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ABSTRACT

This study reports generation of large-scale genomic resources for pigeonpea, a so-called
‘orphan crop species’ of the semi-arid tropic regions. A set of 88,860 BAC (bacterial artificial
chromosomes)-end sequences (BESs) were generated after constructing two BAC libraries by
using HindlIl (34,560 clones) and BamHI (34,560 clones) restriction enzymes. A total of 3,072
novel SSR primer pairs were synthesized and tested for length polymorphism on two parental
genotypes (ICP 28 and ICPW 94). In addition, Roche FLX/454 sequencing was carried out on a
normalized cDNA pool prepared from 31 tissues and produced 494,353 short transcript reads
(STRs). Cluster analysis of these STRs, together with 10.817 Sanger ESTs, resulted in 127,754
pigeonpea transcript assemblies (CcTAs). Additionally, Illumina 1G sequencing was performed
on four parental genotypes of two mapping populations and a set of 7,453 SNPs were identified.
Based on BES-SSR markers, the first SSR-based genetic map comprising of 239 loci was
developed for this previously uncharacterized genome. In summary, while BAC libraries, BESs
and CcTAs should be useful for genomics studies, BES-SSR, SNP markers, and the genetic map
should be very useful for linking the genetic map with a future physical map as well as for

molecular breeding in pigeonpea.
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1. INTRODUCTION

Pigeonpea (Cajanus cajan L.) is one of the major pulse crop of the tropics and sub-tropics. It is a
major food legume crop in South Asia and East Africa with India is the largest producer (3.5
Mha) followed by Myanmar (0.54 Mha) and Kenya (0.20 Mha). It is the only cultivated food
crop of the Cajaninae sub-tribe of economically important tribe Phaseoleae under sub-family

Papilionoideae of Legumi family. It has a diploid genome with 11 pairs of chromosomes

V&

(2n = 2x = 22) and a genome size estimated to be 858 Mbp (Greilhuber and Obermayer, 1998).
The revised genus Cajanus now comprises 32 species, with 18 species distributed in Asia, 15 in
Australia, and one in West Africa. Of these, 13 are endemic to Australia, 8 to Indian
subcontinent and Myanmar, and one to West Africa. The rest of them occur in more than one
country (van der Maesen 1990). On a global basis pigeonpea can been considered as an under-
exploited under resourced crop. The origins of pigeonpea have been a matter of dispute for a
long time. Some authorities considered Africa to the center of origin due to evidence like
presence wild species in West Africa (Rachie and Roberts, 1974). But inspite of this, several
conclusions have been drawn in favour of India being the center of origin (van der Maesen,
1990). This is due to presence of large genetic diversity, several wild relatives, and presence of
archeological remains and large scale usage of the crop in daily diet. It is believed to have
traveled from India to Malaysia, then to East Africa and from there up the Nile Valley to West
Africa. Historians believe that the crop then traveled to the New World from Zaire or Angola

prior to the main slave trade.

Pigeonpea is the most versatile grain legume and its importance has been realized in India as a
multipurpose crop. It is a hardy, drought-tolerant crop which often grows on poor soils.
Pigeonpea has been used in numerous ways like for grain, fuel, wood, livestock feed. Apart from
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the many direct uses of pigeonpea it is a good crop to improve soil fertility. Pigeonpea forms
nodules on its roots which contain nitrogen fixing bacteria and hence makes pigeonpea a crop
which can be grown in poor soil conditions. These bacteria capture nitrogen from air and turn it
into a form which the pigeonpea plants can use for growth. Pigeonpea contributes to the C, N
and P economy of the soil (Rego and Nageswara Rao, 2000). Pigeonpea seeds have 20— 22%
protein and are consumed as green peas, while grain or split peas. The seed and pod husks make
a quality feed, whereas dry branches and stems serve as domestic fuel. Fallen leaves from the
plant provide vital nutrients to the soil and the plant also enriches soil through symbiotic nitrogen
fixation. Hence, fits into agroforestry and shifting cultivation system as a source of soil

ameliorator. The protein content of pigeonpea ranges from 21% to over 25%.

India is the largest producer (2.30 mt) of pigeonpea followed by Myanmar (0.54 mt) and Malawi
(0.16 mt) (FAOSTAT., 2009). The Indian sub continent alone contributes nearly 92 per cent of
the total world production. Major states in terms of area and production are Maharashtra, Uttar
Pradesh. Madhya Pradesh, Karnataka, Gujarat and Andhra Pradesh together contributes for about
90 per cent of area and 93 per cent of production of pigeonpea. Inspite of its importance very Iess‘
attention have been paid either to crop production or technology development in case of
pigeonpea. Although India leads the world both in area and production of pigeonpea. its
productivity is lower than the world average. This is attributed to factors such as various abiotic
(e.g. drought, salinity and water-logging) and biotic (e.g. diseases like Fusarium wilt, sterility
mosaic and pod borer insects) stresses. Furthermore poor production practices such as low plant
densities. low soil fertility. insufficient weeding and insufficient/inappropriate use of fungicides

and herbicides are other constraints.



Diseases of economic concern include Fusarium wilt (Fusarium udum Butler), sterility mosaic
disease (SMD), leaf spot (Mycovellosiella cajani) and to a lesser extent powdery mildew
(Leveillula taurica). Apart from this the important pest which effect the crop production severely
include the pod boring lepidoptera (Helicoverpa armsigera Hiibner, Maruca vitrata Geyer and
Etiella zinkenella Treitsche), pod sucking bugs (Clavigralla tomentosicollis Stall and Clavigralla
horrida Germar) and podfly (Melanagromyza chalcosoma Spencer) (Minja et al., 2000).
Furthermore, aboitic stresses like water logging and salinity also reduce pigeonpea production.

In pigeonpea. plant growth as well as flowering is highly influenced by the environment. Hence,
breeding for wider adaptation, a complex phenomenon is a major issue to be tackled. Although
related wild species are a rich reservoir of not only resistance genes against various biotic and
abiotic stresses but also of genes responsible for yield components such as pods per plant, length
of fruiting branches, and number of primary branches per plant, use of inter-specifics in

pigeonpea improvement have been limited. This is due to the poor crossability of cultivated

Cajanus cajan to species other than the closest species, Cajanus cajanifolia and C. scaraboid
Conventional breeding approaches which have been used for several decades offer limitation in
overcoming various biotic and abiotic stresses (Varshney er al., 2007). These breeding programs
provide a limited amount of new diversity into the breeding gene pool. hence narrowing the
genetic diversity within the elite gene pool.

Various advances in plant biotechnology and especially genomics together with traditional plant
breeding technologies have led to the development of new improved varieties in a number of
crop species with greater tolerance/r;zsistance and higher yield (Varshney et al.. 2006, 2010a). In
this context, molecular markers play a very important role as these are used for estimating

diversity in germplasm, trait mapping. molecular breeding. genetic purity assessment of hybrid



seeds, etc. Among a range of molecular markers starting with isozymes, RFLP (restriction
fragment length polymorphism), RAPD (random amplified polymorphic DNA), AFLP
(amplified fragment length polymorphism), SSR (simple sequence repeat), SNP (single
nucleotide polymorphism) and more recently microarray-based DArT (diversity array
technology). Among all the marker types, SSR and SNP markers are considered as the current
markers of choice for plant genetics and breeding applications (Gupta and Varshney, 2000).
While SNP markers have a promising future in plant breeding applications, and may augment or
displace SSR based marker systems, SNP based markers and associated technologies are in their
infancy in most crops, including pigeonpea, while SSR marker technologies are better
established for wide spread use in molecular breeding. Utilization of substantial variability
among pigeonpea landrace and germpalsm line for various morphological, physiological and
agronomical traits using genomics-assisted-breeding can be an alternative approach to overcome
the limitations of conventional breeding strategies. A revision of current breeding methods by
utilizing genomics-assisted breeding is a must. Genomics-assisted breeding approaches have
greatly advanced with the increasing availability of genome and transcriptome sequence data for
several model plant and crop species (Varshney et al., 2009a). This platform provides a broad
range of applications including development of molecular markers, whole genome sequencing
(Green et al., 2006), transcriptome and gene regulation studies (Bainbridge et al., 2006;
Berezikov ef al.. 2006), metagomics analysis (Krause et al., 2006) and amplicon sequencing
(Sogin er al.. 2006: Taylor et al.. 2007). These kind of platforms are available for many crops
including. cowpea, common bean and soybean. pigeonpea being very important still lack these

kind of studies.
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Although efforts have been made in the recent past for development of molecular markers for
this economically important crop but these were too elementary. In case of pigeonpea, until
recently, only a few hundred SSR markers are available (Burns er al.. 2001; Odeny et al., 2007,
2009; Saxena RK et al., 2010a). A situation that is further hampered by low levels of genetic
diversity within cultivated germplasm demands large scale development of genomic resources.
With advent of next generation sequencing technologies (NGS) like Roche FLX/454,
Illumina/Solexa 1G Analyser and ABI/ SOLID, it has become very easy to develop sequence
data at very affordable prices. The sequence data produced can be used for large scale marker
discovery. Furthermore, high-throughput marker genotyping platform and a very low cost
associated to them calls for large scale development of genomic resource for this earlier called
orphan crop.

Keeping the above in view, the present study was proposed with following objective:

1. Development of microsatellites markers from BAC-end sequences.

2. Development of transcript assembly for pigeonpea.

3. Large scale identification of SNPs.

4. Development of SNPs genotyping platform.

5. Genetic mapping of SSRs markers.

11



2. REVIEW OF LITERATURE

Pigeonpea (Cajanus cajan L. Millsp.) is an important grain legume crop of rainfed agriculture in
the semi-arid tropics. Efforts have been made to improve production and to extend crop's
adaptation beyond tropical and subtropical regions. However these efforts have very less
contribution in productivity of this crop. Furthermore lack of high yielding cultivars has been the
major factor underlying this bottleneck. In addition, other factors such as of biotic and abiotic
stresses cause major yield losses every year. Unavailability of adequate genetic variation in
germplasm collections is another bottleneck for successful breeding programme. An effective
way to exploit the available genetic variation among germplasm collections would be
development of genomics tools such as, ESTs (expressed sequence tags), molecular markers,
genetic maps for molecular breeding (Varshney er al.. 2005). However, molecular breeding
approach has not yet been initiated in pigeonpea primarily due to: availability of limited genomic
resources and limited level of genetic diversity in majority of elite germplasm collection. Effort
should be made for large scale development of genomic resources in pigeonpea.

2.1 Pigeonpea Genomics

Pigeonpea an important legume crops of India as well as other parts of the world is one of these
kinds. Low availability of genetic resources is the major constrain in overcome various biotic
and abiotic stresses which restrict the production of the crop (Saxena, 2008). Various studies
have been performed to study the pattern of genetic diversity and development of molecular
markers to enable marker assisted selection for improvement of this crop. Genetic diversity
among wild species of the pigeon pea genus Cajanus has been studied using restricted fragment
length polymorphism (RFLP) DNA as the specific nuclear probes (Nadimpalli ef al., 1994). In

yet another study extremely high DNA polymorphism among wild species of pigeonpea was
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reported (Ratnaparkhe er al., 1995). However, the DNA polymorphism among pigeonpea
cultivars was very low (Sivaramakrishnan e al., 1997). Amplified fragment length
polymorphism (AFLP) has been used for analysis of DNA banding pattern among cultivars and
wild species (Punguluri ef al.. 2006). Diversity array technology (DArT) markers analysis also
revealed low polymorphism among pigeonpea cultivars and high polymorphism between
cultivated pigeonpea and its wild relatives (Yang er al., 2006). Because of this low level of
polymorphism in pigeonpea there was an urgent need of large-scale development genomic

resources so as to undertake studies like germplasm characterization and molecular-mapping.
2.1.1 Marker repertoire in pigeonpea

The development of molecular techniques for genetic analysis has led to a great augmentation in
our knowledge of crop genetics and our understanding of the structure and behavior of various

crop genomes. Following are the molecular marker systems developed till date in pigeonpea.

2.1.1.1 Restriction fr length poly hisms (RFLPs)

'8 (4

Restriction fragment length polymorphism, or RFLP, refers to a difference between two or more
samples of homologous DNA molecules arising from differing locations of restriction sites. In
RFLP analysis the DNA sample is digested using restriction enzymes and the resulting
restriction fragments are separated according to their lengths by gel electrophoresis. RFLP
markers were used for diversity analysis of 24 genotypes belonging to genera Cajanus.
Dunbaria, Eriosema, and Rhynchosia. This study showed that accessions of cultivated C. cajan
shared more DNA fragments with (. scarabaeoides than with C. cajanifolia (Nadimpalli er al.,
1993). In yet another diversity study RFLP-PCR markers from 4 chloroplast gene specific

primers were used to estimate diversity in 28 species belonging to five genera of the sub-tribe
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Cajaninae; viz., Cajanus (15 species), Rhynchosia (10 species), Dunbaria, Flemingia and
Paracalyx. This study showed very little variation in restriction patterns of five different genera
indicating occurrence of limited evolutionary changes in chloroplast genome of these five genera
(Lakshmi et al., 2000). RFLP markers from 3 maize mitochondrial probes were used to estimate
diversity in 28 accessions representing 12 species of Cajanus and 4 species of Rhynchosia. 12
species of Cajanus were taken from 6 sections (Cajanus, Atylosia, Fruticosa. Cantharospermum,
Volubilis and Rhynchosoides). Cluster analysis resulted in a clear-cut separation of two genera
i.e. Cajanus and Rhynchosia. Species belonging to sections like Cajanus, Fruticosa and
Rhynchodoides exhibited section specific grouping while species like cajanifolius, volubilis.
mollis showed discrepancy in their positions (Sivaramakrishnan et al., 2002). Hence, RFLPs
have been used in pigeonpea, to overcome the problems associated with phylogenic grouping
such as inconsistencies in taxonomic relationships based on data from morphology, cytology and

crossability.

2.1.1.2 Randoml amplified polymorphic DNA (RAPD)

Randomly amplified polymorphic DNA (RAPD) markers are DNA fragments from PCR
amplified random segments of genomic DNA with single primer of arbitrary nucleotide
sequence. Unlike traditional PCR analysis, RAPD (pronounced "rapid") does not require any
specific knowledge of the DNA sequence of the target organism. RAPD markers were used for
cluster analysis of 13 species belonging to the genera Cajanus, Dunbaria, Eriosema, and
Rhynchosia. Results from cluster analysis indicated the proximity of C' cajan to C. albicans, C.
sericeus and C. lineatus than C. acurifolius, C. grandifolius and C. reticulatus. All the
Rhynchosia species grouped together suggesting their origin from a common ancestor

(Ratnaparkhe er al., 1995). Potential of RAPD in discriminating varieties of distinct characters
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was demonstrated in a study using 15 RAPD markers in 11 cultivated pigeonpea genotypes
(Lohithaswa er al., 2003). Cluster analysis resulted in separation of 24 genotypes into distinct
clusters and sub-clusters suggesting RAPD as a good marker system for diversity analysis and
cultivar identification (Choudhury er al., 2008). Higher level of polymorphism (> 80%) was
observed for 50% of 17 markers and cluster analysis resulted in formation of two distinct groups

for 17 pigeonpea cultivars (Malviya and Yadav. 2010).

2.1.1.4 Amplified fragment length polymorphisms (AFLPs)

Amplified fragment length polymorphisms (AFLPs) is a highly sensitive PCR-based tool used in
molecular biology to detect DNA polymorphisms. The technique includes i) digestion of total
cellular DNA with one or more restriction enzymes and ligation of restriction half-site specific
adaptors to all restriction fragments, ii) selective amplification of some of these fragments with
two PCR primers that have corresponding adaptor and restriction site specific sequences iii)
electrophoretic separation of amplicons on a gel matrix, followed by visualisation of the band
pattern. AFLPs in 14 combination showed high level of polymorphism was observed between C.
cajan and C. volubilis (62.08%) and C. cajan and R. bracteata (62.33%) while among cultivated
types percentage of genetic variation was found to be very less (13.28%) (Panguluri et al., 2006).
A total of four combinations of AFLP markers were used for diversity analysis of 41 pigeonpea
varieties of African (32) and Asian (9) origin. This study showed absence of major clustering
pattern and population str atification and suggested that African and Asian pigeonpea were not

genetically diverse (Wasike et al., 2005).

2.1.1.4 Diversity array technology markers (DArTs)
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Diversity array technology (DArT) is a cost effective hybridization-based marker technology that
offers a high multiplexing level while being independent of sequence information. This
technology offers molecular breeding programs an alternative approach to whole-genome
profiling. DArT works by reducing the complexity of a DNA sample to obtain a 'representation’
of that sample. DArT markers were used to estimate diversity in 96 pigeonpea genotypes
representing 20 different species of Cajanus. Of the total 700 markers, only 64 were found to be
polymorphic among C. cajan accessions supporting existence of narrow genetic base in
cultivated pool. Most of the diversity was restricted to wild relatives or between the wild and

cultivated species (Yang er al.. 2006).

2.1.1.5 Microsatellites or simple sequence repeats (SSRs)

Microsatellites or simple sequence repeats (SSRs) are stretches of DNA. consisting of tandemly
repeated short units of 1-6 basepair in length. SSRs have been shown to be part of or linked to
some genes of agronomic interest as a result since long time SSRs have been drawing attention
of scientific research for crop improvement. The positive attributes coupled with their multi-
allelic nature, co-dominant transmission, relative abundance, extensive genome coverage and
requirement of only small amount of template DNA have contributed to the extraordinary
increase of interest in SSRs in many organisms (Zane et al., 2002, Morgante er al., 2002).
Traditionally, three approaches are used for identification and development of SSR markers: (i)
construction of SSR-enriched library followed by sequencing of SSR positive clones (Gupta and
Varshney, 2000), (ii) mining of EST (expressed sequence tag) transcript sequence generated by
Sanger sequencing (Varshney er al., 2005) or short transcript sequences generated by next
generation sequencing technologies (Varshney et al., 2009a), (iii) mining the BAC (bacterial
artificial chromosome)- end sequences (BESs) (Mun ef al., 2006). The development of SSR
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markers from BESs circumvents the limitations of the first two approaches, as a large number of
SSRs can be rapidly identified and such genomic SSRs tend to display higher level of
polymorphism relative to transcript associated SSRs. In addition, BES-SSR markers serve a
useful resource for integrating genetic and physical maps (Mun e al., 2006; Schultz ez al., 2007;
Schlueter er al., 2007). So far, the first two approaches have been used for developing SSR
markers in pigeonpea with some success despite the labour-intensive and time consuming nature
of the SSR enrichment and very low polymorphism levels of SSRs identified from the mining of
transcript sequences.

First study based on these markers reported development of 20 SSRs, of which only half were
polymorphic in cultivated pigeonpea germplasm (Bums et al.. 2001). Based on genomic DNA
libraries another set of 20 SSRs makers was developed and used for diversity analysis of 15
cultivated and 9 wild relatives, as a result less diversity was detected in cultivated pigeonpea.
Among different species least genetic distance and largest similarity coefficient was found
between C. cajan and C. cajanifolius (Odeny et al., 2007). A total of 113 SSRs were developed
from SSR enriched libraries of pigeonpea. These were used for diversity analysis of 24
pigeonpea breeding lines (Odeny er al., 2009). Similarly 23 SSRs were developed from SSR
enriched genomic DNA library (Saxena er al., 2010a). Furthermore in another study 84 EST-
SSRs assosiated with biotic stress resistance were developed (Raju er al., 2010).

2.1.1.6 Single nucleotide polymorphisms (SNPs)

Single nucleotide polymorphisms (SNPs) are highly abundant form of genetic variation present
throughout the genome (Cho er al., 1999; Rafalski, 2002). High frequency in genome makes
SNP makers an attractive tool for mapping, maker-assisted breeding and map-based cloning

(Batley et al., 2003). SNP marker are markers of choice for various application (Rafalski, 2002)
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including marker assisted-breeding (Anderson and Lu"bberstedt 2003; Varshney e al. 2007),
genetic diversity (Nasu et al.. 2002; Varshney et al., 2007), association mapping. (Jander et al.,
2002), construction of high-density genetic map (Cho ef al. 1999), genome wide linkage
disequilibrium (Ching er al.. 2002; Mather er al., 2007). Due to progress in SNP genotyping
platform and assayin technologies, these markers tend to be moat preferred marker system in
plant genomics studies. In case of pigeonpea no study on development of these markers has been
reported till date.

Among various marker systems, simple sequence repeats (SSRs) or microsatellites and single
nucleotide polymorphisms (SNPs) are considered the preferred marker systems for the genetics
and breeding community (Gupta and Varshney, 2000: Gupta et al.. 1996). The first set of 10 SSR
markers however became available only in 2001 (Burns ef al., 2001). Subsequently. additional
SSR markers have been generated at ICRISAT by using SSR-enriched library (Odeny er al.,
2007. 2009: Saxena et al., 2010a) and about 200 SSR markers became available. Less than 10%
SSR polymorphism in cultivated germplasm demanded the availability of large number of SSR

markers for developing a useful set of SSR markers for pigeonpea breeding.

2.2 BAC-end Sequencing and SSR Mining

In past cloning and hybridization based procedures were used for identification of molecular
markers. These procedures were low throughput, expensive and time consuming. In recent past
bacterial artificial chromosome (BAC) library has proved to be a valuable resource for large
scale development of genetic markers BAC based cloning was initially described by Shizuya and
colleagues. Higher stability of BAC vectors over YAC (yeast artificial chromosome) makes
BAC:s first choice for libraries construction in highthroughput genomic sequencing projects. The

18



end sequencing of the BACs is proven to be a useful resource for selecting minimally
overlapping clones. In past BAC-end sequencing approach has been used for whole genome
sequencing of many species. BAC libraries have been constructed for a variety of species such as
rice (Wang er al., 1995), maize (Yim ef al., 2002), sorghum (Woo er al., 1994), soybean
(Shoemaker er al., 1996; Salimath and Bhattacharyya, 1999; Tomkins er al., 1999; Meksem er
al., 2000), papaya (Ming et al., 2001), and apple (Vinatzer er al., 1998). These libraries have
made invaluable contributions to plant genomic studies including map-based or positional
cloning of genes. genome-wide physical map construction (Mozo e/ al., 1999; Klein et al., 2000:
Chen er al., 2002; Han et al., 2007), genome sequencing (The Arabidopsis Genome Initiative,
2000; International Rice Genome Sequencing Project, 2005), and comparative genomics
(O'Neill and Bancroft, 2000; Ilic er al., 2003). BAC-end sequences (BESs) are valuable
resources for the development of genetic markers such as BAC-end sequence based
microsatellite markers (Shultz er al.. 2007). BAC end sequence provides a random survey of the
information contents (genes, transposons. repeats) of unsequenced genomes (Lai ef al., 2006;
Hong er al.. 2007), and yields molecular markers useful for genetic mapping (Frelichowski er al..
2006; Marek ef al., 2001 and Shultz er al., 2007), and cloning of genes of agricultural interest
(Coyne et al.. 2007; Liang er al., 2007). Furthermore. in many agriculturally important species
BAC clones and physical maps are being rapidly developed since they are essential components
in linking phenotypic traits to the responsible genetic variation, to integrate the genetic data, for
the comparative analysis of genomes. and to speed up marker-assisted selection (MAS) for
breeding. It has been reported that analysis of BES data can provide an overview of

microsatellites, of an unsequenced genome (Lai er al., 2006). SSR markers have proven to be the
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best for this kind of analysis but where available in very low number, till date 156 SSRs have

been for reported pigeonpea (Burns ef al., 2001; Odeny er al., 2007, 2009).

2.3 Next Generation Sequencing Technologies

Genome sequencing is a robust method for gene discovery and for identifying transcripts
involved in specific biological process. Over the past decade genome sequencing technology has
become more efficient for complex genomes. Sequencing projects have provided not only the
first insight into the gene complement for these tissue regions but also sets of genes involved in a
number of biological processes. Several approaches were explored as a replace met to
conventional Sanger sequencing technology these include sequencing by hybridization (Khrapko
et al., 1989), mass spectrometry resolution (Koster ef al., 1996), direct imaging of DNA
sequence by atomic force microscopy (Hansma er al, 1992), other approaches include

techni based seq ing by synthesis (Hyman, 1988; Brenner e/ al., 2000) and microfluidics

to sequencing (Woolley and Mathies, 1995). With the advent of reduced costs and higher
throughput sequencing methods, expressed sequence tags (ESTs) can be economically generated
for a wider range of organisms, thereby providing a more comprehensive assessment of an
organism’s transcriptome. In recent years, high-through expression profiling technologies like
pyrosequencing have transformed molecular genetics approaches in legumes significantly
(Margulies ef al., 2005). The advent of high throughput next generation sequencing technologies
such as Roche FLX/454 sequencing developed by 454 Life Sciences (acquired by Roche),
Solexa by lllumina Genome Analyser (Hayward, CA, USA) and SOLiD from ABI has created
the potential for generating considerably increased amounts of information for many organisms
including orphan legume crop like pigeonpea. Roche FLX/454 technology provide inexpensive,
genome-wide information producing approximately 100Mb sequence data in a single run,
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contrasting to ~440 Kb sequence data generated by Sanger sequencing (Mardis. 2008). While
Illumina/Solexa 1G sequencing technology allows to sequence millions of short cDNA of
average length of 35 bp per sample tag (read), reducing the library construction cost, runtime and
also increasing the sensitivity. Presently, the improvised lllumina/Solexa 1G technology
generates 75+ bp reads for a total of > 33 Gb of paired-end data per run. Their efficient in-depth
sampling of the transcriptome compared to Sanger sequencing has also been demonstrated
(Hanriot ef al., 2008). But the relatively shorter reads produced by these technologies is a major
drawback. However, the availability of various denovo assembly software programs such as
CAP3 (Huang and Madan 1999), PCAP (Huang ef al., 2003), RePS (Wang ef al., 2002), and
Phusion (Mullikin e al., 2003). MAQ. SOAP, ELAND. MOSAIK, VALVET, EULER, SSAKE,
SHARCGS can effectively assemble the shorter reads. Previously. combinatorial strategy
involving cDNA normalization and FLX-454 deep sequencing platform has been employed in
transcriptome characterization studies in Medicago (Cheung et al., 2006). Coral (Meyer et al.,
2009), Melitaea cinxia (Glanville fritillary butterfly) (Vera et al., 2008) and many other non-
model organisms.

Genomics-assisted breeding approaches have greatly advanced with the increasing availability of
genome and transcriptome sequence data for several model plant and crop species (Varshney er
al., 2009b). This platform provides a broad range of applications including whole genome
sequencing (Green ef al., 2006), transcriptome and gene regulation studies (Bainbridge ef al.,
2006: Berezikov et al., 2006). metagomics analysis and amplicon sequencing (Sogin ef al., 2006;
Taylor et al.. 2007). Extremely efficient in-depth sampling of the transcriptome by these
sequencing technologies as compared to Sanger sequencing has also been demonstrated in

several plant species such as Medicago (Cheung et al., 2006 ), barley ( Steuernagel er al., 2009),

21



etc. Trancriptome assembly not only contributes to identification of potential novel genes
associated with specific tissues but it also allows us to address the key issue of gene expression
structure in tissues. Furthermore, it is possible to search for genes that are expressed in a wide
range of tissues, including genes that are of importance to embryonic development, because all
the libraries used in the study are from various developmental stages. Gene discovery and gene
expression are key objectives of most genome projects (Jantasuriyarat et al., 2005). A major
current task in genomics is to characterize the functional importance of individual genes within
the context of their interactions with other genes. The transcriptome of a particular species can be
analyzed by sampling a large number of reads from normalized cDNA libraries constructed from
different tissues or tissues from different developmental conditions or physiological stages
(Gorodkin er al., 2007). Compared with non-normalized cDNA libraries, studies of normalized
cDNA libraries depleted the abundance of transcripts and optimizes discovery of novel genes

(Flinn er al.. 2005).

2.3.1 Roche FLX/454 sequencing

Development of next generation sequencing technologies has significantly increased the volume
of sequencing projects conducted by scientific community. Three main evolutionary
improvements enabled genome sequencing projects in many species. These include, i) use of
fluorescent tags instead of radioactive labels to detect the terminated ladders: ii) use of capillary
electrophoresis in place of slab gels; and iii) development of paired-end sequencing protocols
incorporating hierarchical template sizes (plasmids, fosmids and bacterial artificial chromosomes
(BACs) to provide sequence context and orientation beyond the constraints of the actual
sequence read-length in the conventional sequencing techniques (Meldrum, 2000). The 454 Life
Sciences sequencing platform initiated the next generation sequencing by providing solution to
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three main bottlenecks of conventional sequencing faced by scientific community i.e. library
preparation, template preparation and sequencing (Christensen, 1997). As direct incorporation of
natural nucleotides seemed more efficient than repeated cycles of incorporation, detection and
cleavage, technology based on pyrophosphate release with an enzymatic cascade ending in
luciferase and is detection by emitting light was used for Roche FLX/454 platform. Roche
FLX/454 sequencing was based on moving both the template preparation step and the
pyrosequencing chemistry to the solid phase (Ronaghi et al., 1996; 1998). Template DNA is
nebulized and size-selected to produce a population of double-stranded fragments ranging from
400 to 600 bases. Two distinct oligonucleotide adapters are ligated onto the fragments, providing
priming sites for subsequent amplification and sequencing. One of the adapters is biotinylated,
permitting collection of single-stranded templates. The templates are amplified and immobilized
by compartmentalizing individual template molecules and 28 um DNA capture beads within
droplets of an emulsion. PCR reactions conducted inside the droplets amplify the template

mc and compl y primers covalently attached to the DNA capture immobilize the

product on the bead surface. Template-covered DNA capture beads are loaded into individual
wells etched into the surface of a fiber-optic slide. The sequencing process uses an enzymatic
cascade to generate light from inorganic pyrophosphate (PPi) molecules released by the
incorporation of nucleotides as a polymerase replicates the template DNA (Margulies ef al.,
2005). Individual nucleotides are provided to the open wells by flowing them over the fiber-optic
slide. The number of photons generated by the cascade is proportional to the number of
nucleotides incorporated by the polymerase and the release of the PPi generated by the individual
sequencing reactions (Figure 1). Initially the system generated ~ 20 Mb of 110 base-read per 8

hrs run, subsequent released product generated an average of 100 Mbs of 250 base-reads. Using
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high density fiber-optic 400-600 Mbs of data is generated per run with an average size of 450
bps. Assembly of 148 Mbp of Roche/454 ESTs obtained for multiple genotypes was aligned and
23,742 SNPs were found in Eucalyptus (Novaes er al., 2008) Roche FLX/454 sequencing of
shoot apical meristem generated 261 000 ESTs of which 30% were novel; ~400 unique ESTs
were also identified, for which 27 genes were validated using RT-PCR (Emrich er al., 2007). A
total of 292,465 ESTs were generated using Roche FLX/454 sequencing in Medicago, 184.599
unique sequences were identified. This study also include identification of 400 EST SSRs in
Medicago (Cheung et al., 2006).

2.3.2 Illumina/Solexa 1G sequencing

In contrast to the 454 and ABI methods which use a bead-based emulsion PCR to generate
"polonies", 1llumina utilizes a unique "bridged" amplification reaction that occurs on the surface
of the flow cell. The flow cell surface is coated with single stranded oligonucleotides that
correspond to the sequences of the adapters ligated during the sample preparation stage. Single-
stranded, adapter-ligated fragments are bound to the surface of the flow cell exposed to reagents
for polyermase-based extension. Priming occurs as the free/distal end of a ligated fragment
"bridges" to a complementary oligo on the surface. Repeated denaturation and extension results
in localized amplification of single molecules in millions of unique locations across the flow cell

surface (Figure 2). This process is referred to as Illumina's "cluster station". an automated flow
cell processor. A flow cell containing millions of unique clusters is now loaded into the 1G
sequencer for automated cycles of extension and imaging. The first cycle of sequencing consists
first of the incorporation of a single fluorescent nucleotide, followed by high resolution imaging

of the entire flow cell. These images represent the data collected for the first base. Any signal

above background identifies the physical location of a cluster (or polony), and the fluorescent
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emission identifies which of the four bases was incorporated at that position.This cycle is
repeated, one base at a time, generating a series of images each representing a single base
extension at a specific cluster. Base calls are derived with an algorithm that identifies the
emission color over time. At this time reports of useful Illumina reads range from 26-50 bases.
Illumina/Solexa 1G sequencing was used for identification of 8, 23,325 unique SNPs in
Arabidopsis (Ossowski er al., 2008). Illumina/Solexa IG sequencing generated 574 Mbp data
which was used to identify and mark repetitive regions and define putative gene space in barley
(Wicker et al., 2008).

