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Introduction and

Review of Literature




Grain legumes are crop plants belonging to theneg@iamily with papilionaceous
flowers and pods containing seeds. Legumes fix dbmospheric nitrogen by
symbiosis withRhizobium which provides them organic proteins. Grain legarare
cultivated primarily for their seeds, which arehricn carbohydrate and protein.
Legume grains contain 20 to 25% protein by weigtttjch is double the protein
content of wheat and three times that of rice graifor this reason, pulses are
sometimes called "poor man’s meat". Hence, ceredigh are deficient in lysine, are
commonly consumed along with pulses to form a ceteplprotein diet. While
legumes are generally high in protein content, dueddigestibility of the proteins is
also high, they often are relatively poor in thentemt of essential amino acid
methionine. The rise in import of pulses and tivailue (Fig 1.1) in India shows the
increasing demand and the need for improvementesehrch in legumes.

1.1 Chickpea: A valuable grain legume

Cultivated chickpeaCicer arietinum L, is a self-pollinated, diploid (22x=16)
annual pulse crop with a genome size of 740 MbuifArganathan and Earle 1991).
Globally it is the third most important food legunféilg 1.2a), grown in over 40
countries representing all the continents. Over 9%R4he area, production and
consumption of chickpea is in developing countriBsiring 2007-08, the global
annual chickpea production was 9.31 Mt from an ayed1.67 Mha, giving an
average productivity of 786 kg/ha (Table 1.1). Dgrithe past 20 years, the global
chickpea area increased by 7%, yield by 24% andyatoon by 33% (FAOSTAT,
2008). Chickpea has majority of its cultivationdry areas of the Indian subcontinent
(Saxena, 1990) and India is the principal chickpexriucing country with a share of
90% in this region. Though, chickpeas are grown landlly consumed, India is also
the world’s largest importer of chickpeas accounfior about 20% of global imports
(Fig 1.1). These figures reflect on the growing dechfor chickpea and other pulses
as well as the immense strain on crop productiahygeld. Having a capacity to stand
in drought conditions, this crop does not have rtbguirement of being fed with
nitrogen fertilizers. Chickpea through its biolagfimitrogen fixing (BNF) capability
meets 80% of its nitrogen requirement and can fixta 140 kg N/ha from air. It
leaves substantial amount of residual nitrogen rgeHor subsequent crops and
improve soil health, long-term fertility and sustalbility of the agro-ecosystems.



Particulars 2001 2002 2003 2004 2005 2006 2007
Area (Million Ha) 9.46 10.39 9.66 10.56 10.36 10.85 11.67
Production (Million Tonnes)

India 3.86 547 424 572 547 5.60 5.97
Pakistan 0.40 0.36 0.68 0.61 0.87 0.48 0.84
Turkey 0.54 0.65 0.60 0.62 0.60 0.55 0.52
Australia 0.26 0.13 0.20 0.14 0.12 0.23 0.31
Iran 0.27 0.30 0.29 0.29 0.27 0.31 0.31
Myanmar 0.12 0.21 0.23 0.22 0.23 0.22 0.23
Canada 0.46 0.16 0.07r 0.05 0.10 0.16 0.22
Others 1.02 1.01 0.83 0.79 0.87 0.99 0.91
Total 6.91 8.29 7.13 843 8.3 8.54 9.31
Imports 1.12 0.86 0.92 0.74 0.86

Table 1.1 Global scenario of chickpea area, productioniamzbrts
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1.1.1 Area, production and productivity

Chickpea, India’s most important food legume igently grown in about 6.7 m ha in
India and 11.67 m ha in worldwide (FAOSTAT, 200Bjesently, the most important
chickpea producing countries are India (65%), Rakig9%), Turkey (6%), Iran
(4%), Mexico (3%), Myanmar (3%), Ethiopia (2%), Auagdia (2%), and Canada (1%)
(Fig 1.2) (Millan et al, 2006). During the past 30 years, the chickpea dras
remained stagnant, however the production hasasecefrom 6.9 m t (during 2001)
to 9.31 m t (during 2007) because of increase adyctivity from 614 to 797 kg/ha
during this period (Fig 1.3). There was a reduciionthe chickpea area in northern
India but it was largely compensated by increasthénchickpea area in central and

southern India.

1.1.2 Morphology

Chickpea Cicer arietinumL.) has a deep tap root system, which enhancesjiacity

to withstand drought conditions. It is well adaptedareas having relatively cooler
climatic conditions and a low level of rainfall. &haerial portion is profusely
branched, erect or spreading, reaching a heigh®.®fl m, appearing glandular
pubescent, olive, dark green or bluish green irorcoleaves are imparipinnate,
glandular-pubescent with 3-8 pairs of leaflets wahhis ending in a terminal leaflet.
Leaflets are ovate to elliptic, 0.6-2.0 cm long-0.4 cm wide; margin serrate, apex
acuminate to aristate, base cuneate; stipulesodthdd or absent. The inflorescence
consists of solitary flowers, sometimes two pefoirgscence and borne on 0.6-3 cm
long peduncles, 7-10 mm long calyx; while the lsaate triangular or tripartite; the
corolla is 0.8-1.2 cm long and varies from whitekp purplish (fading to blue), or
blue. The staminal column is diadelphous (9-1) witbessile, inflated and pubescent
ovary (Duke, 1981; Cubero, 1987; van der Maeser@719The seeds (1-2 or
maximum 3) are contained in a pod, which is rhombellipsoid, inflated and
glandular-pubescent. The seed color varies fronancreyellow, brown, black or

green.
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Seeds may be rounded to angular with a smoothiokhd, or tuberculate seed coat,

which is laterally compressed with a median groaveund two-thirds of the seed
forming a beak at the anterior end; during the wgptylar germination cotyledon
tips remain in the seed coat in intimate contadhwhe endosperm (Duke, 1981;
Cubero, 1987 van der Maesen, 1987).

1.1.3 Origin and domestication

Chickpea Cicer arietinumL.) is one of the legume crops domesticated in Qe
World. Most probably, it has originated in an aoéaouth-eastern Turkey and Syria.
It was first grown in Turkey about 7,000 B.C. Itbslieved to have been domesticated
from C. reticulatumLadizinsky, a closely related wild species. Threéd annual
Cicer speciesC. bijugum C. echinospermupandC. reticulatum closely related to
chickpea, cohabit with the cultivar in this arehic&pea is not known to occur in the
wild and some of the earlier reports on its mistakéld status could be due to
volunteers or escapes from cultivation. After doticesion in the Middle East, the
crop spread throughout the Middle East, the Meditezan region, India, and Ethiopia
8



(Ladizinsky 1975; van der Maesen 1987). Its intiaun in Mexico, Argentina,
Chile, Peru, Australia and the US is a recent eyPuoke 1981). Chickpea is most
widely grown in South Asia and the Mediterraneagiae (Saxena 1990; Singh and
Ocampo 1997; FAOSTAT, 2008). A good knowledge @& wariousCicer species is
essential to enable the scientific community to en&fficient use of the genetic

resources in chickpea improvement.

1.1.4 Distribution

The Cicer species occur from sea level (e®. arietinum C. montbret) to over
5000m C. microphyllum near glaciers in the Himalayas. arietinumis found only

in cultivation and cannot colonize successfullyheiit human intervention. The wild
species (e.gC. reticulatum C. bijugun) occur in weedy habitats (fallow or disturbed
habitats, roadsides, cultivated fields of wheat| atiher places not touched by man or
cattle), mountain slopes among rubl#eg( C. pungen<. yamashitag and on forest

soils, in broad-leaf or pine forests (eQy.montbretij C. floribundunj.

1.1.5 Season

The yield from chickpea is maximum when grown ondsa loam soils having an
appropriate drainage system as this crop is vengitee to excess water. The
production of chickpea or ‘chana’ is also affectedexcessive cold conditions.
Chickpea is sown in the months of September to Kdez in India and is considered
as a rabi crop. The Desi type chickpea reachesgibggcal maturity in 95-105 days
and Kabuli type in 100-110 days. The crop is haeagksvhen its leaves start drying
and shedding and harvesting can be done manualijtiotthe help of a harvester. In
India, it is harvested between February and Afitlis crop is often cultivated as a
sole crop but sometimes it is also grown in rotatith other crops such as sorghum,

pearl millet, wheat and coriander.

1.1.6. Taxonomy

Chickpea is the only domesticated species under géraus Cicer, which was
originally classified in the tribe Vicieae of thanhily Leguminosae and sub family,

Papilionoideae. Based on the pollen morphology\astular anatomyCicer is now
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set aside from the members of Vicieae and is ¢ladsin its own monogeneric tribe,
Cicereae Alef. The tribe, Cicereae comes closénéaribe, Trifolieae, which differs
from the former in having hypogeal germination,dils, stipules free from the
petiole, and nonpapillate unicellular hairs.

The genuLicer comprises 43 species and is divided into two sobge The
subgenus, Pseudononis is characterized by smallef® (normally 5-10 mm),
subregular calyx, with hardly gibbous base, witlb $mear nearly equal teeth. It
comprises two sections, Mono cicer (annuals, witi ferect or horizontal stems
branched from the base or at middle) and sectiban@ecicer (annuals or perennials,
with thin creeping branched stem, and small floyveiidhe section, Mono cicer
comprising all annual species most important toethees, is subdivided into three
series, arietina (characterized by imparipinnatevds, with none to small arista),
cirrhifera (leaves ending in a tendril, with sharista), and Macro-aristae (leaves
imparipinnate, long arista). The subgenus, Viciastr(perennials, characterized by
medium large flowers, calyx strongly gibbous at the&se, with unequal teeth)

comprises two sections, Polycicer and Acanthocicer.

1.1.6.1 Cytotaxonomy

Chromosome number iGicer species can be generalized as 2n=2x= 16, although
varying numbers both for chickpea (2n= 2x= 14, 24, 32) and other wilCicer
species (2n=14, 16, 24) have been reported, but amot be confirmed by other
workers  {ttp://www.icrisat.org/chickpea/taxonomy Studies on biosystematic

relations between chickpea and its wild relativakoWwing interspecific hybridization
have been limited to the 9 annual spedisarietinum(chickpea)C. reticulatum C.
echinispermum C. judaicum C. pinnatifidum C. bijugum C. cuneatum C.
chorassanicummand C. yamashitae Based on the crossability and morphological
similarities, the 9 annual species have been €lagsnto 4 groups: the above first 3
species as group 1, the next 3 species along@ityamashitaeas group 2, and the
remaining 2 species as two separate groups. Od tbhaty two species;. reticulatum
and C. echinospermunproduced viable hybrids with chickpea. Gene exgbkais
normal between chickpea afid reticulatum while it is restricted due to high sterility

in the hybrids involvingC. echinospermumin general, based on morphology,
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physiology, and genetics;. reticulatumcomes closest to the cultigen, making it a
possible progenitor of chickpea. However, considgrihe polymorphic nature of
ancestral populations and complex nature of docedgin, one cannot rule out the
other possibilities, such & reticulatumand the cultigen sharing a common ancestor

or a polyphyletic origin of chickpea.

1.1.6.2 Chemotaxonomy

Based on the electrophoretic study of water-soligded protein patterns, a close
affinity between chickpea an@. reticulatumhas been found. Assessment of allelic
variation for 23 isozyme loci in 36 accessions espnting 8 wild species and 25
accessions of the cultivar, following four genagroups were recognized: Group one
(C. reticulatum C. arietinum and C. echinospermujm group two C. bijugum C.
pinnatifidun), group three €. judaicum C. yamashitae C. chorassanicumcC.
anatolicum and C. songaricumthe latter two are perennials) and group foQr (
cuneatun (http://www.icrisat.org/chickpea/taxonomy These groupings showed

good agreement with those based on morphologicalies, and partial agreement

with those obtained from cross ability and cytogengtudies.

1.1.7 Cultivar types

Two major cultivar types designated as ‘desi’ (=crmsperma) and ‘kabuli’ (=
macrosperma) have emerged under domesticationddrian ‘gulabi’, pea shaped
forms of local importance are also recognized (Mor@and Cubero, 1978). Desi
chickpeas are small and angular with rough browyettow testas, while kabuli types
are relatively large, plump, and with smooth creastored testas. Kabuli types are
considered relatively more advanced because of thajer seed size and reduced
pigmentation achieved through conscious selecAastudy at ICRISAT revealed that
desi and kabuli types differ in their dietary fibeomponents of seed, both
gualitatively and quantitatively. Kabuli types caint higher amount of dietary fiber,

particularly cellulose and hemicellulose.

Kabuli and desi classification also reflects igéition: whereas kabulis are
usually utilized as whole grains, desis as whoezsede-hulled splits (dhal) or flour.

Seeds are ground to flour and used in confectionéoying shoots or green pods,
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shelled for the peas and eaten as a snack or WgieGhickpea is also known for its
use in herbal medicine and cosmetics. An acriddiduwm the glandular hairs of the
plant is collected by spreading a cloth over thepcat night, which absorbs the
exudation with the dew. The exudate contains abBd@t malic acid and 6% oxalic

acid and is used medicinally.

Kabuli x desi crosses are used in many breedingrams to combine genes
for cold tolerance, bold seededness, resistancéAdoochyta blight and long
vegetative growth more frequently found in kabyjpds, while genes for heat and
drought tolerance, resistance to Fusarium wilt @ady flowering contributed by the
desi types (Singh, 1987).

1.1.8 Nutrition

Chickpea is mainly employed for human consumptiod also a small proportion
forms the part of animal and poultry feed. Chickpaa one of the highest nutritional
compositions of any dry edible legume and is ngoreed to contain any specific
major anti-nutritional factors (Williams and Singt®87). On an average, chickpea
seed contains 22% protein, 64% total carbohydrd2% starch, 6% fat, 10% crude
fiber, 17% soluble fibers and 3% ash (Fig 1.4). Tineeral component is high in
phosphorus (340 mg/100 g), calcium (190 mg/100ggmesium (140 mg/100g), iron
(7 mg/100 g) and zinc (3 mg/100 g). Chickpea protes the highest digestibility
when compared to other dry edible legumes. Thd liggction is high in unsaturated
fatty acids, primarily linoleic and oleic acids. &hare also a good source of calcium,
magnesium, potassium, phosphorus, iron, zinc amgarese (lbrikcet al, 2003).
Chickpeas do not contain as high amounts of isoflag as soybeans do but provide
more beneficial carotenoids such fasarotene than genetically engineered “Golden
Rice” (Abbo et al, 2005). Thus, chickpea is considered a functicioald or
nutraceutical (Agharkar, 1991; Mcintosh and ToppiR@00; Charle®t al, 2002).
While it is a cheap source of protein and energhendeveloping world, it is also an
important food to the affluent populations to aiédg major food-related health
problems. However, more research is necessarytidate and extend the food and

nutraceutical benefit of this important food legutheugh breeding.
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Fig 1.4 Nutrient composition of chickpea seeds

1.1.9 Yield and losses

The potential seed yield of about 5 t/ha has beported in chickpea. However, the
realized seed vyield hovers around 850 kg/ha (Fij (world averager 0.8 t/ha,
FAOSTAT, 2008), which has stagnated over the yegarseries of biotic and abiotic
stresses reduce the yield and vyield stability, ilavroom for only marginal
improvements. This affects development of widelyamdd cultivars and
susceptibility to several biotic and abiotic stesssGenerally, the crop produces
excessive vegetative growth under high input coonktand is unable to translate the
biomass into high seed yields. The major abiotiest@ints to productivity include
drought, heat, cold and salinity and the key biatostraints are Ascochyta blight
(Ascochyta rab)i, Fusarium wilt Fusarium oxysporujn Dry root rot Rhizoctonia
bataticolg, Botrytis grey mould Botrytis cinereg, Collar rot Sclerotium rolfsi),
Root-knot nematodéMeloydogyne incognitandM. javanicg, Stunt-virus, Pod borer

(Helicoverpa armigerp and CutwormAgrotis ipsilor).

Amongst the causal agents of biotic stresses,tabodungi, 3 bacteria, 22
viruses and 80 nematodes have been reported dkpehi¢Nenest al, 1996) but only
few of these cause economically important diseéldagvare, 1998). There has been
an increase in different chickpea pathogens likegifubacteria and viruses over a
period of past 17 years. The maximum number ofqgehs has been reported from
India alone with the number rising to 89 pathogen$995 from 35 in 1978 (Neret
al., 1996). Helicoverpa armigerawhich feeds on foliage, flowers and developing
seeds, is the most important pest of chickpea,endtilint is the most important and

prevalent viral disease in the most chickpea grgwagions of the world.
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Fig 1.5: The potential seed yield and the realized seed y@bductivity) of chickpea

1.1.10 Diseases

One of the major constraints in realization of fyigld potential of chickpea is wilt
caused by a Deuteromycetes fungal pathdgesarium oxysporunschlechtend.Er.

f. sp. ciceri (Padwick) Matuo & K. Sato. The pathogen penetrdtes vascular
bundles of roots of chickpea plants and stops duaes water uptake to the foliage.
The infected plants ultimately wilt and die. Thesehse is highly destructive and
worldwide in occurrence (Krafet al, 1994). It has been reported from almost all
chickpea growing areas of the world including theidan subcontinent, Iran, Peru,
Syria, Ethiopia, Mexico, Spain, Tunisia, Turkey dd8 (Halila and Strange, 1996).
The disease is capable of causing 100% vyield lassual yield losses due to wilt
have been estimated at 10%-90% (Jimenez-Btaal, 1989; Singh and Reddy,
1993). Persistence of the pathogen in soil andafsacity to survive there for years
even in the absence of host (Hawateal, 1996) renders its control difficult. Soil
applications of fungicides are costly and leadndiscriminate killing of beneficial
soil microflora. The disease, to some extent, carmanaged by use of biocontrol
agents, which provide eco-friendly control of theedse (Hervast al, 1997,1998;
Landa et al, 2001). Non-pathogeniéusarium oxysporumBacillus species and
Pseudomonas flourescewsre identified suitable for biocontrol of wilt @rvaset al,
1997; Landeet al, 2001, 2004). Efficacy of wilt management was ioyad when
biocontrol agents were combined with cultural pras such as sowing dates (Landa
et al, 2004). More economic, effective and eco-friendhyethod of disease

management is, however, by race-specific vertiesistance genes of the host, which
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are available in the cultiged. arietinum(Jimenez-Diazt al, 1993; Jalali and Chand
1992; Sharmat al, 2005).

Among the economically important fungal diseaséscluickpea are root
diseases like Fusarium wilt and root rots caused lmpmplex of soil borne fungi,
foliar diseases like Ascochyta blight and Botrgray mould, of which wilt and blight
are the most devastating diseases affecting checkptopical and temperate regions,
respectively. Especially Ascochyta blight and padeb, drought and cold are major
constraints to yield improvement and adoption & thop by farmers. Therefore,
improving resistance to biotic and tolerance tooabistresses as well as a general
increase in dry matter are major aims of chickpeaders around the world.

1.2. Linkage map

1.2.1 Linkage map construction

A linkage map may be thought of as a ‘road mapthef chromosomes derived from
two different parents (Paterson, 1996). The mapgate the position and relative
genetic distances between markers along chromosavhésh are analogous to signs
or landmarks along a highway. The most importaetfos linkage maps is to identify
chromosomal locations containing genes and QTLscésed with traits of interest;
such maps may then be referred to as ‘QTL’ (or &) maps. ‘QTL mapping’ is
based on the principle that genes and markers gagrevia chromosome
recombination (called crossing-over) during meigsis. sexual reproduction), thus
allowing their analysis in the progeny (Patersa@96). Genes or markers that are
close together or tightly-linked will be transmdtéogether from parent to progeny
more frequently than genes or markers that arddddarther apart. The frequency of
recombinant genotypes can be used to calculatent@oation fractions, which may
be used to infer the genetic distance between marBg analyzing the segregation of
markers, the relative order and distances betwesmkers can be determined, lower
the frequency of recombination between two markelsser they are situated on a
chromosome (conversely, higher the frequency ofomdsnation between two
markers, further away they are situated on a chsome). Markers that have a
recombination frequency of 50% are described a$inked and assumed to be
located far apart on the same chromosome or oerdiff chromosomes. Mapping
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functions are used to convert recombination fraginto map units called centi
Morgans (cM). Linkage maps are constructed fromahalysis of many segregating
markers. Three main steps of linkage map constmucéire: (1) production of a
mapping population; (2) identification of polymorpim and (3) linkage analysis of

markers.
1.2.1.1 Mapping populations

The construction of a linkage map requires a segmeg plant population (i.e. a
population derived from sexual reproduction). Tlaeepts selected for the mapping
population normally differ for one or more traitsinterest. Population sizes used in
preliminary genetic mapping studies generally rafigen 50 to 250 individuals
(Mohan et al, 1997), however larger populations are required High-resolution
mapping. Several different populations can be zagdi for mapping (McCouch and
Doerge, 1995; Paterson, 1996), populations, derived from F1 hybrids, and
backcross (BC) populations, derived by crossingRhkybrid to one of the parents,
are the simplest types of mapping populations dgezl for self pollinating species.
Their main advantages are that they are easy tstremh and require only a short time
to produce. Inbreeding from individual, Fplants allows the construction of
recombinant inbred (RI) lines, which consist ofesiess of homozygous lines, each
containing a unique combination of chromosomal sagsfrom the original parents.
The length of time needed for producing RI popoladi is the major disadvantage,
because usually six to eight generations are reduiDoubled haploid (DH)
populations may be produced by regenerating playthe induction of chromosome
doubling from pollen grains, however, the productiof DH populations is only
possible in species that are amenable to tissuereule.g. cereal species such as rice,
barley and wheat). The major advantages of Rl akdpDpulations are that they
produce homozygous or ‘true-breeding’ lines that ba multiplied and reproduced
without genetic change occurring. This allows fbe tconduct of replicated trials
across different locations and years. Thus, bothaid DH populations represent
‘immortal’ resources for QTL mapping. Furthermoseged from individual Rl or DH
lines may be transferred between various laboesdor further linkage analysis and
the addition of markers to existing maps, ensutimgt all collaborators examine

identical material (Young, 1994; Paterson, 1996).
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1.2.1.2 Identification of polymorphism

The second step in the construction of a linkagp mdo identify DNA markers that
reveal differences between parents (i.e. polymarpgharkers). It is critical that
sufficient polymorphism exists between parents ritleo to construct a linkage map
(Young, 1994). In many cases, parents that pro@dequate polymorphism are
selected based on the level of genetic diversityvéen parents (Andersogt al,
1993; Joshi and Nguyen, 1993; Yu and Nguyen, 1@®iard et al, 2003). Once
polymorphic markers have been identified, they nhestscreened across the entire
mapping population, including the parents (and Ydrid, if possible). This is known
as marker ‘genotyping’ of the population. Therefd&A needs to be extracted from
each individual of the mapping population when DNArkers are used. Significant
deviations from expected ratios can be analysedgushi-square tests. Generally,
markers segregate in a Mendelian fashion althousfiorted segregation ratios may
be encountered (Sayetlal,, 2002; Xuet al, 1997).

1.2.1.3 Linkage analysis of markers

The final step of the construction of a linkage niagolves coding data for each
DNA marker on each individual of a population armhducting linkage analysis
using computer programs. Missing marker data can Bk accepted by mapping
programs. Although linkage analysis can be perfarmanually for a few markers, it
is not feasible to manually analyze and determimi@abes between large numbers of
markers that are used to construct maps; computgrams are required for this
purpose. Linkage between markers is usually cdledlasing odds ratios (i.e. the
ratio of linkage versus no linkage). This ratiansre conveniently expressed as the
logarithm of the ratio, and is called a logarithinodds (LOD) value or LOD score
(Risch, 1992). LOD values 613 are typically used to construct linkage maps.@DL
value of 3 between two markers indicates that lyekes 1000 times more likely (i.e.
1000:1) than no linkage (null hypothesis). LOD aumay be lowered in order to
detect a greater level of linkage or to place aolodi markers within maps
constructed at higher LOD values. Commonly usedwswé programs include
Mapmaker/ EXP (Landeet al, 1987; Lincolnet al, 1993) and MapManager QTX

(Manly et al, 2001), which are freely available from the In&tt JoinMap is another
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commonly used program for constructing linkage m@&tam, 1993). Linked markers
are grouped together into ‘linkage groups’, whiepresent chromosomal segments or
entire chromosomes. Referring to the road map ggallinkage groups represent

roads and markers represent signs or landmarks.
1.2.1.4 Genetic distance and mapping functions

Distance along a linkage map is measured in tefrtfsedrequency of recombination
between genetic markers (Paterson, 1996). Mappinctibns are required to convert
recombination fractions into centiMorgans (cM) hea recombination frequency
and the frequency of crossing-over are not linegelsited (Kearsey and Pooni, 1996;
Hartl and Jones, 2001). When map distances ard $xidl cM), the map distance
equals the recombination frequency. However, thlationship does not apply for
map distances that are greater than 10 cM (HadlJames, 2001). Two commonly
used mapping functions are the Kosambi mapping timmc which assumes that
recombination events influence the occurrence @#catht recombination events, and
the Haldane mapping function, which assumes naference between crossover
events (Kearsey and Pooni, 1996; Hartl and Jon@81)2 It should be noted that
distance on a linkage map is not directly relatedhte physical distance of DNA
between genetic markers, but depends on the gersireeof the plant species
(Paterson, 1996). Furthermore, the relationshipvéemn genetic and physical distance

varies along a chromosome (Tanksétal, 1992; Young, 1994; Kunzel al, 2000).
1.2.2 Genome mapping in chickpea

Generation of an integrated genetic map of the ,cipnprising loci of both
economic and scientific importance is a centrall gifachickpea genetics. Until
recently, the low level of polymorphism in the dipea genome and the scarcity of
co-dominant DNA-based markers were serious comésréd achieving this goal. The
advent of sequence tagged microsatellite site (STM&kers (Hutteket al, 1999;
Winteret al, 1999) provided the opportunity to integrate diféerent available maps.
In recent years, STMS markers were indeed appbedhe generation of almost all
published genetic maps of chickpea developed enmgogopulations from crosses
betweerC. arietinumandC. reticulatum(Tekeogluet al, 2002; Benko-Iseppoet al,
2003; Rakshiet al, 2003; Pfaff and Kahl, 2003; Ablad al, 2005),C. arietinumx C.
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echinospermuntCollardet al, 2003) and intra-specific populations (Gtaal., 2002;
Flandez-Galvezt al, 2003; Udupa and Baum, 2003; Cétoal, 2004; Cobo®t al.,
2005). Most of the authors compared their mapsi¢ontost extended genetic map of
chickpea (Winteret al, 2000). The model map is based on an interspecifbss
between the cultigen andQ reticulatumaccession. The emerging body of data now
allows to draw three conclusions: (i) STMS markans indeed elite anchor markers
for merging genetic maps in chickpea, (ii) dominaatrkers are transferable between
populations only in rare cases, and their identiéeds to be confirmed by either
linkages to other markers co-segregating in att leas populations, or sequencing
and conversion into e.g. a sequence characterisgtfifi@d region (SCAR) marker,
(iif) the map of Winteret al. (2000) together with its amendments developedhen t
same population may be employed as a reference foragenetic mapping in
chickpea and comparative mapping between chickpeather legumes, at least until

a comprehensive integrated map becomes available.

1.2.3 Genetic to physical mapping

One of the logical spin-offs of a genetic map, ¢bastruction of a complete physical
map of a genome, still represents a challenge haskpea genomics. However, a
physical map is fundamental to any progress towara®re complete understanding
of the structure, composition and function of tem@me. This cannot be achieved by
mere recombination mapping. More so, the isolatmin genes of agronomic
importance (e.g. genes encoding receptor kinageseips of signal transmission,
transcription factors, regulatory proteins or smraljulatory RNAs, or enzymes of

defense pathways) inevitably necessitates a phys@g.

