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the soil surface; disposition enables the plant to explore the soil for moistures (Pasquet and
Baudoin, 2001). Cowpea’s roots have nodules containing nitrogen-fixing bacteria. It can be
grown in polyculture, associated with cassava, corn, sorghum or millets (Duke, 1981). Annual
cowpea primarily is a self-pollinating plant (Fery, 1985), the open display of flowers above the
foliage and the presence of floral nectarines attract insects some of which have been identified as
cowpea pollinators. The cultivated cowpea flowers open at the end of the night and close late
morning. Some wild cowpea forms are considered to be allogamous, due to a particular
arrangement of the anthers and stigma that prevent self-pollen to reach the stigma (Pasquet and
Baudoin, 2001). In inbreeding plants (autogamous), the stigmatic surface and the anthers are in
contact (Lush, 1979). The low fertility in allogamous flower, which range from 0 to 40% versus
40 to 70% for autogamous flowers, can be compensated for by manual fertilization or insect

ripping (Pasquet and Baudoin, 2001).

2.3 Organisation of Vigna unguiculata

Vigna unguiculata (L) Walp. is composed of cultivated cowpea (V. unguiculata var unguiculata),
subdivided in five cultigroups or varieties namely wunguiculata, biflora, melanophthalmus,
sesquipedalis and textilis (Pasquet, 1998). Wild gene pool includes annual wild cowpea (Vigna
unguiculata ssp. unguiculata var. spontanea) and ten wild perennial subspecies divided in two
groups according to their breeding system. The perennial allo-autogamous subspecies
(dekindtiana, stenophylla, tenius, alba and pubescens) are the most closely related to the annual
forms than do the perennial allogamous subspecies (pawekiae, burundiensis, letouzeyi,

baoulensis and aduensis) (Pasquet and Baudoin, 2001).

12





















transfer” occurring between species like during genetic engineering. Between Vigna unguiculata

subspecies, reproductive barriers are weak (Fatokun, 1991) and thus, should facilitate gene flow.

Allozyme markers suggest that within Vigna unguiculata, gene flow is quite widespread between
the wild and the cultivated cowpea, giving a large crop-weed complex well distributed in the
entire Sub Saharan Africa (Pasquet, 1999). Nkongolo (2003) working with Malawian cowpea
using RAPD markers reported variation among cowpea accessions with variation accounting for
96% sustaining an uncontrolled gene flow. Coulibaly et al. (2002) also reported extensive gene
flow between wild and cultivated cowpeas when evaluating genetic relationships in 117
accessions of cowpeas (Vigna unguiculata (L.) Walp) using amplified fragment length

polymorphism (AFLP), with the wild cowpea more diverse than the cultivated.
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The next step is to select the best candidate markers and then to optimize conditions for their
amplification. Optimization of microsatellite systems involves a more or less comprehensive
survey of PCR conditions for amplification of candidate loci. The objective here is to adequately
balance the often conflicting requirements for high specificity and high intensity of amplification
products. Thus, the issue of signal strength and purity remains the primary focus. Other
considerations include obtaining products from various loci with non-overlapping ranges of
allele sizes, which can be amplified with similar efficiency under a standard set of conditions and
enables multiplexing for high throughput analysis (Schlotterer, 1998). Microsatellite loci are
more common in some organisms than in others, and screening may produce few useful loci in
some species (Cooper, 1995). The efficiency of microsatellite marker development depends on
the abundance of repeats in the target species and the ease with which these repeats can be

developed into informative markers.

During isolation of plant microsatellites, about 30% of the sequenced clones, on average, can be
lost due to the absence of unique microsatellites. Of those sequences that contain unique
microsatellites, a number of the clones in a library can contain identical sequences (and hence
there is a level of redundancy) and/or chimeric sequences (i.e., one of the flanking regions
matches that of another clone). At each stage of SSR development, therefore, there is the
potential to lose loci, and hence the number of loci that will finally constitute the working primer
set will be a fraction of the original number of clones sequenced (Squirrell et al., 2003). The
conversion of microsatellite-containing sequences into useful markers can be quite difficult,
especially in species with large genomes (Smith and Devey, 1994; Kostia ef al., 1995; Roder et

al., 1998; Pfeiffer et al., 1997; Song et al., 2002). The low conversion rates of primer pairs to
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chromosome location), so that subtle changes in the relative intensity of a band can be compared

between lanes.

Using substitution lines to associate mapped DNA markers to specific chromosomes is similar in
concept to aneuploid mapping. In cereal species where this approach is most common, lines with
known chromosomes or chromosome arms substituted with homoeologous segments from alien
species have been developed. Probing a DNA clone onto a blot containing restriction digested
DNA from a complete set of substitution lines easily identifies the chromosome location of that
clone (Sharp et al., 1989). This is because the substitution line corresponding to the location of a

clone shows a different restriction fragment pattern compared to the other substitution lines.

Distances between DNA markers are now described not only by recombination frequency, but
also by actual physical distance. This kind of information will be abundantly clear in Arabidopsis
and rice through complete physical mapping and eventual genome sequencing (Schmidt e al.,
1997; Zhang and Wing, 1997). Even in other more complex plant genomes, positional cloning
projects based on yeast artificial chromosome (YAC) and bacterial artificial chromosome (BAC)
libraries are beginning to shed light on genetic to physical relationships. Fine structure mapping
of the same genome region using both recombination and physical techniques is the best method
to compare different types of maps directly. One general observation has been that the
relationship between genetic and physical distance varies dramatically according to location on a
chromosome (Ganal ef al., 1989). In other studies, large genomic contigs have provided
estimates for the ratio between kilobase pairs (kbp) and centimorgans (cM). In one study in

Arabidopsis, this ratio was estimated at 160 kbp/cM averaged over 1,440 kbp genomic segment
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near the top of chromosome V (Thorlby et al., 1997). In tomato, a study of a 610 kbp region
found that the ratio changed abruptly from 105-140 kbp/cM to less than 24 kbp/cM (Gorman et
al., 1996). Indeed, in the bronze locus of maize, the level of recombination has been shown to be

more than 100 times greater than the genome as a whole (Dooner and Marinez-Ferez, 1997).

