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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 anificial 

chromosomes)-end sequences (BESs) were generated after constructing two BAC libraries by 

using Hindlll (34.560 clones) and BamHl (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 FLXl454 sequencing was carried out on a 

normalized cDNA pool prepared from 31 tissues and produced 494.353 shon transcript reads 

(STRs). Cluster analysis of these STRs. together with 10.817 Sanger ESTs, resulted in 127.754 

pigeonpea transcript assemblies (CcTAs). Additionally. Illurnina 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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I .  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 lndia is the largest producer (3.5 

Mha) followed by Myanmar (0.54 Mha) and Kenya (0.20 Mha). It is the only cultivated f w d  

crop of the Cajaninae sub-tribe of economicall? important trihe Phaseoleae under sub-family 

Papilionoideae of Lepmlnosae famil). It has a diploid genome with I I pairs of chromosomes 

(?n = 2% = 22) and a genome size estimated to be 858 Mbp (Greilhuber and Obermayer. 1998). 

The rebised genus Cajanu.> nom 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 

countq (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 (Rach~e and Roberts. 1974). But inspite of this, several 

conclusions have been drawn in favour of lndia 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 dail) diet. It is believed to have 

traveled from lndia 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 lndia as a 

multipurpose crop. It is a hardy, drought-tolerant crop which often grows on poor soils. 

Pigeonpea has been used in numerous mays like for grain, fuel. wood. livestock feed. Apan from 
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the man) 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 he 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 Ran. 2000). Pigeonpea seeds have 2& 22% 

protein and are consumed as green peas, while grain or split peas. The seed and pod husks make 

a qualit! feed. whereas dr) 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 agmforestry and shifting cultivation system as a source of soil 

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

lndia is the largest producer (2.30 mt) of pipeonpea followed b! Myanmar (0.54 mt) and Malawi 

(0.16 mt) (MOS1.4T. 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. Unar 

Pradesh. Madh!.a 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 ver) less 

anention have heen paid either to crop production or technology development in case of 

pigeonpea. Although lndia leads the world both in area and production of pigeonpea its 

productivir! is lower than the world average. This is attributed to factors such as various abiotic 

( e . 8  drought. salinity and water-logging) and hiotic (e.g. diseases like Fusarium wilt. sterility 

mosaic and pod borer insects) stresses. Furthermore poor production practices such as lob plant 

densities. low soil feflilit). insufficient weeding and insufficienvinappropriate use of fungicides 

and herbicides are other constraints. 



Diseases of economic concern include Fusarium wilt (Fuar ium udum Butler). steriliry mosaic 

disease (SMD), leaf spot (h4jcovellosiella cajani) and to a lesser extent powdery mildew 

(Leveillula laurica). Apart from this the important pest which effect the crop production severely 

include the pod boring lepidoptera (Helicnverpa armsigeru Hubner Muruca vilrura Geyer and 

Etrelia :inkenella Treitsche), pod sucking bugs ( C l m ' i p l l a  romen/o.sicolIis Still and Clm~igrallo 

horrida Germar) and podfly ( M e l a n a ~ o m j z a  chalco.soma Spencer) (Minja er ol., 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 uider adaptation. a complex phenomenon is a major issue to be tackled. Although 

related wild species are a rich reservoir of nor only resistance genes against various biotic and 

abiotic stresses hut also of penes 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 

( 'u janu~ cuian to species other than [he closest species. Cujanus cujan!folia and C'. scorahoides. 

Conventional breeding approaches which have been used for several decades offer limitation in 

overcoming various biotic and abiotic stresses (Varshney er 01.. 2007). These breeding programs 

provide a limited amount of neu diversity into the breeding gene pool. hence narrowing the 

genetic diversity within the elite gene pool. 

Various advances in plant hiotechnolog> 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 toleranceiresistance and higher yield (Varshne) er 01.. 2006. 2OlOa). In 

this context, molecular markers pla! 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 o f  molecular markers starting with isozymes. RFLP (restriction 

fragment length polymorphism), RAPD (random amplified polymorphic DhA), AFLP 

(amplified fragment length polymorphism). SSR (simple sequence repeat), SNP (single 

nucleotide polymorphism) and more recently microarray-based DrZrT (diversity array 

technology). Among all the marker types. SSR and SNP markers are considered as the current 

markers o f  choice for plant genetics and breeding applications (Gupta and Varshnej. 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 hide spread use in molecular breeding. Utilization o f  substantial variabilit) 

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 o f  conventional breeding strategies. A revision of current breeding methods by 

utilizing genomics-assisted breeding i s  a must. Genomics-assisted breeding approaches have 

greatl) ad\anced with the increasing availability o f  genome and transcriptome sequence data for 

several model plant and crop specles (Varshne) el 01.. 2009a). This platform provides a broad 

range of applications including development o f  molecular markers. whole genome sequencing 

(Green er a/.. 2006). transcriptome and gene regulation studies (Bainbridpe el a/.. 2006: 

Berezikob er a/.. 2006). metagomics analysis (Krause el 01.. 2006) and amplicon sequencing 

(Sogin er a/.. 2006: Taylor er a/.. 2007). These kind o f  platforms are available for many crops 

including. cowpea. common bean and soybean. pigeonpea being verb important still lack these 

kind of studies. 



Although efforts have been made in the recent past for development of molecular markers for 

this economicallq important crop but these were roo elementar). In case of pigeonpea. until 

recently. onl) a few hundred SSR markers are available (Burns er ai.. 2001; Oden) er al.. 2007. 

2009: Saxena RK er ul.. 2010a). A situation that is further hampered hq 10% 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 verq eas) to develop sequence 

data at very affordable prices. The sequence data produced can be used for large scale marker 

discover!. Furthermore, high-throughpur marker genotyping platform and a v e p  low cost 

associated to them calls for large scale development of genomic resource for this earlier called 

orphan crop. 

Keeping the above in vie\*, the present stud! h a s  proposed \*ith following objective: 

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

2 .  Development of transcript assemhl! for pigeonpea. 

3. Large scale identification of SNPs. 

4. Development of SNPs genotyping platform. 

5. Genetic mapping of SSRs markers 



2. REVIEW OF LITERATURE 

Pigeonpea (Cujunus cuiun L. Millsp.) is an imponant 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 ever\. year. bnavailability of adequate genetic variation in 

germplasm collections is another bonleneck for successful breeding programme. An effective 

way to exploit the available genetic variation among germplasm collections would be 

development of genornics tools such as. ESTs (expressed sequence tags), molecular markers. 

genetic maps for molecular breeding (Varshne? et 01.. 2005). However. molecular breeding 

approach has not yet been initiated in pigeonpea primaril! due to: a~ailabilit)  of limited genomic 

resources and limited level of genetic diversit  in majorit) of elite germplasm collection. Effort 

should he 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 pans of the world is one of these 

kinds. Lou 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 diversit) 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 Cuiunu.~ has been studied using restricted fragment 

length polymorphism ( W L P )  DNA as the specific nuclear probes (Nadimpalli el ol., 1991). In 

yet another study extremely high DNA polymorphism among wild species of pigeonpea was 



reported (Ratnaparkhe et al.. 3995). However, the DNA polymorphism among pigeonpea 

cultivars &as very low (Sivaramakrishnan el al.. 1997). Amplified fragment length 

polymorphism (AFLP) has been used for analysis of DNA banding panem among cultivars and 

wild species (Punguluri el 01.. 2006). Diversit) array technology (DArT) markers analysis also 

revealed low polymorphism among pigeonpea cultivars and high polymorphism between 

cultivated pigeonpea and its wild relatives (Yang er 01.. 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 debeloped till date in pigeonpea. 

2.1.1.1 Restrictionfragment length po!vmurphisms (RFLPs) 

Restriction fragment length pol)morphism. or RFLP, refers to a difference between m o  or more 

samples of homologous DNA molecules arising from differing locations of  restriction sites. In 

RFLP analysis the Dii.4 sample is digested using restriction enzymes and the resulting 

restriction fragments are separated according to their lengths b) gel electrophoresis. RFLP 

markers were used for diversit) analysis of 24 genotypes belonging to genera Cajonus. 

Dunharia, Eriosemu. and Rhynchosio This study shoued that accessions of cultivated C,  cujan 

shared more DNA fragments with ('. .scarahaeoides than with C. cajon(/olia (hadimpalli era/.. 

1993). In yet another diversity stud! RFLP-PCR markers from 4 chloroplast gene specific 

primers were used to estimate diversit!. in 28 species helonging to five genera of the sub-tribe 



Cajaninae; viz.. Cajanu. (15 species). Rhynchosiu (10 species), Dunharm, Flemingia and 

Paracu!\a. This study showed very little variation in restriction patterns o f  five different genera 

indicating occurrence o f  limited evolutionary changes in  chloroplast genome o f  these five genera 

(Lakshmi et ai., 2000). RFLP markers from 3 maize mitochondria1 probes were used to estimate 

diversity in  28 accessions representing I ?  species o f  Cajanus and 4 species o f  Rhyncho~ia. I ?  

species o f  Cajanus were taken from 6 sections (Cajanus. A n j o ~ i u  Frut~r.o.\o. Cantharo.spermum. 

ibluhili.\ and Rhynchosoides). Cluster anal!sis resulted in a clear-cut separation o f  two genera 

i.e. Cajanus and Rhynchosio. Species belonging to sections like Cajanus. Fru t i co .~~  and 

Rh,vnchodi~ide.s exhibited section specific grouping while species like cajanifolius. i~o1uhili.s. 

moliir showed discrepancy in their positions (Sivaramakrishnan er ai.. 2002). Hence. RFLPs 

have been used in pigeonpea. to overcome the problems associated with phylogenic grouping 

such as inconsistencies in taxonomic relationships hased on data from morpholog>, cytolog! and 

crossability. 

2.1.1.2 Random1 ampli/iedpo!~*morphic DNA (RAPD) 

Random]? amplified polymorphic DNA (RAPD) markers are DNA fragments from PCR 

amplified random segments o f  genomic D?+A with single primer o f  arbitrary nucleotide 

sequence. Unlike traditional PCR analysis, RAPD (pronounced "rapid") does not require an) 

specific knowledge o f  the DNA sequence o f  the target organism. RAPD markers were used for 

cluster analysis o f  13 species helonging to the genera Cajanus. Dunharia. Erioremo. and 

Rhj'nchosia Results from cluster analysis indicated the proxlmlt! o f  C cajan to C olhicans. C 

sericeus and C, lineutu.! than (' acur!fi~liu,\. C,  grand~folius and (', rericulotu.\. Al l  the 

Rhvnrhosia species grouped together suggesting their origin from a common ancestor 

(Ratnaparkhe rt al., 1995). Potential o f  RAPD in discriminating barieties o f  distinct characters 
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was demonstrated in  a stud) using 15 RAPD markers in I I cultivated pigeonpea genotypes 

(Lohithaswa cr a/., 2003). Cluster analysis resulted in separation o f  24 genotypes into distinct 

clusters and sub-clusters suggesting RAPD as a good marker system for dibersity analysis and 

cultivar identification (Choudhuv el a/.. 2008). Higher level o f  polymorphism (> 80%) was 

observed for 50% o f  17 markers and cluster analysis resulted in formation o f  two distinct groups 

for 17 pigeonpea cultivars (Malviya and Yadav. 201 0). 