In essence, the era of physical mapping in chigkpdeginning now. It will,
and has to be succeeded by an era of DNA sequeradgses. Moreover, the first
steps towards this goal have already been madé&aat four bacterial artificial
chromosome (BAC) libraries are available, but ungssd, and a cytogenetic map of
the chickpea chromosomes is close to completiodlgMet al, 2006). One of the
BAC libraries has been described in detail (Rajeshal, 2004). A second one,
derived from the fusarium-resistant chickpea caltilCC 4958) was established in a

binary vector V41 with 5% coverage of the genome Tibrary has been spotted onto
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high-density nylon filters (close to 14,000 cloriétget) and used for hybridization
experiments. These experiments clearly proved, somhe markers, which were
located on the integrated genetic map (Wirgeral, 2000; Benko-Iseppoet al,
2003), and later on sequenced, are either low-gepy. the thaumatin [PRP5]-
encoding gene), middle-repetitive (e.g. the geneoeimg N-hydroxycinnamoyl-
benzoyl transferase, a protein catalysing a pdatictep in the phytoalexin synthesis
pathway), or highly repetitive (marker CS27T¥8-gypsy-like LTR retrotransposable
element CaRep; Staginnes al, 1999, 2001). In addition, a series of 141 rasist¢
gene analogues (RGAs) have been identified inBAE library. Clustering of the
various R-genes was neither observed in the BACsuggested by genetic mapping
of RGAs (Huttelet al, 2002). Lichtenzveigt al. (2005) also constructed a BAC and
a BIBAC library for chickpea; the two libraries ¢am a total of 38,016 clones and
are equivalent to ca. 7.0x genomes of chickpeas,Tthe available BAC libraries
could be employed for the generation of a physicap and as potential resources for
whole genome sequencing, which should be a futwespective in chickpea

genomics.

An alternative route to physical mapping has ayestarted in collaboration
between the laboratory of J. Dolezel (Olomouc, GzRepublic) and the University
of Frankfurt with the aim to bridge the gap betwdes recombination-based genetic
map and the chromosome-based map. The chromosoeresisslated from root tip
cells synchronized for their mitosis, separated flmprescent cell sorting and
identified by their size. As a proof of principlthe localization of 5S-rDNA on
chromosomes 2 (B) and 7 (G), that had already Iskemvn by fluorescenn situ
hybridizations (Gortneet al, 1998; Staginnust al, 1999) was confirmed. Moreover,
the smallest LG 8, identified by the STMS GAA46,rresponds to the smallest
chromosome 8 (H). None of the other chromosoméidnag contains the sequence of
this marker (VI"acilov'at al, 2002). Exploiting this technology, linkage gro{lyss)

1 has already been identified as chromosome F Yot& 2 as chromosome F (or G),
LG 3 as chromosome C (or D), LG 4 as chromosome@5 as chromosome C (or
D), LG 6 as chromosome E, LG 7 as chromosome A,L&d@ as chromosome H,
respectively. At present, the separation is broughperfection, and packages of at
least 10 different linkage-group-specific markedslr@ss the precise identification of

linkage group—chromosome relationships. The rewyltnap then will allow the
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identification of the most interesting chromosone@srying a particular trait (or
gene), opening an avenue for the isolation andachenization of the underlying
sequence, its transcription and regulation, andhar@sm of action of the encoded
protein. These features are badly needed for aarstashding of basic plant properties
for example, yield, resistances towards abiotic dmakic stresses, growth and

development and seed quality.

1.3 Fusarium wilt

1.3.1 Pathogen - Fusarium oxysporum f. sp. ciceri

Classification and identification schemes fBusarium are traditionally based
exclusively on a morphological species conceptveerifrom cultural characteristics,
shared morphological trait of the anamorph, hosigea and to a lesser extent,
teleomorph micromorphology (Booth, 1971). The systecs of Fusariumremains
controversial and confusing (Gams and Nirenberd39)9due to the conflicting
morphological species concepts employed in taxooomdatments of this genus
(Booth, 1971; Gerlach and Nirenberg, 1982; Nelsbtnal, 1983). Gerlach and
Nirenberg's system (1982) is the most differendatemcluding 73 species and 26
varieties; while 44 species and 7 varieties hawnlvecognized by Booth (1971) and,
30 species by Nelsagt al. (1983). On the other hand, in more recent timeseoubar
systematics based on discrete DNA sequence dates @fih objective phylogenetically
based system of classification feusariumand its teleomorphs (Bruret al, 1991).
Previous investigations employing cladistic anaysi DNA sequences from multiple
unlinked loci in Fusarium species have revealed the utility of gene phyloggeni
inferred from mitochondrial small subunit (MtSSWNA, nuclear 28S rDNAS-
tubulin gene and nuclear translation elongationiofado (O’'Donnell et al, 1998;
Baayenet al, 2000), however, nuclear rDNA ITS gene tree wasnéb to be

composed of non-orthologous sequences (O’DonndllGijelnik, 1997).
1.3.1.1 Habitat and host range

Fusariumis a large cosmopolitan genus of pleoanamorphichbyyycetes whose
members are responsible for a wide range of plasgades (Faret al, 1989),
mycotoxicoses and mycotic infections of humans atier animals (Nelsoet al,

1994). The specieBusarium oxysporuns well represented among the soil borne
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fungi, in every type of soil, all over the world {Bjesset al, 1981) and is considered
to be a normal constituent of the rhizosphere ah{s (Appel and Gordon, 1994).
Some strains oFusarium oxysporunare pathogenic to different plant species; they
operate by penetrating into the roots and causthgreroot rots or tracheomycosis by
invasion of the vascular system, causing wilt andden death disease leading to
severe economic damages to many crop species.allypithe vascular wilt causing
Fusarium oxysporurspecies invade only living root tissues, tendeécspecialized or
host specific, and suppressed by saprophytes (H8ld2001). Depending on the plant
species and plant cultivars infectéaisarium oxysporumns classified into more than
120 forma specialegArmstrong and Armstrong, 1981) and further sulsdons into
races are often made based on their virulence get @f differential host cultivars
(Cornell, 1991). However, the genetic basis of hlepscificity forma specialésand
cultivar specificity (pathogen races) I6f oxysporums not fully understood (Baayen
et al, 2000). The presently accepted classificationtf@r Fusarium wilt pathogen
Fusarium oxysporunf. sp. ciceri is: Form-class: Fungi Imperfecti, Form-order:
Moniliales, Form-family: Tuberculariaceae, Form-genFusarium Form-species:
oxysporumforma specialisciceri. Fusarium oxysporurisp. ciceri is reported from

most of the chickpea growing areas.
1.3.1.2 Life cycle

Insight into the life cycle of wilt pathogens isportant to understand their survival,
causation of disease in a spatial framework andractions at the host-parasite
interface leading to disease resistance or susddptiBeckman and Roberts (1995)
have addressed these topics and proposed a mquaingxg the interactions between
vascular wilt causing pathogens and their hosttplamherein, the pathogens have
distinct saprophytic and parasitic phases in th&rcycles. The life cycle of soil-
borne, wilt causing fungi including their sapropby@and parasitic growth and
successive phases of colonization and pathogeisagipresented in Figure 1.6. There
are three distinct phases in the pathogen life ecygl Determinative phaseij)
Expressive phase anig Saprophytic phase. In the determinative phasextent of
colonization of the host vascular system is deteeah while in the expressive phase
mainly disease symptoms are developed, and the@agdic phase is characterized

by the survival of the pathogen by formation ofddived resting structures. During
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disease congenial conditions, the pathogen, aftexsion of the root tissue, acquires
significant cortical colonization, then it entehetsecond phase of vascular invasion
and spreads along with the transpiration pull. Epesad and colonization of the
xylem vessels by the pathogen plugs the conduet@sgels leading to disruption of

water uptake by the plants and thus causes wiltitige susceptible plants.

Determinative

Determinative

: Phase X Phase F
Expressive Phase - - -
Symptom induction Colonization and response Extravascular colonization
within the xylem and response
Wounding
== PARASITISM Limited infection Determinative
Colonizationof | __ _ _ __ __ __ __ —— — PhaseR
Moribundhost [ /N |
SAPROPHYTISM [inscrpuee
interactions
and infection
Formation of Hyphal lysis SUB-CYCLE on Non-host A
resting structures or resistant host
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>
>
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Fig 1.6: Schematic representation of the life cycle of wdiusing soil borne fungi,
depicting saprophytic and parasitic growth and essive phases of colonization and

pathogenesis (Beckman and Roberts, 1995)
1.3.1.3 Physiological specialization in Fusarium

Haware and Nene (1982) reported existence of fhysiplogical races (1, 2, 3 and 4)
of F. oxysporunt. sp.ciceri in India using 10 chickpea lines as differentidlso

additional races (0 and 5) were later identifienirfrSpain and Tunisia (Halila and
Strange 1996) whereas another (race 6) was repfsaedCalifornia, USA (Phillips

1988). Race 1 was subsequently divided into twega@amed as race 1A (from India)
and race 1B/C (from Spain) based on variation actien on differential host lines
(Trapero-Casas and Jimenez-Diaz 1985; Jimenez ®iak, 1993). Race 1B/C was
also found in USA (California), Syria, Turkey andinisia. Thus, a total of eight
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physiological races of the pathogen have been teghovorldwide. The races 0 and 6
were later also reported in India (Rahnsral, 1998). The geographical distribution
of races shows regional specificity for their oceace in different regions of the
world. Among the eight races, 0, 1B/C, 5 and 6 prenarily found in the
Mediterranean region and the USA (Phillips 198&ehez Diazt al, 1989, 1993;
Halila and Strange 1996; Jimenez-Gast@l, 2001), whereas races 1A, 2, 3 and 4

are restricted to the Indian subcontinent (Hawackene 1982).

Apart from region-specificities, the eight races @lso be divided into two
groups based on symptomatology of infected plamts yellowing syndrome and
wilting syndrome (Trapero-Casas and Jimenez-Dia&5L90f the eight races, six
(1A, 2, 3, 4, 5 and 6) cause wilting syndrome aredlexonomically more important
than races 0 and 1B/C that cause yellowing syndrfifeavare and Nene 1982;
Jimenez-Diazet al, 1993; Kellyet al, 1994). Plants infected with races causing
wilting syndrome wilt within three to four weeks afoculation with no visible
yellowing of leaves. On the other hand, infectioithwaces 0 and 1B/C leads to
progressive foliar yellowing of plant leaves coupigith vascular discoloration. The
wilting of infected plants eventually starts six $even weeks after inoculation.
Wilting and yellowing symptoms have been so farstdered race-specific; however,
evidence is emerging to indicate that both typesyshptoms can be caused by a
single race. Race 0, which is considered to cae#lewing syndrome, led to the
wilting of plants ofC. reticulatum(P1489777) within 30 days of inoculation with no

evident foliar yellowing (Tekeoglat al, 2000).

Despite the occurrence of several races, oveealetic makeup of the fungus
all over the world is narrow. AlF. oxysporumf. sp. ciceri isolates were found to
belong to a single vegetative compatibility grolyogales-Moncada, 1997). DNA
fingerprinting of races with repetitive sequencks® suggested monophyletic lineage
(Jimenez-Gascet al, 2004). Despite this, geographically isolated pajpons of the
fungus displayed genetic and pathological diverditye Iranian isolates comprised at
least three vegetative compatibility groups (VC@&E@maniet al, 2004), whereas the
four Indian races were phylogenetically distinanfr each other (Barvet al, 2001,
Chakrabartiet al, 2001; Sivaramakrishnaet al, 2002). Indian populations of

pathogen were also genetically as well as pathoddlgi distinct from those in other
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countries as is evident from DNA fingerprinting dies (Barveet al, 2001) and
confinement of races 1A, 2, 3 and 4 (wilting pagipets) to the India and 0 and 1B/C
(yellowing pathotypes) to the Mediterranean recaod California. Thus, at least two
different populations of the pathogen exist worldgyione native to India and another
to other parts of the world. Unlike. oxysporunt. sp. malvacearumwhich evolved
from two different populations, the populations Faf oxysporumf. sp. ciceri have
evolved from a common ancestor or a single indi@iddimenez-Gascet al, 2002).
The propagules of. oxysporumf. sp. ciceri from the founder population then
disseminated to different geographical areas plyssirough seed where these
diverged independently to races by stepwise adeunsof virulence (Jimenez-Gasco
et al, 2004). The evolution of geographically distinarulence appears to be
correlated to cultivation of chickpea germplasnesdinn these regions. Resistance to
wilt occurs mostly in ‘desi’ genotypes (Hawaekal, 1980). Interestingly, races 1A,
2, 3 and 4, which inhabit India are also the masient ones, whereas those from the
Mediterranean region or the USA are less virulétaware and Nene 1982; Jimenez-
Diaz et al, 1993; Halila and Strange 1996). Evidently, thergsts a correlation

between evolution to races and cultivation of cheklines.

Race identification based on differentials is timensuming and can be
erroneous if temperature is not conducive for ddtelopment. Alternatively, DNA-
based diagnostics assays, which are fast, do reat sereening of differential lines
and are not influenced by environment, are beingldped for the pathogen and its
races (Kellyet al, 1994; Jimenez-Gasat al, 2001; Jimenez-Gasco and Jimenez-
Diaz, 2003). Random amplified polymorphic DNA (RAPDarkers have been used
successfully to detect the pathogen in soil (Gr&adrajaset al, 1999) and
distinguish between yellowing and wilting pathotypeither from isolated cultures
(Kelly et al, 1994) or from infected chickpea plants withoutdal isolation (Kellyet
al.,, 1998). The technique was further refined to dgveRAPD-based detection
system for races 0, 1B/C, 5 and 6 (Jimenez-Gas&, 2001). RAPD markers are
less robust and the results may sometimes be aoumgulo facilitate precise
identification of races 0, 1A, 5 and 6, more robustrkers called as sequence
characterized amplified regions (SCARs) have aklsenbdeveloped (Jimenez-Gasco
and Jimenez-Diaz, 2003). The utility of these asgayreplace the traditional method

based on host reaction for identification of thehpgen and its races is still to be
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confirmed. However, these assays might need furéfexements before these could

be used routinely by the pathologists or breeders.

1.3.2 The disease: Fusarium wilt

Wilt in chickpea was first reported by Butler in 18 McKerral (1923) who
considered the disease to be soil borne and thaiyeitcausal organisrRusarium
spp. was isolated from the soil samples analyzedagsociation ofFusariumspp.
and Macrophomina phaseolingTassi) Goid, with wilted plants was reported by
Dastur (1935). However, the latter could not prgathogenicity of the isolated
Fusariumspp. and concluded that wilt was due to abiotitoi@c(Dastur, 1935).

1.3.2.1 Disease management

Fusarium wilt, caused byusarium oxysporunt.sp. ciceri (FOC), is a major

constraint to chickpea production worldwide (Jaland Chand, 1992). Annual
chickpea yield losses due to Fusarium wilt varynrfr@a0-15% (Trapero-Casas and
Jimenez-Diaz, 1985; Jalali and Chand, 1992), anithats under specific conditions is

capable of completely destroying the crop (Halild &trange, 1996).

1.3.2.2 Cultural practices

Chickpea wilt has been reported to increase withhdri levels of soil inoculum.
Occurrence of wilt disease, its severity and disegsogression is directly
proportional to the density of the pathogen popatatPresence of high levels of FOC
propagules leads to 100% wilting much earlier thawer initial levels of FOC
propagules (Bhatti and Kraft, 1992). Thus, it may gossible to early forecast the
severity of diseases induced by soil-borne pathe@grassessing the initial pathogen
population (Fry, 1982).

Avoidance of planting in heavily infested fields advised to minimize the
effects of wilt disease; however, availability @nd is a limiting factor in Indian
conditions. Moreover, as the pathogen can surviv&oil for longer periods (Haware
et al, 1996) crop rotation, is not an effective pracfimereducing wilt incidence. On
the other hand, cultural practices like deep plinglduring summer and removal of
host debris from the field can considerably reduwaculum levels. Solarization
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(covering the soil with transparent polythene fe8 weeks during summer months) is
known to effectively control the chickpea wilt (Gheanet al, 1988). However, it is
not a practical option in India as the poor farnserlready strapped for resources.
Control of seed transmission of wilt can be achieby using disease free seed,
obtained from plants grown in disease free arehs. Seed-borne inoculum can also
be controlled by seed dressing with fungicides Blemlate-T (benomyl 30% + thiram
30%) at 0.25% rate (Hawaet al, 1978).

1.3.2.3 Biocontrol

The most effective and practical way to manage silto use resistant cultivars
(Jimenez-Diazt al, 1991; Jalali and Chand, 1992; Kraftal, 1994; Jimenez-Gasco,
et al, 2004). However, occurrence of pathogenic ragesFOC curtails the
effectiveness of host resistance. Cultivation ofietees possessing resistance to
specific races of the pathogen prevalent in a regidocality is the most economical
disease management strategy (Jalali and Chand.188@)use of biological control
using either bacterial or fungal antagonists mayaece the effectiveness of resistant
cultivars for management of Fusarium wilt in chielp Biological control by non-
hostF. oxysporunisolates (Ogawa and Komada, 1985; Pawital, 1987; Mandeel
and Baker, 1991; Alabouvettt al, 1993; Herva®t al, 1995; Larkinet al, 1996;
Fuchset al, 1997; Hervast al, 1997) and incompatible races of the sdorena
specialis(Biles and Martyn, 1989; Martyet al, 1991; Hervagt al, 1995) is seen as
a promising strategy for management of Fusariunh didleases. Hervast al. (1995)
showed that prior inoculation of germinated chickgeeds with either incompatible
FOC races or non-ho$t oxysporumsolates can suppress Fusarium wilt caused by
the highly virulent FOC race 5. Further studiesr{ldset al, 1997; 1998) supported
the potential of the non-ho$t. oxysporumisolate F090105 as a biocontrol agent

against Fusarium wilt of chickpea.

Various mechanisms are involved in the biologamaitrol of Fusarium wilt by
non-hostF. oxysporumisolates, these include saprophytic competitianniatrients;
parasitic competition for infection sites; and emted resistance due to rapid
induction of defense responses within the hostr{8icler, 1984; Alabouvette, 1986;
Matta, 1989; Mandeel and Baker, 1991; Fuehal, 1997). These mechanisms may
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function in parallel and not necessarily exclusbfeone another, and several other
mechanisms are speculated to be responsible f@ashs suppression by many
biocontrol agents (Mandeel and Baker, 1991). Qerfalant defense responses,
namely phytoalexin synthesis and accumulation afirdse andp-1,3-glucanase
activities, may be involved in the non-host resistaof chickpea against non-hést
oxysporumisolates (Armerat al, 1993; Cabello, 1994; Armero, 1996). Stevensbn
al. (1997) concluded that chickpea phytoalexins (tkergearpans maackiain and
medicarpin) are fundamental components of theteegie mechanism of this plant to

Fusarium wilt.

1.3.3 Host responses to pathogen

1.3.3.1 Resistance mechanisms

Several different kinds of resistance mechanismeseahibited by the plants, which
are more or less regulated via different genetengworks. Additionally, there are
several different definitions of the forms of reéarece, which have been changed over
a period. The four categories i) escape, ii) tolees iii) resistance and iv) immunity,
described by Chahal and Gosal (2002) are fairlycr@sve of the various
mechanisms that influence the occurrence and $ewdridisease from a crop yield

perspective.
1.3.3.2 Escape

The mechanism relies on avoidance of contact with tisease causal agent.
Abscission of diseased leaves or growth and flawgerearly in the season are
examples of escape mechanisms. The escape stredagglso be utilized to some
extent by agronomical practice, like early or latanting and the use of fertilizers
(Barbetti et al, 1975; Chahal and Gosal, 2002). Deployment ofyearituring

varieties is one of the regular practices in séveaps.
1.3.3.3 Tolerance

Here although the plant may show some visible dseymptoms, it does not suffer
any adverse effects from infection, while the pgtm also is able to reproduce. A

variant of tolerance is recovery, where a disegdaak is restored to healthy status by
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various in planta mechanisms. Examples includesbedy plants, which form new

xylem tissue around Verticillium-infected tissuéBgmstra, 1998).
1.3.3.4 Resistance

Resistance is a hereditary capability to limit pgén growth. Resistance does not
necessarily imply complete abolishment of pathoggivity. The common distinction
of different forms of resistance is the vertiaald horizontatesistance (Parlevliet and
Zadoks, 1977; Vanderplank, 1984), effective agadfiferent pathogens, depending
on their life style and reproductive strategies Mdoald and Linde, 2002). In vertical
resistance, the plant has the ability to completdbck the pathogen growth, the
determinant of virulencef the pathogen. Vertical resistance is further-dwvided
into race-specific resistance, where the resistan@tive against some genotypes
(races) of the pathogen, but not all races; whaleernon-specific resistance the
ability to block all known isolates of a pathogdmt where some plant genotypes
show susceptible phenotype (Hammond-Kosack and eRarkR003). Vertical
resistance can be due to the presence of a rems{B) geneaccording to the gene-
for-generesistance model (Flor, 1947) where the plant Regerognizes a pathogen

avirulence (Avr) gene, leading to a rapid resparse resistance.

Horizontal resistance is often inherited as a tjtadive trait. This type of
resistance can be governed by multiple factors, iand some cases referred to as
‘basal resistance’ (Hammond-Kosack and Parker, R0@Bich can be confusing
since induced resistance due to recognition of speeific pathogen components like
chitin or flagellin often is referred to as ‘basasistance’ (de Torrest al, 2006). The
horizontal (“basal”) resistances can also be gaernthrough non-induced
components like physical characteristics of theploxin resistance and its chemical
composition (i.e. the chemical structure of itsirrdrobial secondary metabolites,
like glucosinolates, phytoalexins, oxylipins etcHorizontal resistance does not

breakdowrlike gene-for-gene type resistance, but may eovee time.
1.3.3.5 Immunity or non-host resistance

As all pathogens are not able to attack all platiits, events where all interactions

between all genotypes of a pathogen and all geestyh a plant are incompatible
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(= no disease develops) are designated as immonityon-host resistance. There
have been many hypotheses about the mechanismgnéiast resistance — i) the
pathogen fails to recognize the plant as a potembist, ii) the plant contains multiple
“R genes” or “R genes” targeting indispensable citnes of the pathogen, which
makes it virtually impossible for the pathogen tedk the induced resistance of the
plant (Hammond-Kosack and Parker, 2003; Holub armbp@r, 2004), iii) the
pathogen lacks the appropriate virulence factosiarthus unable to overcome the
basal resistances of the non-host (Holub and Co@péd).

1.3.4 Defense responses

Active defense responses are being elucidated rous plants, which include
calcium and ion fluxes, increase of reactive oxygmecies (ROS) during the
oxidative burst (Lamb and Dixon 1997) and hyperdmes cell death (HR)
(Greenberg, 1997). The expression of transcrigaetors and protein kinases, as well
as elevation in cytosolic calcium, is integral e signalling of these defenses (Grant
and Mansfield, 1999). The expression of variousugd genes also leads to the
production of antimicrobial compounds such as pg¢hesis-related (PR) proteins
(Van Loon and Van Strien 1999) and phenylpropan(iison et al, 2002).

Numerous defense responses vary in their timiragnging from rapid
responses, such as HR and callose depositionswid by induced defenses like the
salicilic acid (SA)- or methyl jasmonate (MeJ)-igd antimicrobial peptides. One of
the rapid responses against the pathogen is deposftcallose that work as a barrier
against pathogens that try to penetrate the cellliamts nutrient leakage from the
cell, thus being efficient against both necrotrophs biotrophs (Florst al, 2005).
However, callose deposition is reported to neghtiwefluence SA accumulation,
which leads to the counter-intuitive result thagdof callose synthase can result in
enhanced resistance against some biotrophic patbqy@gel and Somerville, 2000).
Other modulations of the physical barriers agdinstpathogen are also known, such
as lignification and thickening of the cell wall.

A long lasting resistance is then achieved by plent, such as systemic
acquired resistance (SAR), which in essence kdepgplant on alert to defend itself
from future attacks (Grant and Lamb, 2006). Grgftstudies have shown that SAR
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requires SA locally. The mobile signal still remsialusive, but is dependent on a
lipid transfer protein (Maldolandet al, 2002). Another induced resistance requires
ET, JA and (cytosolic) NPR1 is referred to as iretlsystemic resistance (ISR), a
long lasting response triggered by non-pathogehizobacteria, which is not
associated to elevated levels of pathogenesierel@®R) proteins (Pietersa al,
2001). ISR is, in many respects, to be regarde@sming of defenses (Verhagen
al., 2004), similar to BABA [§-amino-butyric acid)-induced resistance (BABA-IR).
BABA-IR is, however, dependent on the SAR or an A8#pendent signalling,
depending on pathogen (Ton and Mauch-Mani, 2004).

1.3.4.1 Chickpea defense responses to Fusarium

The host in response to pathogen invasion, presiefénses, mainly at two levei$ (
Structural: in the vascular tissue, where the upgwaovement of the pathogen is
arrested by compartmentalization of the pathogeoutth the formation of callose,
gelgum and tyloses, which are mainly the derivativid celluloses and hemi-
celluloses and progressive suberinization and figlgposition i() Biochemical: the
endodermis and xylem parenchyma, where the invagathogen is restricted by
infusion of phenolic compounds, and by hydrolyticzgmes like chitinases and
glucanases. Fungal elicitors are known to indueeptfoduction of phenyl ammonia
lyase (PAL) and peroxidase, which are involved ihe tsynthesis and
depolymerization of lignin precursors. The rapidrease and higher levels of PAL
and peroxidases activity was found in resistanttivars as compared to the
susceptible cultivars (Aguilaet al, 2000). Phenolics may function as either
phytoalexins or be incorporated into structuralriees such as phenol-conjugated,
lignified or suberised cell walls of appositionsigh 1983). Phytoalexins have been
implicated as fundamental components of chickpsistance mechanism to Fusarium
wilt (Stevensoret al, 1997).

1.4 Genetics of chickpea wilt resistance

Genetics of Fusarium resistance is complex, sihdeaat for resistance to race 1, a
minimum of two out of three detected resistanceegesre required (van Rheenen,
1992). Several studies employing inter- and inpeeffic recombinant inbred line
(RIL) populations have demonstrated the organimatad resistance genes for
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Fusarium wilt races 1, 3, 4 and ®cl, foc3 foc4 and foc5 Mayer et al, 1997;
Ratnaparkhet al, 1998a; Tulluet al, 1998; Winteret al, 2000; Sharmat al, 2004)

in two adjacent resistance gene clusters on linigagap (LG) 2 flanked by STMS
markers GA16 and TA9Gdcl—focA4cluster) and TA96 and TA2Tac3—focbcluster),
respectively (Fig 1.7). Apart from the resistaneaes per se, other sequences coding
for proteins putatively involved in the chickpealsfense reaction were localized in
close vicinity to the Fusarium resistance genetefsslike the sequence of one of the
markers tightly linked to théoc4 andfoc5 loci is similar to a PR-5 thaumatin-like
protein gene and another is homologous to the deneanthranilate N-hydroxy
cinnamoyl-benzoyltransferase, a regulator of thggdiexin pathway, both important
components of the plant’s defense against pathodduisel et al. (2002) isolated a
series of RGAs from botiC. arietinumand C. reticulatumusing two degenerate
primer pairs targeting sequences in the NBS donfaitotal of 48 different RGAs
were grouped into 9 different sequence classes,vear@ members of the Toll-
interleukin receptor (TIR)-NBS-LRR and coiled c@C)-NBS-LRR groups. Thirty
of these RGAs were mapped on the reference gemejicof chickpea (Wintegt al,
2000), where they could be located on principalhe finkage groups, some of them
as clusters on LGs 2 and 5, respectively (Fig While, Flandez-Galveet al. (2003)
mapped 12 RGA markers that clustered on three LGs.

It is usually accepted that the difference ingtsit and susceptible cultivars
lies in the speed with which they can activatedbinse mechanisms and accumulate
substances like callose to restrict the growth smeéad of the pathogen. However,
there is still a debate about the role of fungaline in vascular wilt diseases.
Fusarium oxysporuns known to produce the toxin ‘fusaric acid’ inltcue filtrates,
but most of the disease symptoms are postulatbd tmused by the plant response to
infection. Early studies on genetics of wilt resrste were restricted to race 1 where it
was shown to be inherited by a recessive gene (Aswmd lyer 1936; Kumar and
Haware 1982; Sindhet al, 1983). With the identification of phenomenon afel
wilting in some genotypes susceptible to race lafyayaet al, 1983), the focus
was shifted to genetics of late wilting. The latiétimg was found to be a monogenic
trait and was controlled by three independent gewesed a$,, h, andHs, each of
which delayed onset of disease symptoms (Sietghl, 1987a, b). Combination of

any of the two late wilting genesy(h; or h, hy or hy Hz or hy H3) was required for
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complete resistance to race 1. (Upadhyetyal, 1983; Singtet al, 1987a, b) (Table
1.2). The race 1 of FOC used in these studies wam fndia, hence, the race 1

described here should be considered as race 1A.