2.12.3. Parallel mapping in the same species

In the most important plant species there are often multiple efforts to construct DNA based
genome maps. This has led to the unfortunate situation of having several maps for the same
species with little or no information correlating one map to another. Of course this makes it
difficult to relate the reported location of a gene on one map to its location on another map. It

also means that the maps are less saturated, and therefore less powerful, than they could be.

Even where there is no proprietary barrier to relating maps to one another, there are often
practical and theoretical problems. The most obvious is that markers polymorphic in one
mapping popuiation may not show variation in a second population. The first genetic maps were
based on mapping populations optimized for DNA polymorphisms, often including parents from
distinct, but cross-compatible species. As researchers move to more narrow crosses, previously
excellent genetic markers will be useless for lack of polymorphism. When this happens it will be
difficult to relate genetic map location between populations, except by cloning sequences that
flank the original marker (a substantial amount of effort) or by testing adjacent DNA markers in

hopes that they show more sequence variation.
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build on previous mapping work in related organisms. Examples include a potato map
constructed with tomato markers (Bonierbale et al., 1988; Gebhardt et al., 1991; Tanksley et al.,
1992), sorghum maps constructed with maize markers (Hulbert et al., 1990; Pereira et al., 1994),
a turnip map constructed with markers from cabbage (McGrath and Quiros, 1991), and a
mungbean map constructed with markers from both soybean and common bean (Menancio-

Hautea et al., 1993).

Not only does a pre-existing map provide a set of previously tested DNA markers, it also gives
an indication of linkage groups and marker order. In the case of tomato and potato, 6nly five
paracentric inversions involving complete chromosome arms differentiate the two maps
(Bonierbale et al., 1988; Gebhardt et al., 1991; Tanksley ef al., 1992). Similar conservation of
linkage order was observed between sorghum and maize (Hulbert et al., 1990; Pereira et al.,
1994) and indeed, among most of the grasses (Bennetzen and Freeling, 1993) as well as among
legumes (Boutin ef al., 1995). In cases like these, markers can be added to a new map in an
optimum manner, either by focusing on markers evenly distributed throughout the genome, or by
targeting specific regions of interest (Concibido ef al., 1996). In some cases, though, DNA
clones may hybridize in multiple taxa, yet show little conservation in linkage group or order.
Even though the tomato and potato maps are nearly homosequential (syntenic) in marker order,

both differ significantly from the linkage map of pepper, despite the fact that all were constructed

with the same RFLP markers (Prince et al., 1993).
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2.12.5 Targeting specific genomic regions

In most cases, genome mapping is directed toward a comprehensive genetic map covering all
chromosomes evenly. This is essential for effective marker-assisted breeding, QTL mapping, and
chromosome characterization. However, there are special situations in which specific regions of
the genome hold special interest. One example is where the primary goal of a research project is
map-based cloning. In this case, markers that are very close to a target gene and suitable as
starting points for chromosome walking are needed, so the goal is to generate a high density
linkage map around that gene as quickly as possible. While the construction of a complete
genome map by conventional means eventually leads to a high density map throughout the

genome, special strategies for rapidly targeting specific regions have also been developed

(Dapprich et al., 2008).

The first strategy for targeting specific regions was based on near isogenic lines (NILs). Over the
years, breeders have utilized recurrent backcross selection to introduce traits of interest from
wild relatives into cultivated lines. This process led to the development of pairs of NILs; one, the
recurrent parent and the other, a new line resembling the recurrent parent throughout most of its
genome except for the region surrounding the selected gene(s). This introgressed region, derived
from the donor parent and often highly polymorphic at the DNA sequence level, provides a
target for rapidly identifying clones located near the gene of interest (Young et al., 1988; Martin
et al., 1991; Paran et al., 1991; Muehlbauer et al., 1991). NILs make it easy to determine the
location of a marker relative to the target gene. This is in contrast to typical genetic mapping
where it would be necessary to test every clone with a complete mapping population to

determine whether it mapped near the gene of interest.
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Another, more general strategy makes it possible to target specific genomic regions without the
need for developing specialized genotypes, generally known as bulked segregant analysis
(Michelmore et al., 1991; Giovanonni et al., 1991). The strategy is to select individuals from a
segregating population that are homozygous for a trait of interest and pool their DNA. In the
pooled DNA sample, the only genomic region that will be homozygous will be the region
encompassing the genomic region of interest, which can then be used as a target for screening
DNA markers rapidly. This means that any trait that can be scored in an F,, backcross, or RI
population can now be rapidly targeted with DNA markers (Zhang et al., 1994). Used in
conjunction with AFLP markers, it is possible to identify large numbers of DNA markers in a

region of interest in a short time.

Moreover, pooled DNA samples can also be generated based on homozygosity for a DNA
marker (as opposed to a phenotypic trait). In this way, any genomic region of interest that has
been previously mapped in terms of DNA markers can be rapidly targeted with new markers.
This may be especially useful in trying to fill in gaps on a genetic map. All that is required is a
pooled DNA sample selected én the basis of DNA markers flanking the genomic region of

interest (Giovanonni et al., 1991).

2.13. Quantitative Trait Loci (QTL)

Quantitative traits are controlled by a number of genes with small effects, are significantly
influenced by the environment, and vary in degree rather than kind (Falconer and MacKay,
1981).These traits are difficult to study because the continuous phenotype distribution does not

provide any insight into the genotype of the trait. The lack of discrete phenotypic categories also
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genetic map and like single-factor analysis assumes only a single QTL is present. The location of
a QTL is determined relative to adjacent pairs of flanking markers instead of using single
markers. Using a maximum likelihood approach, interval mapping evaluates the likelihood that a
QTL is located at a specific position. The procedure involves calculating a logarithm of odds
(LOD) score, which is equal to the logarithm of the likelihood ratio. The likelihood ratio is a
function of the likelihood that the data arose from a linked QTL, divided by the likelihood that
the data did not arise from a linked QTL. The conventional threshold for declaring the presence
of a QTL is a LOD score of 3.0, which corresponds to odds of 1000:1 (Lander and Botstein,
1989). Significance thresholds are more widely determined using permutation tests (Churchill
and Doerge, 1994). The LOD threshold will depend on population size, genome size, marker
density, population type, and marker used (Hackett and Broadfoot, 2002). The LOD score is then
plotted against genome location and is compared to a genome wide threshold. Whenever the
LOD score exceeds the threshold, the presence of a QTL is inferred. The point at which the LOD
is maximized (the peak) is used as the estimate of the QTL location. A one-or two-LOD interval

around the inferred QTL is used as an estimate for QTL location.

