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I. INTRODUCTION

Groundnut (Arachis hypogaea L.). also known as peanut, is an
important oilseed crop in tropical and subtropical regions of the world.
It is a native of South America and grown in six continents but mainly in
Asia, America and Africa in over 100 countries with a world production of
35.9 m t from an area of 25.2 m ha (FAO, 2006). China, India and USA are
the major producers of the crop. Though, India is a leading producer of
the crop but productivity is lower (913 kg/ha) than the USA (2863 kg/ha)

and China (2645 kg/ha).

Groundnut seed is an important source of oil (44 50%), dictary
protein (25%) and carbohydrate (20%). Groundnut haulins are excellent
fodder (Cook and Crosthwaite, 1994) and cake is used for animal feed
(Savage and Keenan, 1994). Plant roots left behind after harvest add
valuable nutrients to the soil, which is particularly important in the less
developed countries where crop is mainly grown under low input

condition.

The cultivated tetraploid groundnut (2n = 4x = 40) is member of
genus Arachis anda belongs to the family Leguminosae. subfamily
Fabaceae, tribe Aeschynomeneae, subtribe Stylosanthenae (Krapovickas
and Gregory, 1994). Based on the differences in the branching pattern and
presence of reproductive node on the main stem, the species has been
classified into two subspecies, hypogaea and fastgiata (Krapovickas and

Rigoni, 1960). Further cach subspecies has been divided into two
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botanical varieties viz. subsp. hypogaea into var. hypogaea (virginta) and
var. hirsuta and subsp. fastigiata into var. fastigiata (valencia), var.
vulgaris (spanish). var. peruviana and var. acquatoriana (Karpovickas and

Gregory. 1994).

Arachis hypogaca is believed to have originated in South America
via hybridization of two diploid wild species (A, duranensis  and
A. ipaensis) followed by rare spontancous duplication of the chromosomes
(Halward et al.. 1991: Young et al.. 1996). The resultant allotetraploid
plant would have had hybrid vigor but reproductively isolated from wild
relatives. Therefore, all land races of groundnut are probably derived from
one or a few plants and consequently low diversity for traits of agricultural
interest exists, and a narrow genetic base of the cultivars, constraining
progress of the crop at conventional and molecular level. Paradoxically,
the wild diploid Arachis species are genetically very diverse and have been
selected during evolution by a range of abiotic and biotic  stresses,
providing a rich source of variation in agronomically important traits; but

sterility barriers have hampered the use of wild species in breeding,

The low productivity of the crop in India is ascribed to many biotic
and abiotic stresses in the cultivation of the crop. Among the biotic
stresses, the two major foliar diseases vz, late leaf spot (Phacoisariopsis
personata [(Berk. and Curt.) Deighton] and rust (Purcinia arachidis Speg.)
are widespread and economically most important. They often occur
together and cause yield loss up to 50-70 per cent in the crop

(Subrahmaniyam et al.. 1984). Besides adversely affecting the pod yield



and its quality. they affect the vield and quality of haulm. Though several
effective fungicides are available to control the diseases, development of
resistant cultivars is considered the best strategy to surmount additional
cost of production and hazardous eflect of fungicides on the soil and

environment,

Identification of resistant and susceptible lines from the different
sources of gene pools is difficult through conventional sereening technique
because of their co-occurrence and defoliating nature of late leaf spot.
High levels of resistance to these diseases has been transferred from wild
species to cultigen (Moss et al.. 1997: Nigam et al., 1992; Reddy et al.,
1996; Reddy et al.. 1992; Stalker and Beaute 1993) but the conventional
breeding has failed in combining rosistance with cultivars having good
agronomic traits. Resistant sources often suffer from undesirable traits
like low productivity. long duration and poor adaptability besides poor pod
and seed traits like thick shell and low shelling percentage. The complex
nature of inheritance with recessive genes conferring resistance has
hindered the progress of disease resistance breeding,

The advent of molecular markers has given some edge to the
resistance breeding. Molecular markers are superior to morphological and
protein makers. They are neutral. occur throughout the genome, not
influenced by the environment, co-dominant. and monitored in any tissue
and stage of the plant and often follow expected Mendelian segregation.
Marker-assisted selection (MAS) can offer an effective and efficient

breeding tool for detecting, tracking. retaining. combining, and pyramiding



4

disease resistance genes (Kelly and Miklas. 1998 and 1999). MAS can
improve the efficiency of conventional breeding especially in the case of
low heritable and recessive traits. where phenotypic selection is difficult.
expensive. lack accuracy or precision (Crouch, 2001). Development of
disease is mostly erratic and it varies according to season, location and
Yyear. Moreover creation of artificial disease epiphytotics is costly and time
consuming and also availability of hot spot for a particular discase is one
of the paramount factors for screening and MAS can act as an elixir in
such circumstances. ldentification of resistant or susceptible lnes at
seedling stage is possible, when MAS is emiploved. Linkage drag is also
one of the serious problems while transferring resistance from unadapted
wild and weedy germplasm into chte lines and it can be dissected out
through tightly linked markers. It can help in the introgression of
resistance from wild relatives and fastest recovery of the recurrent parent
genome can be achieved by using foreground and background selection
approach. Since resistance to LLS and rust is governed by recessive genes
(Nevill, 1982: Kalekar ot al.. 1984; Knauft, 1987: Paramsivam et al., 1990
Motagi, 2001), MAS can save one generation of selfing to select recessive
genes using linkea markers. For efficient MAS, one requires germplasm
with useful traits, suitable mapping population for the trait of interest,
precise screening techniques and efficient marker systern, which can
detect higher levels of polymorphism.

Microsatellites or simple sequence repeat (SSR) markers  are

considered as potential markers of choice because they are hyper-variable
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and co-dominant (Gupta and Varshney. 2000). They are more polvmorphic
than other type of markers in groundnut (Hopkins et al., 1999; He et al.,
2003: Ferguson et al.. 2004: He et al.. 2005 Mace et al.. 2006:;
Nimmakayala et al., 2007) and easy availability of SSR markers developed
at various laboratories (Hopkins et al.. 1999; He et al., 2003: Ferguson ¢t
al.. 2004: Moretzsohn et al.. 2004 and 2005; Mace ¢t al., 2007; Cuc et al.
(unpublished): Bertioli et al. (unpublished): Knapp ¢t al. (unpublished)
made  them  important . marker  system (o resolve  higher  level  of
polymorphism

Construction of genetic linkage map is an essential step for breeders
in order to use molecular breeding strategies for improving biotic and
abiotic stress resistance (Azhaguvel ot al., 2006) and further identification
ol potential genomice regions and transfer them into important cultivars.
In Arachis. attempts have been made to construct linkage map in diploid
(Halward et al., 1993; Garcia et al., 1995: Milla, 2003: Garcia ot al., 2005)
and tetraploid (Burow et al.. 2001: Herselman ot al., 2004) species using
RFLP. RAPD and AFLP markers. But genetic map based on breeder
friendly SSR markers would be more useful for marker assisted selection.
5S8R based genetic linkage maps have been developed only in diplotd wild
species (Moretzschn et al., 2005: Gobbi <t al.. 2006). Developing linkage
map in the cultivated tetraploid (AABB) groundnut is urgently required to

make progress in marker assisted selection.
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In the present investigation, a mapping population (TAG 24 x
GPBD 4) comprising 268 RiLs in Fs generation and segregating for LLS

and rust resistance has been employed with the following objectives:

1. Phenotyping of the mapping population for resistance to late leaf

spot (LLS) and rust besides various agronomic traits.

2. Genotvping of the RIL mapping population with $SSR markers

3. Construction of genetic linkage map and
4, Identification of markers or QTL associated with resistance to

LLS. rust and agronomic traits contributing to vield.
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II. REVIEW OF LITERATURE

Late leal spot and rust are the most destructive, widely distributed
and economically important foliar diseases of the groundnut causing
severe damage to the crop (McDonald et al,, 1985; Kokalis Burelle ¢t al.,
1997). They are commonly present wherever groundnut is grown but their
incidence and severity vary between localities and seasons  Each disease
alone is capable of causing substantial yield loss but when they occur
together losses are further increased. For instance, rust and late leaf spot
together can cause up to 70 per cent yield loss in India (Subrahmanyam
et al.. 1984). These foliar diseases besides reducing the vield, also have an
adverse effect on seed quality and grade characteristies, deterforate the
quality of plant biomass and thus render the fodder unsuitable as animal
feed. Morcover. the control of these diseases through application of plant
protection measures not only increases the cost of cultivation but also
lead to environmental and health hazards, Henceo use of resistant

cultivars is the best means of reducing crop losses.

ldentification of resistance sources, knowledge of components,
mechanism of resistance and the number of loci contributing to resistance
are the prerequisites for the success of discase resistance breeding
program (Dwivedi et al., 2002). Several sources of resistance to LLS and
rust have been reported in A, hypogaea (Waliyar et al. 1993a:
Anderson et al., 1993: Mehan et al, 1996: Singh et al., 1997). Majority of

resistant sources belong to subspecies fastigiata var. fastigiata and are



land races from South America (Subrahmanyam et al.. 1989). They posses
a high degree of resistance to rust and moderate levels to LLS but have
undesirable pods and seed characters hence were commercially
unaccepted. Resistant sources in wild Arachis species show immune
reaction to rust (Subrahmanyam et al., 1983) and from immune to highly

resistant reaction to LLS (Abdou et al.. 1974 Subrahmanyam ct al.. 1985).

The cross compatibility barriers, the linkage of resistance with many
undesirable pod and sced characteristics, complex nature of resistance to
these diseases, and the long period of time required for developing stable
tetraploid interspecific derivatives affected the success of transferring
resistance to important diseases like rust and LLS from Arachis species to
the cultivated groundnut. In spite of these obstacles, a few interspectfic
derivatives, ICGV 87165, GPNCW 1, GPNCW 2, GPNCW 3, GPNCW 4,
ICGV 86699, ICGV 87167 possessing high levels of resistance to foliar
diseases have been developed in India and USA (Nigam et al. 1992:
Stalker and Beaute 1993: Reddy et al.. 1996; Moss et al.. 1997) but these
lines have not been released for cultivation due to agronomically
undesirable traits like late maturity and inferior pod and sced

characteristics in conparison with commercially grown cultivars.

Most of the released cultivars are susceptible to late leaf spot and
rust diseases. A few cultivars with moderate resistance to thesc discases
have been released namely ICGV 87160 and ICGV 86590 in India
(Reddy et al.. 1992), Southern Runner in USA (Gorbet et al. 1987):

ICGV-SM 86715 in Mauritius (Moss et al., 1998). Yue You 223 in China
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{Liang et al. 1999). The longer duration and low shelling outturn hamper
the adaptation of these cultivars by farmers. Progress in resistance
breeding is limited because of absence of high levels of resistance in
cultivated groundnut and the linkage of resistance with long duration.
lower partitioning and with undesirable pod (highly reticulated,
constricted, prominently ridged and conspicuously beaked pods with thick
shells) and seed (purple or blotched seed color) characteristics (Wynne

et al.. 1991: Singh et al.. 1997).
2.1 COMPONENTS OF RESISTANCE

Recognition of epidemiological  components  of  rate-reducing
resistance to foliar discases of groundnut has provided a major strategy
for current breeding efforts (Anderson et uL". 1990: Chiteka et al., 1988;

Johnson et al.. 1986).

Complex nature of resistance to leaf spots is reported (Kornegay
et al., 1980; Anderson et al., 1986 and 1993; Green and Wynne, 1987;
Iroume and Knauft, 1987: Jogloy et al., 1987), and several components
contribute to resistance, including initial infection. lesion size,
sporulation, and defoliation (Green and Wynne 1986; Chiteka et al., 1988;
Anderson et al., 1993: Waliyar et al.. 1993b). Resistance to leaf spot in
groundnut has generally been associated with late maturity (Norden et al.,
1982; Miller et al.. 1990). Resistance to LLS in A. hypogaea is
characterized by longer latent period, reduced sporulation of pathogen,
and less defoliation on host (Nevill. 1981). Sporulation, lesion size, lesion

number and latent period are important components of resistance to LLS
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and are highly correlated to each other and with percentage of necrotic
area on leaf (Chiteka et al., 1988: Anderson et al.. 1990). Lesion diameter,
defoliation and sporulation from glasshouse study are correlated with field
disease score (Subrahmanyam et al.. 1982). Nevill (1981) observed longer
incubation periods. fewer lesions and lower sporulation rates in the
resistant genotypes as compared to susceptible genotypes and also
reported high correlation among components of resistance and proposed
polygenic systems acting to control the expression of all the components.
Walls (1984) found that the latent period. sporulation and leston diameter
measured in the greenhouse as the most effective parameters for
estimating field resistance to LLS. Motagi (2001) reported incubation
period, lesion size and lesion on main-stem as the important components
of resistance having strong association with ficld discase score, defoliation
and remaining green leaf area. Percent defoliation had a highly significant
positive association with field disease score (Dwivedi et al., 2002).
Resistance in Arachis species does involve inefficiency of inoculum to

induce lesions (Foster, 1980; Subrahmanvam et al., 1985).

The sources of resistance to rust in A. hypogaca exhibit component
mechanisms that reduce the rate of discase development. Resistance to
rust is attributea to longer incubation p.riod. reduction in latent period.
less number of pustule, lesion size, smaller pustule, less ruptured
pustules and reduced damage to leaf area (Subrahmanyam et al.. 1983;
Reddy and Khare, 1988; Mehan et al., 1994). Infection frequency, pustule

diameter. percent ruptured pustule, leal arca damage are correlated to



11

ewch other and with mean field rust score. The incubation period is
negatively correlated with other components. In contrast, the
characterized sources of resistance in wild Arachis species and their
interspecific derivatives have more dramatic effects on the pathogen. In
particular, uredosori are observed to be very small on the accessions of
wild Arachis species and are slightly depressed and do not rupture their

uredospores (Subrahmanyam et al., 1983).
2.2 GENETICS OF RESISTANCE

Resistance to LLS is reported as partial type and is similar to “slow
rusting” type of resistance. Nevill (1982) proposed that resistance to LLS is
controlled by multiple recessive genes. Motagi (2001) reported duplicate
recessive genes controlling resistance to LLS and favorable resistance
alleles came from inter-specific sources like CS 16 (ICGV 86855).
Resistance to LLS has been reported to be determined by two genes
(Tiwari et al.. 1984) and five-locus recessive genes in the crosses involving
cultivated groundnut and wild Arachis species (Sharief et al., 1978). Other
studies report predominantly additive genetic variance tor most of the
components of resistance to LLS (Kornegay ct al., 1980: Hamid et al,
1981: Anderson et al.. 1986; Jogloy et al.. 1987).