Similar to race 1A, resistance to race 2 wasalitifound to be conferred by a
single recessive gene (Pathat al, 1975), however, later studies revealed
involvement of two (Gumbeet al, 1995) or three genes (Kumar 1998). The
phenomenon of late wilting was also reported afteculation with race 2 (Gumber
et al, 1995). Of the three genes,or b in homozygous recessive form or C in
dominant form conferred late wilting (Kumar, 1998)omplete resistance was
expressed when bote andbb were present. Interestingly, the third gene wheithe
is homozygous recessive or homozygous dominanéterdzygous, did not influence
the expression of complete resistance by other geiwes or imparted any role in
complete resistance. The Bata of Kumar (1998) and that of & Gumberet al.
(1995) also did not fit well to the three and tweng theories, respectively. This
possibly points towards the involvement of fewenengenes than three in race 2
resistance. Using the,And RILs derived from the same parents that weesl Uy
Kumar (1998) to show involvement of three genesr®laet al. (2005) demonstrated
that resistance to race 2 was governed by a sieglessive gene. Differences in
results between the two studies can be attributdldet evaluation techniques used.

Genetics of resistance to other races of the pathas comparatively less
studied. The resistance to race 3 was found to eeogenic (Sharmat al, 2004,
2005), however, its dominant or recessive natutmigiown as a RIL population was
used. Resistance to race 4 was monogenic recassseoene lines (Tullet al, 1998;
Sharmaet al, 2005) whereas it was digenic recessive in Swutdt (Tullu et al,
1999). Similar to races 1 and 2, the phenomendatefwilting was also detected for
race 4.
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Fig 1.7: LG2 and LG5 from the integrated genetic map otkjpea generated by
Millan et al. (2006) with data from Wintegt al. (2000), Huttekt al. (2002) and Pfaff
and Kahl (2003). Markers on the left of the veltioar are derived from genes and
those on the right are STMS or dominant framewogdkars. Only a few markers
necessary for demonstrating the context withinlitiledage groups are shown. Detailed
map of LG2 is in the centre depicting the vicindlythe Fusarium resistance gene
clusters including Fusarium resistance genes and fQTAscochyta blight resistance
(arl, ar2a, indicated by the shaded box) on thesiee of the vertical bar. Loci
marked with an asterisk are potentially involvedpathogenesis, either encoding
RGAs or pathogenesis-related proteins. (Mikaml, 2006).
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Table 1.2: The genetic constitution and Fusarium wilt to rdaeactions of chickpea

cultivars

Cultivar ICC # Genetic constitution  Wilt reaction
JG-62 4951 Hi HiHoHohs hg Early-wilting
K 850 5003 hy hy HoHa hghg Late-wilting
C 104 4928 Hy Hihahohg hg Late-wilting
H 208 4954 H; HiHaHoH3 Hg Early-wilting
WR 315 8933 h; hyhphyahs hg Resistant
CPS1 10130 hy hyhyhyhg hg Resistant

P 436-2 554 hy hyhahohg hg Resistant
BG 212 11088  hy hyhyhyhs hg Resistant
JG-74 6098 h; hyhphphs hg Resistant

(http://www.icrisat.org/ChickPea/Pedigree/Chickpé&aimtm accessed on 29-11}08

There are only a couple of studies on the inheréanf resistance to race 5, which
showed it to be governed by a single gene (Tekeeglal, 2000; Sharmaet al,
2005). However, it is yet to be ascertained whetheresistance gene(s) in two lines
are the same or different. Resistance to race Ofouasl to be monogenic (Tekeoglu
et al, 2000) as well as digenic, which may be either idamt or recessive (Rubit
al., 2003). The genes conferring resistance to differaces and their effect on

wilting have been presented in Table 1.3.

1.4.1 Slow wilting

Apart from vertical form of resistance, slow willirresistance in chickpea after
inoculation withF. oxysporumf. sp. ciceri has also been observed (Sharetaal,
2005). Slow wilting is a race-specific phenomenaoil differs from late wilting in
three aspects: latent period, disease progress aatk final disease severity. In
comparison to slow wilting, late wilting refers tsusceptible lines showing a
prolonged latent period. Late wilting lines evetipashow 100% wilt. The
phenomenon of slow wilting in chickpea is similarthat of slow mildewing and slow

rusting in crops such as pea and wheat.

35



Table 1.3 Genetics of resistance to different races oftctiiekpea wilt pathogeRusarium oxysprourh sp.Ciceri (Sharma and
Muehlbauer, 2007)

Fusarium
race Name of the resistance geneEffect of resistance gene on wilting Reference
foc-01/Foc-0s, Complete resistanle Rubioet al. (2003)
0 foc-0,/Foc-0,°
h 1 (synfoc-1),
1A h, Late wilting Singhet al. (1987)
Hs
1B/C -
2 foc-2° Late wilting Sharmat al. (2005)
3 foc-3Foc-32 Complete resistance Sharmizal. (2004, 2005)
4 foc-4 Complete resistance Tulkt al. (1998), Sharmat al. (2005)
Two recessive genes Complete resistance Ealéal. (1999)
5 (foc-5Foc-5° Complete resistance Tekeoglual. (2000), Sharmat al.
(2005)

®Dominant/ recessive nature not known

PEffect of individual genes in resistance not known

“Kumar (1998) found it to be governed by three geags andC. Each of the three genes led to late wilting whsrine first two genes
conferred complete resistance

(-), Genetics of resistance not known
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The genetics of slow wilting resistance in chickpeave not been determined,
however, it might involve host genes other tharival resistance ones. These genes
appear to be minor ones, which additively slowdkgelopment of wilt as is evident
from identification of slow wilting lines from cresof resistant and susceptible

parents (Sharma and Muehlbauer, 2007).

1.4.2 Molecular markers linked to Fusarium wilt resistance genes

The first wilt resistance gene to be tagged in lghga wasH; (syn.foc-1, Mayer et
al., 1997). The gene was located 7.0 cM from RAPDkerar CS-27,, and UBC-
170,50 and an Allele Specific Associated Primer (ASAP)rkea. Subsequently,
markers linked closely tfoc-1 (Sharmeaet al, 2004; Sharma and Muehlbauer, 2005),
foc-0 (Rubioet al, 2003; Cobo®t al, 2005),foc-2 (Sharma and Muehlbauer 2005),
foc-3 (Sharmaet al, 2004),foc-4 (Ratnaparkhest al, 1998a, b; Tulluet al, 1998,
1999; Tekeoglwet al, 2000; Winteret al, 2000; Benko-Isepport al, 2003), the
second resistance gene foc4 (Tullu et al, 1999) andfoc5 (Ratnaparkheet al,
1998b; Tekeoglet al, 2000; Winteret al,, 2000; Benko-Iseppoet al, 2003; Sharma
and Muehlbauer 2005) were identified. Comparisodifi€rent studies (Tekeoglet
al.,, 2000; Ratnaparkhet al,, 1998a, b; Winteet al, 2000; Huttelet al, 2002;
Benko-Isepporet al, 2003; Pfaff and Kahl 2003; Sharraaal, 2004), indicated that
four genesfpc-1, foc-3, foc-andfoc-5 should be in the same linkage group. Based
on marker data of Benko-Iseppehal. (2003), Huttekt al. (2002) and other studies,
Millan et al. (2006) also proposed linkagefot-1, foc-3, foc-andfoc-5 Conclusive
evidence on clustering of five resistance geries-1, foc-2, foc-3, foc-andfoc-5
was presented later by Sharma and Muehlbauer (2006)mapped the genes using

an intra-specific RIL population derived from thess of WR-315 and C-104.

Screening of the progeny plants carrying wilt sesice gene(s) can be
facilitated with marker assisted selection (MAShi&pea breeders are aiming to
exploit MAS for resistance breeding. Efficacy of MAhowever, depends upon
closeness of the marker to the gene. Marker demsitthe LG 2 is still low to
facilitate MAS for wilt resistance genes and thgasitional cloning. There is a need
to saturate the chromosomal region harboring wdtstance genes with more markers

to achieve these objectives. Sources of resistémaogilt are available within the
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cultigens. MAS can be exploited effectively by wgipolymorphic markers foC.
arietinum populations rather than for interspecific onesclSmarkers will also be
useful for map based cloning as the differencegéanetic and physical distances
among markers would be minimum (Wintdral, 2000; Benko-Iseppoet al, 2003).
With the advent of STMS markers and availabilitysofirces of resistance to all races

in C. arietinum it is now possible to map genes using intra-$megopulations.
1.5. Mapping of quantitative traits using molecular markers

Most of the economically important traits of crojamis are controlled by QTLs and
their expression is often influenced by the enviment in which the plants are grown.
The heritability of these traits is low and seleotiby conventional plant breeding
method may delay the process or lead to failurerap improvement. The estimation
of the traits such as agronomic and yield relatedatst needs large sample size,
technical facilities and labour. However, thesanesties cannot be reliable if the
heritability of the trait under study is governeg @TLs. Marker assisted selection
(MAS) is widely adopted to transfer the QTLs anddtetically, it is more effective
than phenotypic selection when correlation betwibenmarker genotype scores and
the phenotypic values is greater than the squareofcheritability of the trait (Dudley
1993). Tagging of DNA markers with the phenotypigits needs a comprehensive
study, which is discussed below.

1.5.1 Methodology of QTL mapping in plants using DNA markers
1.5.1.1 Microsatellite markers

Simple sequence length polymorphism (SSLP markaaksp known as simple
sequence repeats (SSRs), or microsatellites, ¢onfstandemly repeated di-, tri- or
tetra-nucleotide motifs and are a common featureno$t eukaryotic genomes. The
number of repeats is highly variable because diippgand mis-pairing causes
frequent gain or loss of repeat units. With highvele of allelic diversity,

microsatellites are valuable as molecular markeasticularly for studies of closely
related individuals. PCR-based markers are designeamplify fragments that
contain a microsatellite using primers complemgntdo unique sequences

surrounding the repeat motif (Weber and May, 1988ferences in the number of
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tandem repeats are readily assayed by measuringdleeular weight of the resulting
PCR fragments. As the differences may be as smadllva base pairs, the fragments
are separated by electrophoresis on polyacrylargele or using capillary DNA
sequencers that provide sufficient resolution. \Withprior sequence knowledge,
microsatellites can be discovered by screenin@iies of clones. Clones containing
the repeat motif must be sequenced to find uniges ®r primer design flanking the
repeats. Microsatellite marker development from-gxisting sequence is far more
direct. Good reviews of microsatellite marker depehent include those of McCouch
et al. (1997) and Zaneet al. (2002). Microsatellites discovered in non-coding
sequence often have a higher rate of polymorphiien microsatellites discovered in
genes. However, in some species such as spRicea(spp.) with highly repetitive
genomes, SSR markers developed from gene sequeacedewer instances of null
alleles, i.e. failure of PCR amplification (Rungetsal, 2004). Microsatellite markers
have several advantages. They are co-dominant;héterozygous state can be
discerned from the homozygous state. The markesseasily automated using
fluorescent primers on an automated sequencer fansl possible to multiplex
(combine) several markers with non-overlapping simnges on a single
electrophoresis run. The results are highly repctde, and markers are easily shared
among researchers simply by distributing primeruseges. Although SSRs are
abundant in most eukaryotic genomes, their gendalisicibution may vary. Uneven

distributions of microsatellites limit their usefiglss in some species.

1.5.1.2 QTL mapping approaches

Genetic maps act as the first step towards unaelisig the genetics of individual
crop plants. Genetic maps based on molecular méekbnologies are now available
for all major cereal species, including wheat (Snetpal, 2006). At present, genetic
maps are widely used to locate genes of interesthab the maps can be fully
annotated with the locations of genes governinglityyaagronomic performance,
disease resistance, adaptability, or any other fhais helps in direct manipulation of
the desired trait by MAS. There are three appraat¢bemap the QTLs; a) Single
marker analysis, b) Interval mapping (IM) and ch@pmsite interval mapping (CIM)
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(a) Single marker analysis:The simplest approach to identify QTLs, with dataam
experimental cross is to perform analysis of varsafANOVA) at each of the marker
loci (Soller et al, 1976). At each genetic marker, the populatiospbt into two
groups, according to their genotypes at the madkel compares the two group
phenotypes means by a t-test. It is accompanield aviLOD score, defined as the
(base 10) log-likelihood ratio comparing the hymsths (Broman, 2002). Marker loci
with large LOD scores are indicated to be linked ©QTL.

a) The phenotypes in the two groups are normafiriduted with distance means but
a common variance and

b) The phenotypes for all individuals follow a cowm normal distribution,

independent of genotype.

The above approach has following weaknesses-ai)QfTL is not located at a
marker, its effect will be attenuated as a restitecombination between the marker
and the QTL; ii) At each genetic marker, we musscdrd individuals whose
genotypes are missing; iii) When the markers adelyispaced a QTL may be quite
far from all markers, and so the power for QTL datn will decrease; iv) This
approach considers only one locus at a time (SiQJie model); in the presence of

several QTLs, this approach fails.

(b) Interval mapping (IM): To overcome the disadvantages of single QTL model,
multiple QTL model was proposed to give greater @ovor QTL detection, better
separation of linked QTLs and to allow the examarabf interactions among the
QTLs. Lander and Botstein (1989) developed intemapping, which overcomes the
first three weaknesses of ANOVA at marker loci diészl above. This method,
which continues to be the most popular approachQfok mapping, makes use of a
genetic map using linked markers and like ANOVAuasss the presence of single
QTL. Each location in the genome is positioned, aha time, as the location of the
putative QTL.

Given the marker genotype data (and assumingassaver interference), one
can calculate the probability that an individuas lggnotype HH (or HL) at a putative
QTL. These QTL probabilities depend only on theajgpes at the flanking markers.
In interval mapping one assumes that given QTL tgres, the phenotype follows a

normal distribution with meanH or puL according to whether the QTL genotype is
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HH or HL, respectively and a common standard dmnaiVith the given genotypes
at the markers flanking the QTL, the conditional LQ@enotype probabilities, the
marker genotype data, as mixing proportions, QTadss loe detected. For the QTL at
each position in the genome (or in practice, gisstd 0.05 cM), three parameters are
calculateduH, pL and and also a LOD score; the (base 10) logihkeld ratio, by
comparing the hypothesis that there is a single @fTthe given location with the
hypothesis that there is no QTL anywhere in theogen The LOD score, as a
function of chromosome position, forms a profilgHddkelihood. The genomic region,
which has large LOD score, indicates the genontervial, which harbors the QTL.
Churchill and Doerge, (1994) suggested permutatish to generate genome wide
threshold LOD, using the assumptions that therenar®TLs (ie. the phenotypes are
simple normally distributed; independent of the keardata).

The advantages of interval mapping are two faldit makes more complete
use of the marker genotype data (making propewalhae for the missing data) and
i) it considers positions between markers as pugdbcations for a QTL effects. In
case of dense genetic markers and relatively camptarker genotype data, interval
mapping provides little advantage over ANOVA. Thesadvantage being similar to
ANOVA, which assumes single QTL model and it is mbal in the presence of

multiple especially linked QTLs.

(c) Composite interval mapping (CIM): Methods that make use of multiple QTL
models can provide increased sensitivity, resolviked QTLs and allow the
examination of interactions between QTLs. The saspimultiple-QTL method is
multiple regressions, the obvious extension of AMO&t the marker loci. Cowen
(1989) appears to be the first to have recommetitedse of multiple regressions in
this context. Jansen and Zeng independently desdlapmethod which attempts to
reduce the multi-dimensional search for identifyingultiple QTLs to a one—
dimensional search (Jansen 1993; Jansen and S&84; Zeng, 1994). This is
actually a hybrid of interval mapping and multipegression on marker genotypes.
One includes other markers (on the same chromosantken different chromosome)
as repressors while performing interval mappingnreffort to control for the effects
of QTLs in other intervals, so that there will beater power for QTL detection and

also the effects of background QTLs will be prelgigstimated. Zeng (1994) referred
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to this approach as composite interval mapping (C®milar to interval mapping,

LOD threshold is calculated by whole genome scaqnnin

(d) Multiple interval mapping (MIM): MIM uses multiple marker intervals
simultaneously to construct multiple putative QTithe model for QTL mapping.
Multiple—interval mapping is much like CIM, but tre&lditional repressors are not
required to reside at the marker loci. Thereforbemv compared with the current
methods such as IM and CIM, MIM tends to be morevgréul and precise in
detecting QTLs (Kaeet al, 1999). To detect a QTL using the MIM model, model
selection procedures are considered because adlibpmssubset selection is not
feasible. There are at least three basic modettsmhetechniques, forward, backward,
and stepwise selections, for exploring the relaom between the independent and
dependent variables (Kleinbauet al, 1988; Miller, 1990). As MIM uses multiple
QTLs, the computation burden is heavy when compavritid the one-QTL model
(CIM and IM). MIM has the potentiality to be morewerful and more precise in
QTL mapping by directly conditioning putative QTLndx incorporating possible
epistasis in the model. Thus, more genetic vanatian be controlled in the model.
With the estimates of QTL parameters, other comeagenetic parameters, such as
the genetic variance components and heritabiltdzesalso be estimated. Based on the
MIM results, genotypic values of individuals cas@abe estimated to allow desired
genotypes to be selected in MAS under various rements (e.gcost, efficiency,
and trait correlations) (Kaet al, 1999).

1.5.2 Marker assisted selection (MAS)

Molecular markers are powerful tools that can bedusor MAS and also as
landmarks for map-based cloning of genes. Moleaularkers associated with QTLs
have been reported for many important traits. Olvdeage between a QTL and
molecular marker is determined, the QTL can bestened into other genetic
backgrounds using MAS. Molecular markers are irgirggy being used to tag genes
or QTLs of agronomic importance, offering the pbagy of their use in MAS for

chickpea breeding (Sharma and Muehlbauer, 2007gddhtion to their use in MAS,

molecular markers have been used to isolate gaaasap-based cloning (Stein and

Graner, 2004). The potential value of genetic markénkage groups and their
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association with agronomic traits has been known nfmre than 80 years. The
usefulness of MAS was recognized as early as 198hv%ax demonstrated in beans
an association between seed size and seed coangafon. The concept of selection
based on genotype rather than phenotype creatatystiterest among plant breeders
(Tanksleyet al, 1989; Patersoet al, 1995). The molecular-marker based (RFLP)
map in plants was first demonstrated in tomato embsisted of 57 loci (Bernatzky
and Tanksley, 1986). Since then, maps have beestraoted for nearly all crop
plants (Philips and Vasil, 2001), allowing in priple, the application of MAS in
plant breeding as originally proposed by Sax (1%2#) Thoday (1961). The rationale
relies on the discovery of phenotype/genotype assons between genome regions
(as assayed by molecular markers) and traits iregagng populations (such as, F
RIL, DH, BC, etc.). These are derived by analygisegregation of simply inherited
traits and by QTL analysis for complex traits (Ld€95). The identification of
markers tightly linked to target genes/QTLs andrtlenversion, if necessary, to a
PCR platform has made MAS feasible in some plargeding programmes
(Langridge and Chalmers, 1998). MAS can increaseeffficiency and accuracy of
selection, especially for traits that are difficuth phenotype or are recessive
(Varshneyet al.,2006).

Markers selected for use in MAS should be reliabd easily shared among
researchers. Co-dominant markers are preferredadid she need for progeny testing.
Sometimes less desirable markers for MAS such aB®AISSRs and AFLPs are
useful for finding markers linked to the desirelklal. Once such a marker is found, it
is possible to extract and sequence the correspgi@dind. This sequence can be used
to develop co-dominant markers such as cleaved ifappolymorphic sequences
(CAPS) (Konieczny and Ausubel, 1993) or to sequedlcaracterized amplified
regions (SCARs) (Paran and Michelmore, 1993). SGAR CAPS markers are co-
dominant and simplify the screening of large numifeindividuals. When a genetic
map exists, markers can be positioned on the mdpotrer linked markers can be
substituted. The additional markers are usefulhigh resolution mapping to find
markers more closely linked to the desired allelelomately for positional cloning
of the underlying gene. Following are some of tregancomponents of MAS aimed

at enhancing the efficiency of plant breeding:
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(1) Accelerating the selection of small numberraifts that are difficult to follow due

to complex inheritance or strong environmentaluefice.

(2) Selection for traits of substantial economicpartance, in cases where the
biological assays are unreliable and/or not castegfe.

(3) Accumulating disease-resistance genes by ggremiding. Once an effective
resistance gene is present in a breeding lines difficult to select for additional

resistance genes due to epistatic effects.

Using molecular markers, additional resistance gera be accumulated into elite

lines while maintaining pre-existing resistanceeagen
1.5.3 Chickpea molecular breeding

The chickpea cultigen contains high morphologicatiation, but narrow overall
genetic variation, from which many desirable traigy have been excluded through
selection (Abboet al, 2003). For the desirable but missing traits fradvanced
breeding programs, such as durable resistanceaftmerto the many major biotic and
abiotic stresses, breeders have begun to sourcepzesm more widely, from
landraces and closely related species. To speedeuprocess of recombining ‘wild’
genes into elite genotypes, molecular tools havenbmtegrated with classical
breeding approaches. This has included the gearratimolecular markers linked to
the genes conditioning desirable traits, for ed#inti pyramiding of the traits.
Molecular markers associated with quantitativet tcaii (QTL) for resistance to biotic
stresses and some morphological traits have bewselb on both intra-specific and
interspecific linkage maps and, importantly, chietpgenotypes tolerant to most
major biotic and abiotic stresses have been idedt{iMillan et al, 2006). The use of
resistant or tolerant cultivars is considered totle most efficient and effective
means of controlling major stresses. However, aomajoblem for disease-resistant
cultivars is that the resistance is incomplete @nbdrfeaks down against new virulent

races of pathogens that arise from mutation andtgerecombination.

Wild Cicer species have also been identified as sources $mtaace to some
stresses (Singht al, 1981; Collardet al, 2003; Croseet al, 2003) and, although
interspecific crosses between wild species@ndrietinumhave only been successful
for Cicer reticulatumandCicer echinospermuriSingh and Ocampo 1997; Collaet
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al., 2003), there still exists much potential fonsterring resistance genes from wild
Cicer species into cultivated chickpea. Detailed infoioratregarding the number,
nature and diversity of genes controlling resis¢édioderance to biotic and abiotic
stresses is essential for successful breeding gmugr However, problems in
dissecting polygenic traits and accurately meaguthre underlying physiological
mechanisms controlling tolerance to abiotic streseake this difficult. As a result,
molecular genetic studies have not provided a stersi picture of the genetic basis
for biotic stress resistance, especially for rasisé to Ascochyta blight (Millaet al,
2006). The narrow genetic variation in cultivatddck&pea has limited the generation
of informative molecular markers, while QTL for tan stresses differ with
developmental stage, bioassay environmental comditi the genotypes/fungal
isolates used, and classifications for resistanoe susceptibility. For example,
numerous genetic mechanisms controlling Ascochyighto resistance have been
proposed, including single/multiple genes of domth&cessive nature with
modifiers and additive effects, as well as singldtiple QTL. The use of
recombinant inbred line (RIL) populations was idiged as a strategy to enable
resistance studies to be performed on near homagyigdividuals with temporal and
spatial replication (Tekeoglet al, 2000). Recent achievements have been made
using RIL populations to study Ascochyta blight &wsarium wilt resistance (Cobos
et al, 2006; lruelaet al, 2007). An important QTL for Ascochyta blight istance
was identified on linkage group 2, which appeargltester with a major gene for

resistance to Fusarium wilt.

1.5.4 Functional genomics

Specific genes involved in resistance to biotic abebtic stresses in chickpea have
not been characterized using the genetics apprbattan enhanced understanding of
the chickpea stress response at the genomic leegl enable this. Plant stress
responses are complex and diverse, and every gmoé/éd, from recognition to
signaling to direct involvement, forms part of aoatinated response network. Until
recently, the genes and pathways of gene activatmmrolling effective stress
resistance in chickpea remained unknown. Sevegaoaphes, including differential
screening of cDNA libraries (Ichinosa al, 2000) and the placement of resistance

gene analogues onto existing linkage maps (Ragesil, 2002a), have identified
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candidate genes that are involved in ascochytétotesistance. Functional genomics
provides opportunities for illuminating the meclang of chickpea
resistance/tolerance to major biotic and abioticesstes, possibly providing
information concerning the molecular pathway(s)dubg the plant, as well as the
function of the candidate genes involved. Funcliggemomics incorporates several
parallel approaches and tools, such as EST geoeyatanscript profiling, transgenics
and reverse/forward genetics, for high throughpudiss of gene function. Ultimately
the goal is to link the genome to the phenome,umdaterstanding of the functional
roles of genes is very limited compared with thewledge of sequence information.
Thus, a major challenge is to analyze and intefbietarge-scale gene sequence data
being produced to discover and understand the ibmadtroles of underlying genes.
Functional genomics has become widely useful fadyhg the stress responses of
plants, such as tomato (Giblt al, 2004), rice (Fujiwaraet al, 2004), maize
(Baldwin, 1998), cassava (Lope# al, 2005), soybean (Mot al, 2004) and
Arabidopsis thaliangHuitemaet al, 2003).

1.6 Future trends for genomics-assisted breeding

Chickpea and other grain legumes have been ‘orghavith regard to investment in
molecular research compared with cereals and hitir@al crops of high economic
value. This scenario is slowly changing with effoftom organisations such as the
European Union (EU), who have implemented a Gragumes Integrated Project
(GLIP) to facilitate coordinated research in grdegumes. Recently, a GLIP
dissemination event held in Madrid (Spain) unveidrent and future research

interests Iittp://www.grainlegumes.coyn which are focused on the importance of

chickpea alongside major grain crops like field ped the model legumdedicago
truncatula The main aim of the GLIP is to understand thermelationships of the
multiple signalling systems that control stresspdidda@ responses in legumes. To
dissect the mechanisms of abiotic stress tolerancéegumes, gene expression
patterns and metabolomic changes induced by vaabustic stresses in field pea,
chickpea andM. truncatulawill be analysed using various genomic approaches

is coupled with detailed genetic mapping of crossesveen salinity tolerant and
sensitive varieties in chickpea aMd truncatula The approach was implemented to
help evaluate control mechanisms exerted by QTheme expression patterns and to
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identify regulators of gene expression and metabalilaptation. The proposed
outcomes of this project are: (1) identificationcaindidate genes induced by salinity,
drought or cold stress M. truncatulg field pea and chickpea, (2) generation of SSH
cDNA libraries of field pea, chickpea arM. truncatulaexposed to drought and
salinity stress conditions, (3) identification oblecular markers associated with QTL
linked to abiotic stress toleranceshh truncatulaand chickpea, (4) fine mapping of
M. truncatula and chickpea QTL for salinity tolerance, and (Sheation of a
‘LeguStressChip’ to serve as a diagnostic toolct@en legume germplasm for stress

tolerance Iittp://www.grainlegumes.com The GLIP is also using the genomics

approach to develop tools for transferring the rimfation gained from model plants
(including M. truncatulg Lotus japonicasand Arabidopsis thalianato grain legume

crops, such as chickpea, field pea, faba beanfaaklad clover. Such a large scale
coordinated research project will greatly acceteratur understanding of stress
tolerance in chickpea and other legumes and wiisbthe technology transfer from

model crops to cultivated species.