Interval mapping can also be performed using a regression approach, known as regression
mapping. A series of regression analyses are performed at all positions between a pair of
adjacent markers. A QTL is declared at the position where the residual sums of squares are
minimized. Regression mapping is computationally simpler than interval mapping by maximum

likelihood (Haley and Knott, 1992; Martinez and Curnow, 1992).
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iii) Composite Interval Mapping

In the last two decades, efforts have been made to develop methods to model multiple QTL in an
attempt to improve the sensitivity of QTL analysis and separate linked QTL. Utz and Melchinger
(1994) found estimates of QTL locations and effects can be biased if the effects of other QTL are
not taken into account. Jansen and Zeng independently developed a method, which combines
interval mapping and linear regression to reduce the multi-dimensional search for identifying
multiple QTL to a one dimensional search (Jansen, 1993; Jansen and Stam, 1994; Zeng, 1993,
1994). Jansen (1993) referred to this method as MQM (multiple QTL mapping) while Zeng

called this method composite interval mapping (CIM).

The location of a QTL between a pair of markers is estimated by interval mapping, while the
effects of QTL located in other intervals of the genome are accounted for by regression analysis.
Additional markers are incorporated as cofactors in the regression to control the effects of QTL
in other intervals while improving the power of detecting and estimating QTL effects more
precisely (Liu, 1998). The selection of cofactors is determined by regression analysis (forwards,

backwards, or stepwise) in QTL mapping software such as QTL Cartographer (Basten et al.,
1994).

Forward stepwise regression with backward elimination is a common method of stepwise
regression used in QTL Cartographer (Basten et al., 1994). This method ranks the markers for
their effect on the quantitative trait as well as determines whether adding or deleting a marker
makes a significant difference to the fit of the model. The model tests each marker in turn for its

effect on the quantitative trait using linear regression but only adds markers to the model while
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(mesh size 20-35; Chrompack, Raritan, New Jersey, USA) and Carbotrap (mesh size 20-40;
Supelco, Bellefonte, Pensylvania, USA). Prior to use, the adsorbents were cleaned with 2 ml of
methanol, 2 ml of acetone, 2 ml of pentane, and 2 ml of high grade pentane, dried with nitrogen
and heated for two minutes at 350°C with a continuous flow of nitrogen and then cooled with a
flow of nitrogen. The cartridges were wrapped in aluminum foil and stored in polyacetate bags
prior to use. In parallel with each floral scent samples, a blank sample was collected from the
surrounding air. The air-flow through the polyacetate bags was ca.150ml/min. Floral scent was
collected for between 3 and 6 hours. The adsorbed scent was extracted with 2ml of high grade
hexane into a vial, and 10 pg of methyl stearate was added as an internal standard to all samples
before analysis. The eluates were stored at -18°C. Prior to analysis all scent samples were

concentrated down to 100pl at room temperature.

3.1.3 Analysis of morphological traits

The recombinant inbred population comprising of 159 individuals at F; generation and two
parents were planted in the green houses of the International Center of Insect Physiology and
Ecology, Kenya and in the Department of Biology, University of Virginia. All the parental lines
and the progenies were scored for the flower color, pod position, pod color and root architecture

(Table 1). The data obtained from all the 159 recombinant inbred lines were used for linkage

analysis.
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carrier gas. General identification of scent compounds were made by comparing mass spectra
and retention times obtained with those of authentic reference compounds and tentative

identifications by comparison with spectra in computer libraries.

3.4.5 Quantification of floral scent compounds

To produce calibration (dose-response) curves dilution series for each constituting compound
were prepared in redistilled hexane (100 microgram/ml (10™*), 10 microgram/ml (107), 1
microgram/ml (10°), 0.1 microgram/ml (107) and to each dilution 500 ng of methyl stearate was
added. The calibration samples were analyzed by GC-MS along with the floral scent samples.
Ideally a unique ion to quantify against should be selected for each compound. This was possible
except for 1-octen-3-ol, where instead the largest ion, i. e. 57, was chosen and the amount
reported of this compound may therefore be slightly overestimated because ion 57 often is
present in small amounts in background contaminations. All calibration curves and later on
quantification of floral scent samples were performed manually. Graphs of the log;o (response
factor (calibration ion/internal standard ion)) as a function of log;¢ (amount of calibration
compound) was made for each reference compound. The equation for the best fitted line and its
intercept with the y-axis for each reference compound was used to quantify most compounds in
the samples. All calibration curves showed a linear relationship with correlation coefficient )
between 0.98 and 0.999. (Z)- and (E£)-Cinnamic aldehyde and methyl (Z)- and (E)-cinnamate

were quantified using their respective (E)-isomer, only.
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4.2.2 Segregation distortion

Genotyping data obtained for all the 206 loci were checked for segregation ratio using a chi-
square test. A total of 184 loci showed the expected 1:1 segregation ratio (P < 0.05) with 1 df and
were initially used to establish the LGs. Twenty-two markers (10.67 %) showed distorted
segregation (P < 0.05, chi-square test). Results of linkage analysis revealed that markers with
distorted segregation were distributed throughout the genome. Deviation from the expected
segregation ratios was observed for markers on six LGs. The number of markers showing

segregation distortion varied from 1 to 11 per LG.

4.3 Linkage map

4.3.1 A microsatellite based linkage map

The 202 markers which showed polymorphism were selected and assigned to 11 linkage groups
(LG1 — LG11). The number of markers ranged from 5-49 per linkage group, and a linkage group
length varied from 57 ¢cM (LG11) to 738 cM (LG1) (Table 3). The linkage map of the F; population
spans a total genetic distance of 2991 cM, with an average distance of 14.5 ¢cM between markers with
no markers remaining unlinked. Markers were randomly distributed on the 11 linkage groups. While
three LGs (LG 11, LG 9 and LG 6) had 5, 6 and 7 marker loci respectively, the other LGs contained
11 (LG7), 13 (LG8), 16 (LG10), 19 (LG3 and LG4), 20 ( LGS), 41(LG2) and 49 (LG1). Distorted
markers were indicated with * (P <0.05) or ** (P <0.01). The primer pairs detecting more than one
locus were identified by numbers -1, - 2 after each primer name (Fig. 9). The size of the amplified

bands ranged in between 100 and 500bp.
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The distance between the markers on the map also varied greatly across the different linkage groups.
The average marker distance was 14.5 ¢cM, with intervals between loci ranging from 1 to 41 cM (Fig.
9). Table 3 provides a summary of SSR marker distribution on different linkage groups showing the

number of markers, linkage group size, and the average marker interval per linkage group.