Resistance to rust in A. hypogaea is conferred either by a few
recessive genes (Kalekar et al., 1984: Knauft, 1987. Paramsivam et al,
1990) or predominantly controlled by additive. dominance and additive x
additive and additive x dominance genetic effects (Reddy ¢t al., 1987;

Verman et al.. 1991). Motagi (2001) reported resistance to rust conferred



12

by duplicate complementary recessive genes (9:7). while Singh et al.
(1984) concluded that rust resistance in diploid species is  partially

dominant as compared to the recessive resistance in A. hypogaea.
2.3 PROBLEMS IN CONVENTIONAL RESISTANCE BREEDING

Conventional plant breeding have had limited success in enhancing
genetic resistance against diseases due to lack of genetic information and
complexity ol genome. Genetie studies on LLS and rust revealed that
resistance is mostly controlled by recessive genes hence necessitating
more generation and large population to identify resistant scgregants.
Further, when the disease occurs together they interfere with cach other,
leading to difficulties in identification of resistant lines to these discases.
Transfer of resistance to these diseases from land races and wild relatives
to cultivated background is difficult due to linkage drag viz., undesirable
traits like thick shell, low vield, poor adaptability and long duration are
associated with resistance. Under these circumstances, newly cemerging
biotechnological tools like marker assisted selection can play crucial role

in the success of diseasc resistance breeding.
2.4 NEED FOR MARKER ASSISTED SELECTION IN GROUNDNUT

Groundnut is predominantly an inbrecding crop so the most
commonly used breeding methods are pedigree selection, bulk-pedigree
selection, and single seed descent. Backcross breeding has not been
extensively utilized because most of the economically important traits in

the crop have complex inheritance pattern. (Wynne and Gregory, 1981:
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Knauft and Wynne, 1995). Marker assisted selection (MAS) can improve
the efficiency of conventional plant breeding. Molecular markers are
advantageous for traits where conventional phenotypic selection is difficult,
expensive. or lacks accuracy and include resistance to pests and diseases
as well as tolerance to abiotic stresses, quality parameters and complex
agronomic traits with low heritabilities (Crouch, 2001). Some of the traits
that justify application of MAS are early and late leaf spot, rust, nematode
resistance. leaf minor and Spodoptera where low to moderate levels of
resistance is available in cultivated species of groundnut but very high
levels of resistance is present in wild species and also traits which are
associated with seed quality like oleic / linoleic ratio (O/L ratio), and
drought tolerance (water use efficiency, partitioning, specific leaf area and
total transpiration) which are difficult to measure in large segregating
generations and substantially influenced by genotype by environment
interactions. may also benefit from markers assisted selection (Dwivedi
et al.. 2002). The molecular markers can help in pyramiding of important
resistance genes through increased adoption of backeross breeding. MAS
can also assist in the acceleration of recapitulation of the genome and

introgression of important traits from the wild relative sources.

The conventional breeding methods can investigate the genetic
control of quantitative traits such as yleld and yield contributing traits in
a segregating population. (Falconer, 1981; Hallauer and Miranda Fo,1988),
although valuable but insufficient to provide information on, chromosomal

regions regulating the variation of each trait. the simultaneous effects of
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eatli hromosome region on other traits and genetic basis (pleiotropy and
/orlimkage) of such associated traits. Some of these constraints can be
overoome by using molecular markers which not only allow for the
identification of quantitative trait loci (QTL) associated with these traits
but also enable us to assess the effects of the same QTL region on other
traits (Tanksley. 1993: Prioul et al.. 1997) and more importantly on yield
{Stuber et al., 1987 and 1999).

2.5 ADVANTAGES OF MAS IN RESISTANCE BREEDING

Molecular markers are useful in disease resistance breeding as they
can substitute phenotypic screening in the early phase of breeding
program and to identify resistant lines at juvenile stage to save time and
cost of screening. It helps in easy identification and transfer of recessive
genes and to monitor alien gene introgression, reduces the linkage drag
and aids in eliminating undesirable traits in much shorter time frame
than those expected through conventional breeding programs. It facilitates
map-based cloning of disease resistance genes and pyramiding of genes
for multiple disease resistance in a single cultivar, faster recovery of the
recurrent parent genome in  the backcross breeding programme
(Tanksley et al.. 1989). It could also reduce the need for phenotypic
selection that may be inappropriate in identifying genotypic differences

and in selection of rare recombinants between tightly linked resistance

genes.
2.6 REQUIREMENT OF MAS

Molecular markers offer great scope for improving the efficiency of

conventional plant breeding. The essential requirements for developing
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MAS system are (i) availability of germplasm with substantially contrasting
phenotypes for the traits of interest., (i} highly accurate and precise
screening techniques for phenotyping mapping population for the trait of
interest,(iii) identification of flanking markers closely associated with the
loci of interest and the flanking region on either side and (iv) simple robust
DNA marker technology to facilitate rapid and cost-effective screening of

large population (Paterson et al., 2004).
2.7 MOLECULAR MARKERS STUDIES IN GROUNDNUT

The cultivated groundnut has been analyzed by several marker
system including RFLPs. RAPDs, (DAF and SCAR), AFLPs and
Microsatellites: variation has been observed among diverse genotypes in
approximately 5 per cent of the marker analyzed, but the number is much

lower between pairs of A. hypogaea lines.
2.7.1 Restriction Fragment Length Polymorphism (RFLPs)

RFLPs represented the first marker system that detected large
number of polymorphisms. RFLPs are produced by digesting genomic DNA
with restriction endonucleases that recognize specific sites on a DNA
sequence and then cleave the DNA strand in or near recognition sites of
the sequence. Fragments thus produced can be separated by size on a gel
electrophoresis plate. Plants often produced so many fragments that the
resulting gel is not interpretable. For complex genomes, a probe is made
from cloned DNA that is homologous to a specific DNA sequence in the

species being investigated (Botstein, 1980). Radioactivity is used to label
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probes and bands are visualized when the unhybridized radioactivity is
washed away and then an autoradiograph is produced. RFLPs are robust,
reliable and transferable across populations but it is time consuming,

laborious, expensive and large amount of DNA is required

In Arachis, Kochert et al. (1991) observed very low level of RFLP
variability among the allotetraploids U.S cultivars and Arachis monticola, a
wild species. RFLPs revealed very low level of variability in unadapted
germplasm lines though considerable morphological and physiological
variability existed among the lines (Halward et al., 1991). Paik-Ro et al.
(1992) assessed Restriction Fragment Length Polymorphisms among
accessions within six groundnut species of the Arachis section and
observed significant amount of variation present among the Arachis
species and Arachis monticola was found to be more closely related to
A. hypogaea subspecies hypogaea than to subspecies fastigiata. Kochert
et al. (1996) observed no variation between A. hypogaca and A. monticola.
RFLPs have been used to analyse the species in the section Arachis and
cluster that formed (Kochert et al. 1991) corresponded closely with
morphological groups (Stalker, 1990). Stalker et al. (1995) used RFLPs to
study genetic diversity among eighteen accessions of A. duranensis Krapov.
Abd W.C.Gregory and founa large amount of variation in the species.
Based on RFLP analysis Kochert et al. (1996) concluded that the cultivated
groundnut resulted from the cross between A. duranensis and A. {paensis
Krapov. and W.C.Gregory, and chloroplast analysis indicated that

A. duranensis was the female progenitor. Gimenes et al. (2002) used
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RFLPs to study genomic relationship between AA genome. BB genomes
and AABB genome species. The lowest genetic variation was detected
within accessions of A. duranensis (17 accessions). followed by A. batizocoi

(4 accessions) and A. cardenasii (9 plants of accession GKP 10017).
2.7.2 Random Amplified polymorphic DNAs (RAPDs)

The assay developed by Williams et al. (1990) which detects
nucleotide sequence polymorphisms in DNA by using a single primer of
arbitrary nucleotide sequence. RAPDs are quick. simple, inexpensive,
multiple loci from a single primer is possible and small amount of DNA is
required to carry out this assay but is less popular due to problems such
as poor reproducibility and transferability. faint or fuzzy products, and

difficulty in scoring bands. which lead to inappropriate inferences.

Halward et al. (1992) used primers of arbitrary sequence to study
variability in germplasm and reported very little variation in Arachis
species and also proposed dominant behavior of the markers prevented
the differentiation of heterozygotes from homozygotes with certainty,
limiting the usefulness of arbitrary primer amplification products as
markers in the const‘ruction of a genetic linkage map in groundnut.
Lanham et al. (1992) detected significant 1mount of variation (81.66%)
between A. hypogaea and synthetic amphidiploid using RAPD. Hilu and
Stalker (1995) observed maximum variation among accessions of
A. cardenasii and A. glandulifera whereas the leasi amount of variation
was observed in A. hypogaea and A. monticola and based on RAPD assay

proposed that Arachis duranensis was most closely related to the
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domsesticated groundnut and is believed (0 be the donor of the A genome.
Bhagwat et al. (1997) observed 5.5 per cent polymorphism and were able
to-detect variation among the different plant height mutants and pod size
mutants by using RAPD assay. Bhagwat et al. (2001) reported high degree
of polymorphism among closely related 14 groundnut genotypes using

single RAPD primers.

Subramanian et al. (2000) studied RAPD differences among 70
selected genotypes representing variability for several morphological,
physiological. and other characters with 48 primers. Of these, seven
(14.6%) yielded polymorphic amplification products. Dwivedi et al. (2001)
assessed genetic diversity among 26 accession using eight RAPDs.
The genetic similarity (S;) ranged from 59.0 to 98.8 per cent, with an
average of 86.2 per cent and identified five accessions with diverse profiles
for mapping and genetic enhancement studies. Five accessions with
diverse DNA profiles were identified for mapping and genetic enhancement

in groundnut.
2.7.3 Amplified Fragment Length Polymorphism (AFLPs)

The assay is based on the selective PCR amplification of restriction
fragments from a iotal digest of genomic DNA. The technique involves
three steps. restriction of the DNA and ligation of oligonucleotide adapters,
selective amplification of sets of restriction fragments, and gel analysis of
the amplified fragments. PCR amplification of restriction fragments is
achieved by using the adapter and restriction site sequence as target sites

for primer annealing. The selective amplification is achieved by the use of
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Arachis species and can also detect high level polymorphism than RAPDs
and RFLPs.

Milla et al. (2005) used the AFLP technique to determine intra- and
interspecific relationships among and within 108 accessions of 26 species
of Arachis section and revealed that A-genome accessions KG 30029
(Arachis helodes) and KSSc 36009 (Arachis simpsoni) and B-genome
accession KGBSPSc 30076 (A. ipaensis) were the most closely related to
both Arachis hypogaea and Arachis monticola. This finding suggests their

involvement in the evolution of the tetraploid groundnut species.
2.7.4 Simple Sequence Repeats (SSRs) or Microsatellites

This is an extensively used markcer system and detects highest
polymorphism in groundnut. Among the different classes of molecular
markers., SSR markers are often chosen as the preferred markers for a
variety of applications in breeding because of their multi-allelic nature,
co-dominant inheritance, relative abundance and extensive genome
coverage (Gupta and Varshney, 2000). This method includes DNA
polymorphism using specific primers designed from the sequence data of a
specific locus. Primers complementary to the flanking regions of the
simple sequence repeat loci yleld highly polymorphic amplification
products (Weber et al., 1989). Polymorphisms appear because of variation
in the number of tandem repeats (VNTR loci) in a given repeat motif.
This method is technically simple, robust. reliable and transferable

between populations. Large amount of time and labour required to
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variety of applications in breeding because of their multi-allelic nature,
co-dominant inheritance, relative abundance and extensive genome
coverage (Gupta and Varshney, 2000). This method includes DNA
polymorphism using specific primers designed from the sequence data of a
specific locus. Primers complementary to the flanking regions of the
simple sequence repeat loci yield highly polymorphic amplification
products (Weber et al.. 1989). Polymorphisms appear because of variation
in the number of tandem repeats (VNTR loci) in a given repeat motif.
This method is technically simple. robust, reliable and transferable

between populations. Large amount of time and labour required to
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generate primers and usually it require polyacrylamide gels to resolve

bands.

Hopkins et al. (1999) captured 26 microsatellites from the
groundnut genomic DNA library and observed 23% polymorphism in
collection of 22 groundnut DNAs. representing both cultivated and wild
species. Raina et al. (2001) used twenty-one RAPD and 29 ISSR primers to
assess genetic variation and interrelationships among subspecies and
botanical varieties of cultivated groundnut and phylogenetic relationships
among cultivated groundnut and wild species of the genus Arachis.
Both random and ISSR primers revealed 42.7 and 54.4 per cent
polymorphism, respectively This study strongly support the view that
Arachis monticola (2n = 4x = 40) and A. hypogaea are very closely related,
and indicate that A. villosa and A. ipaensis are the diploid wild progenitors

of the tetraploid species.

He et al. (2003) isolated 56 hfferent microsatellites by using SSR
enrichment procedure and observed 33.9 per cent of polymorphism among
th- genotypes suggesting higher level of DNA polymorphism by these
markers than other DNA markers in cultivated groundnut.
Moretzsohn et al. (2004) screened 67 TTG SSR markers to study
polymorphism of seven accessions and observed only 4.4 per cent
polymorphism in cultivated groundnut. Ferguson et al. (2004) generated
110 sequence tagged microsattelites sites (STMS) markers for the
cultivated groundnut and in there study 81 per cent of (ATT) and 70.8 per

cent of (GA)» showed polymorphism in groundnut. Krishna et al. (2004)
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has shown molecular diversity using microsatellite markers in the
cultivated Valencia groundnut (subspp. fastigiata) and results indicated
that considerable genetic variations was present among the analyzed
genotypes. He et al. (2005) have developed 130 simple sequence repeat
(SSR) markers in groundnut and observed 29.23 per cent polymorphism
among 24 groundnut accessions. Eight SSR markers were found useful to
classify botanical varieties. Mace et al. (2006) screened 23 SSR markers
across 22 groundnut genotypes with varying levels of resistance to rust
and late leaf spot and showed 52 per cent polymorphism with PIC value

20.5.

Bravo et al. (2006) evaluated the transferability of microsatellite
primers and the assay of genetic variability between and within the
germplasm of some species of the Arachis section and reported 78 per cent
were found to be polymorphic. All loci had transferability to all the species
analyzed. Upadhyaya et al. (2007) studied genetic diversity in composite
collection containing 916 accessions with 21 SSR markers and revealed
considerable variation among the accessions (0.819 PIC value: 490 alleles)
A total of 101, 50, 1l.group-specific unique alleles in wild Arachis,
Jastigiata and hypogaea, respectively were identified. Clustering of
different genotypes into fastigiata, hypogaea and wild spp was observed
and based on common origin, some of the accessions from fastigiata
grouped with hypogaea. Kottapalli et al. (2007) used 73 microsattelite

markers to genotype 72 accessions from the US groundnut minicore.
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Moderate levels genetic varlatiox; was found and the genetic distance
values (D) ranged from 0.88 to 0.254.