2.1.1.4 Amplijled fragment length po!~morphism.s (AFLPsj 

Amplified fragment length pulymorphisms (4FLPs) is a high]! sensitive PCR-based tool used in 

molecular biolog) to detect DNA polymorphisms. The technique includes i) digestion o f  total 

cellular DXA with one or more restriction enzymes and ligation of restriction half-site specific 

adaptors to all restriction fragments, i i)  selective amplification o f  some o f  these fragments with 

two PCR primers that habe corresponding adaptor and restriction site specific sequences i i i )  

electrophoretic separation o f  amplicons on a gel matrix. followed h! visualisation o f  the band 

pattern. .4FLPs in 14 combination showed high level o f  polymorphism was observed between C. 

cajan and (' i~oluhilis (62.08%) and (' cujan and R hractearu (62.33%) while among cultivated 

types percentage o f  genetic variation was found robe very less (13.28%) (Panguluri eta/..  2006). 

A total o f  four comhinations o f  AFLP markers were used for diversit! analysis o f  41 pigeonpea 

varieties o f  African (32) and Asian (9) origin. This stud) showed absence o f  major clustering 

pattern and population str atification and suggested that African and Asian pigeonpea were not 

geneticall) diverse (Wasike rt a/.. 2002). 

2.1.1.4 Diversiol array technologr. markers (DArTsj 



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 complexit) of a DNA sample to obtain a 'representation' 

of that sample. DArT markers were used to esiimate diversity in 96  pigeonpea genotypes 

representing 20 different species of Cajanus. Of the total 700 markers. onl) 64 were found to be 

polymorphic among C cujan 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 era/. .  2006). 

2.1.1.5 MicrosaleNires or simple sequence repeats (SSRs) 

Microsatellites or simple sequence repeats (SSRs) are stretches of DNA. consisting of  tandeml) 

repeated short units of 1-6 basepair in length. SSRs have been shoun to be pan of or linked to 

some genes of agronomic interest as a result since long time SSRs have been drawing aflention 

of scientilic research for crop improbement. The positive attributes coupled with their multi- 

allelic nature, co-dominant transmission, relative abundance. extensive genome coverage and 

requirement of on14 small amount of template DNA have contrihuted to the extraordinaq 

increase of interest in SSRs in man) organisms (Zane er 01.. ?DO?. Morgante el ol.. 2002). 

Traditionall), three approaches are used for ident~fication and development of SSR markers: (i) 

construction of SSR-enriched library followed b!, sequencing of SSR positive clones (Gupta and 

Varshney. 2000). (ii) mining of EST (expressed sequence tag) transcript sequence generated by 

Sanger sequencing (Varshne) er 01.. 2005) or shon transcript sequences generated by next 

generation sequencing technologies (Varshney cr a/ . .  2009a). (iii) mining the BAC (bacterial 

artificial chromosome). end sequences (BESs) (Mun el a/ . .  2006). The development of SSR 
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markers from BESs circumvents the limitations of the first h+o 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 er a/.. 2006: Schultz era/.. 2007: 

Schlueter er ol.. 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 er oi.. 2001). Based on genomic DNA 

libraries another set of 20 SSRs makers h a s  developed and used for diversity analysis of 15 

cultivated and 9 wild relatives. as a result less diversit) was detected in cultivated pigeonpea. 

.4mong different species least genetic distance and largest similarity coefficient was found 

between C cajan and C caion~fo/ius (Oden) er 01.. 2007) A total of 113 SSRs were developed 

from SSR enriched libraries of pigeonpea. These were used for diversit) analysis of 24 

pigeonpea breeding lines (Oden) rr 01.. 2009). Similarly 23 SSRs were developed from SSR 

enriched genomic DK4 librarj (Saxena rr 01.. 20lOa). Furthermore in another stud) 84 EST- 

SSRs assosiated with biotic stress resistance were developed (Raju er 01.. 20101. 

2.1.1.6 Single nucleufide pu!vmorphisms ( S N P )  

Single nucleotide polymorphisms (SNPs) are highl) abundant form of genetic variation present 

throughout the genome (Cho er 01.. 1999: Rafalski, 2002). High frequency in genome makes 

SNP makers an attractive tool for mapping. maker-assisted breeding and map-based cloning 

(Batley er 01.. 2003). SNP marker are markers of choice for karious application (Rafalski. 2002) 



including marker assisted-breeding (Anderson and Lu"bherstedt 2003: Varshne) el a1 2007). 

genetic diversity (Nasu ef 01.. 2002: Varshney ef a/. 2007) association mapping (Jander er 01,. 

2002). construction o f  high-densit) genetic map (Cho er a / .  1999). genome wide linkage 

disequilibrium (Ching et al.. 2002: Mather et 0 1 .  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 stud! on development of  these markers has been 

reported t i l l  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 hreeding community (Gupta and Varshneq. 2000: Gupta er a/.. 1996). The first set of  10 SSR 

markers however became available onl j  in 2001 (Bums el a/., 2001). Subsequently. additional 

SSR markers have been generated at ICRISAT by using SSR-enriched l i b r a ~  (Odeny er a/., 

2007. 2009: Saxena et a/.. 2010a) and about 200 SSR markers became available. Less than 10% 

SSR pol?morphism in cultivated germplasm demanded the availahilitj o f  large number o f  SSR 

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

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 Ion throughput, expensive and time consuming. In recent past 

bacterial artificial chromosome (BAC) library has proved to he a valuable resource for large 

scale development o f  genetic markers BAC based cloning was initially described b) Shizuya and 

colleagues. Higher stability of  BAC vectors over YAC (yeast artificial chromosome) makes 

BACs first choice for libraries construction in highthroughput genomic sequencing projects. The 
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end sequencing o f  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 o f  man? species. B 4 C  libraries have been constructed for a variet! o f  species such as 

rice (U'anp el ul.. 1995). maize (Yim el ul.. 2002). sorghum (Woo er 01.. 1994). soybean 

(Shoemaker e! 01.. 1996: Salimath and Bhattacharyya, 1999: Tomkins er 01.. 1999; Meksem er 

01.. 2000). papaya (Ming el a/.. 2001). and apple (Vinatzer el a / .  1998). These libraries have 

made invaluable contributions to plant genomic studies including map-based or positional 

cloning o f  genes. genome-wide physical map construction (Mozo er a/.. 1999; Klein e f  ul.. 2000: 

Chen er ul.. 2002: Han er 01.. 2007). genome sequencing (The Arahidopsis Genome Initiative. 

2000: International Rice Genome Sequencing Project. 2005). and comparative genomics 

(O'heill and Bancroft, 2000: l l ic er a/.. 2003). B4C-end sequences (BESs) are valuable 

resources for the development o f  genetic markers such as BAC-end sequence based 

microsatellite markers (Shultz er a/.. 2007). BAC end sequence probides a random survey of the 

information contents (genes. transposons. repeats) o f  unsequenced genomes (Lai er a/ . .  2006; 

Hong er 01.. 2007). and yields molecular markers useful for genetic mapping (Frelichowski era/.. 

2006: Marek er 01.. 2001 and Shulrz ei ul.. 2007). and cloning o f  genes o f  agricultural interest 

(Coyne er ul.. 2007: Liang el ul.. 2007). Furthermore. in  man) a&~iculturall) important species 

BAC clones and physical maps are being rapidl) developed since the! are essential components 

in linking phenotypic traits to the responsible genetic variation. to integrate the genetic data. for 

the comparative analysis o f  genomes, and to speed up marker-assisted selection (MAS) for 

breeding. It  has been reponed that anal?sis o f  BES data can provide an overvie* o f  

microsatellites. o f  an unsequenced genome (Lai era/.. 2006). SSR markers have proven to be the 



best for this kind of analysis hut where available in ver) l o a  number. till date 156 SSRs have 

been for reported pigeonpea (Burns er a/.. 2001: Odeny er a/.. 2007. 2009). 

2.3 Next Generation Sequencing Technologies 

Genome sequencing is a robust method for gene discover! 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 onl! the 

first insight into the gene complement for these tissue regions hut also sets of genes involved in a 

number of biological processes. Several approaches Rere explored as a replace met to 

conventional Sanger sequencing technology these include sequencing b! hybridization (Khrapko 

er 01.. 1989). mass spectrometry resolution (Koster cr a/.. 1996), direct imaging of DNA 

sequence b) atomic force microscop) (Hansma er ui, 1992). other approaches include 

techniques based sequencing h) s~nthes is  (Hyman. 1988: Brenner el ui. 2000) and microfluidics 

to sequencing (Woolle) and Mathies, 1995). With the advent of reduced costs and higher 

throughput sequencing methods. expressed sequence tags (EST's) can be economically generated 

for a wider range of organisms. thereh! 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 significantl? 

(Margulies er ui.. 2005). The advent of high throughput next generation sequencing technologies 

such as Roche FLXi454 sequencing developed b) 454 Life Sciences (acquired by Roche). 

Solexa b) lllumina Genome Analyser (Hayaard. 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 FLXi4.54 technolog! provide inexpensive, 

genome-wide information producing approximately IOOMh sequence data in a single run. 
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contrasting to -440 Kh  sequence data generated b! Sanger sequencing (Mardis. 2008). While 

IlluminaISolexa 1G sequencing technolog) allows to sequence millions o f  short cDNA of 

average length o f  35 hp per sample tag (read). reducing the library construction cost, runtime and 

also increasing the sensitivity. Presently, the improvised Illumin&'Solexa 1G technology 

generates 75+ bp reads for a total o f  > 33 Gb o f  paired-end data per run. Their efficient in-depth 

sampling o f  the transcriptome compared to Sanger sequencing has also been demonstrated 

(Hanriot el 01.. 2008). But the relatively shoner reads produced by these technologies is a major 

drawback. However, the availability o f  various denovo assembly software programs such as 

CAP3 (Huang and Madan 1099). PCAP (Huang er a/.. 2003). RePS (Wang er 01.. 2002). and 

Phusion (Mullikin er 01.. 20031. MAQ. SOAP. ELAND. MOSAIK, VALVET. EULER. SSAKE. 

SHARCGS can effective11 assemble the shorter reads. Previousl?. 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 er 01.. 

2009). Melitaea cinxia (Glan\ille fritillar) butterflj) (Vera e/ a/.. 2008) and many other non- 

model organisms. 

Genomics-assisted breeding approaches have greatl! advanced u i th  the increasing availahilit! o f  

genome and transcriptome sequence data for several model plant and crop specles (Varshney er 

01.. 2009h). This platform provides a broad range o f  applications including whole genome 

sequencing (Green el al.. 2006). transcriptome and gene regulation studies (Bainbridge el a/.. 

