
Abstract Understanding the distribution of genetic

diversity among individuals, populations and gene

pools is crucial for the efficient management of germ-

plasm collections and breeding programs. Diversity

analysis is routinely carried out using sequencing of

selected gene(s) or molecular marker technologies.

Here we report on the development of Diversity Arrays

Technology (DArT) for pigeonpea (Cajanus cajan) and

its wild relatives. DArT tests thousands of genomic loci

for polymorphism and provides the binary scores for

hundreds of markers in a single hybridization-based

assay. We tested eight complexity reduction methods

using various combinations of restriction enzymes and

selected PstI/HaeIII genomic representation with the

largest frequency of polymorphic clones (19.8%) to

produce genotyping arrays. The performance of the

PstI/HaeIII array was evaluated by typing 96 accessions

representing nearly 20 species of Cajanus. A total of

nearly 700 markers were identified with the average call

rate of 96.0% and the scoring reproducibility of 99.7%.

DArT markers revealed genetic relationships among

the accessions consistent with the available information

and systematic classification. Most of the diversity was

among the wild relatives of pigeonpea or between the

wild species and the cultivated C. cajan. Only 64

markers were polymorphic among the cultivated

accessions. Such narrow genetic base is likely to rep-

resent a serious impediment to breeding progress in

pigeonpea. Our study shows that DArT can be effec-

tively applied in molecular systematics and biodiversity

studies.

Introduction

Molecular marker technologies are increasingly

important tools for genetic and genomics studies,

breeding and biodiversity research. Currently, several

DNA-based molecular marker technologies are avail-

able for genetic diversity analysis, e.g. Restriction

Fragment Length Polymorphisms (RFLP) (Botstein

et al. 1980; Miller 1990), Random Amplified Polymor-

phic DNA (RAPD) (Williams et al. 1990; Gonzalez

1993), Simple Sequence Repeats (SSR) (Weber

and May 1989; Jain et al. 1994), Amplified Fragment
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Length Polymorphisms (AFLP) (Mackill et al. 1995;

Vos et al. 1995), Single Nucleotide Polymorphisms

(SNPs) (Wang et al. 1998) and Diversity Arrays Tech-

nology (DArT) (Jaccoud et al. 2001). Most technolo-

gies suffer from a combination of impediments with low

throughput and the high cost of marker discovery and/

or of routine marker assays being most critical limita-

tions. SNP markers are the most abundant class of

DNA markers and numerous platforms were recently

developed to efficiently analyse SNP polymorphism in

humans (Wang et al. 1998) and in some crop species

(reviewed by Rafalski 2002). However, the high cost of

SNP marker discovery and assay development limits

their applicability for many crops, especially for the

‘orphan’ crops like pigeonpea (Cajanus cajan (L.)

Millsp).

Diversity Arrays Technology (DArT) can overcome

these limitations. DArT is a novel genotyping method

developed originally using the rice genome (Jaccoud

et al. 2001) and recently applied to barley, cassava and

Arabidopsis thaliana (Wenzl et al. 2004; Xia et al. 2005;

Wittenberg et al. 2005). The technology offers low cost,

high throughput and sequence-independent genotyp-

ing. DArT technology is a solid-state, open-platform

method for DNA polymorphism analysis providing

comprehensive genome coverage in a single assay.

DArT can be rapidly developed for practically any

genome, as both marker discovery and routine analysis

are carried out using the same, hybridization-based,

assay.

Legumes are an integral part of subsistence agri-

culture since they benefit both humans, by providing

protein-rich food, and soils, by improving their nutri-

tion and structure. Pigeonpea is a grain legume crop of

the tropics and subtropics, grown in the fields or

backyards in more than 90 countries and representing

5% of the total world production of pulses. Pigeonpea

has a total cultivated area of approximately 4.2 million

hectares and a yield of three million tonnes worldwide,

predominately in Asia, Africa, Latin America and

Australia. Its protein content averages 24%, and can

be as high as 31%. Besides protein-rich food, this

environment-friendly crop also provides much needed

fodder and fuel wood in the dry areas. Its cultivation

over a period of time helps to improve soil fertility

and structure (Saxena et al. 2000). It is used as a food

and fodder crop and for water conservation and eco-

logical restoration in south China (Yang et al. 2001).