Nimmakayala et al. (2007) used 96 SSR primers to screen
80 species representing A, B and D genomes of Arachis with various ploidy
levels (18 diploid, 9 tetraploid and one aneuploid) along with two
cultivated groundnut varieties. Of these, 50 (52.08 %) were found to be
polymorphic. Tang et al. (2007) assessed the genetic variation from the
four sets of 24 accessions each from the four botanical varieties of the
cultivated groundnut using 34 microsatellites. Among these accessions,
10-16 pairs of microsattelites primers showed polymorphism. Barkley et al.
(2007) studied diversity and phylogenetic relationship among groundnut
species by using 31 microsatellites with attached M13 tail. which consists
of all but one of the 112 accession from the minicore. A total of 477 alleles
were detected in this data set with an average of 15.4 alleles per locus.
The mean Polymorphism Information Content (PIC) score was 0.687.
Gimenes et al. (2007) isolated thirteen microsatellite loc1 and characterized
16 accessions of A. hypogaea. The level of variation found in A. hypogaca
using microsatellites was higher than with other markers. Cross
transferability of the markers was also high and found same repeated
sequence in almost all the wild species as in A. hypogaea after sequencing

of amplified fragments.

The studied markers systems in groundnut revealed very low level of
nolecular polymorphism compared to other crop species (Stalker and

Mozingo. 2001). Singh et al. (1998) proposed several reasons for the low
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level of polymorphism in groundnut at the DNA sequence even in the
presence of significant level of morphological variation viz., limited use of
variability present in the germplasm, use of limited number of enzymes
and primers and lack of use of advanced methodologies to trap molecular
polymorphism in groundnut. Hence. a need to explore new methodologies
such as single nucleotide polymorphism (SNP) with greater power to reveal
polymorphism is emphasized (Paterson et al., 2004). It is an up coming
markers system which hold promise to detect high level of polymorphisi
due to their high frequency in the genome and their frequent linkage to

genes.
2.7.5 Genetic Mapping in Groundnut

Construction of genetic linkage map is necessary to apply marker
assisted selection tool in crop improvement programme but it was a hard
task for groundnut researchers because of its low level of genetic
polymorphism due to single event of polyploidization but recently

explosion of robust molecular marker methods revealed significant

amo’int of polymorphism in the crop.

Halward et al. (1993) constructed first genetic map in groundnut by
using a cross between two diploid species A. stenosperma and
A cardenasii. RFLP markers were used from genomic as well as ¢cDNA
libraries of groundnut A. hypogaea cv.GK7. Partial genomic library was
constructed by pstl digestion of genomic DNA and cloning the 1-2 Kb
fragments. The cDNA libraries were made from shoot and root tissue.

The Fz population (87 individuals) was analysed at seven restriction sites
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{BamHI. Dral, EcoRIl. Haelll. Hindlll and Rsal). Out of the 100 genomic
and 300 cDNA probes used in the study 15 and 190 respectively, gave
polymorphic profile between the parents. Of the 205 probes that showed
polymorphism, 132 were analyzed for segregation since the rest revealed
complex patterns and hence could not be mapped. Of the 132,
117 segregating loci were distributed on 11 linkage groups. A map
distance of 1400 cM was covered with a 20 ¢M resolution. This map covers

80 per cent of the groundnut genome (Table 1).

Garcia et al. (1995) constructed a linkage map having one tetraploid
parent and the other being the diploid species A. cardenasii. Seventy three
RFLP probes and 70 RAPD markers were screened against 46
introgression lines from cross between A. hypogaea (2n = 4x = 40) and
A. cardenasii Krapovickas and W.C.Gregory (2n = 2x = 20) for the
introgression of A. cardenasii chromosome segments. A total of 34 ¢DNA
RFLP probes and 45 RAPD primers identified introgressed chromosomal
segments in one or more lines. The introgression segments covered 10 out
of the 11 linkage groups, smallest of which were RFLP markers and the
largest had 3-4 adjacent markers at a distance of 30-40 cM. Garcia et al.
(2005) also used a backcross population A. stenosperrma x (A. stenosperma
x A. cardenasiij and 39 shared RFLPs to place 167 RAPD loci onto the
RFLP map. The RAPDs covered a total genetic length of 800 ¢M and

mapped onto 11 markers groups.

Herselman et al. (2004) used 60 F23 lines derived from two

A. hypogaea (ICG1 2991 and ICGV-SM 93541) genotypes. A total of 308
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AFLP primers and 144 primer combinations were used to identify markers
associated with aphid resistance and identified 20 putative markers.
Of which, 12 are mapped on 5 linkage groups covering a map distance of
139.4 cM This study represents first report on the identification of
molecular markers linked to aphid resistance to groundnut rosette disease
(GRD) and the construction of first partial genetic linkage map of the

cultivated groundnut.

Burow et al. (2001) constructed the first molecular map
representing the entire tetraploid genome of the groundnut. To introduce
variability from diploid wild species into tetraploid cultivated
Arachis hypogaea a synthetic amphidiploid TxAG-6 (A. batizocoiK9484
x (A. carenasii GKP10017 x A. diogoiGKI'10602)4x) was used as a donor
parent to generate backcross population of 78 progenies. Three hundred
seventy RFLP loci were mapped onto 23 linkage groups using a BCI
mapping population. A total of 917 bands were observed, for an average of
4.1 bands per probe. A mean of 1.68 loci per probe were mapped.
The total length of tetraploid map was spanning 2210 cM, which was
slightly greater than twice the length of (1063 cM) of the diploid map
(Garcia et al., 1995). The tetraploid map developed based on an inter-
specific cross is useful in terms of locating specific genes of interest in the
inter-specific cross and also provides valuable information about genome

organization and genome evolution.
Milla (2003) constructed a genetic linkage map for an F2 population
of A. kuhlmannii x A. diogoi. The map consisted of 102 AFLP markers

grouped into 12 linkage groups and spanning 1068.1 cM.
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Moretzsohn et al. (2005) as a first step towards the introgression of
resistance genes into cultivated groundnut. a linkage map based on
microsatellite markers was constructed. using F: population obtained
from a cross between two diploid wild species with AA genome
{A. duranensis and A. stenosperma). A total of 271 new microsatellite
markers were developed from SSR enriched genomic libraries, EST and
data mining, sequence available at Genbank and another 162 published
groundnut microsatellite markers were screened against both  the
progenitors. Two hundred and four of these (47.1%) polymorphic were
screened against 93 Fzs. The resulting linkage map consists of 11 linkage
group covering 1,230.89 cM of the total map distance, with an average
distance of 7.24 cM between markers. This 1s the first microsatellite based
map published for Arachis and the first map based on sequences that are
publicly available.

Gobbi et al. (2006) constructed a B genome map. They have used 93
Fus derived from a cross between A. ipaensits (KG30076) and A. magna
(KG30097), both diploid species with B Genome. 94 polymorphic markers
were screened which spanned 11 linkage groups with a total distance of

754.8 cM. Size of the linkage groups ranged from 5.6 ¢M to 130.7 cM.

The above mapping studies in groundnut revealed lack of
comprehensive molecular genetic map based on a mapping population
derived from the cross of two cultivated (4x groundnut varieties/cultivars.
This may be ascribed to two main reasons viz., non availability of the

mapping population with diverse genetic background that segregate for
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W traits, and unavailability of adequate and appropriate genomics
tools daeMdetect existing genetic variation in primary gene pool (Varshney
et ¢l.i38006). Mapping populations derived from wild species show
considesable amount of polymorphism but dissipates in the successive
generations. Hence. there is an exigency to explore new marker assay like
SNPs rather than targeting wild species based material, which can track

down the molecular variation in groundnut.
2.7.6 DNA markers associated with resistance

Molecular markers do play very important role in the introgression
breeding. It makes the selection process easy, effective and offers a
mechanism to eliminate undesirable traits associated with hybridizing
diverse genotypes. Several attempts have been made to transfer desirable

genes from wild relatives in to the cultivated background with the aid of

molecular markers.
2.7.6.1 Rust Resistance

Varma et al. (2005) studied variation among parents and identified
microsatellite markers associated with rust resistance in groundnut. The
parents, F1, F2 BC1P\F and BCP.F) of two crosses (ICGV 99003 x TMV?2;
ICGV 99005 x TMV2) were evaluated for resistance to rust using 25 SSRs.
Of these, Seven primer pairs detected polymorphic variation among ICGV
99003 x TMV 2 and eight primer pairs between ICGV 99005 x TMV 2 and
none of the microsatellite primer pairs showed intra accession variability

among parents. The highly resistant and susceptible F. plants were
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selected to form bulks and analyzed using BSA to identify markers linked
with resistance to rust. BSA did not provide the expected results so later
on all the resistant and susceptible plants were analyzed for marker - trait
association along with the parents. They have reported association of rust
resistance with two microsatellite alleles namely 3A01.75 and 3A013s7 in
the cross ICGV 99003 x TMV 2 and the 5D5270. 5D5205. 5D5.445 in cross
ICGV 99005 x TMV2. The susceptibility to rust is associated with markers
3A01293 and 3A01la4i2 in the cross ICGV 99003 x TMV2 and the markers

5D5260. 5D5288,.and 5D5312 in the cross ICGV 99005 x TMV2.

Mondal et al. {2007) used 117 F2 lines segregating for rust derived
from resistant parent VG 9514 and susceptible parent TAG 24 and tagged
RAPD marker J171300 by using modified Bulk Segregant Analysis (BSA)
that was tightly linked to rust having 18.5 ¢cM away from resistance gene.
Resistant and susceptible F; bulks (10 each) were prepared based on
scoring data. Parental screening was done on 160 RAPD primers and
polymorphic primers were tested on resistant and susceptible bulks along
with two parents. The primers which showed polymorphism in parents
and bulks were used to screen all 117Fz plants and the same primers
were used to screen a set of 11 resistant and eight susceptible breeding
lines/ cultivars. Of these, 11 primers detected reproducible polymorphism
between the parents. Among the 11 polymorphic primers, one primer (J7)
generated polymorphic DNA fragments, J7i3s0 and J7130 between the
resistant and susceptible bulks. Based on linkage analysis results

confirmed that J7,s00 was in repulsion phase and J7;;s in coupling
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phase. To test the magnitude of association with rust resistance. simple
regression analysis was carried out. The results showed that J7,00 and
J71350 individually explained 9.4 per cent and 27.9 per cent of phenotypic

variance, respectively.
2.7.6.2 Other discases

Stalker and Mozingo (2001) reported association of RAPD markers
with a gene conferring resistance to Cercosporidium arachidicola
sporulation, lesion diameter, defoliation and overall rating. A marker was
also associated with resistance to southern cormn rootworm damage.
In addition, they associated markers with Cylindrocladium black rot
resistance and sporulation of C. arachidicola in a cross between cultivar
NC 7 and PI 109839, which represent the first report of molecular markers
being associated with resistance genes in an A. hypogaea x A, hypogaea

Cross.

Milla (2003) used AFLP markers to establish marker-trait
association for tomato spotted wilt virus (TSWV) resistance 1n groundnut.
One hundred seventy nine individuals derived from F2 population of
A. kuhlmannii Krapov. and W. C. Gregory x A. diogoi with total of
13EcoR1/Msel primer combinations were used to tag makers associated
with TSWV. The study identifird five closely linked markers to TSWV
resistance. All the five markers were located on the same linkage group

(LG V) within a distance of 62.7 cM and among them, four markers

originated from A. diogoL
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Herselman et al. (2004) identified and mapped AFLP markers linked
to aphid resistance using F2 population segregating for aphid resistance in
combination with AFLP and Bulk Segregant Analysis (BSA). BSA was
performed on 20 F2s (10 homozygous aphid resistant and 10 homozygous
aphid susceptible) from 139 F; lines. The single recessive gene for aphid
resistance was mapped between markers MI-TTG/M-GAAl and P-TCA/
M-ACT1 on linkage group 1. These markers showed the best associations
with aphid resistance and explained 76.1 per cent and 31.2 per cent
phenotypic variation and mapped 22.8 cM apart. The gene mapped 3.9 cM
from marker MI-TTG/M-GAAIl and 18.9 c¢M from marker P-TCA/M-ACTI.
This is consistent with a single recessive gene for aphid resistance
(Van der Merwe, 2001). These markers may be useful in MAS and would

serve to select against the aphid-resistant allele of parent ICG 12991.

Lei et al. (2006) reported a SCAR marker AFs-412 converted from
AFLP marker E45/M53-440 which was closely linked with resistance to
Aspergillus flavus infection from the twenty genotypes of groundnut.

Garcia et al. (2006) used 59 RAPD markers including 25 (17 mapped
plus eight unmapped A. cardenasii-specific markers) and 34 (7 mapped
plus 27 unmapped A. batizocoi-specific markers) to evaluate progenies of

four interspecific crosses at different selfing and backcross generations.



Material and Methods
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Station, Raichur, Karnataka. CS 16 is a Virginia bunch interspecific-
derivative (A. hypogaea x A. cardenasii, ICGV 86855) resistant to foliar

diseases developed at ICRISAT, Patancheru, India.
3.2 DEVELOPMENT OF MAPPING POPULATION

The mapping population was developed at the University of
Agricultural Sciences, Dharwad from the cross TAG 24 x GPBD 4. F;s
were selfed to produce Fzs and advanced through Single Seed Descent
(SSD) till Fe generation. Each Fs line epitomizes the individual Fz plant

from which it is derived (Plate 2).

3.3 PHENOTYPING OF MAPPING POPULATION FOR LATE LEAF

SPOT AND RUST

Phenotyping of RILs was carried out at Dharwad,. a known hotspot
for foliar diseases, during the rainy seasons 2004(El). 2005(E2) and
2006(E3) for LLS and 2007(E4) for rust under artificial epiphytotics.
3.3.1 Production of LLS and Rust Inoculums

The inoculums were produced and maintained separately on TMV-2
for LLS and mutant 28-2 (resistant to LLS) for rust. The LLS conidia and
rust urediniospore were isolated by soaking and rubbing of infected leaves
In water for 30 minutes and used for inoculation on test material
separately.

The 268 RILs were sown in Randomized Block Design (RBD) with
two replications. Test materials were treated with seed protectant before

sowing. Ten seed of each RIL were planted in 1 m rows with 30 cm and
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10 cm inter and intra-row spacing, respectively. The two parents viz..
TAG 24 and GPBD 4 were sown as controls after every 50 rows. All the

necessary agronomic practices were followed to raise a healthy crop.