2006: Berezikov er ul.. 2006). metagomics analysis and amplicon sequencing (Sogin el 01.. 2006: 

Taylor er 01.. 2007). Extremely efficient in-depth sampling o f  the transcriptome by these 

sequencing technologies as compared to Sanger sequencing has also been demonstrated in 

several plant species such as Medicogo (Cheung cr a/.. 2006 j. barley ( Steuernagel er a/.. 2009). 



etc. Trancriptome assembly not onl) contributes to identification of potential novel genes 

associated with specific tissues but it also allows us to address the keq 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 stud) are from various developmental stages. Gene discovery and gene 

expression are key objectives of most genome projects (Jantasuriyarat el a!.. 2005). 4 major 

current task in genomics is to characterize the functional importance of indiidual genes within 

the context of their interactions with other genes. The transcriptome of a panicular species can be 

anal)zed 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 a!.. 2007). Compared with non-normalized cDNA libraries. studies of normalized 

c D N  libraries depleted the abundance of transcripts and optimizes discovery of novel genes 

(Flinn er a!.. 2005). 

2.3.1 Roche FLXl454 sequencing 

Development of next generation sequencing technolog~es has sipnificantl) increased the volume 

of sequencing projects conducted h! scientific cornmunit!. Three main e\,oiutionar! 

improvements enabled genome sequencing projects in man) species. These include. i) use of 

fluorescent tags instead of radioactive labels to detect the terminated ladders: iii use of capillar) 

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 o f  conventional sequencing faced b) scientific community i.e. library 

preparation, template preparation and sequencing (Christensen. 1997). As direct incorporation o f  

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 FLXI454 platform. Roche 

FLX1454 sequencing was based on moving both the template preparation step and the 

pyrosequencing chemist9 to the solid phase (Ronaghi et 01.. 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. probiding 

priming sites for subsequent amplification and sequencing. One o f  the adapters is biotinylated. 

permitting collection of single-stranded templates. The templates are amplified and immobilized 

b! cornpanmentalizing individual template molecules and 28 pm DNA capture beads within 

droplets of an emulsion. PCR reactions conducted inside the droplets amplify the template 

molecules and complementar) primers covalentl? attached to the DNA capture immobilize the 

product on the head surface. Template-covered DNA capture beads are loaded into individual 

wells etched into the surface o f  a fiber-optic slide. The sequencing process uses an enzymatic 

cascade to generate light from inorganic pyrophosphate (PPI) molecules released by the 

incorporat~on o f  nucleotides as a polymerase replicates the template D h A  (Margulies er 01.. 

2005). Individual nucleotides are provided to the open wells b\ flowing them over the fiber-optic 

slide. The number of photons generated b! the cascade is proportional to the number o f  

nucleotides incorporated by the polymerase and the release of the PPi generated by the individual 

sequencing reactions (Figure I), Initially the system generated - 20 Mb o f  110 base-read per 8 

hrs run. subsequent released product generated an average o f  100 Mbs o f  250 base-reads. Using 



high density fiber-optic 400-600 Mbs of data is generated per run with an average size of 450 

bps. Assembly of 148 Mhp of Roche1454 ESTs obtained for multiple genotypes was aligned and 

23,742 SNPs were found in Eucalyptus (Novaes er 01.. 2008) Roche FLX:454 sequencing of 

shoot apical meristem generated 261 000 ESTs of xhich 30% were novel: -400 unique ESTs 

were also identified. for which 27 genes were validated using RT-PCR (Emrich er 01.. 2007). A 

total of 292.465 ESTs were generated using Roche FLXl4.54 sequencing in Medicago. 184.599 

unique sequences were identified. This stud) also include identification of 400 EST SSRs in 

.Medico~o (Cheung e t a / .  2006). 

2.3.2 lllumina1Solexa l G  sequencing 

In contrast to the 454 and 4 8 1  methods xhich use a bead-based emulsion PCR to generate 

"polonies". lllumina utilizes a unique "bridged" amplification reaction that occurs on the surface 

of the f l o ~  cell. The flou cell surface is coated with single stranded oligonucleotides that 

correspond to the sequences of the adapters ligated during the sampie preparation stage. Single- 

stranded. adapter-ligated fragments are bound to the surface of the flow cell exposed to reagents 

for polqermase-based extension. Priming occurs as the freeldistal end of a ligated fragment 

"bridges" to a complementarq 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 flou cell containing millions of unique ciusters is n o a  loaded into the IG 

sequencer for automated cycles of extension and imaging. The first cycle of sequencing consists 

first of the incorporation of a sinple fluorescent nucleotide, followed b) high resolution imaging 

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

above background identifies the physical location of a cluster (or polon)). and the fluorescent 



emission identifies which of the four bases has  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. 

IlluminaiSolexa 1G sequencing was used for identification of 8, 23.325 unique SNPs in 

Arabidopsis (Ossowski er 01.. 2008). Illuminai'Solexa IG sequencing generated 574 Mbp data 

which was used to identify and mark repetitive regions and define putative gene space in barley 

(Wicker er 01.. 2008). 

2.3.3 Applications of NGS technology 

NGS technologies have already been used for varier? of applications, such as development of 

SSR and SKP- based molecular markers. Applications of TuGS technology resequencing of well- 

characterized sp. (Ossonski er ul.. 2008). de novo sequencing of crop sp. without reference 

sequence (Hiremath et a / ,  unpublished), association mapping using natural population. 

expression and nucleotide polymorphism in transcriptome. wide crosses and alien introgression. 

population genetics and e \o lu t i ona~  biology. organeller and genome-hide assembly (Varshney 

rr u l .  2009a), 

2.4 SNP Genotyping Platform 

In contrast to other marker system. allele discr~minat~on 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 er 01.. 2005). The detection procedure for 

analyzing the products of these allele discriminating reaction include a) gel electrophoresis. b) 

fluorescence resonance energq transfer (FRET) c) fluorescence polarization. d) array or chips. e) 



luminescence, f) mass spectrophotometry. The KBiosciences PCR SNP genotyping system is a 

novel homogeneous fluorescenl genotyping system which utilizes a unique form of allele 

specific PCR. This platform offers very high SNP to assay conversion rate, is flexibie 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 synem 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. Traditionall>. allele specific PCR 

(ARMS) has been shown to work by a numher of groups worldwide. A number of improvements 

to this technique have been made in the past f e ~  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 energj transfer (FRET) 

homogeneous format is now available for this technique. The concordance rate has been shown 

to > 99.5% uith an error rate and reproducibiliry to he < 0.39.b. 

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 el al.. 2006). A genetic map is hased on the frequencies of 

recombination between molecular markers or gene loci during crossover of homologous 



chromosomes. The greater the frequency of recombination (segregation) between two genetic 

markers. the farther apart the? are assumed to be. Conversely. the lower the frequency of 

recomhination between the markers, the smaller the physical distance between them. This is the 

procedure of locating the molecular marker or gene IociIQTLs 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 Baleson and Reginald Punnen 

shortly after Mendel's laus  were rediscovered. The understanding of genetic linkage u a s  

expanded b) the uork  of Thomas Hunt Morgan. Morgan's obsewation 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 hetween linked genes, the greater the chance that non-sister chromatids 

would cross over in the region betueen the genes. A linkage map is created from analysis of 

many segregating markers. ideal]! avoiding having the inaccuracies that h i l l  occur due to the 

possibilit) of multiple recombination events. the construction of genetic map involves i )  

production of mapping population: ii) identification of polymorphism between parental 

genotbpes for moleular markers and iii) linkage analysis of markers. B) 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.1 or a centimorgan (cM) and is defined as the distance 

between genes for which one product of meiosis in 100 is recombinant. A recombinant 

frequent) (RF) of 1 % is equivalent to 1 m.u. But this equivalence is only a good approximate 



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. hut 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, ideallh 

avoiding having significant gaps between traits to avoid the inaccuracies that will occur due to 

the possibilit). of multiple recombination e\ents. 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 t u o  loci (the sites of genes) are likel) to lie near each 

other on a chromosome and are therefore likely to he inherited together as a package. A LOD 

score of three or more is generall! 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:l) in 

favor of genetic linkage. This LOD score can be lowered down in order to integrate makers 

uithin map constructed at higher LOD value. Software probpms used for the generation of 

genetic maps include Mapmaher; EXP (Lander er a/.. 1987: Lincoln er a/., 1993) most 

commonly used sciftuare and MapMana~er  QTX (Manl? el a/.. 2001). GMendel 

(http:!icropandsoil.oregonstate.edu!GmendeI). USTMap (Wu el al.. 2008). Another commonly 

used software is JoinMap which is used for map construction as well ac combining maps 

developed from other mapping populations. 



3. MATERIALS AND METHODS 

3.1 Plant Material 

With an objective of developing BAC- libraries pigeonpea accession Asha (ICPL 87119) was 

used. Seeds of 4sha were grown under greenhouse conditions to the seedling s u g e  and 

transferred to continuous darkness for 2 days prior to use. Developed libraries %ere used for end 

sequencing and identification of SSRs. Parents of an inter-specific mapping population ICP 28 

and ICPW 94 were used for validation of identified SSR markers. Pusa Ageti (ICP 28) an earl) 

maturing pigeonpea varier! was selected for cDNA normalization, l i b r a ~  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 lllumina sequencing technolog?. 

3.2 Identification and Validation of SSR markers  

3.2.1 BAC-library construction and end sequencing 

Nuclei were isolated and embedded in lou melting point agarose, size selection by means of two 

rounds of pulsed field gel electrophoresis was carried out for BamHl and Hindlll digested DNA. 

Large size DNA fragments here  ligated in bector pCCIBAC and transformed b) electroporation 

in to Epicenter's E coii EP1300-TIR cells. The insen sizes for each library were estimated based 

on pulsed field gel electrophoresis of .'vorl-d~gested B 4 C  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 bo were discarded. 



3.2.2 Mining of SSRs 

BAC-end sequences were used for mining of microsatellite markers using Perl based 

.Wlcr(~SAteNile (MISA) search module (Varshne! er a).. 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 classify~ng these microsatellites. 

3.2.3 Primer  designing 

Desig ing of primer for identified SSR h a s  done through standalone Primer3 program using 

MISA generated Primer3 input file. The criteria used for des i~ning primer pairs included Tm 

range of 57°C - 60°C with an average of 59°C.. amplicon size 100- 280bps. primer length 20 i 

5 hp and GC% 50 5. Primers designed for Mononucleotide were excluded. M I 3  dye labelled 

primer pairs were synthesized for selected 3072 SSRs The redundanc! 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 genotpes  

ICP 28 and ICPW 94. PCRs were performed in a 5 p1 reaction volume 10.5 pl of IOX PCR 

buffer. 1.0 pI of 15 mM MgC12. 0.25 11 of 2mM dNTPs. 0.15 p1 of 2 pM primer anchored with 

MI3-tail (MWG-Biotech AG. Bangalore. India). 0.1 U of Taq polymerase (Bioline. London. 
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UK), and I .O PI  (5 ng) of  template DNA] in 96-well micro titre plate (ABgene, Rockford. USA) 

using thermal cycler GeneAmp PCR System 9700 (Applied Biosystems. Foster Citg, USA). 

