for seed yield (Patil and Phandnis, 1977,
Mishra et al., 1988, Sandhu et al., 1991, Singh and Rao0,1991, Singh et al., 1993,
Chavan et al., 1994, Jahagirdar et al., 1994, Mehndi et al., 1994, Mishra et al., 1994,



Mathur and Mathur, 1996, Patil, 1996, Arunkumar et al., 1998, Sandhu et al., 1999,
Nimbalkar, 2000, Kumar, 2000, Singh et al., 2003, Dubey and Srivastav, 2007 and
Gowda et al., 2011). While hb for seed yield varied from low, moderate and high
(Mehndi et al., 1994, Arshad et al., 2003, 2004, Upadhyaya et al., 2007). Low to
moderately h®b high estimates reported by Igbal et al., (1994).

Variable estimates of h’b for yield per plant have been reported. Samal and Jagdev,
(1989); Jahagirdar et al., (1994); Singh and Rao, (1991); Chavan et al., (1994);
Gowda et al, (2011) reported high h?b. While low, moderate to high estimates where
reported by Igbal et al., (1994).

Similarly, variable genetic advance have been reported for seed yield and yield per
plant. It was reported to be high by Mishra et al., (1988), Chavan et al., (1994),
Dasgupta et al., (1994), Jahagirdar et al., (1994), Rao et al., (1994), Patil, (1996),
Arunkumar et al., (1998), Jeena and Arora, (2000a, b), Subhash et al., (2001) and
Dubey and Srivastav, (2007), while moderate by Mandal and Bahl, 1980, Mishra et
al., 1991 and Arora and Jeena, 2000 and low by Wanjari et al., 1996. Low for seed
yield per plant by Sharma et al., (1990), Misra, (1991) and Panchbhai et al., (1992),
Gowda et al, (2011) and for seed yield by Chavan et al., 1994, Rao et al., (1994),
Misra et al., (1994) and Mathur and Mathur, (1996), Patil et al., (1996), Gowda et al,
(2011).

2.2.2 Correlation among traits

The correlation analysis helps to determine the nature and degree of relationship
between any two measurable characters. Correlation among traits may result from
pleiotropy or physiological associations among characters, which often indicate useful
selection indices for two or more traits. Study of correlations is important to know the
relationship between traits and co-adapted gene complexes. It also provides
information on correlated response.

Yield is the end product of many complex component characters, which singly or
jointly influence the yield. Yield does not possess genes for per se as such. Therefore,
selection of a genotype based on yield alone is likely to be ineffective. The efficiency
of selection for yield mainly depends on the direction and magnitude of association
between yield and its components (Breese, 1989). The studies on association of

various yield components with grain yield in chickpea are reviewed here under:-



Characters

Association

References

Days to 50 percent flowering

Positive

Paliwal et al., 1987;
Mishra, 1991;

Choudary et al., 1992;
Chavan et al., 1994;
Vijayalakshmi et al., 2000;
Upadhyaya et al., 2001,
Saleem et al., 2002;

Negative

Khorgade, 1988;
Narayana and Reddy, 2002;
Sial et al., 2003 ;

Plant height

Positive

Khan and choudary, 1975;
Mandal, 1977;
Sharma et al., 1989;
Yadav, 1990;
Mishra,1991;
Choudary et al., 1992;
Roshanlal et al., 1993;
Bhambota et al., 1994;
Naseem et al., 1995;
Rao, 1998;

Tripathi, 1998;

Yucel et al., 2006;

Negative

Govil, 1980;
Salimath and Patil, 1990 ;

Number of primary branches
per plant

Positive

Katiyar et al., 1977;
Jatasra et al., 1978;
Mishra et al., 1988;
Sandhu et al., 1988;
Sharma and Mal00.1988 ;
Sandhu and Mandal, 1989;
Uddin et al., 1990;
Chavan et al., 1994;

Sarvaliya and Goyal, 1994a,1994b;

Geletu et al., 1995;

Singh et al., 1995;

Rana et al., 1995;

Patil, 1996;

Rao, 1998;

Tripathi, 1998;

Bakhsh et al., 1998,
Vijayalakshmi et al., 2000;
Upadhyaya et al., 2001;
Saleem et al., 2002;
Arshad et al., 2002;
Narayana and Reddy, 2002;
Raval and Dobariya, 2003 ;
Sial et al., 2003;

Arshad et al., 2004 ;
Hassan et al., 2005;

Yucel et al., 2006;

Babar et al., 2008;

Malik et al., 2010;

Negative

Singh et al., 1989;
Patil, 1996;

Number of secondary
branches per plant

Positive

Upadhyaya et al., 2001,
Saleem et al., 2002,

Arshad et al., 2002;
Narayana and Reddy, 2002;
Raval and Dobariya, 2003 ;




Sial et al., 2003;
Arshad et al., 2004 ;
Hassan et al., 2005;
Yucel et al., 2006;
Babar et al., 2008;
Malik et al., 2010;

Negative

Sandhu and Singh,1970;

Number of tertiary branches
per plant

Positive

Uddin et al., 1990;
Chavan et al., 1994;
Upadhyaya et al., 2001,
Saleem et al., 2002,
Yucel et al., 2006;
Babar et al., 2008;
Malik et al., 2010;

Negative

Patil, 1996;