Artificial disease epiphytotics were created in separate screening
experiments for the two diseases using “spreader row technique”. TMV 2
and mutant 28-2 (resistant to LLS but susceptible to rust) were used as
spreader rows for LLS and rust, respectively. Spreader rows were planted
at every 10" row as well as border around the field to maintain the
effective inoculum load. Thirty five days after sowing, plants were
inoculated uniformly in the evening with LLS / rust for a week.
The inoculum containing 20,000 conidia / urediniospore per ml water and
mixed with Tween 80 (0.2 ml/ 1,000 ml of water) as a mild surfactant and
atomized on the plants using knapsack sprayer. The weather conditions
favored good development of diseases (Appendix I-IV). High humidity was
maintained by irrigating the field in the night by sprinkler or furrow
irrigation. Additional inoculum was provided by placing pots containing
diseased plants at every 50 rows (Plate 3a, 3b and 3c). The non-targeted
disease ie. rust / LLS in LLS and rust experiments were controlled by
spraying fungicide carbendazim (bavistin) 1 g litre! and tridemorph

(calixin) 1 ml litre-!, respectively.

3.3.2 Disease Scoring

Disease scoring was done at 70 days (Stage 1) and 90 days (Stage 2)

for LLS and 70 days (Stage 1), 80 days (Stage 2) and 90 days (Stage 3) for



Late leaf spot Rust

Plate 3a: Disease symptoms of late leaf spot and rust

>late 3b: Creation of artificial disease epiphytotics for LLS and rust using
spreader row technique

Plate 3c: RILs segregating for LLS and rust
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rust by using modified 9 point scale (Subbarao et al.. 1990) (Table 4a and

4b; Fig 1a and 1b).
3.4 AGRONOMIC TRAITS

The agronomic traits which are contributing for yield were studied
in kharif 2007 (E4) at Patancheru location. The 268 RILs were sown in
Augmented plot design. Fourty seeds of each line were planted in 4 m row
with 10 cm between plant and 60 cm between the rows spacing.
The Parents TAG 24 and GPBD 4 were replicated after every 9" row.
All the agronomic practices and control measures of important foliar
diseases were followed to have proper growth of the crop. Observations
were recorded on 9 traits viz., leaf length (LLN). leaf width (LWD). plant
height (PLHT), primary branches (PBR), pods per plant (PPP), yield per
plant (YPP), plot yield (YKGH), 100 seed weight (HSW) and shelling

percentage (SLNG).

3.4.1 Leaf length (mm): Measured on the third leaf, apical leaflet of the
main stem when fully expanded.

3.4.2 Leaf width (mm): Measured on the third leaf fully expanded apical

leaflet on the main stem at its widest point.

3.4.3 Plant height (cm): Measured from cotyledonary axil average of

5 randomly selected representative plants.
3.4.4 Number of primary branches: Number of primary branches (n+1).

3.4.5 Pods per plant: Total number of pods per plant.
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ta. Modified 9-point scale used for field screening groundnut genotypes for
resistance to rust disease

Description Disease
icore prl severity (%) v
1. No disease o
2 Pustules sparsely distributed. largely on lower leaves 1-5
3 Many pustules on lower leaves, necrosis evident, very tew N
: pustules on middle leaves 6-10
4 Number of pustules on lower and middle leaves, severe .
necrosis on lower leaves 1120
Severe nccrosis of lower and middle leaves, pustules may 21-30
be present on top leaves but less severe 2130
6 Extensive damage to lower leaves, middle leaves, necrotic 41-40
with dense distribution ot pustules, pustules on top leaves o
7 Severe damage of lower and middle leaves, pustules densely 41 60
distributed on top leaves i
100 per cent damage to lower and middle leaves, pustules )
8 are s 61-80
on top leaves, which are severely
81-100

9. Almost all leaves withered, bare stems seen

Percentage leat arca damaged by rust

Jle 4b: Modified 9-point scale used for screening groundnut genotypes for
resistance to late leaf spot disease

Disease Description Disease
score escriptio severity (%) y
1. No disease 0
2 Lesions present largely on lower leaves: no defoliation 15
3 Lesions present largely on lower leaves, very few on middle 6-10
leaves: detoliation of some leaf lets evident on lower leaves
Lesions present on lower and middle leaves but severe on
4 lower leaves: defohation of some leaf lets evident on lower 11-20
leaves
5 Lesions present on lower and middle leaves, over 50 % of 91 30
defoliation of lower leaves
Severe: eosins on lower and middle Jeaves: lesions present ’
6 but less severe on top leaves; extensive defoliation of lower 31-40
leaves: some defoliation on middle leaves
v lesions on all leaves but less severe on top leaves, 31-60
defoliation of all lower and middle leaves
8 Defoliation of all lower and middle leaves: severe le<ions on 61-80
top leaves evident.
9 Almost all leaves defoliated. leaving bare stem: some K1 100
_ leaflets my remain. but show severe leaf spot o e
(Subbatao cral. 1990

J Percentage leal arca damaged by late leal spot



i I
7 a-60% 8 61-800% 9 &1-100%

Fig. la: The modified 9-point scale for field evaluation of rust of groundnut



7 41-60% 8 61-80% 9 81-100%

i 1b: The modified 9-point scale for field evaluation of late leaf spot of groundnut
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3.4.6 Yield per plant (g): Total weight of dried and cleaned pods obtained

from single plant.

3.4.7 Plot yleld (Kg/ha): Total weight of dried and cleaned pods obtained

from net plot was used to calculate the plot yield per hectare.

3.4.8 100 seed weight (g): The weight of 100 kernels was taken as test

weight or 100 seed weight.

3.4.9 Shelling percentage: Shelling percentage was calculated as seed

mass over pod mass in per cent
3.5 GENOTYPING OF MAPPING POPULATION
3.5.1 DNA isolation of Parents and Recombinant Inbred lines (RILs)

Young tissues of parents and RILs were collected from two week old
slants grown in greenhouse and SIGMA®" Genelute Plant Genomic DNA Kit

vas employed to isolate DNA as per the following procedure.
Crush the plant tissue in liquid nitrogen.

e Take 100 mg of ground leaf tissue in collection tube and add 400 ul

of lysis solution.

e Mix it thoroughly by vertexing and keep it in water bath for

incubation at 65°C for 10 min.
¢ Add 130 Wl of precipitation solution and invert to mix.

* Chill on ice for 5 min and centrifuge at 12,000 rpm for 5 min to

pellet the debris.
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e Transfer the supernatant to blue filtration column and spin it for

1 min at 12,000 rpm.

e Add 700 wl binding solution to filtrate and mix it thoroughly by

inverting.

e Transfer 700 w of mixture to binding column and centrifuge for

1 min at 12,000 rpm.

e Repeat the step with remainder of the mixture and then transfer

column to new collection tube.

¢ Add 500 W of wash solution to column. centrifuge at 12,000 rpm for

1 min and transfer the column to new collection tube.

* Repeat the step twice to remove all the contaminants.

¢ Transfer column to new collection tube and add 60 Wl of elution
solution (pre-warmed to 65YC) to columns.

e Spin at 12,000 rpm for 1 min.

e After 5 min, repeat the step to elute out the remaining DNA from the
binding column.

3.5.2 Quantification of DNA

DNA quality was checked and quantified on 0.8% agarose gel with

known concentration of uncut lambda DNA standard.
3.6 ANALYSIS OF PARENTS AND RILS USING SSR MARKERS

Initially the parents, TAG 24 and GPBD 4 were screened for

polymorphism by using 1089 available SSR markers (Hopkins et al..1999:
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He et al., 2003; Ferguson et al., 2004; Moretzsohn et al., 2004 and 2005:
Mace et al.. 2007; Cuc et al.(unpublished): Bertioli et al. (unpublished):
Knapp et al. (unpublished). Of these, 908 produced scorable bands and 67
primers (6.15%) were found polymorphic (Appendix V. Table 5 and Plate
4a), which were then employed for genotyping the mapping population

(Plate 4b).
3.6.1 PCR Amplification

Polymerase Chain Reactions (PCR) were performed by using a
Touch - Down PCR profile (Table 6) and an amplification protocol (Table 7)
appropriate for each pair of primers. DNA amplification was performed in
5 wl reaction mixture using Gene Amp® PCR system 9700. The reaction
mixture contained 5 ng/ul template DNA. 10 pM / W SSR primers pair
(Forward and Reverse), 25 mM Mgcl2 (Bioline), 2 mM DNTP's, 10X PCR
buffer (Bioline), and 5U/ul Taq DNA polymerase (Bioline) for unlabeled
pnmers and for labeled primers 5 ng/ul template DNA, 10 pM/ul SSR
primers pair (Forward-labelled and Reverse). 25 mM Mgcl: (Qiagen), 2 mM

DNTP's, 10X PCR buffer (Qiagen) and 5U/ul Tag DNA polymerase (Qiagen).

3.6.2 Electrophoresis

Before loading PCR Products in the sequencing gel, amplification was
checked on 1.4 per cent agarose gel. For the separation of DNA fragments,

non-denaturing polyacrylamide gel electrophoresis (PAGE) and capillary

electrophoresis were used.
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Plate 4a: Screening of parents using SSR markers on PAGE
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Non-Denaturing Polyacrylamide Gel Electrophoresis (PAGE)

After PCR amplification. 1lul of orange dye was added to 5 ul
reaction mixture. Then 2 ul of this reaction mixture was loaded by using
Hamilton syringe on each lane of 96-track of 6% non-denaturing PAGE
and as the base pair marker, 100bp DNA ladder was loaded on both the
corners of the gel. Recipe for 6% gel consisted of 52.5 ml of distilled water,
7.5 ml of 10X TBE, 15 ul of acrylamide-methylbisacrvlamide 29:1 (V/V),
100ul of TEMED and 450 ul of ammonium per sulphate (APS).
Electrophoresis was run at 900 volts for 2 hours in 0.5X TBE running

buffer, using BIORAD sequencing gel unit.

PCR products were visualized by using silver staining protocol
(Kolodny, 1984). Initially, the gel was rinsed with distilled water for 5 min
with gentle shaking followed by soaking in 0.1% CTAB for 20 min (1.5 g in
1.5 litre of water) then kept in 0.3% liquid ammonia for 15 min (19.5 ml of
25% liquid ammonia solution in 1.5 litre of water) and later placed in 0.1%
silver nitrate solution (1.5 g of silver nitrate + 6 ml of 1M NaOH in 1.5 litre
of water and then titrated with ammonia solution till it became colorless)
followed by rinsing in water for 1 min. After this gel was kept for
developing in solution (22.5 g sodium carbonate and 400 w of

formaldehyde in 1.5 ml of water) till bands became conspicuous. The gel

was kept in water for 5 min to stop the staining reaction and fixed in 3%

glycerol.



a9

After staining the gel. bands were scored as A. B. H. and O.
Where, A represents homozygosity for the allele from female parent
(TAG 24), B indicates homozygosity for the allele from male parent
(GPBD 4) and H denotes heterozygote ie. presence of A and B alleles and
O represents off type (neither A nor B allele). A subjective score was given
to each marker from 1 to 4 denoting the fragment amplification quality,
where 1 indicates single and strong band., 2 represents single and weak
band, 3 denotes multiple and strong bands and 4 indicates multiple and

weak bands.
b) Capillary Electrophoresis (ABI 3100 Genetic Analyzer)

Amplified products of 10 primer pairs were separated by using
capillary electrophoresis. Total volume of 15 ul contains 1 W PCR products
of FAM, VIC and 1.5 ul of NED and PET were mixed separately to a mix of
7 Wl of formamide, 0.2 wl of Liz-500 size standard and 2.8 ul of double
distilled water (adjusted as per dye and number of primers used for
multiplexing). Then the samples were kept for denaturation for 5 min at
94°C and chilled on ice for 5 min. Before placing plates containing
samples were centrifuged at 900 rpm for 1 minute and kept in ABI 3100
genetic analyzer. The “G5" dye set. "Genescan POP4" run module and
GS500Liz analysis module were employed and the fragments were
separated in 36cm capillary array. After completion of the run. the A and
B peak patterns were sized using Genescan and scored by using

Genotyper software (Plate 4c).
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3.7 STATISTICAL DATA ANALYSIS
3.7.1 Phenotypic data analysis
3.7.1.1 Analysis of Variance (ANOVA)

The analysis of variance at different stages ol discase scoring in
different environments was performed to test the significance of
differences between genotypes and pooled analysis of the data 1o assess
the contribution of different sources to the total variation by following

Panse and Sukhatme (1961).

ANOVA for single environment

. ; - -
Source of Degrees of Mean Sum of | Expected Value
variation Freedom Square of M.S.S.
Replication ( r) r-1 M1
Genotypes ( g) g-1 M2 07 TO?y
Error (r-1)(g-1) M3 02
Total (rg-1) MI + M2 + M3

3.7.1.2 Estimation of genetic parameters
In order to assess and quantify the genetic variability among the
genotypes, different parameters were estimated as given below:
3.7.1.3 Estimation of variance components
Phenotypic and genotypic variances were estimated using the

following formulae.

Phenotypic and genotypic variances were estimated using the

following formula.



MSS (genotypes) - MSS error) M: - M,
Genotypic variance (o)

No. of replications r

M, - My
Phenotypic variance (c,2) = 6,2 + MSS error =

+ My
r
Where,

02p = Phenotypic variance

02 = Genotypic variance

02 = Environmental variance

3.7.1.4 Coefficient of Variability

Both genotypic and phenotypic coefficients of variability were estimated as

per the method suggested by Burton and Devane (1953).

a) Genotypic Coefficient of Variation (GCV)

GCV = x 100

X
Where,
0?%g = Genotypic varian-e

X = Mean of the characters

bl Phenotypic Coefficient of Variation (PCV)

PCV = x 100
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Where,
02p = Phenotypic variance
X = Mean of the characters
The GCV and PCV values were classified as described by

Sivasubramanian and Menon (1973).

GCV and PCV values Classification

0-10 Low
10-20 Medium
20 and above High

3.7.1.5 Heritability (h2 p.s.)

Heritability in broad sense was computed as the ratio of genetic
variance to the total phenotypic variance as suggested by Hanson et al.

(1956) and expressed as percentage.

o2
h? = x 100
o2

Where,
02; = Genotypic variance
02, = Phenotypic variance
Heritability (broad sense) estimates were categorized into high,

moderate and low by Robinson et al. (1966).
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Heritability (%) Classification
5-10 Low
10-30 Medium
30-60 High
>60 Very high

3.7.1.6 Genetic advance (GA)

Genetic advance was estimated by using the formula given by

Johnson et al. (1955).