Touch-down PCR program was used for this reaction which included Initial denaturation at 94OC 

for 15min 5 cycles of denaturation at 94'C for ZOsec touchdoun from 605C to 55'C ( l°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 2Osec extension at 72°C for 3Osec final extension at 72'C for ?Omin. 

Amplified primer pairs were initiallg visualized for ampiicon hands using 1.2% agarose gel. 

capillary electrophoresis on ABI (3730) anal)ser was then used to funher resolve fragment for 

hener data analysis to asses, polymorphic markers. 

3.3 Development of Pigeonpea Trancr ip tome Assembly 

3.3.1 Roche FLXi454 sequencing 

Pusa Ageti (ICP 28) variet! of pigeopea was used for construction of Roche FLX1454 

sequencing based trancriptome assembly of pigeonpea (CcTA). In order to maximize the 

diversit! of expressed genes in pigeonpea, different developmental stages of tissue samples were 

targeted for collection and construction of cDN.4 lihrary. These tissue samples included embryo. 

cotyledon. root and shoot primordia. apical meriaem. 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 

uith those developmental processes. Tissues were washed briefl) with 0.1% DEPC water and 

then were frozen in liquid nitrogen. Total RKA was extracted from all the harvested tissues using 

modified hot-acid phenol method (Schmin et al.. 1990). The integrity and purity of  all the 

samples were assessed both on 1.2% formaldehyde agarose gel and UV Spectrophotometer at 



A260:A28~. 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 uere  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 cDhA was normalized employing the Smart cloning 

methodology (Ouyang and Buell, 2004: Zhu el ul., 2001) using the sewices of Evrogen 

[uuw.evrogen.com] and Sfi 14lB primers:adapters that permit directional cloning. Briefl). 

starting from RNA. reverse transcript~on u a s  carried out using the pooled RNA samples. The 

primer annealing mixture (5 p1) containing 0.3 pg of total RN.4: 10 pmol SMART-Sfi IA 

oligonucleotide (S'-AAGC.4GTGGTATC4ACGCAGAGTGGCCTTACGGC CrGrGrG- 3') 

and 10 pmol CDS -Sfi 1B primer (5'-AAGCAGTGGTATCAACGCA GAGTGGCCGAG 

GCGCiCCd(Tl2&3') was heated at 72'C for 2 min and cooled on ice for 2 min. First-strand 

cDNA synthesis was carried out b> the addition of PowerScript Reverse Transcriptase (BD 

Biosciences Clontech) in a final volume of 10 pl. containing IX F~rst-Strand Buffer (50 mMTris- 

HCI (pH 8.3): 75 mMKCI: 6 mM MgC12): 2 mM DTT: 1 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  ~1 reaction 

containing 1 pI diluted first-strand cDKA. 1X Advantage ? reaction buffer (BD Biosciences 

Clontech). 200 pM dNTPs. 0.3 pM SMART PCR primer (5'- 

AAGCAGTGGTATC4ACGCAG.AGT- 3') and IX Advantage 2 Polymerize mix (BD 

Biosciences Clontech). 18 PCR cycles were performed using the following parameters: 9S3C for 

7 sec: 65°C for 20 sec; 72°C for 3 min. Amplified doubled standard cDNA product was purified 

using QlAquick PCR Purification Kit (QIAGEN. CA), concentrated by ethanol precipitation and 



adjusted to a final concentration of 50 ngyl. For cDN.4 normalization. 3 ~l (about 150 ng) 

purified dscDNA plus I y1 4X Hybridization Buffer (200 mM HEPES-HCI. pH 8.0: 2 M I'jaCI) 

was overlaid with one drop of mineral oil. denatured 95'C for 5 min and then allowed to anneal 

at 6S3C for 4 h. The following preheated reagents were added to the hybridization reaction at 

68°C: 3.5 y1 milliQ warer:lpI o f  5X DNAse buffer (500 Mm Tris-HCI. pH 8.0: 50 mM MgCI?. 

10 mM DTT):0.5 yI double-strand nuclease (DSN) enzyme. After a period of 30 min, incubation 

at 65°C. the DSN enzyme was inactivated b! heating at 95'C for 7 min. The normalized cDNAs 

samples were diluted b) adding 30 yl o f  milliQ uater and used for PCR amplification. The PCR 

reaction (50 y1) contained I pi diluted cDhA: IX Advantage 2 reaction buffer (ED Biosciences 

Clontech): 200 yM dNTPs: 0.3 yM SMART PCR primer: I X  Advantage 2 Polymerize mix (ED 

Biosciences Clontech) and was amplified for 18 cycles of 9j°C for 7 sec: 65°C for 20 sec; 72°C 

for 3 min. One part of the amplified. normalized adapter-ligatedcDN.4 populat~on was digested 

~ i t h  Sfil and directionall! cloned into Clontech'sp DiiR vector at the SfiA,B sites. For 454 

sequencing. approximately. 3 pg o f  the final normalized. adaptor-ligated cDSA population was 

sheared via nebulization into small fragments a feu hundred base pairs in lengh. The fraxment 

ends were made blunt and short adaptors which provide the priming sequences for both 

amplification and sequencing of the sample lihrar) fragments were ligated onto both ends. These 

adaptors also provide a sequencing ke) (a short sequence o f  four nucleotides) which was used b) 

the system software to recopize legitimate library reads. hext, the library uas immobilized onto 

streptavidin beads, facilitated by a 5' biotin tag on Adaptor 0. and an) nicks in the double 

stranded library are repaired. Finally, the unbound strand o f  each fragment (with ''-Adaptor A) 

was released, and the recovered single-stranded DYA librarb's qualit! is assessed. 

3.3.2 Sequence data assemblj and clustering 



All the sequence anal!ses were conducted using publicl! available soft\r'are and custom Perl 

scripts. Quality trimming of the sequences n a s  done by removing adapter sequences and shon 

sequences (< 50 nucleotides) for the assembl) 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 (TOSS) using the CAP3 program (Huang and Madan. 1999). The assembly 

included the publicly available 10.817 EST8 of pigeonpea along with the Rochei454 

pyrosequencing reads. 

3.3.3 Characterization of pigeonpea 454 trancriptome assembl) 

3.3.3.1 Identification ofparalogous 

The analksis was conducted. using both. the contig consensus sequences as  ell as the singletons 

following assembl!. The longest open reading frame was identified using EMBOSS: getorf 

(http:'/emboss.open-bio,org!wiki;Appdocs) to identif: all open reading frames and a custom 

script to retain only the longest. Clustering of these sequences followed using a virtual suffix tree 

generation uith six frame translat~on using Vmatch (Beckstette er 01.. 3006). Gene families of 

size ? - 6 uere  clustered u ~ t h  the parameters i.e. subject percent match of 85 and quer) percent 

match of 70, a minimum length of 20 amino acids and an exdrop of 30. Pair u ise  alignments 

were obtained using ClustaiH' (Thompson el  a/.. 1991) 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 454pigeonpea sequence assemblies to soybean genome 



Alignment of pigeonpea TUSs with soybean genome was done using GMAP. This alignment 

was done by considering a stringent? 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 equall?-good matches, the highest scoring alignment satisfying stringenc) 

criteria was taken as the best hit. I i p m e n t s  within 1Yo identity and 1 %  coverage were 

considered as multiple equallb-good matches. 

3.3.3.3 Func~ional onnotation and similorig search 

Homolog! searches were performed against non-redundant (nr) nucleotide sequences of soybean 

(Glycine max- 351.935). Medicago (.Wedicugo rruncorulu- 21 7.148) lotus (Loruv japon~cus- 

148.617). common bean (Phuseolus vulguri.\- ?1.807), wild soybean (Glvcine soja- 18.419). red 

clover (Trifilium pretense- j7.860). grape wine ([iris 1,iniferu- 312,91 I). black cotton wood 

(Populur ~richr~corpu- 89.198). Arabidopsis (Arahidopsb ~huliunu- 616.064) and rice ( O ~ z u  

~ariva-1.169.591) abailable at the TlGR Plant Transcript Assemblies database using BLASTPI' 

algorithm at a significance threshold of 5 IE-30. 

TUSs were compared with UniRef non-redundant protein database from UniProt knowledgebase 

using BLASTX algorithm to deduce a putative function. Sequence similarit! was considered best 

at a bit-score greater than 50 and a significant e-value 5 IE-08. Each TLS was assigned a 

putative cellular function based on the sigificant database hit with the lowest E-value. 

Subsequently, TUSs that showed a significant BLASTX hit were used for functional annotation 

based on Gene Ontolog) categories from UniProt database (UniProt-GO). This process allowed 

assignment of TUSs to the GO functional categories of biological process. cellular component 



and molecular function. Distribution of TUSs h a s  further in\estigated 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 categor!. 

3.4 Identification of SNPs 

3.4.1 llluminai Solexa 1G sequencing and SNP identification 

Pigeonpea genotypes i.e. ICPL871 19. lCPL87091. ICP 28 AND ICPW 94 were subjected to 

Illumina: Soleha IG sequencing. A total of fifteen seeds from each of these genotypes were 

g o w n  in green house. Total RVA from root tissue was extracted using modified hot-acid phenol 

method (Schmin e/  u l .  1990). cDN.4 libraries of these four genotypes were subjected to 

Illumin@' Solexa IG sequencing, ldentification of SNPs from lllumina data was carried out using 

the Alpheus a o f t ~ a r e  s)stem (Miller er 01. 2008). SNPs were identified on the basis o f a l i ~ v m e n t  

of lllumina reads generated from each of the genotypes against a reference- in this case. the 454- 

based pigeonpea trancriptome assembl!. and respective counter genotype. allowing not more than 

two mismatches. Based on alignment results. variants at a particular nucleotide position were 

identified. Si~vificanr variants were selected based on two criteria i) allele Frequencq between 

two genotypes > 0.8. and number oftags aligned to the reference > 5. 

3.4.2 Development of S N P  genofyping platform 

KASPar genotyping platform h a s  developed using the identified SNPs. The selection of SKPs 

h a s  done based on three criteria i) SNPs positions containing 60 bps flaking sequences, ii) 

Frequency difference between two alleles 2 0.8 iii) read depth ? 5. 