2.3.3 Applications of NGS technology

NGS technologies have already been used for variety of applications, such as development of
SSR and SNP- based molecular markers. Applications of NGS technology resequencing of well-
characterized sp. (Ossowski er al., 2008), de novo sequencing of crop sp. without reference
sequence (Hiremath er al.. unpublished), association mapping using natural population,
expression and nucleotide polymorphism in transcriptome, wide crosses and alien introgression,
population genetics and evolutionary biology, organeller and genome-wide assembly (Varshney
et al., 2009a).

2.4 SNP Genotyping Platform

In contrast to other marker system, allele discrimination cannot be based on size difference on
gel in case of SNP. Many SNP genotypying platforms have been developed over the past years.
These technologies include i) allele specific hybridization, ii) primer extension, iii)
oligonucleotide ligation iv) invasive cleavage (Sobrino ef al., 2005). The detection procedure for
analyzing the products of these allele discriminating reaction include a) gel electrophoresis, b)

fluorescence resonance energy transfer (FRET) c) fluorescence polarization, d) array or chips, €)
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luminescence, f) mass spectrophotometry. The KBiosciences PCR SNP genotyping system is a
novel homogeneous fluorescent genotyping system which utilizes a unique form of allele
specific PCR. This platform offers very high SNP to assay conversion rate, is flexible and offers
ability to perform direct or indirect assays, works well in 96, 384 or even 1536-well plate
formats. KASPar assay is the most cost-effective SNP typing system, accurate, reproducible and
requires small amounts of sample material. The KASPar assay system relies on the
discrimination power of a novel form of competitive allele specific PCR to determine the alleles
at a specific locus within genomic DNA for SNP typing. Traditionally, allele specific PCR
(ARMs) has been shown to work by a number of groups worldwide. A number of improvements
to this technique have been made in the past few years. The most significant of these is the use of
3" - 5' exonuclease deleted Taq DNA polymerases. These deleted Taq's increase the
discriminating power of the technique, however the technique can still suffer from extension of
the incorrect allele, providing false positive signals. This technique employs a novel form of
allele specific PCR that is distinct and different from ARMS. This increases the robustness and
discriminating power of the technique. A novel fluoresence resonance energy transfer (FRET)
homogeneous format is now available for this technique. The concordance rate has been shown
to > 99.5% with an error rate and reproducibility to be < 0.3%.

2.4 Genetic Mapping

Genetic mapping is an important subject in biological research. Molecular markers and genetic
maps are important pre-requisites for undertaking molecular breeding methodologies for crop
improvement. Furthermore crop improvement programs has benefited from genetic diversity and
mapping studies (Varshney er al., 2006). A genetic map is based on the frequencies of

recombination between molecular markers or gene loci during crossover of homologous
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chromosomes. The greater the frequency of recombination (segregation) between two genetic
markers, the farther apart they are assumed to be. Conversely, the lower the frequency of
recombination between the markers, the smaller the physical distance between them. This is the
procedure of locating the molecular marker or gene loci/QTLs in order, indicating the relative
distance among them and assigning them to their linkage group on the basis of their
recombination value from all pair-wise combination. A genetic map acts like a road map of
chromosome representing the recombination of loci derived from two different parents. Genetic
linkage was first discovered by the British geneticists William Bateson and Reginald Punnett
shortly after Mendel's laws were rediscovered. The understanding of genetic linkage was
expanded by the work of Thomas Hunt Morgan. Morgan's observation that the amount of
crossing over between linked genes differs led to the idea that crossover frequency might
indicate the distance separating genes on the chromosome. Alfred Sturtevant, a student of
Morgan's, first developed genetic maps. also known as linkage maps. It has been proposed that
the greater the distance between linked genes, the greater the chance that non-sister chromatids
would cross over in the region between the genes. A linkage map is created from analysis of
many segregating markers, ideally avoiding having the inaccuracies that will occur due to the
possibility of multiple recombination events. the construction of genetic map involves i)
production of mapping population: ii) identification of polymorphism between parental
genotypes for moleular markers and iii) linkage analysis of markers. By working out the number
of recombinants it is possible to obtain a measure for the distance between the genes loci. This
distance is called a genetic map unit (m.u.) or a centimorgan (cM) and is defined as the distance
between genes for which one product of meiosis in 100 is recombinant. A recombinant

frequency (RF) of 1 % is equivalent to 1 m.u. But this equivalence is only a good approximate
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for small percentages; the largest percentage of recombinants cannot exceed 50%, which would
be the situation where the two genes are at the extreme opposite ends of the same chromosomes
i.e ‘unlinked’ (Kearsey and Pooni, 1996). In this situation, any crossover events would result in
an exchange of genes, but only an odd number of crossover events (a 50-50 chance between even
and odd number of crossover events) would result in a recombinant product of meiotic crossover.
A statistical interpretation of this is through the Haldane mapping function or the Kosambi
mapping function, among others. A linkage map is created by finding the map distances between
a number of genetic marker or gene loci that are present on the same chromosome, ideally
avoiding having significant gaps between traits to avoid the inaccuracies that will occur due to
the possibility of multiple recombination events. Linkage is calculated using odds ratios. This
ratio is expressed in the form of logarithm of odds (LOD) value or LOD score (Risch, 1992).
LOD is a statistical estimate of whether two loci (the sites of genes) are likely to lie near each
other on a chromosome and are therefore likely to be inherited together as a package. A LOD
score of three or more is generally taken to indicate that two gene loci are close to each other on
the chromosome. A LOD score of three means the odds are a thousand to one (i.e 1000:1) in
favor of genetic linkage. This LOD score can be lowered down in order to integrate makers
within map constructed at higher LOD value. Software programs used for the generation of
genetic maps include Mapmaker/ EXP (Lander et al. 1987 Lincoln et al., 1993) most
commonly used software and MapManager QTX (Manly er al. 2001). GMendel
(http://cropandsoil.oregonstate.edu/Gmendel), MSTMap (Wu et al., 2008). Another commonly
used software is JoinMap which is used for map construction as well as combining maps

developed from other mapping populations.
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3. MATERIALS AND METHODS
3.1 Plant Material

With an objective of developing BAC- libraries pigeonpea accession Asha (ICPL 87119) was
used. Seeds of Asha were grown under greenhouse conditions to the seedling stage and
transferred to continuous darkness for 2 days prior to use. Developed libraries were used for end
sequencing and identification of SSRs. Parents of an inter-specific mapping population 1CP 28
and ICPW 94 were used for validation of identified SSR markers. Pusa Ageti (ICP 28) an early
maturing pigeonpea variety was selected for cONA normalization, library construction and
transcriptome studies. Seeds were sown in pots (5 seeds per pot), maintained at glass-house. Four
pigeonpea genotypes ICPL 87119, ICPL 87091, ICP 28 and ICPW 94 were used for

identification of SNP markers using Illumina sequencing technology.
3.2 Identification and Validation of SSR markers
3.2.1 BAC-library construction and end sequencing

Nuclei were isolated and embedded in low melting point agarose, size selection by means of two
rounds of pulsed field gel electrophoresis was carried out for BamHI and Hindlll digested DNA.
Large size DNA fragments were ligated in vector pCC1BAC and transformed by electroporation
in to Epicenter’s E.coli EPI300-T1R cells. The insert sizes for each library were estimated based
on pulsed field gel electrophoresis of Notl-digested BAC DNA. End sequencing was performed
for the positive clones. There were 88,860 useful BES reads. Output sequence data was
converted into FASTA format and vector sequences were masked. Terminal vector sequences

were then trimmed and BESs shorter than 100 bp were discarded.
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3.2.2 Mining of SSRs

BAC-end sequences were used for mining of microsatellite markers using Perl based
MicroSArellite (MISA) search module (Varshney ef al.. 2002) which is capable of identifying
perfect as well as compound SSRs. All sequences with a size more than 100 bps were placed in a
single text file in FASTA format, this file was used as an input for MISA. The criteria used for
the identification of true SSR included minimum ten repeats for mono, six repeats for di and five
repeats for tri-, tetra-, penta- and hexa-nucleotide for simple SSRs. Two SSRs separated by 100
nucleotide bases were considered under compound SSRs class. The sequence complimentarity

was considered while classifying these microsatellites.
3.2.3 Primer designing

Designing of primer for identified SSR was done through standalone Primer3 program using
MISA generated Primer3 input file. The criteria used for designing primer pairs included Tm
range of 57°C — 60°C with an average of 59°C., amplicon size 100- 280bps, primer length 20
5 bp and GC% 50 = 5. Primers designed for Mononucleotide were excluded. M13 dye labelled
primer pairs were synthesized for selected 3072 SSRs. The redundancy in the identified SSRs in
terms of BAC clones was removed through cluster analysis. As result, from each clone single

primer pair was selected for synthesis.
3.2.4 Screening on parental genotypes of mapping population

Amplification profile of 3072 BES-SSR primer pair was checked on two pigeonpea genotypes
ICP 28 and ICPW 94. PCRs were performed in a 5 ul reaction volume [0.5 ul of 10X PCR
buffer, 1.0 pl of 15 mM MgCla, 0.25 pul of 2mM dNTPs, 0.15 pl of 2 pM primer anchored with
M13-tail (MWG-Biotech AG, Bangalore, India), 0.1 U of Taq polymerase (Bioline, London,
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UK), and 1.0 pl (5 ng) of template DNA] in 96-well micro titre plate (ABgene, Rockford, USA)
using thermal cycler GeneAmp PCR System 9700 (Applied Biosystems, Foster City, USA).
Touch-down PCR program was used for this reaction which included Initial denaturation at 94°C
for 15min 5 cycles of denaturation at 94°C for 20sec touchdown from 60°C to 55°C (1°C
decrease in each cycle) extension at 72°C for 30sec for next 31 cycles, denaturation at 94°C for
20sec annealing at 55°C for 20sec extension at 72°C for 30sec final extension at 72°C for 20min.
Amplified primer pairs were initially visualized for amplicon bands using 1.2% agarose gel,
capillary electrophoresis on ABI (3730) analyser was then used to further resolve fragment for

better data analysis to assess polymorphic markers.

3.3 Devel of Pi Trancri Assembly

P (] P P

3.3.1 Roche FLX/454 sequencing

Pusa Ageti (ICP 28) variety of pigeopea was used for construction of Roche FLX/454
sequencing based trancriptome assembly of pigeonpea (CcTA). In order to maximize the
diversity of expressed genes in pigeonpea, different developmental stages of tissue samples were
targeted for collection and construction of cDNA library. These tissue samples included embryo,
cotyledon, root and shoot primordia. apical meristem, leaves, senescence leaves, flowers, stamen,
and roots (Figure 3) harvested from several individual glass-house grown pigeonpea plants at
different time intervals. This was done with an objective to induce gene expression associated
with those developmental processes. Tissues were washed briefly with 0.1% DEPC water and
then were frozen in liquid nitrogen. Total RNA was extracted from all the harvested tissues using
modified hot-acid phenol method (Schmitt e al., 1990). The integrity and purity of all the

samples were assessed both on 1.2% formaldehyde agarose gel and UV Spectrophotometer at
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Aaso:A2g0. An equal amount of each appropriate RNA sample was pooled to form a composite
collection of total RNA sample for each tissue. Eleven cDNA libraries were constructed from

each tissue sample to characterize specific stages of gene expression (Figure 4).

In order to minimize differences among the abundance of different transcripts (i.e., genes
expressed at different levels), amplified cDNA was normalized employing the Smart cloning
methodology (Ouyang and Buell, 2004; Zhu et al., 2001) using the services of Evrogen
[www.evrogen.com] and Sfi IA/B primers/adapters that permit directional cloning. Briefly,
starting from RNA, reverse transcription was carried out using the pooled RNA samples. The
primer annealing mixture (5 ul) containing 0.3 pg of total RNA; 10 pmol SMART-Sfi 1A
oligonucleotide (5'-~AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGC CrGrGrG- 3')
and 10 pmol CDS -Sfi IB primer (5-AAGCAGTGGTATCAACGCA GAGTGGCCGAG
GCGGCCd(T)20-3") was heated at 72°C for 2 min and cooled on ice for 2 min. First-strand
cDNA synthesis was carried out by the addition of PowerScript Reverse Transcriptase (BD
Biosciences Clontech) in a final volume of 10 pl. containing X First-Strand Buffer (50 mMTris-
HCI (pH 8.3); 75 mMKCI; 6 mM MgCl2): 2 mM DTT; | mM of each dNTP, incubated at 42°C
for 1.5 hr and then cooled on ice. The first-strand cDNA was diluted 5 times with TE buffer,
heated at 72°C for 7 min and used for amplification by Long-Distance PCR in a 50 pl reaction
containing 1 ul diluted first-strand cDNA, 1X Advantage 2 reaction buffer (BD Biosciences
Clontech), 200 uM  dNTPs, 03 uM  SMART PCR  primer (5-
AAGCAGTGGTATCAACGCAGAGT- 3) and 1X Advantage 2 Polymerize mix (BD
Biosciences Clontech). 18 PCR cycles were performed using the following parameters: 95°C for
7 sec; 65°C for 20 sec; 72°C for 3 min. Amplified doubled standard cDNA product was purified

using QIAquick PCR Purification Kit (QIAGEN. CA), concentrated by ethanol precipitation and
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adjusted to a final concentration of 50 ng/ul. For cDNA normalization, 3 ul (about 150 ng)
purified dscDNA plus | pl 4X Hybridization Buffer (200 mM HEPES-HCI, pH 8.0; 2 M NaCl)
was overlaid with one drop of mineral oil. denatured 95°C for 5 min and then allowed to anneal
at 68°C for 4 h. The following preheated reagents were added to the hybridization reaction at
68°C: 3.5 pul milliQ water;1ul of 5X DNAse buffer (500 Mm Tris-HCI, pH 8.0; 50 mM MgCl2,
10 mM DTT):0.5 ul double-strand nuclease (DSN) enzyme. After a period of 30 min. incubation
at 65°C, the DSN enzyme was inactivated by heating at 95°C for 7 min. The normalized cDNAs
samples were diluted by adding 30 pul of milliQ water and used for PCR amplification. The PCR
reaction (50 ul) contained 1 pl diluted cDNA; X Advantage 2 reaction buffer (BD Biosciences
Clontech); 200 pM dNTPs; 0.3 uM SMART PCR primer; 1X Advantage 2 Polymerize mix (BD
Biosciences Clontech) and was amplified for 18 cycles of 95°C for 7 sec; 65°C for 20 sec; 72°C
for 3 min. One part of the amplified, normalized adapter-ligatedcDNA population was digested
with Sfil and directionally cloned into Clontech'sp DNR vector at the SfiA/B sites. For 454
sequencing, approximately, 3 pg of the final normalized. adaptor-ligated cDNA population was
sheared via nebulization into small fragments a few hundred base pairs in length. The fragment
ends were made blunt and short adaptors which provide the priming sequences for both
amplification and sequencing of the sample library fragments were ligated onto both ends. These
adaptors also provide a sequencing key (a short sequence of four nucleotides) which was used by
the system software to recognize legitimate library reads. Next, the library was immobilized onto
streptavidin beads, facilitated by a 5' biotin tag on Adaptor B, and any nicks in the double
stranded library are repaired. Finally, the unbound strand of each fragment (with 5'-Adaptor A)

was released, and the recovered single-stranded DNA library's quality is assessed.

3.3.2 Sequence data assembly and clustering
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All the sequence analyses were conducted using publicly available software and custom Perl
scripts. Quality trimming of the sequences was done by removing adapter sequences and short
sequences (< 50 nucleotides) for the assembly process as this will lead to false joining of reads,
and chimeras that were sequenced and reduced the quality of unique sequences. The vector
trimmed high quality sequences were selected for further clustering and alignment into tentative
unique sequences (TUSs) using the CAP3 program (Huang and Madan, 1999). The assembly
included the publicly available 10,817 ESTs of pigeonpea along with the Roche/454

pyrosequencing reads.

3.3.3 Characterization of pigeonpea 454 trancriptome assembly

3.3.3.1 Identification of paralogous

The analysis was conducted. using both. the contig consensus sequences as well as the singletons
following assembly. The longest open reading frame was identified using EMBOSS: getorf
(http://emboss.open-bio.org/wiki/Appdocs) to identify all open reading frames and a custom
script to retain only the longest. Clustering of these sequences followed using a virtual suffix tree
generation with six frame translation using Vmatch (Beckstette et al., 2006). Gene families of
size 2 - 6 were clustered with the parameters i.e. subject percent match of 85 and query percent
match of 70, a minimum length of 20 amino acids and an exdrop of 30. Pair wise alignments
were obtained using ClustalW (Thompson er al.. 1994) and synonymous distances (Ks values)
calculated using the method of Goldman and Yang (1994) as implemented in PAML (Yang

1997).

3.3.3.2 Alignment of 454 pigeonp q blies to soybean g
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Alignment of pigeonpea TUSs with soybean genome was done using GMAP. This alignment
was done by considering a stringency criterion of 90% identity and 80% coverage. For
alignment, maximum intron length was considered as 20,000 bp and the number of introns per
gene fragment was considered as 8. Poor and repetitive sequences were discarded. To get the
best hit and multiple equally-good matches, the highest scoring alignment satisfying stringency
criteria was taken as the best hit. Alignments within 1% identity and 1% coverage were

considered as multiple equally-good matches.

3.3.3.3 Functional annotation and similarity search

Homology searches were performed against non-redundant (nr) nucleotide sequences of soybean
(Glycine max- 351,935), Medicago (Medicago truncatula- 217,148), lotus (Lotus japonicus-
148,617), common bean (Phaseolus vulgaris- 21,807), wild soybean (Glycine soja- 18,419), red
clover (Trifolium pretense- 37.860). grape wine (Vitis vinifera- 312,911), black cotton wood
(Populus trichocarpa- 89,198), Arabidopsis (4rabidopsis thaliana- 616,064) and rice (Oryza
sativa-1,169,591) available at the TIGR Plant Transcript Assemblies database using BLASTN

algorithm at a significance threshold of < 1E-30.

TUSs were compared with UniRef non-redundant protein database from UniProt knowledgebase
using BLASTX algorithm to deduce a putative function. Sequence similarity was considered best
at a bit-score greater than 50 and a significant e-value < 1E-08. Each TUS was assigned a
putative cellular function based on the significant database hit with the lowest E-value.
Subsequently, TUSs that showed a significant BLASTX hit were used for functional annotation
based on Gene Ontology categories from UniProt database (UniProt-GO). This process allowed

assignment of TUSs to the GO functional categories of biological process, cellular component
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and molecular function. Distribution of TUSs was further investigated in terms of their
assignment to sub-categories of the main GO categories. In each main category, the percentages
of sub-categories distribution do not add up to 100% because some deduced proteins have more

than one GO category.

3.4 Identification of SNPs
3.4.1 Illumina/ Solexa 1G sequencing and SNP identification

Pigeonpea genotypes i.e. ICPL87119, ICPL87091, ICP 28 AND ICPW 94 were subjected to
Illumina/ Solexa G sequencing. A total of fifteen seeds from each of these genotypes were
grown in green house. Total RNA from root tissue was extracted using modified hot-acid phenol
method (Schmitt er al.. 1990). ¢cDNA libraries of these four genotypes were subjected to
Illumina/ Solexa 1G sequencing. Identification of SNPs from [llumina data was carried out using
the Alpheus software system (Miller er al., 2008). SNPs were identified on the basis of alignment
of Illumina reads generated from each of the genotypes against a reference- in this case. the 454-
based pigeonpea trancriptome assembly and respective counter genotype, allowing not more than
two mismatches. Based on alignment results. variants at a particular nucleotide position were
identified. Significant variants were selected based on two criteria i) allele frequency between

two genotypes > 0.8, and number of tags aligned to the reference > 5.

3.4.2 Development of SNP genotyping platform

KASPar genotyping platform was developed using the identified SNPs. The selection of SNPs
was done based on three criteria i) SNPs positions containing 60 bps flaking sequences, ii)

Frequency difference between two alleles > 0.8 iii) read depth > 5.
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3.5 Construction of Genetic Maps

Genotyping data were assembled for all segregating makers from 79 F; lines of ICP 28 x ICPW
94 mapping population and linkage analysis was performed with the help of Joinmap v 4.0 (Van
Ooijen, 2006). Prior to linkage mapping, marker segregations in the populations were subjected
to goodness of fit test to assess deviations from the expected Mendelian segregation ratio of
1:2:1. “Locus genotype frequency” function was used to calculate the chi-square values for all
the markers. Distorted markers were also included for linkage analysis. Both the component
maps were constructed using “Regression mapping algorithm” which relies on sequential
addition of markers into a linkage group which starts from the most informative pair of loci (Van
Ooijen, 2006). Linkage groups were determined based on “Independence test LOD score™.
Placement of markers into different linkage groups was done with “LOD groupings™ and “Create
group using the mapping tree” commands. Map calculations were performed with parameters
like LOD value > 2.0, recombination frequency < 0.40 and a chi-square jump threshold for
removal of loci =5. Addition of a new locus may influence the optimum map order, hence a
“Ripple™ was performed after adding each marker into map. Map distances were calculated using
Kosambi mapping function (Kosambi, 1944) and third round was set to allow mapping of
optimum number of loci in genetic map. Mean chi-square contributions or average contributions
to the goodness of fit of each locus were also checked to determine the best fitting position for
markers in genetic map. The markers showing negative map distances and large jump in mean
chi-square values did not fit those map positions hence were discarded from mapping. Final map

was drawn with the help of Mapchart 2.2 (Voorrips, 2002).
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4. RESULTS

4.1 Development of Microsatellites Markers from BAC-end Sequences
With an objective to develop genomic recourses in pigeonpea and increase marker repertoire

BAC-end sequencing approach was used to obtain a set of BAC-associated SSRs.
4.1.2 Development of BAC-end sequences and identification of SSRs

Development of BAC-end sequences based SSRs may provide a foundation for both genetic and
physical map analysis. Under this approach two BAC libraries were constructed one using
Hindlll and other using BamH| restriction enzymes. The HindllI library is composed of 34,560
clones with an estimated average insert size of 120,000 bp, while the BamH1 library is composed
of 34,560 clones with an estimated average insert size of 115,000 bp. These clones combinely
represent ~11X coverage of the pigeonpea genome. A total of 50,000 randomly selected BAC
clones were subjected to end sequencing which resulted in generation of 88.860 BAC end
sequences (BES) with an average read length of 620 bp. Most of the 50,000 BAC clones contain
high quality sequence from both ends. The combined data represent ~ 56 Mbp of DNA
sequences, which were submitted to the National Center for Biotechnology Information (NCBI)

Genome Survey Sequence (GSS) database.

As a prelude to the comprehensive analysis these BAC-end sequences were analyzed for
redundancy between clones and for sequence content as well as for removal of cytoplasmic
organellar sequences using the annotation pipeline shown in Figure 5. Sequences were clustered
using criteria of > 95% identity and > 200 bp overlap, producing a set of 41,736 singleton
sequences and 10,711 sequence clusters. This non-redundant sequence set was filtered for rRNA,

chloroplast and mitochondrial sequences using BLAST*N" against datasets of the corresponding
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sequence types, yielding a set of 41,329 singletons and 10,610 non-redundant BESs that were
presumed to derive from the nuclear genome. In total this non-redundant nuclear genome dataset
surveys 35Mb or ~ 4.3% of the pigeonpea genome.

4.1.3 Functional annotation of BESs

A series of parallel analyses were performed to annotate the features of singletons and clustered
BESs. Similarity to transcribed sequences or known proteins was assessed by BLAST'N’ and
BLAST'X" of sequences against the TIGR plant transcript assemblies (http:/plantta.jcvi.org/)
and the National Center for Biotechnology (NCBI) information non-redundant protein database,
respectively, using an E-value cutoff of <I .00E™. Further evidence of protein coding regions, as
well as standardized nomenclature, was obtained by queries against the Interpro and
GeneOntology Molecular Function databases. Similarity to known plant repeat sequences was
assessed by BLAST'N' and tBLAST'X' against a database of plant repeat sequences

(http://www.jevi.org). Based on the compiled information, BESs were subdivided into five

primary categories: (1) non-annotated, (2) gene-containing. (3) retroel ontaining, (4)
transposable element-containing. and (5) organelle- or ribosomal rRNA-containing, as shown in
Figure 6 and Table 1. Most sequence annotations were supported by multiple lines of evidence
and a fraction of sequences were predicted to include both genes and either retroelements or
transposable elements. Non-annotated sequences accounted for the majority of BAC ends,
representing 53% of all non-redundant singletons and clusters, while nearly equal proportions of
BESs were annotated as genes (21%) or retroelements (22%). It is likely that the retroelement
category is an underestimate, because many of the most abundant Interpro descriptors within the

“gene” category, such as “DNA/RNA Polymerase™, are equally consistent with either “gene™ or
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“retroelement”. In the absence of additional annotation supporting classification as a
retroelement, such sequences were classified as “gene”.

Clustering of sequences as singletons or contigs provides a relative measure of sequence copy
number (Table 1). As shown in Figure 7 a and b, greater than 80% of sequences annotated as
either gene or non-annotated were associated with clusters of depth < 5 (Figure 7a) and their
relative prevalence declined rapidly with cluster depth >1 (Figure 7b). By contrast, nearly 50%

of all retrc ontaining seq and 33% of all transponson-containing sequences were

associated with clusters of depth > 5, and they accounted for the vast majority of clusters with
depth > 10 sequences. Thus. sequence cluster depth supports the truism that mobile elements
(i.e., retroelements and transposable elements) are often members of repetitive sequence
families, while genes and intergenic regions (here we equate non-annotated sequences with
intergenic regions) typically reside in less repetitive regions of the genome.

4.1.4 Identification of BES-SSR

With the goal of increasing genetic marker density we have used BAC- end sequencing approach
to identify SSR markers in pigeonpea. A total of 88,860 BES sequences were generated and were
used for mining of SSRs markers. As a result of this 18,149 SSRs (1 SSR per 3.11Kbp) were
identified in 14,001 BESs representing 6,590 BAC clones. 3,124 BESs contained more than one
SSR. A total of 2,111 SSRs were present in compound form (Table 2). Among these 6665
(71.53%) were defined as class 1l SSR (10 < n < 20 bp) and 2652 were class 1 SSR (> 20 bp).
2111 SSRs were found to be in compound formation. Maximum number of bases interrupting

two SSRs in compound formation was 100.

4.1.5 Frequency and distribution of SSRs



Frequency of different SSRs identified during the present study revealed that mono and di-
nucleotide were the most abundant classes with 8,827 mono-nucleotide repeats (48%) and 7,617
dinucleotide repeats (41%) of total SSRs, followed by tri- nucleotides sharing 8% (1.441) of total
SSRs. Apart from this tetra-, penta- and hexa- nucleotide SSRs occurred at lower proportions
which combinely account for arround 2% of total SSRs (Table 3). Among mononucleotide
repeats A/T (8631) was significantly more abundant than C/G (196). These all mononucleotide
were excluded from the present study. Among di-nucleotide repeat four types (AT, GC, AG and
AC), AT was most common (4309) followed by AG (1953) and AC (1343) on the other hand GC
(12) motifs were least common. All ten possible types of tri-nucleotide repeats were found in
these BESs. Among these AAT/TTA motif was most common followed by AAG/CTT motif.
Among the 11 different types of tetra nucleotide repeat motifs AAAT/TTTA was found to be
most common. The total number of penta-nucleotide repeat motifs was eight and all of these
were rare. Maximum numbers of different motif classes were recorded for hex nucleotide repeat

motifs (total 21 types). Among these ACACCT/ATGTGG was most abundant.

4.1.6 Correlation between BAC end annotation and SSR occurrence

After excluding all mono-nucleotide repeat SSRs and SSRs with length <10 bp, the remaining
6.212 SSRs were selected for further analysis. These 6,212 SSRs were derived from 4,614 non-
redundant BAC ends (singletons and clusters), 17 of which were annotated as organelle (15
chloroplast and 2 mitochondria).

The remaining 4,597 non-redundant BESs were divided among the four annotation categories, as
shown in Table 1. Eighty-nine percent of these SSR-containing BESs (SSR-BESs) were either
non-annotated or gene-containing, while 9.8% were retroelement-containing (Figure 8 and Table

1). The rate of SSR occurrence per 100 kb also differs considerably between annotation

41



categories, consistent with the uneven discovery of SSRs between annotation categories. Thus,
SSRs are twice as frequent per 100 kb in gene-containing (G) and non-annotated (NA) sequences
compared to retroelement-containing (RE) sequences (Table | and Figure 8). Consistent with the
likely pressure of purifying selection, BAC ends containing tri-nucleotide repeats were more
likely to be annotated as genes (31%), compared to the remaining SSR-containing BAC
sequences (22% annotated as genes).

For purposes of developing a uniform analysis of known pigeonpea SSRs, we obtained 457 SSRs
submitted to NCBI GeneBank by researchers at the University of Bonn (Odney ef al. 2007;
Saxena ef al., 2009). Both of these publicly available SSR sets were generated using PCR-based
microsatellite enrichment strategies. As shown in the Table 1, the relative distribution of SSRs
between genome fractions differs substantially for SSRs obtained by means of genome
enrichment compared to random BAC end sequencing. In particular. genome-enrichment
methodologies produced approximately three times the rate of retroelement-associated SSRs and
~100-fold increase in the rate of SSRs derived from organelle or rRNA sequences, most of which
were chloropast derived (data not shown).

4.1.7 Development of novel SSRs markers

Microsatellites are categorized into two groups based on length of SSR tracts and their potential
as informative genetic marker: hypervariable Class 1 and potiantially variable Class 11 SSR.
(Temnykh er al. 2001). All the microsatellites having a repeat length of > 10 bp for di-, > 15 bp
for tri-, > 20 bp for tetra-, > 25bp for penta and > 30 bp for hexanucleotide were selected for SSR
marker development. A result a total of 6,590 primer pairs were designed. Out of designed
primer pairs, a total of 3,072 primer pairs were synthesized (Table 4). Primer pairs were designed

to amplify sequences containing both perfect and compound SSRs. These 3072 primers are
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designated as *’CcM'” markers prefix CeM indigating Cajanus cajan microsatellite. All primer
pairs were first evaluated for successful PCR amplification on genomic DNA of two parental
genotypes of mapping population i.e. ICP 28 and ICPW 94, Among these primer pairs 3026
(98.5%) showed successful amplification.). The tetra- and penta- nucleotide motifs had the
highest success rate (100%) of PCR amplification followed by compound tri and di nucleotide
repeats. Hexanucleotide repeats were having 97.67% amplification. (Figure 9). Of the all repeat

motifs (AT)n repeats were having lesser level of amplification.

4.1.8 Polymorphism assessment of BES-SSR

BES-SSRs with successful PCR amplification were used for polymorphism assessment on the
parental genotypes using capillary electrophoresis. As a result of this, 378 polymorphic SSRs
were identified. Identified polymorphic SSRS were used for genotyping of 79 F; lines of ICP 28
x [CPW 94 mapping population.

4.2 Development of Transcript assembly for Pigeonpea

4.2.1 Clustering and assembly of transcript reads

A comprehensive set of 31 different plants developmental stages from early vegetative growth
until development of reproductive organs (Figure 2) were collected for isolation of cDNAs.
These cDNAs were pooled and normalized. Roche/454 sequencing of this normalized cDNA
pool generated a total of 494,353 short transcript reads (STRs) were generated with an average
length of 171 bp. In addition at the time of data analysis, 10,817 Sanger ESTs with average read
length 527 bp were available in public domain. These two sequence datasets were analyzed
separately as well as combinly. Based on analysis of 454 STRs, 52,827 contigs containing

354,131 STRs with an average length of 262 bp including 4,308 high confidence singletons were
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identified. Out of 48,519 contigs about 53.2% (25,850) were shorter than 250 bps. Remaining
140,222 STRs remained singletons. On the other hand Sanger ESTs analysis provided 746
contigs with an average length 637 bp and the remaining 5,553 Sanger ESTs were termed
singletons. In order to develop a transcriptome reference in pigeonpea, 505,170 Roche/454 STRs
and Sanger ESTs were assembled to yield a total of 127,754 tentative unique sequences (TUSs),
with ~ 61.8% (79,028) singletons and the remaining 38.1% aligned to form 48,726 contigs with
an average length of 273 bp (Figure 10) and maximum length of 2,067 bp (Contig 48542). A
total of 3,006 (6.1%) contigs measured more than 500 bp in length. The detailed analysis of
length distribution of 454/FLX STRs, Sanger ESTs and assembled 454 STRs and Sanger ESTs
has been given in Table 5. Overall redundancy of the library was 25.2% which suggests that the
normalization process was effective and the present generated library has the potential to

uncover many more transcripts.