The pigeonpea growing area has continued to increase

in the last several decades because of increasing rec-

ognition of the value of this crop and its multiple uses

(Saxena et al. 2000). Unfortunately, due to the small

investment in breeding and research of this crop, ge-

netic progress remains slow. Insufficient level of ge-

netic diversity within breeding materials, often a

consequence of limited breeding activity, could also

significantly impede genetic improvement. However,

there is practically no genetic diversity information

currently available for pigeonpea. A quick and efficient

technology for genotyping and precise germplasm

diversity assessment is therefore of great importance

for the continued development of this important crop.

Here we report on the development and application

of DArT for pigeonpea. The aims of this study were (i)

to identify effective complexity reduction method(s)

for pigeonpea DArT; (ii) to quantify the level of ge-

netic diversity in cultivated materials and pigeonpea

wild relatives; and (iii) to establish genetic relation-

ships among Cajanus species based on DArT whole-

genome profiles.

Materials and methods

Plant material

A total number of 232 accessions of pigeonpea were

obtained from the International Crops Research

Institute for the Semi-Arid Tropics (ICRISAT),

Guangxi Academy of Agricultural Sciences, China

Academy of Agricultural Sciences and Australian

Tropical Crops and Forages Germplasm Collection

(ATCFGC) (Supplementary Table S1). The pigeonpea

samples from ICRISAT belong mostly to C. cajan

species and include accessions from the following

countries: India, Australia, Dominican Republic, Gre-

nada, Guyana, Kenya, Tanzania, Malawi. Also in-

cluded were ICRISAT breeding lines. Samples from

ATCFGC included accessions of C. cajan and 16 wild

species (Table 1) Several leaf samples were collected

from plants of a distant relative of pigeonpea, Cytisus

sp. in Canberra on the campus of the Australian Na-

tional University. The Cytisus sp. samples were used as

an outgroup for the phylogenetic analysis.

DNA extraction and purification

The pigeonpea seeds from ICRISAT and China were

planted in the fields in Nanning and in a glasshouse in

Beijing, China. The youngest 2–3 leaves from pigeon-

pea plants of about 30–40 cm in height were snap-

frozen in liquid nitrogen, and stored at –70�C prior to

extraction. The samples from ATCFGC were young

leaves which were dried at 50�C for 24 h and stored

with silica gel until DNA was extracted. All DNA

samples were extracted using a modified DNA
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Table 1 Pigeonpea accessions analyzed with PstI/HaeIII DArT array

Accession No. Variety Taxonomic position Source country

P002 YunnanW Cajanus cajan China
P003 Yunnansu Cajanus cajan China
P004 UPAS 120 Cajanus cajan India
P005 ICPL 88039 Cajanus cajan India
P009 cms 85010 B line Cajanus cajan India
P010 cms 88039-1 A line Cajanus cajan India
P014 ICPL 129 R line Cajanus cajan India
P016 HPL 24 Cajanus cajan India
P035 ICP 12044 Cajanus cajan Tanzania
P041 ICP 13110 Cajanus cajan Kenya
P056 ICP8863 Cajanus cajan India
P061 ICP13389 Cajanus cajan Malawi
P062 ICP13828 Cajanus cajan Grenada
P063 ICP13961 Cajanus cajan Dominican Republic
P068 Msprabhatd7 Cajanus cajan India
P091 ICP12031 Cajanus cajan Tanzania
P095 ICP12058 Cajanus cajan Tanzania
P134 ICP13555 Cajanus cajan Grenada
P156 ICEAP00068 Cajanus cajan Africa
P158 ICEAP557 Cajanus cajan Africa
P243 ICPL87119 Cajanus cajan India
P354 ICPL 93092 Cajanus cajan India
P371 14Kamya Cajanus cajan Kenya
P373 Guangxi Local line 3 Cajanus cajan China
P374 ICPL 93097 Cajanus cajan India
P382 ICP 11762 Cajanus cajan India
P388 ICP 13555 Cajanus cajan Grenada
P390 ICP 13952 Cajanus cajan Grenada
P395 ICP 14085 Cajanus cajan Venezuela
P397 ICP 14163 Cajanus cajan Indonesia
P398 ICPL 151 Cajanus cajan India
P403 ANU1 Cytisus species Australia
P406 ANU4 Cytisus species Australia
P408 ANU7 Cytisus species Australia
P410 ANU9 Cytisus species Australia
P414 Guangxi wild 5 Cajanus sp. China
P501 AusTRCF310389 Cajanus cajan India
P502 AusTRCF310438 Cajanus cajan India
P503 AusTRCF310439 Cajanus cajan India
P504 AusTRCF310459 Cajanus cajan Australia
P505 AusTRCF310460 Cajanus cajan Australia
P506 AusTRCF310461 Cajanus cajan Australia
P507 AusTRCF316760 Cajanus cajan India
P508 AusTRCF316763 Cajanus cajan India
P509 AusTRCF316766 Cajanus cajan India
P510 AusTRCF317713 Cajanus cajan Australia
P511 AusTRCF316925 Cajanus acutifolius Australia
P512 AusTRCF106492 Cajanus albicans Australia
P515 AusTRCF316931 Cajanus lanuginosus Australia
P516 AusTRCF316992 Cajanus lanuginosus Australia
P517 AusTRCF309207 Cajanus latisepalus Australia
P518 AusTRCF309208 Cajanus latisepalus Australia
P519 AusTRCF300160 Cajanus marmoratus Australia
P520 AusTRCF309209 Cajanus marmoratus Australia
P521 AusTRCF309206 Cajanus pubescens Australia
P522 AusTRCF300150 Cajanus reticulatus Australia
P525 AusTRCF100105 Cajanus scarabaeoides Australia
P526 AusTRCF106053 Cajanus scarabaeoides Australia
P527 AusTRCF316919 Cajanus scarabaeoides Australia
P528 AusTRCF55796 Rhynchosia edulis Australia
P529 AusTRCF320724 Rhynchosia minima Australia
P530 AusTRCF34133 Rhynchosia verdourtii Australia
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extraction method used for rice (Ronald 1999; Stein