3.5 Construction of Genetic Maps  

Genotyping data were assembled for all segregating makers from 79 F? lines of ICP 28 x I C P h  

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 

I :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 analys~s. 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 1 2.0. recombination frequent) 5 0.40 and a chi-square jump threshold for 

removal of loci =5,  Addition of a neu locus may influence the optimum map order, hence a 

"Ripple" u a s  performed after adding each marker into map. Map distances were calculated using 

Kosambi mapping function (Kosambi. 1944) and third round u a s  set to allow mapping of 

optimum number of loci in genetic map. Mean chi-square contrihutions 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 d r a w  with the help of Mapchan 2.2 (\'norrips. 2002). 



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 ma! probide a foundation for both genetic and 

physical map analysis. Under this approach two BAC libraries were constructed one using 

Hindlll and other using BomHl restriction enzymes. The Hindlll library is composed of34.560 

clones with an estimated average insen size of 120.000 hp. while the BamH1 librarq is composed 

of 34.560 clones uith an estimated average insen size of 115.000 bp. These clones combinelq 

represent - I  IX coverage of the pigeonpea genome. A total of 50,000 randoml! selected BAC 

clones were subjected to end sequencing which resulted in generation of 88.860 BAC end 

sequences (BES) with an aberage read length of 620 bp. Most of the 50.000 BAC clones contain 

high qualit! sequence from both ends. The comhined data represent - 56 Mbp of DNA 

sequences. which were submined to the National Center for Biotechnolog) Information (NCBI) 

Genome Surve! 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 hell  as for removal of cpoplasmic 

organellar sequences using the annotation pipeline s h o w  in Figure 5. Sequences were clustered 

using criteria of 2 95% identity and 2 200 bp overlap, producing a set of 41,736 singleton 

sequences and 10.7 11 sequence clusters. This non-redundant sequence set was filtered for rRNA, 

chloroplast and mitochondria1 sequences using BLAST'N' against datasets of the corresponding 



sequence types, yielding a set o f  41,229 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% o f  the pigeonpea genome. 

4.1.3 Functional annotation of BESs 

A series o f  parallel analyses were performed to annotate the features o f  singletons and cluaered 

BESs. Similarit! to transcribed sequences or known proteins was assessed by BLAST'N' and 

BLAST'X' of sequences against the TlCR plant transcript assemblies (hnp::/planrta,jcui.orgi) 

and the National Center for Biotechnology (NCBI) information non-redundant protein database. 

respectivel>, using an E-value cutoff o f  <I.OOE-'". Further evidence o f  protein coding regions. as 

well as standardized nomenclature. was obtained by queries against the lnterpro and 

Geneontolog! Molecular Function databases. Similarit) to known plant repeat sequences was 

assessed h) BLAST'N' and tBLAST'X' against a database o f  plant repeat sequewes 

(hnp::/wwn:ic\i.org). Based on the compiled information. BESs \rere subdivided into five 

primary categories: ( I )  non-annotated. (2) gene-containing. (3) retroelement-containing. (4) 

transposable element-containing. and ( 5 )  organelle- or ribosomal rRNA-containing. a. shown in  

Figure h and Tahle I .  Most sequence annotations were supported by multiple lines o f  evidence 

and a fraction o f  sequences here predicted to include both genes and either retroelements or 

transposable elements. Non-annotated sequences accounted for the majority o f  BAC ends. 

representing 53% o f  all non-redundant singletons and clusters. while nearly equal proportions o f  

BESs were annotated as genes (21%) or retroelements (224.0). I t  is likely that the retroelement 

category is an underestimate, because many of' the most abundant lnterpro descriptors within the 

"gene" category. such as "DNA/RNA Polymerase", are equall) consistent with either "gene" or 



"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 I). 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 >I (Figure 7h). By contrast, nearly 50% 

of all retroelement-containing sequences 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  on-annotated sequences ~ i t h  

intergenic regions) typically reside in less repetitive regions of the genome. 

4.1.4 Identification of BES-SSR 

With the goal of increasing generic marker density we have used B4C- end sequencing approach 

to identifq 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 3.1 IKbp) were 

identified in 14.001 BESs representing 6.590 BAC clones. 3.124 BESs contained more than one 

SSR. A total of 2.1 I I SSRs were present in compound form (Tahle 2 ) .  Among these 6665 

(71.53%) &ere defined as class 11 SSR (10 5 n < 20 hp) and 2652 were class I SSR (2  20 bp). 

21 I1 SSRs were found to be in compound formation. Maximum number of bases intempting 

nvo SSRs in compound formation was 100. 

4.1.5 Frequenc) and distribution of SSRs 



Frequent: of different SSRs identified during the present stud) 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 h) tri- nucleotides sharing 8% (1.441 ) of total 

SSRs. Apart from this tetra-, penta- and hexa- nucleotide SSRs occurred at lower proportions 

which combinel? 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 stud?. Among di-nucleotide repeat four types (AT. GC, ,4G and 

AC). A T  was most common (4309) followed by AG (1 953) and .4C (1343) on the other hand GC 

(12) motifs were least conlmon. All ten possible types of tri-nucleotide repeats were found in 

these BESs. Among these AATiTTA motif was most common followed by AAGICTT motif. 

Among the l I 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 ? I  types). Among these ACACCTIATGTGG was most abundant. 

4.1.6 Correlation between BAC end annotation and SSR occurrence 

kfter excluding all mono-nucleotide repeat SSRs and SSRs with length < I 0  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 I. Eight)-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 



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 (N.4) sequences 

compared to retroelement-containing (RE) sequences (Table I and Figure 8). Consistent with the 

likely pressure of purifying selection. B4C 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 NCBl GeneBank by researchers at the Llniversity of Bonn (Odne) el a/. 2007: 

Saxena er a/. .  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 

bemeen genome fractions differs subs tan ti all^ for SSRs obtained by means of genome 

enrichment compared to random BAC end sequencing. In particular. genome-enrichment 

methodologies produced approximatel) three times the rate of retroelement-associated SSRs and 

-100-fold increase in the rate of SSRs derived from organelle or rRYA 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 I atld potiantiall! variable Class 11 SSR. 

(Temnykh era / .  2001). All the microsatellites having a repeat length of > 10 bp for di-. > 15 bp 

for tri-. > 20 bp for tetra-, 2 25bp for pen@ and 2 30 bp for helanucleotide 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 



designated as "CcM" markers prefix CcM indigating Cajonu~ cujan 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 ofamplification. 

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 polynorphic SSRS were used for genotyping of 79 F: lines of ICP 28 

ICPH 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 grouzh 

until development of reproductive organs (Figure 2 )  here  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 shon transcript reads (STRs) were generated with an average 

lenbflh of 171 bp. In addition at the time of data analjsis. 10.817 Sanger ESTs with average read 

length 527 bp were available in puhlic domain. These two sequence datasets were analyzed 

separatel) as well as combinly. Based on analysis of 454 STRs, 52,827 contigs containing 

354,13 1 STRs with an average length of 262 bp including 4.308 high confidence singletons were 



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 Ienbflh 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 derailed 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 librar! was 25.2% which suggests that the 

normalization process was effective and the present generated librarq has the potential to 

uncover man! more transcripts. 

4.2.2 Identification of paralogous genes and genome duplication events 

To identify potential signatures of genome duplication in pigeonpea. the rranscriptome assembly 

(CcT.4) was analyzed in detail using rwo approaches. In the first approach. sequence similarity 

was used to identif! putative homologous gene pairs and pair-w~se 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: 5.37 are in families of size 3; 181 are in 

families of size 4. 89 are in families of sire 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 I I). Assuming that synonymous mutations occur in a clock-like manner following 

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



synonymous distance between a gene pair to predict an approximate time of divergence hetween 

those two genes. or when a duplication event occurred. Figure I I shows a histogram plot of the 

percent of pair wise distances to the synonymous distance value (Ks). There is a peak at roughlq 

0.06 and using the same clock as was used for soybean (Schumtuz er ul.. 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 likel) to be the result of a segmental duplication given that only 

9.8Oh 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 numher of pigeonpea (2n = 2 2 )  are the same as other phaseoloids such as 

common bean (Phu.seo1u.r r~uigons) and cowpea ( I ' ipu  unguirulutu) are 2n = 22 while those of  

soybean (2n = 40) suggest an independent duplication in soybean follouing divergence from 

pigeonpea. With an objectire 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 YCBl (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 famil) sizes) is 27 clusters 

of family size 2. one cluster of famil) size 3. two clusters of famil) size 4 and one cluster of 

family size I I. Similarl!, for cowpea. I I 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. 



In the second approach using BLAST'h (<=le-4) was utilized to a l i p  the. 37,170 pigeonpea 

sequences to the 46,430 soybean gene set (http:/~hwu.phy~ozome.nettsoybean). Repeats such as 

large gene families. rDNA and other repeats here removed from the aligned dataset. Since 

soybean is high11 duplicated due to past whole genome duplications, man! o f  the pigeonpea 

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

alignments had a mean sequence identit! o f  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. I f  both alignments here to duplicates 

from the most recent duplication in soyhean, we would expect approximately similar identity 

scores, however. a t-test between the first and second alignment values (% sequence identity) 

was significantly different (p-val< 0.00001). Thus, the difference in scores for the first and 

second best alignments is likel) be a reflection of alignments to duplicated genes in soybean that 

have undergone as)mmetric evolution or to duplicated genes from both the ancient (-59 Mya) 

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

Based on analysis o f  detailed data on pigeonpea. limited data for coupea and common bean and 

puhl~shed results fbr soybean (Schmutz er 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. prohablg sepental. at 3.9 Mya. that does not 

appear to be shared h i th  other phaseoloids. This indicates that recent the duplication in 

pigeonpea genome might have happened after separation o f  Cujanw from cowpea and common 

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

4.2.2 Characterization of pigmnpes transcriptome 



4.2.2.1 Comparison with soj'beun genome 

As an effon to validate gene structures in the neul? developed assembl!. the 127.754 TUSs were 

aligned to soybean using GMAP (http:/!wwu.icrisat.orgiwhat-we- 

do!biotechnology!LegumeSequenceDatasets.htmI). The threshold for identit) and coverage was 

set to 90% and 80%. respectively. As a result. 33.874 TUSs showed alignment and covered 

10.857 genes of soybean. 4 total of 16.367 TUSs showed unique best matches with the soybean 

genome. TUSs uere distributed across the chromosomes of soybean. .4n n average of -1,693 

loci on each soybean chromosome had significantl) 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 uith single best hit are shown in green color and the sequences 

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

4.2.2.2 Comparison with other legumes and modelplant species ar the transcripf level 

Detailed analysis of pigeonpea TUSs was performed using BLASTN (e-value < IE-30) 

similarity searches against plant EST datasets at JCVI. These results indicated that pigeonpea 

EST8 s h o ~  highest percentage overlap with soybean (G!vcrne max) with 26.972 (21.11%). 

followed by . t kd icu~o  (.hfedicag(~ truncurula) 12.643 (9.89%). Lotus (Loru~ ,joponicus) 10,472 

(8.19%). common bean (Phoveolus vulguria) 9.936 (7.77%). wild soybean (Glvcine sojo) 9,081 

(7.10%). red clover (Trifi~lium pretense) 6.292 (4.92%), grape vine (I'itis vin!feru) 5,394 

(4.22%), and other model plant species such as Arohidop.ri\ (druhidopsr.~ thuliuno) 2.980. 