4.2.2 Identification of paralogous genes and genome duplication events

To identify potential signatures of genome duplication in pigeonpea, the transcriptome assembly
(CcTA) was analyzed in detail using two approaches. In the first approach. sequence similarity
was used to identify putative homologous gene pairs and pair-wise synonymous distances. Of the
total 127,754 sequences (of which 48.726 are contigs), 9.8% (12.515) were clustered into a gene
family. Of those, 3,098 are duplicates of family size 2; 537 are in families of size 3; 181 are in
families of size 4, 89 are in families of size 5 and 68 are in families of size 6. Out of the above
5,778 pair wise synonymous distance measures were calculated that fall in the Ks range of 0 to
1.5 (Figure 11). Assuming that synonymous mutations occur in a clock-like manner following

duplication and increase approximately linearly with time (Blanc er al., 2004), we can use the



synonymous distance between a gene pair to predict an approximate time of divergence between
those two genes, or when a duplication event occurred. Figure 11 shows a histogram plot of the
percent of pair wise distances to the synonymous distance value (Ks). There is a peak at roughly
0.06 and using the same clock as was used for soybean (Schumtuz er al., 2010). this gives a
divergence estimate of ~ 4.9 million years ago. While this might be indicative of a more recent
duplication, it is much more likely to be the result of a segmental duplication given that only
9.8% of the sequences clustered into gene families. Another potential explanation for this peak is
potentially an artifact of either the read length in contigs or the assembly process itself. Certainly

this can and will be clarified with the genome sequence.

The chromosome number of pigeonpea (2n = 22) are the same as other phaseoloids such as
common bean (Phaseolus vulgaris) and cowpea (Vigna unguiculata) are 2n = 22 while those of
soybean (2n = 40) suggest an independent duplication in soybean following divergence from
pigeonpea. With an objective to understand the pattern of genome duplication in cowpea and
common bean also. similar analysis was conducted based on 16.791 Sanger ESTs for cowpea
and 89,168 ESTs for common bean obtained from NCBI (Oct 2009). In the case of common
bean. out of the 2,334 contigs. only 76 clustered into a gene family (or 3.26%) while 96.74%
were remained as singletons. The breakdown of cluster sizes (or gene family sizes) is 27 clusters
of family size 2. one cluster of family size 3, two clusters of family size 4 and one cluster of
family size 11. Similarly, for cowpea, 11 contigs were found to form clusters (1.55%) while
98.45% are single copy contigs. The breakdown of gene families is four clusters of size 2 and

one cluster of size 3.
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In the second approach using BLASTN (<=le-4) was utilized to align the, 37,170 pigeonpea
sequences to the 46,430 soybean gene set (http://www.phytozome.net/soybean). Repeats such as
large gene families, rDNA and other repeats were removed from the aligned dataset. Since
soybean is highly duplicated due to past whole genome duplications, many of the pigeonpea

contigs aligned to more than one gene locus. For best-hit alignments (first hit), 19,996

1
-4

had a mean sequence identity of 92.29%. The mean sequence identity for the 17,174

that had second good alignments was 91.56%. The most recent duplication event in soybean

occured ~13 Mya, after the divergence from pigeonpea. If both alig were to duplicates
from the most recent duplication in soybean, we would expect approximately similar identity

scores, however, a t-test between the first and second ali values (% e identity)

was significantly different (p-val< 0.00001). Thus, the difference in scores for the first and
second best alignments is likely be a reflection of alignments to duplicated genes in soybean that
have undergone asymmetric evolution or to duplicated genes from both the ancient (~59 Mya)

and the more recent (~13 Mya) duplication events (Figure 12).

Based on analysis of detailed data on pigeonpea, limited data for cowpea and common bean and
published results for soybean (Schmutz ef al., 2010), all four of these phaseoloid legumes, like
most legumes, share the more ancient duplication at ~50-60 Mya. The pigeonpea genome shows
slight evidence for another small-scale duplication, probably segmental, at 4.9 Mya, that does not
appear to be shared with other phaseoloids. This indicates that recent the duplication in
pigeonpea genome might have happened after separation of Cajanus from cowpea and common

bean, but did not result in a change in chromosome number.

4.2.2 Characterization of pigeonpea transcriptome
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4.2.2.1 Comparison with soybean genome

As an effort to validate gene structures in the newly developed assembly, the 127,754 TUSs were
aligned to soybean using GMAP (http://www.icrisat.org/what-we-

N N

do/biotechnology/Leg quencel html). The threshold for identity and coverage was

set to 90% and 80%, respectively. As a result, 33,874 TUSs showed alignment and covered
10,857 genes of soybean. A total of 16,367 TUSs showed unique best matches with the soybean
genome. TUSs were distributed across the chromosomes of soybean. An n average of ~1,693
loci on each soybean chromosome had significantly hits with an exception of chromosome 13
which had the highest number of loci (4,162) mapped (Table 6). The alignment results are
uploaded to GBrowse. In GBrowse window, the direction of the arrows represents the orientation
of the sequences. To give an indication about the confidence of location of pigeonpea TUSs in
soybean genome. the sequences with single best hit are shown in green color and the sequences

with multiple good matches are shown in red color (Figure 13).

4.2.2.2 Comparison with other legumes and model plant species at the transcript level

Detailed analysis of pigeonpea TUSs was performed using BLASTN (e-value < 1E-30)
similarity searches against plant EST datasets at JCVI. These results indicated that pigeonpea
ESTs show highest percentage overlap with soybean (Glycine max) with 26,972 (21.11%),
followed by Medicago (Medicago truncatula) 12,643 (9.89%), Lotus (Lotus japonicus) 10,472
(8.19%), common bean (Phaseolus vulgaris) 9,936 (7.77%), wild soybean (Glycine soja) 9,081
(7.10%), red clover (Trifolium pretense) 6,292 (4.92%), grape vine (Vitis vinifera) 5,394

(4.22%), and other model plant species such as Arabidopsis (Arabidopsis thaliana) 2,980,

(2.85%) and black cotton wood (Poplus trichocarpa) 3,646 (2.33%) and rice (Oryza sativa)
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2,714 (2.12%). Detailed results of BLASTN analyses are given in Figure 14. Of 127,754
unigenes, 735 (0.5%) were showed significant similarity across all the plant EST databases
compared in this study and 82,100 (64.26%) did not show similarity to any plant species
analyzed.

4.2.2.3 Functional ion and gene logy (GO) categorization

.

BLASTX (e-value <IE-08 and a bit-score value of > 50) analysis of 127,754 TUSs against the
UniRef non-redundant protein database enabled the putative identity assignment of these
sequences into functional categories. A total of 32,719 (25.6%) TUSs showed significant
similarity to the non-redundant protein database while 8,949 sequences (7.0%) had low similarity
and 86,086 (67.3%) sequences had no significant matches. The 32,719 TUSs showing significant
hit were analyzed further for functional categorization and to retrieve enzyme IDs as following:
(i) Functional categorization was assigned by mapping the 29.921 (91.40%) out of 32,719. TUSs
showing significant hit on BLASTX analysis onto the Gene Ontology categories using the
UniProt Gene Ontology Consortium. TUSs with assigned putative roles were classified into three
principle categories: biological process, cellular component and molecular function. As a result,
5,455 TUSs were successfully assigned under biological process (Figure 15a), 3,958 for cellular
component (Figure 15b) and 6.491 for molecular function (Figure 15c). According to this GO
schema, single protein corresponding to a TUS typically has more than one Ontology
assignment.  Furthermore under biological process, the sub-category metabolic process
accounted for the highest percentage of TUSs at 4,080 (31%) followed by cellular process 3,904
(30%), biological regulation 865 (7%), localization 864 (7%), establishment of localization 846

(6%) and response to stimulus 702 (5%). The remaining sub-categories accounted to 21% of

48



total significant TUSs (Figure 15a). In the cellular component category, the highest percentage of
TUSs was assigned to cell part category 3,854 (44%), followed by organelle 2,379 (28%).
organelle part 1,118 (12%) and macromolecular complex 886 (10%). The remaining 6% of TUSs
were accounted to other defined sub-categories (Figure 15b). In molecular function, 45% (4.628)
of TUSs accounted to binding, followed by catalytic activity 3,873 (38%) and transporter activity
481 (5%). The remaining sub-categories accounted to 12% of TUSs (Figure 15¢c). As expected,
these libraries are derived from developing tissues, hence majority of the transcripts were

involved in developmental categories like metabolic and cellular process (Zhang er al., 2004).

Enzyme IDs were retrieved from the UniProt database and were distributed into one of the six
major enzyme classes such as transferases- 31% (474), followed by hydrolases 28% (443),
oxido-reductases- 25% (389) ligases 6% (98). lyases 5% (79), and isomerases 5% (79) (Figure

16).

4.3 SNP Discovery

Using Illumina/Solexa 1G sequencing in total 150.8 million tags were generated from four
genotypes (ICPL 87119, ICPL 87091, ICP 28 and ICW 94). Number of tags generated per
genotype varied from 16.84 million (ICPL 87091) to 18.64 million (ICW 94). For identification
of SNPs, Illumina tags for two genotypes of a given mapping population were aligned with
127,754 TUSs (pigeonpea transcriptome assembly) and variants were identified using Alpheus
program of NCGR (Miller et al 2008). The number of SNPs in an individual cross ranged from
6263 (ICPL 87119 x ICPL 87091) to 1,190 (ICP 28 x ICPW94) (Table 7). In total, 7,453 SNPs

were identified.

49



4.3.1 Identification of disease responsive genes

Fusarium wilt (FW) is a serious disease that adversely affects pigeonpea production. With an
objective to identify candidate genes for this disease, Illumina/Solexa tags of FW stressed
genotypes ICPL 87091 and ICPL 87119 were used. Alpheus program of NCGR (Miller et al
2008) was used to achieve expression read count based on the alignment of Illumina/Solexa tags
of ICPL 87119 (resistant) and ICPL 87091 (susceptible) genotypes to 127,754 TUSs (CcTA).
Since the numbers of Illumina/Solexa tags mapped to the CcTA varied among genotypes, data
normalization for more precise quantification was done by considering per million reads for
discerning the expression values. A numerical comparison of FW-responsive reads generated
from resistant and susceptible genotype representing a mapping population was conducted. The
threshold log 2 for this analysis was taken as -2 to +2. The number of TUSs with significant

differential expression was 1.869 (ICPL 87119 x ICPL 87091).

4.4 SNP Genotyping Platform

In order to design KASPar assays for detected SNPs, following criterion were used: i) Detected
SNPs should contain at least 60 bp upstream and downstream sequences; ii) Frequency
difference between the two genotypes of a mapping population >5: iii) read depth >5. KASPar
assay were designed for 1,834 SNPs. A panel of 94 pigeonpea genotypes including parents of
mapping populations, advanced breeding lines and wild relatives was used to validate 1,834
SNPs. As a result 1,616 SNPs were validated with a success rate of 88.1%. In case of ICP 28 x

ICPW 94, 1,616 SNPs were identified and 1,094 could be validated.
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4.5 Linkage Mapping

An inter-specific Fa population derived from ICP 28 (C. scaraboides) x ICPW 94 (C. cajan) was
selected for the construction of a reference genetic map. Consistent with a wide genetic cross,
this pairwise comparison had the highest number of polymorphic SSRs. The mapping population
was genotyped with all polymorphic markers and marker segregation data were analyzed by the
goodness of fit test for a 1:2:1 segregation ratio. Only 138 (36.50%) markers showed good
agreement with the exepected segregation ration 1:2:1 (at the threshold of p = 0.05). Among the
240 markers with deviation from Mendelian ratios we observed instances of complete absence or

very low occurence of one parental allele, and instances of excess heterozygosity.

The genetic linkage map was constructed in a stepwise manner, beginning with the 138 normally
segregating markers at LOD 5 and a minimum recombination fraction of 37.5. Subsequently, the
240 distorted markers were tested for integration with the help of Joinmap 3.0 software. The
combined 239 markers yielded a genetic map of 930.90 cM (919 kb/cM) (Figure 17), with an
average of 21 markers per linkage group and an average between marker distance of 3.8 cM. A
total of 11 linkage group could be assigned, and these are presumed to correspond to the haploid

chromosome set of C. cajan (n=11).
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5. DISCUSSION

The study deals with the large scale development of genomic resources of pigeonpea. This
includes development of BES-SSR makers, development of pigeonpea transcriptome assembly
using Roche FLX/454 sequencing, development of SNP makers using Illumina-1G sequencing
and construction of genetic linkage map using developed SSR markers. The results of the study

have been discussed in context of available studies.

5.1 Development of BES-SSR Markers

Presence of narrow genetic base of pigeonpea has slowed down the wide use of molecular
marker technology for crop improvement (Saxena, 2008). The present study, focus mainly on the
increase of genomic resources of pigeonpea, which will enable the use of marker-assisted-
selection in this crop. With an objective of enriching SSR marker repertoire, two BAC libraries
were developed with an estimated ~11X genome coverage of pigeonpea. Sequencing of 50,000
BAC clones from both insert ends provided 88,860 BAC-end sequences (BESs). Removal of
cytoplasmic orgeneller BESs and cluster analysis facilitated the maximum possible recovery of
nuclear genomic sequences comprising 41,329 singletons and 10,601 non-redundant contigs.
With an objective to understand the constitution of SSR containing BAC clones, BESs were run
through an annotation pipeline. Major proportion of the sequences remained non-annotated
which may be considered as ‘novel' C. cajan sequences. The overall repetitive fraction, resulting
from BES analysis was found to be intermediate (22.15%) when compared with the percentage
of repetitive elements in BESs of other legumes such as Trifolium (8.5%), soybean (33.5%), and
common bean (49.3%) (Schlueter er al, 2008). BES annotation analysis has shown a

considerable variability in the amount of repetitive fraction in different crop species such as
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tomato (49.3%) (Budiman er al., 2000), papaya (16%) (Lai ef al.. 2006), banana (36%) (Cheung
and Town, 2007), and citrus (25%) (Terol ef al., 2008). This variation in the amount of repetitive
elements in BESs is an indicative feature of presence of repetitive elements in the genome of a
species. A varying level of annotations in different species may also be responsible for difference
in repetitive elements. Proportion of annotated genic fraction was found more or less similar as
observed in the BESs analysis of other crop species such as Phaseolus (29.3%) (Schlueter er al.
2008), apple (10.9%) (Han and Korban, 2008), banana (11%) (Cheung and Town, 2007),
Brassica (11%) (Hong et al., 2007) and papaya (19. %) (Lai er al., 2006).

BESs have been very useful to develop SSR markers in several plant species including legumes
like soybean (Shultz et al., 2007), common bean (Schlueter er al., 2008) and Medicago (Mun et
al., 2006). In terms of SSRs abundance, overall density of | SSR per 5.64 kb seems to be in good
congruency with the earlier reports in plant genomes (Cardle er al., 2000). Similar results
showing SSR frequencies of 1 SSR per 4 to 10 kb were achieved in different plant species like
Medicago, soybean, Lotus. Arabidopsis and rice (Mun er al., 2006). This discrepancy observed
in different studies may be accounted to (i) amount of sequence data analyzed, (ii) criteria for
SSR identification. and (iii) different sources of derived sequences. It is also important to note
that after excluding non-annotated BESs, majority (70.21%) of SSRs fall belong to be associated
with genes. These observations are in agreement of the comphrehensive study of Morgante er al.

(2002) where SSRs were found associated mainly with genes.

In terms of distribution of SSRs, among the dinulcetoide repeats motifs (AT), was found to be
the most abundant followed by (AG), and (AC), repeats, which is in good agreement with the

general finding in most plants (Gupta et al., 1996, Katti e al., 2001, Temnykh et al., 2001). In
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rice and other monocots CG/GC motif is very common, the least abundance of GC/CG motif in
pigeonpea genome is consistence with previous observation in other legume species (Medicago,
Lotus and soybean). Such low abundance of “CG" di-nucleotide repeats may be attributed to
their tendency of forming secondary structures (hairpins), leading to a selective pressure against
*CG’ accumulation in genomes (Eustice ez al.. 2008).

While converting identified SSRs into genetic markers, though 3,072 SSR primer pairs were
synthesized: of these 2,964 (96.48%) primers yielded scorable amplicons. This rate of successful
amplification is quite higher than earlier reported in pigeonpea (Burns et al., 2001; Odeny et al.,
2007, 2009: Saxena er al.. 2010a). All the repeat classes showed more than 98% amplification
except di-nucleotide repeats which had comparatively lower rate of amplification (95.98%).

All the successfully amplified primer pairs were screened for polymorphism. The overall
frequency of length polymorphism was found to be 12.75% which is lower than reported in
earlier studies i.e. 50% (Burns er al., 2001), 81.3% (Saxena er al., 2010b), and 95% (Odeney et
al., 2007). Occurrence of a very low level of DNA polymorphism among pigeonpea cultivars is
not unexpected as several studies have documented such results (Sivaramakrishnan et al., 1997,
Yang er al., 2006; Saxena RK et al., 2010b).

The frequency of marker polymorphism increased dramatically with SSR locus longer than 200
bp. PIC values for SSR markers were also analyzed in relation to repeat length and unit type. In
terms of repeat length, Class I SSRs were more polymorphic as compared to the Class Il SSRs
which may be accounted to the hypervariable nature of Class 1 SSRs (Temnykh er al., 2001)
Among different type of repeat unit classes, tetra-nucleotide repeats, in general, showed the
higher average PIC value (0.64) followed by di-nucleotide repeats (0.57). It was also observed

that among trinucleotide repeat class, the ‘TAA’ repeat motifs, displayed higher polymorphism



(average PIC value = 0.59). Similarly, ‘TA" repeat motifs in di-nucleotide repeat class had a
higher average PIC value (0.59) compared to the others. Similar trends were also observed in
other legumes such as chickpea (Nayak er al, 2010), Medicago (Mun et al., 2006), and
Phaseolus (Cordoba er al., 2010) where the SSR markers with repeat motifs ‘TAA’ or ‘TA’
exhibited extensive abundance and polymorphism as well. Higher average PIC value of
compound SSRs (0.58) can be attributed to the fact that the markers with compound SSRs have
more than one SSR motif, which increases their chance to be polymorphic (Gupta and Varshney,

2000).

5.2 Development of Pigeonpea Transcriptome Assembly (CcTA)

A comprehensive study for development of CcTA was carried out using NGS based Roche
FLX/454 sequencing technology. Based on phenology and utility of genotype in breeding
programs PusaAgeti (ICP 28), a leading pigeonpea variety in India, was chosen for developing
CcTA. Generated sequence data have been analyzed to understand the transcriptome architecture

and genome organization with respect to potential duplication.

5.2.1 Clustering and assembly of transcript reads

Until recently, only 10,817 ESTs were available of which > 90% was developed during last two
years. With an objective to generate a comprehensive transcriptomic resource, deep sequencing
was undertaken on normalized pools of cDNAs from 31 tissues. Normalization of cDNA from
the different tissues was done to optimize the discovery of novel genes. Unlike conventional
sequencing, 454 library preparations involves random shearing of the normalized but un-cloned

c¢DNA population, fragment-end polishing, adaptor ligation, library immobilization, single
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stranded DNA library isolation and sequencing (Cheung e al.. 2006; Margulies et al.. 2005).
Therefore Roche FLX/454-based gene discovery projects represent a viable and perhaps
favorable alternative to Sanger-based sequencing of EST libraries when a diverse sampling of

genes is more important than obtaining full transcripts length contigs (Novaes er al., 2008).

With an objective to compare assemblies, cluster analysis was done based on: (i) exclusively
494,357 Roche FLX/454 STRs, (ii) exclusively 10,817 Sanger ESTs, and (iii) combined dataset
of 494,357 Roche FLX/454 STRs and 10,817 Sanger ESTs. Based on these analyses it was found
that assembly of only Roche FLX/454 STRs had coverage of 12.73 Mbp with an average length
of contig sequences as 262 bp. In contrast, though the coverage of the assembly based on Sanger
ESTs was lower (0.47 Mbp), the average length of contig sequences was 637 bp. It is important
to note that though number of Sanger ESTs as compared to Roche FLX/454 STRs is just 2.18%,
the coverage based on Sanger assembly is 3.81% as compared to Roche FLX/454 assembly.
Assembly based on combined dataset. however, provided higher genome coverage with 13.27
Mbp with and an average contig length of 273 bp. It is also important to note that 23.209 contigs
of the assembly of combined dataset were longer than 600 bp while the longest contig based on
only 454/FLX was 500 bp; and only 3,169 contigs were longer 500 bp. It is therefore evident that
inclusion of Sanger ESTs in assembly has an advantage in masking the redundancy of sequence
overlap and allowing improved assembly representing distinct transcripts and better coverage.
Similar observations were made in some other recent studies in Medicago (Cheung er al., 2006)
and Atlantic saimon (Quinn er al.. 2008). In summary, this study provides a sufficiently high-
quality assembly of 127,754 TUSs representing 1.53% pigeonpea genome sequence. This
assembly has been referred as pigeonpea transcriptome assembly (CcTA) and was used for

ensuing analyses.
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5.2.2 Segmental duplication events

Within a genome, if a reasonably large group of duplicated genes with similar synonymous
distances can be identified, this can be indicative of an ancient large-scale duplication event, or a
polyploid event. Previous analyses in legumes have found evidence for an ancient duplication
event roughly 50 million years ago (Ks ~.8) that occurred across a majority of the legumes
(Cannon er al., 2010). We were interested in determining if these were evidence for an
independent duplication event in pigeonpea and whether or not they are shared by other close
relatives. From the developed dataset it is evident that the duplication event which occurred in
soybean ~13 million years ago was not shared by pigeonpea or any other member of the clade
Phaseoloids. Clustering of the pigeonpea transcripts revealed that ~ 9.8% of the dataset
represents gene families. While pairwise synonymous distances of these duplicated genes do
present a peak at 0.06, this is not evidence for a major duplication event. Perhaps this peak
represents a segmental duplication ~ 4.9 Mya ago based on a molecular clock. It is also possible
that the peak at 0.06 may be the result of biases in the assembly process such as under-collapsed
contigs. Nevertheless, the detailed picture about the extent of duplications and its sharing with
other legume genomes will emerge only once the sequence data of the entire genome will be

available (Varshney er al., 2010b).

5.2.3 Gene structure, annotation and functional categorization

We aligned all TUSs to the soybean genome in order to predict gene structure and define exon-

intron boundaries in the pigeonpea transcriptome assembly (CcTA). As a result, 33,874 TUSs
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were alignmed to 16,367 unique gene sequences of soybean. From this analysis, the structure and
and putative order of 16,367 genes has been defined in pigeonpea assuming colinearity with
soybean. These TUSs are distributed throughout the soybean genome with an average of ~1,693

TUSs/soybean chromosomes.

In order to understand relationships of pigeonpea genome with other legumes, a detailed
comparison of the pigeonpea TUS was made against ESTs for other legumes as well as more
distantly related plant species. As expected, TUSs showed higher similarity to the legume
genomes than non-legume genomes. As pigeonpea belongs to Phaseoloid clade containing
soybean and common bean, the TUSs should show higher similarity to the ESTs of these three
legume species than others. While 21.11% TUSs have similarity with soybean, similarity to the
common bean genomes is 7.77%. In fact, Medicago and Lotus show higher similarity as 9.89%
and 8.19%. respectively than that of common bean. This can be attributed to larger EST datasets
analyzed in Medicago (217,148), Lotus (148,617) than common bean (21,807). As expected,
comparison of pigeonpea ESTs with monocot species like rice showed that the percentage of
significance is much lower compared to any other legume species, despite the larger EST
(Varshney er al. 2009b). Of 127,754 TUSs. 735 (0.5%) showed significant similarity across all

the plant EST databases in this study.

In terms of understanding gene function, pigeonpea TUSs were analyzed using BLASTX
analysis and GO categories of UniProt database. Putative functions could be inferred for 32,719
(25.60%) TUSs. Of these TUSs, 29,921 (91.40%) could be assigned to three categories-
‘molecular function’ (6,491) ‘biological process’ (5,455), and ‘cellular component’ (3,958).

Highest number of TUSs corresponded to molecular function. Molecular functions generally

58



correspond to activities that can be performed by individual gene products. Molecular function
describes activities, such as catalytic or binding activities, that occur at the molecular level.
Within this category sub-category ‘binding" accounted for 45 % followed by *catalytic activity’
at 38% and ‘transporter activity’ at 5%. These categories have been recognized as more highly
represented than any other classes (Zang et al.. 2004). Category ‘biological process’ accounted
for second highest number of TUSs (5.455). The broad tissue and developmental stages sampling
procedure used in this study can account for this kind of abundance. These libraries were derived
from developing tissues, and hence contain high amount of transcripts involved in development.
These libraries were derived from developing tissues, and hence contain high amount of
transcripts involved in development. Under this sub-category ‘metabolic process” accounted for
highest percentage (31%). It was expected that functional categories (molecular function and
biological process) mainly involved with general cell housekeeping activities like 'binding’,
*catalytic activity” and ‘metabolic process’ would show the highest level of express‘non. These
categories posses well characterized functions in common plant activities (Coram and Pang,

2005).
5.2.4 Identification of SNPs

Genetic markers are important tools for understanding genetic variation and identification of
QTLs for the trait of interest for deployment in molecular breeding activities. However, until
recently a very limited number of genetic markers in the form of SSRs were available (Raju e
al., 2010) and no SNP reports till date. Furthermore, not a single genetic map was published until
2010. One of the main reasons for this is the low level of polymorphism in pigeonpea

germplasm. Therefore, it is desirable to develop a large set of molecular markers so that low
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level polymorphism constraint can be tackled. An approach to develop genetic markers is the
mining of ESTs or transcript sequences for the presence of SNPs (Varshney. 2010c). Although
markers developed from ESTs/transcripts are Jess polymorphic, they have been found useful for
assaying the functional diversity in the germplasm collection (Eujayl er al., 2002; Wen et al.,

2010), trait mapping (Zhang er a/., 2004) and comparative genomics studies (Stein er al.. 2007).

In several crop species, SNP markers are becoming more popular mainly because of their
automation and less costs associated with genotyping (Kota ef al., 2007). In case of pigeonpea,
so far, no SNP report is available. Therefore this is the first SNP discovery study in pigeonpea
that reports 7,453 SNPs for two mapping populations. Majority of SNPs, however, were specific
to the given parental combination of the mapping population. This fact, once again. underlines
the availability of low polymorphism in pigeonpea germplasm collection (Odeny er al., 2009).

For converting the identified SNPs into genetic markers, several choices are available for
development of an appropriate SNP genotyping platform. These include GoldenGate assays
(www.illumina.com/technology/goldengate_genotyping_assay.ilmn), KASPar assays
(www.kbioscience.co.uk), cleaved amplified polymorphism sequence (CAPS) assays, etc. It is
also important to note that as the SNPs identified are coming from exonic regions, they may
exhibit low level of polymorphism in the germplasm collection. In summary, this study extends
the existing marker repertoire to a great extent which will be very useful for pigeonpea genetics

and breeding applications.

5.2.5 Candidate genes for FW

Although, FW is a serious production constraints, no serious effort has been made in past to

identify the genes conferring resistance to FW. This is the first study that reports on
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identification of candidate genes associated with FW based on transcript profiling. For about a
decade, microarray based analysis was used as a primary tool for gene expression profiling
(Schena er al., 1995; Brown et al.. 2000; Cooper and Shedden, 2003). However, it has been
shown that these microarray analysis provide low sensitivity in quantitative measurements, non-
specific hybridization and measures only known/ annotated transcripts (Git et al., 2010).
Recently “digital gene expression” by next generation sequencing technology has been
introduced as a promising approach which provides a digital record of numerical frequency of
the sequence in the sample. Here we have demonstrated the use of Illumina sequencing
technology to identify difterentially expressed transcripts. Higher number of tags produced
through technology allows a deep coverage in detecting low-abundant transcript. Keeping in
mind these advantages Illumina sequencing was performed for two FW responsive pigeonpea
genotypes. Expression values generated in the experiment were used to study gene expression
pattern among FW responsive genotypes that are parents of a mapping populations. This method
of sampling enables us to study expression profile in contrasting parents which provides more
evidence for genes involved in stress as well as their pattern of expression (up-regulated or

down-regulated).

5.4 Development of a Linkage Map

To develop a reference genetic map, an interspecific cross was used so that a larger number of
segregating loci can be integrated into the genetic map. Usually SSR markers are co-dominant
and follow Mendelian inheritance (Bechman and Soller, 1990). However deviation from the
expected segregation ratio for SSR markers is not an uncommon feature in inter-specific crosses
and especially F population. Significant distortion observed in the marker data may be attributed

to several possible reasons such as the abortion of male or female gametes or the selective
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exclusion of a particular gametic genotype from fertilization, owing to incompatibility,
incongruity, certation, or zygote selection (Kreike and Stiekema, 1997). Percentage distortion
observed in the present study is comparable with previously reported studies performed on inter-
specific crosses (Kianian and Quiros, 1992).

In the present study, the genetic map derived from an inter-specific cross ICP 28 x ICPW 94
included eleven discrete linkage groups corresponding to the basic chromosome number of the
genus (x =11). Initial construction of a skeletal map with un-skewed markers and followed by
integration of distorted markers helped in minimizing the possibility for spurious assignments of
markers (Elangovan ef al., 2008). The final map comprised of 239 marker loci with a total map
length of 930.90 cM having average spacing of 3.8 cM between two marker loci. This is the first
report on the construction of SSR-based genetic map in pigeonpea. Therefore this map should
serve as a ‘reference map’ for other future genetic maps of pigeopea. Moreover as the SSR
markers are derived from the BAC-end sequences, these markers and the map should be very
useful resource for linking the genetic map with a ‘future’ physical map of piegonpea (Varshney

etal., 2010b).
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6. SUMMRRAY

Pigeonpea (Cajanus cajan L. Millsp.) is an important grain legume crop of rainfed agriculture in
the semi-arid tropics. The Indian sub-continent, Eastern Africa, and Central America, in that
order, are the world’s three major pigeonpea producing regions. Being a legume, pigeonpea
enriches the soil through symbiotic nitrogen fixation. A short day plant with a deep root system,
pigeonpea tolerates drought, but is highly sensitive to salinity and water-logging. Diseases are
major biological constraints to production. Genomics and biotechnological approaches have

helped crop improvement in several crop species, especially cereals (Varshm;.y et al. 2006).

Similarly genomics tools will prove very useful to the tolerance/resi e to
abiotic/biotic stresses in pigeonpea. However, a very limited number of genomics tools in the
form of molecular markers. ESTs (expressed sequence tags), and genetic maps are available for
pigeonpea. A few microsatellite markers were developed in pigeonpea at ICRISAT. However
because of the lower level of polymorphism in the cultivated pigeonpea germplasm, there is a
need to develop genomics tools at the appropriate scale. Keeping all this in mind the present
study entitled “Development of genomics resources in pigeonpea™ was conducted with the
following objectives- i) Development of microsatellite markers from BAC-end sequences, ii)
Development of transcript assembly for pigeonpea, iii) Large scale identification of SNPs, iv)

Development of SNP genotyping platform, v) Genetic mapping of SSR markers.

1. Development of microsatellite markers from BAC-end sequences
1. Two BAC libraries were constructed by using HindlII (34,560 clones) and BamHI (34,560
clones) restriction enzymes. BAC clones were sequenced from both insert ends to yield

88.860 DNA sequences with an average read length of 620 bp.

(S

. Clustering based on sequence identity of BESs yielded a set of >52K non-redundant
sequences, comprising 35 Mbp or >4% of the pigeonpea genome. These sequences were
analyzed to develop annotation lists and subdivide the BESs into genome fractions (e.g.,

genes, retroelements, transpons and non-annotated sequences).
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3. Analysis of BESs for microsatellites or simple sequence repeats (SSPs) identified 18,149

SSRs, from which a set of 6,212 SSRs were selected for further analysis. A total of 3,072
novel SSR primer pairs were synthesized and tested for length polymorphism on two

parental genotypes of an inter-specific mapping population.