Table 3 Number of markers and linkage group size per linkage group of the F, linkage map

Linkage group Number of markers Average interval Linkage group size
(cM) (cM)
1 49 15.1 738
2 41 153 627
3 19 15.4 294
4 19 13.3 252
5 20 15.1 301
6 7 123 86
7 11 14.8 163
8 13 13.3 175
9 6 10.3 62
10 16 14.8 236
11 5 114 57
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4.3.2 Segregation and mapping of genes controlling morphological traits

The locus for pod alignment/pod position segregates at a 1:1 ratio in the F; recombinant inbred
population and this locus was mapped on LG8 (Fig. 9). With regard to the flower color the
purple and white flowers segregated according to the expected 1:1 ratio in the F; population and
the fc locus is mapped at LG3. The locus that is responsible for pod color (pod pigmentation) as
well as the locus that regulates the root architecture is also segregated at a 1:1 ratio and both the

pp and ra locus are mapped on LG1 (Fig.9).

4.4 QTL mapping

4.4.1 Trait phenotyping and QTL analysis

The two parental genotypes of the mapping population, 524B and 219-01, were found to show
variation in the different domestication traits as well as yield related trait, seed weight. Therefore all
the 159 RILs were phenotyped for the above mentioned traits. Frequency distribution of the
phenotypic data suggested multigenic activity (Fig. 11a-c). Results of the QTL analysis are reported in
Table 4 and represented graphically in Figure 10. Composite interval mapping revealed the presence
of 16 QTLs affecting the three quantitative traits of interest. The number of QTLs mapped for a
given trait ranged from 4 to 6 and two of the traits (seed weight and pod size) had more than one

QTL on a single linkage group.

4.4.1.1 QTLs for Seed weight

Composite Interval Mapping (CIM) reQealed a total of 6 significant (P = 0.05) QTLs affecting seed

weight (SW) by the genome—wide analysis with permutation tests. These QTLs were distributed in
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4.4.1.2 QTLs for domestication traits

A total of 9 significant (P = 0.05) QTLs affecting DRTs (domestication related traits) by the
genome-wide analysis with permutation tests are revealed using Composite Interval Mapping (CIM)
(Fig. 10, 13 and 14). These QTLs were distributed in six of the 11 linkage groups, and individual
QTLs accounted for 5.6-26.1 % of the phenotypic variance observed (Table 4). Unlike the QTLs that
are responsible for SW the alleles which confer a thin testa size and a thick pod size were derived
mainly from the cultivated parent (524B). A significant QTL influencing both the domestication

traits and yield related trait was detected on linkage groups 1 and 10 (Fig. 10).
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Figure 13 Quantitative trait loci map for pod size of the F7 RILs.
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Figure 14 Quantitative trait loci map for testa size of the F7 RILs.

4.4.1.3 Identification and variability of scent compounds in the parental as well as in the F,
RILs

Gas chromatographic separation produced chromatograms with a considerable number of peaks.
Table 5 consists of 23 peaks that were detected in varying quantities in the parental as well as in
the F7 recombinant inbred lines and the way they were categorized was based on the guide for
distribution of floral scent compounds by Knudsen ez al. (2006). The substance identification of
these volatiles was carried out by mass spectrometry with those of authentic reference
compounds and tentative identifications by comparison with spectra in computer libraries. The
identified substances contain 7 alcohols, 6 esters, 2 ketones, 6 aldehydes and 2
(phenylacetonitrile and indole) from other pathways. QTLs were estimated from this data. The

descriptive statistics of these 23 volatile compounds are shown in Table 7. In addition,
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exemplary frequency distributions of three esters (methyl (E) cinnamate, methyl benzoate and
methyl anthranilate), four aldehydes ((E)-cinnamic aldehyde, (Z) - cinnamic aldehyde, 2-
aminobenzaldehyde and benzaldehyde), one alcohol (2-phenylethanol) and one ketone
(acetophenone) are given in Fig. 17. The frequency distribution of the F; RILs of the volatile
compounds was not normal, and in most cases it was highly to moderately skewed towards the
lower value (Fig. 17). All compounds exhibited a continuous variation in the progeny, which is
typical for a polygenic inheritance. The phenotypic distributions of a few traits, i.e. for the
concentration of (E) cinnamic aldehyde, approached a bimodal frequency of distribution

(Fig.17).

Table S Floral scent composition of the two parental ‘524B & 219-01" and the 159 F; RILs.
The compounds are ordered in classes, which to some degree reflect their biosynthetic

origin (see Knudsen et al., 2006).

Identified Volatile compound Category

3-Octanone

3-Octanol c —— Fatty acid derivatives
1-Octen-3-o0l

Benzylalcohol
2-Aminobenzaldehyde >
Benzaldehyde

Methy! benzoate =————" (6- CI benzennoids
Methyl salicylate
Methyl anthranilate
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2-Phenylethanol