Chickpea gene expression studies carried out t® wlsing microarrays and
SuperSAGE has identified candidate chickpea gemreges$istance/tolerance to major
biotic and abiotic stresses. Combining larger-sgdae expression profiling (e.g.
SuperSAGE and/or increased EST generation) with uke of near isogenic
germplasm contrasting only for the trait of inteéresill greatly enhance the
identification of genes directly involved in resiste/tolerance to key biotic and
abiotic stresses. Recently a series of powerfuttfanal genomics tools for model
legumes and chickpea have emerged that will shegpauture of research in this field.
For chickpea, a relatively dense integrated gene@p with most linkage groups
related to chromosomes was developed (Vlacileval, 2002). Together with the
existence of several bacterial artificial chromosofBAC) libraries, this will greatly
facilitate map based gene/QTL cloning, genome sexng and physical map
construction. In fact, positional cloning of Ascgtd blight resistance genes from
QTL1 is currently in progress. In addition, colingaapping, making use of cross-
species synteny, has enabled the recent placemé¢né same QTL from chickpea
from different genetic backgrounds on tie truncatulagenome (Biaret al, 2007).
With the advent of efficient chickpea transformatiarotocols (Senthigt al, 2004),
important clones from the binary BAC library (Lienizveiget al, 2005) may be
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readily used in high-throughput transgenic studiso of great importance is the
development of powerful and high throughput arragdal genotyping tools, such as
Diversity Array Technology (DArT) and Tagged-Arrdfarker (TAM), which are

beginning to be applied to legumes and have theaypto enhance chickpea

genomics.

1.7 Objectives of the thesis work

Although India is the major producer of chickpedha world, still it fails to meet the
domestic demand. We are importing the chickpea fotimer countries mainly due to
less productivity. To meet the growing demand #ssential to increase the chickpea
productivity which can be achieved by reducinglthes caused by biotic and abiotic
stresses and developing the agronomically supamaor high yielding varieties. In
view of improving the chickpea productivity, resgamwork on mapping of Fusarium
wilt and yield related traits was initiated at RIdMolecular Biology group of National
Chemical Laboratory, in collaboration with variooiher chickpea breeding research
organizations. The importance of the chickpea dropndian perspective and the
need for improvement of chickpea yield by directralirect methods necessitated the
work, which was carried out keeping in mind thddwaing objectives

1) Construction of chickpea framework linkage map gsi®&62 x Vijay RIL
population.

2) Tagging of Fusarium wilt resistance genteg{, foc2andfoc3).

3) QTL analysis of yield and yield related traits vi2lant height, Plant
spread, Branches per plant, Days to 50% flowea&ys to maturity, Pods
per plant, Seed weight and Yield per plant segnegam the JG62 x Vijay
population.

1.7.1 Organization of the thesis
| have organized my thesis in the following order:
Chapter 1: Introduction and Review of Literature
Chapter 2: Materials and Methods
Chapter 3: Results
Chapter 4: Discussion
Chapter 5: Thesis Summary and Future Directions

Bibliography
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Materials and Methods
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2.1 Plant material

Based on the morphological and genetic diversityy popular varieties (Vijay and
JG-62) of chickpea available at Pulses Improvenienject (PIP), Mahatma Phule
Krishi Vidyapeeth (MPKYV), Rahuri were selected faossing program. These two
genotypes are different for many agro-economicatlgortant traits which are listed
in Table 2.1.

Table 2.1 Main features of the parental genotypes

Parents Pedigree Origin Special features
JG-62 Selection | Jabalpur Highly susceptible to wilt, twin
from (Madhya podded, early maturing, medium
germplasm | Pradesh) sized seeds
Vijay P-1270 X| Rahuri Wilt resistant, drought tolerant,
Annigeri (Maharashtra) | high yielding, wider adaptability
with high pod number

2.1.1 Methods

To raise different self and backcross generationthinv a stipulated period, in
addition to the regular rabi season, off seasoserigs were grown at PIP, Mahatma
Phule Krishi Vidyapeeth, Rahuri. Chickpea is a pelfinated crop in which anthesis
takes place one or two days before opening of ftoWhe healthy buds which are
likely to open within day or two were emasculatedhe morning and pollinated on
same day between 10 to 11 a.m. (Khan and Akht&@4)19G62 x Vijay cross was
effected and enough crossed seeds were harvestedschematic details of various
generations, raised during regular and off seas®&aluri are given in Table 2.2.
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Table 2.2: Schematic details of different generations£RIG62 and = Vijay)

Place Season Cross/self Stage of seed
P.G.l. Farm Rabi (Oct tg P x P F
Jan)
P.G.l. Farm Early rabi Self of R x P, F,
(Sept to Dec)
Pulse Improvement| Late rabi Self of K, Fs
Project, MPKV, (Dec to Mar)
Rahuri Selfof R to Fy Fato R

2.1.2 Conduct of experiments

A uniform piece of land was selected for experiméntvas ploughed, harrowed;
stubbles of the previous crop were collected amdidint to fine tilth. The experiment
was conducted in randomized block design with telications during rabi season.
Sowing was done in rows of 3m length and 30cm apadommodating 20 plants at
15cm distance in a row. Fully developed single glyreeeds were dibbled at 15cm
distance in each rovkertilizer dose was applied at uniform rate of 25kgnd 50kg
P,Os/ha at the time of sowing. The operations like tinig, weeding, hoeing,
irrigation and plant protection were carried owguiarly as per need and stage of the
crop. The crop growth was uniform and satisfactdriye experimental plots were
surrounded by non experimental border rows of wareG12, in order to avoid

border effect.

The recombinant inbred line (RIL) population comjppry 197 lines was
developed at Pulse Research Station, MPKV Rahndial by single seed descent
method from E generation onwards, bulked plant-wise atdéneration. For the
molecular analysis, ninty three randomly selectéddsRvere used. The parents JG62
and Vijay along with the RILs were grown at twofdrent locations; Rahuri (for
three years 2003, 2004 and 2005) and Dharwad Wioryears, 2006 and 2007). The
phenotypic data were collected in the successiaesygom all the RILs in a row to
avoid biased selection. The RIL population was usedlentify QTLs for various
agronomic and yield related traits using differprdtocols as detailed below.
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2.2 Screening for Fusarium wilt resistance

2.2.1 Pot culture

One hundred §recombinant inbred lines (RILs) from a cross bemveéwo Cicer
arietinum cultivars, JG62 and Vijay, were used to map therfusn wilt resistance
genes. JG62 is an early wilting genotype highlyceptible to Foc races 1, 2 and 3,
while Vijay is resistant to them. The RIL populatizas grown in experimental field
of Pulses Research Station, MPKV, Rahuri, Indiae Tihes were tested for their
reaction to wilt in sick pots under controlled cdiwhs. Single spore isolates of
Fusarium oxysporuni.sp. ciceri races 1, 2 and 3 were obtained from ICRISAT,
Patancheru, India and maintained on fresh potatirate agar (PDA). The
inoculums were further cultured with sterile coreahtsand mixture (CMS) in conical
flasks and incubated for 21 days at room tempegaithe infested CMS mixture was
mixed thoroughly with autoclaved soil mixture (cllmam, sand, FYM; 1:1:1 v/v) at
(2:12 w/w) in pots (Brinda and Ravikumar, 2005)e&® of the susceptible cultivar
JG62 were surface disinfected with 70% alcohol gravn in all the pots and the
plants were allowed to wilt. Only the pots in whidk62 was completely wilted
within 25 days of sowing were used for the expentnden similar pots without
pathogen inoculums were used as control to grow2J&®l none of these plants
developed disease symptoms. Seeds of the paredtshanRIL population were
surface disinfected with 70% alcohol and sown i@ $ick pots to study their wilt
reaction. The experiment was conducted with twdicatpons and ten plants per RIL
in each replication. The numbers of wilted and tigaplants in each RIL were noted
at weekly intervals starting from three weeks asi®wing and the data were recorded
up to 9" week after sowing. The RILs were evaluated seplrdor Foc races 1, 2
and 3. Reaction of RILs was based on wilt incidendeere the line with more than
80% wilting was treated as susceptible and thah vass than 20% wilting as

resistant.
2.2.2 Hydroponic culture

Cicer arietinumseeds of cultivars Vijay (R), JG-62 (S) and 10Q<RWvere obtained
from the Mahatma Phule Krishi Vidyapeeth (MPKV),HR&d, Maharashtra, India. For

germination, seeds were wrapped in wet sterile imudbth and stored at room
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temperature (24-2€) in dark for 3-4 days till sprouting. While theesls sprouted the
trays and floats were made ready. The Styrofoarmetshgere cut to a size that they
fitted into trays, and holes were punched intoShgofoam sheets using a cork borer
in a square lattice so as to accommodate aroungeB0types. Then the sprouted
seeds were transferred onto Styrofoam floats plgeach sprouted seed into the holes
punched earlier, and these floats were placeddmgthss trays containing water and
growth media and kept in controlled conditions 2t and 60% relative humidity
under white light and normal day conditions (14ight/10 h dark). Seedlings were
grown hydroponically under sterile conditions onafis in sterile water containing
macro- and micro- nutrients (half strength Hoaglamutrient medium, (Hoagland
and Arnon 1950)).

Plants were seven days old at the time of pathogention. Freshly prepared
spore suspension (10 ml of 1X&pores/ml) ofFusarium oxysporurfisp. ciceri, was
added to the sterile hydroponic trays. After twgdthe water in the trays was mixed
with a sterile glass rod to ensure uniform sprefaithe® fungus. A few seeds of JG-62
(S) were sown in each tray as an indicator of itdec Seedlings grown in similar
trays with no pathogen served as an uninfected ptartrol. Data were recorded from

20 days after infection till 60 days in five dapsarval.
2.2.3 Validation

FourteenC. arietinumgenotypes (ICC4958, WR315, K850, Vihar, Vishal, BZ&b,
PG94091, PG94262, PG96006, PG5, PG97030, PG12,(P&HL Virat) in addition
to Vijay and JG62, were collected from central éndnd evaluated for their reaction
to Foc races 1, 2 and 3 using the controlled ptiti@itechnique as detailed before.
Genomic DNA of these lines was amplified with tharkers linked to the respective
disease resistance genes and association of thetghes with the marker genotypes

was determined.
2.3 Evaluation of agronomic and yield traits

The experiment was conducted in randomized blodigdewith two replications
during winter seasons of 2003-04, 2004-05, 20052006-2007 and 2007-2008. The

two parental genotypes, Vijay and JG62, also seagdhecks and were sown after
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every 10 rows of the RILs. For recording observajoen competitive plants were

selected randomly. Data about nine agronomic agld yiaits were recorded.
2.3.1 Plant height (Pht)

Plant height was obtained by measuring height ef rtfost tip of the plant from

ground level at maturity and expressed in cm.

2.3.2 Plant spread (Psp)

Maximum horizontal spread of the plant was recoralethaturity
2.3.3 Branches per plant (Brp)

Total number of branches per plant was recorded;hwimcluded both primary and

secondary branches.
2.3.4 Days to 50% flowering (Dflso)

The numbers of days required from the date of sgpwinthe 50% of plants were

flowering.
2.3.5 Days to maturity (Dmt)

Number of days required from the date of sowingctonplete maturity of the

population in the plot was recorded.
2.3.6 Pods per plant (Pdp)

The total number of pods from each observationahtplvas counted at the time of
harvesting.

2.3.7 Seeds per pod (spp)

The seeds per pod were recorded as number of peesknt within the pod (one or

two) from each observational plant.
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2.3.8 Double podding (Sf1)

This was a qualitative trait, genotypes having tpaals or two pods from single node

were scored as double podded plants and othemnsgis podded plants.
2.3.9 Seed weight (Swt)

Seed weight is the measure of the weight of the sE#ls expressed in grams. 100

seeds from observational plants were weighed ictreleic weighing balance.
2.3.10 Yield per plant (Yld)

The weight of seeds obtained from each observdtmaat was recorded in gram.
2.4 Chemicals, enzymes and oligonucleotides

The TagDNA polymerase was procured from Bangalore Gelmelig) and used with
the 10 X buffer supplied, unless otherwise statetigonucleotides were custom
synthesized from Sigma Genosys (India). Random AKmgl Polymorphic DNA
(RAPD) and Inter Simple Sequence Repeat (ISSR)guarwere from University of
British Columbia (Canada). Laboratory reagents wasgined from the following
companies: Sigma Genosys (India), Qualigens (Inddaphgalore Genei (India), GE
Health care (USA), Promega (USA) and Cambrex Bidpeots (USA).

2.5 DNA extraction and quantification

2.5.1 Methodology

The parents (Vijay and JG62) and all recombinabted lines were grown in pots in
controlled condition at National Chemical LaborgtdPune The genomic DNA was
extracted by using 20 days old seedling leaves bgifred Sarkosyl method (Doyle
and Doyle, 1987) outlined below.

= Leaves of 3-week old plants were harvested, imnelgiaransferred into
plastic vials and stored in liquid nitrogen.
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One or two grams of leaf sample was submergedjuidinitrogen and then
ground to fine powder and quickly transferred ttulae containing 7.5ml of
ice-cold extraction buffer (0.35M sorbitol, 0.1MiFr5mM EDTA, pH 7.5).

The tube was briefly shaken and 7.5ml nuclei lymiffer (2M NaCl, 0.2M
Tris, 50mM EDTA, 2% CTAB, pH 7.5) was then quicldgided.

This was followed by addition of 3ml of 5% Sarkosglution.

Sample sets were incubated at@5n the water bath for 20 minutes and

allowed to cool it to room temperature.

18ml of chloroform/isoamyl alcohol (24:1) was addeaach tube, shook well

and centrifuged at 10,000 rpm for 15 minutes.

Aqueous layer was removed and centrifuged agaih W&ml chloroform/
isoamyl alcohol mixture at 10,000 rpm for 10 mirsute

The aqueous layer was transferred to a new tubeegual volume of chilled

isopropanol was added to it.

DNA spool was removed out and washed with 70% ethanen centrifuged
at 8,000rpm for 5 min.

Dried DNA pellet was suspended in 500ul TE buffBdngM Tris and 1mM
EDTA, pH 8.0).

RNAse treatment was given and kept diCG3%r 90 minutes.

Chloroform/isoamyl alcohol (24:1) was added andtkép 5 minutes.

Centrifuged the sample at 10,000 rpm for 10 minutes

The aqueous phase was mixed with equal volume ibéadhsopropanol for

precipitation. Centrifuged at 10,000 rpm for 10 ot@s.

Washed the DNA pellet with 70% ethanol and cengefl at 10,000rpm for

10 minutes.

Dissolved the DNA in Tris-EDTA (TE) buffer and seafat -20C until further

use.
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2.5.2 DNA quantification

Extracted genomic DNA (i) was loaded on a 0.8% agarose gel in 0.5 X TAES{T
acetate EDTA) buffer, which contains ethidium brdeliThe DNA concentration of
the sample was estimated by visual comparisoneb#dnd with known dilutions of
bacteriophage DNA (50 ng, 100 ng, 200 ng, 500 oy &urity and concentration of
the extracted DNA for each sample was also chedmzttrophotometrically at
230nm, 260nm, 280nm and 320nm. The DNA quality determined by calculating
the ratio A260/A280 nm and it was ensured thatréitie ranged between 1.7 and 2.0.
The A260/A230 ratio denoted the contamination of ADWNith organic compounds,
the DNA quality was best if the ratio was greatert 1.5. The absorption at 320 nm,

was recorded to ensure that the DNA solution walsout any turbidity.

2.6 PCR amplification using various DNA primers

2.6.1 RAPD analysis

RAPD assays were performed by using 800 random di0afigonucleotide primers
obtained from the University of British Columbia BQ), Canada. Amplification
reaction was carried out in 26 volumes containing 10 ng of genomic DNA, 1.5mM
MgCl, 50 mM KCI, 0.1 mM dNTPs, 5pmoles primer and 0.64) TANA polymerase
(Bangalore Genei Pvt. Ltd., India). All RAPD-PCR g@ifications were performed in
PTC-200 thermocycler (MJ Research, USA). The therpling protocol as
described by Winteet al. (2000) was followed.

ﬁitial denaturation: 94C for 5 min \

5 cycles: 94C for 60 s
37°Cfor45s
72°C for 90s

35 cycles 94C for 5s
40°C for 20s
72°C for 90s

\E\xtension 72C for 5 min /
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2.6.2 ISSR analysis

A set of one hundred ISSR primers (UBC 801-900)ewesed for the analysis using
DNAs of both the parents. The primers, which gavearc and reproducible
polymorphic patterns, were used for further analy# 25 ul reaction mixture
consisted of 10 mM Tris-HCI (pH 9.0), 50 mM KCI5ImM MgCI2, 0.1mM dNTPS,
0.4 mM spermidine, 0.2 mM of primer, 1 unit Bdg DNA polymerase and 20 ng of
genomic DNA. All ISSR-PCR amplifications were perfeed in PTC-200
thermocycler (MJ Research, USA). The thermal cyclprotocol as described by
Ratnaparkhet al. (1998a) was followed.

G]itial denaturation: 94C for 5 min \

40 cycles: 94C for 60 s
55°C for 45 s
72°C for 2 min

Extension: 72C for 5 min

\_ /

2.6.3 SSR analysis

The SSR analysis was carried out by using 510 pe@iSSR markers. Among these
markers, 22 primers were reported by Hugtehl (1999), 180 primers by Wintext

al. (1999), 95 primers by Sethgt al. (2003, 2006a, b), 200 primers by Lichtenzveig
et al. (2005) and 13 primers by Choudhatyal (2006)). FifteerMedicago truncatula
SSRs (Eujayekt al, 2004) were also used to check cross-speciety/udiflthe primers.
The polymerase chain reaction (PCR) with chickp€sS primer pairs was
performed as described by Huttdl al. (1999) and Winteet al. (1999), with some
modifications. The PCR was carried out with a PT0D-thermocycler (MJ Research,
Inc., USA) in 15ul reaction volume. In order to increase the scregeificiency of
markers, microsatellites with compatible anneabegperatures of primer pairs and
no overlapping size of amplification products wareltiplexed in the PCR. The total
reaction volume, primer concentration and amounDNA sample were optimized

for each microsatellite combination as recommerime@interet al. (2000).
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Gitial denaturation: 94C for 5 min \
40 cycles: 94C for 60 s
55°C for 45 s
(Annealing temperature depending gpdf primers)
72°C for 2 min

\Extension: 72C for 5 min j

2.7 Resolution of PCR products using various methods

2.7.1 Agarose gel electrophoresis

The amplified products were resolved on 2% agags in 0.5 X TAE buffer,
visualized and further gel documented with Imagestda VDS gel documentation
system (Amersham Pharmacia Biotech, Denver, USAeut)V light. Agarose was
dissolved in 0.5X TAE buffer by slow, circular mai and the mixture was boiled in
microwave oven for 3 min. Proper care was takeavimd over boiling/ frothing of
agarose. The agarose solution was cooled to 4D-80d poured on gel casting trays
fitted with 24 well combs. About gl of Bromophenol blue loading dye was added to
25 ul amplified PCR product and was loaded on the Gleé gel electrophoresis was
carried at 100V, 50 mA for 45 min to 90 min andirstd with 200 ml ethidium
bromide staining solution with fl of ethidium bromide stock (10 mg/ ml) for 10-15
min, with slow circular motion. Following staininthe gels were destained with plain
ultrapure water gently for 5 min. The stained gelere visualized on gel
documentation system (Amersham Pharmacia Biote8#A)nd digital images were
stored in tiff format. All SSR- amplified productsere resolved initially on 3%

metaphor-agarose gels in 0.5 X TBE buffer, viswaliand gel documented.
2.7.2 Polyacrylamide gel electrophoresis

The SSR primer products unable to resolve on Metagkls were resolved on 0.4
mm polyacrylamide using the sequencing gel uniinfiafe Technologies, USA. The
Bind plate-larger glass plate (33.3 x 41.9 cm) wasated with 4 ml of

methacryloxypropyl-trimethoxysilane (Plus one Birgitane, Amersham Pharmacia
Biotech), in 1 ml of acidic ethanol (0.5% glaciateic acid in 95% ethanol) to

56



covalently attach the gel onto the glass plate. glages were dried for 5 min and the
excess silane was removed using a paper tissugdemeis with 95% ethanol. The
Repel plate- smaller glass plate (33.3 x 39.4 cra} Wweated with 1 ml of a 2%
solution of dimethyldichlorosilane in octamethylcty-octasilane (Plus one Repel-
Silane ES, Amersham Pharmacia Biotech) for comptdease of gel from this plate.
The plates were dried for 5 min and excess silaag l@moved with a tissue paper
moistened in distilled water. The gel solution wspared by mixing 50 ml of the
urea: acrylamide solution in TBE with 2Q0of freshly prepared 10% ammonium per
sulfate and 5QuL of TEMED (Tetramethylethylenediamine). The gel solution was
poured into the assembled gel plates (0.4 mm tleE&nusing a pointed beaker. The
gel was allowed to polymerize for 60 min.

2.7.2.1 Prerun

The sequencing gel was run at 60 W (42 mA; 150G0v)60 min or until the gel

temperature reaches 55 °C in 1 X TBE (Tris-Borddd E) buffer. The samples were
denatured for 5 min at 94°C in the thermocycler andhediately placed on ice.
About 8 ul was loaded to the gel as quickly as possible tardelectrophoresis was
performed at 60 W for 80/100 min at 50-55

2.7.2.2 Silver staining

The gel bound to binding plates was removed fropelr@late and fixed with fixer
solution (200 ml of crude alcohol, 10 ml of acedmd in 1790 ml of double distilled
water) for 20 min in gentle circular motion. Thel gdate was drained and silver
stained with staining solution (4 gm of silver ate in 2 liter of double distilled
water) for 30 min. After staining, the plate wasided free of staining solution and
developed using developer solution (30gm of NaOll3ormaldehyde in 2 liter of
double distilled water) for 5-10 min. After the a&apance of sharp and dark bands,
the gel was treated with stop solution (10 ml oétecacid in 1790 ml of doubled
distilled water) to end the staining process. Tleé was completely washed with

ultrapure water and further dried for gel documeota
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2.8 Construction of framework map

2.8.1 Scoring of marker data

The genotype of each sample in case of RAPD an® I&%alysis was scored as
presence or absence of amplified DNA locus. In c#s8SR primers, scoring was
done based on the size variation of the alleleshen parents. The RILs with a

genotype of Vijay were given score ‘a’ and thal @62 were given ‘b’.
2.8.2 Linkage group construction

They? test was used to assess goodness-of-fit to theceegh1:1 segregation ratio for
each marker. All markers including those with ditgdd segregation were used for
linkage analysis performed using JoinMap Ver. ¥&n(Ooijen and Voorrips 2001).
This software calculates the multipoint map distaestimates for a recombinant-
inbred population and converts to estimates of gammecombinationR by inverse
application of the mapping function (Kosambi 194@)ese estimates are transformed
via the functionr = 2R/ (1 + 2R (Haldane and Waddington, 1931) to estimate

expected recombination ‘r’ after selfing to homoasigy.

The markers were classified into linkage group&g) using the minimum
LOD threshold of 3.0 and maximum recombination ticat of 0.4 for the JoinMap
program. If the recombination value of any two le@re more than 0.4, then they
were declared as separate linkage groups. Theebbia stringent LOD threshold of
3.0 for ordering of markers suggests comparisoh wiher genome maps (Nelsen
al., 2006). Comparison of the present map with thergapecific map developed by
Winter et al. (2000) was performed using MapChart Ver. 2.2 (Vipsr2002). In the
comparison, the LGs of the present map were dewdnaith Arabic numerals;
whereas the LGs of the map of Win&fr al. (2000) were designated with Roman
numerals. The genetic map was finally drawn ushegdomputer software Mapchart
Ver. 2.1 (Voorips, 2002).

2.8.3 Statistical analysis for wilt resistance

Disease reaction of each RIL to different racethefpathogen and each marker data

were analyzed by chi-square to determine goodnfefiisto the expected segregation
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ratio of one resistant: one susceptible. Data geeérby different markers were
recorded in a binary fashion. Linkage between tlagkers and resistance genes was
established using JoinMap ver. 3.0 (van Ooijen ¥odrrips, 2001). The map was
constructed at LOD 3.0 with Kosambi (1944) mapgdungction.

2.9 Statistical analysis and QTL mapping
2.9.1 The analysis of variance (ANOVA)

The phenotypic data analysis was performed usiiyIRAT for Windows Ver. 5.0
(IRRI, 2005) using ‘Cross site analysis module’g(2.1). The analysis of variance
(ANOVA) revealed significant differences among tha&rental genotypes for all the
traits evaluated. The GxE interaction (GEI) of Rlgth the environments was
deciphered by using AMMI (Additive Main effects amdultiplicative Interaction)
model with IRRISTAT (IRRI, 2005) software througlross site analysis module”.
Five year's data at two sites were treated as divaronments in the analysis. The
sum of squares was first partitioned into genotygejironment, and GEI, then, the
sum of squares for GEI term was further partitiobggrincipal components analysis
using the AMMI model (Crossat al,1990; Gauch, 1992) using the formula

Yij =uH+tgt S + thzl 7Lnani'Ynj + I:\’ij

where Y; is the value of thé"igenotype in the'j environment, i is the grand mean, g
is the mean of théhigenotype minus grand meanjsethe mean of thé"jenvironment
minus the grand meah,, is the singular value for the principal componanalysis
axis n,an andyp; are the principal component scores for princijpathponent analysis
axis n of the T genotype and"j environment, respectively and; B the residual.
Broad sense heritabilityHf) was estimated as: genotypic variance/phenotypic
variance ¢4/c,”> X 100). Correlation coefficients among the seveaitdr were

calculated by using Qgene (Nelson, 1998).
2.9.2 QTL mapping

The QTLs were identified by single locus QTL anayhrough CIM using Windows
QTL Cartographer Ver. 2.5 (Bastat al, 1994; Wanget al, 2004) (Fig 2.2). For
each trait the analysis was carried out using @tata individual environment. The
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threshold LOD scores for detection of QTLs werecualdted based on 1000
permutations (Doerge and Churchill, 1996). The Mdef the CIM was used with
forward regression and backward elimination modafeQTL Cartographer for
scanning intervals of 2 cM between the markers @undtive QTLs with a window
size of 10 cM. Five markers were used as the backgl control for forward-
backward stepwise regression. The position, genefiects and percentage of
phenotypic variation of the QTLs were estimatedhat significant LOD peak in the
region under consideration. But the flanking maskaith LOD value above threshold
were also considered and used for indicating tree lmd QTL peaks. Multiple trait
analysis involving MCIM was conducted using the miedJZmap QTL available in
Windows QTL Cartographer with an objective to detde pleiotropic QTLs. The
confidence intervals were obtained by marking pas#t + 1 LOD from the peaks.
QTLs in the adjacent intervals and / or with ovepiamg confidence intervals were
treated as a single QTL. Two locus analysis waslgctied using QTLNetwork Ver.

2.0 (ttp://ibi.zju.edu.cn/software/gtinetwark where P=0.05 was used as the

threshold for detecting putative M-QTLs or E-QTIZTL Network analysis reveals
the graphic presentation of the genetic architecith QTL and epistasis (Fig 2.3).

The QTLs identified using CIM for various traiteme grouped; linkage group
wise and QTL plots were drawn using QTL Mapcharodkips 2002). The QTLs
were designated &3X.ncl-Y, where X denotes the phenotypic trait abbreviatdod
Y represents the chromosome on which the quangtatait locus was located. Each
QTL was defined on one line, along the linkage growap with the extent of QTL
intervals and peak of the QTL. Different styles amalors of lines were used to

represent various QTLs of different traits.
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Chapter 3

Results




The Recombinant Inbred Line (RIL) population of 286Vijay, comprising ninety-
three lines was grown under five environments @hrensecutive years; 2003-05 at
Rahuri and two years 2006-07 at Dharwad), in randedthblock design with two
replications. The parental survey and linkage gsowere constructed as per the
protocol discussed in the previous chapter of Materand Methods. The QTL
analysis was performed for yield and yield relatesits and the results are given

below.

3.1 Construction of framework map

3.1.1 Parental analysis

A total of 1520 PCR based markers comprising 800PRA100 ISSR primers, 504
SSRs, 100 chickpea EST-SSRs, 15 Medicago SSRsrendllele specific associated
primer (ASAP) were used for parental screening. dékils of the primers used for
population screening are presented in Table B.@epresentative gel picture for the
chickpea SSR markers is presented in Fig 3He iarker data as defined in the
previous chapter were converted into allele scares$ analysed by using JoinMap
ver. 3.0 (Van Ooijen and Voorrips, 2001).