Pods per plant

Positive

Dasgupta et al., 1992;
Bhatia et al., 1993;
Roshanlal et al., 1993;
Bhoyta et al., 1994;
Bhambopta et al., 1994;
Rao et al., 1998;

Berger and Turner, 2000;
Vijayalaxmi et al., 2000;
Guler et al., 2001,
Narayana and Reddy, 2002;

Negative

Fillipetti,1990;

Kharat et al., 1991;
Dasgupta et al., 1992;
Singh et al., 1995;
Berger and Turner, 2000;

100-Seed weight

Positive

Benjamini, 1981;

Singh, 1982;

Tomar et al., 1982;
Salimath and Bhal,1986;
Malik et al., 1988;
Sandhu and Mandal, 1989;
Sandhu et al., 1989;
Mishra et al., 1994;
Jirali et al., 1994;
Srivastava et al.,. 1994;
Naseem et al., 1995;
Vijayalaxmi et al., 2000;
Sial et al., 2003;

Arshad et al., 2004;
Hassan et al., 2005;
Babar et al., 2008;

Negative

Khan and choudary, 1975;
Singh et al., 1976;

Narayana and Macefield, 1976;
Rostagi and Singh,1977;
Fillipetti,1990;

Roashanlal et al., 1993;

Chand et al., 1995;

Reviews on inter-relationship between traits other than grain yield are

below

presented




Traits Associated traits Direction Author

Flowering duration, days to | Positive Upadhyaya et al., 2001;
Days to 50 percent matunt_y - -
flowering Flpwermg duration, number of | Negative Upadhyaya et al., 2007;

primary and secondary

branches, pods per plant.

Seeds per pod Negative Khorgade et al., 1995;
100-seed weight Plant height Negative Mathur and Mathur, 1996;

Protein content Negative Pundir et al., 1991;
Number of branches Paods per plant Positive Upadhyaya et al., 2007;
Flower colour Seed shape Positive Upadhyaya et al., 2001,
Days to maturity Apical secondary branches Positive Upadhyaya et al., 2007;
Seeds per pod 100-seed weight Negative Pundir et al., 1991,
Pods per plant 100-seed weight Negative Upadhyaya et al., 2007,

Jivani and Yadavendra (1988) reported that number of branches per plant, pods per
plant and seed weight should be given importance in direct selection for increased
yield owing to their greater direct effects on yield. Sharma and Maloo (1988) showed
that pod per plant was the character to have greatest influence on seed yield followed
by number of primary branches. Days to maturity, pods per plant, 100 seed weight,
and conventional harvest index had positive direct effects on yield per plant (Uddin et
al., 1990).Bhambota (1994) observed that pods per plant and plant height had
considerable positive direct effect on seed yield. Number of branches had a negative
direct effect on yield but a positive indirect effect via pods per plant. Chavan et al.
(1994) concluded that branches per plant, pods per plant should be used as selection
criteria for yield improvement. Sarvaliya and Goyal (1994a) found that number of

pods per plant and 100-seed weight had high direct effect on seed yield.

Bhattacharya et al. (1995) concluded that days to 50 percent flowering influence seed
yield greatly under moisture stress condition. Arora and Jeena (1999) in a study of
path analysis in 43 genotypes indicated that plant height; pods per plant were
important characters for seed yield. Khedar and Maloo (1999) in a study of path
analysis in 40 genetically diverse chickpea genotypes reported that pods per plant had
the highest direct effect on seed yield, followed by seeds per pod, 100-seed weight

and number of primary branches per plant.

Rao and Kumar (2000) found that days to 50 percent flowering and duration of
reproductive phase had positive direct effect on yield, while plant height, days to
maturity and 100-seed weight had negative direct effect. Netrapal Singh (2001) in a
study of path analysis in 34 genotypes reveled that biological yield had highest direct




effect on yield followed by number of pods, days to maturity. While 100-seed weight,
number of primary branches and days to 50 percent flowering have negative direct

effect.

Mishra et al. (2002) reported that the number of pods per plant had the highest
positive direct effect on seed yield. Narayana and Reddy (2002) conducted path
analysis in 31 chickpea genotypes and they reported high direct effects of number of
pods per plant, 100-seed weight, number of seeds per pod and harvest index on seed
yield. Pratap et al. (2002) carried out path analysis in 57 chickpea genotypes and they
observed positive direct effect on grain yield by biological yield, number of pods

plant and harvest index.

The study of relationships among quantitative traits is important for assessing
the feasibility of joint selection of two or more traits and hence for evaluating the
effect of selection for secondary traits on genetic gain for the primary trait
under consideration. A positive genetic correlation between two desirable traits
makes the job of the plant breeder easy for improving both traits
simultaneously. Even the lack of correlation is useful for the joint improvement of the
two traits. On the other hand, a negative correlation between two desirable traits

impedes a significant improvement in both traits.

2.2.3 Diversity studies

Study of genetic diversity is the process by which variation among individuals or
groups of individuals or populations is analyzed by a specific method or a
combination of methods. Analysis of genetic relationships in crop species is an
important component of crop improvement program, since it provides information
about genetic diversity of the crop species which is a basic tool for crop improvement.
Analysis of genetic diversity in germplasm collections can facilitate reliable
classification of accessions and identification of subsets of core accessions with

possible utility for specific breeding purpose (Mohammadi and Prasanna, 2003).