et al. 2001). The DNA was further purified by using 2%

of Polyvinylpyrrolidone (PVP), (Povidone, K29-32)

and sarcosyl to remove the polysaccharides and poly-

phenolic contaminants. DNA was dissolved in 0.1· TE

and adjusted to 100 ng l–1.

DArT procedure

Preparation of genomic representations

The representations, which are the product of a gen-

ome complexity reduction method, were generated

using a combination of restriction enzyme (RE)

digestion and adapter ligation, followed by amplifica-

tion (Wenzl et al. 2004). For the PstI/HaeIII repre-

sentation approximately 100 ng of DNA was digested

with 2 units of PstI and the frequent cutter HaeIII

(New England Biolabs; NEB, USA) in a buffer con-

taining 10 mM Tris–OAc, 50 mM KOAc, 10 mM

Mg(OAc)2 and 5 mM DTT. A PstI adapter (5¢-GTT

CAG TCA AGT TAG ATG GTG CA-3¢ annealed

with 5¢-CCA TCT AAC TTG ACT G-3¢) was simul-

taneously ligated to the complementary overhangs

with T4 DNA ligase (NEB). The ligation reaction was

diluted 20 fold, and a 1 ll aliquot was used as a tem-

plate in 50 ll amplification reactions using a primer

complementary to the adapter sequence (5¢-CAG TCA

AGT TAG ATG GTG CAG-3¢). A thermal cycling

program applicable to all plant species tested so far was

used: 94�C for 1 min, followed by 30 cycles of 94�C for

20 s, 58�C for 40 s, 72�C for 1 min, and a final exten-

sion of 72�C for 7 min.

The procedures for all other representations were the

same as for PstI/HaeIII representation, except that the

appropriate adaptors and primers were used (Table 2).