GA=hZxkxop

Where,

h2 = heritability estimate

02ph = Phenotypic standard deviation

K = Selection differential at 5% 1s equal to 2.06 of selection (Lush.
1949)

3.7.1.7 Genetic advance as percent of mean (GAM)

£

GAM = x 100
Where,
X = Grand mean of the trait
GA = Genetic advance

The Genetic Advance as percent of Mean (GAM) was categorized by

Johnson et al., 1955)
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GAM (%) Classification -
0-10 Low .
10-20 Medium
20 and above High

3.7.1.8 Standard Error (S.E.m)

V(N - 1) (Error MS)
N r

S.E.m =
Where,

N = Number of Individuals

Error MS = Error mean sum of square

r = Number of replications

3.7.1.9 Coefficient of Variation (C.V.)

VError MS 100
CV = oM X

Where,
Error MS = Error mean sum of square
GM = Grand mean

3.7.2 Correlation coefficient (r)

Correlation coefficient (r) among the different stages of LLS, rust and

among different agronomic traits was estimated by using software GenStat

(9. 1th edition).
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3.8 GENOTYPING DATA ANALYSIS
3.8.1 Single Marker Analysis (SMA)

Single Marker Analysis was performed to tag and confirm potential

SSR markers linked to the trait based on phenotypic and genotyple data

pertaining to the 268 RILs, which is based on simple lincar regression

method (Haley and Knott, 1992).
3.8.1.1 Linkage Analysis

Sixty seven polymorphic markers were used for genotyping
268 RILs. Chi-square (x?) test was performed on the genotypic data to test
the null hypothesis of expected 1:1 Mendeliun segregation on all the
scored markers. Of these, 20 markers showed scgregation distortion (SD).
Due to less number of polymorphic markers, even the distorted markers

were also used for linkage map construction and QTL analysis.

The linkage analysis was performed using MAPMAKER/ EXP V 3.0
‘Lander et al., 1987: Lincoln et al.. 1992). A mmimum LOD score of 3.0
and maximum recombination fraction (0) of 0.5 were set as threshold

values for linkage group determination.

Twenty one linkage groups were defined with the “Make
“hromosome” command and a set of markers were used as anchors.
The most likely marker order within each linkage group was estimated by
1sing three point analyses (“three point” command). Marker orders were

‘onfirmed by comparing the Log-likelihood of the possible orders using
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multipoint analysis (‘compare” command) and by permuting all the

adjacent triple orders (“ripple” command).

In the second step. LOD score was set to 3.0 in order to include new
markers in the linkage groups. The “try" command was used to determine
the exact position of the new marker orders. The new marker orders were
again confirmed with the “first order”, “compare” and or “ripple”

commands.

Recombination fractlon was converted into map distances in
centiMorgans (cM) using Haldane mapping function (Haldane. 1919). The
intermarker distances calculated from mapmaker were used to construct
linkage map by using MAPCHART version 2.2 (Voorrips, 2006). Out of 67
markers, 59 markers could land on 13 linkage groups, which spanned
909.4 cM of the groundnut genome and cight markers remained
ungrouped. The previously mapped markers were used to designate and

orientate linkage groups.

3.8.1.2 QTL Analysis

To map significant chromosomal regions (QTL) controlling resistance
to LLS and rust. the combined phenotypic and genotypic data were

subjected to PLABQTL version 1.1w (Utz and Melchinger, 1996).

The means, predicted means [derived using bhest- linear- unbiased-
predictions (BLUP) of means adjusted for replicate using REML], square
root and log)o transformed means of the RILs were used for QTL mapping

at different environments. To determine QTL across the environments
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means across environments and their transformed values were used.
QTL analysis was performed using the method of Composite Interval
Mapping (CIM) (Zeng, 1994: Jansen and Stam, 1994) as in PLABQTL

version 1.1 w (Utz and Melchinger. 1996).

Composite interval mapping (CIM) combines the approaches of
Interval Mapping (IM) and Single Marker Analysis (SMA) in multiple
regression frameworks (Haley and Knott. 1992). Cofactors are identified
using stepwise regression with an F to enter and F to delete threshold
value of 3.5 in PLABQTL. Once the model containing cofactors is built, the

entire genome is rescanned using interval mappimng.

The presence of putative QTL in an interval was tested by using a
critical value for LOD threshold as determuned by PLABQTL using the
Bonferroni chi-square approximation (Zeng, 1994) corresponding to
genome wise type - 1 error of 0.25. As the mapping population comprised
of RILs, the additive model “"AA" was used for analysis in which additive
x additive epistatic effects were included. The point at which the LOD
score had the maximum value in the interval was taken as the estimated
QTL position. The coefficient of determination also known as coefficient of
variance (R?) explained by the QTL was used as a measure of the
magnitude of association and it is estimated as the square of the partial
correlation coefficient. Estimates of the additive effect of each detected
QTL. the total LOD score. the total proportion of phenotypic variance
explained by all the detected QTL were obtained by fitting a multiple linear

regression model that simultaneously included all the detected QTL for the
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traits in question. The LOD score was calculated from the F- value for the

multiple regressions (Haley and Knott. 1992) as

Where,

LOD = n/n (1+ p*F/DFres)*0. 2171

p = Number of paramelter fitted (Haley and Knott. 1992)

F ratio = SSR (full) - SSR (red)/pMSE(full)

Where,

SSR (full)

SSR (red)

MSE (full)

pMSE

Dfres

Sum of square for regression with full model, iLe.

with QTL and cofactors

Sum of square for regression with reduced model

ie. without the QTL
SSE/DEF= residual mean square (full model)
Number of estimated QTL effects

Number of degrees of freedom for residual sum

of square in multiple regression:

The percentage of phenotypic variance (R?) explained by a QTL was

estimated. This is based on the partial correlation of putative QTL with

observed variable, adjusted for cofactors (Kendall and Stuart, 1961). In the

simultaneous fit, the cofactors are ignored and only the putative QTL

initially detected and their estimated position were used in multiple
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regressions to obtain the final estimates of the additive eflects and the
percentage of phenotypic variation for the particular trait that could be
explained by the QTL. The additive effect was calculated as half the
differences between genotypic values of two homozygotes (Falconer, 1989);

Additive effect = (Parent P, - Parent P))/2.
The QTL analysis across the environments was done by the same
methodology using means across the environments
3.8.1.3 QTL - Analysis of Variance (ANOVA)
Analysis of QTL x Environment interactions

The ANOVA was carried out by using PLABQTL version 1.1w

(Utz and Melchinger, 1996) in the following way:

Veriation DF E (MS)
Environment E -1 o
Genotypes G -1
QTL Q VC + {1 VCqe + E VCd + 12 VCq
Residuals G-1-Q VC + E VCd
Genot x Env G-1)(E-1)
QTL x Env Q(E-1) VC + f1 VCqe
Res x Env (G-1-Q(E-1) VC
Where,

Q = Number of detected QTL effects (additive, dominance)

E = Number of environments
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G = Number of genotypes
VCq = Genetic variance explained by the QTL effects
VCd = Unexplained residual genetic variance {deviation)
VCqe = Variance component QTL x Env. interactions
VCde = Variance component Res. x Env. interactions

VC = VCe /R + VCde, with R being the number of replications in a

single environment and VCe the pooled plot error.

The ANOVA table for QTL, especially the variance component VC
from the column denoted VComp, are calculated in the following manner,
where expectations of Mean Squares (MS) were taken analogously to

Knapp (1994) and Bliss (1967).

VC (Genotypes) = [MS (Genotypes) - MS (Genotype x Env.)] / E

Where

E = Number of macro environments (approximative result  if

Genotype x Environments are unbalanced)

VCq = VC (Genotypes) - VCd




Experimental Results




IV. EXPERIMENTAL RESULTS

With a view to identify putative QTL associated with resistance to
late leaf spot (LLS) and rust besides agronomic traits. initially phenotyping
of 268 recombinant inbred lines (RILs) for the traits of interest wis carried
out in four environments viz., kharif 2004 (E1). kharif 2005 (EZ2),
kharif 2006 (E3) for LLS and kharif 2007 (E4) for rust at UAS, Dharwad
and for agronomic traits at ICRISAT. Patancheru. Disease score was
recorded as per modified 9 point scale ( Subbarao et al.. 1990) at 70 days
(stage 1) and 90 days (stage 2) after sowing for LLS and 70 days (stage 1),
80 days (stage 2) and 90 days (stage 3) for rust.

Genotyping of RILs was carried out using available microsatellite
markers in groundnut. A total of 1089 markers were screcned against
TAG 24 (susceptible) and GPBD 4 (resistant) parents. Of these,
908 (83.37%) could amplify and 67 markers were found (o be polymorphic
(6.15%), which were then used for genotyping the RILs.

The phenotyping and genotyping data derived from 268 RlLs were
used for linkage map construction and for identifying markers and QTL

associated with different traits. The results obtamned in the investigation
are presented here under.
4.1 PHENOTYPING

4.1.1 Analysis of variance (ANOVA)
The analysis of variance for individual environments for LLS and

rust diseases and pooled analysis across environments and different



62

stages for LLS were performed on the field data on RiLs The variances
due to genotypes were significant at stage 1 and stage 2 1in all the three
environments for LLS and at all the three scoring stages for rust (Table 8
and 9). Analysis of variance for 12 agrononuc traits revealed significance
among the genotypes for all the traits except days o maturity, pods per

plant and yield per plant (Table 10).

Pooled analysis of variance for LLS showed highly significant
differences among the genotypes and  between  the  stages  and
environments (Table 11). Among the interactions. stages x environment
and genotype x environment revealed significant  dillerences.
The differences were non-significant for genotype x stage and environment
x genotype x stage. Per cent contribution of sources to variation revealed
maximum contribution by stages (30.77%). genotypes (30.46%) and
environment (9.15%) indicating predominant contribution by stage and
genotype than environment. Among the interactions, genotype
x environment contributed 9.23 per cent followed by stage x environment
(5.42%).

4.1.2 Genetic components of variation

The genetic coefficient of variation (GCV) and phenotypic coefficient
of variation (PCV) estimates for LLS were high at stage 1 compared to
stage 2 indicating higher magnitude of variation at the nitial stages.
High PCV and moderate to high levels of GCV revealed substantial
variation for both LLS and rust at different stages and environments

(Table 12). Among the agronomic traits moderate to high level of GCV and



Table 8: ANOVA for late leaf spot in TAG 24 x GPBD 4 mapping population

Mean Sum of Square

Source of D.F —_
variation Kharif 2004 (E1) Kharif 2005 (E2) Kharif 2006 (E3)
S1 s2 s1 s2 sl s2
Repheation Oy T
A 1 203 329 000 006 1154 21067
Ge
cnotype 267 297 3E5™ 483%™ 351% |74 4u7e
Error PN .
267 103 149 0 5 033 050 072

Signtficant at P+ 0.01

Table 9: ANOVA for rust in TAG 24 x GPBD 4 mapping population

Source of variation

D.F. s1
;:[ﬂlcatl()ll - 1 11 06
Genotype 267 [
Error 267 (50
" Sigmificant at P £ 0 01
S1 - 70 days to score LLS G2 Y0 d s toscorc LS

§2 8O davs to score rast

S1

70 days to score rust

Mean Sum of Square

S2 S3
()28 014
1 35%* | Kty*
041 () 6f

S3 - 90 days to score rust
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PCV was noticed for all the traits except days to maturity, pods per plant

and yield per plant . GCV was non estimable in these traits due to high

error variance (Table 13).

In general. heritability was moderate to high for both the discases
but very high heritability was observed in E2 at both the stages for 1LLS,
Among the agronomic traits. heritability was very high for plant height,
pods per plant and shelling percentage and moderate to high for other
traits.

In general, high genetic advance (>20) was observed for both the
diseases at different stages and environments. High genetic advance was
evident for plant height and yicld and low to moderate for other agronomic
traits.

Higher estimates of components of variation for LLS and rust, plant
height, primary branches, shelling percentage, 100 seed weight and yield
per plant and plot yield revealed highly heritable nature of variation in

these traits.

4.1.3 Correlation

Correlation coefficients were employed to assess consistency and
stability of the disease scores across stages and environments.
Highly significant and positive correlations were observed between stages
in each of the environment for both the disease and the correlations were
high- even across environments for LLS revealing consistency between

stages and across environments (Table 14).
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In general positive correlations were observed between all the
morphological and agronomic traits (Table 15). The association was very
strong among the different morphological traits viz.. leat length, leaf width,
plant height and primary branches. Primary branches exhibite strong
correlation with some yield contributing traits viz.. pods per plant, vield
per plant, 100 seed weight and shelling percentage, while leaf length and
leaf width had higher correlations with 100 sced weight and shelling
percentage. The association was very strong among the vield traits viz.,
pods per plant, yield per plant and plot yield and between vield per plant,
plot yield and 100 seed weight and 100 seed weight with shelling

percentage .
4.1.4 Frequency distribution of RILs

The variation existed in the RlLs for LLS and rust is represented
graphically using frequency distribution of means in three screening

environments for LLS and one environment for rust (Fig. 2 and 3).

The disease scores were plotted on X-axis against genotype
frequency on Y - axis with equal class intervals. The resulting histogram
showed near normal curves for both the diseases with slightly skewed
towards susceptibility for LLS in later stages. In general the distribution of
RILs was within the parental limits for both the diseases with only few
RILs exhibiting slightly more susceptible reaction than the susceptible
parent TAG 24. All the agronomic traits showed normal distribution and

the transgressive segregants were observed in both the directions (Fig. 4).
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Fig. 2: Frequency distribution of RILs for LLS in TAG 24 x GPBD 4 mapping
population
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4.1.5 Mean performance of parents

The mean disease score of parents 1s presented in Table 165, GPBD 4
has shown consistently lower discase incidence than TAG 24 at all the
~coring stages and environments for hoth the discases The parents
TAG 24 and GPBD 4 exhibited differential performance for  some
agronomic traits viz.. plant height (19.78 c¢m and 28 06 cm ), shelling
percentage (66.89 and 60.25). pods per plant (14 99 and 25.73) and 100

seed weight (40.33 g and 33.21 g). while 1t was comparable for other traits.
4.1.6 Mean and Range of RILs

The disease incidence increased with stages for both LIS and rust
m different environments. The ranges ol Rlls for LLS and rust were
comparable and within the limits of the range ol values exhibited by the
parents. When examined with mid-parental values the mean values for
Rils were slightly inclined towards susceptible parent in the case of LLS

while for rust it was towards the resistant parent  (Table  16).