2.2.3.1 Importance of Diversity Studies

Diversity is the foundation in which selection is practiced. Diversity studies in a crop
are important for various aspects such as management of genetic resources,
identification of duplicate accessions in the germplasm and in applied breeding

programs. Various data have been used to analyze the genetic diversity in crops,



including morphological, agronomical and ecogeographical traits. Most economic
traits of the crop varieties are quantitative traits that are affected by the crop
environment and also by genotype-environment interaction. Traditionally phenotypic
traits (Nozzolillo 1985; De Leonardis et al. 1996; Robertson et al., 1997; Hassan
2000; Javedi and Yamaguchi 2004), hybridization success (Ladizinsky and Alder
1976; Pundir and VanderMaesen 1983; Pundir and Mengesha 1995; Badami et al.,
1997) analysis of chromosome pairing in hybrids (Ladizinsky and Alder 1976;
Ahmad 1988), and the study of chromosomes structure (Ohri and Pal 1991; Tayyar et
al., 1994; Ahmad 2000) have been widely used methods for analysis of genomic
relationships and the construction of phylogenies among Cicer species. Over the past
15 years, electrophoretic data based on seed storage protein (Ladizinsky and Alder
1975a; Vairinhos and Murray 1983; Ahmad and Slinkard 1992) and isozymes (Kazan
and Muehlbauer 1991; Ahmad and Slinkard 1992; Labdi et al., 1996; Tayyar and
Waines 1996; Gargav and Gaur 2001) have also been applied to systematic studies in
Cicer.

2.2.3.2 Phenotypic diversity studies

Genetic improvement mainly depends upon the amount of genetic variability present
in the population. Information on the nature and degree of genetic divergence would
help the plant breeder in choosing the right parents for breeding programme. In
respect of quantitative characters, a breeder is primarily interested in genetic diversity,
because it decides response to selection. Several methods of divergence analysis
based on quantitative traits have been proposed to suit various objectives, of which
Mahalanobis’s generalized distance is by and large widely used by plant breeders.
The utility of the Mahalanobis’s D? analysis to detect divergence in a group of
genotypes and to identify genotypes that can effectively be used in crossing
programme has been stressed repeatedly (Anilkumar et al., 1993).

Malik et al., (2010) studied twenty chickpea genotypes for various yield parameters
and reported clustering based on Euclidean dissimilarity which placed all genotypes
in three clusters at 50% linkage distance. Cluster I, Il and 11l possessed 8, 5 and 7

genotypes, respectively.

Farshadfar and Farshadfar, (2008) conducted a study to determine the genetic
variability among 360 chickpea lines and reported that 63% variance was explained

by five PCs and the genotypes could be classified into four clusters.



Upadhyaya et al., (2007) identified the diverse germplasm lines for agronomic traits
in the chickpea core collection at ICRISAT by conducting hierarchical cluster
analysis, where the first five principal components accounted for 80.5% variation. The
39 selected accessions and two control cultivars (Annigeri and L 550) were grouped
into three clusters. Cluster | represented early maturing large-seeded kabuli types,
cluster 11 early and late maturing desi types and cluster 3 late maturing intermediate
and kabuli types. The newly identified lines were diverse than the control cultivar and

could be used in crop improvement.

Vural et al., (2007) performed cluster analysis based on principal components (PCs)
on eleven varieties grown in Turkey which were separated into two main clusters and

three subclusters.

Upadhyaya, (2003) performed principal component analysis on the world chickpea
germplasm collection held at ICRISAT, using 13 quantitative traits. The clustering of
germplasm accessions based on the first three PC scores delineated two regional
clusters consisting Africa, South Asia, and Southeast Asia (all desi types) in the first
cluster and the Americas, Europe, West Asia, Mediterranean region and East Asia (all

kabuli types) in the second cluster.

Upadhyaya et al., (2007) identified new early-maturing germplasm lines using the
core collection approach. The average phenotypic diversity values across traits was
higher for plot yield, apical primary branches and number of pods per plant

Prakash, (2006) conducted divergence analysis in 81 kabuli chickpea accessions
under irrigated conditions and observed wide variations in plot yield, 100 seed weight

and seeds per pod.

Upadhyaya, (2003) determined diversity in different regions of world for seven
qualitative traits and 13 quantitative traits in the world collection of chickpea
germplasm (16,820 accessions). The Shannon-Weaver diversity index (H') was
variable in different regions, seed colour among qualitative traits and days to 50%
flowering among quantitative traits showed the highest pooled diversity index.



Islam et al., (1984) evaluated 140 chickpea varieties to study phenotypic diversity
based on 7 quantitative traits during postrainy season and observed maximum
diversity in number of pods and plot yield followed by minimum diversity in days to
50 percent flowering and days to maturity.

Dwevedi and Gaibriyal, (2009) reported the magnitude of genetic divergence among
25 genotypes of chickpea, using Mahalanobis‘s D? statistics, which were grouped
into six clusters and also identified diverse parents which can be utilized in crop

improvement programs.

Durga et al., 2005 assessed the genetic diversity based on seven characters in 132
chickpea genotypes and grouped them into 9 clusters. Cluster |1 was the largest,
comprising of 20 genotypes, followed by clusters V and VII with 16 and 15
genotypes, respectively. Maximum inter cluster distance was noticed between clusters
| and VIII (511.4) and suggested that crossing the genotypes between clusters | and
VIl may lead to maximum diversity in the segregating populations and development

of high yielding cultivars.