1-Phenylethanol

Phenylacetonitrile

3-Phenylpropanal

3-Phenylpropanol

(Z)Cinnamic
aldehyde

(E)Cinnamic
aldehyde

Cinnamic alcohol

Methyl(Z)
cinnamate

Methyl(E)
cinnamate

Indole

q2peth4

qlpethl
qlpeth8

qpace’

q3ppa2
q3ppa4

q3ppol
q3ppo2

q(z)call
q(z)cal3
q(z)cal4
q(z)cal6

q(e)cal3
q(e)cald
g(e)cal6é
q(e)cal?
q(e)calll

gcal
gcas

gm(z)cl
gm(z)c2
qm(z)cS
gqm(z)c8
qm(z)c10

qm(e)cl
qm(e)c5
qm(e)c8

qind2
qind5

W — 00 h N =— (V)] — 3 O\ B W [« N S VS I [

N

SSR-6516

SSR-7045-2
SSR-6324

SSR-7000-1

SSR-6515
SSR-6516

SSR-7117
SSR-6612

SSR-6469
SSR-6577
SSR-6516
SSR-6369

SSR-6577
SSR-6516
SSR-6369
SSR-7027-4
SSR-6838

SSR-6698
SSR-6733

SSR-6222
61R
SSR-6245
SSR-7040-2
SSR-6838

SSR-6222
SSR-6245
SSR-7040-1

SSR-6515
SSR-7053-2

519

96.9
36.6

153.9

270.5
51.9

18.6
53.9

555.6
0.0
51.9
86.2

0.0

519
86.2
712
91.9

145.4
40.4

172.4
598.1
265.6
5.1
91.9

172.4
265.6
88.4

270.5
142.5

2.028

2.085
2.336

2.545

2.49
3.318

3.105
2315

2.066
4.368
4.105
2211

4.864
3.968
2.046
2.827
3.44

2.098
2.005

244

2.044
2.013
2.003
3.587

4.701
2912
2.023

2372
2.107

34.2-67.2

84.1-111.5
18.7-49.6

143.8-162.7

252.4-287.3
34.2-67.2

0.0-22.3
36.8-64.5

537.7-575.1
0.0-34.3
34.2-67.2
72.3-86.2

0.0-18.0
34.2-67.2
72.3-86.2
61.3-87.0
69.0-108.6

138.1-159.2
22.2-57.6

159.2-178.6
585.2-600.3
251.6-289.5
62.8-88.4
69.0-108.6

159.2-178.6
251.6-289.5
75.1-103.1

252.4-287.3
124.9-150.2

5.7

5.9
6.5

71

7.0
9.2

8.6
6.5

5.8
11.9
11.2
6.2

13:1
10.9
5.8
1.9
9:5

5.9
5.6

6.8
5.7
5.7
5.6
9.9

12.7
8.1
57

6.6
5.9

-0.031

-0.004
-0.006

-0.01

-0.032
-0.012

-0.022
-0.018

0.264
-0.839
-0.157
-0.296

-2.966
-0.756
-1.128
-0.602

0.865

0.012
0.0014

0.065
-0.016
0.034
-0.019
0.041

0.211
0.124
-0.11

-0.011
0.003

All together QTLs for volatile compounds putatively involved in cowpea flower scent were
found on 9 of the 11 cowpea chromosomes (Table 6, Fig. 15). These are the linkage groups 1, 2,

3,4,5,6,7, 8 and 10 (Fig.15). A large number of QTLs are located on the LG 1 of this cowpea
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5.1.1 SSR polymorphism

The parents that were used in this study 524B and 219-01 have contrasting characteristics for the
traits that were studied. 524B is a California black-eyed type that shows resistance to Fusarium
wilt and is developed from a cross between California cultivars CBS and CB3 while 219-01 is a
unique wild perennial outbreeding plant from coastal Kenya still kept after several years of
vegetative multiplication. The level of polymorphism was 31.6 %. The low level of
polymorphism obtained in the present study is not unexpected since the same levels of
polymorphism have been observed in other studies (Varshney et al., 2007) and similar
observations were made with these sets of primers between other cultivars (Timko, personal

communication).

5.1.2 Segregation of markers

In the present study 22 markers (10.67 %) showed segregation distortion. Almost half of these
markers (64 %) fell into two linkage groups LG 1 and LG 2. In LG 1, 11 markers showed
segregation distortion, and all the distorted markers were deficient in 219-01 alleles. In LG 2 five
out of forty-one markers were distorted and the distortion followed a trend within the linkage
group. All the distorted markers in LG 2 were deficient of the 524B alleles. Similar
unidirectional distorted segregation has been reported in interspecific crosses of many crops
including Brassica (Landry et al., 1992), tomato (DeVicente and Tanksley, 1991), Mimulus
species (Fishman et al., 2001), Populus species (Yin et al., 2004), in maize (Doebley et al., 1990;
Doebley and Stec, 1993; Xu et al., 1997), rice (Cai and Morisima, 2002), soybean (Keim ef al.,

1990a; Yamanaka ef al., 2001; Watanabe et al., 2004) pearl millet (Poncet et al., 2000, 2002)
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population size, the higher the statistical power and the most likely significant QTLs with minor
effects can be detected (Collard et al., 2005). The mapping population used in this study is ideal
for identifying the loci that regulates seed weight as well as the other domestication traits when it
is compared with the previous studies. In addition, differences in the number and location of QTLs
detected herein and those identified in previous studies maybe due to several causes including

whether the loci are segregating for contrasting alleles and interaction among loci in the reference

population (Holland, 2007).

5.1.4.2 QTLs for domestication traits

QTLs that control the domestication traits were distributed in six of the 11 linkage groups, and
individual QTLs accounted for 5.6-26.1 % of the phenotypic variance observed. Previous studies on
cowpea pod shattering indicated a one gene (Aliboh et al,. 1996) or a two genes (Mohammed ef al., 2010)
control of the trait. Although we studied the trait using a quantitave measurement (pod fiber layer
thickness) instead of a qualitative assessment (dehiscent versus non dehiscent), our results would confirm
a two genes control, but with additional QTLs in LG 6. Unlike the QTLs that are responsible for seed
weight the alleles which confer a thin testa size and a thick pod size were derived mainly from the

cultivated parent (524B). A significant QTL influencing both the domestication traits and yield

related trait was detected on linkage groups 1 and 10.

According to Collard et al. (2005), QTLs accounting for more than 10% of phenotypic variation (R?)
are major QTLs. The results obtained in this study suggest that the domestication related traits
examined are controlled by one or two major QTLs and a number of genotype-dependent minor
QTLs. This is in agreement with the genetic basis for domestication related traits (DRTs) reported in

many crop species as reviewed by Ross-Ibarra (2005). Another commonly found trend of the genetic

106



basis of DRTs is a clustering of domestication-related QTLs. To this end , in this study three genomic
regions show clustering and held QTLs for different traits, i.e. QTLs for seed weight, pod size and
testa size in linkage groups 1 and 10; QTLs for seed weight and testa size in linkage group 2. The

low level of clustering of QTLs may be partly due to the absence of developmental constraint

towards each other.