Microarray preparation

Diversity Arrays Technology genomic libraries were

prepared and inserts amplified from bacterial clones as

described in Wenzl et al. (2004). After the insert

Table 1 continued

Accession No. Variety Taxonomic position Source country

P531 AusTRCF309210 Cajanus acutifolius Australia
P532 AusTRCF321876 Cajanus albicans Australia
P533 AusTRCF309202 Cajanus aromaticus Australia
P534 AusTRCF300207 Cajanus Confertiflorus Australia
P535 AusTRCF321881 Cajanus crassus Australia
P537 AusTRCF321878 Cajanus lanceolatus Australia
P538 AusTRCF309205 Cajanus latisepalus Australia
P540 AusTRCF318236 Cajanus platycarpus Australia
P541 AusTRCF310308 Cajanus cajan Australia
P542 AusTRCF310443 Cajanus cajan Australia
P543 AusTRCF310458 Cajanus cajan Australia
P544 AusTRCF310460 Cajanus cajan Australia
P545 AusTRCF310477 Cajanus cajan Australia
P546 AusTRCF321879 Cajanus sp. Australia
P547 AusTRCF321880 Cajanus sp. Australia
P548 AusTRCF316916-1 Cajanus acutifolius Australia
P549 AusTRCF316916-2 Cajnus acutifolius Australia
P550 AusTRCF316916-3 Cajanus acutifolius Australia
P551 AusTRCF321877 Cajanus albicans Australia
P552 AusTRCF321883 Cajanus albicans Australia
P553 AusTRCF318282 Cajanus crassus Australia
P554 AusTRCF321882 Cajanus crassus Australia
P555 AusTRCF318279 Cajanus crassus Australia
P556 AusTRCF316926-1 Cajanus lanuginosus Australia
P557 AusTRCF316926-2 Cajanus lanuginosus Australia
P558 AusTRCF316926-3 Cajanus lanuginosus Australia
P559 AusTRCF318147-1 Cajanus latisepalus Australia
P560 AusTRCF318147-2 Cajanus latisepalus Australia
P561 AusTRCF318147-3 Cajanus latisepalus Australia
P562 AusTRCF300129 Cajanus lanceolatus Australia
P563 AusTRCF106127 Cajanus platycarpus Australia
P564 AusTRCF300150 Cajanus reticultus Australia
P565 AusTRCF53911 Flemingia macrophylla Australia
P566 AusTRCF320724C Rhynchosia minima var. nuda Australia
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amplification, the amplified inserts were precipitated

and the DNA was resuspended in spotting buffer (1 M

sucrose + 50% DMSO). The products were then ar-

rayed onto polylysine-coated slides using a micro-

arrayer, either a GMS 417 arrayer (Affymetrix) or a

MicroGrid II arrayer (Genomics Solutions). After

printing, slides were baked at 80�C for 2 h, incubated in

hot water (95�C) for 2 min and dried by centrifugation.

Preparation of genomic representations and

hybridization to genotyping arrays

Genomic representations were generated from the se-

lected varieties and wild accessions, using the same

complexity reduction method used for library con-

struction (PstI/HaeIII). Representations were precipi-

tated with one volume of isopropanol, denatured at

95�C for 3 min and labelled with fluorescent dye (1.5 ll

of 500 lM Cy3- or Cy5-labelled random decamers

synthesized by Sigma, Australia), using the exo-

Klenow fragment of E.coli DNA polymerase I (NEB).

Labelled representations, called ‘‘targets’’, were added

to 50 ll of a 50:5:1 mixture of ExpressHyb buffer

(Clonetech), 10 g l–1 herring sperm DNA, and the cy5-

labeled or FAM-labelled polylinker fragment of the

plasmid used for library preparation as a reference

(Jaccoud et al. 2001). After denaturing, labelled targets

were hybridized onto microarray surface, covered with

a glass coverslip. The slides were placed into a humid

chamber at 65�C and incubated overnight.

After 14–16 h of incubation, the coverslips were

removed, slides were placed into slide-racks and wa-

shed in 1· SSC + 0.1% SDS for 5 min; in 1· SSC for

5 min; in 0.2· SSC for 2 min and in 0.02· SSC for

1 min. Slides were spun-dried immediately at 200· g at

room temperature for 7 min.

Slide scanning and data extraction

Slides were scanned using a fluorescent microarray

scanner (GMS 418 scanner or Tecan LS300 scanner)

and images were generated for each of the fluorescent

dyes using the appropriate laser/filter combination.

DArTsoft, a software package developed in-house,

was used to automatically analyze each batch of TIF

image pairs generated in an experiment, typically

comprising a few dozen slides. Two versions of the

software were used in this report. The earlier version of

DArTsoft, exclusively based on a variance partitioning

algorithm (ANOVA), was used in the initial tests of

complexity reduction methods. A more advanced ver-

sion was used in the validation experiments with full-

sized arrays. The improved software version localized

spots, rejected those with a weak reference signal,

computed and normalized the relative hybridization

intensities [= log(cy3target/cy5reference) or

log(cy3target/FAMreference)], calculated the median

value for replicate spots, identified polymorphic clones

by using a combination of ANOVA and fuzzy K-means

clustering at a fuzziness level of 1.5 and classified

polymorphic clones as being present (‘‘1’’) or absent

(‘‘0’’) in the representation hybridized to a slide. The

clustering algorithm also provided a probability esti-

mate for each individual genotype call (Cayla et al. in

preparation).