Raval and Dobariya, (2004) studied genetic divergence among 52 chickpea genotypes
and grouped them into 15 clusters. No parallelism was observed between geographic

distribution and genetic diversity.

Jeena and Arora, (2002) evaluated thirty six genetically diverse genotypes of chickpea
for 16 quantitative attributes following Tocher’s method as described by Rao (1952)
based on Mahalanobis’s Dstatistics. Twenty eight genotypes were grouped in cluster
I, two genotypes each in cluster Il and Il and one genotype each in clusters 1V, V, VI
and VII.

Narendra Singh, (2002) carried out multivariate analysis in 300 kabuli chickpea
accessions using D? statistic and grouped them into 10 non overlapping clusters with
like genotypes within clusters for different attributes and also reported no association

between clustering pattern and eco-geographical distribution of the genotype.

Sivakumar and Muthiah, 2001 carried out genetic divergence analysis with 126
chickpea cultivars and were grouped into seven clusters. The highest divergence was
observed between clusters 1V and VII while the lowest was between clusters IV and

V. The intra cluster divergence varied from 0 to 2.99.

Darshanlal et al., (2001) estimated genetic divergence among 33 genotypes of



chickpea using D? statistic based on yield related traits, which were grouped into 5
clusters. The grouping pattern did not show any relationship between genetic

divergence and geographic diversity.

Jethava et al., (2000) estimated genetic divergence using Mahalanobis’s D? statistic
among 70 chickpea genotypes with different ecogeographical region, which were
grouped into 16 clusters indicating that the geographical distribution and genetic
diversity were not related. Seed yield per plant, number of pods per plant and 100-
seed weight contributed maximum to genetic diversity.

Harisatyanarayana and Reddy, (2000) estimated the genetic divergence among the 31
genotypes of chickpea based on ten characters and were grouped into seven clusters

based on the mean performance, genetic divergence and clustering pattern.

Chand, (1999) studied 49 genotypes for magnitude of genetic diversity using D?
analysis by considering seven quantitative characters like days to flowering, days to
maturity, plant height, branches per plant, pods per plant, 100 seed weight and seed

yield per plant. Forty nine genotypes were grouped into eight clusters.

Pooranchand and Chand, (1999) studied genetic divergence among 49 genotypes of
chickpea using D analysis for seven quantitative traits, which were grouped into eight

clusters.

Bhattacharya and Ganguly, (1998) carried out genetic diversity analysis in twenty six
genotypes of chickpea under normal and late seeding conditions. Genotypes grown
under normal seeding were grouped into ten clusters and under late seed condition
into seven clusters and geographical origin of genotypes did not show any definite

relationship with genetic diversity.

Narendra Kumar, (1997) reported grouping of sixty entries of chickpea into five
clusters based on seven characters using Mahalanobis D? statistics and the grouping of

entries in different clusters was not related to their geographic origin.

Samal and Jagdev, (1996) estimated genetic divergence among 32 cultivars of
chickpea using Mahalanobis’s D? statistics for seven yield related characters and were

grouped into six clusters

Dangaria et al., (1994) studied 32 genotypes of chickpea for genetic divergence for
nodulation characters like nodule number, nodule weight and nodule size. Thirty two



genotypes were grouped into 5 clusters with inter-cluster distance ranging from 7.93
(between 1 and I11) to 17.53 (between 1V and V).

Sarvaliya and Goyal, (1994b) estimated genetic divergence among 76 genotypes of
chickpea, which were mostly of Indian origin. There were significant differences
among the genotypes for 10 agronomic characters studied and were grouped into 10
clusters. There was no relationship between geographical distribution and genetic

diversity.

Anilkumar et al., (1993) estimated genetic divergence in a collection of 52 true
breeding advanced generation lines and two check varieties of chickpea on the basis
of photosynthetic and yield related traits including nodulation parameters to identify
physiologically efficient types. These genotypes fell in nine and Cluster V had the
highest number of genotypes.

Lokender Kumar and Arora, (1992) used D2 statistics to group 40 genotypes of
chickpea collected from various geographical regions into 10 clusters based on 18
characters and reported that there was no definite relationship between genetic
diversity and geographical distribution.

Khan et al., (1991) classified 132 chickpea lines into eight groups on the basis of
physiological and morphological traits using multivariate analysis and reported weak

correspondence between D2 analysis and canonical variate analysis.

Sandhu and Gumber, (1991) studied 59 strains of chickpea for magnitude of genetic
diversity using Mahalanobis’s D? analysis considering eight yield contributing
characters. They were grouped into 14 clusters. They recommended crossing between
genotypes of divergent clusters namely ICC 11321 and L 550 (cluster VI) with ICC
11316 (Cluster XI) for improving productivity.

Mishra et al., (1988) studied the genetic variability as estimated by D? and metro
glyph analysis using 12 yield components in 177 genotypes, which were grouped into

13 clusters

Salimath et al., (1985) subjected eighty genotypes comprising of kabuli and desi types
from India and nine other countries to divergence analysis by using Mahalanobis’s D?
statistic, a clear demarcation between kabuli and desi cultivars based on yield and

nine yield components.