By taking into consideration the highly polygenic nature of the traits analyzed and the considerably
high number of progenies, it is expected to get QTLs with lower phenotypic variation (R* values).
Based on QTL mapping studies in other species, it can be generalized that higher phenotypic
variation for a given trait in the mapping population and a considerable higher marker density
genotyping data are the pre-requisites for identifying the major QTLs that are responsible for
explaining a higher phenotypic variation. However, in the present study, the marker density of the
linkage map developed is moderate and also the range of variations for the targeted traits was not
very high in the RILs. The marker density on this genetic linkage map can be improved after
integrating more number of polymorphic markers so that more QTLs can be detected which have a

major effect for different traits that are able to explain a higher phenotypic variation.

5.1.4.3 QTLs for flower scent

This study, reports QTLs that are responsible for cowpea flower scent and identified the
involvement of 63 QTLs that took part in the genetic control of different scent volatile
compounds. The QTLs were scattered across the nine linkage groups (LG1, LG2, LG3, LG4,
LGS, LG6, LG7, LG8 and LG10) of the 11 chromosomes of cowpea. This is the first time such

QTL have been reported.
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a single locus with pleiotropic effects on several volatiles or as a result of tightly linked different
loci. Such loci may encode transcription factors that co-ordinately regulate genes, or they may

encode enzymes that catalyse limiting steps in single pathways (Tiemann et al., 2006).

Since clustering of QTLs has important implications for plant breeding programmes the finding
that I reported here has a positive impact in cowpea breeding because selection of the ideal
genotype of one QTL region could simultaneously improve several other traits positively. In
general for QTL clusters, where both desirable and undesirable traits map together, fine mapping
and analysis of near-isogenic substitution lines is necessary to determine whether there are

multiple QTLs or a single QTL with pleiotropic effects.

5.1.5 Variability and scent composition of volatile compounds

Twenty-three volatile compounds were identified by gas chromatography-mass spectroscopy
(GC/MS) and they were analyzed for the variability of their concentrations in the parental ‘524B’
and ‘219-01° as well as in the 159 F7 recombinant inbred lines. The majority of the volatiles were
alcohols, esters and aldehydes but also ketones, phenylacetonitrile and indole were identified and
measured in different quantities. In general, based on the result of the floral scent volatile
compounds, they are grouped into four main chemical compound classes (i.e. fatty acid
derivatives, benzenoids, phenyl propanoids and nitrogen containing compounds). The
compounds are ordered in classes reflecting their biosynthetic origin: fatty acid derivatives
(products of the malonic acid pathways), benzenoids (products of the shikimic acid pathways),
phenyl propanoids (products of an intermediate compound of the shikimate pathways).

Generally, fatty acid derivatives were present in low proportions while benzenoids were much
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APPENDICES

Appendix 1 Segregation, x> goodness-of-fit analysis of 206 loci of 159 mapping lines in the F7
recombinant inbred line population.