Evaluation of complexity reduction methods and

selection of genotyping method

Two 1536-clone PstI/HaeIII libraries (each developed

with a different adapter sequence) were produced from

a mixture of the DNA of 48 selected pigeonpea

accessions. Five 768-clone libraries of NdeI + B-

sp1286I fragments, each recut with different frequent

cutting enzyme, were generated using the same 48

DNA samples (Supplementary Table 1). The percent-

age of polymorphic clones in each of these libraries was

calculated using DArTsoft with the same parameter

settings.

The PstI/HaeIII library was expanded by 5,376

clones to produce a first-generation genotyping array

using PstI/HaeIII with PstI2 + 0 adapter/primer. This

Table 2 Sequences of primers and adapters used in this study

Oligo name Adapter sequence Oligo name Primer sequence

PstI adapter 5¢ CACGATGGATCCAGTGCA 3¢
5¢ CTGGATCCATCGTGCA 3¢

PstI+0 primer 5¢ GATGGATCCAGTGCAG 3¢

PstI2 adapter 5¢ GTTCAGTCAAGTTAGATGGTGCA 3¢
5¢ CCATCTAACTTGACTG 3¢

PstI2+0 primer 5¢ CAGTCAAGTTAGATGGTGCAG 3¢

NdeI adapter 5¢ CCTCGTAGACTGCGTATCCG 3¢
5¢TACGGATACGCAGTCTACG 3¢

NdeI primer 5¢CCTCGTAGACTGCGTATCCG 3¢

Bsp1286I adapter 5¢CTGAGTAGTGCCAGAACGGTCTGCA 3¢
5¢ GACCGTTCTGGCA3¢

Bsp1286I primer 5¢CTGAGTAGTGCCAGAACGGTCTGCA 3¢
aM 13f primer 5¢GTTTTCCCAGTCACGACGTTG3¢
aM13r Primer 5¢TGAGCGGATAACAATTTCACACAG3¢

Note: aM13f primer + M13r primer used for colonies insert amplification
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array was used for genotyping 96 pigeonpea accessions

(including cultivated and wild materials).

Analysis of DArT data

The DArTsoft-generated 0–1 scores were used as input

for the RESTDIST and NEIGHBOR programs of the

PHYLIP 3.6 software package to construct an Un-

weighted Pair Group Method with Algorithmic Mean

(UPGMA) dendrogram based on Felsenstein’s modi-

fication of the Nei/Li restriction fragment distance

(Felsenstein 1989, 2004). The DArTsoft-generated

Hamming distance matrices were used as input for the

MEGA3 (Kumar 2004) software package to build a

UPGMA dendrogram. The Hamming distance matri-

ces were also used as input into software package for

Principal Coordinate Analysis (PCO) (Anderson

2003).

The Polymorphism Information Content (PIC), a

measure of informativeness of a genetic marker, was

calculated according to Anderson et al. (1993):

PIC ¼ 1�
P

i¼1 n Pi2

where Pi is the population frequency of the ith allele

and n the total number of allelic states.

Results

Optimization of complexity reduction methods and

library construction

Producing suitable genomic representations is the key

step for DArT technology development. It was shown

for small genome rice (430 Mbp) and large genome

barley (5,000 Mbp) that digestion with PstI RE to-

gether with a frequently cutting RE, combined with

adapter ligation-based amplification of intact PstI

fragments is an efficient method of DArT (Jaccoud

et al. 2001; Wenzl et al. 2004). Similar methods of

complexity reduction were also effective in discovering

DArT polymorphism in cassava with genome size in-

between rice and barley and similar to that of pi-

geonpea, which has been estimated to be around 1 pg

per haploid genome (Ohri et al. 1994; Ohri and Singh

2002).

There were significant differences in polymorphism

detection efficiency observed among the complexity

reduction methods using different frequently cutting

RE both in barley and in cassava (Wenzl et al. 2004;

Xia et al. 2005). We therefore started developing

DArT for pigeonpea by testing a large number of

combinations of PstI and one of the following frequent

cutting RE: ApoI, AluI, BstNI, BanII, TaqI, MseI,

RsaI, BsoBI, Bsp1286I and HaeIII. We analysed the

representation by electrophoresis on a 2% agarose gel

and excluded all representations showing one or more

strong bands, since highly abundant amplicons would

result in highly redundant clones in the library created

from such representations. Only the PstI/HaeIII rep-

resentation was free from observable bands (data not

presented). Therefore, we selected this representation

to construct the first library.