I1. Development of transcript assembly for pigeonpea

Roche FLX/454 sequencing was carried out on a normalized cDNA pool prepared from
31 tissues produced 494,353 short transcript reads (STRs). Cluster analysis of these
STRs, together with 10,817 Sanger ESTs, resulted in 127,754 pigeonpea transcript

assemblies (CcTAs).

. Comparison of the TUSs with the soybean genome showed similarity to between 10,857

and 16,367 soybean gene models (depending on alignment methods).

3. Functional analysis of these TUSs highlights several active pathways and processes in the

sampled tissues.

I1L. Large scale identification of SNPs

1.

lllumina/Solexa 1G sequencing was performed on four parental genotype of two mapping

population of pigeonpea.

. More than 70 million sequence tags were generated and wer used for identification of

single nucleotide polymorphisms (SNPs). Sequence analysis of TUSs and the Illumina

tags identified a large new set of 7.453 SNPs markers for use in genetics and breeding.

. Differential expression of TUSs corresponding to genes involved in various pathways in response

to Fusarium wilt (FW) was also identified.



1V. Development of SNP genotyping data
1. SNPs identified in this study have been used for development of SNP genotyping
platform. The thresholds used in the selection SNPs include i) SNPs containing 60 bps
flanking sequence, ii) frequency difference > 0.5 iii) read depth > 5. A total of 1,143
SNPs were selected for development of KASPar genotyping platform

V. Genetic mapping of SSR markers
1. Based on BES-SSR markers, the first SSR-based genetic map comprising of 239 loci was

developed for this previously uncharacterized genome.

In summary, this study has generated i) sequence data interms of 88,860 BESs and 3,072 BES-
SSRs, ii) trancriptome assembly of pigeonpea containing 127,754 TUS:s iii) identified a total of
7. 453 SNPs for an inter-specific as well as intra-specific mapping population, iv) developed
KASPar genotyping platform for 1.143 SNPs, v) the first SSR-based gentic map based on an
intra-specific mapping population (ICP28 x ICPW 94). Large-scale genomic resource in the
form of BESs, transcriptome assembly, SSRs and SNPs has been developed in an under-

resourced crop species by deploying two prominent NGS technologies namely Roche/454 and

lllumina/Solexa 1G sequencing. These data have been used for both basic as well as applied
aspects in pigeonpea genetics and breeding. It is anticipated that SSR markers and the genetic
map developed in this study should provide a reference resource for construction and comparison
of genetic maps for new mapping populations. finger printing and cultivar identification,
assessment of genetic diversity and gene flow among Cajanus species. New genetic maps, to be
developed based on polymorphic markers identified in this study, will facilitate trait mapping

and marker assisted selection. Furthermore, genomic SSR markers identified from BESs and

integrated into genetic maps provide a valuable resource for anchoring future physical map or
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whole genome sequence to the genetic map. On the other hand the trancriptome assembly

developed in the study will act as a reference for whole genome sequencing of pigeonpea.
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Table 1 BAC-end sequence characteristics

A i RE Genes G+RE TE G+TE NA Totals
Total ends 14,659 20,579 2572 327 148 43.644 81.929
Total sequence (bp) 9,088,580 12,758,980 1,594.640 202,740 91,760 27,059,280 50.795,980
Total unique clusters 6,670 12,022 919 201 44 31.877 51,733
Average cluster depth 2.2 1.7 2.8 1.63 336 137 1.69

Total unique sequence 5,131,626 8.897.905 764.163 154,620 44218 20,029,073 35.021,605
Total clusters with

SSRs 218 1,166 13 11 0 3227 4,635
Total SSRs 406 1669 21 15 0 4145 6,256
SSRs/100 Kbp 4.5 13.1 13 14 0 153 12.3
Selected SSR loci 97 704 4 2 0 1974 2,781
Polymorphic SSRs 26 247 0 0 0 564 837
Average # of alleles 4.88+1.75 5.44£1.73  na na na 5.79£2.1

Average PIC value 0.52+.21 0.58+£.18  na na na 0.57+.19

*Total unique clusters represent the total number of sequence clusters plus the number of singleton (non-clustered) sequences.

*Total unique sequence represents the sum of the nucleotide length of all unique sequence clusters.

“Three polymorphic markers are from BAC ends annotated as “chloroplast™ and are not listed in this table.



Table 2 Distribution of polymorphic markers into different repeat classes

SSRtype  Repeat  Numberof Number of Numberof  PIC value Number of

classes markers  markers polymorphic alleles
synthesized amplified markers

Compound 657 626(95.28%)  227(36.26%) 0.08-0.88(0.58) 2-12(5.74)

Class I
NN 639 592(92.64%)  236(39.86%) 0.08-0.90 (0.60) 2-14 (6.55)
NNN 200 194 (97%) 66 (34.02%)  0.08-0.85 (0.60) 2-13(5.87)
NNNN 62 61(98.38%) 14(22.95%)  0.28-0.81 (0.50) 3-9(4.71)
NNNNN 10 10 (100%) 2(20%) 0.52-0.76 (0.64) 5-7(6)
NNNNNN 43 43 (100%) 10(23.25%)  0.52-0.76 (0.64) 2-7(4.4)
Total 954 900(94.33%) 328 (36.44%)

Class I
NN 1,006 987(98.11%)  219(22.18%) 0.08-0.83 (0.53) 2-9(4.9)
NNN 455 451(99.12%)  68(15.07%)  0.08-0.74 (0.48) 2-6(4.4)
Total 1,461 1,438 (98.42%) 287 (19.95%)
Grand 3,072 2,964 (96.48%) 842 (28.40%)




Table 3 Frequency and distribution of different SSR motifs

Motif

Number (%)

Range (bp)

Average
length (bp)

Mono-nucleotide

A

C
Di-nucleotide
AC

AG

AT

CcG
Tri-nucleotide
AAC

AAG

AAT

ACC

ACG

ACT

AGC

AGG

AGT

CcCG

8,631 (97.78%)
196 (2.22%)

1,343 (17.63%)
1.953 (25.64%)
4,309 (56.57%)
12 (0.16%)

103 (7.15%)
159 (11.03%)
874 (60.66%)
49 (3.40%)

9 (0.62%)

95 (6.60%)
13 (0.90%)
21 (1.45%)
109 (7.57%)
9 (0.62%)

Tetra-nucleotide

AAAC
AAAG
AAAT
AATG
AATT
ACAT
ACGT
ACTC
AGAT
AGGG
AGGT

3 (1.93%)
13 (8.39%)
101 (65.16%)
3 (1.93%)
10 (6.45%)
15 (9.68%)
1 (0.64%)
2 (1.30%)
4 (2.59%)
2 (1.29%)
1 (0.64%)

Penta-nucleotide

AAAAG
AAAAT
AAACC
AAGTT
AATAT
ACATC
AGCAT
AGCCC

3 (15.80%)
9 (47.37%)
1 (5.26%)
1 (5.26%)
2 (10.53%)
1 (5.26%)
1 (5.26%)
1 (5.26%)

Hexa-nucleotide

10-42
10-18

10-64
10-82
10-98
10-12

15-37
15-39
15-102
15-33
15-27
15-36
15-21
15-21
15-36
15-18

20-24
20-24
20-32
20-20
20-20
20-64

g1

11.38
11.86

11.87
12.75
21.55
10.33

16.68
17.41

21.91

16.95
18.33
17.02
16.61

16.71
16.34
15.66

21.33
20.92
21.31
20

20
31.2
20

24

27
20

20

28.33
27.22
35
25
25
25
25
25



AAAAAG 24 (26.67%) 30 30
AAACTC 4 (4.45%) 30 30
AAAGAC 1(1.11%) 36 36
AAATTG 1(1.11%) 36 36
AACACC 1(1.11%) 42 42
AACCAC 1(1.11%) 30 30
AACCTG 1(1.11%) 36 36
AACTTC 1(1.11%) 30 30
AAGACC 1(1.11%) 42 42
AATCAG 1(1.11%) 36 36
AATGTG 3 (3.34%) 36-42 38
ACACAG 1(1.11%) 48 48
ACACCT 39 (43.33%) 30-72 44.76
ACATCC 1(1.11%) 30 30
ACCGTC 1(1.11%) 30 30
ACCTCC 1(1.11%) 42 42
ACTATC 2 (2.22%) 30 30
ACTATG 1(1.11%) 42 42
ACTCTC 3 (3.34%) 30 30
AGCCTC 1(1.11%) 30 30
AGGAGT 1(1.11%) 30 30




[
——=

Table 4 List of newly developed SSR markers isolated from BAC-ned sequences of pigeonpea

"Marker | GenBank 'SR mofif Formard primer (5-3) Reverse primer (5-3) Product
name N size (bp)
CcMO0OI  FII88374  (GAY AGGCATGCAAGCTTTATTGG TCCAAAATTTCGTCCAAAGC 166
CcM0002  FIISBS0S  (AG)SmAG)Y? GCCTATAAATAGGGGCCAGG AGAACAGAAACTCGGGCAGA 237
CcM0003  FII88508  (TTAX TGCAGCCAAATTATTTTGTTATGT TTCAACAGCATCAGCACTCC 105
CcMO0004 FI188513 (TAR® TTAAATTGTCAGCCAAGGGC TAAGAAATTTGGAGGTGCCA 228
CcMO00S  FIISSSIT  (ATI20 GGGGATGACAGTGTAACTGGA TIGGAATCACAAACTAGTAATAGAACA 273
CcM0006  FIIB8Ssa  (TA)8 GCACCAAATATGCAGTCAACA TITIGGATCGGTCAAGAAGC 280
CcM0007  FIIBEST2  (TAK% CCTAAGAAGAAGCGCTGTGG TGCTTCTACAATGGACACGG 257
CcMO0008 F1188611 (TAI9 CGGTGAAAAGGGTCAATGAG CAAAATTAAAGCCTACTTATTTTACGA 182
CcMO009  FIIB86M  (GGA)S CCATGATGTGTCACGTGGTT TGCGAGGTGAAACTTGGTAA 189
CcMO0I0  FIIS88Sd  (AT)24 CCTTCAATGAGGACTTGTGTTG CGTTTICAATTTTTATATAATCGGG 260
CcMOOI1  FII88861  (CAA)SH(A)I9 GAATTCCACGTGGTTGAGAAA ATTGCAACCCCATGTTCATT 28
CcM00IZ  FIISR879  (GA¥ AGAGCGAGCAATCACAGACA AAGAATCCTCTACCGCAGCA 278
CcM0013  FIIS8884  (ATT)S TGATAGTGGATGCTATAAAAAGAGGA  GATTCTGTGGGATTTTGTGGA 174
CcMO014  FIIS8947  (AAATIHAT)? AGTGAGGCCGAAAATCCTTT TTTCCTACTCCTTTGAGTCCTTTC 244
CcMO0IS  FIIB89S0  (ATI4 TTTCTTCATTATIGGTTGAATATCACA CCGGTGTGTTCGAGCTATTT 276
CcM0016  FIIB8985  (AG)I2 TCCAATGTTGGGTTAAAGGC ATTTGGAACACCTCATICCG m
CcM0017  FIIBBT  (AOMAATIS CCAAAGGATGTGTCGTGATG CATCCAAAGTTCAATAAGAGTTTGA 255
CcM00I8  FIIB9023  (ANTTA)S AAGCTGCCTGATGCATTTTT CAGGGAAATGGAGAAAGCTC 279
CcM0019  FIIB90sS  (TOISTHO TAGAGTCGACCTGCAGGCAT TAGCTCGGGTTCGAGGTAGA 210
CcM0020  FIIB9064  (AT)20MAT)S TAGAGTCGACCTGCAGGCAT AATGGGGCATGAGTGATAGC 268
CcM0021  FII80T2  (TTA)IO TGAATGTTTTCCAGGATTTTACA GCGCAAATATAAGAGCCCAG 280
CcMo022  FIIS9103  (AT)S(A)IO ACGTGACACACCATGTGGAT AATCCATGCCAAACAAATGC 113
CcM0023  FIIS9142  (AACK GCCAACTCCAAAGGGTACAA ATTTGGTGAAGTGGGTGGAG 207
CcMo024  FIIS9144  (TA)D GCTGTCAAAAGGTTCATCATTTC CTCCTCCTGCACACAAGACA 279
CeMo025  FIIB9149  (TH6nTAIR TAGAGTCGACCTGCAGGCAT GGATCAACAGTTAATGGTGAAAAA 234
CcM0026  FII89IT9  (TG)6 CAGGCATGCAAGCTTTTAGA AACACAACAAAACTTGGGGC 269
CeM0027 F1189191 (A2 CCAAGGGAAAGATTCAACCA ACCAAGTCAAATTTGCCACA 163
CcMoo28  FIIS9231  (AT)IS CACCCAAACTCACTTCTTCCA GAAATGTCATGTGGTTAATCTTTGA 257
CcMo029  FII89250  (AT)8 ACTTTTGGAGCTCATGGGG GAAAACGTTTCCCAACCAAA 215
CeMug:0 FTIS9258  (AATIS GCAATATCAATTCAATGGTGGA TGACAGATGCACTCTCTCGTTT 218
CcMoD3l  FIIB9293  (TAY CTTCGAAGGCAAGAGAGAGC GGATTCACGCTTAGTGCTGC m
CcM0032  FLISR®  (ATH CAGACCACAAACTCTTGCCA AGAACGCACAGCAAGAAACA 236



BN

CeM0033
CcM0034
CcM0035
CcM0036
CeM0037
CcM0038
CecM0039
CcM0040
CeMO041
CcM0042
CecM0043
CcM0044
CcM0045
CcMO0046
CcM0047
CcM0048
CcM0049
CcM0050
CeM0051
CcM0052
CcM0053
CcM0054
CeM005S
CeM0056
CeM0os7
CcM0058
CcM0059
CeM0060
CcM0061
CcM0062
CcM0063
CcMO0064
CcM0065
CcM006o
CcM0067
CcMO0068

F1189330
F1189336
F1189341
F1189363
FI189372
F1189417
F1189463
F1189488
F1189508
F1189542
FI189544
F1189547
F1189573
F1189581
F1189589
F1189606
F1189635
F1189653
F1189688
F1189710
F1189777
F1189784
F1189791
F1189800
F1189804
FI189812
F1189813
F1189850
F1189855
F1189859
F1189867
F1189930
F1189944
F1190016
F1190029
F1190044

(TA)8
(TAN7
(GAY
(AAATISN(A)IO
(ATT)
(GA¥
(AT)37
(GA¥
(TAT)S
(MION(TA)S
(TCw
(AN
(AT)STA)S
(TAV
(A)I2NTC)S
(GAYT
(TTA%
(ATC)S
(AT)8
(A3NAGH
(AT7
(TA8
(AT)I6
(TG)Y6
(AAATG
(AT)30
(GAA)S
(A7
(TAA)S
(TA)24
(TGIN(TA)S
(AT)7
(TAA)S
(GT)5n(A)20
(167
(GAT)S

CTCAATACACCACTCAACCCA
CGGATAAGGGAGTGGAATGA
TTGTAGGTGCTTTGTGGCAA
GGGGGTGCTTTTAGGGAATA
TCAAAACCGTCAAAAATGACA
ATCACTGTCCGACTCAACCC
AGGAATAATGTTTGCTGCGG
TCCGAGCAAAGGAGAAGCTA
TGTGTTTTGCTTTTGATGGC
AACTTTGAAAACTAAGGATTTGATIC
AACGACCATATCCAGAACGG
TGCCCATCTGTTAAAACATCA
TTTAATGGATTTGCATGAGCA
ACTCAAGCTTTGTAAGCATTATGA
TGTCTTTIGGATGAAAGTAGGGA
TGGCAACCCTTCACACTACA
CTCGGTTCATGGTTGGCTAT
GCGATTTTGCAGAGTCTTTGT
ACCTTTATTTTGAGCAGGAAAA
GCAGCAGAAAGCCCTGTATT
GGAATGAGATCATTAAATAAGGCAA
TCAATITATGTCTCTATTGGAGTTGC
CGTATCTAATTCAGCAATATGATTTIT
TCATGCACGAACAATGTGAA
CAATGTTGGCATAGGAACCA
CCTTCTTCAATGTCAACAGTTCC
GTTATGAAAACACGACACTCTCC
TGGAACAATGCCTATGGTGA
TTTGCATGTGCTTTTTIGTCC
TCGCTTGTGCCTGTTCTTTA
ACTCAACCTGCACCTGTCCT
CATTTCTTTTCCCCTATTTICTTIC
CGTGCTTCTGAGTGCGTAAG
TTGCTTCTTTTCTCGCTTGC
CTTGGGAAGCATCTTCAAGC
CCCTCTTCTCCATGGTCCTT

TGCGTAAAATAATAGTGAAGACAAGT
TCCCTCTCTTTCTTGGACGA
GCCGTTGTAGGGTACGAAAA
AAAGAGGAGCAATGGGGAAT
AATTTGAGATGAAATTTGTCGAA
TACCCGAGATCATGAGGACC
TTGGTATGTGGAACGATTGC
GACGGCCAGAGAAATTTTGA
TGGCATCCAATGTCTGCTAA
TTGGGTAACCATTGGTCTCA
TGCCTCACAAATCTCACGAA
CAGAGCCTAAAGCACTTCGG
CTGCGTAATGCACGAACAAC
GGAGGAGGTTATTTTTGTTTTCG
GTTGGGGATGGGAAGAGAAT
TCCAAAATTTCGTCCAAAGC
AGGTAGGGGCATATGGAAGG
AAGGAACGAATTCACCTGGA
TGAATCATTTTCTGTTGAAGGG
ATGCCTGCATCCATTAGTCC
CGCCAAAAACCTTTGATGAT
TGCATCATTGTCCACCTAACA
AGGAATGATTTTAAGGAAGAAATG
AACCCTTCAGACGCATTGAC
GCTTAAAACTTGTGGGGCAA
TGACGAGAAAGTGAATCGGA
TGCATTTTTGGCCATTTGTA
CTCAAAAACCTTTCTCCCCC
CATGGAGGGACCACTTCACT
CAGGTTTTGTGTTTGTTGCTG
GCAAACTGCCCTCAAACAAT
AAATAGGCTCAAATATTTTCACTGC
GCCTTGTACTCCATCATGTTCA
TCTTATTTTTGTGCAGCCCC
TTTTGTTACACCAATCCTCGG
GACAAAGGTGAACTCTTGCCA

280
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GCCCATTTTGTCATCCCTAA
AAGCTTCACCACCAACATCC
TTGATCATGACTTATGCCTTTGA
AAGATTTGATCCATATTTTCTGACA
GATTTTTCACTATAAAAGCAAAATGA
GAAGAAAAACACATAGAAGGGGG
TGTTAACCGTGTTGAAGGCA
TAGTTGCACACTGTCCCTGC
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TAAATCACCACCCTTGAGGC
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TCTTCCTCGGAATCTATGGC
GGTCATGCAGACACTTCCCT
GAAGGGAAGGAGGGACGTAG
CAATAAGCGTGCCATTTGTG
TAGGACATGTGACATCGGGA
TGCACTCAACTTTTGGCACT
TTGTCAATATGCACTTTTAAGGATTT
TTGGTGAATGTCGTGTGGTT
TACCCGAGATCATGAGGACC
CACAATACATTAGCCACATTGTCA
TTAGTCGGGAGCAACACTGA
ATAGGGTGGATCTCTGGTGC
TTTTGATAATGCCAAAGGGG
TTGAGAAAAGCATTTTTIGTGGA
ACTGGATGTGAGGAGTGCCT
AAGTTCTAGGATTAAGGGAATGTCA
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GTAGCCATGGTTTTGGGAAA
TGGTTGAACACAACAGAAACAA
CGACATCACTCATCCGCTAC
TAGAGTCGACCTGCAGGCAT
TCATCTIGAATGTGTGCCAAA
AGGCATGCAAGCTTCTTAGG
AATTATAAACGGTTGAATTGAAAAA
CCGTTGTCCAATTCTCATCA
TTCATGGTCCAAAGATTAAAATGA
CAG('ATTTGAAGG'AGAAGCC
CACCATCGTTATTATCATC GTCA
GGGTGATGATTAACTCCTTTCA
CTTCAGGGGTCACATAAGCC
TTGTCCATTGCACACACTAANA
TCAAGTGGTTGGGCCTTTAG
AAGGGATGCAATCATGCAAT
ATAGGATGTGACATTGGGGC
CACAGTGGCTCATACTGCAAA
TCCCTGCGTATGATTTCCTC
CACAAAAATGACAAGGGAGTGA
ATGCACTAAGCTTTGCCGTT
ATGGGACCAAGAAGCTTTCA
CCAAGAGAAAAACGTTTGTGAA
AAATTTAAAAATACTCATGTCGAAGAA
CCCAAAAGTGGGATAGCAGA
GCTITGTGGCAACCTTTCAC
TTCTACGTTTTCAACATATCCAACA
CCACAGCAACAGCCAGATAA
GGGTTGCGACACACATTAGA
ATAGGATGTGACATTGGGGC
CACACTACACAAATGCCTCACA
CAATCGACTCTTGAGCATGG
TCGATGTTACAATAAAGACCAGATG
CTGGGACAAAGGCAGAATGT
ATAGACAGCTCGGGCACAGT
TTAAATGGGTTTGATTGAATTTTT

TTCATTTGTTCGTGCGTTGT
CATGGATTCCCTTTIGAAACA
AATCGGCCGTGAGTTATGTACT
CATTCGGATTTGAAAATGAAA
CAATGATGTTTCACAAAATCACC
TCTCTCAAACCCACAAACCC
TCGGCCTAGTCAGTCACCAT
TTTTATTGCACAATGGAAATTGA
TTGTCAACTTGAGTTAAACCAAAC
GCAGATCCCTAACTCCTCCC
CAATGAAAAACTACCCTATCGTGA
TGTCAGTTGAACCCTCCTCA
GATGCCAAGCGTCCTAAGAG
TTTTTAGGTTCTTTTAAAAATTTGCAG
AAAGAAAATTCAAATAAATGGATACC
TCACATTAATTTAGATGCAGATCCA
GAAAGGTCCACATAGGTTCACAA
TGAAAACCAAAAATATCAAAATAAGC
TGTGCTAATGAGCAGGTTGG
TCGGGACACCAGTGATGTAA
GGTTGAGCCTTCTTGTTGGA
ATGCACCTGGGATCAAACTC
AATGGAACGAATTCACCTGG
CCGTGAGTGTTAATGGACTAATATG
TGACCTTAAACATTTIGTTTTCTTAAT
GAACAGGTCGTTCCAGGGTA
GCTTGTACTTATCTCAGTGAATAGATG
AAGCATGAATTAGGCTTGGC
TGATGAAACTTCCAGACGCA
AACATCAAGAAGGGTCCACA
ACGATCATATCCAGAACGGC
GGACTTCCTCCTTTGTGCCT
TCCTCGTTTTTCACTTCCCA
CTATTGGTTGATGGGATGGG
TGGGGACTTTTAGGTGCTTTT
CTTGTTCCCAAAGTGGAACG
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TTACTTAGAGTAATGTGATCCCTCC
TCCCTAGCACAAAGAAAATCCT
CCATAATCCAATCCAAATCCA
GGACTTCCACCTTACGACCA
TTGAAAGGAACTTTGGGTGG
TAGAGTCGACCTGCAGGCAT
TGCATGCTTTTACTTTTGCG
AAGCACCTCTTGCAGAAACC
GGCATGCAAGCTTAGTCCAT
TAGAGTCGACCTGCAGGCAT
GAAATTGGGAAAGAATACATITACTG
TTCCACCCGAAGCATTTTTA
TCTTATTTTTACTTTGATTITCATGTG
GTTCCAACGATGATGCCTCT
TGACAAAATAATGCGGTCACA
TGTCATGAGTGGCTGATCCT
AAAGAGACAAAGGAAAGTAGGGAA
CTCATAACTCACGGCCGATT
TTIGGTGAGTGTCTCTGCTGC
AAAACTGCATTTATTTTGGGG
CGCCTAAATCCAAGGCTACA
GCCAAGGTTGAGCTGAAAAG
ACGAGCGATACCACTCAACC
CCACTTGGACTTCCACCCTA
CATGGAGGCTCGGTTTCTT
TTTGGCTGTGTGTGGAAAAG
TAGAGTCGACCTGCAGGCAT
TCAGCCTGATGTACTTTGCG
GGCATGCAAGCTTCTTGTAA
TGACGAATTTGGCAAAATGATA
TGCTATAACTTTTACTATCAAACTCCA
TACCCGACACCGGCTTATAG
GGTCAATCTTTACCTCAAGTCAAAC
CGTGCAAATCCTACCCATCT
GGCAACCTTTCACACTACACAA
CCCGCTAATACCATTTCCCT

TGCCCTCTCATTGTCCATTT
GGGTTTAGGGTTTATAACCTIGTG
TCACTGTAACGCCATCGAAA
TGCACTATCAAGGGAGGTGA
AAACCCTGAATTCACATTTTTG
TTTAACGAGGCATACCCGAG
CTGCCACACAAGCCTATGAA
TGGAGTGTTTTCTTTGTGAAACC
TCGGAGAATCAATTATGCAATC
ATCGATTTGCTCATGCACAC
TTTGGGGTATTTTTAAGATGTGC
GCAACCCATCCAACTCAACT
TGATGTCGTAATGGATATATTAAAAAG
CACGGATGCTATTGTTGCTG
CAAGCCAAAGTTTGTTTGAACT
TCAACCAAAATCCAAACCAA
TATGGAAGGGGAGAGAGAGG
TTCTGGATCCTTTCATTTTCTTT
CCTGAAGTAGCCAGTGGTCC
GTTGCAAGGAAGGAACGAAG
CACAATCTCCTTGTTTGGCTT
GGTCGATTCATGTTTIGGAGG
AATCGGCCGTGAGTITATGAG
ACCAAGCC ‘CAAGTGGA
CCATGGTTAGCCTAGCTTGC
GATTAGGCATCAGGAAAAGCA
CGTACAAAATAATTGTCCAAAACAA
AGGCCACTAGTCATAAAGAGCA
TCCATTTACTGTGGCAGTGG
CAAAAGGCTTACTFCAGAGGTTC
TTTCAATCAAACGTGATAAAAGTCTC
CGTCGAACACTAATCGCAAA
CAAGAACTTTAACCTTAGCATTTTACA
TGCACTTCTCACCACCAAAC
TAGACAGCTGGGGCTCATTT
TTGCAATGGGGTATTTTTGA
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TATACTCGAGCTCCGCCAAC
TGTCAATTTGAATTAATGGAATGAA
TGTACCATCCTGATTTTTCACAA
TCTTCACTTTGGTGTTATCGTCA
TGTCAGGGATCAGACTGCTG
CCCAGTGAGCATTCAAAGGT
CATCGGTTCTAGTGGAAATCG
CGTACAAAATAATTGTCCAAAACAA
TGGTCATTAAAGTTTTTAAATTGGTTT
CCAGTTCUGGGACTATGAAA
CCTTCAACTTAACCCCTTTCAA
GATGTAATCCCACCAAGGGA
CCGGACAATTTTAGGGGTCT
TAACCTTTTCGATCATCGCC
GGCATGCAAGCTTTAAGTCA
TGTATTTACCATTATGCAGCCA
TITCTCCAACCTCCACCATC
TGCATIGGACGAAGAACACT
GGCATGCAAGCTTAAGCAAC
CGTAGCCAGATCTTCTTCACCT
GCTTGCTGTAACACCCCAAT
CACTCCACTCCATGCAATCA
TGTTTTTGAAATAGTCGGAGCTT
GAAACCATGTGAACCCCATC
TGCACTATCAAGGGAGGTGA
GGTATACCGATTGGCAGCAT
ATAGGATGTGACATTGGGGC
TGTTATITCCACTTCCAGACGA
TTTGTGGAGTCTTTGTGACCA
AAAATGACACTTTGTGTCTTCATGT
CCCTCGTTGAACCAACTCTC
CCAATATCTTGGTCATTGAATAGTAGG
TAGAGTCGACCTGCAGGCAT
GGGACTAAATTTGCCACACC
CCAAAATCATTCCTGACTTTCA
GCTCACAATGAGTTGGAGCA

GATCCTGATAACCCTGCCAA
TTGGGGTAGTAAGGGTGTCA
AAGTTTCCTTTTGCGAGTGC
ACTCTTTAAATAATTCAATCCCCA
TGGTCAATCACCGAAGTGAA
GGACCTACTGGTGGTAGGCA
CCGATGAGAGCATAGGAAAGA
TGATGAATGTAACACCCCAGTT
AGCAATGACAACAACAGTGGA
TGGGTITTGATTGAATTTTTAAAGG
CGAGGTTGGAAACTTAGTCCC
TGGCCAAAGTGTAACGATTC
CTCTGTCTCGTGGGCTTGAT
GGTCTGAGTTTTGAGGTGCC
AAGAATCAAAATTTAGTTCCAAACAA
TIGCATGGATCCTTCATGTC
TIGGAAGCACTCCTAGCTTTG
CCCCTGCATTGTTAGATGCT
ATGCTACTCAAATCCGTGGC
TGGTGTGGATTATGATGGATTC
AATACGTACAAAATAATTGTCCAAAA
ATGCCTCGGACACTGAGACT
CCTGTTGGTTTCTCTTCCTCC
GCACCCTCTAGCTGTAACGC
CCACTTGGACTTCCACCCTA
TGCGTGTTTTCAAAAGTGAC
AACATCAAGAAGGGTCCACA
TCAAACATAAAGCTTGCGTGA
AGGAACGAATTCACCTGGAA
TTTTTGTGGATAATTTIGTCCCT
TCTGCCTTTTAAGGGTCAATG
AATAGGGGCGGTATTTGTCC
GGTTTTGATCCCTGGTTGTG
GGACCCCAAGAGTTGATCCT
TGGGTTGGGAACGATGTAAT
ATGACTCGGGAGCATCAAAC
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CCACCCTAGGACCCTACGAC
CACTATCGGAAGAATTGGTTTT
CCTTTGCCCAAACAGGAGTA
AGGGCCACTCTTCCCTACCT
TAGAGTCGACCTGCAGGCAT
TACCTTTTCCCCAGTGGTTG
CGACTCAACCCATTCATCCT
TGTTTTTGAGATGGACTTTGAA
ATGITTGACCGGCACTTAGG
TTGGGCTTCCATTAGGACAC
AGTTGGAAGCGATTGGATAAA
GAAGTTCCCCATTGTAAGGGT
TCATACCCATCCCCTCATTT
CAGGCATGCAAGCTTTGTTA
AAGTTCCAATCCGAACCCTT
AAAAACAATTATTGCGTAAGATTATCA
TAGAGTCGACCTGCAGGCAT
TTGTGACCTTCTTGGAGTGTTTT
TGGCATGCAAATATATCAATCA
GCAAGCTTGTAGGAAGCCAC
AACATCAAGAAGGGTCCACA
GGCTTGGTTCTTICTTGGTG
TGAGGGAATTGAATTAGGAACAA
GAAGTCATTGAATACAACATGCAA
TCGTCTCATGCGAGAATTAGG
TGACAAATGAAGAATGAGAAGTTGA
AGCAATAAGGGAGGTTCGGT
ATGACGTGTGCATTTCGGTA
AGGAAGAAGCTCGTGAAGCA
TTITGCTCTATAACAAGGGATTCA
TGAGAGAGGATGTGTGGTGC
CATGTTTTACTGCAACTTTTATCATT
CACCCCAGTTTTCAAAAAGGT
TGTTGTTTTTGGACTGAACCA
ATGCTCTACCTTGAGGGGGT
ATTGCCTATTAGGGGTTCCG