3.1.2 Construction of linkage map

Out of 1,520 primers screened between the parérl¥ (JG62 x Vijay) population,
only 171 (11.30%) primers revealed clear and ceerisispolymorphism generating
175 reproducible and segregating markers for liekagglysis. Fifteen Medicago SSR
primers were used as an alternative resource toedse the marker density of
chickpea intra-specific map. Though these primegegamplification, they were
monomorphic with the parents. Similarly all the 1BET-SSR primers also gave
monomorphic banding pattern with the parents. Amdmg other primers used;
RAPDs and ISSRs were least polymorphic and variirtgeir reproducibility (Table
3.1).

The linkage analysis revealed eight linkage growjth 135 markers (120
SSRs, 9 RAPDs, 1 ASAP, three fusarium wilt resisgagenesfocl, foc2 andfoc3
and two vyield related qualitative traits (doubleddmg Sfl) and seeds per podp)
(Fig 3.2).
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Table 3.1Primers used for parental analysis

Primers Source No. of Polymorphism % of
primers Polymorphism
RAPD *UBC 800 10 1.25
ISSR *UBC 100 3 3.00
Chickpea SSRs
Huttelet al, 1999 22 6 27.28
Winteret al, 1999 174 72 41.38
Sethyet al, 2003, 2006a, 2006b 95 26 27.37
Lichtenzveiget al, 2005 200 50 25.00
Choudhuryet al, 2006 13 3 23.10
(Slgilglépea EST- Jayashreet al.,2005 100 0 0.00
ASAP Mayeret al,, 1997 1 1 100
Medicago SSF Eujaylet al, 2004 15 0 0.00
Total 1520 171 11.30

* UBC = University of British Columbia, Canada
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Fig 3.1 Representative segregation pattern of chickpda [85TA96, b) H1BO09] profiles fordRILs.
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This map covered 568.6 cM with an average markerside of 4.21 cM. Forty
markers comprising one RAPD, three ISSRs and ttsixy chickpea SSRs were
unlinked. The main features of the intra-specifiapmvere presented in Table 3.2 and
3.3.

LG-2 was the longest linkage group with 21 markanrd spanned 102.1 cM
with an average marker density of 4.85 cM (Fig 3Ll&-1 was the densest linkage
group with a marker density of 2.14 cM and had 3fkers spanning 77.3 cM. This
group corresponded to LGs Ill and LG V of the ispacific map of Winteet al.
(2000). The LG-2 corresponded mainly to LG-I and DMGof previously published
reference map. The LG-3 had 28 markers spannirigd®.and shared many markers
from LG-Il of interspecific map developed by Wintetr al. (2000). LG-4 had seven
markers distributed with average marker interval8oM. LG-5 spanned 58.9 cM
having 25 markers with marker density of 4.21cM aadesponded to LG-VII of the
interspecific map. Th&fl gene was mapped on LG6 and was flanked by two new
STMS markers TA80s and TA106s. This group is cgaads to LG VI of Winteet
al. (2000). The LG7 and LG8 comprised all the newlyadeped STMS markers. In
LG 8 RAPDs were more in number than STMS markehesé LGs lacked common
markers and could not be compared with the LGs oht& et al. (2000) map.
Inversions were observed with respect to markeersrdn all the linkage groups
between the present and the interspecific map ot&két al. (2000).

The correlation between number of markers on @aéhand length of the
respective LG gave an indication of distributionnadirkers over the linkage groups.
This correlation coefficient was 0.5® € 0.001) for the intra-specific map, which
indicates less random distribution of markers amtirgg LGs. Of the 135 markers
mapped in this population, 40 markers did not sgagee according to the expected
Mendelian ratio P < 0.001). All the marker types used in the prestéudy exhibited
different levels of skewness; however, SSRs wem riost distorted markers.
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Table 3.2: The main features of chickpea intra-specific map

Linkage groups 8

Total No. of Markers 175
Linked / Mapped Markers 135
Distorted Markers 40

Total Length 568.6 cM
Av. Marker Density 4.21 cM

Table 3.3 The main features of individual linkage groupsbickpea intra-specific

map
Linkage Total Total Marker
group Markers length (cM) density (cM)
1 37 77.3 2.14
2 21 102.1 4.85
3 28 89.5 3.20
4 7 56.1 8.00
5 14 58.9 4.21
6 17 89.6 5.27
7 5 36.7 7.34
8 6 58.4 9.73
Total 135 568.6 4.21
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Fig 3.2: Chickpea intra-specific map. Corresponding LG8Mfiteret al (2000)

reference map have been indicate®oman numerals parentheses
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3.2 Fusarium wilt

3.2.1 Genetics of wilt resistance in chickpea

In hydroponic culture plants inoculated with FOCZXre observed for disease
symptoms at different time intervals. The JG-62s(®yptible) seedlings which were
inoculated with Foc cultures started developings#irttt yellow coloration at 10 days
after inoculation as compared to the uninfectedthgaeedlings. At 25-30 days after
infection, the JG-62 (S) plants showed completéinglwhile the Vijay (Resistance)

plants along with uninfected JG-62 (S) showed nétnealthy growth (Fig 3.3). It

was observed that the total root length was simitarsusceptible and resistant
cultivars in the uninoculated controls when obséraféter 20 days, which became
markedly smaller and weaker in susceptible cultigéter inoculation with FOC at the
same time. However, in the resistant cultivar inaton with FOC increased lateral
root branching, which were longer and more in numi8uch long lateral root

branches were not observed in the susceptible la@cliplants, in which the whole
root system appeared dark brown and dead (Fig 3.3).

Reactions of the chickpea lines for Foc races Jand 3 were assessed
following the independent inoculations with respextsolates of Foc in pot culture
experiments. Disease screening allowed unambigualassification of resistant and
susceptible phenotypes. Among the 100 RILs, 55 Rikse resistant and 45 were
susceptible to Focl, whereas for Foc2, 49 weresteadi and 51 were susceptible
(Table 3.4). The RILs also segregated in 1:1 ratiaresistance and susceptibility to
Foc3, indicating that resistance to each race wasogenic in this population. The
susceptible parent, JG62, completely wilted in 2ysdafter sowing, whereas Vijay
was resistant and did not develop any wilting sy till maturity for all the three
races. The susceptible RILs took 25-32 days forpteta wilting. The chi-square
analysis of disease reaction data of the RILs atdit a good fit to the 1:1 segregation
ratio expected for single genes conferring rescgaio each of the three Foc races.
These chickpea genes were earlier designatéocasfoc2 andfoc3 for resistance to

Foc races 1, 2 and 3, respectively (Tekeaglal, 2000).
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J662 kfected  JG62 Cortrol Vijay bfected  Vijay Control Vijay hnfe cted Vijay Cordrol

Q) d)

Fig 3.3: a) Chickpea seedlings hydroponically growing invgito chamber; b) JG-62
seedling showing wilting symptoms after infectiothWFOC1 while Vijay seedlings
are healthy after infection; ¢) Root morphologyd®&-62 and Vijay after infection; d)
Difference between infected roots of Vijay covemeith fungal mycelial mass and
non-infected roots without any fungal mycelia.
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3.2.2 Genetic mapping of Foc resistance genes

After parental screening, 175 polymorphic markeesenselected for screening the
full population. In linkage analysis, 19 markersowled association with wilt
resistance genes. All these markers were located@rl of the reference map of
chickpea (Winteet al, 2000), as determined using the STMS markershignstudy,
new STMS markers closely linked to the resistanereeg for Foc races 1, 2 and 3
were identified. The locus order and genetic dstganamong the gendéscl, foc2
foc3 and linked markers are illustrated in Fig 3.4. T&%OMS markers, TA110 and
H3A12 flankedfocl at 2.1 and 3.9 cM, respectively. Race 2 resistgsre foc2)
was tagged with two new STMS markers, TA96 and H3Af a distance of 0.2 cM
and 2.7 cM, respectively, where&s¢3 genewas flanked with TA194 and H1BO6y at
0.7 and 0.2 cM, respectively.

3.2.3 Validation of the markers

The genomic DNA of sixteen varieties was extractBlade markers TA110, TA96,
H1B06y and TA194 (Table 3.5) which were tightlyked with focl, foc2 andfoc3
were validated with these varieties. Thirteen ggped were resistant to Focl and all
of these amplified the allele associated with taesise for the marker TA110 (Fig
3.5). Of the three racel susceptible varieties, 2J@plified the TA110 allele
associated with susceptibility; K850 and PG5 anmsdlifthe allele associated with
resistance. Similarly for TA96, ten of the thirteleoc2 resistant genotypes amplified
the allele associated with resistance. For two Feteptible genotypes, JG62 and
PG5, the TA96 allele associated with susceptibiitgs amplified. However, for
K850 the resistant allele of TA96 was amplified. the contrary, Vishal and PG12,
which appeared Foc2 resistant, amplified the sudukyy allele associated with
TA96. For Foc3 Tal94 marker amplified resistance typelalh fourteen genotypes
and susceptible alleles in two genotypes. H1BO@we&hl resistance alleles in eleven

genotypes with susceptible allele in five genoty{ieble 3.5).
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Table 3.4 Disease reaction of RILs to races 1, 2 and Busfarium oxysporurfisp.

ciceri (Foc) and frequencies of marker genotypes

Gene/ Resistant® Susceptible x2 (1:1) Marker/  Resistant Susceptible %2 (1:1)
Marker Marker

focl 55 45 1.00 H1BO6y 57 43 2.00
foc2 49 51 0.02 H1FO5 56 36 4.30*
foc3 53 47 0.40 H1F22 56 37 3.85*
TA103x 43 57 2.00 H1P09/2 48 43 0.36
TA110 52 48 0.20 HeD11 54 38 2.77
H3A12 56 44 140 TS47 53 40 1.81
TAS9 53 40 1.81 UBC302 45 48 0.11
TA96 57 43 2.00 TAS37 50 43 0.53
TA96s 49 44 0.28 TAl44 53 32 5.55*
TR19s 50 41 0.96 CS27A 44 49 0.28
H1BO6x 52 48 0.20 TA194 59 41 3.20*

® Resistant and susceptible refer to the reactiagheoRILs to Foc races 1, 2 or 3

* Significant at P = 0.05
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Fig 3.4: Mapping offocl, foc2 andfoc3 genes conferring resistance to races 1, 2 andRaigdrium
oxysporunt.sp. ciceri. Marker and gene names are shown on the righeatiwchated map distances

between them are shown in the left.
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Table 3.5 Disease reaction of different chickpea genotyjeBoc races 1, 2 and 3
and marker genotypes

SrNo. Genotypes Focl Tall0 Foc2 Ta96 Foc3 H1BO6y Tal94
Vijay R R R R R R R
JG62
ICC4958
WR315
K850
Vihar
Vishal
PG94255
PG94091
PG94262
PG96006
PG5
PG97030
PG12
PG110
16 Virat R R R R R S R

% For Focl and Foc3: R — Resistant, S — Suscepfiolemarkers: R — presence of resistance
associated allele, S — presence of susceptibg8gpaated allele, - not amplified
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Fig 3.5 Amplification of genomic DNA from different chiglea varieties with STMS
primer TA110. Names of the lines are at the toge fphenotypic reactions of chickpea
lines to Focl is given on the top (R: ResistanG&ceptible)
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Interestingly, the same thirteen genotypes, whighe resistant to Focland
Foc2, also exhibited resistance to Foc3. Ten dfahbirteen genotypes amplified the
allele associated with resistance for the markeB®6y. In contrast, three Foc3
resistant genotypes amplified the H3B06y alleleassed with susceptibility (along
with two Foc3 susceptible genotypes; JG62 and K8%835, which appeared
susceptible to Foc3, amplified the H3BO6y allelsoasated with resistance. In case of
TA194, twelve Foc3 resistant genotypes amplifiezl bsistance allele. While on one
hand, a Foc3 resistant genotype, PG94255, amplthedsusceptibility associated
TA194 allele; PG5, which was Foc3 susceptible, #ieglthe resistance associated
TA194 allele. Overall, TA110 correctly identified! Jof the 16 genotypes as either
resistant or susceptible to Focl race while TA9fGemtly identified 12 of the 16
genotypes as either resistant or susceptible t@.RetB0O6y identified 12 out of 16
while TA194 identified 13 out of 16 genotypes athei resistant or susceptible for
Foc3.

3.3 Analysis of qualitative yield traits
3.3.1 Double podding (Sf1)

Parent JG62 is a double podding variety in whidingle node will give rise to two
pods as shown in Fig 3.6. Sixteen markers showsdcagion with double podding
gene and mapped on LG6. Two SSR markers TA80s &iDAs showed close
segregation witlsfl in the k population and flanked the double poddi&dl)(gene at
3.1 and 1.2 cM, respectively (Fig 3.6).

3.3.2 Seeds per pod (spp)

Many chickpea varieties have only one seed pervgate a few varieties have two
seeds per pod. This two seeds per pod trait istigatlg inherited and controlled by
single recessive gene. Parent Vijay showed the deexls per pod character while
JG62 had single seed per pod. Data were collectad €ach RIL in the field and
analysed for their cosegregation with the mappeteocatar markersspp gene was
tagged with two flanking STMS markers NCPGR27 amdl10 at 2.3 and 3.7cM,
respectively on LG2 (Fig 3.7).
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Fig 3.6: (a) Double pods in chickpea and (b) Mapping oftdeypodding geneSf).
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Fig 3.7: Mapping of number of seeds per p&PP on LG 2 (LG Il of Winteret al.,
2000).
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3.4 Analysis of quantitative yield traits
3.4.1 Phenotypic characteristics of Fo RIL population

The parents JG62, Vijay and their RIL progeny waaralysed for various quantitative
traits contributing to yield and the vyield relatémits at two different locations
(Rahuri and Dharwad) as detailed in the previowsptdr of Materials and Methods.
Both the parents showed a statistically significdifference for all the traits across
different environments. Table 3.6 depicts the ravigeight traits, namely Plant height
(Pht), Plant spread (Psp), Branches per plant (Bxpis per plant (Pdp), Days to 50%
flowering (Dflsp), Days to maturity (Dmt), Yield per plant (Yld)né 100 Seed weight
(Swt) in the parents and the RILs. The phenotypstridution for each trait in the
population is shown graphically in Fig 3.8 to 3.11.

The parents JG62 and Vijay showed a highly sigaift difference between
them for Psp (24.7 to 33.8) and Pdp (26 to 52),g=med to other traits like Pht, Brp,
Yld, Swt, Dfl and Dmt (Table 3.6). Although differee between the parents were
smaller in other traits, they were significante tRIL population (Table 3.6). For Pht
and Brp, the difference between the parents waswvidsle range in population was
found to be wide. All théraits showed good fit to normal distribution (Rd to 3.8).
Transgressive segregants were observed in all nk#oements and comparisons
between the best parent and the best RIL showéghdicant difference for all the
traits. Continuous phenotypic variation and traasgive segregation for all the traits

observed in the RIL population revealed the quatiié inheritance of these traits.

3.4.2 Correlation among yield and yield related traits

Simple correlation coefficients for three yearsoagthe traits were calculated using
Qgene ver. 2 (Nelson, 1998) software and are preden Table 3.7. (Since only two
environment data were available for Days to 50%véong, it was not included in the
correlation studies.) In 2003 Pht showed positive significant correlation with only
Yld and Swt, but in 2004 it was significantly cdated with all the traits. Yld was
significantly correlated with Pht, Psp, Brp, Pd &wt in all the three years. Swt was
significantly and positively correlated with Phtdaxld in all the three environments.
The highest positive correlation was observed betwdd and Pdp (0.866), followed
by Psp and Brp (0.777) as well as Pdp and Brp 8).6%9ield showed significant
positive correlation with Pht, Brp, Pdp and Swt,ileht was also significantly and

positively correlated with Psp. Dmt was signifidgrdorrelated only with Swi.
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Table 3.6 Parental values and population distribution pai@nms of the quantitative traits

Parental lines population Broad sense
Traits JG62* Vijay* Mean* Range heritability
Plant height (cm) (Pht) 43.0+4.2 40.2+4.5 38.9+4.728.0 - 49.0 77
Plant spread (cm) (Psp) 24.7+7.3 33.8+2.5 35.6+7.48.8 - 52.0 36
Number of branches per plant (Brp) 10.3+4.4 128+1.17.9¢6.5 7.3-37.0 62
Number of pods per plant (Pdp) 26.0£5.6 52.0+4.6 .0880.4 7.0-175.0 64
Yield per plant (g) (Yld) 7.2+2.8 10.2+1.5 10.649.7 1.4 - 86.7 52
100-seed weight (g) (Swt) 15.6+0.8  18.2+0.8  16.6+3. 10.4 - 30.9 84
Days to 50% flowering (Dfl) 425+2.4  44.3+3.1 4543 42.3-54.6 81
Days to maturity (Dmt) 100.0+4.5 112.0+3.0 108.8#+5.100 -123 63

*: The values are mean + S.D.
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Fig 3.8: Pht and Brp frequency distribution in the JG62 jaYipopulation
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Fig 3.9: Pdp and YId frequency distribution in the JG62 x Vijay population
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Fig 3.10: Swt and Dmt frequency distribution in the JG62 x Vijay population
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Fig 3.11: Psp and Dfls, frequency distribution in the JG62 x Vijay

population (* For Psp data for 3 years from Rahuri for §gfio years from Dharwad
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3.4.3 AMMI (Additive main effect and multiplicative interaction)

The analysis of variance (ANOVA) for Pht, Psp, BRap, Dfkp, Dmt, YId and Swt
with AMMI model is presented in Tables 3.8 and Xantribution to the sum of
squares due to Genotype, Genotype x Environmeneérdation (GEI) and
Environment were calculated as percentage of sotial of squares (Tarakanovos and
Ruzgas, 2006). For all the traits AMMI model (Tabl@8 and 3.9) deciphered the
GEl into 4 principal components, the first interantprincipal component axes (IPCA
1) and the second component (IPCA 1) score acenlfur a large portion of the sum

of squares with GEI for all the traits except fapBPsp and Dib.

3.4.3.1 Plant height

The AMMI analysis of variance of Pht tested in femvironments showed that 58%
of the total sum of squares (TSS) was attributédigenotype x environmental effect,
26% to genotypic effect, and only 16% to environtreffect (Table 3.8). Among the
58% of GEI contributed, 42% was controlled by firsb principal components. The
AMMI2 biplot (Fig 3.12) explained 72% of the GE emaction. Environments C
(Rah05), D (Dha06) and E (Dha 07) had longer vectbigh GEI) and were further
from the centre of the biplot. Environment B (Rah@4d shorter vector (less GEI),
while environment A (Rah03) showed a length claseero and hence had no or least

GE interaction.
3.4.3.2 Plant spread

Environment played a major role in plant spread reh&6.5% of total phenotypic
variation was controlled by environmental factoiGenotype x environment
interaction contributed 21% and genotype effect wery less with 12% of total
variation (Table 3.9). The AMMI2 biplot analysisigF3.12) for Psp showed that all
the three environments were highly diverse. Fivad frincipal components only

explained 100% of total GE interactions.
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Table 3.7:Simple correlations among the yield and yield eddtaits

Trait
Psp03
Brp03
Pdp03
Y1d03
Swt03
Pht04
Psp04
Brp04
Pdp04
Y1d04
Swt04
Pht05
Psp05
Brp05
Pdp05
Y1d05
Swt05
Dmt04
Dmt05

Pht03
-0.039
0.165
0.104
0.274*
0.197*
0.021
-0.031
0.018
-0.2
-0.096
0.056
0.208*
0.045
0.129
0.006
0.266*
0.117
0.307*
-0.06

Psp03

0.247*
0.312*
0.217*
0.045
0.068
-0.035
0.017
-0.057
-0.114
0.113
-0.036
0.185
0.146
0.14
0.088
0.001
0.136
-0.188

Brp03

0.515*

0.469*
0.076
0.007
-0.067
0.067
-0.084
-0.027
0.156
0.13
0.042
0.081
0.21
0.045
0.042
0.179
-0.159

Pdp03

0.718*
-0.101
-0.053
-0.075
0.124
-0.028
0.069
0.166

0.283*
-0.02
0.042

0.192*
0.064
0.174
0.026
-0.04

Y1d03

0.303*
0.03
-0.009

0.198*
-0.074
0.009

0.227*

0.215*
-0.046
0.083

0.074
0.182

0.272*

0.206*
-0.025

Swt03  Pht04 P§d  Brp04
0.171
0.042 0.451*
0.081 0.363* 0.777*
0.092 0.578* 0.668* 0.503*
0.085 0.515* 0.523*  0.395*
0.245* 0.212* 0.182  0.112
-0.112 -0.118 -0.12  -0.098
-0.023  0.048  0.075 .10
0.141  0.189 0.228*  0.248*
-0.115 0125  0.093  0.166
0.137 0158  -0.012 .05D
0.107  -0.004 -0.152  -0.071
0.136  0.118  -0.016  -0.085
0.082  -0.097 9.15 -0.112

Pdp04

0.866*
0.12
-0.066
0.164
0.168
0.133
-0.039
-0.164
-0.107
-0.107

Y1d04

0.228*
-0.004
0.163
0.1
0.054
-0.047
-0.143
-0.03
-0.071

*Significant at P < 0.05 (environment 03=2003; 0882; 05=2005)
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Table 3.7:Simple correlations among the yield and yield egldraits (Contd

Trait Swt04 Pht05 Psp05 Brp05 Pdp05 Y1d05 Swt05 Drog
Psp03

Brp03

Pdp03

Y1d03

Swt03

Pht04

Psp04

Brp04

Pdp04

Yld0o4

Swt04

Pht05 0.076

Psp05 0.12 0.004

Brp05 0.098 0.084 0.274*

Pdp05 -0.01 0.197* 0.294* 0.692*

Y1d05 0.329* 0.203* 0.034 0.546* 0.326*

Swt05  0.054 0.262* -0.128 0.212* 0.227* 0.408*

Dmt0O4 0.173 -0.023 0.229* 0.024 0.015 -0.011 -0.181
Dmt05 0.048 0.204*  -0.177 0.056 0.149 0.104 0.302* -0.078

*Significant at P < 0.05 (environment 03=2003; 0862; 05=2005)

87



3.4.3.3 Branches per plant

Using ANOVA the Brp sum of squares was partitiomeid genotype, environment
and GE interaction. Using principal component asiglythe GE interaction was
further partitioned. The results of AMMI analysi$aple 3.8) revealed that only
26.6% of total variability was justified by the Giteraction, where as major 65% by
the environment and 8% by the genotypic effect. AMEMI2 biplot analysis (Fig
3.13) for Brp showed that environments B and C lwadjer vector (showed high
GEI) but environment D had very short vector (lo&I}z One RIL (line No. 32) had
the longest vector for environment B, thus dispigyspecific adaptation for this
environment. The AMMI2 biplot explained 88% of tte¢al GE interactions.

3.4.3.4 Days to maturity

AMMI analysis for Dmt showed that GE interactiofluenced 45% of total variation
followed by environmental effect with 38% and led$% explained by genotypic
effect (Table 3.8). The AMMI2 biplot showed thatsfi two principal components
explained 99% of the total GE interactions (Fig33.1Environment B (Rah04), C
(Rah05) and E (Rah07) were showed high GE intenagti There were six
recombinant inbred lines (2, 6, 7, 13, 25 and 3Bictv showed specific adaptability
to environment D.e. for the year 2006 Dharwad. All the RILs were ttued very

close to the center.

3.4.3.5 Pods per plant

Analysis of variance for Pdp showed that GE intéoachad major influence which
explained 52% of the total phenotypic variation..82% was governed by
environmental effect and 20% was due to genotyffece(Table 3.9). AMMI biplot
analysis showed (Fig 3.14) that environment B (Rafatd C (Rah05) were involved
in high GE interactions but environment A (RahOBpwed the least interactions.
Environments D (Dha06) and E (Dha07), although stbimteractions there was less

variation or similar interactions with genotypesvieen them.
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Table 3.8: Analysis of variance for Pht, Brp, Dmt and Pdp

Pht Brp
Source df S.S. M.S. F % explained Source df S.S. M.S. % explained
G 92 6773.46 73.6246 25.9 G 92 1399.48 15.2117 8.3
E 4 4207.23 1051.81 16.1 E 4 10932.3 2733.07 65.12
GxE 368 15168.9 41.2199 58 GxE 368 4453.05 12.1007 26.6
IPCA1 95 7869.75 82.8394 3.1***  30.1 IPCA 1 95 3180.27 33.4765 7.18%** 19
IPCA2 093 3064.16 32.948 1.4* 11.7 IPCA 2 93 736.685 7.92134 2.66%** 4.4
IPCA3 091 2827.87 31.0755 1.9%** - IPCA 3 91 483.579 5.31406 9.006***
IPCA4 89 1407.14 15.8105 - IPCA 4 89 52.5126 0.590029 kkkkkkk
TOTAL 464 26149.6 56.35 TOTAL 464 16784.8 36.17

Dmt Pdp
Source df S.S. M.S. F % explained Source df S.S. M.S. % explained
G 92 14489.1 157.49 16.4 G 92 435119 472.956 20.1
E 3 33841.8 11280.6 38.4 E 4 60136.1 15034 27.8
GxE 276 39854  144.398 45.2 GxE 368 112337 305.263 52.1
IPCA1 94 37473.9 398.658 30.484 425 IPCA 1 95 74348.9 782.62 5.62** 34.4
IPCA2 92 2301.06 25.0115 28.474 2.6 IPCA 2 93 22737.4 244.488 2.88*** 10.5
IPCA3 90 79.0547 0.87838Fr*****x () Q IPCA 3 91 12190  133.956 3.89*** 5.6
TOTAL 371 88184.8 36.17 IPCA 4 89 3060.45 34.3871 feiakeialeiaieie

TOTAL 464 215985 465.4

The AMMI components were denoted as IPCA1, IPCA2CA3 and IPCA4 ANOVA was calculated from the valudsRILs across all environments,

significance of AMMI components were indicated wétsterisk symbol (*)***P<0.001, *P<0.05
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Table 3.9: Analysis of variance for Swt, Yld, Psp and 4ofl

Swt Yld
Source df S.S. M.S. F % explained Source df S.S. M.S. F % explained
G 92 2510.91 27.2925 35.9 G 92 2650.92 28.8144 15.6
E 4 188.744 47.1859 2.7 E 4 5197.47 1299.37 30.4
GxE 368 4299.41 11.6832 61.4 GxE 368 9197.43 24.993 54
IPCA1 95 2007.77 21.1345 2.51** 28.7 IPCA1 95 6603.4 69.5094 5.62*** 38.7
IPCA2 93 1031 11.086  1.58* 14.7 IPCA2 93 1244.88 13.3858 2.88*** 7.3
IPCA3 91 758.971 8.34034 1.48* 10.8 IPCA3 91 878.569 9.65461 3.89** 5.1
IPCA4 89 501.667 5.63671 **r*rrkx IPCA4 89 470.585 5.28747 FAFARARK
TOTAL 464 6999.1 15.1 TOTAL 464 17045.8 36.73

Psp Dfl s

Source df S.S. M.S. F % explained Source df S.S. M.S. F % explained
G 92 3282.26 35.67 11.95 G 92 45717.7 233.254 76.3
E 2 18274.5 9137.25 66.57 E 1 1498.97 1498.97 2.5
GxE 184 5892.26 32.02 21.46 GxE 93 12719.9 64.8975 21
IPCA1 93 4077.99 43.84 2.19*** 14.85 IPCA1 93 12719.9 64.8975 2.5%**  20.9
IPCA2 91 1814.27 19.93 1.73*** 6.6 TOTAL 186 59936  152.5
TOTAL 278 27449  98.73

The AMMI components were denoted as IPCA1, IPCA2CA3 and IPCA4 ANOVA was calculated from the valudsRILs across all environments,

significance of AMMI components were indicated wétsterisk symbol (*). ***P<0.001, *P<0.05
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INTERACTION BIPLOT FOR THE AMMI2 MODEL

IPCA2

s
-2.8 -0.6 16 38
IPCA1
VARIATE: PHT DATAFILE: C1PHT93 MODEL FIT: 72.1% OF GXE SS"

INTERACTION BIPLOT FOR THE AMMI2 MODEL

IPCA2

44 -2.24 -0.08 2.08 4.24 6.4
IPCA1

VARIATE: PSP DATAFILE: CIPSP93 MODEL FIT:100.0% OF GXE SS"