Nearly all DArT complexity reduction methods re-

ported so far have used PstI RE to generate adaptor-

compatible overhangs, either alone (Wenzl et al. 2004;

Xia et al. 2005) or in combination with EcoRI (Wit-

tenberg et al. 2005). We tested a new enzymes com-

bination, NdeI + Bsp1286I, as adaptor-compatible

REs, and used them in combination with either a single

frequent cutting RE (TaqI, BstNI, ApoI, AluI, BanII,

BsoBI, HaeIII, MseI, RsaI and DpnII) or a pair of REs

(AluI + BstNI, AluI + BsoBI, AluI + DpnII, Bso-

BI + BstNI, BsoBI + DpnII and BstNI + DpnII).

Based on the agarose gel analysis of these represen-

tations we built another five libraries: NdeI + B-

sp1286I/DpnII, NdeI + Bsp1286I/BstNI, NdeI +

Bsp1286I/AluI + BsoBI, NdeI + Bsp1286I/AluI +

DpnII and NdeI + Bsp1286I/ BstNI + TaqI.

A set of 48 accessions (Supplementary Table I) was

used to test the frequency of polymorphic clones on the

arrays containing either 768 or 1,536 clones derived from

relevant representations. Approximately eight fold dif-

ference in polymorphism frequency was observed

among the complexity reduction methods (Table 3).

The highest levels of polymorphism were observed for

Table 3 Polymorphism level obtained for the complexity
reduction methods tested

Complexity
reduction
method

Number
of polymorphic
clonesa

Total
number
of clones

Frequency of
polymorphic
clones
(%)

PstI/HaeIII (F)b 86 1,536 5.9
PstI/HaeIII (G)b 90 1,536 5.6
NdeI + Bsp1286I/

DpnII
6 768 0.8

NdeI + Bsp1286I/
BstNI

21 768 2.7

NdeI + Bsp1286I/
AluI + BsoBI

41 768 5.2

NdeI + Bsp1286I/
AluI + DpnII

19 768 2.5

NdeI + Bsp1286I/
BstNI + TaqI

31 1,536 2.0

aPolymorphic clones were detected by DArTsoft program using
standard settings
bPstI/HaeIII representations were prepared using either PstI + 0
(F) or PstI2 + 0 (G) adaptors/primers, respectively
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the two PstI/HaeIII representations generated with ei-

ther PstI + 0 or PstI2 + 0 primers (5.9 and 5.6%,

respectively). The small difference observed between

the two PstI/HaeIII representations could be attributed

to between experimental variation or differences in

performance of respective adapters/primers. The

NdeI + Bsp1286I/AluI + BsoBI complexity reductions

method was only slightly less polymorphic (5.2%). The

lowest frequency of polymorphism was detected for the

NdeI + Bsp1286I/DpnII complexity reduction method

(0.8%). Based on these results, we developed a full-size

array using the PstI/HaeIII method.

Development of a full-size array

Firstly, we developed a PstI/HaeIII array containing

3,456 random clones from cultivated materials listed in

Table 1. Next, we expanded this array by using addi-

tional C. cajan samples from Australia, India and

China, one wild species from China and five wild spe-

cies from Australia. We identified 760 potential poly-

morphic clones in a total of 3,072 clones (24.7% of

polymorphic clones) in a genotyping experiment

involving the samples used for array development. The

UPGMA dendrogram based on the Nei/Li restriction

fragment distance showed clear separation between the

C. cajan accessions and the wild accessions. The wild

species from China and Australia clustered in one

group, while all the cultivars clustered into two close

subgroups (data not shown).

Finally, we expanded this library array to 5,376

random clones by using 96 additional samples (48

samples from 14 wild relatives from Australia and 48

cultivated accessions). The 48 cultivated accessions

were selected based on their highest genetic dissimi-

larity in preliminary DArT assays involving 300

accessions (data not presented). The selection of initial

set of 300 lines was done to maximize diversity in

qualitative and quantitative characters in combination

with passport information (K.B. Saxena, personal

communication). With the first level of selection based

on phynotypic and geographic diversity and the second

level based on DNA polymorphism we were confident

that the 48 lines used for final array development and

polymorphism detection (below) represent well genetic

diversity of cultivated pigeonpea gerplasm.