Adhikari and Pandey, (1983) conducted a study involving 36 varieties from ten
chickpea growing states of India and concluded that kabuli and desi types tended to
occupy separate clusters. The study which considered seed yield and 16 yield related
traits formed 9 clusters, with all the kabuli types.

Katiyar, (1978) grouped thirty cultivars into 7 clusters on the basis of flowering time,
leaf weight, number of pods per plant and seed weight per plant. Maximum diversity

was contributed by pod number per plant.

Upadhyaya et al., (2006) assembled a global composite collection of 3,000 accessions
from entire collection of chickpea germplasm preserved in ICRISAT and ICARDA
which included trait donor parent lines, landraces, elite germplasm lines, cultivars and

wild Cicer species representing a wide spectrum of genetic diversity.

Upadhyaya et al., (2002) developed a core subset of 1956 accessions (10% of the
entire collection) from the entire collection at ICRISAT, which contained 1465 desi,
433 kabuli and 58 intermediate types of accessions. The evaluation of the core subset
revealed that kabuli accessions in general had broad plant width, matured late, and
had low pod number; high seed weight and low yield.

Upadhyaya and Ortiz, (2001) postulated the “mini core” concept (10% of the core
collection or 1% of entire collection) representing entire species diversity and mini

core accessions have been selected and used as a gateway for germplasm utilization.

2.3 Drought related traits

Drought is economically the most important abiotic constraint to crop production in
the world (Araus et al., 2002; Boyer, 1982). Chickpea frequently suffers from drought
stress towards the end of the growing season in rain-fed conditions. Ninety percent of
the world’s chickpea is produced in areas relying upon conserved, receding soil
moisture. Therefore, crop productivity is largely dependent on efficient utilization of
available soil moisture (Kumar and Van Rheenen, 2000). In both Mediterranean and
sub-tropical climates, seed filling in chickpea is subjected to terminal drought, which
limits seed yield (Turner et al., 2001).

In chickpea, the focus of drought resistance research is on the ability to sustain greater
biomass production and crop yield under seasonally increasing water deficit, rather
than the physiological aptitude for plant survival under extreme drought shock (Serraj
and Sinclair, 2002). This has led to the focus on escape and avoidance strategies such



as early maturity (Kumar and Abbo, 2001) and large root systems (Saxena et al.,
1995; Singh et al., 1995; Kashiwagi et al., 2006).

2.3.1 Root system in chickpea

Roots have a major role in dehydration avoidance as deep root system is able to
obtain moisture from the deeper soil layers even when the upper soil layer becomes
dry. Sponchiado et al., (1980) and Pandey et al., (1984) hypothesized that the ability
of a plant to change its root distribution in the soil and it is an important mechanism
for drought avoidance. Benjamin and Nielsen (2006) reported that greater root surface
area to weight ratio in chickpea as compared to field pea and soybean which indicates
either a finer root system or roots with lower specific density. Sponchiado et al.
(1980) reported the ability of common bean to change root distribution to avoid
drought stress that varied by cultivar. A large root system leads to a fall in harvest
index because there is much less assimilate available for grain growth. Hence a more
efficient root system is to be preferred.

Studies in various crops have shown the importance of a deep root system for
extracting moisture under terminal drought stress (Ludlow and Muchow, 1990;
Saxena and Johansen, 1990; Turner et al., 2001). Field studies in legumes (Saxena
and Johansen, 1990; Turner et al., 2001) showed that both dense root systems
extracting more of the water in upper soil layers and longer root systems extracting
soil moisture from deeper soil layers are important for maintaining yield under
terminal drought stress. A higher ratio of deep root weight to shoot weight was also
found to maintain higher plant water potentials and have a positive effect on yield
under stress (Mambani and Lal, 1983). Ludlow and Muchow (1990) recommended
traits that are suited for intermittent stress conditions in modern agriculture and also
three top priorities in order to match plant phenology to water supply, osmotic
adjustment, and rooting depth. Roots at the deeper soil layer contributed more to root
length or surface area than to root weight (Follett et al., 1974). Deep root systems in
sorghum demonstrated increased yield under drought conditions (Jordan et al., 1983;
Sinclair, 1994). A high ratio of root weight to shoot weight also maintained higher
plant water potential and had a positive effect on yield under drought stress conditions
(Mambani and Lal, 1983).

Farshadfar et al. (2001) observed highly significant differences among 21 chickpea

lines for stress tolerance index (STI), stress susceptibility index (SSI), tolerance index



(TOI) and mean productivity (MP) and correlated between these indices, out of these

MP and STI are the most suitable criteria for screening under rainfed environments.

Deshmukh and Kushwa (2002) studied simple traits like relative water content
(RWC) and membrane injury index (MII) for screening 20 genotypes for drought
tolerance and found that RWC and MII of a genotype measured during early phase
provide an indication of its relative MII during reproductive stage and these genotypes

can be used to screen large number of populations for drought tolerance.

Krishnamurthy et al., (2003) identified ICC 4958 as a drought avoidant variety with
most prolific root system and Kashiwagi et al., (2005) identified ICC 8261 with high
root to total plant ratio and deepest root system as most promising by evaluating

chickpea mini-core collection (211 accessions) for drought avoidance root traits.