Fig 3.12:Biplot analysis of the GE interaction for the AM®inodel for Pht and Psp (A, B,
C, D and E are Environments: A= Rah03, B= Rah04R@k05, D= Dha06 and E= Dha07.
Genotypes: 1 to 93)
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INTERACTION BIPLOT FOR THE AMMI2 MODEL
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IPCAL
VARIATE: DMT DATAFILE: CIDMT93 MODEL FIT: 99.8% OF GXE SS"

Fig 3.13:Biplot analysis of the GE interaction for the AM®inodel for Brp and Dmt (A, B,
C, D and E are Environments: A= Rah03, B= Rah04R@k05, D= Dha06 and E= Dha07.
Genotypes: 1 to 93)
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3.4.3.6 Seed weight

Environment played the least role for 100 seed ktergth control of 2.7% of total

variation. GE interaction governed 65% of totaliaton and genotypic effect was
also up to 36% of total variation (Table 3.9). Bipanalysis (Fig 3.14) showed that
environments B, C and E were involved in high Genaction and environments A
and D were involved in the least GE interactionsstRwo PCs explained up to 70%

of GE interactions.
3.4.3.7 Days to 50% flowering

Effect of genotype was more on days to 50% flonggrmhich explained 76% of total
variation followed by GEI (21%) and environmentt®.) (Table 3.9). Biplot analysis
showed that all the genotypes were clustered o groups (Fig 3.15). It was
observed that most of the genotypes and envirorsmeste dispersed around the

biplot.
3.4.3.8 Yield per plant

The most of the phenotypic variation for yield veaplained by GE interaction (54%)
and environment (30%) (Table 3.9). AMMI biplot (RBdL5) analysis showed the first
two components explaining 85% of total interactiBnvironments A and E showed
the least interaction with genotypes where as neimgithree environments showed
high GE interactions (Fig 3.15).
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INTERACTION BIPLOT FOR THE AMMI2 MODEL

14
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74
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VARIATE: PDP DATAFILE: C1PDP93 MODEL FIT: 86.4% OF GXE SS"

INTERACTION BIPLOT FOR THE AMMI2 MODEL

IPCA2

5 32 EW] 04 22 2
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VARIATE: SWT DATAFILE: CPSWT93 MODEL FIT: 70.7% OF GXE SS"

Fig 3.14:Biplot analysis of the GE interaction for the AM3inodel for Pdp and Swt (A, B,
C, D and E are Environments: A= Rah03, B= Rah04R@k05, D= Dha06 and E= Dha07.
Genotypes: 1 to 93)
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INTERACTION BIPLOT FOR THE AMMI2 MODEL
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Fig 3.15 Biplot analysis of the GE interaction for the AMMmodel for YId and D, (A,
B, C, D and E are Environments: A= Rah03, B= RalD4, Rah05, D= Dha06 and E=
Dha07. Genotypes: 1 to 93) (Rft (A and B are Environments: A= Dha06 and B= Dha07
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3.5 Single locus QTLs analysis [Composite Interval Mapping
(CIM)]

In the RIL population 80 significant QTLs (LOB 3.0) (Table 3.10) were identified
for the eight yield and yield related traits. Thespions and effects of significant
QTLs are summarized in Table 3.11 to 3.18 and thésQwvere mapped on their
respective LGs (Fig 3.16 and 3.17). The numberigriificant QTLs for individual
traits ranged from three (Psp) to eighteen (Pdpiotal of 18 significant QTLs were
detected for Pdp followed by 14 QTLs for Brp, whilely three QTLs were detected
for Psp. The marker NCPGR80 was associated withsQot seven traitviz. Pht,
Psp, Brp, Pdp, Dmt, Df} and YId, while another marker TA64 was associatétl
QTLs for four traitsviz. Pht, Swt, Dfi; and Dmt. The highest phenotypic variation of
43.2% was explained b9Swt.ncl-1.2followed byQDmt.ncl-2.2(36%). Most of the
detected QTLs were environment specific and onlyoflthe 80 QTLs were stable
which expressed in more than one environment. Whss particularly evident in case
of Pdp QTLs, where 17 of the 18 Pdp QTLs were emvirent specific, on the
contrary five of the fourteen Brp QTLs expressednrinore than one environment.
Among the QTLs identified, LG1 was associated wiisst number of the QTLs (33),
wherein these QTLs were clustered in three groks 3.16). LG2 also had at least
one QTL for each trait. Brp and Pdp QTLs were thsted across six LGs, except
LGs 6 and 7, while the three Psp QTLs were mappedhe LGs 2, 4 and 5,
respectively (Fig 3.16 and 3.17). Graphical repreeon of the clustering of these
QTLs is represented in Figures 3.18 and 3.19 fot b&d LG2, respectively.

3.5.1 QTLs for Pht

About 12 significant QTLs were identified for Phhieh are dispersed on five linkage
groups (Table 3.11). One common QTQRht.ncl-1.3)was detected in two locations,
Rahuri and Dharwad. The contribution of the phepiatyariation ranged from 7.5%
to 23.9%. Vijay contributed for Pht through 6 QTasd JG62, for the remaining 6
QTLs (Table 3.10). Majority of QTL were on LG 2 (@TLs) followed by LG 1
(3QTLs) and LG 3 and LG5 (2 QTLs each) (Fig 3.16 arl7).
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Table 3.10: The number of significant QTLs identified and ttentribution of each

parent towards trait enhancing alleles of the QTLs

Population

No. of trait enhancing allele:

contributed by each parent

SINo. Trait No. of QTLs JG62 Vijay
1 Pht 12 6 6

2 Psp 3 2 1

3 Brp 14 9 5

4 Pdp 18 9 9

5 Yid 10 3 7

6 Swit 9 7 2

7 Dmt 9 7 2

8 Dflso 5 3 2
Total 80 46 34
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3.5.2 QTLs for Psp

Only three significant QTLs were identified on thrdifferent LGs for plant spread
(Table 3.12). All these three QTLs appeared to le@jopic with Pht QTLs. The

contribution of the phenotypic variation rangednird2 to 21%. Two QTLs were
influenced by alleles of JG 62 and one QTL wasugtficed by alleles of parent Vijay
(Table 3.10).

3.5.3 QTLs for Brp

For Brp, 14 QTL were identified on six LGs with mas them mapped on LG1
(5QTLs) followed by LG 5 (4 QTLs) (Table 3.13). Th&s 2, 4 and 8 each had one
QTL controlling the number of branche®Brp.ncl-2.1explained 27.83% of total
phenotypic variation with Vijay allele is influemg to increase the number of
branches QBrp.ncl-1.4explains 22.6% an@Brp.ncl-5.3explains 16.78% of total
variation, contributed by poor parent, suggesthegitmportance of alleles from JG62.
Among the 14 QTLs, nine were influenced by alled¢gG 62 and five QTLs were
governed by alleles of parent Vijay. Five QTLHBrp.ncl-1.2 QBrp.ncl-1.3
QBrp.ncl-5.1 QBrp.ncl-5.2 and QBrp.ncl-5.3 expressed in more than one

environment. Nine QTLs showed pleiotropic effecthwone or another trait.

3.5.4 QTLs for Pdp

Eighteen QTLs were identified for Pdp (Table 3.Mhich were distributed in six
LGs, except LG6 and LGQPdp.ncl-1.6was consistent and expressed in more than
one environment. Total phenotypic variation expdirby individual QTLs ranged

from 7.5 to 32.2%. Nine QTLs each were influencgdbbth the parental alleles.

3.5.5 QTLs for Dflso

Total five QTLs were identified on four LGs and all them were environmental
specific (Table 3.15). Three QTLs were influencgdlz62 alleles and two QTLs by
Vijay alleles. Total phenotypic variation explainked these QTLs ranged from 8.1%
(QDflsp.ncl-6.7) to 35% QDflse.ncl-2.1).
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3.5.6 QTLs for Dmt

Eight significant QTLs were mapped on three LGs 1L.G and 3) (Table 3.16; Fig
3.16 and 3.17). One QTL wa®Dmt.ncl-2.) stable across environments. Seven
QTLs were influenced by alleles of JG 62 and twoL®Dy Vijay alleles (Table
3.10). QTL,QDmt.ncl-2.2 explained 36% of total variation followed IDmt.ncl-
1.3(21.6%)andQDmt.ncl-1.520.3%).

3.5.7 QTLs for Swt

A total of nine QTLs were identified for Swt on 65k, with majority mapped on
LG1, LG3 and LG4 (Table 3.17). Among these nine @Tkeven had negative
additive effect, suggesting the contribution oelds from inferior parent JG62. One
major and stable QTL was identified and mapped Gd.LThis QTL QSwt.ncl-1.2
explained 43.44% of total phenotypic variation awpressed in more than one
environment. Two QTLs on LGZ)Swt.ncl-2.) and LG6 QSwt.ncl-6.) contributed
22.17 and 21.54% phenotypic variation, respectively

3.5.8 QTLs for Yld

Ten QTLs were identified for plant yield which wedestributed on three different
linkage groups (Table 3.18), LG1 alone carrying ®XLs followed by two QTLs
each on LG2 and LG3. All the QTLs were environmspecific. QYld.ncl-2.2
explained 32% of total variation followed lyYld.ncl-1.6with 21%. Seven QTLs
were influenced by alleles of parent Vijay whileed QTLs were governed by alleles
of JG62. The parent Vijay exhibited higher phenaymalues than JG62 for all the
traits except Pht. Six of the twelve Pht QTLs, Yiglleles decreased plant height in
the population while the JG62 allele increasedtthi¢ value. Similarly for Psp, Pdp,
Dflso, Dmt, Yld and Swt QTLs, the alleles from Vijay osely influenced the
phenotypic values (Table 3.10).
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Table 3.11 Results of composite interval mapping for Pht

LG Marker Position LOD QTL name A PVE (%)
1 NCPGR63 57.8 3.33 QPht.ncl-1.1  -1.35 10.58
2 TAA170 44.4 3.75 QPht.ncl-2.1 -2.05 18.88
2 TA146 61.9 3.41 QPht.ncl-2.2 1.45 9.63
4 TA14 2.0 3.39 QPht.ncl-4.1 1.31 10.88
1 TA89 55.1 2.93 QPht.ncl-1.2 -1.48 7.57
2 TS46y 70.8 3.85 QPht.ncl-2.2 2.14 12.93
5 TS46x 32.0 2.98 QPht.ncl-5.1 -1.8 10.89
5 UBC17 0.0 486 QPht.ncl-5.2 1.99 16.26
1 TA64 19.1 6.83 QPht.ncl-1.3  -7.28 23.94
2 NCPGR80 26.5 3.28 QPht.ncl-2.3  5.39 13.51
3 H1D22/1 25.8 3.19 QPht.ncl-3.1 -459 8.64
3 focl 60.8 4.53 QPht.ncl-3.2 5.66 13.08

(Markers underlined: QTLs contributing for more rthane trait; QTLs in bold letters expressed in

more than one environment, Italisized in PVE — heg variability contribution)

Table 3.12 Results of composite interval mapping for Psp

LG Marker Position LOD QTL name A PVE (%)
2 NCPGR80 28.5 3.00 QPsp.ncl-2.1 1.8 16.79

4 TA14 0.0 3.12 QPsp.ncl-4.2  -1.55 11.79

5 TS46x 34.0 4.49 QPsp.ncl-5.1 -2.65 21.25

(Markers underlined: QTLs contributing for morerhane trait; bold and Italisized in PVE — heighest

variability contribution)
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Table 3.13 Results of composite interval mapping for Brp

LG Marker Position LOD QTL name A PVE (%)

1 STMS28 42.9 3.37 QBrp.ncl-1.1 1.36 11.19
1 TA47 46.8 2.95 QBrp.ncl-1.2 1.08 8.64

3 H1P09/2 27.6 3.17 QBrp.ncl-3.1 -1.3 8.72

5 TAZ28 34.7 3.34  QBrp.ncl-5.1 -1.03 8.93
5 TA117 42 259 QBrpnd-52  -0.9 6.92
1 SSRY 33.4 3.21 QBrp.ncl-1.3 -2.85 12.96
1 STMS13 92 6.14 QBrp.ncl-1.4 -3.25 2266

3 UBC302 71.2 2.90 QBrp.ncl-3.2 -2.33 11.33

4 TR1s 66.2 2.72 QBrp.ncl-4.1 1.83 7.49
5 TS46x 32 4.59 QBrp.ncl-5.3 -2.89 16.78
5 H3A04 28.4 416 QBrp.ncl-5.4 0.11 11.19
1 TR26s 5 4.78 QBrp.ncl-1.5 -0.7 9.96

2 NCPGR80 26.5 9.25 QBrp.ncl-2.1 1.28 27.83

8 H1B09 53.2 481 QBrp.ncl-8.1 -0.68 10.8

(Markers underlined: QTLs contributing for more rthane trait; QTLs in bold letters expressed in

more than one environment, Italisized in PVE — hegd variability contribution)
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Table 3.14 Results of composite interval mapping for Pdp

LG Marker Position LOD QTL name A PVE (%)
1 TA89 51.1 2.97 QPdp.ncl-1.1 -2.38 10.41
1 TR29 88.6 291 QPdp.ncl-1.2 6.03 9.82
S H4B03 48.6 3.44 QPdp.ncl-5.1 8.71 12.42
1 UBC335 27.0 2.61 QPdp.ncl-1.3 -12.6 14.67
1 SSRY 33.4 2.90 QPdp.ncl-1.4 -11.9 9.94
1 TA47 46.8 3.93 QPdp.ncl-1.5 12.55 11.65
1 STMS13 90.0 2.81 QPdp.ncl-1.6 -9.13 7.69
5 TS46x 32.0 7.15 QPdp.ncl-5.2 -18 27.51
5 TA28 36.7 5.65 QPdp.ncl-5.3 -16.1 21.45
5 TA117 42.0 3.68 QPdp.ncl-5.4 -12.2 11.83
1 NCPGR69 45.5 5.12 QPdp.ncl-1.7 0.18 17.88
1 TR56 65.8 3.59 QPdp.ncl-1.8 0.17 16.62
2 NCPGR80 26.5 5.26 QPdp.ncl-2.1 6.27 13.11
3 CS27A 50.0 4.75 QPdp.ncl-3.1 7.12 18.62
3 H3A12 58.6 5.10 QPdp.ncl-3.2 10.87 32.19
4 TA80s 41.5 3.36 QPdp.ncl-4.1 6.36 7.56
8 NCPGRS81 51.0 2.96 QPdp.ncl-8.1 -5.96 8.31
5 H3H12/1x 45.7 4.47 QPdp.ncl-5.5 -495 11.14

(Markers underlined: QTLs contributing for more rthane trait; QTLs in bold letters expressed in

more than one environment, bold and Italisized\ifE P heighest variability contribution)
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Table 3.15 Results of composite interval mapping for Jofl

LG Marker Position LOD QTL name A PVE (%)
1 TAG4 19.1 7.00 QDflsp.ncl-1.1 -15.45 21.84

2 NCPGR80 26.5 8.08 QDflse.ncl-2.1 2351 35.30

3 H5F02/1 0.0 2.90 QDfls.ncl-3.1 14.84 8.12

3 focl 60.8 4.07 QDflsp.ncl-3.2 15.16 13.17
6 TA127 0.0 2.99 QDflsp.ncl-6.1 -24.4 8.15

(Markers underlined: QTLs contributing for morerhane trait; bold and Italisized in PVE — heighest

variability contribution)

Table 3.16 Results of composite interval mapping for Dmt

LG Marker Position LOD  QTL name A PVE (%)
1 TR24s 0.0 4.68 QDmt.ncl-1.1 -1.95 13.89

1 TR26s 7.0 286 QDmt.ncl-1.2 -2.04 15.78

1 STMS13 100 5.28 QDmt.ncl-1.3 -1.82 21.62

2 TA25 34.5 3.21 QDmt.ncl-2.1 -1.54 9.56

1 TR60 55.9 3.81 QDmt.ncl-1.4 -2.04 13.48

1 TAG64 19.1 6.08 QDmt.ncl-1.5 -8.57 20.28

2 NCPGR80 26.5 7.50 QDmt.ncl-2.2 12,22 36.01

3 Focl 60.8 418 QDmt.ncl-3.1 -5.22 15.72

(Markers underlined: QTLs contributing for more rthane trait; QTLs in bold letters: expressed in

more than one environment, bold and Italisized\ifE P heighest variability contribution)
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Table 3.17 Results of composite interval mapping for Swt

LG Marker Position LOD QTL name A PVE (%)
1 TA89 51.1 2.94 QSwt.ncl-1.1  0.72 8.39

3 TA59 43.1 4.93 QSwt.ncl-3.1  1.04 15.10

3 H3A12 56.6 3.53 QSwt.ncl-3.2 -0.9 10.25

4 CaSSR2 30.9 421 QSwt.ncl-4.2 -1.04 13.72

5 UBC17 0.0 3.13 QSwt.ncl-5.1 -0.71 9.00

4 TR1s 66.2 3.03 QSwt.ncl-4.2 -1.36 9.34

1 TA64 19.1 7.96 QSwt.ncl-1.2 -5.79 4344

2 NCPGR45 23.7 5.03 QSwt.ncl-2.1 -4.2 22.17

6 TR2s 10.9 499 QSwt.ncl-6.1 -3.55 21.54

(Markers underlined: QTLs contributing for more rthane trait; QTLs in bold letters expressed in
more than one environment, bold and Italisized\ife P heighest variability contribution)
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Table 3.18 Results of composite interval mapping for Yld

LG Marker Position LOD QTL name A PVE (%)
1 TS19 29.1 295 QYld.ncl-1.1 -1.66 9.12
1 TR29 88.6 4.39 QYld.ncl-1.2 1.79 15.22
2 TA25 34.5 273 QYld.ncl-2.1 -3.4 10.81
1 TA135s 48.5 293 QYld.ncl-1.3 -1.18 8.61
3 TAS59 43.1 2.82 QYld.ncl-3.1 1.51 9.78
1 NCPGR37 66.3 3.10 QYld.ncl-1.4 0.14 13.85
2 NCPGR80 30.5 5.03 QYld.ncl-2.2 0.33 32.98
3 H5F02/1 24.0 3.07 QYld.ncl-3.2 0.14 14.24
1 UBC760 16.4 2.87 QYld.ncl-1.5 7.31 9.51
1 STMS10 58.1 6.85 QYld.ncl-1.6 -4.94 2199

(Markers underlined: QTLs contributing for more rthane trait; QTLs in bold letters expressed in

more than one environment)
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3.6 Multiple Composite Interval Mapping (MCIM)

Single-locus multiple-trait composite interval magpwas also conducted using JV
population. All the QTLs detected through singleus MCIM were also observed in
joint MCIM. In the JV population, at least one QTdr each trait was detected using
single locus MCIM and 37 QTLs were detected usaigtjMCIM (Fig 3.20). Among
these, three QTLs were pleiotropic (Table 3.19).

Table 3.19 Pleiotropic QTLs based on MCIM analysis

Traits LG Marker interval Position

Pht+Psp+Brp+Pdp+Dmt+YId LG2 NCPGR80-TA25 26.5-35.0
Brp+Pdp+YId LG1 TR29-STMS13 85.6-89.1

Pht+Pdp+Swt+D§, LG3  H3A12-TA110 56.0-61.3

3.7 Two Locus analysis

QTL interactions were studied by using QTL Netwadtware. QTLs are mainly
divided into main effective QTLs and epistatic QT{sig 3.21) based on their
expression or interactins. Main effective QTLs haveir own genotypic effect and
sometimes they show interaction with environmesbaEpistatic QTLs are usually
involved in QTL x QTL interactions as well as QTL QTL x Environment
interactions (Fig 3.21). Two-locus QTL analysis wessformed and the results are
summarized in Tables 3.20 and 3.21. Six traits,(Pkp, Brp, Pdp, Dmt and Swt)
showed QE and QQE interactions. In this populatiepistatic interactions were
detected only for two traits Psp and Brp. Thré@Plit.ncl-3.2 QSwt.ncl-3.2
QDmt.ncl-2.) of the five M-QTLs were also identified througingle locus CIM
analysis either in the same and/or adjacent marktrvals. Three M-QTLs
(QPsp.ncl-4.1QBrp.ncl-3.1 and QPdp.ncl-4) Exhibited QE interactions. Remaining
three QTLs were main effect QTLs which had theinandividual effect without any
interaction with the environment. The epistaticlgsia revealed six QQE interactions

involving eleven QTLs in the RIL population (Talde1).
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Among these epistatic QTLs, fou@Brp.ncl-2.1 QBrp.ncl-5.1 QBrp.ncl-4.1
and QBrp.ncl-5.2 were also detected in single locus CIM analyBfinition of the
graphic meta system for genetic architecture ptasen based on QTL Network
analysis has been described in Table 3.22. One effactive QTL was identified for
plant height (Fig 3.22). This QTLQPht.ncl-3.2 is independent of environmental
influence and even not interacting with any othdrLQ Interestingly this QTL is
associated with wilt resistance gemfac() and influenced by JG-62 alleles. The same
QTL is also detected through CIM analysis upto LOB. Based on two locus
analysis three QTLs for plant spread were idemntififeig 3.23). One is main effective
QTL (QPsp.ncl-4.1 which is having its own individual effect as wealk it is
interacting with environment (Rah05) (Table 3.2Z0)o other QTLs identified are on
LG3 (QPsp.ncl-3.2and QPsp.ncl-3.3 were not having their own individual effect but
when they interact each other they will act as anneffective QTLs (Table 3.21).
These epistatic QTLs interacted with environmerdh(®) by exhibiting Q x Q x E
interactions (Table 3.21). One main effective QTaswdentified QPdp.ncl-4.) for
Pods per plant on LG4. This QTL is showed additage well as additive and
environment interactions. It interacted in both ®aliRah05) and Dharwad (Dha07)
environments. One QTL each were detected for Daysdturity and seed weight,
which are showed only main individual or additivfeet but not showed any

interaction with environments.

One main effective QTL @Brp.ncl-3.) and nine epistatic QTLs were
detected for branches per plant (Tables 3.20, F@13.24). The main effective QTL
showed both additive and additive x environmeneriattions. Nine QTLs were
epistatic for Brp, as shown in the Fig 3.24, a#idb QTLs were not having their own
additive effect but when they interacts each otred contribute for phenotype (Fig
3.24). Among these nine QTLs, three were mappedGih (Fig 3.24). Both epistatic
main effect and epistatic x environment interacteffect was observed between
QBrp.ncl-2.1and QBrp.ncl-5.1; QBrp.ncl-2.2 and QBrp.ncl-4.3 QBrp.ncl-2.3and
QBrp.ncl-4.1QTLs (Fig 3.24 and Table 3.21Among these three interactions, for
first two QTLs QBrp.ncl-2.1and QBrp.ncl-5.13 QQ interaction was influenced by
JG62 alleles where as for QQE interaction was @nfaed by Vijay alleles (Table
3.21). TwoQTLs; QBrp.ncl-3.5and QBrp.ncl-4.2were interacted each other as well

as with one environment (Rah05) but in this cakdesl of JG62 were influenced for
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both QQ and QQE interaction®@Brp.ncl-5.2and QBrp.ncl-8.1were interacted each
other and also with environments (Rah03 and Rahliz$2 alleles influenced both
QQ and QQE interactions except in one environmBath(Q3) where Vijay alleles
were contributed. Single QTIBrp.ncl-4.1is interacting with two QTLs@Brp.ncl-
2.2andQBrp.ncl-2.3 for same trait (Brp) showed the pleiotropism dgrinteraction.
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Table 3.20 QTLs with main effects and environment interactiforsyield traits by two-locus analysis

Marker interval QTL LG (position) A AE
focl-TA110 QPht.ncl-3.2 LG3 (58.6-61.3) 1.92 -
GA34-TR1s QPsp.ncl-4.1 LG4 (56-64.7) 1.98 2.7 [AE (1ID]
CS27A-TA96 QBrp.ncl-3.1 LG3 (50-53) 0.8 1.19 (AEI], 2.68 [AE(IIN]
STMS2-GA34 QPdp.ncl-4.1 LG4 (54.9-64.6) 2.9 9.5 [AE(IIN], -4 [AE(V)]
H3Al12focl QSwt.ncl-3.2 LG3 (58.6-60.8) 0.9 -
NCPGR80-TA25 QDmt.ncl-2.1 LG2 (30.5) 1.88 -
* A: additive effect; AE(1), AE(Il), AE(Il), AE(IV) and AE(V): QTL x environment interaction effefds environments |, II, lll, IV and V, respectively

Table 3.21 QTL interactions involving (Q x Q or Q x Q x Erfyield traits by two-locus analysis

Marker interval QTL (position) LG Marker Interva | QTL (position) LG AA*  AAE*

Plant spread

TR19s-UBC302 QPsp.ncl-3.268.2) LG3 H1BO06xfoc3 QPsp.ncl-3.380.9 LG3 2.04 5.6 [AAE(IID]

Number of branches per plant

NCPGR45-NCPGR80 QBrp.ncl-2.1(25.7) LG2 TA28-TA180 QBrp.ncl5.1(37.7) LG5 -0.72 2.4 (AAE Ill)

SppTAAL170 QBrp.ncl-2.2(41.7) LG2 GA34-TR1s QBrp.ncl-4.1(63.6) LG4 0.54 3.14 (AAE Ill)

NCPGR74-TA186 QBrp.ncl-2.3(53.5) LG2 GA34-TR1s QBrp.ncl-4.1(63.6) LG4 0.62 0.85 (AAE I
0.76 (AAE 1),

H3A12focl QBrp.ncl-3.1(56.6) LG3 TA80sSfl QBrp.ncl-4.2(41.5) LG4 -0.36 -1.7 (AAE Ill)
0.7 (AAEl), -

H3A04-TS46 QBrp.ncl-5.2(31.4) LG5 UBC299y-UBC299x QBrp.ncl-8.1(18.2) LG8 -0.67 1.8 (AAEIlI)

* AA: additive effect; AAE(I), AAE(I), AAE(IIl), AAE(IV) and AAE(V): epistasis associated with envinoents I, Il, Ill, IV and V, respectively
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Table 3.22: Definition of the graphic meta system for geneticch#tecture

presentation based on QTL Network analysis

Graphic meta

Line (Epistasis)

Circle (Shape)

system
Red (Fw'th only epistatic main eﬁeﬁ with only additive effect (A)
............ with only epistasis with only additive x
Green xenvironment interaction effecf® environment interaction effect
(IE) (AE)
Blue = oo with both land IE @ with both A and AE
Dark Not available @ with no additive related effect
. ﬂ) ) % .'IEE f“" o] OB T8 b)
W '\‘i.ﬂi.mf’ wzkw»m
%r SRR BRI s
| l LT T o AV T L .
| N
. ’ 4
..,.H ‘i ’l\ i . shix {It -'L{

F-statistic plots

{a) 10 genome scan for GTLs with individual
effents

{b) Genetic architacture of Pht OTLs

(c)Main effective QTL with individual effect

Fig 3.22: QTL x QTL interaction observed in QTL Network aysib for Pht on LG3
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{b) Genetic architecture of Psp QTLs

{a) 1D genome scan for QTLs with individual effects

{¢) 2D genome scan for epistasis of Psp QTLs

Fig 3.23: QE and QQE interactions observed in QTL Networklysis for Psp
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Fig 3.26: Main effective QTL observed in QTL Network anab/or Swt
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Chapter 4

Discussion




During the past decade many advances have beemplisioed in the construction of
linkage maps for crop plants using various molecubarker tools such as RFLP,
RAPD, ISSR, SSR, AFLP and SNP (Subudhi and Nguz@d4). These maps play an
important role in the genetic analysis of agronommel yield traits including QTL
analysis, dissecting QTLs into individual compomseahd map-based gene cloning.
However, the availability of linkage maps usingemarietal cross with QTL
positions of economic traits is limited in the dpea. Construction of linkage maps
based on codominant SSR markers helps in detegtiad polymorphism, validation
in other populations and easy comparison with gxjsinaps as compared to maps
with many dominant markers such as RAPD, ISSR aRdPA Furthermore, intra-
specific maps with codominant markers are usuallyswlered to be suitable and
preferred for MAS against desirable traits locatedspecific chromosomal region
(Toradaet al, 2006). A framework map using an intra-specifross has been
constructed in order to identify genes for fusariuit resistance, double podding,

seeds per pod and QTLs for yield related traitshickpea in the presented study.