Evaluation of the performance of full-size array

In order to evaluate the performance of the expanded

PstI/HaeIII array we analyzed the genetic diversity of

96 accessions used for array development. Thirty two

accessions were analysed in duplicate, and the

remaining 64 accessions were analyzed on a single

microarray. An improved version of DArTsoft (ver-

sion 7.4) was used for data analysis and the application

of highly stringent criteria resulted in the identification

of 696 polymorphic clones on the array. The average

call rate was 96.04% and the average scoring repro-

ducibility was 99.7%. DArT markers displayed high

polymorphism information content (PIC) values,

ranging from 0.02 to 0.50 with an average of 0.34 ± 0.15

and a median of 0.42.

Genetic diversity of cultivated accessions

The cultivated accessions (all belonging to C. cajan),

selected to represent a significant variation for a

number of morphological traits, showed very little

diversity in DArT analysis. Out of nearly 700 markers

identified with the full size genotyping array only 64

markers detected variation among the 48 C. cajan

samples. Importantly, 50% of these markers (30) had

one of the two alleles present at low frequency (below

5%) among the cultivated accessions. Such low PIC

markers contributed to the low level of genetic differ-

entiation among the pigeonpea cultivars.

There was no clear differentiation among the culti-

vars from various geographic areas of pigeonpea

cultivation, with Africa (represented by eight acces-

sions) being the most diverse region (Supplementary

Figure 1).

DArT marker reflect the relationship among

pigeonpea and related species

A dendrogram based on the UPGMA method was

constructed based on DArT markers for 76 accessions

of pigeonpea (Genus Cajanus, Fig. 1). This cluster

analysis discriminated well between 14 species of pi-

geonpea. At an evolutionary distance threshold of 0.11,

all genotypes were divided into six distinct clusters. The

first cluster contained 44 lines of cultivated species C.

cajan which were collected from tropical and sub-

tropical countries of Asia, Africa, Australia and South

America. Consistently with the results reported above,

there was no clear separation of the accessions based on

the country/continent of origin, although some group-

ing of samples with similar provenience could be ob-

served. The second group included three lines of the

species Cajanus scarabaeoides, the sexually compatible,

closest relative of cultivated C. cajan. The third group

included two lines of the species C. marmoratus, the

fourth included three lines of C. albicans and the fifth

two lines of C. crassus. The sixth cluster consisted of

lines from all remaining eight species: C. latisepalis,
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Fig. 1 An UPGMA
dendrogram representing 76
accessions of pigeonpea
constructed with MEGA
version 3.0 software (Kumar
and Nei 2004). The clustering
was performed on the
dissimilarity matrix 696 DArT
markers from the full size
PstI/HaeIII array. At a
genetic distance index of 0.11
and above, genotypes were
divided into six distinct
clusters. The information
about the accessions analysed
is provided in Table 1
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C. reticulates, C. lanceolatus, C. confertiflorus, C. la-

nuginosus, C. pubescens, C. acutifolius and C. aromat-

icus.

The principal coordinate analysis (Anderson 2003)

plot (Fig. 2) shows the picture of diversity within the

genus Cajanus and several related genera. The picture

for genus Cajanus is very consistent with the dendro-

gram described above. The low level of diversity

among the 44 cultivated genotypes is clearly visible,

with just a few genotypes (ICEAP00068, UPAS120,

HPL24 and Quest) slightly separated from the tight

cluster of remaining accessions. All cultivated acces-

sions are well separated from all 18 wild relatives. Only

five wild Cajanus species (C. scarabaeoides, C. mar-

moratus, C. platycarpus, C. albicans and C. crassus)

form independent groups. However, discrimination of

these groups can be influenced by the small number of

accessions per species. Similarly to the results of the

clustering analysis, all remaining wild Cajanus species

(C. acutifolius, C. aromaticus, C. confetiflorus, C. lati-

sepalis, C. lanceolatus, C. lanuginosus, C. pubescens

and C. reticulates) formed one tight group. Interest-

ingly, our observations of the glasshouse and field

grown plants from a number of these species (e.g.