(2.85%) and black cotton wood (Poplus rrichocurpa) 3,646 (2.33%) and rice (Onzu vativu) 



2.714 (2.12%). Detailed results of B L A S M  analyses are giben in Figure 14. O f  127,754 

unigenes. 735 (0.5%) were showed significant similarit! across all the plant EST databases 

compared in this study and 82.100 (64.26%) did not shou similarity to any plant species 

analyzed. 

4.2.2.3 Functional annotation and gene onto log,^ (GO) categorization 

BLASTX (e-value <1E-08 and a hit-score value o f  z 50) analysis o f  127,754 TUSs against the 

lJniRef non-redundant protein database enabled the putative identity assignment o f  these 

sequences into functional categories. A total o f  32.719 (25.6%) TUSs showed significant 

similarit) 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 TL'Ss showing significant 

hit were analyzed further for functional categorization and to retrieve enzyme IDS as following: 

( i j  Functional categorization was assigned b) mapping the 29.921 (91.40%) out o f  52.719. TUSs 

shouing significant hit on BLASTX analysis onto the Gene Ontolog? categories using the 

LniProt Gene Ontolog> Consortium. TUSs with assiped putative roles were classified inlo three 

principle categories: hiological process, cellular component and molecular function. As a result, 

5,455 TUSs Mere successfullq assigned under hiological process (Figure l5ai. 3,958 for cellular 

component (Figure 1%) and 6.491 for molecular function (Figure 15c). According to this GO 

schema. single protein corresponding to a TUS typicall? has more than one Ontology 

assignment. Furthermore under biological process. the sub-category metabolic process 

accounted for the highest percentage o f  TUSs at 4.080 (3Io/6) followed by cellular process 3,904 

(30°h), biological regulation 865 (7%). localization 864 (7%). establishment o f  localization 846 

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



total significant TUSs (Figure 15a). In the cellular component category. the highest percentage of 

TUSs was assigned to cell pan categor! 3.854 (43%). followed by organelle 2,379 (28%). 

organelle pan l . I  18 (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 transponer activity 

481 (5%). The remaining sub-categories accounted to 12% of TUSs (Figure t5cl. As expected. 

these libraries are derived from developing tissues, hence majority of the transcripts were 

involved in developmental categories like metahol~c and cellular process (Zhang ef a!.. 2004). 

Enzyme IDS were retriel'ed 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). Ilases 5% (79). and isomerases 5% (79) (Figure 

16). 

4.3 SNP Discoven 

Using lllumina/Solexa 1G sequencing in total 150.8 million tags were generated from four 

genotypes (ICPL 871 19. ICPL 87091. ICP 28 and ICW 94) Kumber of tags generated per 

genotype varied from 16.84 million (ICPL 87091) to 18.64 million (ICW 94). For identification 

of SNPs, lllumina 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 indixidual cross ranged from 

6263 (ICPL 871 19 x ICPL 87091) to 1.190 (ICP 28 .; ICPW94) (Table 7). In total, 7.453 SNPs 

were identified. 



4.3.1 Identification of disease responsive genes 

Fusarium will (FW) is a serious disease that adversely affects pigeonpea production. With an 

objective to identif! candidate genes for this disease, Iliumina~Solexa tags of FM stressed 

genotypes ICPL 87091 and lCPL 871 19 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 871 19 (resistant) and ICPL 87091 (susceptible) genotypes to 127,754 TUSs (CcTA). 

Since the numbers of lllurnina~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 ibr this analysis was taken as -2  to 7 2 .  The number of T l S s  with signititant 

differentlal expression wsas 1.869 (ICPL 871 19 x ICPL 87091). 

4.4 SNP Genoeping Platform 

In order to design W S P a r  assays for detected SVPs. 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 25: iii) read depth >5. KASPar 

assay were d e s i ~ e d  for 1.834 SNPs. .A panel of 94 pigeonpea genotypes including parents of 

mapping populations. advanced breeding lines and wild relatikes 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. 1.61 6 SNPs were identified and 1.094 could be validated. 



4.5 Linkage Mapping 

An inter-specific F: population derived from ICP28 (C  scarahaides) ICPH' 94 (C cajan) was 

selected for the construction o f  a reference genetic map. Consistent with a wide genetic cross. 

this paiwise 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 o f  fit test for a ]:?:I segregation ratio. Onl! 138 (36.50%) markers showed good 

agreement uith the exepected segregation ration 1 :2:1 (at the threshold o f p  = 0.05). Among the 

240 markers with deviation from Mendelian ratios we observed instances o f  complete absence or 

ver) low occurence o f  one parental allele, and instances of excess heterozygosity. 

The genetic linkage map was constructed in a stepwise manner. beginning with the I38 nonnally 

segregating markers at LOD 5 and a minimum recombinat~on fraction of 37.5. Subsequentl!. the 

240 distorted markers were tested for integration uith the help of Joinmap 3.0 software. The 

combined 239 markers lielded a genetic map o f  930.90 cM (919 kb/cM) (Figure 17). with an 

average of I I  markers per linkage group and an average between marker distance of 3.8 cM. A 

total of I I linkage group could be assigned. and these are presumed to correspond to the haploid 

chromosome set o f  C caiun (n = I I ). 



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 FLX1454 sequencing. development of SNP makers using Illumina-IG 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 enahle the use of marker-assisted- 

selection in this crop. With an objective of enriching SSR marker repertoire. t ~ o  BAC libraries 

were developed with an estimated - I  IX 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 recover) 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 here  run 

through an annotation p~peline Major proportion of the sequences remained non-annotated 

which ma) 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 percenrage 

of repetitive elements in BESs of other legumes such as Trifoiium (8.5%), soybean (33.5%). and 

common bean (49.3%) (Schlueter er a! ,  2008). BES annotation analysis has shown a 

considerable variability in the amount of repetitive fraction in different crop species such as 



tomato (49.3%) (Budiman er a/.,  20001. papaya (16%) (Lai el a!.. 2006), hanana (36%) (Cheung 

and Town. 2007). and citrus (25%) (Terol el ti/.. 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 \\as found more or less similar as 

observed in the BESs analysis of other crop species such as Phaseoiu.\ (29.3%) (Schlueter er 01. 

2008), apple (10.9%) (Han and Korban, 2008). banana (I 1%) (Cheung and Town. 2007). 

Brassica (I 1%) (Hong er a/.. 2007) and papaya ( I  9. %) (Lai er a / ,  2006). 

BESs have been verq useful to develop SSR markers in several plant species including legumes 

like soybean (Shultz er u l .  2007). common bean (Schlueter el 01.. 2008) and Medictigo (Mun el 

a / .  2006). In terms of SSRs abundance. overall density of I SSR per 5.64 kb  seems to be in good 

congruency with the earlier reports in plant genomes (Cardle er a l .  2000). Similar results 

showing SSR frequencies of I SSR per 4 to 10 kb here  achieved in different plant species like 

Mcdictigo. soybean. Loru.5. Arah~dopsis and rice (Mun er a/ 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 deri\,ed sequences. It is also important to note 

that afier excluding non-annotated BESs, majority (70.21%) of SSRs fall belong to be associated 

with genes. These observations are in agreement of the comphrehensike study of Morgante er a / .  

(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 el a/., 2001. Temnykh el a/ . ,  2001). In 



rice and other monocots CGIGC motif is ver! common. the least abundance o f  GCICG motif in 

pigeonpea genome is consistence with previous observation in other legume species (,Ikdicago. 

Lorus and soybean). Such low abundance of "CG" di-nucleotide repeats ma! he attributed to 

their tendency o f  forming secondary structures (hairpins), leading to a selective pressure against 

'CG' accumulation in genomes (Eustice ei ul.. 2008). 

While convening 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 i s  quite higher than earlier reponed in pigeonpea (Bums er a / .  2001: Odeny er ul 

2007. 2009: Saxena PI 0 1 .  2010a). Al l  the repeat classes showed more than 98% amplification 

except di-nucleotide repeats which had comparativel~ lower rate of amplification (95.98%). 

Al l  the successfullg amplified primer pairs uere screened for polymorphism. The overall 

frequenc! of length polymorphism was found to be 12.75% which i s  lower than reported in 

earlier studies i.e. 50% (Burns et 01,  2001). 81.3% (Saxena et a l ,  20IOh). and 95% (Odene! el 

u l .  2007). Occurrence o f  a ver) low level o f  DYA polymorphism among pigeonpea cultivars is 

not unexpected as several studies have documented such results (Sivaramakrishnan er a/ . .  1997: 

Yang el 01.. 2006: Saxena RK et ul. 2OlOh). 

The frequency o f  marker polymorphism increased dramaticall!. with SSR locus longer than 200 

hp. PIC values for SSR markers uere also analbzed in relation to repeat length and unit type. In 

terms o f  repeat length. Class I SSRs were more polymorphic as compared to the Class I1 SSRs 

which may be accounted to the hypervariable nature of Class I SSRs (Temnykh er al.. 2001) 

Among different type o f  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 mayak et 01.. 2010). iMcdirugo (Mun et 01.. 2006). and 

Phu.srolus (Cordoba el 01.  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 stud! for development of CcTA was carried out using NGS based Roche 

FLF4.14 sequencing technolog?. Based on phenolog) and utility of genotype in breeding 

programs Pusa4geti (ICP 28), a leading pigeonpea variet? 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 a n d  assembl) of transcript reads 

Until recentl). only 10.817 ESTs were available of which > 90% was developed during last t u o  

years. With an objective to generate a comprehensive transcriptomic resource. deep sequencing 

was undertaken on normalized pools of cDSAs 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 

cDNA population. fragment-end polishing. adaptor ligation. library immobilization, single 



stranded DNA library isolation and sequencing (Cheung er 01.. 2006; Margulies el a/.. 2005). 

Therefore Roche FLXi454-based gene discovery projects represent a viable and perhaps 

favorable alternative to Sanger-based sequencing o f  EST libraries when a diverse sampling o f  

genes is more important than obtaining full transcripts length contigs (Xovaes er ui. 2008). 

With an objective to compare assemblies. cluster analysis was done based on: ( i) exclusively 

494.357 Roche FLXl454 STRs. ( i i)  exclusively 10.817 Sanger ESTs. and (iii) combined dataset 

o f  494.357 Roche FLXl454 STRs and 10.817 Sanper ESTs. Based on these analyses it was found 

that assemhl) o f  onl? Roche FLX/454 STRs had coverage o f  12.73 Mbp with an average length 

o f  contig sequences as 262 bp. In contrast. though the coverage o f  the assembly based on Sanger 

ESTs was louer (0.47 Mbp). the average length o f  contig sequences was 637 bp. It  is important 

to note that though number o f  Sanger ESTs as compared to Roche FLW454 STRs is just 2.18%. 

the coterage based on Sanger assembl) is 3.81% as compared to Roche FLG454 assemblq. 