ACCAAGCCTTTTCAAGTGGA
TTTGTTTCCACTTTTTAGTATACCATT
GGAGCGAACAATCACAGACA
CCCCAATATGTCCTCTTCCA
CCCTGTATATCAAACACCCCC
GAGTGGAGAGTAGGGAGGGG
AGCCATAATAGGGCCTCTCC
CCAATAAGCCCCTTGCTTTA
AAGATTCTCATGAAAGTAGTTCTTGG
CCACCAAATTATGACCAAATACC
ATCCCTAAAATAGGTCGATTAGATT
AGGCCACATTGCTTCTCAAT
GCTGTACTTTCCTCGTGGCT
TTTTAGAACGGGTTGTTCCG
TTCCTACCCTGGAATTTGGA
ACGTTAGGAGCAAAGCGTGT
TTTTTCATAGACATATTTCACACAATG
GGAACGAATTCACCTGGAAA
CCTCTTGATCTTTCACACATGA
GCCAATCATGGTTCTCTTGAA
AAAGGGAAAGGGTTCTGCTC
AAGTCCCTGACTTTCCCCAT
TGAATGCTATCGTGTTGTGAATC
TTGGGTGTTTAGGGATTGAGA
CCCCAAATTGGTCAATCAAC
TGCAATTTCAGTAATGGGTGTC
GCCTAGCTTGCTCCATAAGC
CCCTAAGCAAACCAAACCAA
AGACGGAAACCACACTCGTT
TGCTCTAATTCATGTCAAAACCC
GTTGCACACACTGGCAAATC
TGCATAACACATTGGTTGGG
AATACGTACAAAATAATTGTCCAAAA
AAACCCATAACCATGGAGCA
CGAGTTATTAAGTGGAGTAAATCTTGG
ACCAAGCCTTTTCAAGTGGA
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ACACCAGCCAAACTGCTTTT
AACATCAATCCGGTTCCAAA
TCCGGATACAACAATTTATGAGA
CAAGGGTGGAGCATCAATTT
TTGCATAAGGGTAAGTATATGAAAAA
AGCGTTTTTGTGGAGTCTTTG
AACACGGCAAGTATACCGGA
CGTCGCTCTATTTTACATCGG
GGACGGTCAAGTTAAGCCAA
TGTCCAACTCAACCCATTCA
AAAATTCGATTTCGTGTCGTG
AGAACGTGGCGTAGCTGAAT
ACCTCITITGIGGCTIGGTC
GGAGGTAAGCTACAAGGAGCC
ACCAAGCCTTTTCAAGTGGA
TGTGTGACGTCTTGGAAAGG
CGAAATTATGAGAATATTGTTGGG
TTTGCCTAATAGGGGTTTCG
ATCACTGTCCGACTCAACCC
CTTACAACACTAGGTTCCCGTG
CCTTGGTTCAACACTTCGGT
TCCAAACCTAGGAGAAAGCC
CACTTTIGTGCCTGCTTGTGT
TTCTTCTCGGCTTTICTTGC
ATTTTGCATGCCTGAGAGGT
TTCTGGATCCCTTTCATTTTTC
TGACCTTCTTGGAGCGTTTT
ATCCACACCTCCAAATCCAA
TGACCACCAACCATTACCAA
GGTGGAATTTGGAGGATGTG
CAAGTGTAATGACGTGTCGGA
TTCTGACTTTCCCAATGCCT
TATTGCAGTTTTICCCCTGC
GCAAGCTTCCCTAACCTGAA
CACCTTACAACATTCGCCCT
AGTGCTCACTTCCACTCGGT

CAAAAGGGGAGGTTGTCTCA
GAGCAGACGAAGATGCACAA
TTTTGTTTTTGTTGTTGATATGTGA
TCTTGGTGGGACATTGTGAA
GGAGCATACATCAAAGATTATTCAAC
CCAAGAAAGCACCCCTTGTA
TCGGTGATATCTGACCCCAT
TGCCACTACATTTCGGGTTT
GACAACCATGGAGGTTCGAT
TACCCGAGATCATGAGGACC
TCGCATTAAATAACCATGTTGC
AGCCCTACCTAGCACTGAACA
TCGTCCAATCTTGCTCTTGA
CCCAAAAGGCTTCAAGTGTC
GCTTCCTTGCCTACTAGGGG
CCAAGAAAGCACCCCTTGTA
GGGTGAATCCTTTTGAATGC
ACCAAGCCTTTTCAAGTGGA
TACCCGAGATCATGAGGACC
CGTGTCATTTTGTTCCCGAT
GCACTCCTCAATTCATTCCAA
TCACGTCCAGTCTTCTCTGG
TTTTGATAATGCCAAAGGGG
CCGGTTCTTGCTTCTTTGAG
CAGATTGCACCATTTGATCCT
CTGTGACACCCTTCTACCCC
TGACCCCAAGAAATCACCTC
CTCTGTAACGCCACGGAAAT
CATGCACCAGACCAGAATCA
TCCTGCATTAACTAGGGGACA
AAAAACGTGTAATTGATTTGCTATT
TAACTTGATCCGGTGCTTCC
GCAGAGCAAGATGGTGTTCA
TGAGGAGGCGAGGTTTTAGA
AAGACATCTCTCCTATTGAGCCC
CCAATTCAAAAAGCAACATCA
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AGGTTTGACAATGGCAGAGG
AGTAAGGAAGGGGGCGTAAA
CCTTTCACACTACAATAAGTCTCACAA
GTGCCTCTTGTTTICTGAGCC
GTTCAGTGGCGGATCTTCAT
ATTAGTTTGGTGTTCGGGCA
GCATGATATTGCTTGGTTTGG
GCAGAAGGCGTGTTTCATCT
ACCAAGCCTTTTCAAGTGGA
TGAAAACCATCTGGCAACAA
ACGACCCAGCTGGTCACTAC
GCTTCATTTGCCTACTAGGGG
TTTCCATTTTCATTTCCTGACA
CTCAGGGACGAAATTGGTGT
GGGGACTCCTGATGTTAAAAA
AGGTGGAATATCTTTTGGTTGGT
GAGTACACCCCTACACCCTACAA
CTCTTCTTGTTGTCCCTCGC
AGTTTTGAGTTTGCGCGTTT
GCAACAGTGACAATGGGAAA
TCAAAGTCTAAGACACATAAGGATTGA
CAAGACACCATTCTGTTCGG
AACCCCAAATACTTCCCCAG
AAGGTCACTTCAAGCTCCCA
TCTTCGTCTACACCCCTTGG
TTCATTGCAAGTCCATGACC
AGCGGGATAACCGCTATTTT
TGAAATGGAATGGACAAAACA
CCCTCACTTGGTTCCATAAGA
TITTATTAGGCATATCAAGCTATTTTT
TCCTAGAAATCCTCTGCCCC
CATCACTCCTGTGAAAACGC
ACCAAGTGATGCAATGTGGA
AGCTTGTGCTTCGTCCTGAT
CATAGGGTCCTCCGTTTTCA
CAAGAGACCCCAAATGAGAAA

AATCGGTTAGTGGCAACAGG
TGTGCTTGACTGGCACTAGG
TCCAAAATTTCGTCCAAAGC
TCATCATCCTCGGTTCTGTG
GCCAGATTATTTTAGGGTGCC
TGCATAGTCTCTCCCCAAATG
CGTGACTGTTCGTGGATGAG
TCAACTCCTGAATTATCCCTTAAAA
TCGTTAGAAGGCTCCTTTGC
ACGTGTTTCTGGGGTGTCTC
GCAGCTCGCAGATGAAGTTT
CAAAAGGTTTTCAGGATGCAA
TGATGTTGCTTGGAATATAAGGG
CACCGAAATTACTGTTCACATTTT
ACACAATTGCTATGTGGGTAAA
TCCAATAAATACAATAATTCGAACG
CTGGCACCCTGTTAAAATCA
GCAGTTCTGGAATACCTCGC
TCCAACTATTTATTGGTCCAGAAAG
TGAAAACTGATGATGCACCC
AACATCCAAAATACAACATCCG
AGAGTGGGATGGATGACTGG
GCCCTCATCCATTCACAGAT
CAAAGGGAGGTGAACTACAAGG
CGGTTGAATTGTTAAAATTTGATG
TGCTCCCAATAGGAGAATGAA
GTGGGGGTGATGAATTTGAG
AACGAAGTGAAATGAAAGGGAA
AGGGTTCTTCCCCCAACTAA
AACAACAACCACAAAATAAGAGGA
TGAATTCAGATGTGAAGATGATGA
TTCACCTCCCCATTACCTTTT
AGACATTGTTTGGACCTGGC
GGAAGGGCGTTACACAAAAA
TGCAATTGTCACCAGGATGT
TTTCAACAGGCATAATCATACAAAA
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TGTGATGGTTTAGACCCAAAGA
AGTATCGGGGTACGCAATGA
GGTGCTTTGTGACAACCTTTC
AGCATGCCCAACTGAACTCT
TGCCTGCATGAATCTCTTTC
CTCAAGCTTTGTCATCTCCAA
GCTTGGAAATTGTTGCTTGG
CCATAATCCAATCCAAATCCA
GGTGATTTGTGGCAACCTTT
TGTTFTTCCTTCTCGGCTTT
CAACGCCTTTAAAACAAACCA
TCGGGGAAAATAAAAAGCAA
AATTAACCATCCGGGTAGGG
AAGAGTCCAACCATCCTTCG
TTGAATGGCATATCTGGTGG
TGTGGTCTICTCGGCTTTTT
GGAAGCATCGTTCCAATCAT
AGCACCCCTTGTAGAAACCC
ACGCCCTACACATTCGTTIC
TCCAATTTCAGAGTTTGGGAC
TTGGCCAAGTTAAATTGATTCAT
TGTATGTAGGCTCAACTGCACC
GTGGGTTTIGCATTGTGATG
GAAGGTGTAGATTAGCGCCG
TCATTTAAAGTGAATGAGAGTTGCTT
CAAGCTTATTGAATTTCACCTCC
CAAGCTTGGATACGTATTCTAATGAA
TGTACAAAATGAACACCAATTCA
CAATGGATACCCCTCCACAC
TTGCCTTGTTAGCAGCTGTG
GTTGCTTCGTGGGCTTGATA
AGTCAAGGAATTCACGCCAT
GCATGTGTTTTTACTTGAGTCGTC
TGTGAATCCAAGAAGAAAAACG
TTTTGGTTACCTGGTCAATAGG
TGGCTTAGATATCTCCCCACTT

CCAACCAATGACTTTGATATCGT
CAGCCAACTAACAAACGGGT
CGTCCAAGACTCCTCAGAGC
TGCATGCATTTATGAGTCGAG
ACGCCTTCCTAACCAGAAAA
GTGTTTCGTCGCAATTCCAT
TTGCATCCCCTTGTTCTCTC
TGACGCCATGGAAATACTGA
CACATAACGGCCACATTCAG
TTCGGTTGATGTCCATTTGA
ATGGAGTGACCCACCACATT
ATGCTCTCGCTGGAAAGAAA
TGAAAAAGGATTGAGCCTGA
TCGGTCTCACATTGACATCAG
TCAAGAATAATTTTCAGTATTTCCCA
GGCATTTCATCTTCTCTGGAA
TGACCAAACTTGCTTTGCTTT
TCTTGGAGTGTTTTCTTCGTGA
TTCATGTTGTAACAAACCAATTCA
GTGGGTGTGGCTAGTGGAAT
TTCACTTCCATTACTTCATTCCA
TTGGTCCTTTGGGCATTITT
CAATCCCTCTCATTCTCCCA
CATCACAATGCAAAACCCAC
TGGGTTTGGAAAGTGCAAAT
TCATGGAATGTCTTGATAAATGG
TTGAATGCAAAGCCAGTAGC
GCTTTCCCTATCCCATTGGT
GTCGTTGTGAGCCCTCTCTC
TCAATTGAATGCCCTCAACA
AGGCAAAGAAGACTTCACGC
GATGTCATGCCTAATTGGTCC
TGGAGGCGATCTCTTICTTG
AGGAACGAATTCACCTGGAA
GCAGTGCACCTGATTTTCTG
GGGATCATTTGGTTAATGTCG
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AGTTTCCTAATAAGGGGCCG
AACCACTTATGCATGTTGATGT
CCAACATTTGACTGACAACACA
TGCAGGATGGGTTCTACTCA
ACGGAGAGCACTTTGGACTT
GGAGGCAAAGATCTTCATCG
TCCTAACGAGAACTAATCCTIGC
GATCGACTTCTGGGTTCTGG
CCAATTTTCCTGAGTGGGAA
AAAAGATAAACATGCATACTGCAAA
GGGCCTCCTCCATCAATTAG
TTTTIGTTTTTATGGAAAATTTCTG
TGAGAACAAAGGCAATTCCA
TCGGCTTGCTATGTTAACCC
GGTGTCTGCAGCAAGCATAA
TCAAGCTTTGGAGGATATTTCT
TAGTGATGGTGGGTCCCATT
GTGCTTTGCGACAACCTTTT
TACTCAAGCTTCCTCGTGGG
AAGCTTTTGAGCTTCTGAAGGA
ATCACCAACATCCCCATGAT
GCCATATTTGACCATATTAGGCTT
AGGTTITTGCAACATTTATTTTAGA
TAAATGGGTTCGTGGGTGAT
GGGTTAGTGGGCCTTAGCTC
CGCTTGGAATCTTGGATTGA
CAACCTTAGACGGCTTTTGC
ACCAAGCCTTTTCAAGTGGA
TCCTTAGCCTGTTCCTTTAAATTG
TTCCGCCGATAAATGTAAAA
AAAGTTCAAACTCATGGCCG
TGATGCCTTATGTTGTGCTG
TTTCTTTGGAAACAAAAGCCT
AAGAGGTGAATTTTTCTTTTCCG
CGTTGACGTCGCACTTTATC
CAAGCTTTGTGATTTGATTTGC

AAGGGAGGTGGACTACCAGG
TGAACTTGTGATGGTAATAGTTGTGA
GGCAATCCATAACCATGTCC
CCAATTCACCACCCCATTTA
TTTAACCGTGTTCAACCTTGG
AGCTGCACGAGATTCAGTAGG
AACTTTTCATTTGCAACAAAGTGT
TTGGAGGAACCAAAATTACACA
GCATTACTCTTGCGAAAACGA
TCTGTCAAACTTTTGAAGGAGATT
CACACACATATTCAACCCCC
TCGTCCACTTATACCACATAGCA
TTCTTTGCCTATTGCAAATCTTC
GACACCCAACTCATCGCTTT
AAGAAATTTCATGGTATTCTCAAAA
CCATTTTTCCTATAACCCCGA
TGAGCAAAATCTTGGGCTTT
CTGGCACCCTTTTGATGTCT
GCAAGTCGATAAAAGCCGAA
TGAAACCTTCTTGGACCACC
TCACCAACGATGAATTGTGAA
TATTTTGCAGCCTTGTGCAG
TGGCCATTAAATTTATAATCACG
GGTGTGAAAATTTAAGAAAAAGGG
GCCCAAAATACACGGCTAAA
CAGTTTTACTAACAACCGATGTAGATT
ACAGAAGGAACACGGTGGAG
TCCCAAAAAGCTTCAAGTGC
TCTCTCCGGAAAAGTTGTCG
TGTTGCTCGTTATTATGCTGG
AACAAACGGCCCAATATGAG
TGGAAACACACAAGGGTGAA
AAAAAGGCCAAGAATGAATCAA
TCTACCCAAGCTGGGTCATC
AGCTTGACCAGCACTAGGGT
TCCAAGAGCACCTCTCAACA
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GGGGCTGTCATATTGGTGTC
TCATTAAACCCCTGGAACCT
GCTTTGTGGCAACCTTTCAC
TGGGAAACTGTTATTGCTTGG

GTTAAAATTGAACAATAACCTGAAAGT

ATGGGCACCCATAGGTAATG
CGGGAGCTCGAAACATTAAG
GAATACTCAAGCTITCGTTGTCTG
AAATCATGTGTCACAGGCCA
CCAGGCCATCATAGCAGTTT
GACTCATGAGGTTGGCTTCC
ATTGCATAACCGAAAGGGTG
AAACAGGGTGTAGTGGCTCG
AAGGGAAAGGGTTCTGCTCT
GGAATGGCCCGTTCTACTTT
ATCTCCCCAAGTGTGAAGCA
GGGAAATGAAAGTGGAGCAA
ACACCTTGGTGGAGGACTTG
CAAAGCAAAAGTAACCTTTITAGTCC
GGAAATGGGGTGTGTTTGTC
GCTTTTAAAATGTTTTTCCGCA
GAAACCTCGTTGGCATTGTT
TGCCCATAAGGCCATAACTC
TTGCAACCAACAATGCAAGT
CAAATGAAACTCTCCGACCC
CGTCGCATAACTTTTGATGG
CCCATCACTTAACCCAACAA
TATTGGGTACCAAAAGCCCA
ATAGGATGTGACATTGGGGC
AGATCCATTTCACCCACTCG
ACCAATGTACACCTCTCGGC
AGCACCTGTAACACCCCAAT
GGGGTCATTGGTACAACTCC
TGAGAGGCTGCATAGGTGAG
CCATAAGCATCGTGTCCAGA
TTCTTTCATGGCCGAGAACT

CCCACTTTAGTCCTTGAATTTGA
GCCAAAAAGCGCCTAATAGA
CAGATTGGGCACATTTCTGA
ATATGCCATCATTTGCTCCC
TCATCGTTTCGGACACAGTT
TTGAACACTTCTTGAAAACATCTTA
GGGGTCAAAGGTTGGAAAAA
TTTCAAGGAGCTTGCTTGGT
GTTGGTAATTTCCCGCTGAA
TATGGATTTTGGCACCATGA
TGCTTTATGGCAACCTTTCA
ATGACTCCACCAACACGTCA
TCAATTGGGCTATTTTIGCC
AACATCAAGAAGGGTCCACA
TTTCGGGGACGAAATTTITA
TGTGATTGTTTGCATAGATTACCAT
TGATTGGAGGGTCATTGTGA
AAAACCTCCCACCTCACAAA
TGTCTGTACTAGGCTGGTCCC
CGAATTGGAGAAAGTGGGAA
TGAGGATTAACGACAGTGTGTG
CAGCGGAAGAATTGITAGCC
TTTGATTTTGTTTCCTGCCC
TCCTTTAGGATCAACCGTGAA
GGCATTGGAGGATAGGAACA
TTCTAAAATTGCCTGATTTGACA
GAAGTTTGGAGGCTGAGCAC
CACATGGGCACACTTGAGAT
AACATCAAGAAGGGTCCACA
TCCTCCAGATCCCTTCCTTT
TTGGCTGATTTIGTATTCTCGG
AATACGTACAAAATAATTGTCCAAAA
TTTGACTGCGATTCAAGCAT
GTCAATCATTGTTCAATTTGAGTC
GGCATAAAAGCCATTCACAAA
AAAGGATATGTTTCCCAAACGA
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TGACAACCATTTTTATGTTGTGGT
TTGGAACAATGCCTATGATGA
TGAAACTCTGAATCTGCCTCAA
TAGGGCCCCTCCATATTTTT
TTATCAGATAGAATGCCTTGCATA
AGCACTTGCCCCCACTACTA
TCACTTTTACTTTGGTATCATCCCT
CCCAATCCAACATAGCGTCT
CGTTTTTGTGGAGTCTTTGTG
AGGTGGAAATCCAACTTTCCT
TGCATTGTTTGGATGGAGAG
TTTAAGTGGTGAAGGCCTCG
AGAACTCTTCGACCAAGGCA
AGTGAGAGAGTGCAGGCGTT
CTCAAGCTTGCTTTGGAGGT
GCACAGGTCACGTCTGTACC
ATCAGAAGCTTCCCGCTGTA
CTTCTTCACCACCCATTGCT
AGACCAAGGAGGATTCCGAT
GCCATGCCTTTGAATTTGTT
TCACCCAGAAATAACACTGGAA
CAAGCTTTTTAGCATACGACGA
CTCAACATCAATCCGGGTCT
AGCCCCAACTCAATTATCAAA
GTACAGATCGCCCCAGGTAA
TGGTTGGATTGCATGTTGTT
TCGGAGGATGATTCCACTTC
TGCTTTCCAAATTTACAGATCG
AAGCTTACTGCTCGTTGGAA
AGGACTTCCTCCTTTGTGCC
AACATCAAGAAGGGTCCACA
TGGCTTATTAATATIGTTCTCGTTTC
AAACGTTTAAGCCATGATTTTT
CGTTCTGGACCCTTTTTGAA
ACCAAGCCTTTTCAAGTGGA
CATGGCAATGGAAGGAATCT

CCTTGGCATGCTACAAGATT
CCTGCAAAACAAGCTCACAA
TGCAGTTGAAAACCAAATATCAA
CTGTCCAACTCAACCCGTTT
TTGGCTTGAAAGATTGGAAAA
TTAATTTCCTTTAAAAGTTTGACAGAT
ATTTTGGTCCACTTTAAAAACG
GGAAAATGTCTGAGGTGAGGA
TCACCTGGAATTCAGAAGCA
GGGGGAGTGAGAGTGAGAGA
GGGATCGGAGAAAGAAAAGA
TTGTGTCCAACAATTGACGA
CACATTTAATTGAAAGTTATTGAGCA
TGTGGAAAAGGCATGTTTGA
ACGCCCTAAATCGGTACCTT
CATTTTCCCACCTTTCCTGA
CGGTGCTATCTCTGTCCCTC
TTCAGAAACAGTGAACACACTGAA
GATTCTGTGGGATTTTGTGGA
TATGCAACTCCCTGACCCAT
TGGTTCATGGCAAATCAAAT
GACAGGTCTAATGGCGGTGT
GCATGGATGCACATGAAAAC
TTCCTTGCGGTTTGAGCTAT
ATGGCTCATGGCTCATAGGT
CAAACCCACTCAACCCCATA
CCTCGGCTTCTCCTCCTC
TTGATAAATCAATCGACATATAAAAGA
ACGTGGAGTGATCACCAAAA
AGCATTGAAGGCCAATTGAT
AAAGGGAAAGGGTTCTGCTC
TTGAGAACTAATCGCGATACCA
TTGTTGCTTGATATCCAAGGTG
GGTTTTAGGTGCTTTGTGGC
CCACCCTAGGACCCTACGAC
TTTGGGGATTCTCATCTTGG
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CCCAACCGTGAGTGCTTAAT
TTAAAATCACATCTTACGAAACATAAA
TGGACCATTGAGAGAAAGGG
ACTTTGGCTCAGGGCATAGA
TAGGTGCTTTTTGGCAACCT
CGTCTTACAGACGATCTGCATC
GGAAACAAATCCTAAAATAATCAAAA
GCAAGATGTCCCAAACACCT
TAACTGCCCTAACTGCCCAC
TTGGCTAAGTTATTATTGAATGTGTTT
CAGACGATGAAACTCCCAGA
TTCCATCAGGGTAGAGGACG
GAGGGTGATTTGATCGUAGT
TCTTGCATACAAATGAAAAAGATCA
CCATGGGTACCTGCACTTTA
TTTGCTTGGTGGCACATAGA
TCTTCGCCCATCCTTCATAC
GATTATTGGAATTGTCGCTTCA
CCAAGAAAGCACCCCTTGTA
CTTTGAAATGGAACAGCGAA
CCATCTCCCTCTTCATCCAA
GCCAGCGTCATTACCACTTT
TGCATCCAATCTAGCTGGC
TGGTCTTAAACAGGCCCCTA
TGAGCCTCATCATCCAAATG
TGCCAAACATTTCAACAATCA
GGACTITTGGCCTCTTGATG
CCGGATTATAAAGATAAGGTGCC
AGTGGATGGTGTTGGAGAGG
GCCGGTCATGCTATGCTAAT
CTCAAGCTTTTACGCTTTTTAACT
TCTGGTTTGGTCTGACTTGTTT
TTTTAAATGGTTCAGAAATTGTGC
TTTAATGGATTCCGCGAGAC
TTGCCTTTTGAGATTCCCAC
TITGGTGATGCTTTIGCTTTIG

TTTGCAAGATTTGGACTGACC
AGGACATACGTTCCAAAATTGA
TCAAGAGAGACCCTATGGCA
TTGGAAAATCATTGTGAATGC
GGCCCGTTCCAATACACTAA
CAAAGAAACAGACATGATAAAGAGAGA
AACACACAACTTCCATGGGTT
TTTTCTTCAAACCTCAAAATCCA
CGTGTAGTATATATGTGCAGCCC
GGTATGGAAGCGTCAAAAGAG
TGAAAAACACATAGAAGAGGGG
AAGTACGCACCAAACCCTTG
ACTCTTGCTCTTGGTTCCCA
CTTTTIGTTTICTTTGCGTCCC
ATCCACGGACATTCGTAAATA
GGAAGGGCGTTACACAAAAA
GGAAGAAACAAAAGGCCACA
CGCGGGTACCCAATTAGTCT
TGGAGTCTCTGTGACATCTTGG
TTGTCCGCTTTGGGACTTAG
TTATCGCCAGTTCAACACCTT
CGGTTCTCTGCTTTGTCTCC
TTCCTITTTAAAGTTTGTTITTCCA
TTTCTGACGGAAAGTAGCACC
TGGCATCCATGCATATCAAC
TGTGTGGCTGAACATCTGCT
CGCATTGTTAGAGGGTTTGG
AACCACACGCTTGGAGTTCT
TCCCTCTAGGGCTCACACAC
CCTGGGCAGTTCCAGTTTAG
CAGATGAGCTGATTCCAAAGG
TCTGTTAAAGGGACAATTCATGC
AGGGCGAGACTTTGTCTTCA
CCAGGAACAAAAACGAAACG
ACAAGCAATCCGTTGCTACC
ATATGCTTGCAACACAAGCG

219
280
178
243
255
154
259
273
235
134

243
237

234

269
271
260
276

242
m
198
265
238
280
252
263
175
243



€97
fn
8rl
T
i
981

087
6LT
1sT
sn
SLe
LST
£LT
s
€1z
1314
12
£
9T
0T
[ax4

ISt
14
ST
st
L1z
15T
€T
€6l
197

1T
n
1374

VV.IDODLIDILVIVLIOOIDLL
VVVOVVILIVYVVOVOLIIDL
LOLLLLLVIVIOYIVVIOLVYYVODL
OLLVIDLLLIYILVVOLLLIVVVOVDD
OJLVOLLLVVVVIILI0900V
VIDDOVVVVILVVVDLLIVVVVVD
DII9L1D1IIDVVIIOVIIL
DIIIVIILLIIIVIVOIDNLD
1I0D1VVILVDILYYYIOLD
LVVVVIVDDIDOLYLIOLYDD
VOLODLHDLIVIDLLOVIVID
LVYOVVVVLLOLILLOOVVILVVVV)
DIVILODIDLVLLVLLVIVVIIOVYD
VVIVOLIDLLIVIVIVVIDOLVD)
VOIVVYIOVOVIVDLVIDLYVOD
DLIVVLVIOLVOVIIOOIVY
LLIDIVYVDOLOLLIOOLLL
VOVOOLODLLVIOLYIIDVVIV
VOLLVVVDLVYOVVVOLOOVVVVYVD
1D51VODNHVINOHOVOVVVIYV
VVVVIVOODOLVIVVOIOLY
LVIDIOVOLOVDOVIOLLVVY
LVVVLIVVVVIOLILDLIIIIVILLOV
VIOLVLOVOVOVV.LLOJDOVVIOLVLIVD
VOVOLLOVOOLVVDLVILLLVY
LVVOLLIODIOVO0O1DLLD
LOVVODIVIVVIOLLLVIVDILVDLYDL
VIVVVVVOIVODLLYIOLOV
JOVVOVOVLLLLIOVLLLIIOVVLIVID
JOVLIJLOLVLLIOVVIOLIND
OD1OVOOVOVOLOVIOLLIOL
LDOVIDLLVIOONOVIVIOVD
VILIDLOVLIOOVOLIDLLLIOL
JDLVYDVIIINOVINDOLILL
VVOVIOLILVVVIVILIIOL
1OVVI1VIVVIILIDIDLID

LVVYVYIDIDOVYOHVIIOVIVD
OVOVIDOOILIVOOVOVIVY
JDVYIVIVVIOIOLIILOVY
DOVOVVVLILLIOLLIDVVILY
DVILLLOOVVYINOLDLLLYD
VOLIDLLOVLLLLIIO0D1DLL
VILVIILIVILLYIOILLDD
VOOVOLLIOJIOLLIVIIOOL
LIDOVVIVVIODVILVILIV
LODLLLIDIOLIVIIOLIVYVOD
JDODLLLVVLLYVIDVOLVOL
ADVVODHVIIIDLLLODDIOL
LLLVIVOLLIDLOILLOJLLLVOVLLLL
VOOLLLYDLLILLIDVIOOVYVD
DVILIIOVVIVVYIDIOVIL
OVILLLIIVVIDOLOLLLID
VIDOVIOVIVVHVIOVOHVY
DIDVIIILVVLIIOLLOLLY
DIIILLILLODOVOVYLIOL
JVVLIOVIDIVIOLYIVIIVVD
DOLVIVLVLLIVVOILIVVVILID
OVVIVVIOLLVIVIDOVVYOLL
OVVVVILLVVOLOLVIOOLLLIVVID
VILVVVIVVIIIOIVOLDVL
VVVVVOLVVIVVVVIOIVOLIOVIL
IVVYVVIVILOLLLOVOVLLIILIIDD
VOVIVODLLLLYOLIVDOIOV
1OVOVVOVOVYIDOLVIOIL
LVODLIIVVIOVIODLVODDL
DOVVLVILLLLVIIHNVOIIL
IDLLIDOVVOVOLLIDLLID
LOVOVILVVIVOIILVVIDD
VIIILIDLYILVVVIIVODD
ERERARIRRINEINGRDLID]
LLLOVIVIDOOLLIOVIVOV
VOLVVIOVVOLLVYIVIOVI)

AvDI)
%01
LIVD)
8(v1v)
8(vo)
1y}
Zuov)
6(VLL)
SOOL
vy
HOV)
sviL)
£1(LIU6(LVMOI(L)
PIVL)
LILVI(LD)
8(0V)
S(LLD)
901
4[\28]

v
LU1v)
SULVY
vy
*1IV)
Stvin)
8(01)
o)
9(o1)
1£(1v)
9ALV)
HVL)
7101
Ty N9LVL)
L2}
90L)
stvao)

0061214
69881714
09881214
05881714
16481714
88481714
S8L81T14
8LL81T14
Lusad
SL981T14
§9s81714
6£S8IT14
01581214
86¢81714
Wr8IzId
18€81214
£6781T4
65781704
6181714
trisiad
£6081714
8L6L1T14
roLITld
968L1T14
£L8LITI
wusLITd
L98L1T1
998L1T14
6S8L1T14
£28L1TH4
8L
€08L1T14
89LLITA
FELLITIA
£99L1T14
LE9LITd

OFOIINRD
6£01N2D
SE0IN2D
LEOIWAD
9E0INDD
SE0INAD
PEOTNRD
£E0ENDD
TEOINAD
1£0IN2D
0E0IND
670IN2D
BLOIWD
LIOINDD
9T0IND
STOINPD
YZOINDD
ET01N2D
TI0INRD
IZ01IWD
0T01WPD
6101N2D
810IW2D
L101WD
101N
SI0INRD
YI0INDD
E10IND
TI0IWAD
1I0IWD
0101
6001NRD
8001W2D
LOOIND
900N
SO0IWAD

nAa



8LT
081
0iz
8LT
LE1
19T
081
08T
61T
T

8T
(214
SL
91
we
orT
08T
9t
16l
9T
607
0L
[A4}
81
144
0T
w1
uc
87T
S0z
9T
£61
174
44
nz

VOLLIDOVVVVOVIIOVIVY
VVVIDVVLIVVOLVYDOIID
OLLLLVDLOLIDDIDDDDVY
LIOLVIVYIOVILVILIIDY
LIIDLLVLIVVVVYVLIVOLLLLIILVD
LIDLLIDIDIIVLIDLIODY
VOLOVVIDOVVVVYOILILLL
LLLVVIVOLOVOILVIILVVLLL
VOOVOVIVVIVYVVVODIID
VIIJI1D0VVOVIVVVOLLL
VIDVINOIVLIILOILYVOVY
VVOVOVVLLLLILOVIDLVVIDIL
VIVIOLOODVYOVVILVIVY
JOVOILIIVIIVIVYIOVID
VOVVVIOLOLVIVVVVIOVVVD
LIIVIOVODLVIIIVIOLVD
VOLIVIVIIIOVLIVOLVID
JOVVVVVDOIOVILILIVIL
VIVIOLDDOVVOVVILVOVY
LVOID1DOVOVOLVOLLLOD
LVVVDLLIIOVVOVILLODVLIVIL
DODOVVVIIOLVVIVOLLLL
V¥IIOVIDVYIIDLIVVIVOVY
VOOVVVIDVOVLIVDIVIDLVVDD
DJLDOLIDLVIDLYIIILID
LVODILIDOVVIVIVIIOLY
IVIILINONLLHDOVIVOLD
DDVIVODVOOVLLIVIVLIOLIDLL
VVVILVVLIDOLOLIIO9LLLLIDL
DDIVLVOVVVLIOVOLIOVVIIL
JJ1OLLOIDVOVIOLIOVLIDD
IVILVVVIOOLOVVIIDIOV
ODOVOVDODVOLLIOLVYYVDD
VVLIVOVIVVIOLIDIZIDD
OLLODIVVIDLVVILLLIVVOVVY
VOVOVOVOVVVYVIVVVIDOVIVOVY