C. latisepalis, C. lanceolatus, C. lanuginosus and

C. pubescens) identified strong similarities of their leaf

shape, leaf and flower color and the growth habit. All

these species are endemic to Australia. The Cytisus sp.

samples are clearly the farthest away from C. cajan on

the PCO plot. Their spread on the plot indicates sub-

stantial level of genetic diversity in the morphologically

very similar samples (Fig. 2). This is in contrast to

situation in C. cajan, for which morphological variation

was apparently much higher than the level of DNA

variation revealed by DArT.

Discussion

This is the first report of the use of DArT technology in

pigeonpea and the first comprehensive systematics

study of the Cajanus genus using molecular markers.

Our results demonstrate that DArT markers are of

good quality, as measured by their high PIC value, call

rate and scoring reproducibility. All the marker quality

parameters reported here are very similar to those

obtained for barley (Wenzl et al. 2004) and cassava

(Xia et al. 2005).

DArT markers performed well in the analysis of 17

species of pigeonpea, grouping samples with similar

morphology and/or systematic position. Genetic dis-

tance analysis shows that pigeonpea genetic differen-

tiation mainly occurred between C. cajan and its

different wild relatives. Both the UPGMA dendrogram

and the principal coordinate analysis plot showed a

similar picture of genetic differentiation among the

Cajanus samples, grouping them into six major groups.

The classification into six groups is also consistent with

the taxonomic classification of these species by van der

Maesen (1990). Two species grouped together in the

PCO plot, C. acutifolius and C. latisepalis, were also

very similar in the RFLP analysis of mitochondrial

DNA (Sivaramakrishnan et al. 2002).

Our molecular marker analysis in combination with

our morphological observations of plants in controlled

environment (data not presented) suggest the need for

further molecular and phenotypic studies to asses the

systematic position of several species in the genus Caj-

anus. Such explorations should include several related

genera, since the accessions from Flemingia macrophy-

lla, Rhynchosia minima var. nuda, Rhynchosia edulis

and Rhynchosia verdcourtii are not clearly separated

from several Cajanus species on the PCO plot.

Our data enabled the classification of several sam-

ples for which the systematic position could not be as-

serted based on morphological evaluation by the staff

of the Australian Tropical Crops and Forages Germ-

plasm Collection (S. Dillon, personal communication).

Based on their position in the PCO plot and the

dendrogram the sample P546 (Aus TRCF 321879)

Fig. 2 A Principal Coordinate Analysis (PCO) plot in repre-
senting the position of samples analysed in the two dimensional
space of Principal Coordinate 1 (PC1) (72.4% of total variance)
and the PC2 (25.2% of total variance). The PCO analysis was
performed using 278 highest quality DArT markers for the 96
accessions of pigeonpea using the software by Anderson (2003).
The samples (complete list in Table 1) were grouped according
to their position on the PCO plot into the following 13 groups: 1
Cajanus cajan; 2 Cajanus scarabaeoides; 3 Cajanus marmoratus; 4
Cajanus platycarpus; 5 Cajanus albicans; 6 Cajanus latisepalis,
Cajanus lanceolatus, Cajanus lanuginosus, Cajanus pubescens,
Cajanus reticulates, Cajanus acutifolus, Cajanus aromaticus,
Cajanus confertiflorus 7 Cajanus crassus; 8 Rhynchosia minima;
9 Rhynchosia edulis; 10 Rhynchosia minima var. nuda; 11
Rhynchosia verdcourtii; 12 Flemingia macrophylla; 13 Cytisus
species
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could be classified as C. latisepalis and the sample

P548 (Aus TRCF 321880) as C. scarabaeoides.

Our study revealed a very low level of DNA

polymorphism in cultivated Cajanus, a result remi-

niscent of the recent findings in groundnut (Moretz-

sohn et al. 2004) and chickpea (Berger et al. 2003).

Low level of genetic diversity within C. cajan is

likely to represent a significant impediment in any

genetic improvement program for this crop. We

therefore strongly encourage any attempt to broaden

the genetic base of cultivated C. cajan, especially

through genetic crossing with wild relatives. Ad-

vanced backcross QTL (AB QTL) technology has

been used productively for such purpose in species

like tomato (Frary et al. 2004), rice (Septiningsih

et al. 2003) and wheat (Huang et al. 2003), but such

approaches are constrained by the high cost of the

whole-genome genotyping required. The availability

of an inexpensive whole genome DNA profiling

technology like the one reported here is therefore

likely to contribute significantly to the effective uti-

lization of genetic diversity of wild relatives of cul-

tivated pigeonpea.
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