Generation of an integrated genetic map of th@,ccomprising loci of both
economic and scientific importance is a central gbahickpea genetics. Initially, the
low level of polymorphism in the chickpea genomel #ime scarcity of co-dominant
DNA-based markers were serious constraints to actgethis goal. The advent of
sequence tagged microsatellite sites (STMS) marftéusiel et al, 1999; Winteret
al., 1999), however, provided the opportunity to gnéde the different available
maps. In recent years, STMS markers were indeedledpfor the generation of
almost all published genetic maps of chickpea dgped employing populations from
crosses betweef. arietinumand C. reticulatum(Tekeogluet al, 2002; Benko-
Isepporet al, 2003; Pfaff and Kahl, 2003; Rakskital, 2003; Abbcet al, 2005),C.
arietinum x C. echinospermun{Collard et al, 2003) and intra-specific populations
(Choet al, 2002, 2004; Flandez-Galver al, 2003; Udupa and Baum, 2003; Cobos
et al, 2005). Most of the previously published maps eveompared with most
extended genetic map of chickpea (Winggral, 2000). However this map, which
currently comprises more than 470 markers, wasdoase an interspecific cross
between theC. arietinumand aC. reticulatumaccession. Collardt al (2003) could
not detect similarities between the order of RARID ¢SSR markers in their map as

compared to previous studies. Nevertheless, mastrgie regions harboring genes
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for important traits are not yet sufficiently satted with co-dominant markers to
apply MAS in chickpea breeding programs. Genetigmireg mostly focused on
tagging agronomically relevant genes such as agtatiight resistance (Tekeoght
al., 2002; Udupa and Baum, 2003; Collatdal, 2003; Flandez-Galveet al, 2003;
Choet al, 2004) and fusarium resistance genes (Benko-tsegpal, 2003; Sharma
et al, 2004), and yield-influencing characters such asbte podding and other
morphological characters (Clet al, 2002; Rajeslet al., 2002b).

4.1 Features of the framework map

In the present study an intra-specific linkage nadpthe chickpea genome was
established using any RIL population. We screened all the available kpé&a SSR
markers (published till 2008) to construct thearspecific linkage map. Although far
from marker saturation, the map comprised eiglkalge groups of the genome, upon
which anchor markers were distributed at an infaiveamarker density. These
linkage groups may have corresponded to the chromeshumber of chickpedC(
arietinum 2n = 16) however, more markers would have to b@pad to make the
correlation between linkage groups and chromosaredsin. The linkage map was
predominantly constructed using chickpea-STMS nrarkecause of the availability
of genome-wide anchor markers and stringent linkaxgteria (r = 40 cM), linkage
groups were established at LOD-score of 3.0. Nates$is, a strict LOD threshold of
4.0 was set as a multipoint criteria parameter wimamkers were ordered in each
linkage group by multipoint analysis. Similar way potato, two backcross-linkage
maps were constructed at a LOD-score of 2.0 usintgato RFLP markers based on
homoeology of the potato and tomato genomes (Boaleet al, 1988). Whereas in
mung bean and cowpea, the best orders of markaes determined at LOD 2.0
(Menancio-Hauteat al, 1993), although LOD thresholds were set at 2.& 210
during the preceding two-point and three-point gsed, respectively.

The intra-specific linkage map consisted of 13Bedominantly chickpea
STMS) markers, which covered 568.5 cM at an averageker density of 4.21 cM.
Relative to the estimated physical size of the lgjga genome (750 Mbp;
Arumuganathan and Earle, 1991), 1cM distance inntla@ is approximately 1.32
Mbp (1,320 Kbp). This marker density is almost ®vas sparse as the 750 Kbp/cM
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high-density map of tomato (Tanksley al, 1992). This means that another 66
molecular markers may be evenly added into theatigkmap to approximate the

high-density linkage map of the tomato genome (#arGalvezt al, 2003).

The parental genotypes used in this study wer2%3Qolymorphic at 510
microsatellite sites. Hutteét al (1999) and Flandez-Galvezt al. (2003) also
observed 41% polymorphism using STMS markers anumgkpea accessions. A
higher level of polymorphism/genetic diversity (48% 94%) was detected using
microsatellite markers in studies that comparedrgelr number of chickpea cultivars
(Weising et al, 1992; Sharmat al, 1995; Huttelet al, 1999; Santet al, 1999;
Winter et al, 1999), thereby increasing the informativenessawh marker. The level
of DNA polymorphism within chickpea is quite lowrfbigh density linkage mapping
in theC. arietinumgenome. In the chickpea intra-specific map, a genétance of 1
cM to 1.32 Mbp requires at least 284 evenly disteld markers to resolve a marker
density of 2 cM, which is required for marker-assispyramiding of genes (Winter,
1997). Consequently, at least 1000 microsateli#gusnces should be screened in
chickpea to generate similar number of markers. él@w, there have been only 510
microsatellite loci characterized so far in chickp@adhikaet al, 2007). Efforts
should be directed to characterize more microsi@ddtici that are distributed across

the whole genome.

The segregation distortion observed in this pdmia (29.6%) was
comparable to that reported by Reieral (1992) in Arabidopsis and Xet al (1997)
in rice. Most of the distorted loci in this popudat were skewed in favor of the parent
Vijay. This might be due to accumulation of distuttalleles in the population with
progressive cycles of selfing undergone in the bgweent of the RILs (Flandez-
Galvezet al, 2003). In tomato, Paraet al (1995) reported a significant increase in
the number of loci that deviated from the expedttthdelian inheritance from;Ro
F;. They accounted this increase to the cumulatifecefof selection against the

alleles of one of the parents during propagatiothefRILs.

The highly significant correlation (0.5& < 0.001) observed between the
lengths of the LGs and the number of markers in respective LGs, indicated
random distribution of the markers in the map. Hesve non-uniform distribution of

markers was observed in some linkage groups (L@SL&H) (Fig 3.1). This might
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be due to non-random sampling of the genome byptiveers used, by uneven
distribution of recombination along the length bétLGs (Tankslet al, 1992), or
by clustering of some markers due to their prefgaktargeting of particular genomic
regions (Castiglionet al, 1999).

The chickpea intra-specific linkage map develojpetthis study will serve as a
core map in the mapping and tagging of genes feeadie resistance, particularly
fusarium wilt resistance. As the map becomes s&inaith markers, more complex
traits known to limit the production potential ohickpea could be dissected and
utilized more effectively in national and interratal breeding programs. This map
can be used to integrate with earlier developethewly developing intra-specific
maps to increase the marker density. Finally, the of chickpea-STMS markers as
anchor markers has provided a molecular insigti@fgenetic evolution of chickpea,

which is a logical starting point towards intra-gesncomparative mapping amcer.

4.2 Fusarium wilt

Evaluation of chickpea lines for resistancd~tgsarium oxysporurisp. ciceri in the
fields can be erroneous, especially over diffeygars, because of non uniformity in
pathogen infection in field. Few methods were stadided to reproduce chickpea
wilt under controlled conditions (Tullu, 1996; Shex et al, 2004, Sharma and
Muehlbauer, 2007; Ravi Kumar and Patil, 2004), whean be useful for unbiased
evaluation of resistance as well as for studiesintreritance of resistance, as it
ensures that all the tested plants are inoculabedltaneously at the same stage with
constant inoculums load and are grown under sineitasironmental conditions. The
technique can also be useful to resolve the antlyigni genetics of resistance to
different pathogen races (Pathakal, 1975; Gumbeet al, 1995; Kumar, 1998;
Sharmaet al, 2005). As the phenotypic expression of wilt semice gene/s can be
effectively studied under controlled conditions, exaluated & RIL population was
evaluated for resistance to Foc races 1, 2 ang&ately in pot culture experiments.

The segregation of STMS markers in the presenlysitas nearly in complete
agreement with the expectations of Mendelian segi@y and indicated that most of
the lines were relatively unbiased and showed |@tedozygosity. Eighteen SSR

markers and one RAPD marker were linked to thestasce genefocl, foc2 and
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foc3 The identified SSR markers have clear advantages other markers because
of their allele specific amplification, easier sogr and more reliability. The results
demonstrated high efficiency of these markers iedjgting desired genotypes,
alleviating the time-consuming process involvedairclassical breeding program.
Resistance to Foc races 1, 2 and 3 was earliertegpto be governed by three, two
and one gene, respectively (Sharrebal, 2004 and 2005). However, in our
population, monogenic inheritance for resistanceallothe three Foc races was
observed. Similar monogenic inheritance was redarieghe population of the cross
WR315 x C-104 fofocl (Mayeret al, 1997) andoc3 (Sharmaet al,, 2004).

Mayeret al. (1997) first reported the marker CS27 which wakdd tofocl at
7.0 cM and later this marker was converted intakele specific associated marker
(CS27A). However, in our study, CS27A was mapped%d cM fromfocl This
increase in the distance betwdenl and CS27A might be due to integration of new
markers between these loci and / or the use okreifit mapping population.
Similarly, Sharmaet al. (2004) mappedoc3 with two markers TA96 and TA194.
However, in the present studgc3was mapped closer to TA194 at 0.7 cM, but away
from TA96. Presence of six new molecular markersvben TA96 andfoc3 or
different population used for mapping might haventobuted to the increased
distance between the gene and TA96. Race 3 reststggnewvas mapped with two
new STMS markers H1B0O6y and TA194 at 0.2 and 0.7 &dpectively. Similarly,
foc2 gene was tightly flanked by two STMS markers Ta@l H3A12, at a distance
of 0.2 and 2.7 cM, respectively.

In the previous studies, around seven to eightkkemarwere mapped on the
same LG (LG Il of Winteret al, 2000) (CS27A, Ta27, Ta59, Ta96, Tall0, Tal94,
Tr19) (Winteret al, 2000; Sharmat al, 2004; Cobo%t al, 2005; Lichtenzveigt
al., 2005). In the present analysis, we increasedntidudker density on LG3 (LG Il of
Winter et al, 2000) by adding nine new microsatellite markéfall0, Tal03,
H1B06, H3A12, H1F05, H1F22, H1P09/2 and H6D11) awd RAPD marker
(UBC302). The results obtained by earlier studiadl( et al, 1998; Tekeoglet al.,
2000; Winteret al, 2000) indicated two clusters of fusarium wilsistance genes,
one that containefbcl andfoc4 and the other comprisirfgc3 andfoc5 (Fig 1.7). In

our results, these two clusters appeared to be ioetlasocl andfoc2 are present in
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the same cluster, which might be due to higher rarmad markers mapped in the
present study compared to previous studies oragerne inversions observed in the
map. These markers can be used in marker assitattien forfocl, foc2 andfoc3

either independently or in combination. Additionfelv more markers in this linkage

group will increase the chance of success for jposit cloning of theséc genes.

The results presented here and those by Udup®&amoeh (2003) contributed
to the emerging picture of a hot spot for resistaagainst two diseases (Fusarium
wilt and Ascochyta blight) on LG2 of chickpea mafiter et al, 2000) as this LG
also harbors QTLs for resistance against pathotipasd Il of Ascochytaabiei (Cho
et al, 2004). Apart from resistance genes, other ganesved in pathogen defense
are also located on the same LG. The region cantpioc gene cluster also harbors
sequences with high homology to pathogenesis-telgémes such as a Thaumatin-
like protein (PrP 5) or the gene coding for N-hygarnamoyl-benzoyltransferase
that catalyses one of the first steps in the prodoof phytoalexins (Benko-lseppon
et al, 2003). All these studies conclude that LG2 isonignt for resistance genes of
various diseases in chickpea. Hence, saturatisd-tBiwith more STMS markers will

pave the way for MAS and positional cloning of thelisease resistance genes.

The use of closely linked markers to the Foc taste genes, developed in
this study, could facilitate introgression of thegenes from Foc resistant cultivars
carrying individual genes into commercially compes chickpea varieties which are
lacking Fusarium resistance. In addition, using gheviously published markers for
foc4andfoc5 (Tullu et al,, 1998; Tekeoglet al, 2000), they can enable introgression
of all the five race specific resistance genes ansingle chickpea variety, thus greatly
enhancing the spread and durability of wilt resisea Moreover, anchoring genomic
areas of interest with STMS markers has been a pasiitable strategy allowing
saturation of the genomic region surrounding the Fesistance genes on LG2.
Marker density around these loci in LG2 is pronygsiar further targeted selection of
resistant genes. However, we failed to detect madkeked tofoc4in our population,
which clearly demands few more polymorphic and ooishant markers such as
STMS to bring all the resistance genes in a singlivar and to achieve

comprehensive resistance against Fusarium wilhickpea.
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4.3 Double podding and seeds per pod

In chickpea, various parameters such as seed msass, yield, seed size, etc.,
contribute to yield (Raet al, 1994). Double podding is also one such primeait t
for yield improvement. This trait is conferred bgiagle recessive gene that has been
assigned the gene symbd ‘Or “sfI” (Khan and Akhtar, 1934; Ahmad, 1964, Patil,
1966; D’Cruz and Tendulkar, 1970; Singh and VandRia@, 1989, 1994). Chickpea
usually develops single flower only (hence alsoiragle pod) per node. But one
cultivar JG62 (used in present analysis) produaesfiowers per node (Rubiet al,
1998). The double poddingfl) gene was first tagged by Rajeshal. (2002b) and
Choet al. (2002) with the marker TA80 at 4.84 cM. In thegmet study, the gene has
been tagged with two new flanking STMS markers T&\&0d TA106s at 3.1 and
1.2 cM, respectively. There have been some repottse past indicating the positive
effect of double-podding on chickpea crop yieldbdl8rakeet al, 1978; Singh and
Van Rheenan, 1989, 1994). On the other hand, Kfi(f#87) reported that it had no
effect on yield in diverse genetic backgrounds. Bikegene has a positive yield
stabilizing effect and it is independent of seex SRubioet al, 2004). It reportedly
increases seed yield by 10-18% under moisturetfighitonditions (Sheldraket al,
1978; Kumatret al, 2000). Constitution of the different backgroumisecessary as it
plays a role in the expressivity of the’ ‘allele (Kumar and van Rheenen, 2000). In
order to study the effects of double-podding onldyiét was suggested that true
isogenic lines should be developed and evaluatetiverse environments (Knights,
1987). Rubicet al (1998) developed NILs for the double-poddingttasid tested it at
five locations over 2 years to study the role a$ tnait in yield. The results revealed
that the double-podded NILs had more vyield stabiithen compared to single
podded lines. Similarly, in another study by Kunearal. (2000), this trait showed
stability for the seed yield though it had unstgi@e@etrance and variable expressivity.
These results indicated that the double-poddetdoaiferred more yield stability than
the single-podded trait. Therefore, a tightly lidkearker to this gene can be utilized

to exploit the agronomic importance of this trait.

In chickpea, normally pods contain single seedweicer, in some of the

cultivars like ‘Vijay' two seeds per pod were obsst and also it is inherited as
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controlled by single recessive gene. Bmptrait was tagged by two flanking STMS
markers NCPGR27 and TA170 at 2.3 and 3.7cM, resmbgeiFig 3.7).

4.4 Quantitative traits

Knowledge of the inheritance of quantitative chtgex is a basic requirement to
identify and integrate interesting genes in linkaggps and to utilize these maps for
MAS of these characters to accelerate the developroé new cultivars. The
knowledge of relative contribution of genetic compnts and environmental effects
in controlling the variation for different quantitze traits is essential for crop
improvement (Kumar and Rao, 1996). This informatialtows geneticists and
breeders to employ improved strategies to developerefficient selection methods
and genetic populations (Nyquist, 1991). In chickpegenetics of resistance to
ascochyta blight (Singh and Reddy, 1983; Tewari Raddey, 1986; Dey and Singh,
1993; Tekeoglet al, 2000), fusarium wilt (Muehlbauer and Singh, 198tmberet
al., 1995; Kumar, 1998; Tullet al, 1998; Tekeoglet al, 2000; Rubicet al, 2003),
chilling tolerance at flowering (Clarke and Siddeq2003), and flowering time (@t
al., 1999) have been extensively analysed.

In the present study we analysed one intra-spegfRIL population for eight
yield and yield related traitgiz. plant height (Pht), plant spread (Psp), number of
branches per plant (Brp), number of pods per pladp), yield per plant (Yld), 100-
seed weight (Swt) days to flowering (RJl and days to maturity (Dmt). Although
many studies have been performed on several tfadkickpea, this is one of the first
reports about the association of molecular mankés the traits such as plant height,
plant spread, and number of branches per plartickjgea.

4.4.1 Phenotyping in multiple environments

Growing genotypes under well-adapted condition$ \wsitong phenotypic expression
can lead to over estimation of the genetic compbaaal it could be avoided by
including contrasting environments and seasons clw observations are made
(Moralejo et al, 2004). In accordance, the experimental mateoalsisting of RIL

population developed with the cross JG62 x Vijay\weown in five years. Variation

in environmental conditions of these years includediation in sowing, rainfall,
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average temperature etc. leading to phenotype &stins at different environments.
Measurable characters contributing to yield werehg&r considered for precise
guantification of the phenotypic traits, which isbasic requirement in any QTL

analysis.

4.4.2 Normal distribution

The population means for Pht, Psp, Brps8fDmt, Pdp, Swt and YId traits in all the
environments posed a normal distribution (Fig 8.8.111), without skewing towards
either of the parents, suggesting least epistéfiects between the QTLs (Blan&t
al., 2006). The RIL population developed for the pn¢study showed both positive
and negative transgressive segregants, suggebengassibility of finding positive

alleles in the poor parent while negative alletethie parent with better yield traits.

4.4.3 Correlation and heritability

Grain yield and related traits of chickpe@ider arietinumL.) are quantitative in
nature, affected by many genetic factors as well easironment fluctuations
(Muehlbauerand Singh1987). In chickpea breeding programs, selectidmagsed on
yield and yield related characters. Determinatibrrarrelation coefficients between
yield and yield criteria is important to select daable plant types for effective
chickpea breeding. Although direct selection far grain yield could be misleading,
indirect selection via yield related charactershwhigh heritability might be more
effective than the direct selection for yield (TokE998). Traditionally, correlation,
regression and path-coefficient analyses have hsea in determining character
interrelationships and yield criteria for indiresstlection (Bahét al, 1976; Singlet
al., 1990; Tokeand Cagirgar2003).

Correlations between the specific traits were ys®a (Table 3.7). Pht was
significantly and positively correlated with Yld @swt in the first year (2003), where
as correlation was positively significant with P&rp, Pdp, Yld and Swt in 2004.
Yield was positively and significantly correlatedtvPht, Psp, Brp, Dmt, Pdp and
Swt. Days to maturity showed negative correlatigiin\all the traits in 2003 and 2004
but was significantly positively correlated withtRimd Swt in 2005 (Table 3.7).
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Generally, Yld, Swt and Pdp are accepted as th& mportant characters in
all the traits studied due to its close relatiopshith grain yield. The higher the pod
numbers the higher grain yield. Furthermore, thenlmer of pods and seed weight
were found as one of the most important selectriter@ in order to contribute to
grain yield because of the fact that they had ftigeificant positive direct effect
(Singhet al, 1990). Pods per plant should be considered hegetith branches per
plant. Apart from the other selection criteria, thein weight should solely be
evaluated to select large grained genotypes. Sigilaelection criteria in cereals
were also evaluated (Walton, 1972; Lee and Kaltsik873; Godschalk and Timothy,
1988; Cagirgan and Yildirim, 1990). Singtt al. (1990) and Toker and Cagirgan
(2003) reported that breeding materials shouldipusly be screened and selected for
important biotic and abiotic stress factors in téwget environment prior to selection
for grain yield. Traditional selection proceduresll woe shortened by these

applications.

The broad-sense heritability estimates for theegevaits ranged from 36%
(Psp) to 84% (Swt). These values agree with theperted earlier in chickpea (Eser
1976; Muehlbauer and Singh, 1987; Singh, 1987; Abbal, 2005). Eser (1976)
observed 13% narrow-sense heritability for sing@npyield, 25% for number of
pods per plant, 30% for plant height and 78% fadseeight in chickpea. She also
concluded that seed weight was the least influebgdtie environment. Singh (1987)
studied chickpea pure lines and estimated thedfdity values for several traitgz.
seed yield, plant height, number of pods per pldays to flowering, days to maturity
and 100-seed weight to range from 49% to 91%. Adtbal (2005) and Cobost al
(2007) also reported high heritability values feed weight (71%) and seed size
(90%). In the present study we also observed hegftatbility (84%) for seed weight
(Swi).

4.4.4 Analysis of variance

Using ANOVA the yield sum of squares was partitibmeto genotype, environment
and Genotype x Environment interaction. Using ppaktcomponent analysis the GE
interaction was further partitioned. The resultscoinbined analysis of variance

(Table 3.8 and 3.9) showed significant differenfmesenvironments and the genotype
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X environment interaction, indicating the effect thfe environment in the GE
interaction, and as the GE interaction was sigaific it was possible to proceed
further and calculate phenotypic stability (Fardaadnd Sutka, 2003). The results of
AMMI analysis (Table 3.8 and 3.9) revealed that 58%otal variability was justified
by the GE interaction for Pht, 16% by the environtmand 26% by the genotype.
Except Psp, Brp and B#l for all other traits GE interaction had influeddargely for
total variation, indicating the importance of irg#etions than the individual
(environmental or genotypic) influence for thesaumfitative traits. Many researchers
reported the importance of GE interactions in giante traits (Yan, 2002).

4.4.5 AMMI biplot analysis

Genotype-by-environment interaction (GEI) is th#edential response of genotypes
evaluated under different environmental conditidhg& a complex phenomenon as it
involves environmental (agro-ecological, climatrmdaagronomic) conditions and all
physiological and genetic factors that determires gplant growth and development.
There are many statistical methods for assessioglying and interpreting GEls
(Floreset al, 1998; Husseirt al, 2000; Sabaghniet al, 2006). Some methods are
based on linear regression of a genotype meansndgroemental index, e.g., Finlay
and Wilkonson (1963) and Eberhart and Russell (L9B®nparametric stability
statistics, requiring no statistical assumptiorasjehbeen proposed by Hiuehn (1990a,
b) and Kang (1988). Many of the nonparametric mdégthdave recently been
compared by Sabaghnigt al. (2006). Three newer methods, which help identify
important characteristics of GEI are the AdditiveaiM effects and Multiplicative
Interactions (AMMI), which was popularized by Gauahd Zobel (1997), Pattern
Analysis (PA), which was developed and updated latsdhet al. (1996), and GGE
Biplot Analysis, which was developed by Yan (20@hy thoroughly documented by
Yan and Kang (2003).

Genotype-by-environment interaction data obtaifredh multi-environment
trials (METS) across a wide range of environmeras be investigated by pattern
analysis to identify genotypes with similar respEmscross environments, and to
identify those environments that discriminate amgegotypes in a similar manner
(Cooper and Delacy, 1994; Alagarswamy and Chari#88; Delacyet al, 2000).
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Pattern analysis is based on the joint complemenise of cluster (CA) and principal
component analysis (PCA) to study different aspestsresponse patterns of
genotypes. Since there is an exponential increasea inumber of pair-wise
comparisons with an increase in a number of enments, inspection of individual
comparisons becomes impractical. To overcome thiblem, the use of pattern
analysis has been proposed (Cooper and Delacy,).19%pection of two-way

response plots from environmental and genotypistels or the biplots from PCA
provides an alternative and complementary way afrering the relationships among
genotypes and environments (Cooper and Delacy 19®)particular, a biplot

represents a versatile graphical approach for amgyMETs (Yan, 2001; Yan and
Kang, 2003).

Previous studies on predictive assessment revéadedMMI with only two
interaction principal component axes was the bestiptive model (Zobekt al,
1988). The contribution of IPCA1 to the GE interastwas greater than that of
IPCA2 and IPCAS3 for all the traits. Similar resultere found in barley (Monicat
al., 2008). It was observed that most of the genayped environments were
dispersed around the biplot for all the traits. Mafsthe RILs were clustered in center
indicating all these RILs are stable genotypesalhthe environments are very much
diverse (Fig 3.12 to 3.15). Among the yield tratsalysed Pht, Dmt, Pdp, Swt and
Yld shared high GxE interactions. In the previotisdg on barley, RILs showed
moderate GE interactions compare to landraces (®4oei al, 2008) for yield.
Genotypes of annual crops evaluated for grain yoelch multi-locational, multi-year
basis frequently show GE interactions that comfdicelection or recommendation of
individual lines (Mohammadit al, 2007).

Coping with genotype-year (GY) and genotype-laoatyear (GLY)
interaction effects is possible only by selectionyield stability across environments
defined as location year combinations (Annicch@rit997). There are two strategies
for developing genotypes with low GE interactioi$e first is sub-division or
stratification of a heterogeneous area into smatteare homogeneous sub-regions,
with breeding programs aimed at developing genatype specific sub-regions. The
second strategy for reducing GE interaction invelgelecting genotypes with better

stability across a wide range of environments ideorto better predict behavior
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(Eberhart and Russell 1966; Tai, 1971). Variousho#$ use GE interaction to
facilitate genotype characterization, and as actele index together with the mean
yield of the genotypes. Accordingly, genotypes vmtimimal variance for yield across
environments are considered stable. This idea aifildy may be considered as a
biological or static concept of stability (BeckendaLeon 1988). This concept of
stability is not acceptable to most breeders andregmists, who prefer genotypes
with high mean yields and the potential to respémdagronomic inputs or better
environmental conditions (Becker, 1981). The higeldy performance of released
cultivars is one of the most important targets odeldlers; therefore, they prefer a

dynamic concept of stability (Becker and Leon, 1)988

According to Huehn (1990a, b) nonparametric pracesl are easy to use and
interpret and additions or deletions of one or fg@notypes minimally affect the
variation of results. We can even use nonparamatethods for balanced data with
normal distributions because they are relativeippde. Stability estimates from
nonparametric models based on the ranked cladsifisaof genotypes in a given set
of environments do not require previous assumptens are a good alternative for
parametric measurements (Nassar and Huehn 198hnHared Nassar 1989). The
interaction concepts of the classifications arergjly related to those required by
breeders, i.e. determination of whether the besotype in one environment is also
the best in other environments, and they can defiagc and dynamic concepts of
stability. The results thus show the potential ukefss of AMMI model to identify
the genotypes having wider adoptability or speafiaptability which can be used as
a genetic resource for breeding.

4.5 Composite interval mapping analysis

The basic principle of using genetic markers tagtguantitative trait loci (QTL) is
well established (Lander and Botstein, 1989; Caebaat al, 1992; Haley and Knott
1992; Jansen 1993; Zeng 1993, 1994). Sax (1929 dsed pattern and pigment
markers in beans to analyze genes affecting seedgiinvestigating the segregation
ratio of F, progeny of different crosses. Thoday (1961) preddbe idea of using two
markers to bracket a region for detecting QTL. bhsic idea of Sax and Thoday for

detecting the association of a QTL with a marketseon the comparisons of trait
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means of different marker (chromosomal segmengsels These methods, such as
test and simple and multiple regressions, direatiglyze markers. In recent years, the
advent of fine-scale molecular genetic marker méps various organisms by
molecular biology techniques has greatly facildathe systematic mapping and
analysis of individual QTL. Lander and Botstein 99 proposed a much-improved
method, named interval mapping (IM), for QTL mapiit has been shown that IM
has more power and requires fewer progeny thamtthods for direct analysis of
markers (Lander and Botstein 1989; Haley and Kh6f2; Zeng 1994). Haley and
Knott (1992) proposed a regression version of walemapping to approximate IM.
Although Haley and Knott's method could save timecomputation and produce
similar results to those obtained by IM, the estena the residual variance is biased,
and the power of QTL detection can be affected Q95).