JIOVVVVIOVILVILIILYD
LOLLLVOOVYVDLOVODLIID
VVIOOIDLLLIDIONVILLLL
VIIVILOODLLLIIVIOLOD
IDLOVVIILLVVVVIVILLLDD
JIVIDOVVOVVOVOLIDDLID
VVOLYYIOVVDOVVIOVVDL
DDOLLLOIVVOLIOVYILOVY
VOJIOLLOLIVILYVIVVOVDD
OVIDLLLIDVVIOLVINOVD
VIVOVIVILVYIOVOIDVOV
JLILVVIVOVVIIDIOINLID
JDODOLIVIVOIDIVOHOVLIV
JD0LODLYOOVVVOILVVLL
JVVIDLINIOVVOVOLIVYY
LLLOLLLIDOVLVVIOIDVOLLL
OLOOLLIDOVVHVILLIOVI)
VVVIVIOILIOVOVVVOVVDL
JODDOLIVIOVOLOLVOOVIY
VOODLOVVODVVLONOVVHVDD
DLIDLILLODHVVVODOVVY
AVVILIOVVIIIIILIDVIL
JILVVOVILLIINIIDVYIVY
VVVIVVIIVIOLVODIDVILL
DILIDIDIOLVVVVYDOVDHV
DODLOLLLIDLIOOVLILLIOD
1I3DVVILLYIIIOLLIVOV
VIVVVVVODVVDININIOLY
V.LIOLIDOVINOHVLLYVDDD
LOOVLVVVVOVOLIVLIVYODLLLLL
VIOVVVDLVIIOLVVOVVYD
YOVILLLVOVLIVOLOOLIOVLLIDVY
VVVVVDOLIVOVOILIINIOV
VILLLODVVIDOLVLLLIOL
VVVOILVOIVVVLLILLOVOVYD
L1IDLIOLIVIVILIOVYVOVVDL

2oL
LYy
2(vD)
01(1)ug(1D)
s(vvi)
8(vD)
%AvL)
ove)
9vI)
HLOV)
AvD)
titvy
s(viL)
SOoL)
LVIHOLMZHYLY
1LV 6L LY DLV
9OV)
SLVDY
VL)
H1vy)
SLLLY)
LOV)
oL
126UV
£UVL)
o)
HVDY
A1)
Ly
£1VL)
AVOV)
ALV
L11V)
AvO)
LIYL)
6(1V)

96107014
61074
6€107T14
vE10Z2d
solozaid
woorad
0£002714
1r661214
¥E661TH4
006612714
PL861TI4
65861714
158612714
£v861714
L8L61T14
90L61T14
S0L6171d
08961714
961714
L£961T14
£9¢6171d
19¢61Z1d
0zrelTId
€611
00v61 714
18€61714
IvE61TI4
Hesl1ad
661214
el
£€T61T14
6Z61T14
16161714
916104
9161714
09061714

9LOINDD
SLOIND
PLOLINDD
£LOINDD
TLOINDD
ILOIWD
OLOINDD
6901W2D
801D
L90TNDD
9901WD
S9N
PIOIND
£901WD
T901WD
1901W2D
0901W2D
65012
8S0IWD
LSOIWD
9501W2D
SSOINAD
PSOINDD
E£SOIND
TE0IW2D
1S01W2D
0501
6Y0INYD
BHOINYD
LYOINDD
9POIND
SHOINDD
POIND
EPOTNDD
WOIND
1IN

2P0



08T
8LT
ore
uz
15T

we
8€T
314
L9z
9T
s
91
951
8LT
U
00T
981
74
Of1
T
91
vz
9T
wT
0Lz
6FT
oz

DLLVILIOVIVOLLIVOLVOVVVOLVY
VVVVIVVVOLVVOVDLLVOLVIVYOL
DLOVODLIOLVVILIVVOVVDD
HVDLVIOOLLILIDLIDVODV
VOVVVLIOOLVIDLVOLVOVID
DOLVIVIVIOOLLODLIOLL
AVILLIDVVVVLLLIVOLLILIOVVOL
VOLLIVOVDLLVILVVOLLDDD
ALOVLIDVIOVDOLVHDIVID
VVIOVOLLIDIDVILIVOIVD
DI1IIDLIDILVVVVDILLY
D0OLLLVIDLLLIDLLIOVDD
DOLLVODIIIDLLIVILIVVVVD
VOLVDLVOVVOLOLYOVOLIVVOL
ODLLLLVOLOLIVIINOVIV
VOLLODVIIIVVVVIIVILY
VOLOOVODOVVILVIOVIOL
VDIOVHDVVINVVLLIOLOL
OLIDVYDLIVVILVVDLVILLODD
VILOIDILIDILIVIVVVYD
VVVVVLIOVVVVOVOVVVOLLIOLLLO
DLIVIIVIVIOVIVVIIIVL
VODLLLVOVOLVVOVVOVVID
LILVILIVVIIIVVILODDL
VVIOVVLLLIVOVOLLLIDLVLILLIOL
VIOLVVVIILVVIOLVVLIVI)
JLILLLIVLLLYVDVDDVVOLLIVVVIL
VVILI19991930)1LVLIIV
VOVOVVVIILOVVODLIVID
VOLIODDLVIVOLIDOVVOL
JLLVILIVVOLLLIOIVIODLIVODLOL
VODDLOVILVVOVVOLOVID
ODLLVOOVVILIDLIVIOOV
IIDLIIDIVLLLLVLLVOVID
JVVVVDLVIVIDLVDDLVID
VIIOVVVVVIOVOVVIOVVLIID

JIIOLVILOVVVVLLILVIOLOD
DLLODIVVIILVVILLIOVVOVVY
DOVVOLLIDLVVOVIOVIOL
LI2OVOLOLIOVLIVILOIDD
LODDIVILLVOLVDLOIVVD
JVIIILVILIVILIIVVIIV
1D0DIVVVIDOLIDLVVLLL
DHVVVILIOLOOVVIDLLIL
LLOLVIDOVVOLVVIIOVVIVVVVY
1D1DDILLVODVYOVOVIODD
JVOVLOVVIILINIDLOOVY
OVVIVILILVOLIOONDLOLL
AJ1DLVVODVVVVVILINID
J3339131IILVVVOVIIOL
VLIDLLLIOVYIODIVIONOV)
VVIIILLVVHVVOLODOVIL
DILLVVIVOOVIIIIVIILL
LIDJLODOIVIVVILIVVD)
LILIVVVOLVIOVVIVIOLVVILLVVV
LLVLLIDOVVIOLVIOOVID
LLDIIIIILLILLIVILLLVD
VOVOLODLODLIOLVIOODDL
JLVVVVIOVLIIDVVIOLVID
VVIOVOLVOVODOLLIVVIVODD
DIVVLLLLIOVVIDLVIONOV
DI1LIIVOLLLLVIIILDLL)
VOLLIVIOLODLIOOVLIDLVOLLL
LVIDDVIDLIOVOILHVOVL
DLIOVIILLIOIDIVVHLLVL
JLODLLLLIDLIIVILLIDD
LIDUDLLLEDINILVVVOLVD
LVIDOVIIVVVODDIVOOVY
1D1OLVVVILVIILIILIID
VVVVIOLIVOLIDLVVVOVYDL
ALD1D9D3DLVVILVIVVILY
VODDLVOLOVOLIOVVIOVODL

VL)
TUYLRSOL)
01(LLY)
01(LOI(LYINOV)
oHVIS(OL)
901

StvoL)
HAVLNGILLY)
AVL)

LHOVY)

£101V)
FHLOWSOLLY
PULPIVLONY)
6(1v)

olvo)

SO

AVDY
LIVOWLUOVNSIDV)
Stvie)

9V
SVLULIY)
Stvvd)
ZUVNSIVL)
H1IVL)

avin

PIVL)

9ILV)

OV)

y2Uv)
HDuLYD)
PILY)
SULLVMS(LLV)
9vo)

KOLBIVL)
OILLYV NIV}
HLVVMOUVMSI(LY)

8911TTI4
8911774
sviizad
nza4
orHza4
$801TT4
zorzad
08607714
8960714
$880ZTI4
7980714
95807714
pSLOZTUA
1scozaid
PELOZTIA
1zeozad
uozad
SP90zTId
$950TTHd
1€£50ZT14
L6v0z714
sLyozad
99r0ZTId
6EPOTTIA
fxdziradE]
£1707T14
YOrozzId
S6t0zTId
£6£07T14
8LE0TTA
99£0TT14
Lseozad
¥8707T1d
9oz
1yzozad
sgzozad

THHIWD
THIWD
O1IIWD
601IND
801D
LOTTNRD
9011IN2D
SOLINRD
POLINDD
£O1TNRD
01D
101D
[LULIAEN]
6601N2D
8601N2D
L601N2D
9601N2D
S601WD
PE0IN2D
£60IN2D
601D
1601W2D
0601W2D
6801W2D
8801N2D
L301W2D
9801N2D
S801WD
LU EN)
£801WN2D
BOINDD
180120
0801W2D
6LOINAD
8LOINPD
LLOIWRD

\



we
807
691
LET
881
fiva
9@z
(4
01z

8T
L
oz
9T
£81
0fT
6LT
[.144
15T
9uT
e
wl

U
9€T
vl

ue
8L
61T
1
wt
9LT

uz
L444
09T
Loz

LOVOOOID1VOLIDIIVVVV
L11DJ139VO191319991)
DOVVVIDHDOVVIIVOVVVVVOL
DOLYDILHOVIILILIIVVL
VOLIDLINDLIDOLLIDVLV
VODIVVVLIVVVVIIILLLOVLL
VOVVOIILLLIOLVILIOVVIL
VVVVILVIVIOOVIVVIOLY
VOOVOLOOVOLILOIVVVVDD
IVOVVVILILIOVVIOVIOD
VOVVVVIOVIILOLVIOVVD
VVIOLVVILLVIVVIOVVDHD
VOOLOVVILLLLIIOVVIOV
OOVVLLLIVLLIOVOOVIOLLOVD
VOLVOLVOVVOLOLVOVOLIVVOL
ODLIOLLLILLILOLIOVIDY
VIVIOLOODVVOVVILVIVY
DODOLVVILILILVIVVIVIVVVYD
L1DIVIDLLVOIODLVVVIL
1J130001VVILOVVOILIL
VVVVIOVLIOIILVHLVVOD
VOVVVOVOIVLIVDLOVVOOVVID
JILLLVOVLLIDNDHOLLIDL
OLOLVIOVVILIOVVVILILY
1VIILVVVIIIVVIDLVVIV
DOJLVIVOVLLLLILIDVVID
VIOVOVLLVVVVVDIDDDLV
DDLVILIVOVOOLODDLOVL
DLVIOVVIVIIVILVIOVID
VOVVVIOVVVOLVVVIOLLL
JLLDVVVVDIIIVVIOLVIV
J13D101L1999VVVIOOVVY
DLVVVVIDVILVVIOVIDLIDL
OVIHLDIIIVVVIIIVOOVL
ODLLVODLILILLIVILIVVVVD
IOLILIOLILVIDII0LOOV

VVOVVLVVOVOVOVOLOIDIOLVD
JLIDDLIDVVVOHLIIVILOD
JOLLLVIVVILIIIIOLIOL
DODLOVIOLVVVIIIDLVIV
VIOVLIONOOLVLLLIIIDVVY
VOLVVVOLLILLOVIVVVVIVIOLL
LVIOVVIVIVLIVILIVVIVVOLVVOV
VOLLOVOLVVOLVODLLLVOLOVV
JLVIOVIVIVVIILVVIIID
LOVVOLIIOLVVVIVOOOVY
1I0LVVILVILIINOLLOVY
VOLLOODOIOLLLIOLIOLL
JVHIVLIIIVOOVIIIOIVID
LLIDLIDLVVVLIOVOLIVVVLIVIVVOD
1I11L31VODIIDVINILIVI
LLLLDOOIVVLLLLLOVIVVLLOD
OLILIDLIILODOVYVODLY
V.LIVOLIDI0DIDLLOVOVYY
IDDLIDLLINDIVOOVVVIVD
LLIOIDLVLLIVIVOIDDDH
DIOVOLLIDIDIDIDLILLY
VOVVVDLVVVVLIVVVVDIVDOOL
LLIDOVIOLLOVVOVIDOHYV
VOVDONHVOLVVOVIIVOVVVV
OVHILVIVVVDDIVIINOVY
VOVOVVVVOODOINVOLILIVILID
VIIDLLVLLVOVIVVLVIOVVIOL
OVDOLOIOVIOLVOVIIOOL
VIVV.LIIIVVILVVIOIVV)
LI900DOVLILIOLIOVVHOL
VVOVVIOOVOVOVLLIDVVVILL
VIVIILODOVVOVVILVOVY
ILIDLLIDNODLLLIDIVI)
LLLODIVOLIOOLLLIDVI)
1J1DLVVDOVYVVVILIDIND
DO1OJLLIOLLLIONOVVOV

LvNzI(V)
Stvovy
SHLOIVL)
1)

Avi)
HOWZIY)
aay)
S(D19)
8(LLV)
%oLV)
S(D1uS(VD)
SUVmL(Lv)
9V}
)
[41837)
£1v)
Lvin
9LvH
9(vD)
1£0w)
610M(1V)
SLIVVV)
601
SLLVIB(VAVIUYLL)
SHUVLY
S(VV.LV)
SvVLV)
V)
A*DOL)
AVI)
SOLL)
Lvy)
6001

AvL)
OULBIUVLMONY)
Svvo)

l66izaid
EL6ITTA
6912724
Spo1ZTA
(3144 E
80617714
76817714
16817214
8E81ZT4
oLLizad
Lauad
96912214
$891Z214
8L917T4
oy
0912214
9124
LE91za1d
€191za14
00912214
08S1Z214
8L81704
6£p1TT14
oy1zad
oorizad
S6€1TTN4
BBEITTA
0961704
BEE1TUA
bragkest]
£6712204
wnzad
L4144k}
61ZIZad
1811za4
SLIITTA

8YIINGD
LPTIND
SPIIND
SPIINDD
WD
EVHIND
WD
IPLINRD
OvIIIND
6EHINYD
BE1IND
LELIND
9EHIND
SELINDD
PELTNDD
EELINDD
TEHND
1E1HIND
0LHINYD
6T1IND
BTIIWD
LTIIWDD
ST
STIIWD
PTIINDD
£THWD
WD
1ZHWD
0TIINRD
6111ND
SITIND
LI
LN
SN
PITIND
€IHIND



uz
uz
L4
L9t
89
1374
0£T

F144
T
we
19
€97
09T
851
S0T
LD
81
Loz
8zl
ue
LET
SLT
9T
i€l
081
€01
8Ll
o
ol
T
1zl
61T
€92
€61
<81

LLVIIDVOVIILLLLOVVDD
VOLVLLIVILLLI1D1IDDDDVOV
VV1D1IDOVVIVIIIIIVID
VLLOJLLIOVIOLIVVIILIDD
DIIIOLLVIOLLLLVDOLVD
VVIDLVDIDVVIOVIVOVOVD
VODLLLVVVVOVOIDIOVVD
LLLLIVVOLLIODIOLLYVOOLL
DD1I0DVOIIVIOLLVVILL
VVOLLLOLVIVLLVVIOVVIODL
LLLOLIOLLVVVOLLOLVLIVOLLLY
VVVVOVLLLYVDOLLVOOVVIOLVVILL
VIOVVVILOOIVIDDLLVD
LOLVIOLLIOLVIOLVVVIIDL
VOLVVIVVIIIVVVDLLOOL
VOOOLLOVLLLLIILOOLIOL
JLLIOIOLIDLIVIOVVVVILL
VDIILIVODIDVLLIOVIVY
JJIDLVVIDLDLIILYOIVY
VLVOLIOLVVOLOIIIVVDL
DOIDDIVIVVIILLLIVVVLELLL
VIOVVLIVVVIVVVILVIOVVOVVID
VIOLILLOOLLVOVILLIDVIOL
IDLLILIVILLLLVOLLIVLIVVVY)
VIVIIDDOVILVLILOLLYOL
VIVIOLVILILVVIOVOLOL
VVILIVVVIVVVIOLLIVVID
LLLVDOVOOVOVOVVOVLIVVVLLLVD
1IVIINIIDLLIDIVLLLOV
VIVVVVVOLDLVILLVVLIIO0L
ODLLVVOVVIOVVODOVVOVVIL
VILLIOVVIILLOOVVIOVY
OLLOODLLLLIILIVILIIDOL
VOIDOLOLVOVILOLIOLLIV
OVDOVILIVOVOLVOLLIDIOLLL
OLLODLIDILLLVIIIINLL

LVVLIDLVIDILINLOODVVOD
1VOILLVLIODIDVIOLLIDY
VIVVVDILIILLIVILVOVDD
VIDOLOLLLIDIOOVLLLLL
L1I9VODLLVVVVHIIILOV
LLLLLVLIVIDD909VOLOV
VIVOILLIVIILVOILVVIL
¥II20V1313I0VIVOLOLV
VLLVVOVOVIOLIIIVYIDD
VIVOIILVILVILLIILOLL
VVVVVLIOLOVIOOLIODLIVY
DLLIILVDOIDVVIOVVLLLIOLL
VIVVILLIOVIOLLLIIVOV
VVIDOODODLVVLLYVVLVVYOL
LVIDOVIOLIIVOILOVOVL
LVIDDVIOLIIVOILOVOVL
LILID010IDLIVVYIOLVD
VOOVDHODVIILOHVVVIIOV
OOLLLIODOLLVVLIILLLDD)
LIDVOVIONILIDLIVODLID
LVIDDHVIDLIOVOILDHVOVIL
ODLLIILIVOOLLILIIVIL
VOLLILIDLIDIVVDILYOL
VIOLLOLLOVIVOVOLLIOOVIVOVOLL
DLILIOVIINOLLLLIIOLOYD
LOVOLILLLIDOVIOOLLLL
VIDDIOLIODVVVVOLIOVY
VLVILOODLLIIOVVIOLYD
1DLVIDLLIOLLIOIVODIVI)
DOLOLIOVOLIVVVODLIDDL
OVIVIILLLYOVIOIOLILL
LVVODVVVIVILLIIIINVY
V1DIVOVOOOILVVVLIDID
VODIVVLLVVVIIILLIVID
IVIVLIIIIODIVIILIIIV
LLIOVILVOVILVIVLIIIIIID

6(1V)
s(vvv)
slvi)

AvD)

©{1))

61(VL1)

01Lv)

$2LV)

ALV

ozvy)
HLVIOWILY)
zivey

90V)

vy

Uy
SVLMS(LY)
HvL)

uvo)

6(1v)

stvvi)
LILMLIVIBILD)
SOLVH

v
S(LLLY)

AvVO)

AVD)
S(VOOVL)
LUVILOLHHOLY
vy

Lav)

¥2LV)

sOL)
AVVVL)

vy

Ly
HVOWTHUVORIVLIS(LY)

Z80€TTI4
190€ZT14
6POETTId
LrOETTId
TE0ETTIA
870£TTUd
o€z
9667014
£L677T4
9T67TT4
9reTTald
L167z014
16877014
1887ZT4
SL8TTUA
978724
9sLzad
YOLIZTA
u9zad
0657204
osTTTd
Lo geadt]
[ggaadt]
LEPTTTE
1zeczad
BIETTUS
igzzad
£sTTTTd
£07TTT4
elzzad
8817774
081Zza4
151zzad
se0zzTId
woTTas
orozTaId

PBLINDD
811D
81IWD
181D
081D
6LITWDD
BLITWAD
LLIIWD
ILIIWDD
SLIIWD
PLIINDD
ELIINDD
TLIIWD
ILEIWD
OLTIND
69112
891IN2D
LITINRD
WIIWD
S91IND
PIINYD
911N
W9IND
1911W2D
0O1IND
6SLIWD
8SHIWD
LSTIND
9S1IND
SSHAD
PSIINDD
£S1IND
STIARD
1SN
0STIWD
6P1IND

2D



CcM1185
CcM1186
CcM1187
CcM1188
CcM1189
CcM1190
CeM1191

CcM1192
CcM1193
CcM1194
CcM1195
CcM1196
CeM1197
CcM1198
CeM1199
CeMI200
CcMI201
CeM1202
CeM1203
CeM1204
CeM1205
CeM1206
CeM1207
CcM1208
CeM1209
CcMI1210
CeMI211
CcMI212
CcMI213
CcMI1214
CcMI215
CcMI1216
CcMI217
CcM1218
CcMI1219
CeMi220

FL223109
FI1223158
FI223159
F1223192
F1223251

F1223272
F1223292
F1223294
F1223300
F1223308
F1223333
FI223354
FL223424
F1223437
FL223451
F1223526
F1223541
F1223542
F1223595
F1223601
FI223621
F1223643
F1223661
F1223689
F1223746
F1223812
FI223819
F1223834
FI223857
F1223871
FI2238%
FI223928
F1224032
F1224048
F1224081
F1224086

(TA)ITn(A)I0
(AT)6
(TCHMTC)S(TA)SHTA)T
(AG)SH(TTA)S
{TAB

GA?

(AT 7n(HN1
(ATG)S

{(TA)8

(CAA)S
(TCK

(AAT)S
(AT)I4
(TONO

(CAY?
(ATC)S

(TAS

(TA)B

{TAI10
(ATAK
(ACK

(AT)26
(A7
(TCw
(CAT)S
(AGYT
(AATAY
(AG) T

(TG)y?
(ART(AG)S
(A)NHTA) 2 ATBA(AT)3I
(TA28

(AC) I (AT)I6MATA)I T
(AT20

(GAY?
(CNI4AT)22

AAAAATTGTGAAACACCCGA
TGAAACACCGTAACTCGAGAA
TGATTTCCATCAAAAAGTGTGA
TTTCTTGATCTGCCCCAGAC
AAAGATAACTCTGGCAGAAAAAGA
ACCTCATGGCAAGCTTTGTT
TGGCTATTTAATCCTTTTGTTGG
TCCAATTCCCTTAGGCTGTG
GCTTTCAAAATTAAGAAATGTTGGT
TCTTCATCTGCATCTGTGGC
TTTAAGGCCCCGTAACTCCT
TAGAAACACCCTTGTTGCC
TCATTTGCTAACCCAAATTCC
TCAAAGAATCCGAATCCCAC
GAGAAACTTCTCACTCAGTTGCAG
TGTGAAACCAAGAAGAAAAACG
CAACGACACATGTCCTCCAC
TAAGGTGTTITGGGCAAAGG
GCCAATTCATAATGTGTTGAAAA
GTTCGGCATTTGTGTTCCTT
CCCCTCTAGGAACCACATCA
AGACTTGCGCTCATAGGTGTT
TTCTCCCCAAATTTCCACAG
TGATGGTGAGTCTATGTCTGCC
TTCACGGCCAACTATTTTCA
GGTTCCAAAGCAAGTTTCCA
GATTCAAAAGATTTTTGGGGG
GACACAATTGCTGATCAGGTC
ATTCGTTCTTTCATGGGTCG
TCCCTGAGAAGAGAGGCTCA
AAAAGTGTTACCTTATTTTCAACAAGT
AATCCTTAACTAGTACCGGCAGA
CCTCTCATCCAACATTAGCATC
GTTTAAAGGTAGGAAAACGTAACAGT
GCAGGCATGCAAGCTTTACT
TCGAGTGCAATAAGTCAACCA

AGAAGTGAAAGAAATAAATAATGGGT
ATGGTGGGAGATGCTAATGC
GGTTATAATTCCATTGGGGGA
TTGAAAATTTGGCGAAAACG
AGCCACTCACGCAACATCTA
AAATCTCGGGCACAGTTCTC
GTTATACGACGGATGGCGAC
GAGTGAGAAAGTGGCCAACC
AAAATTACATCAATATCGTTTGAACTC
GTTGCTGCTGAGAGTTTCCC
GGCAGTTTTCGAAAGAACCA
TGCTTACAATGGTACATTTGGC
TTCGGGAGTCGATTACGTGT
TCGGTGCTGAGAAGAGGAAT
TATAGGTGTGCCTTCGGGTC
AAGGAATGAATTCACCTGGAA
GTGAAGCGAAATCCCACATT
CTGGAGCAAGCACAAGATCA
TTGGGCCAATGTGTTGTTT
TGTGTGTTTATGGTCCTGATGA
ACATGTTTCACGTGGTTGGA
TCATCTAGTGCTGGACACCCT
TTTTTGGCATTCTTTTTGGA
AGCAAGTCATGATGGTCACCT
TTTTGAACTTGGGAGATGCC
CCATGTGAAGCGATTTTCCT
TCAATCTCTTGCCACCAATG
TTCATGTAGAACGGCAGAAAAA
CCGGACAATTITAGGGGTCT
CTCACCGTTACCGTCACCTT
CATTATTTCGGTTGTTTCCTATCT
GATATGCTCACATTTTATGTCTTCAA
TGAGAACATCACATGGCATAAA
GAACAGCCCGTTCCAATTT
TCTAGCGTCCGAACATTCCT
CGTGTACAAATTTCATCGACAA
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TGCTTTATGGCAACCTTTCA
TGAAGGAGAATTCAAAGCCAA
ATAGGATGTGACATTGGGGC
TTGTTGTTGTGGCTGTGGTT
CATGCAGTGCCTAGGCTAGAA
GGTGCTTTTTGGCTACCTTTC
GGGTGTTGAGATGTTAGAGATCG
AGAGAGCCACCTTGGTTGAA
GATGCCACTCGTAGCCAGAT
CCCTAGGGAATCCGACTAGC
CACTTTGTGCCTGCTTGTGT
CCAACTTAACTCATAAGGTGTCTGG
GAGCGACAGGAGGAGIGTTC
TCACTTCCAAATCCAGGAGC
TAGAGTCGACCTGCAGGCAT
GCCCAATACAAAAAGTGATCC
TAGTGCACTCAGCACCCAAG
CGGGCTCATTAATTTGTTCA
TGGGAATTCTGGATCTGTGA
AAGCCTCATCACCAACATCC
TGCTITCCCTTTCTCCTTTIC
TCCAAATATGCCTACGATCCTT
AGGGCCACTCTTCCCTACCT
GCATGCAAGCTTGAAGAGAA
GTACACGTCCACCTCCACCT
GGCCTGGTCCTAGTTTIGTG
GCATTGGTCCGAGATGAAGT
CCAACAGGGTCAAAAAGCAT
AGGCATGCAAGCTTTATTGG
TTTTGAAACTGAAGCCAACTGA
AGAGTCCACATCATTCAGGGA
CAAGCGAGGTTTCTCACTCC
TGTGTGTGGGTGGCTTTTTA
CCTTGGCTTCTTTCCCTTTT
TAGAGCGCTGTCCTTGTCTG
GCAGATAGCATCCTGGGAAA

AACACATAACGGCCAGATCC
GGACGAGGACGGGTATCAT
AACATCAAGAAGGGTCCACA
ACTTTCTGAACTGCCGGAGA
CAAGAAACCGAATGCATCAA
CAGACTCAGGCACTGTTCCA
AGCATTCATCATAATCATCAGACA
CATACATTCACACTTAACACTCTTTTC
TGGTATGGATTATGATGGATTGA
TGAACTATCAAGGGAGGTGGA
ATAATGCCAAAGGGGGAGAA
TTGGATGGAGTTTIGTTTTTCA
TTCGCGTTAGTGTGGTTTTG
TITGAGCAAAAGGAGTGAACC
TTGCTCATGCACACAGCATA
CGCAAGTGCGTGTATTTTTG
TGTAGCTGCATGGCAATCAC
CGTAAATACCCCTTCACGGA
GGCAAGCCTACCCATAATCA
TTGTGAATCTTCCGTATGGC
AAATGAACCACACTCGGACC
TAATCACACTTGCACGCACA
CCGGACAATTTTAGGGGTCT
GCCATTATAGCAGCAGCCTC
ATTGGGATTGGGTAGACCG
CTGGCCAATTTGACCTTIGTT
CGATGAAACTCCCAAACACA
AAAACGCACAAAATAATATTCCTC
AATTGAAATCTCGGGCACAG
ATGGAACGAATTCACCTGGA
TTTCATTTGAGATGCCCTCTTT
CGAATTCAATACGGGCTGTT
ACAAAAATTTGGGGCTTTCC
TTTTATCAAAATTTAACTGTGAACCG
ACGAAGATTGCCATGAAAGC
TCCACACAAACACACACAAAA
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GTACTGCGGTTTCAAGACCC
TGAGAGTTTTGTCCTTGCATGA
CCTGAGACAGATCCATGTTTACC
CTAGCACTCCAGAACGGGTC
TGTGTTTGATTGAATTTTTAAAGG
GCATGTTGTGGATGTTTCAAG
TCATACTACACTTTTIGACACTTCACA
TAGAGTCGACCTGCAGGCAT
GATTCTGTGGGATTTTGTGGA
CGAAGGGAAGAACTCCTACCA
ATTCATGCACACACATGCCT
ACGCCATTCTAACCACCTTG
AATTTGTGTCTCCATTUCCUG
GCACATGCCAGATCATTTTG
TTCATTTGCTTCTGCCACTG
TAGAGTCGACCTGCAGGCAT
GCTTTGCGGTAACCTTTCAC
TTGTTGTGCTGAAAAGCAGC
TCGTCGAGTAAATGCAGCAC
TGAAGTCATTGCACCTTGACA
TGCACTATCAAGGGAGGTGA
AGAGAAATTGATGCGAAAGACT
CCGGACAATTTTAGGGGTCT
ACCAAGCCTTTTCAAGTGGA
ACATGTAGCATTGGGTGGGT
AGTCAAGGAATTCACGCCAT
TGCTAGSGAGAAAACTCGGA
CAGGCATGCAAGCTTTGTTA
TCTAGCATCTCCATTAAACCATTT
TCATGCATACTGTTCATCGG
ATAGGTGCTTTGTGGCAACC
GGAAACACCAGGCAGAAGAG
CCATGCATAATGGCCTTACC
ACCAACTCCCACAATCTCCC
TGGAAATACCGAGCTATTTGGT
TAGAGTCGACCTGCAGGCAT

GCTGGCATCCCAACACTTAT
CACACCAAAGAAAAGGGGAG
AGGGATCAATTGTGAATGTCG
TTGTAGGTGCTTTACGGCAA
GCCCGTTCGAGAACTATGAA
CATTCGCCACTTACAATGAGT
AGAAAACAAGAACTCAAAGTAAACAA
AATGGAACGAATTCACCTGG
TTGGATTAAGGATGATTCCGA
CCTTCCCTTTGGCCCTATAA
GCCATGGAAATACCGAGCTA
CCATAATCCAATCCAAATCCA
TCCTCGTCCCGCTTAATAAT
CGTCCCACATTCACTCCATT
GTGATGTGCTGCTGTGTGTG
TGTTCTTAGAGAAATGCTAGCACAC
ATAGACAGCTCGGGCACAGT
GACAGGCACATCCACACAAG
GGTTCTGTTGCAGTGAGCAA
AAAGTGGCTAAACCAATTGCATA
CCACTTGGACTTCCACCCTA
TITTICTCTICTTTCTCGCCATC
TGTGAAACCAAGAAGAAAAACG
GCTTCCATTGCCTACTACGG
CACAGGGTACACGCAAGATG
GGTTGATGTCATGCATAATTGG
CCTGTCTTGCACCTTAAGCC
AATCTCGGGCACAGTTCAAG
ACACATATGACATTTAGCAAATAAAAA
TGCATGAAATTTAAGGAAGAACAA
CATCTCTCAGGACCCCAAAA
ATGTATGGAGCAGAGCAGGG
TTGAATTCCTTCTATTGGAAAAGG
AACCCCATAAGAAGATTTATGACTTT
ATTCATGCACACACATGCCT
CAAAATAAACATGCGTGATAATGA
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CCCCTAGATCCCTCCATGAT
CACACAAATCGTGATTTTAATTGG
TGCAGATGATTGGTGTGGAT
ATACTCGCCGGGGATAAAAT
AGATGTAGGAGGAGCATGAGC
FACCTTATCCTGCCCTCCAC
GCTTATGAGATTGTTTCTTCATGAGT
TAAATAGGAGGCAGGGGTGA
TAATGATCAACGCACTCCCA
CCTGCCACCATTGAGTTTCT
CAAAAGTTGATTTTTGGCCC
CCCACAAGGAGAAGATCCAA
AACAACCTGACATCATGAAAAGAA
TGAAATGAGTCTACCAAAGCTTACTC
AGCGCGTTAAAATAGCCAGA
TGATATCTACCAAACTTTTAAAGGAAA
CCCTGATTTCATITTICTTTTGG
TCAAAGCCAACTTTTCTCCTIC
CCTCCAAGCCAAGGTGTATC
AAATCCCATACAGTTATCAATGATTTT
ACGGAGATAGGCTCAGACGA
CACCGATCTTACCTAGCGGA
TACCCTCGTGCAGGTACACA
CATCATCATCAAACCTCAAACC
TGAACTTTGAATCTAATGGTTGGA
GATTGGTTGGTATCGGTCGT
TGGACAACCTTATCCAAGGAA
GGGAGGTGGACTACAAGGAA
GACTGAAAGGTTAAACAATTAACAAAA
AACAACAAACAAGCAAGGGC
CTTCACCAACTCGCCAAAAT
GACGGTGGAGATGTTCCTGT
AAAGTTAATTATGCTTTGGTTATGATG
CTAGTGAAGGAGGCTCACCG
CCTCCTCCATCAACAAGGAA
ATTGGGCCTCTTCACCTTCT