S/n  Nr Locus a h b C d - X2 Df
1 1 SSR-6375-1 72 0 82 0 0 5 1.30 1
2 2 SSR-6218 94 0 65 0 0 0 3.19 1
3 3 SSR-6323 82 0 17 0 0 0 0.49 1
4 4 SSR-6243* 92 0 67 0 0 0 6.12 1
5 5 SSR-6451** 61 0 98 0 0 0 1097 1
6 6 SSR-6353 96 0 63 0 0 0 2.86 1
7 7 SSR-6273-1 80 0 79 0 0 0 0.02 1
8 8 SSR-6369 80 0 77 0 0 2 0.02 1
9 9 SSR-6277 77 0 82 0 0 0 0.92 1
10 10 SSR-6268 83 0 76 0 0 0 0.42 1
11 11  SSR-6280 75 0 84 0 0 0 0.44 1
12 12  SSR-6327 77 0 82 0 0 0 0.30 1
13 13 SSR-6294 85 0 74 0 0 0 0.83 1
14 14 SSR-6592* 90 0 69 0 0 0 6.28 1
15 15 SSR-6597 74 0 85 0 0 0 2.16 1
16 16 SSR-6607** 98 2 58 0 0 1 1026 1
17 17 SSR-6611 87 0 70 0 0 2 1.84 1
18 18 SSR-6639 87 0 72 0 0 0 1.42 1
19 19 SSR-6641 75 0 82 0 0 2 0.86 1
20 20 SSR-6618 80 0 79 0 0 0 0.02 1
21 21  SSR-6645 74 0 85 0 0 0 0.83 1
22 22 SSR-6662* 62 0 90 0 0 7 5.16 1.
23 23  SSR-6663-1 88 0 71 0 0 0 0.16 1
24 24 SSR-6666 76 0 83 0 0 0 0.46 1
25 25 SSR-6624 83 0 76 0 0 0 0.62 1
26 26 SSR-6603 69 0 90 0 0 0 2.25 1
27 27 SSR-6891 70 0 89 0 0 0 1.77 1
28 28 SSR-6895 76 0 83 0 0 0 1.10 1
29 29 SSR-6906 71 0 88 0 0 0 0.16 1
30 30 SSR-6856 82 0 77 0 0 0 0.17 1
31 31 SSR-6859 78 0 81 0 0 0 0.07 1
32 32 SSR-6367 84 0 75 0 0 0 0.29 1
33 33 SSR-6362 89 0 70 0 0 0 2.05 1
34 34 SSR-6360 78 0 81 0 0 0 0.15 1
35 35 SSR-6348** 67 0 92 0 0 0 8.53 1
36 36 SSR-6920 85 0 74 0 0 0 0.83 1
37 37 SSR6376% 93 0 63 0 0 3 837 1
38 38 SSR-6345 82 0 77 0 0 0 0.12 1
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39 39 SSR-6372 78 0 81 0 0 0 0.15 1
40 40 SSR-6466* 90 0 69 0 0 0 6.85 1
41 41 SSR-6354 75 0 84 0 0 0 1.72 1
42 42 SSR-6331 87 0 12 0 0 0 1.37 1
43 43 SSR-6314 79 0 80 0 0 0 0.02 1
44 44  SSR-6302 86 0 73 0 0 0 1.49 1
45 45 SSR-6324* 71 0 88 0 0 0 6.43 1
46 46  SSR-6429 79 0 80 0 0 0 0.02 1
47 47 SSR-6313* 90 0 69 0 0 0 6.85 1
48 48 SSR-6921 86 0 73 0 0 0 1.37 1
49 49 SSR-6922 84 0 75 0 0 0 1.92 1
S50 50 SSR-6477 76 0 83 0 0 0 1.10 1
51 51 SSR-6516* 70 0 89 0 0 0 6.83 1
52 52 SSR-6513 98 0 61 0 0 0 2.90 1
53 53 SSR-6515 80 0 79 0 0 0 0.02 1
5S4 54 SSR-6519 79 0 79 0 0 1 0.83 1
55 55 SSR-6240* 69 0 89 0 0 1 6.80 1
56 56 SSR-6242 75 0 84 0 0 0 1.10 1
57 57 SSR-6228** 92 0 67 0 0 0 10.78 1
58 58 SSR-6225* 69 0 90 0 0 0 7.05 1
59 59 SSR-6222 76 0 83 0 0 0 0.42 1
60 60 SSR-6210 81 0 78 0 0 0 0.15 1
61 61 SSR-6211 61 0 96 0 0 2 2.90 1
62 62 SSR-6188 89 0 70 0 0 0 2.05 1
63 63 SSR-6192* 88 0 69 0 0 2 6.36 1
64 64 SSR-6395 79 0 80 0 0 0 0.02 1
65 65 SSR-6469* 88 0 69 0 0 2 6.36 1
66 66 SSR-6245 72 0 87 0 0 0 1.84 1
67 67 SSR-6520 86 0 73 0 0 0 1.64 1
68 68 SSR-6475 85 0 74 0 0 0 1.72 1
69 69 SSR-6465 81 0 78 0 0 0 0.28 1
70 70  SSR-6402 71 0 88 0 0 0 1.82 1
71 71  SSR-6604 95 0 64 0 0 0 3.38 1
72 72  SSR-6612 74 0 82 0 0 3 1.10 1
73 73  SSR-6623* 69 0 90 0 0 0 6.85 1
74 74 SSR-6626 83 0 75 0 0 1 1.72 1
75 75 SSR-6673 80 0 79 0 0 0 0.02 1
76 76  SSR-6909 81 0 78 0 0 0 0.16 1
77 77 SSR-6537 76 0 83 0 0 0 0.42 1
78 78  SSR-7078* 88 0 70 0 0 | 5.30 1
79 79 SSR-7079 78 0 81 0 0 0 0.83 1
80 80 SSR-6547 72 0 87 0 0 0 1.82 1
81 81 SSR-6609* 88 0 71 0 0 0 5.29 1
82 82 SSR-6657 92 0 67 0 0 0 2.36 1
83 83 SSR-6577 65 0 93 0 0 1 21T 1
84 84 SSR-6807 78 0 81 0 0 0 0.15 1
8 85 SSR-6810 80 0 79 0 0 0 0.02 1
8 86 SSR-6838 80 0 78 0 0 1 0.16 1
87 87 SSR-6934 84 0 75 0 0 0 0.72 1
88 88 SSR-6927 74 0 85 0 0 0 1.10 1
89 89 SSR-6935 89 0 70 0 0 0 227 1
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90 90 SSR-6939* 89 0 70 0 0 0 5.69 1
91 91  SSR-6944 86 0 73 0 0 0 1.03 i
92 92  SSR-6950 74 0 85 0 0 0 0.76 1
93 93  SSR-6962 75 0 83 0 0 1 1.70 1
94 94  SSR-6964 69 0 90 0 0 0 2.77 1
95 95 SSR-6941 82 0 17 0 0 0 0.57 1
9 96 SSR-6971 94 0 65 0 0 0 2.74 1
97 97 SSR-6973 84 0 72 0 0 3 1.10 1
98 98 SSR-6979-1 86 0 73 0 0 0 1.63 1
99 99 SSR-7014 85 0 74 0 0 0 2.58 1
100 100 SSR-7025 84 0 74 0 0 1 1.5% 1
101 101 SSR-6996 73 0 86 0 0 -0 1.49 1
102 102 SSR-7005 74 0 85 0 0 0 0.76 1
103 103 SSR-6998* 69 0 90 0 0 0 5.16 1
104 104 SSR-6994 74 0 83 0 0 2 0.74 1
105 105 SSR-7001 83 0 76 0 0 0 0.69 1
106 106 SSR-7015 87 0 70 0 0 2 1.92 1
107 107 SSR-7009-1 77 0 82 0 0 0 0.57 1
108 108 SSR-6990 80 0 19 0 0 0 0.02 1
109 109 SSR-6983 80 0 79 0 0 0 0.02 1
110 110 SSR-7017 85 0 74 0 0 0 1.10 1
111 111 SSR-6999 71 0 82 0 0 0 0.94 1
112 112 SSR-7004 83 0 75 0 0 1 0.43 1
113 113 SSR-6790 89 0 67 0 0 3 2.37 1
114 114 SSR-6788 76 0 83 0 0 0 0.67 1