RILs exhibited much wider range of variation as compared to parental

differences for all the agronomic traits (Table 17).

4.2 SINGLE MARKER ANALYSIS (SMA)

Detection of putative markers associated with LLS and rust was
carried out by single marker analysis (SMA). which used simple linear
regression method (Haley and Knott, 1992) to find out the significant
marker - trait association. The phenotypic and genotypic data pertaining

to 268 RILs was utilized to the tag putative markers.
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4.2.1 Putative markers associated with LLS

Single marker analysis revealed 28 (E1). 35 (E2) and 23 (E3)
markers associated with LLS across stages in different enviromments
(Table 18). Six markers viz., PM436 (1..49  4.2094) [ecl {175 4 .RBO%),
TC2GO5 (3.03 - 4.42%). gi-1107 (1.73 - 4.02%). PM179 (148 5.78%) and

TC1AO1 (1.44 - 3.51%) were found (o be consistent across seiasons.
4.2.2 Putative markers associated with rust

Single marker analysis with 67 markers revealed 11 markers
associated with rust (Table 19). Among them. four markers viz.,, XIP103,
TCI9HO09. TC4G10 and GM624 were found at all the three scoring stages.
The maximum phenotypic variation was contributed by XIP103 (33.8
- 40.6%) followed by TCOHO9 (2.59 - 4.6%). TC4G10 (2.36 - 3.4%) and
GM624 (1.99 - 3.5%).

4.2.3 Putative markers associated with agronomic traits

Putative markers associated with 9 agronomic traits and their

respective phenotypic variations are listed in Table 20.

4.2.3.1 Leaf length and Leaf width

SMA revealed 8 and 15 single markers associated with leaf length
and leaf width. respectively. Among them five markers viz., TC1AOl,
Seq7G02. PM137, GM670 and XIP108 were found to be common for both
the traits. The marker TC1A01 (3.53%) contributed maximum phenotypic

variation in leaf length and TC4F12 (8.72%) in leaf width.
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4.2.3.2 Plant height

SMA for plant height revealed a total of 15 single markers linked to
the trait with R2? ranging from 1.1 - 8.56 per cent. The highest phenotypic
variation was observed in GM633 (8 56%) followed by XIPI76 (6 820),

PM179 (4.79%) and Seql1C08 (4.23%).

4.2.3.3 Primary branches

Eight singdle markers were associated with primary branches and
contribution ranged from 1.52 - 3.82 per cent. Seq5D5 (3 84%) showed
maximum phenotypic variation followed by GM660 (3 13%). TC2G05
(2.44%) and AH4-101 (2.02%).
1.2.3.4 Pods per plant and yield per plant

Twelve single markers in pods per plant and 7 markers in yield per
plant were found to be associated and among them, 6 markers otz.,
Seq5D5, XIP103, TC1B02, TC9F10, TC6HO3, and TC2GO05 were common
between these traits. The markers Seq5D5 (10.23%, 6.85%) and XIP103
(8.18%, 6.11%) contributed high phenotypic variation in pods per plant

and yield per plant. respectively.

4.2.3.5 100 seed weight and plot yield

A total of 9 and 5 single markers were tagged with 100 seed weight
and plot yield, respectively and two markers XIP103 and Ah4-101 were
common between the traits. The markers XIP103 {4.90%), GM670 (3.79%)
and GM699 (3.06%) in 100 seed weight and XIP103 (9.98%) and Seq5D5

{7.64%) in yield contributed maximum phenotypic variation.
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4.2.3.6 Shelling percentage

A total of 10 single markers were found linked with shelling
percentage with contribution ranging from 1.25 - 5.35 per  cent,
The highest phenotypic variation was recorded in GMB33 (5.30%) followed

by TC9F04 (4.96%). TC1B02 (4.94%) and XIP524 (3.91%).
4.3 LINKAGE MAP CONSTRUCTION

Since, there is no comprehensive linkage map developed in the
cultivated groundnut, linkage map construction was one of the major
objectives of the present investigation. The linkage map was constructed
using software MAPMAKER/EXP V 3.0 ( Lander et al.. 1987; Lincoln et al.,
1992) multipoint analysis with minimum LOI score of 3.0 and maximum
recombination fraction (0) of 0.5 were set as threshold for linkage group
determination. Out of 1089 microsatellite markers screened. only 67 were
found to be polymorphic between parents of the TAG 24 x GPBD 4
mapping population. The chi-square (y?) test was conducted to test the
Mendelian segregation ratio (expected 1:1) and 20 markers showed
segregation distortion (SD). But due to paucity of polymorphic markers, all
the 67 markers were used for linkage map construction. A total of
59 markers were mapped on 13 linkage groups (LGs) spanning 909.4 ¢cM
and 8 markers remained ungrouped. The number of markers mapped per
linkage group ranged from two (LG 3. LG 11, LG 1?2 and LG 13) to ten
(LG 4 and LG 5). The lengths of linkage groups were ranging from 6.00 cM
(LG 12) to 226 cM (LG 4) with an average distance of 15.25 c¢M (Table 21).

The linkage map constructed based on TAG 24 x GPBD 4 was used for
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identification and mapping of QTL for resistance to LLS and rust besides

agronomic traits (Fig. 5).
4.4 QTL MAPPING

The foremost step towards QTL mapping is to have linkage map with
good coverage of markers. The partial linkage map developed from the
cross TAG 24 x GPBD 4 was used for QTL analysis, @TL analysis was
done by using software PLABQTL version l.lw (Utz and Melchinger,
1996). The RIL means for LLS and rust and best linear unbiascd
predictors (BLUPs) for agronomic traits were used for the analysis.
In order to take care of distribution abnormalities, if any, square root
transformed means (SQ) and log o transformed (LOG) means in LLS were
also utilized for the identification QTL. Frequency distribution of rust
scoring data showed normal distribution so data was not transformed.
Two environment data viz.. E1 and E2 yielded eight QTL and E3 did not

reveal any QTL and hence data pertaining to the first two environments
was utilized to assess Q x E interaction.
4.4.1 QTL for LLS
4.4.1.1 Environment 1
Stage 1
One QTL (Seq9E08 - XIP407c) at stage 1 was identified, which was

mapped on LG 13 with a LOD of 3.09. This QTL explained 2.7 per cent of

phenotypic variation with 0.14 additive effect and the favorable allele for
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this locus has contributed by the susceptible parent, TAG 24 (Table 22,

Fig. 6 and 7)
Stage 2

A total of three QTL flanhed Dy the narhors Jecl & qrGo2,
TC2G0O5 - TCIHO9 and GM6EGO  TCOFIO with LOD scote 2 84, 2 51 and
3.01. respectively were identificd. The first QTL (lacl Seq7G02)
positioned on LG 6 expressed 5.7 per cent of the phenotvpic varation with
0.22 additive effects. The second QTL (1C2G0O5  TCIHOW located on 146G 7
accounted for 4.7 per cent of phenotvpie vanation with an additive eftect
of 0.17 and the third QTL (GMG6GO  TCOFIO) mapped on LG 9 explained
3.6 per cent of phenotypic variation with O 14 additive elfeet The favorable
alleles in all the QTL were contributed by the resistant parent GPBD 4 and

they together explained 14.0 per cent of the total phenotyple vartation.
4.4.1.2 Environment 2

Stage 1

Two QTL at marker interval XIP524  TC4DOY (LG 1) and GM633

- PM179 (LG 4) were detected with 3 3 and 3 2 LOD scores, respectively.
The QTL (XIP524 - TC4D09Y) explained 29 per cent phenotypic vartation
with 0.22 additive effect and the second QTL (GM633  PM179) explained
6.2 per cent of phenotypic variation having an additive cffect of 0.29.

The favorable alleles for these QTL came from the resistant parent GPBD 4

and together accounted for 9.1 per cent of phenotypic variation.
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Fig. 7: QTL LOD Peak for LLS at different stages and environments
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Stage 2

The same two QTL detected at stage 1 co mapped at stage 2 with
change in magnitude of phenotypic variation and cflect but without any
change in the direction. These QTL accounted for 3 & per cent and
5.8 per cent of phenotypic vanation with 0 26 and 0 29 additive eflects,
respectively. Total contribution of these QTL to phenotvpic varition was
9.6 per cent.
4.4.1.3 Environment 3

The data from environment 3 did not vield any QUL at different

stages.

4.4.2 QTL near threshold of significance (LOD 1.85 - 2.47)

4.4.2.1 Environment 1

Two QTL (PM436 - TC3HO02 and GM660  TCHF10) were detected and
they were mapped on LG 6 and LG 9 and explinned together 7 8 per cent
{4.3 and 3.5 per cent phenotypic varation, respectively) variation at
stage 1 (Table 23).
4.4.2.2 Environment 2

At stage 2, the two QTL (TC2G05 - TC9HOY) on LG 7 and (TC5A07
-XIP395) on LG 11 were identified and contributed 3.4 and 4.0 per cent
phenotypic variation. respectively.
4.4.2.3 Environment 3

The QTL flanked by the markers TC11A07 - XIP524 and Seq505
- TCQGbS mapped on LG 1 and LG 7 and accounted for 1.4 and

3.6 per cent phenotypic variation at stage 2.



Table 23: QTLs associated with late leaf spot at near threshold of significance

Environment  Scoring stage LG Marker interval Po(:l;;’ n LOD R? (%) A::“: ‘l::e
121 S1 6 PM436 TC3HO2 0 2.26 13 16
Y GMO6O TCIFT0 16 238 3.5 015
2 S2 7 [C2605 TCIHOY 50 1 85 34 -0.20
B TC3A0T  XIP395 0 1 Kb 40 (422
E3 S2 1 TCIIAUY XIP524 144 247 14 030
7 SeqaDa TC26G05 4K 245 30 022
El Khant 204 E2 K'ant 2005 B3R 2en
S Todavs o seare LTS St dws b s LS

P&
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The favorable alleles that had increasing additive effects tor all these

QTL were from the resistant parent GPBD) 4.
4.4.3 QTL x Environment interaction

Analysis of variation for QTL x cuvironment 1evealed sientheant
differences between  the  genotype.  environment  and senotype  x
environment at both the stages and QTL x environment at stage 1

(Table 24a and 24b).

Two significant QTL flanked by the markers XIP524  TC3D09 (LG 1)
and PM179 - Seql1CO08 (LG 4) were detected at stage 1 and QTL explained
2.1, 4.6 per cent of phenotypic variation with 0.18. 0.25 additive effects,
respectively. The resistant parent GPBD 4 contributed the favorable allele
for these QTL. A total 6.7 per cent phenotypic variation for the traft has
been accounted by these QTL (Table 25, Fig. 6 and 8)

At stage 2. two stable QTL between the markers TC26G05  TCSHOY
(LG 7) and GM660 - TCIF10 (LG 9) were observed with LOD score 3.02
and 2.65, respectively. Individually they explained 5.3 per cent and
2.9 per cent of phenotypic variation with 0.28 and 0.21 additive cflects,
respectively and together their contribution was 8.2 per cent with
favorable alleles coming from GPBD 4.

4.4.4 Effect of transformation on the identification of QTL

4.4.4.1 Environment 1

The data transformation has not affected the appearance of QTL

(Seq9E08 - XIP407¢) at stagel while at stage 2. the QTL (LEC | - Seq7(:02)
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NTM - Non transformed means QE- QTL x Environment

Fig. 8: QTL LOD Peak for LLS in across environment
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and (TC2GO5 - TCOHO9) disappeared upon data transtormation. At stage 2
the GTL (GM660 - TCIF10) was retained in square root transformation but
displaced by (Seq5D5 - TC2G05) in logio transtormation. The new QL
positioned on LG 7. explamed 5.4 per cent phenotypie variation with
favorable allele contributed from GPBD 4 (Table 26a and 26b, Fig. G, 9

and 10).
4.4.4.2 Environment 2

The data transformation did not affect the QT identification at the

both stages.
4.4.4.3 Environment 3

Though no QTL were detected from original data, trunsformation
resulted in the detection of a new QTL (TC3HO2 - Lecl) at stage 1. The QTL
was mapped on LG 6 and explained 3.5 to 3.7 per cent of phenotypie

variation with favorable alleles coming from GPBD 4 (Table 26a and 26b).

The QTL. Seq9EO08 - XIP407¢ (stage 1) in and GM660  TCIFI() (stage
2) in E1 and XIP524 - TC4D09 and GM633 - PM179 (stage 1 and 2) in E2
as non-transformed  data

were detected from transformed as well
(Table 27).
4.4.4.4 QTL across the environments

At stage 1, the QTL (PM179 - Seq 1 1C08) was detected in all the data
analyses while the QTL (XIP524 - TC4D09) was retained in log 10

transformation but replaced by (TC11A04 - XIP524) in square root

transformation and it was mapped on LG 1 with 1.0 per cent contribution
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Fig. 9: QTL LOD Peak for LLS using square root transformed means

as
s
\_/,/ I
as - —— LU LOG 8181 LO 18
\ \ 118 LOGC 8381 LO 7
! | \ LLB LOG 813 10 1
2 \ 4 -~ LL8 LOG S1X3 LO 4
§ \ -~ 118 LOC SIS LG 1
i s — 118 L0 9283 LO ¢
18 \i “.\ - A8 LO0 S188 10 &
| { \
1 ' y
o8
T
.oo 80 100 190 200 280
Posttion
LOG- Log, transformation

Fig. 10: @TL LOD Peak for LLS using Log,

o transformed means




YT 24038 O SACE 06 - TS ST A0S 0} .....4._“ oL- 1S
[CTTaRin B ] SOOT Ly - 7 HOOT Uy - 1l
S —
wZO0F G nio o 09 At LI L3 6L - £RIRYD
78T
€200 [ rATONEE 61 9z o Nt i KIFAL - tESdIN
GHEO0- t4 HLO 04 al Ay t GZIINd - EEORD
1874
900" e FAS SR 'y rdls [ i GOUEL FECTIN
- - gs0°0- A tro oy 0 GLAGOL 098I 7s1d
120°0 +e 1S00 9T tio e 1 2OtdIN NTQ TN 1S
30319
JUIWUOIAUF
phraied 93}39
MPPY (o) u 3 L S et ) H D1 [eAIW IONIEN [o8ws
ANNPPV ANPPV
Bupoog
01301 1001 arenbs
paurIojsuel)} - GON
pauLIojsuer]

798 EJUP PIULIOJSURI) PUB PIULIOJSUBI}-UOU U} jods yeay 37e] YA pajejoosse TLG vowwe) :LZ 3IqEL



a6
to the phenotypic variation. Likewise at stage 2 the QTL (102605
TCIHO9) was identified in all the analvses and  the Q1L (GM660
- TC9F10) have disappeared upon transformation (Table 28a and 28h,
Fig. 6. 11 and 12)
4.4.5 QTL for Rust
The QTL flanked by the markers TC2G05  TCOHOY was detected in
stage 1 and 3 but not in stage 2. The QTL positioned on LG 6 accounted
for 4.6 and 4.7 per cent to the phenotypic variation, respectively,
The additive effects were 0.17 and 0.22 at two stages with favorable allele
coming from the resistant parent, GPBD 4 (Table 29, Fig. 7 and 13).
4.4.6 QTL for agronomic traits

The results are presented in Table 30, Fig. 14 and 15,

4.4.6.1 Leaf length and leaf width

A single QTL for leaf length was co-mapped for leat width flanked hy
the markers TCI1AO1 - Seql8G01 and accounted for 4.7 per cent and 3.7
per cent of phenotypic variation.
4.4.6.2 Plant height

A total of three QTL were identified for plant height between the
marker interval TC11A04 - XIP524. GM63 - PM179 and TC7H11 - XIP176.