TTTCCCTTTTCACCCAAAAA
CGTCAACTTATTTTGTCTTGCATC
TCATCATTATCAAGTGTTCGGTG
GGATGTTAATACCCACCCCG
GACCCCAAAACCTCATTCAA
AGTTACTTGACGGGGCTTTG
TTACGGCATGAGCTGTGAAC
TTCTCCTCCCCCTTACTTGG
TCCACTCTGCAATGCAATTT
TTTGCCATCAAACAACAAGG
GCACCAAATCTTAAGCTCGC
TCTTCCATTTGTCCCTCGAC
TTGCCCTTAGCCTTTGTGTT
TTGATCTATGCACCAAGAACTTTT
CCAGGTCCCTTTTCTTCTCC
ACAATAAAAAGAAAGCACAAAAAGT
TCGTCCCCATTTTAAACTAATTG
ACGGAGATGCAAAGGAAATG
ATTCTCGAAAAGCATCCGAA
CATGGATATGGTAAATTTCTAGGC
ATGCATTTCTCTGACACCCC
CCGTTAGTAATTTTCGACGGA
CCACCCACTCATCATTTCCT
TCGCATTTAGTCCATATAATGTCA
CGATGAAATTCAACACACACC
ACAAAACCAACCACCACCTC
CCATAATCCAATCCAAATCCA
CCCTAGGGAATCCGACTAGC
TTTGAATATGAATTTTACTCATTATCG
TCAAGTAAATGAATAGCTCATCGAA
GACAAATTTATTCGATGGACCC
ACCTCGTTCCTTCCGTCTTT
GCGACCAAACTCTTGTTCCT
TTGAGAAGGATAAGGTACGTACAGA
TGCATGCTTTAGTGCTTTGG
GTCATGCTCGAGAGAGACCC
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(TAY

GATTCCTCTCACGAGGTCCA
TGATCAAAGACTATGAAAAAGTTCAA
GGAAAGAGCAAAGTGATATCCG
CAGAGGCAACTAATTGGGGA
TATGTTGAAATGGCCAAACG
ATGCTTGCATGTTTGGGTTT
TGGTTGCGTGTATGGAAAAA
TTCAAACACCACAGCGTAGC
ATTGGCAACTTTCTGCAACC
AGGTGGAATGCTTTTGCAGT
GITCTCCTCCCCCTTACCTG
GAAAACACAATAGGTAAACATACATGC
GGATAAAGGGCTTTCTCUCT
GCATCGGATATGTGTTCATTCT
TGCCAATTTTGACTTGAAAACA
TTCAATTTATTCATTTATTTCCCAA
TCCAATTTTTCCAATTTTGATTTT
TITTAATCCTTTTTIGTTCTTTTCATGT
TACGATCGTTCGTGGGTGTA
GGCCCACATATGATGCCTA
TCCTCCTTTTTGGGATGTTC
TTGTAAGGGACCAAAAGAGGT
TACCGGTTGTTCGTCTCCTT
TGCAGCTAGTAGAGGGTTCACA
ACCGCAAAATCAAATTCACC
TGGTTTATAGAATGAAAAATTAACCAA
GGAGGCCCACTCTTCCTTAC
ACTCTTGGAGTTATTTGATCCCT
AGGACCTGATGGCAGCATTA
TCTTGGAGAAGTTGTTGGGAA
GAGGGGAAAAGTTGGAGAGG
TCTTGCACTCAAAGACACGG
CAAGAAGAAAAACAAACTCGTCAA
CGTAGCCGGATCTTCTTCAC
GGGAGGTGGACTACAAGGAA
CAGTTGAATCGTTGAAATTTGATG

TTGCATCCATTTGATCCTGA
ACACAGACACACAGACACAGACA
TAGGGCTCTTTCATGATGGG
TACCCTGTTTTGCTCCCAAG
TGCAAACTTGATTTGTGCAT
CAGGTATGTGGAACAGTGGAA
ACATTTCCAGCACGTTGACA
GCTTCACAGAAGAAGACGGG
GCTCTTCGAAAGAGACGGTG
GGTCCCTTTAGCGAACATGA
TAAATAGGGGCATAGGGGGT
AGATATTCATTTATTTGATGTTTGTCA
AGTGCAATAGGGCAAGCATC
ACGCACGGAATTAAGTGGAC
TGCTTGTTTGGGAATAAGGC
TTCCACAAAATAAACCAAAAGAA
TTCAAATGAGATTAGTTTTCATACGTG
TTTCAAATAACGTAAATTTGGATAAAC
TGACCTAAGAATGTACAAAGGGG
TTTTAGGTGCTTTGTGGCAA
TGGAGCTTGAGCCATCTGTA
TTCAATTTAATGAAACGAAGTATCAAA
TGCATTGGACGAAGAACATT
GGGGAGAATAGGCACCTCTAA
TCGTCAAAGTGTGATCCTGG
CAAATTTTCAACTCAACCATTG
TTGTAGGACATTGGGAAGCA
AAATTTCAATGATCCAACCG
CTCGTCGAAGGCTTGAATTT
TTTATGTCTTTAAATATTATCCCCACT
CATGCAAAAGTAATAAAAGACAAATCA
TTGATGTTGCTTTCTCGTGG
TGCGAAACAGTGTGAGGAAG
TGGTGTGGATTATGATGGATTG
TCTCCAATTCCGTTTAGAAAGC
CGAAACACCTAAGGGCATGT
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(&3]
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TGCATGGGTGTGATTCAAGT
CCAACACCTTTCCTTAGCCT
GCCTATAAATAGGGGCAGGG
AAGACGATCTTCAGTGGACCAT
CAGATCTGACCCAAAGTCATGT
CAACGGTTGAATTGTTGAAA
GGGCATTTGCCTCCACTAA
TITTTGTCTATCTCTCCCCATCA
GACCCCAAGAAAGTACCCCT
CGTCCATCCCCAACTAATGT
CCTAACCGAACACCTAAATGATG
CATGACAGCTTGCACCAAAT
TCCCCCTTCCTAAGTTICCA
TTTCATACAAGAAATGITACATGCAG
CTCATTTCAGAACGGGTCGT
AGATCCAAAATTCACCAACCA
GAGAATGTGTTTTTICTTTCTGACTTG
GCCATGGTTGAGGATGTCTT
CGACACAAATCCAAAAAGCC
GTGGTTAGGAAACCTGCCAA
GCTTGTTTGCTAGCACAATGTA
TGACGATGTCGTCCTCAATTT
AAACATGAAATACATAGAAGGGGG
TGATAGGGCCCCTCCTTAAT
TTGCAGATTTGATCTATGCATTAAG
AAGGTTCTCAGCTGCTCCAA
ATAATTAGGGGCATCAGGGG
GACCTCTCAACGGGCTACTG
TCATGGGAAGGACAACTTCA
ATTTACGCTGCCATGTGTGA
AAGAAAAATTCCTAAACCCGTG
TGTGACATTTGACTGCATGTTT
TTTGCCCCTTTACCTACGTG
CCTCACACCAAGGTGGTACA
TTCAAAGTTTGCATTATCGCT
ACGACTTAGCACGACACCCT

TUTCTTTITGGCCTTTICTTITIT
CCTAACCAAGGATGACGTGG
GGACCTCCTCCTCTGGATTC
TCCACTCACTAAAACCTCACCC
CCCTCTTTCCGAATCAAACA
AAAAATTCCTCCACGACACTTC
GCCACCTAAAATCTATTTATTGACG
GCCGTATTCCTGTCATGTCC
TTTGTGAAATCCAAGAAGAAAACA
TTGTCCCAACCGGACTCTAC
GACTTTGTGTTGGACAGGCA
TGCCAATGCCAACTAAAACA
TGCACATTTGTGTCATGTGG
TTTCATGCAAAATCAACATTAAAA
GGTTTTAGGTGCTTTGTGGC
CACAAAGATTCAATAATGACACCA
AGAGAACCAAAATICCCGATT
GGAGCTGGCTCTTATCATCG
CAAAGCTGAAAAGGTAGGGTT
TGAGGGAGGAATCAGGAAGA
CCCACTCTCTATAAATAGATCCATCC
CCCAAGACTTGAACTCGAAA
AACGATGAAATTCCCAGACG
ATCCCGATCAGAACGAACAA
TTITGTGTTGTAGTGTGTCTTTGC
TTCCTGAGAGGGTTTTGTGG
GITCTCCTCCCCCTTACCTG
GCTGCATGCATTCTTTTCTTT
AATACATTGGGGGAGGGACT
ACTCTGTCTGAGGCGTTGCT
GGAAGATCGTCCCTACGACA
TCACTGGAGTATCCATCGCA
ATGGCGGCTAAGCATACATC
GAATGCTCCGAACTTGTTTCA
GTTCTCAGCCGAGAGCATTC
GAATTCATTTGTTATTACAGATTICAA
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(ATY7

(GA)T

GACACACGGGCAAAAGAGTC
TGAGTGAGAAGGTGAAATCTTAGAG
AAAATTAATTATGCTTTGGTTATGACG
ATGCCGAGGAAACACTTTGT
TTAGTGGCATCCCTCTTATTTTT
TCCGGAAGATTCCTTATACCG
TCAGAGCGAACAATTACAGACA
TGAACTTTCAAGGGAGGTGG
TCATCCACCTCTTTCCATCC
TCGAAGAAAATGTTTATTTATTTGATG
TTCAACAAAATAGAGATGAAAGTGA
TCCCTTTAAATTTTCCCATATATCA
CATGGCAATCAAACTTICCC
TGTGCCCCAACCTTAAAATC
AGTCATTAAACCCCAGGACC
GTCGCGGTGCTCAATAAGAT
CGATGCAATCTATAATCCATTTG
GTGTTCACAAGTGGTGGGTG
CGTGTAACCCGTCAACAAAA
TCTTCAGGCTGGACCACTTT
AAAGGAGTGAGATGGGGTCA
TGTAGAATATGAGTTATTGAACGGAA
AAATAGAAAGCAGAAAAGGTAAACA
TGTGGTGGGTTTTIGAGTCC
TATGGGTCCCCCACTTTGTA
AATTTTTGTGGGTTAGGGGG
CTGACTTIGTTTTTGTGCTTCC
TCATGATGAATCTCATTTAACCA
ATGTCGTGCATCAAGCAAAG
TGGATGCCACGTGAAAGTTA
ACACGTCGAATGTTCTGCAA
TGAGATTTTATAAGGGAATCACGA
TCCCCTAATAAACCAGATACGC
TCTGTCAAATTTTTGAAGGAAAT
TGTGTGGTAGTTGCCTCCTG
TTGGACTTTATGGTGTGCGA

GGAGTTCTTTCAGACCGCAA
AAACAGAACAATGGCAAGGG
CCCTACTAACTTTGCGACCG
GGAGTGAATGCTCCCTTGAA
CGGAATTGGATTTAGGAGGA
GGGTGATGATGTGGCAGTCT
TACCCGAGATCATGAGGACC
CACCCTAGGCAAACCGACTA
TCAAAGGTGAGGGCTTTIGTT
AATAAATAGAAAACACAAAAGGTATGC
TCCTCTCTTTTAAGCTCCCTCA
TGTGGGGTAGGAAATATCACAA
TTGCTCCTCCACTTATTCTCC
CCACTGTGACCCTTTCAGGT
GGTAGCCAAAAAGCACCTTC
TTCCTTGCCACAGATATGGA
TGAATTGATTTTGGAGCAATTT
CGAACACGGTTGAGAGTTGA
TCGCTAACAGAAGGTATTTCTCA
CCTTATGATTTGGCCGGATA
CTTAATGGCCACTGCAAACC
TGAGAATAATTAATGCAATGGAAAA
CAAATTTTTGAAAGAGATTAGTTCTCA
CAAGCAAACCAACCATCTCC
GACAAAAATTTAAGCTTAGAAAAATGA
GGGAGAGAAAGAGAGAGGGG
AGGGGGAGATTGTTGAGCTT
CACTGGTATCGTTTGAACCCT
TGCAGGAAAATAAAAATGTTGG
TTTTTGGTGTTGTGCATATGAT
CATCATTCTCAGTGCAGATGG
AATTTGCAAAGCAACCTAACG
TGAGAAGTGTGTCTTTCTCCTATCA
AAAGGTAAACATGCATACTGCAAA
TTTGACCTCCAAACAAAGCA
GGCACCAATGACTTCGTTTT
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TCCATGCATTGTGTATGTCG
CGCTCGAGTCTCAACAGACA
TTGGAACAATTGGGGATTTT
TTTTGAGGAATTGTTTGGGC
ATCGTCCCCATTTAAAAGCC
TGTAAATAGGTGTATGGTCCCTCA
TTGCAAGCTTAATCTGTGTATTAAGAA
CTGCACATTTCCTGCAAAGA
TGGTATGAAAAGGCCTACGTG
TCCCTTACCCAAGATTTTGAT
AAGAGTGTTTTTGTTGGCGG
GGCACAGTTCTCAGGACACA
TAGGGCCCCTCCATATILUTT
CGTCCTTCGTTTTCCATGAT
GATGTTTTGACGGAGCCATT
ATCGTGTCGCAAACATTCAA
TGGTCATACGGTTTCCATGA
TGTGTGTAGGTGGGACTTGG
AATTGAGGCAAGTAGTGTCTTTTT
ACGATTAGGCACGATTTITGG
TCCTTCGACATGCCTTTTCT
TTGAAAAGGATTCGTCCTCG
TCAATTTATTTGCGGGCCTA
CAATGTGATGTTCTCATGGTCA
TGGATTGGATTGTTGAAGCA
GAAAAACCATGAGATCTAACCCA
CCCTCTTTCTTCCCTCTCTTTC
AACGAATCAAATCTAATCCATTCA
AGATCCCCGAACCAAAGAAC
TGAATAGAGATTATTTATTGACCGGA
CGCCAGAAAATAACCGCTAC
TCAGCTATGACAAAACTTCCCA
GGGAGGTGGACTACAAGGAA
GCAAGGACCTTTAAGTGCCA
GCTCAAGTAGACTGGTAAAATTGC
TCGTTTCAAAATGAATTATCCC

TGCATAGTCCTTAAAAACCCA
AGTATGTTTGGCAGCACTTGT
TCACATCCACATTCACATCG
ACCCTCCACCAAACACAAAA
TTTTTGTCCCAAGAAAACTTGT
TGTCTGAACTATTTTTCAGTTCAGTTT
GGATCATCCCTACCTCGGAT
TCACTCAGTTTCACTGATTCGT
GAAGGCCTTTCTTITIGCCTAC
CCACATAAGGATGATCCAAAAGA
TTGCAGATACCAACCCCTTC
AAGATCCGGCCTAAGCAAAT
GTCCAGCTCAACCCATTCAT
CGATCAGTTTTACTGGACGC
TITTGGCGTTTCTTIGTTCC
GGTTGCTGGCTAAAACTGGA
TTACACAGGTAAGAAAAAGGTATCG
CAGCAGAAGATTTAGGCACG
CATTCCCAACCCACCTACAA
TITITCCCTCTCATTTCAAACC
CCCTCCACAAGAATAAGAATCC
TTTCATTTTTCTTTAGAGACCTTGA
CATAACCATTGGTCCCCATT
TTGTTCTTGCCGTCACTTACTC
GACTCCTTTTCCTTTGGATTTG
TTGCAATCGGACTGTACCAA
AAATTTGCCCACGTTTGAAG
TTCTTTATGGTTATTCAATTCATCCA
TTACCGAAAGGCTTGCAAAA
CCAACCTAAAATCACATGAGCA
CCAATTTTATTAAGATCTCTCCTCTCA
ATGTGAGGCCCTTTCCTCTT
CAATTTGCCTACTAGGGGGTC
TGTTGCTTTGTTTTGATGGCT
TGACTTTGGGTTTGATTGTTCA
GCAAATTGAACATTTGCGG
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ACAAACACAATGCAACACCG
CCATGGTCCCTTCCAAAAT
GGACCTCTCAACGGGCTACT
AGTATAGGTGGCCCAACACG
CTTTCTTTTTCTITAGAGACCTTGAT
GAGGGCATAATGGGAAACAA
TTCAAGTCCCCCGTGTAAAG
ACTTGTGTCAGATGTGGCGT
GGCATCTCACAAAGCAAAAGA
GGTTGAGTGGAGACATCAGC
CGGTATTTAAGCCCAACTCG
CAGTTGGATTTACAAAATTCACATTTA
CTCTCTGTCTTGCCTCAT ICC
GCTTTGTGGCAACCTTTCTC
CCTCCAAAAATTTCGTCCAA
GGTCAAAGGGATATGGCTCA
CCCAAGGTGAAGCATAAACC
GCAAGATGTCCCAAACACCT
GGCCATTCCAACATAAGCAT
AGACCCCAAAAATTTCGTCC
AAAAATCAGTGCTGCTGCTG
ACAAAACCAACCACCACCTC
GCAAGAATTATTTCATTCACTGCTT
AAAATTAATTATGCTTTGGTTATGACG
TGAAACAGATCTGCGTAGTGTC
AGGGGAATGATGCATGGTAA
GAGGGTTCTTCCCCCAATTA
AACATCAAGAAGGGTCCACA
‘GGGGTCTAGATTTAACACCTTTTG
ATTGACGCTTCCAAAACGAC
TCATTAAACCCCAGGACCTAA
TGGCTTAGCTGGTTGGGTAG
CGACTTTTGGCTATTGGGAC
GGATTCTAGCCCACAACCAA
GGTATGGGTGTAGGTGGTGG
GCAAGAAAGCACCCCTTGTA

ATAGGCGAAGGACAGCAAGA
CTCCATCAATGGCGAAACTT
TTTTCACATCAAATTTAAAACCAGA
GCGGGAGCTAGAGATGTTTG
AATGTGACACCCTTCTACCCC
CGAAACCCCTACTCTTGCAG
ACGGTCGTGATTCTCTCTGG
ATTCGAAGCCGAATCTTCCT
TGACATCATTGAACAGAAGCAA
TATGTGCTGCAACCAGTGCT
CGTTTATGTCCATGTCGCAC
TCCACAACTAGGCCCAACTC
GAGAGAAAGGGAGGTGGGAG
ACGTACAGATCCAGAACGGG
GGTTTTAGGTGCTTTGTGGC
TTTTCTCAAAAATCCCCCAC
TGACGTTGAATCTCCAACAAA
TCTTCTTCAAACCTCAAAATCCA
TGCCTCACAACACTCAAGAAA
AGGTGCTTTGTGGAAACCTT
‘GAACACCATCCCTATCACGC
ATTGGGATTGGTTCGTATCG
TTCCCAGTAACATGGCAAAA
CCCTACTAACTTTGCGACCG
CCCAATGCCCATTATCATTT
TCGTGGGTGTACGTTGATTG
CACGTCAAGAAAAGAAAAAGGTG
ATAGGATGTGACATTGGGGC
TGTCATTTTTCTAGTTATGGCTTTTG
TTTTACATTGGCAACCAATCA
GGTAGCCAAAAAGCACCTTC
TCGACCATCTCAAATCAATCA
AAGAAAACCCCCTGATTGAA
GCTCTAAGGTTGGGAGACCC
CATCACTCTCGCGCTCATTA
GGAGTCTTTGTGAAAATCTTGGA
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AGAATGTGAATTATTGAACGGAA
GAACCAAAAGAAAGAAAAGGCA
AAAAATTTTACACTAGCAGCCAA
TTGCTAGAATGAAAACCCGC
AAGGGAAGTGATGCATGGAG
TGTTTAAGCCTATGCAAAAGGA
TTCCCGATCTTGATTAGCGA
TACCACGTGTCATTGCCCTA
TGAGACTTGTGCTTGGATGC
GCCAATTATATTGGTTCAAAGGG
TCAGGTCTTATGAAAAGGGGAA
CATCAATCTGCCACATTTGC
TGGATGGATTGACTIVTAGTCATAGA
ATACAGGACCCAGGACACCA
TATAAATAGGGCCAAGGGGG
GCCATTCAGATTTCAGGCAT
TCTTTTTCTCTTGCTGCGGT
AGAAGGAGGAAGCTGACCAA
TGGGCATGACTAGAAACTTGG
ATCCAGTCGATGTGTGGTCA
AAACATGCATATTGCAAATTTTATT
AAAGTATAGGAAATTAGGAACTGTTGA
CGTAGCCGGATCTTCTTCAC
ATGGCGGACAAAAACAAAAG
CTGTGACACCCTCTACCCCA
CTTTTTGGAGTAAGTGAATCGC
GCTTTTCAGTCGGCTTTTTG
GTCCACTGGATCGTTGAGGT
CAGAGCACACGCGTAGAAAA
CGGAAAAGGAAATTGCTGAG
CGACGACGACTACAACGAAA
TTTCCCACTGATGATGCTGA
TGCGAAATTTTIGTGAACTTTG
TAAATGAGCATCCAGACGCA
TAAATAGACGGCTTGGGCAC
GCCACTCTCGCTTATCATGC

TTCCAAACCTAAGTTATGCATTAAGA
GTCCAACTTGAGGGGGACTA
TGATGTCAAAGTCTCCCACG
TCAGCTCGAACAAACATTGC
TGAGGATATGTGTGTGCATTTG
CCTTGAAAACTCTAGTTTGAATCAAGT
GAATCCAATGCATCAAGTGATTT
TGAAAAATTGGAAAATTTATTGGA
TGATTGGAGGGTCATTGTGA
TGAAAATGGGAAATCGCTTC
TTGTTCGAAACTTGACGTGC
GCACCAAAATTTTCTTTIGGC
TGGTGTAGTGAAATCATCTTGGA
GCAGGTTGGTTTAAAAAGATGAA
CCTTGAGCGAGGTTTCTCAC
GCTTTGAAACGGCAAAAGAG
TTTTCTCAGTTTCAAAAATTAACATCA
TCATGAGTATGTGTTGAACGATTT
AATTCGGCGCAAGAAATATG
CGACACACCCTAAACACGAA
TGTTCATTTATTTGATGTCTGTCAA
GGTGTTGCTGACCCTGTTTT
TGGTGTGGATTATGATGGATTG
TTGCTGCTTGTTATGCATTTTT
TGGATTAAGGACATGAATGTGAA
GATCCCTTCCACTAGCACCA
ACCAAACCTAGTTCCGCAAG
TTGAGCACTCCAACAATTTGA
GAAGGGAAGGAGGGACGTAG
GCTTTCTTGCCGTTATTTGC
CTCTCTCGTCCACGACTTCC
AGCATTTGTTCAATGAGGGG
CAGGAACATGAGCAAAAAGATG
ATTGACAGGAGGAGGCACAC
TTTTAGGTGCTTTGTGGCAA
CCCACAAAAGTCAATTTACTCCA
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AACAAATGGGAGTGATTCGG
CTCGCTTCACTTCTTGACCC
TGTCATITAAGCTCCTCCTGAA
TCAATCTATCGGTTGAATTTACAAAA
TGAACTATCAAGGGAGGTGGA
AACAACCTATGACGCCCGTA
CACCTTAAATGTTTATTTCGAATTTTG
TGAGTGCTGGACAAATCTGC
TCTTCCACTCCTTTTTCCCA
CGGTATAAAGCTCCTTGACCC
TGGGTTAATTTTGTTTTTATGTATGTT
AGAACATGAGTTATTGAACGGAG
TGATAGGAATATTTCGEHC GG
GGGCAAGAAATTTGIGTGGT
TCTTCTAAATCTGCTTGGCATT
AGGTCACAGCCCATTTTGTC
TGAACGGTTGGATCATTGAA
AAATTGATCTTTTGTGAGGGTCA
AAACATCCGCCAAACAAGAC
GAATCCAAATAATGGGGCCT
TTCGGAGAAAATGTTTATTTATTTIGA
GCGTTGAGAAGCCTCGAA
CCACAACAGTCTCAACCACG
ACAAGGTCGACGAGGATGAC
CATGTCATTTGGTGCTGAGG
GAACCTCAACCACCAAGGAA
TCGCTTGTGCCTGTTCTTTA
TGCCGTCCCTTACTCAAGTC
TGGAATTGAGATGTGGATGG
CCCCAAAATCTGATGGAAGA
TCCTTGCCTTGTCCTCAATC
TCAAGAACAACAATTGTCTCAGG
CTTTATCATATCATTATTITGTTGCG
GTGTGGGGCTTCAAAGAAAA
CACAGTTCTCAGGCCACAAA
GGTTTAGCGTGCTAACCATCA

GATCTGAGAGAATGGCTCGG
GGTGTAAACATCGTGTTTTTCATAA
CCCCTCTCTTCGTGACTTTG
TTTCTATCGCACAAACAAACAAA
AGAAGGCCTTTCTTTTGCCT
TGACGTTATTTGATTTTGAGGG
GGGGAGTTGGGTTAGGAAAC
ATTAACGTCTCCGTTGCTGG
CTGTTGACCAGTGGGTAGCTT
CAAAGGGATCCTTGGGAAGT
TTAAAATAAATTTTTCATGCTGTGA
TGTGCGTGGGATGATAAAAA
CCTTTGAAATTGAAGGCGAG
CTCATCCTCCATTGCCATCT
TTTIGTCATTIGTTTCTTGGTTCA
ACCATAATCCCTCCTCACCT
AAAGTTATTGAGCGGTGTACCA
CGAGGGGTGTATTCCCAGTA
TGCATTGATAAACCGTGTGG
GAAGCATCACATCCTACCCG
CACAAAAGGTAAACATGCATACTACA
TTCCACTTCTGTTCCAACCC
TCGCTCATCAGATGGACAAG
AAGCCATGTCCACACAACAA
TCAAATGTGCCTAGAAGGAGTG
TGTTGAGGTGGCACAGTCAT
CAGGTTTTGTGTTTGTTGCTG
TCATGCCTCCATAACCAACA
TTCCAAGGTCACGTTATCCC
TTGCGAAGTTAACACTACCACA
AGTGTGGGTTGCAAATGTGA
TTTCCAACACAAACCTCGTG
AAAAAGTGATGGATCGATATGAAA
AATCACCTAATAAATTCTTGTTGAGAA
GGTGCTTTGTGACAACCTTTC
ATGGTCCCCCATGTTATTIGT

266
179
255

158
27
266
237
195
274
231
219
193
235
207
176
228
157
258
237
233
261
224

19

182
221
170
259
16
235
187
251
248

132



CeM2121
CcM2122
CeM2123
CeM2124
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CAATGGGAGGTCATTTTATTTIT
TGAACGGTTGGATCGTTAAA
GGGCAAGGACGAGAATGTTA
GGATCAACTTGGATTTGCGT
TGTTTATCGATICATCCGTTG
CCTGGGAGCCAACACATAAT
TITAGAAGGCTTCCATTGCC
CTCCCAGTCTCACAGAAGCC
GGCTCTGTTTGGGTGTTTGT
CATTCCACTTTTGGAACGGT
GAAATCTCGGGCACAGTTCT
GACGATGCAATTCCTTCATGT
GCGGGGTAAGTAAATCCCTC
TGGAAGGATTGTCTATGTTCAAA
TACCCGAGATCATGAGGACC
TACCCGAGATCATGAGGACC
TGGAGTACGTGGATCCCTTC
TCATCCACCTTACTTAGTGGAAA
CGAGTTTGGGAGTTTTCAATTC
TCATCGATATTTCATAGAAACAGTGTA
TTGAACCCACACCCTAGGAA
TTTTGGTATGTTCAGACAGCTATAAAA
TCCAACCTACCCTGAGAACAA
GGTATGGGTGTAGGTGGTGG
GCTCAGGATCGTTGGAAAAA
ATAAGGCATGGGGGATTAGG
TCATTTCGTGGTTGCTTACG
TATAAATAGGGGCAAGGGGG
TGTACAGGGCTGTAGGTTCG
GGTTTTAGGTGCTTIGTGGC
AGATCCCATCACCCCTTACC
CAAGAGTCAAGCTTTGGAGGA
ATCCATGATCTIGGCCTGAG
TCAAAGGTGTTCAAATCCTCG
CTAAGCAACGTGCAATGGAA
TCAAGGGAGGTGGACTACAAA

TTCATGCAATAATTAATCAGGACAA
TTAGACGATTATTTATTTCAGCAAAA
TCATCTCTAGTGGGGTTCGG
TAATCTGCCCCAACTCGAT
AGTTACACCGGTGCCGTTT
GTGGGATGACATGCAAACAG
ACCAAGCCTTTTCAAGTGGA
AACCTCAAGGGAGGTTATTGC
AGCATTTGGAAGCATCAATGT
TAACAGGACCTTGGCCTTTC
TGGAGAAGGTGCTTTATGGC
TCATTTTTICAAATTTTAGAGTTGCTTT
TGTCTTGAAATATGGGATTTTTG
GCCACAAAATATGTGTCAACTTC
ATCACTGTCCGACTCAACCC
CCATCAGAGCGAACAATCAC
TTTCACACCCCAAGTTTTCA
TTTACAGATACCTCATGAATACCCA
TGGATGAAAGTTGTTGAGCTTG
TCCGCAAAGATTTCTATCCA
TCACATCTATATAAATTATGAGCAACG
CACTAGTGTTATTTTAGCCCTTATCA
CATTTGTGGAACCAATATGGA
CATCACTCTCGCGCTCATTA
AGCTCAATCATCGCAGTCCT
CAACCCACCAATTAGAACCC
CAATGAGGCTCTGGGAAGAC
CCAACAATTATCCCCACACC
TCATTTTGACCCTTTTTAGATTCC
GGCCGTTGTCATTTCAGAAT
TTCAATGATTGGGTCGTTAAAA
CCCTCACATGAAGATTGGCT
GGAGTGAATGCTCCCTTGAA
TCACTCGCTTAATTTTTGGGA
TCTTGCTCACCATCATGTCA
CCCTAGGGAATCCGACTAGC
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TGACGTGCATAAAAATTGGG
AGCTGGAGGACTACGTCGAA
TGTGCATTTAAAACGGAGGA
ACTCACGTTGGCCACTTTTC
GAAAACACAATAGGTAAACATACATGC
CCCAAGCTCACGGAATTGTA
GGCCATACTGCCACGTAAGA
CACAAAGTGCCTTTTGTACGTT
CGGTTGAATCGTTGAGAATTG
TTTGGAACAATTGGGGATTT
TTTACTGGTTCTGTTTAGGTTTAGAA
GGATAGGGGTGATCTTTCACA
GCCTCGGAAAACTATAGGGG
GCCTTCAAACCCTCATGAAC
TGAACTCTIGAGTACAATGGTTTTG
CCTAAAGGCACGAGTTGCTC
CCCACGATTTTICTTTTIGGA
AACGTCAACTCTTAATCCAACTG
CCAATCCTTGGATTATGTTCCT
TTTTCCCTCTCTTTCTCCCTC
ATTTCATCCCCCTTGAGCTT
ATGTGGAAAAGATTGCGTGA
GGGACAAATGCCCTGACTAA
GCATGTTACCTTCCCCAGAA
TCAACTTCCAAAAACACATTTCC
CCATTAAAATGGTCATTAAAGTTTTT
TTGAATGGTTGAAGTGGTTCC
AGAATTGGAGGGAAAGGGAA
AGATTCGATGATGTGTTGCG
TGAAATTCAACATTCACCATGAG
AAAACATGTCAATGTGCCGA
CCGCTAGGTFACGGATTTGA
AGTGTTAAGGCCAAGCAAGC
CCAACTGCATTTAACAAATTGTACT
TGAACTTTCAATCTAATGGTAGAATTT
TCGATTCAAAAGAAGAAAAGCC