115 115 SSR-6682 81 0 78 0 0 0 0.28 1
116 116 SSR-6683 83 0 76 0 0 0 0.52 1
117 117 SSR-6697 75 0 84 0 0 0 0.49 1
118 118 SSR-6699 86 0 71 0 0 2 1.33 1
119 119 SSR-6914 86 0 71 0 0 2 1.33 1
120 120 SSR-6719 96 0 63 0 0 0 3.89 1
121 121 SSR-6720 72 0 87 0 0 0 1.89 1
122 122 SSR-6717 80 0 79 0 0 0 0.02 1
123 123 SSR-6701 82 0 H 0 0 0 0.57 1
124 124 SSR-7052 75 0 84 0 0 0 1.27 1
125 125 SSR-7053-1 72 0 84 0 0 3 0.76 1
126 126 SSR-7061* 71 0 83 0 0 5 4.19 1
127 127 SSR-7068 74 0 84 0 0 1 0.85 1
128 128 SSR-7072 80 0 79 0 0 0 0.02 1
129 129 SSR-7063 70 0 89 0 0 0 2.27 1
130 130 SSR-7045-1 61 0 98 0 0 0 3.39 1
131 131 61R 77 0 82 0 0 0 0.57 1
132 132 61R2 73 0 86 0 0 0 1.74 1
133 133 SSR-7041 83 0 76 0 0 0 0.67 1
134 134 SSR-6915-1 86 0 73 0 0 0 1.42 1
135 135 bok 72 0 84 0 0 3 1.89 1
136 136 SSR-6680 79 0 80 0 0 0 0.02 4
137 137 SSR-6686 81 0 78 0 0 0 0.06 1
138 138 SSR-6694-1 i) 0 84 0 0 0 1.70 1
139 139 SSR-6694-2 79 0 80 0 0 0 0.02 1
140 140 SSR-6698 80 0 79 0 0 0 0.02 1
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141 141 SSR-6705 89 0 70 0 0 0 233 1
142 142 SSR-6916-1 76 0 82 0 0 1 1.60 1
143 143 SSR-6916-2 85 0 74 0 0 0 1.10 1
144 144 SSR-6917 77 0 82 0 0 0 0.57 1
145 145 SSR-6918 86 0 73 0 0 0 1.42 1
146 146 SSR-6919 71 0 86 0 0 2 1.29 1
147 147 SSR-6724 76 0 83 0 0 0 0.67 1
148 148 SSR-6726 96 0 63 0 0 0 3.93 1
149 149 SSR-6730 75 0 84 0 0 0 0.85 1
150 150 SSR-6743 78 0 81 0 0 0 0.06 1
151 151 SSR-6744-1 82 0 77 0 0 0 0.16 1
152 152 SSR-6744-2 79 0 80 0 0 0 0.02 1
153 153 SSR-6947 73 0 86 0 0 0 1.06 1
154 154 SSR-6965-1 82 0 77 0 0 0 0.57 1
155 155 SSR-6965-2 82 0 77 0 0 0 0.57 1
156 156 SSR-7027-1 72 0 84 0 0 3 1.85 1
157 157 SSR-7027-2 87 0 72 0 0 0 1.42 1
158 158 SSR-7027-3 81 0 78 0 0 0 0.06 1
159 159 SSR-7027-4 78 0 81 0 0 0 0.06 1
160 160 SSR-7028 94 0 65 0 0 0 217 1
161 161 SSR-7040-1 79 0 80 0 0 0 0.02 1
162 162 SSR-7040-2 83 0 76 0 0 0 1.94 1
163 163 SSR-7040-3 17 0 82 0 0 0 0.57 1
164 164 SSR-7040-4 67 0 92 0 0 0 2.74 1
165 165 SSR-7043 70 0 89 0 0 0 2:27 1
166 166 SSR-7056 81 0 78 0 0 0 0.06 1
167 167 SSR-7060 89 0 70 0 0 0 2.27 1
168 168 SSR-7067 86 0 73 0 0 0 1.40 1
169 169 SSR-7069 77 0 82 0 0 0 0.57 1
170 170 SSR-6982-1 83 0 76 0 0 0 0.31 1
171 171 SSR-6982-2 65 0 94 0 0 0 277 1
172 172 SSR-6982-3 81 0 78 0 0 0 0.06 1
173 173 SSR-7000-1 e 0 82 0 0 0 0.57 1
174 174 SSR-7000-2 86 0 73 0 0 0 1.70 1
175 175 SSR-7000-3 94 0 65 0 0 0 2.7 1
176 176 SSR-7009-2 82 0 77 0 0 0 0.16 1
177 177 SSR-7011 77 0 82 0 0 0 0.16 1
178 178 SSR-7013-1 86 0 73 0 0 0 1.06 1
179 179 SSR-7013-2 79 0 80 0 0 0 0.02 1
180 180 SSR-7082 82 0 77 0 0 0 0.16 1
181 181 SSR-7101-1 76 0 83 0 0 0 0.31 1
182 182 SSR-7101-2 88 0 71 0 0 0 1.82 1
183 183 SSR-7117 71 0 86 0 0 2 1.29 1
184 184 SSR-6375-2 73 0 86 0 0 0 1.06 1
185 185 SSR-6273-2 82 0 77 0 0 0 0.16 1
186 186 SSR-7053-2 65 0 94 0 0 0 2.77 1
187 187 SSR-7045-2 79 0 80 0 0 0 0.02 1
188 188 SSR-6663-2 84 0 75 0 0 0 0.52 1
189 189 SSR-6204 77 0 82 0 0 0 0.16 1
190 190 SSR-6733-1 71 0 88 0 0 0 1.82 1
191 191 SSR-6733-2 82 0 77 0 0 0 0.16 1
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192 192 SSR-6923 76 0 83 0 0 0 0.31 1
193 193 SSR-6171 84 0 75 0 0 0 0.52 1
194 194 SSR-6924-1 89 0 70 0 0 0 2.27 1
195 195 SSR-6924-2 91 0 68 0 0 0 3.33 1
196 196 SSR-6312 75 0 84 0 0 0 0.52 1
197 197 SSR-6594 77 0 82 0 0 0 0.16 1
198 198 SSR-6333 17 0 82 0 0 0 0.16 1
199 199 SSR-7008-1 84 0 75 0 0 0 0.52 1
200 200 SSR-7008-2 79 0 80 0 0 0 0.02 1
201 201 SSR-6978-2 80 0 79 0 0 0 0.02 1
202 202 SSR-6978-3 i 0 86 0 0 0 1.06 1
203 203 fc 70 0 89 0 0 0 2.58 1
204 204 pp 73 0 86 0 0 0 1.06 1
205 205 ppo 86 0 73 0 0 0 1.06 1
206 206 ra 80 0 79 0 0 0 0.02 1
* and ** are levels of significance at p < 0.05 and p <0.01, respectively.

Appendix 2 Relative marker position of QTLs and LOD value for different scent traits at
different linkage groups of the map. On LGl (a) Methyl salicylate, (b) Acetophenone (c)
Methylanthranilate, (d) Methyl phenylacetate (¢) (Z) Cinnamic aldehyde; on LG2 (f)
Acetophenone, (g) Indole, (h) 3 Phenylpropanol; on LG3 (i) (Z) cinnamic Aldehyde; on LG4 (j)
(Z) cinnamic aldehyde; on LG5 (k) cinnamic alcohol, (1) methyl (E) cinnamate; on LG6 (m)
Phenylacetonitrile; on LG8 (n) (Z) cinnamic aldehyde; on LG10 (0) Methyl benzoate.
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