These QTL explained a total of 18.8 per cent phenotypic variation and

were contributed by TAG 24.
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LLN- Leaf Length LWD- Leat Width PLHT- Plant Height

PBR- No. of Primary Branches PPP- Pods Per Plant YPP- Yield Per Plant

YKGH- Yield per Hectare SLNG- Shelling Percent
Fig. 15: QTL LOD Peak for agronomic traits
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4.4.6.3 Primary branches

One QTL was detected ftor primary branches lanked by the markers
Seq5D5 - TC2GO5 with 5.7 per cent of phenotypic variation and the

favorable allele came from the parent TAG 24,
4.4.6.4 Pods per plant

Two QTL for pods per plant between the markers TCTBO2 109104
and Seg5D5  TC2G05 explained 15.6 per cent phenotvpie variation.
The favorable alleles contributed by both the parents. TAG 24 and GPBD 4

(Seq5D5 - TC2GO5 and TC1B0O2  TCYFOA).
4.4.6.5 Yield per plant and plot yield

The QTL flanked by the markers SeghDh TC2G00 was co mapped

for yield per plant and plot vicld and contributed 7.5 per cent and

8.0 per cent to the phenotypic variation with the favorable allele coming

from TAG 24.

4.4.6.6 Shelling percentage

Two QTL between the marker interval TCIB02 - TCOFOd and GAMEGSS

- PM179 were identified for shelling poreentage and they contrbuted

10.8 per cent to the phenotypic variation. Both the parents TAG 24

(TC1BO2 - TCY9F04) and GPBD 4 (GM633 PMI79) contributed the

favorable alleles.
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V. DISCUSSION

Groundnut (Arachis hypogaca L) is one of the principal oflseed
crops of the world. The LLS and rust are the mijor foliur diseases and
they often occur together leading to 50 - 70 per cent vield loss in the crop.
Development of cultivars with resistance to foliar discases is the best
strategy to diminish cost of cultivation. soil and environment pollution,
Majority of the wild species harbor resistance to these diseases but the
introgression is thwarted due to cross compatibility barrier and Hnkage
drag. Hence limited success has beer achieved in groundnut resistance

breeding.

The advent of biotechnological tools like molecular markers has
revolutionized the conventional resistance breeding in gaining the better
success through MAS. The major constraints in resistance breeding are
surmounted by new emerging marker technology by providing casiest way
of introgression, selection and pyramiding favorable genes in breeder's
perspective. Identification of resistant breeding material to the major foliar

diseases is one of challenging objectives for the groundnut breeders.

Because of simultaneous occurrence of LLS and rust and dominating and

defoliating nature of LLS makes the sciection for rust resistance very

difficult. Mapping of resistance genes is important in these diseases

because Tresistance is quantitative in nature and governed by recessive

genes.
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The development of genctic linkage map will wreatly expedite the
ability of breeders to tag and follow the introgression  of - specitic
chromosome segments linked to desirable traits from wild species into
breeding lines of cultivated groundnut and also without the availability of
a genetic map, it is difficult to utilize molecular markers or to combine
molecular and conventional genetic techniques in groundnut tmprovement
programs (Halward et al., 1993). Since. there is no comprehensive genetic
map in the tetraploid cultivated groundnut (Varshney et al., 2007) the
present investigation emphasizes linkage map construction based on
SSR markers, tagging of putative markers associated with resistance and
identification of QTL contributing to resistance in TAG 24 x GPBD 4
population. The mapping population was derived from the parents TAG 24
and GPBD 4, as they differ for resistance to LLS and rust, growth habit,

harvest index, oil quality besides vield components,

RILs consist of a series of homozygous lines, cach containing a
unique combination of chromosomal segments from the original parents.
RILs are the eterr.al resource of QTL mapping studies because they
produce true breeding lines that can he reproduced and  multiplied

without change occurring. Therefore. multi-location, multi-environment

data can be generated. Furthermore. seed from individual Rl lines may be

transferred between different laboratories for further linkage analysis and

the addition of markers to existing maps. The length of time needed for

produciné RI populations is the major disadvaniage. because usually six

to eight generations are required.
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The mapping population consisting of 268 Ril.s exhibited stgnificant
variation for resistance to LLS and rust. The magnitude of variation was
moderate to high as revealed by phenotypic coeflicient of variation and
with high to very high heritability. the population revealed substantially
high heritable variation. High positive correlation between disease scores
at different stages and across environments revealed consisteney  and
stability in the disease development. The near normal (o normal
distribution revealed quantitative nature of resistance. The distribution of
RILs for both the diseases was within the parental limits but in the case of
LLS few lines exhibiting more susceptibility than susceptible  parent
revealing the contribution of favorable alleles from one of the parents. The
influence of G x E interaction on discase ontogeny. necessitate screening
of this population in multiple environments and locations. Non significant
correlation between LLS and rust indicated independent inheritance of the

diseases.

As for the agronomic traits are concerned, very high magnitude of

variation coupled v/ith high heritability for plant height and yicld traits

viz., plot yield, 100 seed weight, and shelling  percentage revealed

considerable heritable variation in the population.  Mostly normal

distribution was observed for agronomic traits showing their quantitative

nature of inheritance. Association analysis revealed strong correlation

among morphological (leaf length, leaf width. plant height and primary

branches). and yield traits (pods per plant. yicld per plant, plot yicld.

hundred seed weight and shelling percentage) and also between some
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morphological and yield traits revealing genetic association due to linkage
and / or pleiotropy. Transgressive sedregants for all the agronomice traits
were observed indicating the contribution of favorable alleles by both the

parents,

Twenty six RILs have been identificd based on resistance to LIS,
rust and among them 21 RILs having desirable productive features, These
lines can be further utilized in breeding for resistance to foliar (Seases.

(Appendix VI).

The limited DNA-level of variability observed in the cultivated
groundnut by RFLP (Halward et al.. 1991) and RAPD (Kochert ot al., 1991)
is mainly ascribed to its origin by single cvent of polyplotdization and
further isolation from wild relatives (Halward ot al., 1991 Young ot al.,
1996). Simple sequence repeats (SSRs) are the markers of choice because
they are ubiquitous throughout the genome. multi allelic. co dominant
and breeder friendly (Gupta and Varshney. 2000). nfact, several hundred
SSR markers are currently available in groundnut (Hopkins et al., 1999:
He et al.. 2003: Ferguson ¢t al.. 2004: Morctzsohn ot al.. 2004 and 2005;
Mace et al.. 2007: Cuc et al. unpublished. Bertioli al. unpublished: Knapp
et al. unpublished). High level of polvmorphism in SSRs over RFLE and
RAPD was observed by Hopkins et al.. 1999 (2:39%). He et al., 2003 (33.9%).

Ferguson et al.. 2004 (70.8- 81%). He «t al.. 2005 (29.23%). Mace et al.,

2006 (52%) and Nimmakayala ¢t al. 2007(52.08%) Very low

polymorphism (6.15%) observed between the parents TAG 24 and GPBD 4

revealed their narrow genetic base and it was comparable to 4.4 per cent
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reported by Moretzsohn et al. (2004) among 7 accessions of Arachis
hypogaea. Hence, while developing mapping populations for the tratts of
interest, screening of different genotypes or germplasm using molecular
markers and the combination of genotypes  which gives  higher
polymorphism could be a better approach (Anderson ot al., 1993;

Mace et al.. 2006).

A total of 20 markers (29.85%) out of 67 markers showed
segregation distortion which is relatively less compared to Burow et al.,
2001(68%) and Moretzsohn et al., 2005 (514}, This could be due to more
similarity and less genetic diversity between the parents in the present
investigation as compared to use of wild species and svathetic parents
leading to sterility in those studies. Reduced distortion could also be due
to large size of the mapping population (268 RILs) emploved in the present
study as compared to earlier studies. Segregation distortion affects the

estimation of map distances and the order of markers when many

distorted markers are present. In other words  scgregation  distortion

affects the construc.ion of linkage map and thus QTL analvsis.

Mere identification of markers bas-d on resistant or susceptible

germplasm lines will not have any practical utility in the breeding

programme but tagging of the markers with the traits of interest and

assessing their contribution towards phenotypic  varation  will

substantiate the utility of markers. In the present investigation. a total of

34 markers were found to be associated with LLS by single marker

analysis (SMA) and the phenotypic contribution ranged from 1.12 to 5.78
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per cent. Six markers viz., PM436 (149 - 4.20%) Leel (1,75 4.89%).
TC2GO5 (3.03 - 4.42%), gi-1107 (1.73 - 4.02%), PMI7Y (1 48 5.78%) and
TC1AO1 (1.44 - 3.51%) were prevalent in different seasons (Fable 31).
Though this is the first report of markers assoctated with LIS, the
proportion of phenotypic variance explained by the individual markers s
quite less (<5%) demanding a need to explore more markers to triack

prominent ones with greater contribution.

A total of 11 markers were associated with rust and  their
phenotypic variation ranged from 1.26 to 40.58 per cent. Among them,
4 markers were found (o be common across stages ol scormg and XI1PP103
contributing substantially (33.8 - 40.6%) to the total vartation and i
smacks the very tightly linked association with rust (Table 31). Further
validation of this marker in outside the original mapping population would
strengthen the reliable association of this marker with rust paving the way
for application in MAS.

Varma et al. (2005) screened 25 SSR markers in two mapping
populations (ICGV 99003 x TMV 2 and ICGV 99005 x T™V 2] and

identified 5 markers associated with rus: resistance. Mace et al., 2006

used 23 SSR markers in 22 genotypes and identificd 12 markers

associated with resistance to LLS and rust. In the present investigation.

all these markers were employed but none were found to be associated
with LLS or rust indicating genotypes specific association.
As many as 45 markers were found to be associated with 9 different
« =

agronomic traits and their contribution for total phenotypic variation



108

Saviuaolad Butieys - ONIS 31 MM pads o0l - MSH U4 ) PRt kg - HOMA
) g gad plarg - 448 wavepd aad spog - ddd ~arpaurag vwad o oy - ¥4
g ayMey 1uvld - 1Hd au gL e - Al ) gsiug Jeay - N
89 Y21dIX LIHH
(AN} ¢ldtal am1
£re-eee OL9ND AMTNT
GEH-6TC 6L1INd ONIS'LH
2150, Bt O] £E9 IO OUNIS' L
HE'6 - 06 COTJIN HUOALNMSH A ddd
£T°01 - S8’y 14 SUNY FEOMA AN ddd HHd
sye1)} Spwouoidy
9Or - 8L £OTdIX mny
16°¢ - 1 TOVIOL
BL'G - 811 HLTINI
OV -€L1 L011-18
er'v -e0'E S0DTIL
68 -SL'1 1991
6CF -6’1 9EvNd ST1
(90) 24 YeN welL

syex) ojmouocsfe pue ISnI ‘ST] Yia PIILJI0SSE SIAYIBU JUIVWOIJ (1€ IqEL



109
ranged from 1.1 to 10.23 per cent. Among them. seven markers viz.,
SeqSD5 (primary branches. pods per plant. yield per plant, plot vield)
XIP103 (pods per plant. yield per plant, 100 seed weight, and plot yield)
GM633 and PM179 (plant height and shelling percentage). GM670 (leaf
length and leaf width). TC4F12 (leaf width) and XIP176 (plant height) were
found to contribute significantly (>5%) to phenotypic variation (Table 31).
The significant contribution to phenotypic varation and concurrent
association of some of the markers with several agronomic traits indicate
the potential for the molecular approach to dissect the traits in the
mapping population. Concomitant association of XIP103 with rust and

important agronomic traits demands molecular dissection of this locus for

further use in MAS.

SMA is the simplest tool and test the significance of phenotypic
groups based on ANOVA or regression models. It is preliminary and least
informative and does not reveal the location and effects of detected QTL
precisely. Hence the mapping of the markers on the linkage map to find

out their distance from the gene and effects is pertinent.

There were only two earlier reports on the construction of genetic
linkage maps based on SSRs in diploid species of groundnut (Moretzsohn
et al., 2005: Gobbi et al., 2006) and the present study constitutes the first
attempt on the development of SSR based tetraploid linkage map.
The map consists of 59 markers mapped on 13 linkage groups and
spanning 909.40 cM with an average distance of 3.0 to 35.45 cM.

The estimated map distance in diploid species is 1424.70cM (Moretzsohn
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et al., 2005) and 2849.40 cM in tetraploid and hence the map coverage is
32 per cent (909.40 cM) and with only 13 out of 20 possible LGs, it can be
considered mostly a partial map. The map coverage is much lower than
Moretzsohn et al.. 2005(86.4%) and Gobbi et al.. 2006 (52.979%) but the
diploid maps are of less significance to genetic improvement of cultivated
groundnut. When compared with other tetraploid maps. it is far superior
to AFLP map by Herselman et al.. 2004 (139.4 ¢M: 5 LGs) but less dense

than RFLP map by Burow et al., 2001 (2210 ¢M; 23 LGs).

Though highest numbers of markers (1089 SSRs) were screened in
the present study but limited polymorphism (67 S$SRs) remained the
biggest constraint in the construction of a good skeletal / tramework map.
The SSRs employed were mostly of genomic origin and hence use of genic
SSRs may yield better results (Varshney et al., 2005). Alternatively use of
a larger number of highly polymorphic markers like SNPs (single
nucleotide polymorphisms) and DArTs (Diversity Array Technologies) could
be utilized in the development of framework map which could be later

enriched with co-dominant SSRs (Paterson et al., 2004).