AACATGAAGTATTTCAACCTCAACA
TTTCTCACGGCTTGCACTC
GGTTGCTACACAAATTGCACA
CAGTGACCATGGGAAAACCT
TTTGAGGAGATATTCATTTATITGATG
TTTCGGATTGGCTGTCTTGT
ACCAAACCACAACGACACAA
AAAGAGCCACTGATTGGTGC
AAGGAACTTTTAATGTAATGGTGAA
GTGCTCACCCCTGGTCATAG
GAGAAGGGCAAGCCATGATA
CCATGAGTTATTGAGCGGAG
CGTGGATCTTGCACTTGAGA
CGTGAATTTGGTTGAGAAGC
GCCATAAGGCCCATAAGTCA
GCTGAAAGGGGTTCAACAAA
TTGGCTAAAAATTTAAGAGGGA
CTGCTGCTCCCATTTATICC
TGTTGAAAGTGGGGTGTAGG
TTAATTTCTCCAAGGTGCCG
TGGACAACAATGCTTCATGC
CCATAAATAATGATAAAATGTGCG
GGGTCGGTCCGGGTTTTA
TCTTGGGGTAGCAGTTTTCAG
CCCATACTTGGTGAATCCAAT
TGCCATGCCTAACAACGAT
TATTCCACCACCCCACAACT
GCTCACAATTTGGCATCAGA
CCCATCACGGACCATTTATC
CAGTTTGATCGTTAAAATTTGATGT
TCATTCTTACCATTGTCATCGC
CCTCTTCAGGCTGTCCAAAA
TGAAAACCAAATCGATCTATTCCT
TTTAATTTGACGGTTGGATCA
GAAAAAGTTGCTTCTAGAGTCATTTG
GAATGAAGTATCAAATCATCTTGGA
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CACAAAATGCAAGCAATGGA
ATGGCCAAGGTACTGGGTTT
CATGTTTTGTGAGGAAGCGT
CAAATGGATTTGACCAAAGTAAGA
TTTCTCCAAAGTGTCATGCG
GACTCATTCGGGGCTCATAA
TTTCCATCTTGTCCTCATGC
TTTGCCTTTAGATTGACCCG
TGTATCAAAAACTGTAAATTCAACAA
AACATCAAGAAGGGTCCACA
GTGAGAGCCTTGTGCACTGA
TCGTCGTCGAAGTCTTGTTG
CTTTCTTTTTICTTTAGAGACCTTGAT
CGACTCGGACACAATTCTCA
CTTTCTTTTTCTTTAGAGACCTTGAT
GGATAAAGGGCTITCTCGCT
TAAAAGTGTAACGACCCGCC
ATCAAAGAAACCACAACGGC
TTGCTTGAGAGCTACACCCA
TCCATGTTGCATGTTGGTCT
TTGGGAAATAAGATCATTAGGGA
AACCCAACCCCATTGAGACT
TGAATCACCATTTTGTGTGGA
ACCAAGCCTTTTCAAGTGGA
AAGGTGTGTCTGTGTGTATGTTCA
TTGTGTTACAGTTTCACTAAAAGACC
CTTAACATGGCCCGTGAAGT
CTCCGTTGTGGTCCATCTTT
AAATGCCTAAAAATCCAATCGT
GGTGACTCAACTATTTCTCCGC
TCCCTCGGCAAGTTAAGAAA
GCAATCACCATCCCCAAATA
CCATTACATTCGGGCTTGAT
GCTCAGGACTCCATTTCACC
CGTACACCAAATAAAGTAAACCCC
ATTCCAAGGACCTCAAGCAA

AAAAACTGETAGGCATATTAGGGC
TCACCAGCAAAGCAAAAGTG
TTCCCTCCCTTCTCACTTCA
TGCTGGAAAGAAGTTTTTGGA
TGACACCACCAACATGGACT
AAAAATGTTTGTGCATTTTCAA
CGGAACCACACACAAAACTG
AAACCTAAGACACATGGGAAACA
TTGGAAGAAAGAAGGACGCT
ATAGGATGTGACATTGGGGC
GGCTTGCACTGAAGCAGTTT
GGGAGGAAGCGAAAGCTAGT
CCATGTGAGCTCCAAATTCA
GTGGCAACCTTTCGCACTAC
TGGATCGACCTGCTCTGATA
GGGCTGTGTCTCTIGCAGTT
GGGCTGACGTTGTATTTAGTTG
CCGATTGTTGTTCACGAATG
CATGTTAGGCCACCTTTGGT
GGTCCCGAGAGTTGACAAAG
AGAAGAGGGACATTGTGAGTGA
GCCCTTCTCATTTICTTTTTICTIC
TTATCCCTAACCTAGGGCCG
CCACTTGGACTTCCACCCTA
AAAAAGATTCAAATTATCTITGCTG
TGCAACACATCAGCATAAACC
CCGGTATTATTTGAACCCTGC
AAAAATGGCGGATACCAATA
TGATTATCAATCCCATTTTCTTTT
TTATATTTTCCGCGAGGGAG
TTTGACGTGGTGAGAGTGTG
CTGGTGACCAATGCTGCTAA
AGCCTTTCGAGAAGCTGTGA
TTGGATTGTTGCAATGACTGA
CCTGCAATAATTCATTAGATGTGC
TTTGAAGGGGAAATGGAAAA
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CGATAAAACATTTAGCGGCAA
AGAGCGAGCAATCACAGACA
GCAACTACGCGTGTTTTTGTA
GCCTAATGCCTTCTCACTCC
CTTGATCCATCTTCGCATGA
GTGATAAAGCCCGCAACATT
CGCTCTGAAACCATGTCAAA
TCATTAAACCCCAGGACCTAA
TGAAAGAGATTAGTTCTCATATGTGGT
TCTCCTCCCAATTTAAGGGG
GGGTTTGCTTCTTTGTCTCCT
GAGCACTTGTTCAATACAAGACTCTAA
CCGGTTATCCTTATTCGGGT
ATAAAATCCCCACCCACGTT
GCGTAACCATCTTCCTAACAGAA
GTGGTTAGGAAACCTGCCAA
TCTCCTCCAGACTCCTTAGAGC
CTTTCTTTTTCTTITAGAGACCTTGAT
CCGTTGATCAATCATCTTGG
TTTTGTAATGGTTGAGTTAGAAGAAA
TGAGTAGGCAGATTCCATTTGA
GGGAGGTGGACTACAAGGAA
TCCGTACTAGGTTCTTGTTCTTGA
TTTTATGAGAAAGGAATGAAGGATG
GGGTTTAGGATGCAGAAGCA
TTTGATAATCGTGAGCGGTG
AGAGGCCATTGTTTGGTTTG
TGAGAAGTGGCTAAAGCCTGA
CAAATTTCATCGTAATTTTTGAACA
TGGCGCACAGTTATTAAACTT
CGAGTTATTAAGTGGAGTAAATCTTGG
CAATTCAATTCACTTGACAACAAA
TGCCCGACATATCAATAGCA
AGAGAATGGCAAGCCACAAT
TGTGGGTTTGAGCCAATTTT
TCCGGTTCTTGCTTCTTTGA

AAGGGGGTCGACTATTGATT
AGCAAGAATCCTCTACCGCA
CACAATCTAATCCCCCACCA
GCACCGTTCTACCACCTCTC
GGGAGTACATTAGCATTCCCC
AAAATGCAACAACGGTCACA
AAAAACTATATTGGTGTGAGTTGAAA
GGTAGCCAAAAAGCACCTTC
GTAGAAAGCACAAAAGGTAAATACG
TCAACAATAAAATTGTGTGCG
TTGTTCACACACACACAAACCT
TGCATAAAACACGTTGCATAAA
CATAAGACCCCCAATCCTCA
GCACAAAACCAAAGGCTCTC
AATGTTCCAAAAGTCATACAGATTC
TGAGGGAGGAATCAGGAAGA
CTTTGTGGCAACCTCTCACA
TGGATCGACCTGCTCTGATA
ACTGCCCGCCTCTACTCTTT
AGCACTTTCCAACAGCAGGT
CAAGTGAGGGTCGAATTTCC
AAGGTCACTTCAAGCTCCCA
GGCTTGTGGCTTTATTGCAT
TGAATGTGTGAAATGACTCTCG
GGTTGAAAAGGAAGAAGACGG
TCCAAAACTCACCAAGTAAAAGC
GCATGAGGGTGTGTTGAATG
GGGGGTGAAGAGGTTATGGT
TGGATTAAATCGAGAATATTGAACA
GCTCTTAAATGACAAATTGTGAGG
TGGAGGAACCTCAAATCCAG
ACTAGACTCCGCCAAAGCAA
CTTTTGGGCTTCAATGTGGT
CCGGTCAAAGCGAACAATTA
AACGGGTCGTTCCAAATTC
CAAAAACAAAATTTGGAAGCAA
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TTTGTGCAAAAGTGTGAGCA
TTGTGACACCCTTCTACCCC
AGCAAGGAGGCATCACAAAG
CACAATTATCAGGGCCACAA
CATTTGGATTGTTTAAATTTGATG
GCGATACCACCCAACCACTA
TTTGCGAGACGAGGAATTTT
AAGGGAGGTGGACTACAAGGA
TGATGTTAATGGAATGCTGACC
TGCTGCTGTTTCAGACTTGG
GAAACCCAAAAGGGTGTGTG
TCATTCTCGCGAATTCCTCT
TCGTAGTCAAACCAAATCCCT
TACCCGAGATCATGAGGACC
AAAACTTTAAATTGAACGGCTGA
CAACATGCACCTGTTTTTCG
CTTTCTTITICTTTAGAGACCTTGAT
TGCTATCAACTTAAAACATAAAACTCG
AGGTGCCTTTTGCCTACCTT
ATCAGGGCCACAAAATTTCA
CGTTACAAGTATTCACCTTTTCCA
AAGGGAACAAATCGTATTCACTATG
GGCTCAAAAATTTCGTCCAA
AAAGAAAAAGGAAAATAAAAGTGGTG
TGAAACACCAGAAAGAGGATCA
TCCGTTCAATAACTCATGTTCTACA
CCATAATTCATCCTTCCTAAACA
AACCACAACAACCACAACAA
GCCTATAAATAGGGGCAGGG
CATGCATTAGAAACTTTCAGTCAA
AACACCTCGTGGTGGTCTTC
GGGTCCTTCTTTTIGCATGA
TGGTCTCATGTCTTTCCATCA
ACCTCCATTGGCATCAAGAC
TGGAATGCCTAAAATGCACA
CCAAGAAAGCACCCCTTGTA

AAAATGCATTGAAGTCTCGGA
TCTGGATCCCTTTCATTTTCTT
ATCTCCTTTTCCACTCCGGT
CGGTACAGGTAAGAGGGCTG
TGCTGGTCTTTAATGGTGTCTC
TITGATGATGCTTTGCTTTGA
TGACCCGTTATGGTCTTTACA
ATTGCTTTCCTTGCATGCTT
TGTTGATTGAGCATGTGTGC
TCAAGAATCGCGTGTGCTAC
TGCTCTGGTGCTTCAAAATG
ACACACGACGCAATGACAAT
AAAGTGATTCATCCATAAAAAGTTTG
TCACTGTCCAACTCAACCCA
TCCAATTTTCATGTCGCAAG
AAAATCAACCTTCCCTTAAGACAT
CCTGATGTGGACATTTTCCC
CAACCCTTTATCAAATCCAACC
CATTTTGAAATTGGAACGGG
CACTACACAAATGCCTCACGA
CCCAGACATATGCTCGTGAA
GAGGAAAAATTTCGTCCGGT
TTCTAGGTGCTTTGTGGCAA
CATGGTAGGCTGGGTCAGAT
TGAAAGGTAATAATGAAAAGATGAAG
TCCCTCCTCACAAACACACA
TGAGCAGAGGTTCAACTGTCAT
TGCTTCAAAAGGTTTTACCAGA
CAACAATTATCCCCACACCC
TCAAAAGCCAATATATTATCCAAAAA
CGGATCATCCCTACCTCAGA
GCATAAGGCCTTCCTCTGTG
GAAAAGCCAATGTGGTGGTC
GTTCGAGGACCTGAAAGCAG
TGCGAAAATGCCATCAATAA
TGTGAATCCAAGAAGAAAAACG
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TGCAAAATACATTCAATCATATCACA
ATAAATAGGAGGCATGGGGG
AAAATGCAAAGCAGGAATGG
TCAGGGCTCCAAATTTTGTC
GGTTGAATCGTTAAAATTTGATGT
GCCATATGGTCCATCACCTT
GGTTGGATCGTTGAAATTCG
TGCTTTGTCCTGATGACTGC
TTGCGCGTTGTTAATTTGTT
GGTGTGCATTGAAGGGAAAG
TACACCGTCCACCCCTTTTA
CAACTTGATAAATTAATAACCGTGTTT
CTAAGGACATTATCATGCTTTGAA
ACTTCTCCCTCCCCTTCTTG
TGAATCACCATTTTGTGTGGA
GGTTACATGAGCTAATGATTCCTTT
TGTTTGTTCATCAATTCGGC
CTAAGGACATTATCATGCTITGAA
GTICTTCGTACCTGCTICCG
TCTTCTGGGCAATGACCTGT
CCTAAGACGTGGGACTCCTCT
TGAATCACCATTTTGTGTGGA
GGTACCCATGGGGAATTTCT
CAAGGGGAGGTGGACTACAA
TCTGTGAGCTCTTTTTCTCTCAA
TCTCAGCATTAGGAGCTTTTAACTT
TAACGCGTCTCGAAGGAGAT
TIGTGTCCCAACTTGCATTG
AGCAACACTGAAAGCACCCT
TCCTGATAAGGCTCGAGGAA
TCTCTTCTCTCATGCAGCCA
GGTTACATGAGCTAATGATTCCTTT
ATGGAATTGTGTGAAAGGGG
AGGGTTCTGTCCAGTCCATCT
TCTTCTGGGCAATGACCTGT
CCAGAGACCTCTCAACAGGC

CCCCTGGGTAAGTGATGCTA
TCCTCCTTTGGATTCCCTCT
TGACATGCATCCAATAAGCA
AGGTGCTTTGTGGAAACCTT
TGAGAATTTTCAAGCTGCGT
GCACGCGTTATATCATATCGTT
ATCTCTTCATCTCGCGCTCT
ATGCGCACAGGTTAATTICC
AGAGTTTCTGGCGGAATCAA
AGCAAAGCAACGCATCTTAG
TGGTGACAGGTTTCACGAAG
TTTGATGCTTAGGTTGATTCTGA
AATTTCTTCGGGCACAACAC
AGATTGGAGCGGATTCCTTT
CCAAGGTCACGTTACCCCTA
GAAAGACATGCCTTCAATGCT
CGTTCCCCACTCTTIGTTCTT
AATTTCTTCGGGCACAACAC
TGTGACTTATCATTAGGATTGACAAA
GAAAAATACTTCCCGGACCC
TGCCATTAATTTTGTCTCCTGA
CCAAGGTCACGTTACCCCTA
ACTCCACCAACGTCAAAAGG
GCTTTCCATTGCATGCTTTA
GGGTCCGAGGTAGAAGAAGG
AAAGCATGAAAACTGGGGTG
TTGGATTCTTGGAAGTTGGG
CAGCCTACACAGAGGCAACA
TGAATGCATGATTGACTCACC
GAAGCTTGGTTCCACACCAT
TGAAGACGAACATCAGTCCG
GAAAGACATGCCTTCAATGCT
TCTTCCCTTCAAATCTCCCA
TCAATGGAGGATTACGAGGC
GAAAAATACTTCCCGGACCC
TTGAGAAATTTGCGGCTTCT
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CcM3057  FI276656  (AT)2S AAACGTTTTCCAACCAAATTC AAGCTCTAGGGTTGGGATTGA Al
CcM30S8  FI276659  (CT)S GCTCTCGACAACTGGGTAGC ACGACAGCCAAACATAAGGC m
CcM3059  FI276668  (AC)IO CAGCTGCAAAATGGAATGTC CAAATTGGGGTTTGATCCTG %3
CcM3060  FI76671  (GT6 TGCAATGTTATGGAGGCAAG CCCCTCTTTTAAAATTGGTCA m
CcM3061  FI276682  (TAII GCAAGCTTTGAAGGACCAAG TGTGTCATTTGAAGCATAGAGGA 257
CeM3062  FI276686  (TTCISM(AGH CACACGCGTTCGGAATAGAT GCAAACGGTTTCAGCTTTCT 28
CcM3063  F276702  (TG)S GGTGCTTTGAGAAGCCAACT GCCATTTGACTACCCTCCAA k)
CcM3064 276706 (TA)B TAGGACATGTGACATCGGGA TCTGTGACACCCTCTACCCC 260
CeM306S  FR76710  (TCX% GCTTAGCTTCCTCCACAAGC AGCCTCCTAACCATGGACCT 260
CcM3066  FL276712  (GT)S CCTCGATAGGGCACATGTTT ATGACGGCACTTATTGAGGC 24
CeM367  FI276724  (A)I20(A)4 AACCCAAGCAAAGGAAGGAT TTGTCCCAAAGTCCACAAGTC 175
CcM3068  FI276741  (CA® GTATTGTCCGCTTTGGCAGT TTGGAGTAGTTGAGCTGCTTTG 269
CcM3069 276753 (ATC)S CCAAGAGAAAAACGTITGTGAA AACCACTTTCTTGACCCCAA 220
CcM3070  FI276760  (AT)I8 CCAAATGTCAATTTTATTGTGGAA TTTTCTCTTGAATATTTTATGTTCGTG m
CcM3071  FI276765  (TA)S ACCAATGTACACCTCTCGGC AAAAGGCAAAAACACTCTCTTGA 1
CcM3072  FIT6777__ (AG)8n(AG)38n(GANITGA)12 GGTGAAGGAAATCATTGTGGA AGTCACTCCTCGTCTTCCTCC m
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Table 5 Sequence length distribution before and after assembly of Roche/454 STRs and Sanger ESTs

Rangeof Raw 454 Reads  Raw Sanger A bled 454 A bled S A bled 454 +
Nucleotide ESTs reads ESTs Sanger ESTs
Length

50 31,876 (6.4%) 44 (0.4%) 0 0 0

51-100 61,172 (12.3%) 180 (1.6%) 2.282 (4.7%) 5 (0.6%) 2,253 (4.6%)
101-150 84,878 (17.1%) 420 (3.8%) 4.854 (10.0%) 4 (0.5%) 4,829 (9.9%)
151-200 88,806 (17.9%) 449 (4.1%) 5.934 (12.2%) 17 (2.2%) 5.874 (12.0%)
201-250 185.863 (37.5%) 658 (6.0%) 12,780 (26.3%) 24 (3.2%) 12,561 (25.7%)
251-300 41,758 (8.4%) 630 (5.8%) 9.224 (19.0%) 20 (2.6%) 9.015 (18.5%)
301-350 401 (3.7%) 4,960(10.2%) 21 (2.8%) 4,821 (9.8%)
351-400 603 (5.5%) 3,415 (7.0%) 42 (5.6%) 3,349 (6.8%)
401-450 666 (6.1%) 1,901 (3.9%) 37 (4.9%) 1.879 (3.8%)
451-500 573 (5.2%) 3.169 (6.5%) 57 (7.6%) 1.124 (2.3%)
501-550 740 (6.8%) 58 (7.7%) 3,021 (6.1%)
551-600 575 (5.3%) 65 (8.7%)

601-650 621 (5.7%) 51(6.8%)

651-700 887 (8.2%) 45 (6.0%)

701-750 1590 (14.6%) 79 (10.5%)

751-800 682 (6.3%) 42 (5.6%)

801-850 1,098 (10.1%) 74 (9.9%)

851-900 24 (3.2%)

901-950 18 (2.4%)

951-1000 12 (1.6%)

1001-1050 11 (1.4%)

1051-1100 40 (5.3%)

Total reads 494,353 10,817 48519 746 48,726




Table 6 Mapping of pigeonpea 454-Sanger assemblies on soybean genome

Total number of TUSs 127,754
Total number of TUSs with Hits on soybean chromosome 33.874
Total number of genes covered 16,367
chromosomel 1,450
chromosome?2 1,773
chromosome3 1,359
chromosome4 1,563
chromosomeS5 1.643
chromosome6 1,643
chromosome?7 1,702
chromosome8 2,160
chromosome9 1,563
chromosome 10 1,711
chromosomel 1 1,535
chromosome12 1.459
chromosome13 4,162
chromosome14 1,241
chromosomel15 1,542
chromosome16 1,096
chromosome17 1.654
chromosome18 1.605
chromosome 19 1,515
chromosome20 1.499
Average number of TUSs mapped on each of the twenty

soybean chromosomes 1.693




Table 7 Illumina sequencing based SNP discovery in five parental combinations

Genotypes ICPL ICPL ICP 28 ICPW 94
87119 87091

Number of reads (in Millions) 18.4 16.8 18.01 18.6

Number of SNPs in parental

combination

Substitution 5965 1115

Insertion 176 42

Deletion 122 33

Total SNPs 6263 1190

2N



Figure 1 Overview of the 454 sequencing technology.

(a) Genomic DNA is isolated, fragmented, ligated to adapters and separated into single
strands. (b) Fragments are bound to beads under conditions that favor one fragment per bead,
the beads are isolated and compartmentalized in the droplets of a PCR-reaction-mixture-in-oil
emulsion and PCR amplification occurs within each droplet, resulting in beads each carrying
ten million copies of a unique DNA template. (¢) The emulsion is broken, the DNA strands
are denatured, and beads carrying single-stranded DNA templates are enriched (not shown)
and deposited into wells of a fiber-optic slide. (d) Smaller beads carrying immobilized
enzymes required for a solid phase pyrophosphate sequencing reaction are deposited into
each well. (e) Scanning electron micrograph of a portion of a fiber-optic slide, showing fiber-
optic cladding and wells before bead deposition. (f) The 454 sequencing instrument consists
of the following major subsystems: a fluidic assembly (object i), a flow cell that includes the
well-containing fiber-optic slide (object ii), a CCD camera-based imaging assembly with its
own fiber-optic bundle used to image the fiberoptic slide (part of object iii), and a computer
that provides the necessary user interface and instrument control (part of object iii).

(Source- Rothberg and Leamon, 2008)
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1 PREPARE GENOMIC DNA SAMPLE 2 ATTACH DNA TO SURFACE 1 BRIDGE AMPUIFCATION

Randomly fragment genomic DNA Bind single-swanded frepments randomly to mu‘.ﬂdm-‘-pu-
and Igete sdepters to both ends of the the inside suriece of the flow cel chemnels. initiote soiid-phase bridge smpl fication.
agments.

4. FRAGMENTS BECOME DOUME 5. DENATURE THE DOUBI E-STRANDED & COMPLETE AMPLIRCATION

STRANDED MOLECULES

The aeneyme o loave: Seversl milon dense custen ol double-

bulld double-stranded bridges on the sold- tampletes anchored to the sbwtrate. sranded DNA are generated in esch channe!
phase substrate. of the flow cell.

Figure 2 Overview of Illumina/Solexa 1G sequencing
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Figure 3 Plant tissue samples for FLX/454 sequencing. P1- 1-3 embryo; P2 - 1-3 days old
seedlings; P3- 4 & 5 days old seedlings; P4- 4 & 5 days old seedling ; P5- 10, 14, 17,22 & 24
days old plant ;P6- Young, Matured leaves; P7- Flower buds, Unbloomed flower & Bloomed
flower; P8- Early senescence; P9- 4, 5, 6, 8, 10, 14, 17, 22 & 24 days roots




Tissue samples/ stages

(et ————— 3
[Root primordin st 4 & Sdays |——+{ RNApool |+ cDNA |

[ Shoot primordia at 4 & 5 days RNA pool cDNA
[‘Avical meristem at 10, 14, 17,22 & 24 days —Iw >
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Figure 4 Graphical overview of cDNA normalization for FLX/454 sequencing. Flowchart of
the experimental design to obtain a normalized cDNA pool enriched for genes specifically
induced at various developmental stages from different tissues of pigeonpea (PusaAgethi).




95% similarity 200
bp overlap

singletons: 83
BES: 1577

clusters: 82
singletons: 386
BES: 4877

3 clusters: 2
singletons: 21
/ BES:25

Figure 5 Annotation pipeline for analysis of BESs. This pipeline resulted in selection of non-
redundant genomic BAC-ends which excluded organeller sequences, and further
identification, annotation of non-redundant sequences together with SSR discovery, selection
and primer designing.
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ONon annotated

Figure 6 Distribution of BESs according to annotation. Major proportion of non redundant
BESs remained non-annotated followed by nearly equal percentage of genes and retro-
elements.
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Figure 7 a) and b) Distribution of BAC end categories according to BES cluster depth. Cluster

depth supported the repetitive nature of mobile genetic elements while genic regions were

mostly associated with less repetitive sequences.
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Figure 8 Distribution and frequency of SSRs in differing genome fractions. Maximum
frequency and maximum amount of SSRs was exhibited by non annotated regions followed
by the regions containing ‘genes’.



% amplification

= % amplification

e

Figure 9 Percentage amplification pattern of different SSR motifs
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Raw reads + assemblies
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Figure 10 Sequence length distribution before and after assembly of short transcript reads
(STRs). Read size of FLX/454 STRs ranged from 50 to a maximum of 300 bases, with the
highest number of STRs having read size between 201 and 250. Read size of high quality
Sanger ESTs varied from 50 to 850, maximum number of reads had 700-750 bases. A size
comparison between raw FLX/454 STRs and assembled FLX/454 reads (contigs) showed
that majority of sequences in each case had size range between 201 and 300, while similar
comparison between raw Sanger ESTs and assembled Sanger ESTs (contigs) showed a range
of 600-650. However, maximum number (18.16%) assembled of FLX/454 STRs and Snager

ESTs (contigs) are ranged between 550-600.
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Figure 11 Histogram plot of pigeonepea TUSs based on alignment to soybean genome.

Histogram plot of per ge pairwise dist: to the synonymous distance value (Ks) a peak
p

at 0.06 which gives a divergence estimate of ~4.9 Mya. This is an indication of recent
segmental duplication in pigeonpea post to its separation of Cajanus from cowpea and

common bean, but did not result in a change in chromosome number.
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Figure 12 Distribution and alignment of pigeonpea TUS against the reference genome of
soybean. All the TUSs of CcTA were BLASTed against the gene set of soybean. Soybean
chromosomes are arranged in a circle and grey indicates pericentromeric regions (bar is
putative centromere) and colours indicated gene rich regions of soybean chromosomes. First
alignments for pigeonpea contigs are shown as green hashes on the outside of the soybean
chromosomes and second alignments as red hashes. Black lines in the middle connect the

first and second best hits
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Figure 13 Gene structure prediction based on comparison of CcTA and soybean genome. The
figure shows three alignment paths with directional arrangement of few TUSs’, their position
and their overlapping pattern predicted using GMAP, a standalone cDNA mapping and
alignment tool. To give an indication about the confidence of location of pigeonpea TUSs in
soybean genome, the sequences with single best hit are shown in green color and the

sequences with multiple good matches are shown in red color
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Figure 14 Similarity search of TUSs across different plant EST databases. Significant

similarity of the pigeonpea TUSs against different plant EST databases has been conducted

using BLASTN algorithm at an e value of =1e-30. The figure also represents the similarity

coverage by the TUS among legume species and non-legumes and across dicots and

monocots.
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Figure 15b) Distribution of pigeonpea TUSs of the CcTA with putative functions assigned

through Gene Ontology annotation to Molecular function.
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Figure 15¢) Distribution of pigeonpea TUSs of the CcTA with putative functions assigned

through Gene Ontology annotation to Cellular component.
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Figure 16 Distribution of pigeonpea TUSs onto GO assignment showing coverage of major
enzyme classes. The details on distribution of pigeonpea TUSs onto GO assignments
covering six major enzyme classes such as oxidoreductases (389) followed by transferases

(474), hydrolases (443), lyases (79), isomerases (79) and ligases (98)



LG

1 Le2 LG3 LG4 LGS LG6
00 CeMooze 00 SMioie g0 CoM2s4s 0.0 CoM1040 00 SMOTS0 0.0 CoM1207
Sp1 [CoMie 4 MO0 18] [CoMzzis 191 [CoMos 35 vt B CaMo3e1
6.3 4 y 188 CoMooto 76 CoMo308 108, oM¥0ee 83
115]  jooM2za1 4210 [FOMISTS  s573 fcomizer 1381 [ CoM2e13 249 SoNZS4 140
188 a4 4w07f [fCoMams 187 254 [[comtesr 2 SoM1298
1704 fcomites  aesJf contas [ 4 e
425 CoMoe7s 2409 F 745 331 ScMzees 233 it
271 [cie lof Joanre SIWT oz 2 ss I 8 1477
a7 < 41 oM 4a2f| Jf covoste  27.1 SR Cok 24 2 1
=3 sra g caos & Fr B i) 320 72 CoMoasa
; SoMoses o4 420 348
0 mosss 28 Coi00se 645 CeM15ea 389 -',’ 3 87 SoM1214
23 e & S < A “s oy 3 TRk Couzes {07 ZoM150
¥ ' - 1331 498 SoM1130 41
2ol Phimn 0 CMZS2 61,6 CcM1133  48.1 3% sa0 &3 ScM0195
Soffcanms TOENCINS oo e fhodomn s Py \
¥ 627\ oo 8 1808 CcM0264 567 »
Bl Cen s2/ENCaie VRN e 472 48 Coossa 57, cMmse  mre N\
126 Comrrir 1957\ CoMoo1e 467 CoMisee 5770 \camizeo sad oM 248
Go\l Cowrsae 837) [\CM208T 710 e Comoono 538 RCa2eds gr2 ]l Wcowosss se1/ | Cowent
451 CoMoros 09972\ CoM1226 74 CoM2048 565 CoM2313  g22] | CoMtass 9890 vyt
48.0 Comzzry 198875 41 794 CoM2111 889 CoM1386 009 CoMoTe0
468 CoM1300 1117 MIBT 515 CoM878 60, CoM20%  853) | CoMoses
465 Comtoss 1187 us Comtrmz 834 Cozms
a7 Comisso 118 5 Y
483 CoMior2 1168 SM1261 g3 g Cem1228
469 CeM1630 :g; M1967
w4 3 CcM08e
499 12505
sosy [comaers
627
saof foamiers
ssof Jcomzz
e04] [comooa
e0.7] | comooso
ese] |comaes
a0] |CoMieor
86.5 CoMO4:
0.1 CaM1012
702{ |CoMzans

La7 LG8 LGS LG10 LG11
0.0 Comosss 0.0 CoM1are 0.0 CoMO405 g0 CcMoST2 0.0 CcM1176
5 CeM0302 4.0 CcMoB44 56 CoM084s 148 CcM2084 7.1
312 CcM2535 129 8.7 CoM2660 19 ¢ CcMOBT4 8.4 CoM1701
333 CcM1043 204 r CoMiegy 138 Comoess 279 CcMoos2  11.0 >cM0782
378 CoMOS52 340 107 CeM2677 362\l ¥/ CoMo288 222 CcM0os
413 CoM0371 g7 Comizaz 170 CeM971 397 7 248 >cM0830
455 CoM1781 43 1 200 CoM1883 527 ScM1127
622 CoM - 224 45\ CoMO724 348 480 CoM2800
831 CcM2621 ;:"’ %;m ::l" gz;:: are >cM1001
85.3 CcM1308 - . 389 ScM0257 Com
572 CcM14ss 500 1 288 CcM2300 418 cM1o04 %00 1200
4 CeMi3po 620 foed CoM1921 459
840 2088 64.3 CoMirez 308 G ss8// \ Comioer
) CoM1475  67.0 - 818 oM
701 0750 €07 CoMaoss 563 Comoz
725 CoM1510 738 CcMo420
745 CoM; CoMa24:
623 CeM11 810 2
y o7 83.0/°\\ CoMones
80.6 CcM1570 ' Sazee
01.1 CoMoo3s ~ 06.8 7
1008 Comotse  87.9 CoM2817
832 CoM1315

Figure 17 Reference genetic map of pigeonpea derived from an inter-specific F2 population
(ICP 28 x ICPW 94)
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