The approach of IM considers one QTL at a timehe model for QTL
mapping. Therefore, IM can bias identification astimation of QTL when multiple
QTL are located in the same linkage group (Lanael Botstein 1989; Haley and
Knott 1992; Zeng, 1994). To deal with multiple QPpkoblems, Jansen (1993) and
Zeng (1993, 1994) independently proposed the idesmbining IM with multiple
regression analysis in mapping. Zeng named thisbowation “composite interval
mapping” (CIM). The approach of CIM is that, whesting for the putative QTL in
aninterval, one uses other markers as covariateondral for other QTL and to
reduce the residual variance such that the tesbeamproved. The model of CIM
includes one QTL and markers. Hoeschele and Vapera(t993a, b), Satagopan
al. (1996), and Sillanpaa and Arjas (1998) used a Bayespproach in estimation
and to identify QTL. Doerge and Churchill (1996)kdspermutation tests for QTL
detection. Mapping for QTL controlling binary trand ordinal categorical traits is
presented by Hackett and Weller (1995).

In deciphering the yield and vyield related QTLs used a RIL population
from JG62 x Vijay cross, which could be consideasda smaller population for QTL
mapping of such complex traits. However, Price @Qfbstulated that QTL positions
identified using small populations were nearly saawe that of large mapping
population. The QTL analysis for important traits dhickpea such as for fusarium

wilt (focO 80 lines) (Cobo®t al, 2005), 100 seed weight, days to flowering and
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number of seeds per plant (76 lines and 80 lin€sp (et al, 2002; Cobost al,
2007) were reported earlier. In wheat frost toleeachbf3, 74 lines) (Vaguifahat al,
2003), wheat grain protein (Gpc, 74 lines) (Diselfet al, 2004) and barley photo
period response (Ppd;H94 lines) (Turneet al, 2005), using population less than
100 individuals, accurately predicted the undedymenes, governing these traits.
However, it has been reported that the samplingctdfthe confidence interval and
maximum LOD may not be found at true QTL positiddafvasiet al, 1993). The
QTL identification carried out in the present studsing ninty-three RILs can be

considered predictive for further studies.
4.5.1 QTL mapping for various traits under study

There were twelve QTLs mapped for Pht which wersrithuted on five linkage
groups. One QTLQ@Pht.ncl-2.3)showed pleotropism with QTLs for traits Psp, Brp,
Dflso, Pdp and yield with NCPGR 80 as an indicative raarkThis result was
supported by the correlation observed between ttrags. Pht was significantly and
positively correlated with Psp, Brp, Bfl Pdp and YId (Table 3.7). QTIQPsp.ncl-
2.1 was clustered with QTLs for Brp, Pdp and YId iG2. In LG5 also, clustering of
QTLs between Psp, Brp and Pdp traits was obserkdse results were clearly
supported by correlation observed between thegts tvehich were positive and
significant. There were five Brp QTLLQBrp.ncl-1.2 QBrp.ncl-1.4 QBrp.ncl-5.1
QBrp.ncl-5.2and QBrp.ncl-5.3 which were stable and expressed in more than one
environment. The correlation and clustering obsgrsetween Brp and other traits
was similar. Pods per plant had direct influencentprove the grain yield. Many
QTLs were identified for Pdp with even some of theontributing up to 32% of total
phenotypic variance. Except one QTQRdp.ncl-1.$ all other QTLs were expressed

in single environment.

In genetic terms, yield is the end result of matifferent genes acting
throughout the life of the plant plus the effecttloé environment and environment x
genotype interactions, consequently low hereditgth$ expected, as this study has
shown. Environment had major influence on this.t@orrelations between yield and
seed weight showed positive values (0.3 and 0.84blé 3.7), similar as the results

obtained in the other field experiments, where elations between seed weight and
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yield were positive. These results might explaie 8imilar outcome reported by
different authors in relation to correlations betweyield and yield components
(Mandal and Bahl, 1980; Muehlbauer and Singh, 1$8dghet al, 1990; Kharraet
al., 1991; Kumar and Arora, 1991; Kumar and Bahl, 199ynezet al, 1993,
Coboset al, 2007). The QTL for seed siz®%wt.ncl-2.}), Pdp QPdp.ncl-2.) and
another two QTLs for yield@Yld.ncl-2.1and QYId.ncl-2.2 in the same genomic
region in LG2 might explain the correlation betwebase three traits (Fig 3.16 and
Fig 3.17). These results agree with those repdife@hoet al. (2002), who found a
QTL for seed size and seed number per plant (amrapt yield component) and
Coboset al, (2007) for Yld and Swt in same LG. Similar typectustering of QTLs
was observed in LG1 and LG3 also for these thigtstr

In our map, no QTLs for yield or seed size wemntdied in same genomic
region of LG6 where the double-pod gene is prestintilar results were obtained by
Choet al (2002) and Cobost al (2007). Studies performed in different locationsl a
years have shown that this gene has no effectaaased yield and/or decreased seed
size (Rubioet al, 1998, 2004). However, the link between QTL fod¥hd Dfkgin
LG2 might partly explain the positive correlatioouhd between yield and days to
flowering. This result agrees with Rul®bal. (2004), who performed a multi location
| year assay and found a significant and positiffece of earliness on yield in

chickpea.

Seed weight is an important aim in chickpea bregg@grograms because larger
seed sizes fetch higher market prices (Upadhgaya, 2006). Thus, the significant
correlation between seed size and yield seems tgobd for obtaining large seed
cultivars with high yields. In this study, the QTix seed size were closely linked or
pleiotropic with QTLs for yield on LG1 and LG3. On®jor QTL for Swt QSwt.ncl-
1.2) was expressed in both Rahuri as well as in Dhéteveation with around 43% of
the total phenotypic variation (Fig 3.16 and TaklE7). This QTL was also clustered
with one yield QTL QYId.ncl-1.) which is also supported by significant correlatio
observed between them. More attempts must be nmatleeifuture to saturate this
major QTL region QSwt.ncl-1.2in the LG1 of chickpea map, using robust markers
such as STMS (Winteet al, 2000; Tekeoglet al, 2002; Choet al, 2004). The
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detection of these new QTLs for seed size woulg hel overcome the selection

problem for larger seeds in chickpea.

QTL for Swt on LG2 QSwt.ncl-2.)in this study might be the same QTL for
seed size reported by Cled al. (2002), Abboet al. (2005) and Cobost al. (2007)
(Fig 3.16). Abboet al, (2005) located their QTL flanked by markers GA&2d
STMS11 (23 cM apart); these markers were not poipimo in our map. New
NCPGR markers were added to same LG but these rsawkere not used in
previously published articles. The QTL for seedesieported by Chet al. (2002)
using an intra-specific population was located inr@ad genomic region of LG4. In
this study, a more precise location was obtained oL (QSwt.ncl-2.}, flanked by
two new SSR markers (11 cM apart). On chickpea npafdished before now, this
genomic region was poorly saturated and necesujtdtie addition of more robust

markers in this interesting region.

Days to flowering is considered to be an importaddptive trait because crops
have to grow in different thermal and photoperiegimes (Khanna-Chopra and
Sinha, 1987). Mediterranean chickpea seem to heoleexl towards high day-length
sensitivity, while on the Indian subcontinent andBast Africa, they have evolved
towards short photoperiods (Robegtsal, 1985; Kumar and Abbo, 2001). The RIL
population used in this study was derived from assrbetween two Desi Indian
chickpea cultivars. Segregation can be clearly mieskin the data distribution of the
RILs growing under short-day conditions, with sfgrant differences between the
parental lines. Both temperature and photoperiae eeen reported to affect days to
flowering in chickpea (Robertst al, 1985; Kumar and Abbo, 2001). Transgressive
segregation in these assays may be the resultvofge@etic combinations related
with photothermal response. In fact, two major gepped andefl-1) controlling early
flowering have been reported in chickpea @mal, 1999; Kumar and van Rheenen,
2000) and complementary gene actions seem to loergvin crosses between early
chickpea genotypes (Kumat al, 1985; Kumar and Rao, 1996). In this study, highly
significant QTLs for days to flowering were detetia LG1, 2, 3 and 4. Chet al.
(2002) reported one significant QTL for days toMéring in LG3 by using RILs from
a cross between an extra-early parent (ICCV 2)tardsame genotype used in our
RIL as an early parent (JG62). The QTRK{flso.ncl-6.1) might be the same QTL
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which was reported by Chet al. (2002). In both the studies an STMS marker Tal27

is a common marker.

In conclusion, LG1 and LG2 could be consideredirdsresting genomic
region for yield traits in chickpea. LG1 had 33 Q@Tiepresenting at least one QTL
for each trait. Two QTLs for resistance to ascoalbhtight have been reported in the
same LG (LG2 of this study) (Sanetal, 2000; Tekeoglet al, 2002; Collarcet al,
2003; Flandez-Galveet al, 2003; Rakshiet al, 2003; Udupa and Baum, 2003; Cho
et al, 2004; Irueleet al, 2006) that might be flanking the QTLs detectethis study
for Pht, Psp, Brp, Swt and vyield. Furthermore, gefog seeds per podgp have
been located in this linkage group. Clusters oldyigaits have been reported in
several species such as rice (Meial, 2003; Thomsoret al, 2003), common bean
(Tar'an et al, 2002) and pea (Timmerman-Vaughainal, 2005). This fact might
explain the early association found between rasistdo ascochyta blight and late
flowering/small seed size (Singh and Reddy, 1988)}erms of breeding for these
traits, large segregant populations would havegai®ed to obtain early flowering,
large seeds and resistance to wilt genotypes. MASIldv enable simultaneous
selection to be performed for all the three tratsan early stage. STMS marker
NCPGRS80 used in this study was closely linked td_Qfor Pht, Psp, Pdp, Swt and
Yld might be useful in the selection of these fait

In the present study, only 10 QTL of the total @OL were detected in more
than one environment, indicating that individuallQSeem to be more sensitive to the
environment. This was in agreement with the restd{sorted by Patersoat al
(1995) and Cheet al (2004). However, QTL for different traits showddferent
stabilities. A substantial proportion of QTL for tPBrp, Pdp and Swt was active
across environments, although the QTL for Psp,afid Dmt changed greatly across
different trials. Therefore, the present study tetml support the general conclusion
made by Tanksley (1992), i.e. a substantial progomf QTL affecting a trait can be

identified under different environments (especi@IyL having major effects).
4.6 MCIM analysis

As many of these yield traits were correlated, MGINd joint MCIM analysis were
performed to detect pleiotropic QTLs. Although ma@yLs were detected in CIM,
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most of them were not detected in the MCIM analy$lis suggests more stringent
or higher level of confidence in MCIM than in CINMrfdetecting pleiotropic QTLSs.
Additionally, this also suggests that pleiotropyghtibe one of the possible causes of
the correlations observed among the traits. Simmggults were observed for yield

traits in wheat (Kumaet al., 2007).

The coincidence of QTLs for correlated traits with-directional genetic
effects is compatible with two hypotheses. Theledlewith similar directions of
effects might be in a coupling phase at a numbeadphcent loci and such linked
complexes might have been generated and maintéipeslection prior to or after
domestication. Alternatively, allelic variation assingle locus may control pleiotropic
variation for a number of characters. Earlier stadnave provided evidence for co-
localization of QTLs for morphological traits idrabidopsis thalianaPerez-Perez
et al, 2002) and clover (Cogaet al, 2006). Similar studies have been performed for
reproductive developmental traits in Arabidopsienfower and clover (Ungerer
et al, 2002; Bertet al, 2003; Cogaret al, 2006). The presence of multiple genes or

QTLs controlling related traits, as observed irsthstudies, might be resolved by fine

mapping.
4.7 QTL interaction studies

In its broadest sense, epistasis implies that tieeteof a particular genotype on the
phenotype depends on the genetic background. kintplest form, this refers to an
interaction between a pair of loci, in which theepbtypic effect of one locus depends
on the genotype at the second locus. More genethkiy effect of one locus might
depend on the genotype at several or many locthéncase of quantitative traits,
epistasis describes the general situation in wthehphenotype of a given genotype
cannot be predicted by the sum of its componemfiesitocus effects (Phillips, 1998).
Extensive work on the control of qualitative geoetariation has highlighted the
biological importance of epistasis at a ‘locus-bgtls’ level. On the basis of this
work, several classic genotype—phenotype pattématsare caused by epistasis such as
comb type in chickens, coat colour in various amémnand kernel colour in wheat

have been characterized (Carlborg and Haley, 2004).

135



Epistatic QTL-mapping methods are more flexiblantithose for individual
QTLs as they simultaneously consider the mean tsffeic multi-locus genotypes on
the phenotype. The use of the methodology pose® remhnical challenges and
demands more from the data than individual QTL nragppFor these reasons,
epistatic QTL mapping is not yet a standard toot@amplex trait studies. Epistasis
between pairs of QTLs in which both or one QTL hdetectable individual effects
has been reported (et al, 1997), but the extent to which epistasis costuariation
in quantitative traits has been poorly explorederéhare several methods for mapping
epistatic QTLs in experimental populations (Sen @tulirchill, 2001) some of the
most recent methods are based on simultaneous acansandomization tests that
detect QTLs that do not have individual effectsr(@ag and Anderson, 2002). Such
approaches have led to the identification of maististically reliable, novel epistatic
QTLs.

A majority of the previous reports on QTL analysms chickpea did not
perform any interaction (QE, QQ and QQE) studiesL @nalysis with a provision
for detecting these interactions would generallpiavthe biased estimate of main
effect QTLs and increase the success rate in madssted selection (MAS) (Kumar
et al, 2007). The two locus analysis performed in thiglg revealed that the QTLs
involved in QE interactions were mainly M-QTLs; Whthe QTLs involved in QQ /
QQE interactions were the QTLs, which had no méces. This suggests that many
of these QTLs have no main effects and exercise #ifects through interactions
with other QTLs, which are either main effect QTdrsepistatic QTLs. Among the 6
M-QTLs, three were involved in QE interactions, @fhiwere detected in up to two
environments. Some of the QTLs were stable actusshvironments and were not
involved in QE interactions. Of the 12 E-QTLs dételc all QTLs were involved in
either QQ or QQE interactions. In addition to th€¥®@ interactions, there was one
instance (for Brp) where the same QTQRBrp.ncl-4.3 was involved in two epistatic
interactions. These interactions appear to be fptg@ interacting with two different
QTLs (Table 3.21).

The results of the present study reconfirm thatghanetics of yield and yield
components is highly complex and the componentstraie governed by a large

number of major and minor QTLs. Further, these Qiag/ have only main effects
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and/or they may be involved in epistatic (QQ) orvimnmental (QE, QQE)
interactions. The magnitudes and directions ofathditive effects of individual QTLs
may also vary due to genetic background of diffegemotypes and due to epistasis-
by-environment interactions. The use of RIL pogalatand performing interaction
analyses in the present study permitted detectionamy QTLs, some of which were

stable across environments.
4.8 Future strategy

The salient challenge of applied genetics and fanat genomics is the identification
of genes underlying a trait of interest so thatyttemn be exploited in crop
improvement programmes (Rensink and Buell, 2005)d&in quantitative genetics is
useful for investigating specific properties of ividual genes contributing to
guantitative traits, through QTL mapping (Paterst®95), but classical quantitative
genetics describes the aggregate behavior of soitegenes influencing a trait.
Though functional genomics will help in identifyinbe candidate gene responsible
for any QTL, epistatic interaction of genes dugémome plasticity makes it possible
to produce various phenotypes from little genetidation (Morgante and Salamini,
2003).

Marker-assisted selection in plant breeding isramgsing application of
biotechnology. Many valuable crop traits are quattie in nature, exhibiting
substantial environmental variance. Most quantigatiaits are influenced by multiple
guantitative trait loci (QTLs), which may have éifént effects within any given
environment. The presence and importance of geedbypenvironment interaction
(GE) has long been recognized in the testing andmenendation of plant varieties,
and no sensible producer would grow a plant varietyed on information from a
single environment. Information on performance tre¢éato other varieties within a
target environment is essential and, since targetiraaments are somewhat
unpredictable, knowledge of the nature of GE ig atsportant. The same reasoning
must be applied to the discovery and deploymer@®bfs. QTL identification must
be based on phenotypic data from multiple enviramsiéhat are representative of a
range of target environments, and QTL-by-environnpatterns must be investigated
before the usefulness of a QTL can be determined.
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Chapter 5

Summary and Future

Directions




Chickpea is the third most important pulse cropthe world behind dry bean
(Phaseolus vulgarid..) and field peaRisum sativunlL.), and India is the largest
producer and consumer where as Australia is tlgesarexporter (FAOSTAT, 2008).
Despite a proposed yield potential of 6 metric tbagSingh 1987), actual yields have
remained low compared with other pulses (world ager~0.8 metric tons/ha;
FAOSTAT 2008), mainly because of biotic and abistiesses that reduce yield and
yield stability. The necrotrophic foliar fungal dase Ascochyta blightAgcochyta
rabiei (Pass.) Labrousse) and the soil-borne necrotrdphal disease Fusarium wilt
(Fusarium oxysporunf. sp. ciceris) are considered the most serious biotic stresses.
Other minor diseases of chickpea are more geogralbhiocalized and include pod
borer Helicoverpa armigerp in Australia and India. To accelerate molecular
breeding efforts for the discovery and introgressaj stress tolerance genes into
cultivated chickpea, molecular and functional gemsmapproaches are rapidly
growing. Recently, a series of genetic tools fackpea have become available that
have allowed high-powered functional genomics &sidd proceed, including a dense
genetic map, large insert genome libraries, expressequence tag libraries,

microarrays, serial analysis of gene expressiansgenics and reverse genetics.

The chickpea cultigen contains high morphologicatiation, but narrow
overall genetic variation, from which many desieabl economically important traits
may have been excluded through selection (Adétbal, 2003). For the desirable but
missing traits from advanced breeding programs) ssscdurable resistance/tolerance
to the many major biotic and abiotic stresses, de#ee have begun to source
germplasm more widely, from landraces and closelgted species. To speed up the
process of recombining ‘wild’ genes into elite ggmes, molecular tools have been
integrated with classical breeding approaches. hiass included the generation of
molecular markers linked to the genes conditiondiggirable traits, for efficient
pyramiding of the traits. Molecular markers asswtlawith QTLs for resistance to
biotic stresses and some morphological traits e located on both intra-specific
and interspecific linkage maps and, importantlyickjpea genotypes tolerant to most
major biotic and abiotic stresses have been idedt{Millan et al, 2006). The use of
resistant or high yielding cultivars is considetede the most efficient and effective
means of controlling major stresses or increasiegoroductivity.
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5.1 Summary

In the present work an intra-specific map of chekpgas been developed which is
used as a platform to locate the genes for fusaviitnresistance genegogl, foc2
and focd and to identify the genomic regions controllifge tQTLs for yield and
related traits.

5.1.1 Construction of framework linkage map

For linkage analysis ninety-three RILs were randos#lected from §population.
DNA was extracted from individual lines accordigthe method described by Doyle
and Doyle (1987) and Simon and Muehlbauer (199 wome modifications. The
primers used in the present study included 800 RARPDBC1-800), 100 ISSRs
(UBC801-900), 24 RGAs, 1 ASAP (CS27) and 504 cheekBSRs and 100 EST-SSR
primers. Optimal PCR conditions were establishedefxh primer type. All the PCR
products were run on 2% agarose gel for RAPD ai@RIProducts. SSR products
were resolved on either metaphor gel or in PAGE depending on their allelic size
difference. All the marker loci were scored at temgce to minimize interpretation
errors. The genotypic data for RIL population waseyated using 156 SSRs, three
ISSR, ten RAPDs and one ASAP marker. For linkagayars, JOINMAP ver 3.0
(van Ooijen and Voorrips 2001) was used. Analysias wlone by using 175
polymorphic markers and constructed the frameworip.mThe recombination
frequency (0.4) and LOD value (3.0) were used esstiold limits for linkage group

construction.

The linkage analysis revealed eight linkage growd 135 markers (120
SSRs, 9 RAPDs, 1 ASAP, three fusarium wilt resisgagenesfocl, foc2 andfoc3
and two yield related qualitative traits (doubleddimg and seeds per pod) (Fig 3.2).
This map covered 568.6 cM with an average markerside of 4.21 cM. Forty
markers comprising one RAPD, three ISSRs and ttsixy chickpea SSRs were
unlinked. Linkage groups were assigned to previotegported LG numbers when the
groups had two or more SSR loci that had been regigo a particular chickpea
chromosome in previously published skeletal chiekpep which is being used as a
reference map (Winteat al, 2000).
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LG3 was the longest linkage group with 21 markand spanned 102.1 cM
with an average marker density of 4.85 cM (Figll(el was the densest linkage
group with a marker density of 2.14 cM and had 3tkars spanning 77.3 cM. The
LG2 had 28 markers spanning 89.5 cM and shared nmaarkers from LGII of
interspecific map developed by Winter al (2000). TheSfl (double podding) gene
was also mapped on LG6 and was flanked by two STiwBkers TA80s and
TA106s. LG5 spanned 58.9 cM with 25 markers withhkeadensity of 4.21cM. The
LG7 and LG8 comprised all the newly developed STimkSkers. In LG8 RAPDs are
more than STMS markers. These LGs lacked commorkarsamand could not be
compared with the LGs of Wintet al. (2000) map. Inversions were observed with
respect to marker orders in all linkage groups betw the present and the
interspecific map of Winteet al. (2000).

The correlation between number of markers on @aéhand length of the
respective LG gave an indication of distributionnadirkers over the linkage groups.
These correlation coefficient was 0.98<0.001) for the intra-specific map, which
indicated less random distribution of markers amtmgy LGs. Of the 135 markers
mapped in this population, 40 markers did not sgagee according to the expected
Mendelian ratio P < 0.001). Different marker types exhibited diffierdevels of
skewness; however, SSRs were the most distorted.

5.1.2 Molecular mapping of fusarium wilt resistance genes

Fusarium wilt is a widespread and serious chickjisaase caused by the soil borne
fungusFusarium oxysporumsp. Ciceri (Foc). Breeding for fusarium wilt resistance
is challenging due to variability of races and laak high throughput screening
techniques. Here we studied three fusarium wilesa¢l, 2 and 3) in controlled
conditions to identify DNA markers linked to thesistance genes for the pathogen
races. Recombinant inbred lines developed fromctioss of JG62 (susceptible) x

Vijay (resistant) screened separately for theieas® reaction to Foc races 1, 2 and 3.

Reactions of the chickpea lines for Foc races Jand 3 were assessed
following the independent inoculations with respextsolates of Foc in pot culture
experiments. Disease screening allowed unambigualassification of resistant and
susceptible phenotypes. Among the 100 RILs, 55 Rikse resistant and 45 were
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susceptible to Focl, whereas for Foc2, 49 weresteadi and 51 were susceptible
(Table 3.4). The RILs also segregated in 1:1 ratiaesistance and susceptibility to
Foc3, indicating that resistance to each race wasogenic in this population. The
chi-square analysis of disease reaction data oRthe indicated a good fit to the 1:1
segregation ratio expected for single genes canteresistance to each of the three

Foc races.

All the three Foc genes were mapped with new tjosenked markers on
LG2. The STMS marker H3A12 was mapped on one dideedocl locus at 3.9 cM,
whereas TA110 was mapped on the opposite sidedattance of 2.1 cM. Théoc3
gene was mapped 0.2 cM from H1BO6y and marker, BA:9 0.7 cM, flanked the
gene on the other side. The TA96 and H3A12 mankere flanked théoc2 locus at
0.2 and 2.7 cM, respectively. These markers wese tasted for their usefulness in
other breeding lines for validation indifferent g@én background. The identification
of markers linked to wilt resistance genes willuseful to understand their evolution,
mechanisms of resistance and their exploitationvilh resistance breeding and its

management.
5.1.3 QTL analysis of yield and yield related traits

Eight yield and vyield traits from RIL population meevaluated. The data were
recorded from five environments [Rahuri (I: 2008,2004, Ill: 2005) and Dharwad
(IV: 2006 and V: 2007)]. The parental genotypesduse develop the mapping
populations were distinct for all the traits. Théxssts showed good fit to the normal
distribution in the population. Transgressive sggrés were observed in all the
environments. Comparisons between the best parahtttee best RIL showed a
significant difference for all the traits. The pdgtion mean was higher than the better
parent for Psp, Brp, Pdp and YIld. The highest pasitorrelation was observed
between YIld and Pdp (0.866), followed by Psp ang @:777) as well as Pdp and
Brp (0.693). Yield showed significant positive adation with Pht, Brp, Pdp and Swit.

Eighty significant QTLs (LOD> 3.0) were identified for the yield related
traits. QTLs were mapped on the respective linigrgeps. The number of significant
QTLs for individual traits ranged from three (Pdp)eighteen (Pdp). A total of 18
significant QTLs were detected for the Pdp follovisd14 QTLs for Brp, while only
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three QTLs were detected for Psp. The marker NCRGRE associated with QTLs
for seven traitviz. Pht,Psp, Brp, Pdp, Dmt, fland Yld, while TA64 was associated
with QTLs for four traitsviz. Pht, Swt, Df{; and Dmt. The highest phenotypic
variation of 43.2% was explained QSwt.ncl-1.2followed byQDmt.ncl-2.2(36%).
Most of the detected QTLs were environment speeifid only 10 of the 80 QTLs
expressed in more than one environment. This waplarly evident in case of Pdp
QTLs, where 17 of the 18 Pdp QTLs were environnsgetific, on the contrary five
of the fourteen Brp QTLs expressed in more thaneamgronment. Among the QTLs
identified, LG1 was associated with most of the @QTB3), wherein the QTLs were
clustered in three groups (Fig 3.12). LG2 also &iaéast one QTL for each trait. Brp
and Pdp QTLs were distributed across six LGs, ext&s 6 and 7, while the three
Psp QTLs were mapped on the LGs 2, 4 and 5.

The parent Vijay exhibited higher phenotypic valtlean JG62 for six of the
seven traits except Pht. Among six of the twelvé ®WLs, Vijay alleles decreased
plant height in the population while the JG62 alleicreased the trait value. Similarly
for Psp, Pdp, YIld and Swt QTLs, the alleles fromaYipositively influenced the
phenotypic values. On the contrary, JG62 alleléisienced seven of the nine Dmt
QTLs and reduced the days to maturity.

QTL interactions were studied by using QTL Netwadftware. QTLs are
mainly divided into main effective and epistatic IQT Main effective QTLs have
their own genotypic effect and some time they wosliow interaction with
environment. Epistatic QTLs are usually involveddmL x QTL interactions as well
as QTL x QTL x Environment interactions. Six tragisowed QTL (Pht, Psp, Brp,
Pdp, Dmt and Swt) QE and QQE interactions. Twohef five M-QTLs were also
identified through single locus CIM analysis eitirethe same and/or adjacent marker
intervals. Three M-QTLs@Psp.ncl-4.1 QBrp.ncl-3.2 and QPdp.ncl-4).lexhibited
QE interactions. Remaining three QTLs were maia@fQTLs which have their own
individual effect without any interaction with emenment. The epistatic analysis
revealed six QQE interactions involving twelve QTLs

5.2 Future directions

A major aim of chickpea breeding is the developmeintultivars with adequate

resistance/ tolerance to yield-reducing stressase® on this thesis work we propose
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few future works that have to be done to improve thickpea productivity. The

future directions are as follows

>

Integration of intra-specific maps to increase tharker density by using
available chickpea markers and maps.

Development of more STMS and EST markers for cleekp

Increase the marker density around the mapped ibosavilt resistance genes
(focy, foc2 and focB

Identification offoc4 andfoc5 genes in the same population or pyramiding
into the same population or in single popular \grie

Study the interactions of chickpea with differemtes ofFusarium oxysporum
sp. Ciceris to understand the mechanism of pathoggsction and host
response.

Positional cloning of FOC resistance genes

Validation of identified major QTLs for yield rekd traits in different
environments with using larger population size.

Fine mapping to dissect the chromosomal regiongmarng the yield related
traits.

Study of interactions between QTLs and differestia¢tween main effective
and epistatic QTLs.

Mapping of yield and vyield related traits by usiagsociation mapping
approach and compare the results of linkage mappindg association
mapping.

To establish collaborative efforts with Chickpea nGmics Consortium
(www.icgc.wsu.edu) that could allow for high-poweretudies on ideal
germplasm lines; thus, fast-tracking the overall vellgoment of
resistant/tolerant cultivars.

Creating the database and bioinformatics resouspahie of integrating and
mining chickpea structural and functional genondiata.

Development of many new and powerful techniquesh @s expression QTL
mapping and whole-genome sequencing.

The use of information from studies of model leganfer comparative

genomics this promises to enhance breeding efifokickpea.
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