The present investigation is the pionecring attempt to identify QTL
associated with LLS, rust and yield related traits and it was carried out by
using phenotypic and genotypic segregation data based on 268 RlLs.
QTL analysis revealed 11 QTL associated with resistance to LLS each
contributing 1.4 to 6.2 per cent of the phenotypic variation (Table 32).
But they were minor and screen specific. Minor QTL are prone for

inconsistency, environmental conditions vary according to season and low
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heritability of the traits can be probable reason for appearance of screen
specific QTL. Inconsistencies have been found in other host-pathogen
system where many QTL of small and medium effect were segregating

(Ender and Kelly, 2005) so that screen specific QTL were likely to occur.

Since resistance to rust and LLS is complex with several
components of resistance (Kornegay et al. 1980: Subrahmanyam
et al., 1982 and1983; Anderson et al.. 1986 and 1993; Green and Wynne,
1986 and 1987; Iroume and Knauft., 1987: Jogloy et al., 1987: Chiteka
et al., 1988; Reddy and Khare, 1988: Anderson et al., 1993; Waltyar et al.,
1993b: Mehan et al.. 1994: Motagi. 2001: Dwivedi et al.. 2002). the power
of QTL detection could be increased by phenotyping the mapping
population for the components of resistance like incubation period, latent
period, lesion size, lesion on main stem for LLS and rust and also number

of pustule, pustule diameter for rust.

Classical genetic analyses indicated multiple recessive  genes
governing resistance in LLS (Sharief et al.. 1978: Nevill. 1982) but as few
recessive genes for rust resistance (Kalekar et al. 1984: Knauft, 1987:
Paramsivam et al. 1990). In the present investigation, many single
markers (34) with less contribution (1.12 - 5.78%) of phenotypic variation
and 10 QTL with small effects (1.4 - 6.2%) were associated with LLS giving
an indication that resistance to LLS is possibly conferred by many loci.
Paradoxically, in the case of rust few single markers (11) with one marker

(XIP103) contributing as much as 40.58 per cent phenotypic variation and
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one single QTL (4.5 - 4.6%) indicated the possibility of few oligogenes

controlling the resistance.

Data analysis across environments revealed four stable QTL for LLS
and the phenotypic variation ranged from 2.1 to 5.3 per cent. Stnee these
QTL were also present in some of the individual analysis they could be
considered as potential regions carrying disease resistance genes and can
be targeted for MAS. Among them. the QTL between the markers XIP524
- TC4D09 and PM179 - Seql 1C08 were specific to stage 1 while 17C2G0O5
- TCO9HO9 and GM660 - TCIF10 to stage 2 (Table 32). The stage specific
QTL could be influencing different components of resistance operating at
different stages of host-pathogen interaction. In the ~ase of rust only one
@QTL between the markers TC2G05 - TC9HO0 (4.6 - 4.7%) was detected and
it was also associated with LLS (Table 29). The favorable alleles for all the
QTL have come from the resistant parcnt GPBD 4 except Seq9EO08
- XIP407¢ for which resistance allele was contnibuted from the susceptible
parent TAG 24.

Data transformation is known to affect QTL detection in the absence
of normality. In the present investigation Logio and square root
transformation were attempted on the LLS data because it showed
deviation from normal distribution. The transformation resulted in the
loss of three QTL and detection of one new QTL in three different

environments indicating its relevance in QTL detection.

Many of the single markers and QTL associated with LLS were

found to be independent of rust thus revealing largely independent nature
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of LLS. However, 4 of the 11 markers and the one QTL associated with
rust were also found influencing LLS indicating existence of some genomic

regions influencing both the diseases.

Six QTL (TC11A04 - XIP524. GM633- PM179. TC7HI] - Xiv17e.
Seq5D5- TC2GO5. TCIB02 - TCY9F04 and TCIlAO] - Seq18G0O1) were
identified for 9 agronomic traits with phenotypic variation ranging from
3.2 - 11.3 per cent. Among them, the QTL flanked by the markers Seg5D5
- TC2G05 was commonly observed in puods per plant., vield per plant,
plot yield and primary branches. The QTL (GM63:3- PM174) was assoclated
with plant height, shelling percentage and also LLS resistance thus,
revealing their pleiotropic nature and the phenotypic correlations obtained
for theses traits support the QTL results. The favorable alleles for all the
agronomic traits were contributed by TAG 24 except for a QTL cach for
pods per plant (TC1B02 - TCY9F04) and shelling percentage (GM633
- PM179) by GPBD 4. Based on contribution to the phenotypic variation
two QTL between the markers Seq5D5- T('2G05 (7.5 - 11.3%) and GM633
- PM179 (5.1 - 9.0%) can be considered as major QTL (Table 33). Since the
phenotypic assessment of agronomic traits is based on only one
evaluation, the stability of the QTL should be ascertaincd by evaluating

the mapping population over seasons and locations.

The present linkage map consisted of 13 linkage groups, of them 10
carried QTL associated with different traits (Fig 16). Among them, LG 1,
LG 4, LG 6. LG 7. LG 9. LG 11 and LG 13 carried QTL for LLS and LG 7

for rust. Six linkage groups viz.. LG 1. LG 2. LG 4. LG7. LG 8 and LG 10
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harbored QTL for agronomic traits. Three linkage groups viz., LG 1. LG 4
and LG 7 revealing QTL for LLS. rust and agronomic traits were found to

carry important genomic regions.

The results of SMA were found in accordance with QTL mapping in
certain cases. The marker TC2GO05 and the QTL (TC2G05 - TCYHOY) were
found to be stable across the stages and environment in LLS. In the case
of agronomic traits. TC1AOl marker and the QTL (TCIAOI Seq18GO1)
were found to be associated with leaf length and leat width, The markers
GM633. TC11A04 and TC7H11 were found to be common between SMA
and QTL mapping for plant height. The SMA identificd marker Seq5056
was found associated with primary branches, pods per plant, vield per
plant and plot yield and the marker TC1BO2 tor shelling and pods per
plant. the results of QTL analysis also indicated the role of QTL flanked by
these markers. In the present investigation. mostly the small effects QL
were obtained in LLS and rust but failed to detect single major QTL and
the minor QTL are highly environment dependent (Ender and Kelly. 2005).
A prominent marker (XIP103) associated with rust resistance detected in
single marker analysis remained ungrouped. Non-detection of major QTL
could be due to partial linkage map. large marker interval or less number
»f polymorphic markers due to narrow genetic base of the population
‘Ender and Kelly. 2005). Hence. there is an exigency to saturate the map
vith other types of markers viz.. AFLPs. SNPs and DArT using the same

sopulation or develop a new mapping population derived from the

ienetically diverse parents.
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Conclusion

As there was no SSR based molecular maps in the cultivated
groundnut due to lack of suitable mapping population and marker system
to resolve polymorphism. But recently, the availability of SSR marker tfrom
various labs and mapping population has made success in the
construction of first SSR based genetic linkage map in  tetraploid
cultivated groundnut.

Identification of late leaf spot and rust resistant lines is difficult due
to their co-occurrence and defoliating nature of LLS. Hence to surpass
these obstacles, it is nocessz.\ry to have an alternative approach like
tagging of resistance genes using molecular markers. The markers
identified in the present study (XIP103) can be dircctly used tor MAS as
well as QTL detected for LLS and rust need to be validated and further

transfer them into elite susceptible lines.



Summary




VI. SUMMARY

The mapping population comprising 268 RILs derived from the cross
between susceptible parent TAG 24 and resistant parent GPBD 4.
The population segregating for late leal spot and rust was utilized in
phenotyping for resistance and productivity traits and genotyping with
SSRs for constructing linkage map and identification of markers and Q11

associated with the traits.

Phenotyping of mapping population was carried out at  UAS,
Dharwad for three seasons viz., Kharif 2004, Kharif 2005 and Kharif
2006 for LLS at 70 days and 90 days and Khorif 2007 for rust at
three stages. 70 davs. 80 dayvs and 90 days. Artificial discase
epiphytotics were created using spreader row technique  and
diseases were scored bv using modified 9 point scale (Subbarao
et al., 1990). Nine agronomic traits viz.. leaf length, leaf width, plant
height, number of primary branches, pods per plant, yield per plant,
plot yield, 100 seed weight and shelling percentage were studied at

ICRISAT, Patancheru in Kharij 2007.

Analysis of variance for all these traits reveualed significant
differences among genotypes. Pooled analysis of varfance revealed
the predominant contribution by stages, genotypes  and

environments and among the interactions. genotype x environment

followed by stages x environment were significant.
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Components of variance, PCV and GCV revealed moderate to high
magnitude of variation for resistance (o both the diseases and all the
agronomic traits except days to maturity. pods per plant and yield

per plant.

High to very high heritability estimates in LLS, high in rust and
moderate to high in agronomic traits revealed considerable amount
of heritable variation existing among the lines. Low to high genetic
advance showed the expected progress possible when phenotypic

selection is operated for different traits.

Highly positive correlation observed between the different stages for
LLS and rust and in different environments for LIS showed
consistency in disease reaction of RILs between stages and across
environments but it was non-significant between LLS and rust

indicating their independent nature of inheritance.

Frequency distribution of LLS showed near normal distribution at
stage 1 and skewed towards susceptible parent at stage 2 in
different environments. while it was almost normal distribution for
rust at all the stages. The distribution of RlLs for diseases was
mostly within the parental limits with a few lines exhibiting more
susceptibility than susceptible parents revealing the contributions of

favorable alleles from the resistant parent GPBD 4.

Agronomic traits showed normal distribution and strong correclation
among morphological and vield traits and also between some
morphological and vield traits revealing genetic association due to

linkage and / or pleiotropy. The transgressive scgregants in both the
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directions indicated the contribution of favorable alleles from both

the parents.

Parental polymorphism was assessed using 1089 SSR markers from
different sources and out of them 67 muarkers was found to be

polymorphic between the parents. which were later utilized for

genotyping the 268 RiLs.

Single marker analysis (SMA) revealed 34 markers associated with
LLS with phenotypic contribution ranging trom 1.12 to 5.78 per cent
in different environment. Among them, PM436, lecl, TC2GO5,
gi-1107, PM179 and TC1AO1 were found to be consistent across

seasons with significant contribution to the phenotypic variation.

Eleven markers were found to be associated with rust contributing
1.26 to 40.58 per cent to phenotypic variation. XIP103 contributed

as much as 33.8 to 40.6 per cent of variation at different stages.

Detection of large number of markers with small effects in LLS
compared to rust may indicate the possibility of many loci

contributing to resistance to LLS and few oligogenes for rust.

SMA for agronomic traits identified 15 (plant height). 8 (primary
branches). 10 (shelling percentage). 8 (leafl length). 15 (leaf width),
12 (pods per plant). 7 (yield per plant). 9 (100 seed weight) and
5 (plot yield) markers associated with different traits with 1.1 to

10.23 per cent contribution to phenotypic variation.
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+ Seven markers viz., SeqSD5 (pp
ield 1 ¥ (P“mary branches, pods per plant,
er

yield p plant, P\Ot Yield) XiP103 (DO(‘S per plant, vield per plant,
100 seed weight and plot yield) GM633 and pM179 (plant height and

shelling percentage), GM670 (leafl length and leal width), TCAF12
(leaf width) and XIP176 (plant height) were

found to contribute
significantly (>5%) to phenotypic variation.

Partial linkage map was constructed using segregation data derived
from 67 markers by MAPMAKER/EXP V 3.0, A total of 59 markers
were mapped on 13 different linkage groups spanning 909.40 ¢M

covering approximately 32 per cent of the groundnut genome,

e QTL analysis revealed 10 QTL associated with resistance to LLS
each contributing 1.4 to 6.2 per cent of the phenotypic variation in
different environments. Among them. only two QTL (TC2G05
- TCY9HO9 and Seqg5D5 - TC2GOS5) appeared in two environments
(E1 and E2) and others (XIP524 - TC4109. GM633 PMI179, GM660 -
TCOF10, Seq9E08 - XIP407¢, Lecl - Seq7GO2. PM436 TCSHOZ,
TC5A07 - XIP3.95 and TC11A04 - XIP524) were detected in one of the
three environments revealing inconsistency in JTL detection over

environments.

e Data analysis across environments revealed four stable QTL
(XIP524 - TC4D09. PM179 - Seql1C08 and TC2GO5 - TCYHO9,
GM660 - TCOF10) for LLS and the phenotypic variation ranged from
2.1 to 5.3 per cent. These QTL are stage specific. which may

determine different components of resistance operating at different

stages.
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Logio and square root transformation of the data has resulted in the
loss of three QTL (Lec) - Seq7G02. TC2G05 - TCIHOY and GMEGO
- TC9F10) and appearance of one new QTL (TC3HO2 - lecl)

indicating its relevance.

In the case of rust only one QTL between the markers TC2G05
- TCIHO9 (4.6 - 4.7%) was detected and it was also associated with

LLS.

The favorable alleles for all the QTL have come from the resistiant
parent GPBD 4 except Seq9E08 - XIP407¢ in LLS which was

contributed from the susceptible parent TAG 24.

Many of the markers and QTL associated with LLS did not affect
rust revealing largely independent nature of LLS. However, 4 of the
11 markers and the QTL associated with rust were also found
influencing LLS indicating existence of some genomic regions

influencing both the diseases.

Six QTL (TC11A04 - XIP524. GM633- PMI179. TC7H11 - XIP176,
Seq5D5- TC2GOS. TC1B02 - TCYF04 and TCIAOI - Seql&83G0O1) were
identified for 9 agronomic traits with phenotypic variation ranging
from 3.2 - 11.3 per cent. Among them. the QTL flanked by the
markers Seq5D5 - TC2G05 was commonly observed in pods per
plant, yield per plant. plot yield and primary brunches. The QTL
(GM633 - PM179) was associated with plant height. shelling

percentage and also LLS resistance thus. revealing their pleiotropic
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nature. The favorable alleles for all the agronomic traits were

contributed by TAG 24 except for a QTL each for pods per plant and

shelling percentage by GPBD 4.

As far as resistance is concerned GPBD 4 harbors favorable

alleles and TAG 24 for vield related traits.

Mostly minor QTL have been detected for LLS and rust indicates
further molecular dissection  of  these  loci.  Four QT for
morphological and yield related traits contributed 7.5 - 11.:3% could

be directly use for marker assisted breeding.

Only XIP 103 has contributed significantly towards phenotypic
variance, but it has to be validated and associations with resistance
or susceptibility need to confirm and further it could be use in

marker assisted selection.

Twenty six RILs having resistance to LLS. rust and 21 lines with
desirable agronomic features have been selected and later these

lines can be used in resistance breeding.

The study indicated a need lor further saturation of genetic map
using AFLPs. SNPs or DArT markers for improved cetection of TL
affecting late leaf spot and rust resistance besides agronomic traits

for which substantial variation exists in the mapping population.
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