Deshmukh et al. (2004) suggested that the genotypes with high DTE, Least DSI and
minimum reduction in yield due to stress indicated drought tolerance under field

condition.

Kashiwagi et al. (2006) found substantial variation in root length density among 12
diverse kabuli and desi chickpea genotypes at different soil moisture levels and
reported that the proportion of the roots at the lower depth was also important in water

absorption from deeper soil layers.

Kashiwagi et al., (2007) reported that fifteen out of fifty kabuli accessions had more
than 50g of 100-seed weight, and Root Length Density (RLD) as large as that of ICC
4958 (0.252 cm cm’™).

Toker et al., (2007) reported that all 68 accessions were significantly superior to
annual wild and cultivated chickpeas including the best drought tolerant chickpea
cultivar, ICC 4958.

Kashiwagi et al., (2008) evaluated sixteen diverse chickpea germplasm accessions
based on transpiration in chickpea and reported a significant positive correlation

between relatively cool canopy area and seed yield under rainfed conditions.

2.4 Pod borer resistance related traits
Chickpea is a major pulse crop, rich in protein and is susceptible to a number of insect
pests, which attacks on roots, foliage and pods. Gram Pod borer (Helicoverpa

armigera Hubner) constitutes a worldwide pest of great economic importance on this



crop. It is a highly polyphagus pest, feeding on a wide range of food, oil and fiber
crops. This pest is the major constraint in chickpea production causing severe losses
upto 100% inspite of several rounds of insecticidal applications (Singh & Yadav,
2006). In chickpea, it feeds on buds, flowers and young pods of the growing crop, the
crop often fails to recover and yield is extremely poor. The pest status of this species
has increased steadily over the last 50 years due to agro-ecosystem diversification by
the introduction of winter host crops such as chickpea (Knights et al., 1980; Passlow,
1986). The noctuid H. armigera Hubner and H. punctigera Wallengren are among the
most damaging pests of field crops (Fitt, 1989; Zalucki et al., 1994). Commercial
chickpea crops are important sources of habitat for Helicoverpa species (White et al.,
1995). Sequeira et al., (2001) reported chickpea attractive to oviposition of
Helicoverpa moths from 14 days after planting and throughout the growth period. Of
all Helicoverpa species larvae recorded from the entire samples and crop
combinations, 98.3% were found on chickpea.

Direct pollution due to agricultural activities is mainly related to increased use of
chemical inputs such as fertilizers and pesticides. But the use of pesticides has lead to
the development of pesticide resistant strains in insects, accumulation of pesticide
residues in the agricultural commodities, and poisoned food, water, air and soil
(Lateef, 1985; Forrester et al., 1993). Moderate levels of resistance in C 235 and L
550 were reported among the eight genotypes evaluated in the laboratory for feeding
preference by the fifth instar H. armigera larvae (Olla and Saini, 1999). Using three
parameters, the number of larvae, number of pods and percentage pod damage, Singh
and Yadav, (1999a, b), screened 70 desi chickpea genotypes under normal sown and
late sown conditions and reported that the genotypes were more tolerant and as good
as common cultivars in late sown conditions. Gumber et al., (2000) reported that the
pod borer damage was positively correlated to the total number of pods and pod
length by screening 62 chickpea germplasm accessions and six approved cultivars.
Bhatt and Patel (2001) evaluated 11 cultivars and reported the cultivars with highest
larval population showed significantly higher pod damage. Sharma et al., (2005c)
standardized a cage technique to screen chickpeas for resistance to H. armigera and
reported that leaf feeding by the larvae and larval weights was lower on ICC 506 than
on ICCC 37 at the flowering stage, across growth stages and infestation levels. Sanap
and Jamadagni (2005) screened twenty-five promising chickpea genotypes under

pesticide-free field conditions at Mahatma Phule Krishi Vidyapeeth, Rahuri, and



Maharashtra with resistant check, ICC 506EB and reported the genotypes with fairly
good resistance/ tolerance against pod borer. Harminder et al., (2005) reported large
pod damage among all the entries; insect infestation was very high in 64 susceptible
genotypes. While forty five genotypes were moderately resistant by evaluating among
184 genotypes scored to find donor for pod borer and wilt resistance, together. Singh
and Yadav (2006) reported that spreading types were more susceptible to Helicoverpa
damage than erect types and kabuli types compared to desi types, by evaluating 1600
desi and 1400 kabuli for yield losses arising from pod borer infestation under rainfed
conditions. Narayanamma et al., (2007) reported that the genotypes showed
antixenosis, antibiosis, and tolerance mechanism of resistance to H. armigera by
evaluating a set of diverse chickpea genotypes and their F; hybrids. Patil et al., (2007)
screened screening twenty-five promising chickpea under pesticide-free field
conditions with resistant check, ICC 506EB. Sarwar et al., (2009) reported the least
sensitive and least productive genotypes by checking the response of 10 chickpea

lines to gram pod borer H. armigera at the farm conditions.

2.5 Quality traits

2.5.1 Flavonoids

Flavonoids, a diverse group of low molecular weight secondary metabolites found
throughout the plant kingdom, play a key role in a variety of developmental programs,
biochemical processes, and environmental responses (Bruce et al., 2000) and are
widely distributed group of plant phenolics, with more than 9000 compounds
described (Martens and Mithofer, 2005). Accumulation of some flavanoid compounds
in plant tissues can be observed as pigmentation of different organs (Winkel-Shirley
2002).