Assemhl! based on combined dataset. however, provided higher genome coverage with 13.27 

Mhp ~ i t h  and an average conrip length o f  273 bp. It is also important to note that 23.209 contigs 

o f  the assembly o f  combined dataset were longer than 600 bp while the longest contig based on 

onl) 454iFLX was 500 bp: and only j.169 contigs were longer 500 bp. I t  is therefore evident that 

inclusion o f  Sanger ESTs in assembl) has an advantage in  masking the redundant) o f  sequence 

overlap and allowing improved assembly representing distinct transcripts and better coverage. 

Similar observations were made in some other recent studies in Medicugo (Cheung el u l .  2006) 

and Atlantic salmon (Quinn el 01.. 2008). I n  summary. this study provides a sufficiently high- 

qualit) assembly o f  327.754 TUSs representing 1.53% pigeonpea genome sequence. This 

assembly has been referred as pigeonpea transcriptorne assembly (CcTA) and was used for 

ensuing analyses. 



5.2.2 Segmental genome duplication events 

Within a genome, if a reasonably l a r ~ e  group of duplicated genes with similar synonymous 

distances can be identified, this can be indicative of an ancient large-scale duplication ebent. or a 

polyploid event. Previous analyses in legumes have found evidence for an ancient duplication 

event roughl) 50 million years ago (Ks -.a) that occurred across a majority of the legumes 

(Cannon et a/.. 2010). We were interested in determining if these were evidence for an 

independent duplication ebent in pigeonpea and ~ h e t h e r  or not the) are shared b! 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 b! pigeonpea or any other member of the clade 

Phaseoloids. Clustering of the pipeonpea 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 nor 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 ma) be the result of biases in the assemblq process such as under-collapsed 

contigs. Nevertheless. the detailed picture about the extent of duplications and its sharing with 

other legume genomes will emerge onl! once the sequence data of the entire genome will be 

available (Varshney E I  a/.. 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 



were alignmed to 16.367 unique gene sequences of soybean. From this analhsis, 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 T L S  was made against ESTs for other legumes as well as more 

distantly related plant species. As expected. TL!Ss showed higher similarity to the legume 

genomes than non-legumt genomes. 4s 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. H'hile 21.1 1% TI:Ss have similarity with soybean. similarity to the 

common hean genomes is 7.77%. In fact. Medicago and Lorus show higher similarit? as 9.89% 

and 8.19%. respectivel! than that of common bean. This can be attributed to larger EST datasets 

analyzed in Mcdicugo (217.148). Lorus (148.617) than common bean (21.807). As expected. 

comparison of pigeonpea ESTs nith monocot species like rice showed that the percentage of 

significance is much lower compared to any other legume species. despite the larger EST 

(Varshne) ei ai. 2009h). Of 127.754 TUSs. 735 (0.5%) showed significant similarity across all 

the plant EST databases in this stud). 

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 



correspond to activities that can be performed b! 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 actibit)' at 5%. These categories have been recognized as more highly 

represented than anq other classes (Zang rr a/..  2004). Categor! 'biological process' accounted 

for second highest number of TUSs (5.455). The broad tissue and developmental stages sampling 

procedure used in this stud) 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 involbed in development. Under this sub-categor) 'metabolic process' accounted for 

highest percentage (3 1%). It was expected that functional categories (molecular function and 

bioiogical process) mainly involved with general cell housekeeping activities like 'binding', 

.catalpic activit). and 'metabolic process' would shov the highest level of express~on. These 

categories posses bell 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 

recentl! a verq limited number of genetic markers in the form of SSRs were available (Raju er 

a/., 2010) and no SNP reports till date. Furthermore, not a single genetic map Mas published until 

2010. One of the main reasons for this is the low level of  polymorphism in pigeonpea 

eermplasm. Therefore, it is desirable to develop a large set of molecular markers so that low 



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. 2 0 1 0 ~ ) .  Although 

markers developed from ESTsltranscripts are less polymorphic. they have been found useful for 

assaying the functional diversit) in the germplasm collection (Eujayl et a/., 2002: Wen er 01.. 

201 0). trait mapping (Zhang er ul.. 2004) and comparative genomics studies (Stein et 01.. 2007). 

In several crop species. SNP markers are becoming more popular mainly because of their 

automation and less costs associated with genotyping (Kota et 01.. 2007). In case of pigeonpea. 

so far. no Sh'P repon is available. Therefore this is the first SNP discover) stud) in pigeonpea 

that repons 7.453 SNPs for two mapping populations. Majorit) of SNPs. however, here  specific 

lo the given parenral combination of the mapping population. This fact, once again. underlines 

the availabilitq of IOU polymorphism in pigeonpea germplasm collection (Odenq rr 01.. 2009). 

For convening the identified SYPs into genetic markers, several choices are available for 

development of an appropriate SNP genotyping platform. These include GoldenGate assays 

(~uu.i l lumina.com~technolog~!g~ldengategenotpinassa).i lmn). KASPar assays 

(wuu.kbioscience.co.uk). cleabed amplified polymorphism sequence (CAPS) assays. etc. It is 

also important to note that as the SKPs identified are coming liom exonic regions. they may 

exhibit low level of polymorphism in the germplasm collection. In summar!. this stud) extends 

the existing marker repertoire to a great extent which will be verq useful for pigeonpea genetics 

and breeding applications. 

5.2.9 Candidate genes for FW 

Although. FUl 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 



identification of candidate genes associated with FW based on transcript profiling. For about a 

decade, microarraq based analysis was used as a primary tool for gene expression profiling 

(Schena el 01.. 1995; Brown el a!.. 2000: Cooper and Shedden. 2003). However. it has been 

shown that these microarraj analysis provide lob sensitivity in quantitative measurements. non- 

specific hybridization and measures on]) known; annotated transcripts (Git e~ 01.. 2010). 

Recently "digital gene expression" b) next generation sequencing technology has been 

introduced as a promising approach which provides a digital record of numerical frequencq of 

the sequence in the sample. Here we have demonstrated the use of lllumina sequencing 

technolog! to identif? difterentially expressed transcripts. Higher number o f  tags produced 

through technology allows a deep coverage in detecting lo&-abundant transcript. Keeping in 

mind these advantages lllumina sequencing was performed for two FW responsive pigeonpea 

genotypes. Expression values generated in the experiment were used to stud! gene expression 

pattern among FW responsive genotypes that are parents of a mapping populations. This method 

of sampling enahles us tu stud! expression profile in contrasting parents which provides more 

evidence for genes involbed in stress as u'ell 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 uas used so that a larger number o f  

segregating loci can be integrated into the genetic map. Usually SSR markers are co-dominant 

and f o l l o ~  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 ohserved in the marker data may be attributed 

to several possible reasons such as the abortion of male or female gametes or the  elective 



exclusion of a particular gametic genotype from fertilization, owing to incompatibility, 

incongruity, cenation. or zygote selection (Kreike and Stiekema, 1997). Percentage distortion 

observed in the present study is comparable with previously reponed studies performed on inter- 

specific crosses (Kianian and Quiros. 19921. 

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 =I I ) ,  Initial construction of a skeletal map with un-skeaed markers and followed by 

integration of distoned markers helped in minimizing the possibility for spurious assignments of 

markers (Elangovan er 01.. 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 

repon on the construction of SSR-based generic map in pigeonpea. Therefore this map should 

serve as a 'reference map' for other future genetic maps of pieeopea Moreover as the SSR 

 marker^ are deriked from the BAC-end sequences. these markers and the map should be kery 

useful resource for linking the genetic map with a 'future' physical map of piegonpea (Varshney 

er al. 2010b). 



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 .4merica, 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 highl! sensitive to salinit! and water-logging. Diseases are 

major biological constraints to production. Genomics and hiotechnological approaches have 

helped crop improvement in several crop species. especially cereals (Varshneq et al. 2006). 

Similarly genomics tools will prove very useful to enhance the tolerance~resistance to 

abiotic:biotic stresses in pigeonpea. However. a ver! limited number of genomics tools in the 

form of molecular markers. ESTs (expressed sequence tags). and genetic maps are available for 

pigeonpea. A feu microsatellite markers uere  developed in pigeonpea at ICRISAT. However 

because of the lower lebel 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 

stud) entitled "Development of genomics resources in pigeonpea" was conducted with the 

l'ollowing ohjecti\es- 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 SVP genotbping platform. v)  Genetic mapping of SSR markers. 

I. Development of microsatellite markers  from BAC-end sequences 

I. Two BAC libraries were consrructed b! using Hind111 (34.560 clones) and BarnHl (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 hp. 

2 .  Clustering hased on sequence ~dentity 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). 



3. Analysis of BESs for microsatellites or simple sequence repeats (SSP.s) identified 18.149 

SSRs, from uhich a set of 6,212 SSRs were selected for further analysis. 4 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. 

11. Development of transcript assembly for pigeonpea 

I .  Roche FLX/454 sequencing was carried out on a normalized cDNA pool prepared from 

31 tissues produced 494,353 short transcript reads (STRs). Cluster analksis of these 

STRs. together with 10.817 Sanger ESTs. resulted in 127.754 pigeonpea transcript 

assemblies ( C c 7 . 4 ~ ) .  

2 Comparison of the TL'S? ~ i t h  the soybean genome showed similarit) to between 10.857 

and 16.367 soyhean gene models (depending on alignment methods). 

i Functional analysis oftheqe TUSs highlights several active pathwals and processes in the 

sampled tissues. 

111. Large  scale identification of SNPs 

I. Illumina'Solexa IG sequencing was performed on four parental genotype of t u n  mapping 

population of pigeonpea. 

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

single nucleotide poiymorphisms (ShPs). Sequence analysis of TUSs and the lllumina 

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

3. Differential expression of TUSs corresponding to genes ~nvolved in various pathways in response 

to Fusarlum wilt (FW) was also ident~fied. 