Anthocyanins, isoflavoids (isoflavones, pterocarpans), flavones (in aerial parts),
flavondiols and tannins have been detected in chickpea seeds (Harborne, 1994; Bravo,
1998). The flavone 3, 7, 4’-trihydroxyflavanone was named ‘garbanzol’ after its

discovery in chickpea (Kuhnau, 1976).

2.5.1.1 Anthocyanins

Anthocyanins are water-soluble plant pigments often responsible for the orange to red
(sometimes blue, violet or magenta) colour of flowers, fruits and seed of higher
plants. Anthocyanins are the glycosides of anthocyanidins (e.g. pelargonidin,

malvidin, cyanidin) and play an important role in pollinator attraction and seed



dispersal. Relatively little work has been done on anthocyanins as a dietary
component (Kong et al., 2003), on the health-promoting benefits of anthocyanins
outlining their antioxidant, anti-inflammatory, anti-oedema, anti-ulcer and anti-
tumour activities. Hence, anthocyanins may play a role in the prevention of coronary

heart disease, inflammatory diseases and some cancers.

2.5.2 Protein

Chickpea is an important source of protein for millions of people in developing
countries. In addition to having high protein content, it is used as a protein rich animal
feed and the vegetative biomass is used as fodder. The crude protein content of
chickpea seed varies from 17-24% which extremes from 12.4-31.5%, and is
commonly 2-3 times higher than cereal grains. Chickpea has been specifically used to
treat protein malnutrition and kwashiorkor in children (Krishna Murti, 1975). Factors
that cause variation in chickpea seed protein content include genotypes growing
environment, field conditions and agronomic practices. These also affect the
nutritional quality of protein (Singh et al., 1974; Kumar et al., 1983; Singh et al.,
1983).

Chickpea seed also contains an appreciable amount of nonprotein nitrogen (NPN) and
total seed nitrogen (Singh and Jambunathan 1981). A large variation in NPN would
overestimate the true protein content of the sample and would consequently affect the
estimated protein intake in diet.

2.6 Molecular diversity

Traditionally, genetic variation is inferred by morphological/phenotypic variation or
the growth response of the organism. Classical methods of establishing genetic
diversity and /or relatedness among groups of plants relied upon phenotypic
(observable) traits. However, these had two disadvantages: First, the quantitative traits
are greatly influenced by environmental and genotype x environment interaction, and
secondly the levels of polymorphism (allelic variation) that could be looked at are
limited. These limitations were significantly overcome by deployment of
environment—neutral biochemical makers (Isozymes) and protein electrophoresis and
molecular markers that focus directly on the variation controlled by genes or on the
genetic material (DNA itself). The higher resolution of molecular markers makes
them a valuable tool for finger printing, protection of breeders rights, facilitating

appropriate choice of parents for breeding programmes, analyzing quantitative traits,



detection of Quantitative Trait Loci (QTL), gene mapping, marker assisted selection,
gene transfer, understanding evolutionary pathways and for the assessments of genetic
diversity.

The range of molecular markers that can be used on most plant germplasm is quite
extensive (Mohan et al., 1997; Gupta and Varshney, 2000). Techniques vary from
identifying the polymorphism in the actual DNA sequence to the use of DNA
hybridization methods used to identify RFLPs (Restriction Fragment Length
Polymorphisms) or the use of PCR based (Polymerase Chain Reaction) technology to
find polymorphism using RAPD (Random Amplified Polymorphic DNA), SSR
(Simple Sequence Repeat) or combination techniques like AFLP (Amplified
Fragment Length polymorphism). The different methods differ in their cost, ease of
application, type of data generated (whether it provides dominant or co-dominant
markers) the degree of polymorphism they reveal, the way they resolve genetic

difference, and their utilization for taxonomic studies (Karp et al., 1997).

The applications of different techniques for genetic diversity analysis have been well
reviewed (Malyshev and Karte, 1997; Newbury and Ford-Lloyd, 1997: Westman and
Kresovich, 1997; Karp et al., 1998). Some applications of diversity analysis using
molecular marker tools includes, identifying areas of higher genetic diversity
(Hamrich and Godt, 1990), determining collection priorities and sampling strategies
(Schoen and Brown, 1991), guiding the designation of in-situ or on-farm conservation
strategies (Bonierbale et al., 1997), monitoring genetic erosion (Robert et al., 1991) or
vulnerability (Adams and Demeke, 1993), to guide the management of ex-situ
collection, maximizing the genetic diversity in core collection, comparing
agronomically useful regions of the genomes of different crops (Paterson et al., 1995),
monitoring the movement of genetic resources, assisting in taxonomic evolution,
enhancing understanding of relationships between crop gene pools (Gepts, 1995),
achieving accurate identification of germplasm at the species/ subspecies levels
(Wang and Tanksley, 1989; Virk et al., 1995; Martin et al., 1997; Zhu,1998), and
identifying duplicates with in collections particularly in gene banks (Virk et al.,
1995).