IV. Development of SNP genotyping data  

1. SNPs identified in this study have heen used for development of SNP genotyping 

platform, The thresholds used in the selection SNPs include i) SKPs containing 60 bps 

flanking sequence, ii) frequent! difference > 0.5 iii) read depth 1 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.fir.51 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. i i )  trancriptome assembl) of pigeonpea containing 127.754 TUSs iii) identified a total of 

7. 453 SNPs for an inter-specific as \+ell 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 ICPU' 94). Large-scale genomic resource in the 

form of BESs. transcriptome assembly, SSRs and SYPs has been developed in an under- 

resourced crop species b) deplo!ing two prominent NGS technologies namel) Roche!454 and 

Illumina'Solexa 1G sequencing. These data have been used for both basic as \\'ell as applied 

aspects in pigeonpea genetics and breeding. It is anticipared that SSR markers and the genetic 

map debeloped in this stud! should provide a reference resource for construction and comparison 

of genetic maps for neu mapping populations, finger printing and cuitivar identification. 

assessment of genetic diversity and gene flou 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 



whole genome sequence to the genetic map. On the other hand the troncriptome assembly 

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

-- - - --- - - -  
Annotation HE Genes C+ KE T E  G + T E  N A  Totals 

Total ends 14.659 20,579 2.572 327 148 43.644 8 1.929 

Total sequence (hp) 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 20 1 44 31.877 51.733 
Average cluster depth 2.2 1.71 2.8 1.63 3.36 1.17 1.69 

Total unique sequence 5.13 1,626 8,897.905 764.163 154.620 44.2 18 20.029.073 35.02 1,605 
Total clusters with 
SSRs 218 1.166 13 I I 0 3.227 4.635 

cu, Total SSRs 406 1669 21 15 0 4145 6.256 
\-1 SSRs1100 Kbp 4.5 13.1 1.3 7.4 0 15.3 12.3 

Selected SSR loci 97 704 4 2 0 I974 2.781 
Polymorphic SSKs 26 247 0 0 0 564 837 
Average # o f  alleles 4.88+ 1.75 5.44*1.73 na na na 5.79*2.1 
Average PIC value 0.521.21 

- 
0.58*.18 na a na 0.57+.19 

'Total unique clusters represent the total number of%eqaence cluster$ plus thc numher o f  singleton (non-clustered) sequences 
Votal unique sequence represents the sum o f  the nucleotide length o f  all unique sequence clusters. 
'Three polymorphic markers arc from DAC ends annotated as "chloroplast" and are not listed in this table. 



Table 2 Distribution o f  polymorphic markers inlo different repeat classes 

-- - - - -- - - - 

SSH type Repeat Numher o f  Number o f  Numher of PIC v a l u e    umber o fp  
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%) 0.28-0.8 1 (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 ll 
NN 1.006 987 (98.1 1%) 2 19 (22.18%) 0.08-0.83 (0.53) 2-9 (4.9) 
NNN 455 45 1 (99.1 2%) 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%) 
Total 



Table 3 Frequency and distribution o f  different SSR motifs 

Motif Number (%) Range (bp) Average 
length (bp) 

Mono-nucleotide 
A 8,63 1 (97.78%) 10-42 1 1.38 
C 146 (2.22%) 10- 18 1 1.86 
Di-nucleotide 
A C 1,343 (1 7.63%) 10-64 1 1.87 
AG 1.953 (25.64%) 10-82 12.75 
AT 4,309 (56.57%) 10-98 2 1.55 
CG 12 (0.16%) 10-12 10.33 
Tri-nucleotide 
AAC 103 (7.15%) 15-37 16.68 
AAG 159 ( 1  1.03%) 15-39 17.41 
AAT 874 (60.66%) 15-1 02 21.41 
ACC 49 (3.40%) 15-33 16.95 
ACG 9 (0.62%) 15-27 18.33 
ACT 95 (6.60%) 15-36 17.02 
AGC 13 (0.90%) 15-21 16.61 
AGG 21 (1.45%) 15-21 16.71 
AG1' 109 (7.57%) 15-36 16.34 
CC'G 9 (0.62'!/u) 15-18 15.66 
Tetra-nucleotide 
AAAC 3 (1 -43%) 20-24 21.33 
AAAG 13 (8.39%) 20-24 20.92 
AAAT 101 (65.16%) 20-32 21.31 
AATG 3 ( 1.93%) 20-20 20 
AATT I0 (6.45% 20-20 20 
ACAT 15 (9.68%) 20-64 31.2 
ACGT 1 (0.64%) 20-20 20 
ACTC 2 ( 1.30%) 20-28 24 
AGAT 4 (2.59% 2 0 4 0  2 7 
AGGG 2 ( 1.29%) 20-20 20 
AGGT 1 (0.64% 20-20 2 0 
Penta-nucleotide 
AAAAG 3 (15.80%) 25-30 28.33 
AAAAT 9 (47.370h) 25-30 27.22 
AAACC 1 (5.26%) 3 5 35 
AAGTT I (5.260h) 25 25 
AATAT 2 (10.53%) 25 25 
ACATC 1 (5.26%) 2 5 25 
AGCAT 1 (5.26%) 25 25 
AGCCC 1 (5.26% 25 2 5 
Hexa-nucleotide 



AAAAAG 24 (26.67%) 30 3 0 
AAACTC 4 (4.45%) 30 30 
AAAGAC I (1.1 1 Oh) 3 6 3 6 
AAATTG I (1.1 1°h) 36 36 
AACACC 1 (1.1 1%) 42 42 
AACCAC 1 (1.1 1%) 30 30 
AACCTG 1 (1.1 1%) 36 36 
AACTTC 1(1.11%) 3 0 30 
AAGACC 1 (1.1 1 %) 42 42 
AATCAC 1 (1.1 1%) 3 6 3 6 
AATGTG 3 (3.34%) 36-42 3 8 
ACACAC 1 (1.1 1%) 48 48 
ACACCT 39 (43.33%) 30-72 44.76 
ACATCC I ( I  I l9C) 3 0 30 
ACCGTC I (1.1 loh) 3 0 3 0 
ACCTCC 1 (1.1 1%) 42 42 
ACTATC 2 (2.22%) 3 0 3 0 
ACTATG 1 (1.1 1%) 42 42 
ACTCTC 3 (3.34%) 30 30 
AGCCTC 1(1 11%) 3 0 3 0 
AGGAGT 1 ( 1  . I  I % )  3 0 30 
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Tahle 5 Sequence length distribution hcforc and aftcr assembly o f  l(oche1454 S I Ks and Sanger ES 1's 

Range of Kaw 454 l<eads Raw Sanger Assemhled 454 Assemhled Sanger Assemhled 454 + 
Nncle~ttide ESTs reads ESTs Sanger ESTs 
I.ength 

50 31.876 (6.4%) 44 (0.4%) 0 0 0 
51-100 61,172 (12.3%) 180 (1.6%) 2.282(4.7?h) 5 (0.6%) 2.253 (4.6%) 
101-IS0 84,878 (17.1%) 420 (3.8%) 4.854 (10.0%) 4 (0.5%) 4.829 (9.9%) 
15 1-200 88,806 (1 7.9%) 449 (4.1%) 5.934 (1 2.2%) 17 (2.2%) 5.874 ( 12.0%) 
201-250 185.863 (37.5%) 658 ( 6 . W o )  12.780 (26.3%) 24 (3.2%) 12.561 (25.7%) 
25 1-300 41,758 (8.4%) 630 (5.Xo4) 9.224 (19.0%) 20 (2.6%) 9.01 5 (1 8.5%) 

301-350 401 (3.7%) 4,900(10.2%) 21 (2.8%) 4.82 1 (9.8%) 
35 1-400 603 (5.5%) 3,415 (7.0%) 42 (5.6Y0) 3.349 (6.8%) 
401 -450 666 (6.1%) 1.901 (3.9%) 37 (4.9%) 1.870 (3.8%) 
45 1-500 573 (5.2%) 3.169 (6.5%) 57 (7.6%) 1.124 (2.3%) 
50 1-550 740 (6.8%) 58 (7.7%) 3.02 1 (5.1%) 
55 1-600 575 (5.3%) 6 5  (8.7%) 
60 1-650 62 1 (57"/.) 51 (6.8%) 
65 1-700 887 (8.256) 45 (6.0%) 
701-750 1590 (14.6%) 79 ( I  US%) 
75 1.800 682 (6.3%) 42 (5.6%) 

801-850 1.098 (10.1%) 74 (9.4%) 
85 1-900 24 (3.2%) 
901-950 18 (2.4%) 
951-1000 12 (1.6%) 
1001-I050 1 I (1.4%) 
1051-1 100 40 (5.35:) 

Total reads 494.153 10.817 48.519 746 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 
chromosome1 1,450 
chromosome2 1.773 
chromosome3 1,359 
chromosome4 1.563 
chromosome5 1.643 
chromosome6 1.643 
chromosome7 1,702 
chromosome8 2,160 
chromosome9 1.563 
chromosome1 0 1.71 1 
chromosome l l 1.535 
chromosomel2 1,459 
chromosome I3  4,162 
chromosome I4 1.241 
chromosome I5 1,542 
chromosomel6 1.096 
chromosome I7  1.654 
chromosome I8 1,605 
chromosome 19 1,515 
chromosome20 1,499 

Average number of TUSs mapped on each of the twenty 
soy bean chromosomes 1.693 



Table 7 lllumina sequencing based SNP discovery in five parental combinations 

Genotypes ICPL ICPL ICP28 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 



F~fure 1 Overview of the 454 sequencing technology. 
(a) Genomic DNA 1s Isolated, fragmented, l~gated 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. (c) 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 immoh~lized 
enqmes requ~red for a solid phase prophosphate sequencing reaction are deposited into 
each well. (e) Scanning electron microgaph of a portion of a fiber-optic slide, showing fiber- 
optic cladding and wells before bead deposition. (0 The 454 sequencing instrument conslsts 
of the following major subsystems: a fluid~c assembly (object i), a flow cell that includes the 
well-containing fiber-optic slide (object i ~ ) ,  a CCD camera-based imaging assembly w ~ t h  ~ t s  
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 @art of object iii). 
(Source- Rothberp and Leamon, 2008) 
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Figure 2 Overview of IllumindSolexa IG sequencing 



Figure 3 Plant tissue samples for FLXl454 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 
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Figure 4 Graphical overview of cDNA normalization for FLXl454 sequencing. Flowcha~t of 
the exverimental desien to obtain a normalized cDNA vool enriched for nenes svecificallv - .  
induced at various developmental stages from different tissues of pigeonpea (PusaAgethi). 

' 
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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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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. 



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'. 
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Figure 9 Percentage amplification pattern of  different SSR motifs 
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Figure 10 Sequence length distribution before and after assembly of short transcript reads 

(STRs). Read size of FLW454 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 

Sangn ESTs varied from 50 to 850, maximum number of reads had 700-750 bases. A size 

comparison between raw FLXl454 STRs and assembled FLW454 reads (contigs) showed 

that majority of sequences in each case had size range between 201 and 300, while similar 

wmparison between raw Sanger ESTs and assembled Sangn ESTs (contigs) showed a range 

of 600-650. However, maximum number (18.16%) assembled of FLW454 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 percentage painvise distance to the synonymous distance value (Ks) a peak 

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 f?om cowpea and 

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



Figure 12 Distribution and alignment of pigwnpea 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 gtey 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 



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 wnducted 

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

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

monowts. 
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Figure 15b) Distribution of pigwnpca TUSs of the CcTA with putative functions assigned 

through Gene Ontology annotation to Molecular function. 



Figure 1%) 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 pigwnpea TUSs onto GO assignment showing coverage of major 

enzyme classes. The details on distribut~on of pigwnpea 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) 



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