There are various types of DNA markers available to evaluate DNA polymorphism in
sample genomes. Selection of a correct marker system depends upon the type of study

to be undertaken and whether that marker system would fulfill at least a few of the



mentioned characteristics such as easy availability, highly polymorphic nature,
Mendelian inheritance, frequent occurrence in genome, selective neutral behavior,
easy and fast assay, high reproducibility, free of epistasis and pleiotropy etc, (Weising
et al., 1995). The invention of PCR, which is a very versatile and extremely sensitive
technique, uses a thermostable DNA polymerase (Saiki et al., 1988) has changed the
total scenario of molecular biology and has also brought about a multitude of new

possibilities in molecular marker research.

2.6.1 Microsatellite markers:

SSR markers are considered the markers of choice for plant genetics and breeding
applications (Gupta and Varshney, 2000). In case of chickpea, only few hundred SSR
markers were available (Table 3). It is also important to note that majority of these
markers were developed from targeted SSRs for assaying variation in particular repeat
motifs. Hence in order to increase the molecular marker repertoire and to develop
genome wide SSR markers, ICRISAT in collaboration with University of Frankfurt,
Germany, developed 311 SSR markers from SSR-enriched libraries (Nayak et al.,
2010) and 1344 SSR markers from BAC-end sequence mining approaches in
collaboration with University of California, Davis, USA (Table 3). As EST sequences
from various tissues and developmental stages of chickpea have also been reported
(Boominathan et al., 2004; Romo et al., 2004; Buhariwalla et al., 2005; Coram and
Pang, 2005; Varshney et al., 2009b, Choudhary et al., 2009), a few hundred SSR
markers have been developed from ESTs (Buhariwalla et al., 2005, Varshney et al.,
2009b, Choudhary et al., 2009). As a result of above mentioned efforts, at present
>2000 SSR markers representing the entire chickpea genome are available.

2.6.2 Diversity Array Technology (DArT) markers

DArT are one of the new generation markers. DArT provides high quality markers
that can be used for diversity analyses and to construct medium-density genetic
linkage maps. The high number of DArT markers generated in a single assay not only
provides a precise estimate of genetic relationships among genotypes, but also their
even distribution over the genome offers real advantages for a range of molecular
breeding and genomics application. DArT was first developed in rice (Jaccoud et al.,
2001). Subsequently, it was developed for different crops and used in linkage map
construction and diversity analysis. The important plant species for which DArT has
been developed include rice (Xie et al., 2006), barley (Wenzel et al., 2004, 2006),



Arabidopsis (Witenberg et al., 2005), eucalyptus (Lezar et al., 2004), wheat (Semagn
et al., 2006; Akbari et al., 2006), cassava (Xia et al., 2005), sorghum (Mace et al.,
2008), in collaboration with DArT Pty Ltd, Australia extended DArT arrays with
15,360 features for chickpea have been developed at ICRISAT (Varshney et al.,

2010a).

Table 3: Genomic resources available for chickpea

Marker type Number of References
markers
Genomic SSR 28 Hiettel et al., 1999
174 Winter et al., 1999
10 Sethy et al., 2003
233 Lichtenzveig et al., 2005
13 Choudhary et al., 2006
85 Sethy et al., 20063, b
63 Qadir et al., 2007
311 Nayak et al., 2010
1344 ICRISAT and UC-Davis, USA
EST-derived SSR 60 Choudhary et al., 2009
77 Varshney et al., 2009b
106 Buhariwalla et al., 2005
CAPS 12 Rajesh et al., 2008
5 Varshney et al., 2007
DAIT 15,360 DArT Pty Ltd, Australia and ICRISAT
SNP Ca. 9,000 identified and ICRISAT, UC-Davis, USA and NCGR,
768 on Golden Gate assay USA

*UC-Davis - University of California, Davis, USA
NCGR - National Center for Genome Resources, New Mexico, USA
ICRISAT - International Crop Research Institute for Semi-Arid Tropics, Hyderabad, India

2.6.3 Transcript sequences and SNP markers

Molecular marker technologies, however, are currently undergoing a transition from
largely serial technologies based on separating DNA fragments according to their size
(SSR, AFLP), to highly parallel, hybridization-based technologies that can
simultaneously assay hundreds to tens of thousands of variations especially in genes.
This transition has already taken place in several major crop species like rice (Nasu et
al., 2009), maize (Yan et al., 2009), soybean (Wu et al., 2010), and common bean
(Hyten et al., 2010). In case of chickpea, only few hundred ESTs and some reports on
identification of SNPs were available until recently. Recent years have witnessed
significant progress in development of comprehensive resource of transcripts by using
Sanger sequencing as well as ‘next generation sequencing’ (NGS) technologies
(Varshney et al., 2009c) that are being deployed for understanding genome dynamics

as well as development of SNP markers.



Sanger sequencing of a number of cDNA libraries constructed from drought- and
salinity-challenged tissues has provided about 20,000 ESTs (expressed sequence tags)
in chickpea (Varshney et al., 2009b). Combined analysis of Sanger ESTs together
with 454/FLX transcript reads provided 103,215 tentative unique sequences (TUSS) in
chickpea. Selected set of SNPs are being used to develop large-scale SNP genotyping
platform in chickpea that will augment recently developed GoldenGate assay
platforms for 768 SNPs by University of California-Davis, USA, National Centre for
Genome Resources (NCGR), USA and ICRISAT.

2.6.4 Assessment of Allelic Diversity in Germplasm Collections

Crop breeders are reluctant to select parental lines from thous