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Abstract A consensus genetic map for chicory

(2n = 2x = 18) was obtained after the integration of

molecular marker data of two industrial chicory

progenies (K28K59, Rubis118) and one witloof chic-

ory progeny (BR). As a limited number of co-

dominant markers was available at the beginning of

this work, three different microsatellite-enriched

libraries were produced from genomic DNA, resulting

in 420, 719 and 1,251 sequences, respectively. The

level of informative Simple Sequence Repeat (SSR)

sequences from the three libraries ranged from 28 to

40%, thus defining a set of 730 SSR markers available

for polymorphism screening. A subset of 81 Sequence-

Tagged Sites (STS) developed from EST, cDNA,

genes, and non-coding sequences was screened

through Single Strand Conformational Polymorphism

(SSCP) analysis, leading to 46 polymorphic loci

integrated in the genetic maps. Markers were grouped

and ordered on 9 homologous Linkage Groups (LG)

for each of the three maps: 274 markers in K28K59,

282 markers in Rubis118, 178 markers in BR. Co-

linear regions between maps were identified through

193 ‘bridge’ markers that allowed the integration of

the 9 homologous LG in a consensus map containing

472 markers and covering 878 cM. Comparison across

maps revealed the presence of 4 conserved regions

with significant distorted markers, also defined as

Segregation Distortion Regions (SDR), affected by

gametic or zygotic selection factors. Marker distribu-

tion was not always uniform; 6 LG possessed homol-

ogous clustered regions in all maps. The consensus

map could be the starting point for the identification

and the cloning of major genes and QTL in funda-

mental and applied genetic areas in chicory.
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Introduction

Chicory (Cichorium intybus L.) is a diploid plant species

(2n = 18), belonging to the Asteraceae family, subfam-

ily Cichoriodeae, tribe Lactuceae or Cichorieae (Bremer

1994; Panero and Funk 2002). This species is naturally

allogamous, due to a sporophytic self-incompatibility

Thierry Cadalen and Monika Mörchen contributed equally to
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Différenciation des Végétaux Cultivés», ERT 1067,
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system (Eenink 1981; Varotto et al. 1995). In addition,

outcrossing is favoured by a floral morphology (i.e.,

protandry) unfavourable to selfing in the absence of

pollinators (Pécaut 1962; Desprez et al. 1994) and by

pollen competition (Desprez and Bannerot 1980;

Eenink 1982). Long appreciated as a medical plant

(Wittop Koning and Leroux 1972), Cichorium intybus

L. is now cultivated for numerous different applica-

tions, and can be divided into varieties or cultigroups

according to their use:

– ‘industrial’ or ‘root’ chicory, mainly cultivated in

northwestern Europe (northern France, Belgium,

The Netherlands) in India, South Africa and Chile.

Its taproot is used for the production of a coffee

substitute or for the extraction of inulin and

fructans which are known as prebiotics with

promising features in the food industry (Kaur and

Gupta 2002) or in preventive treatment of human

diseases (Pool-Zobel 2005). Breeder’s practices

have evolved from mass selection to the use of a

small set of selected families to obtain high-

yielding synthetic varieties, and to hybrid produc-

tion by the use of a cytoplasmic male sterility

system (Rambaud et al. 1993; Desprez et al. 1994).

– ‘Brussels’ or ‘witloof’ chicory, commonly culti-

vated in the same European area as industrial

chicory, and of which the roots are used for the

production of etiolated buds or chicons by

forcing. Witloof chicory is considered a deriva-

tive from the Magdeburg type of root chicory. In

contrast to other chicory cultigroups, breeding

efforts have led to the release of inbred lines with

reduced inbreeding depression for the production

of highly homogeneous F1 hybrids adapted to

hydroponic forcing (Bannerot and de Coninck

1970; Eenink 1980).

– ‘leaf’ chicory, used as fresh or cooked vegetables,

like the green-leaved varieties of the ‘Pain de Sucre’

and ‘Catalogne’ cultigroups and the ‘blond’, ‘red’ or

‘variegated’ varieties of the ‘Radicchio’ cultigroup

from northern Italy (Lucchin et al. 2008).

– ‘forage’ chicory, initially derived from wild

chicory commonly found along roadsides and

waste areas, and used since the mid-1970s to

increase herbage availability in perennial pastures

for grazing livestock. Owing to the selection of

varieties that meet nutritional needs and stand

performance (Li and Kemp 2005), the application

of forage chicory is increasing worldwide (New

Zealand, Australia, America, and Europe).

During the last decade, the development of

dominant molecular marker systems, essentially

RAPD and AFLP, have largely contributed to classify

germplasms and discriminate the genetic diversity

within different species and cultigroups of Cichorium

(Bellamy et al. 1996; Koch and Jung 1997; Kiers

et al. 2000; van Stallen et al. 2000; Barcaccia et al.

2003; van Cutsem et al. 2003).

The same kind of markers was used to construct two

genetic linkage maps for chicory. The first one was

based on an interspecific F1 outbred population

between a ‘variegated’ chicory and an inbred line of

C. endivia L., a self-compatible species with chromo-

some structure (2n = 18) closely related to chicory

(Rick 1953). Following a ‘pseudo-testcross’ scheme,

firstly described by Grattapaglia and Sederoff (1994),

de Simone et al. (1997) used dominant PCR-based

markers (RAPD, AFLP, SAMPL) specific for C.

intybus L. to construct a map that covered 1,204 cM

with 351 markers dispersed over 13 LG. The second

map was based on an intraspecific F2 population

derived from a cross between two inbred lines of

witloof chicory varieties. This map covered 609 cM

with 129 RAPD markers on 9 LG (van Stallen et al.

2003), later completed by AFLP markers to dissect the

quantitative variation of complex characters by detect-

ing QTL (van Stallen et al. 2005a, b).

Both published maps for chicory suffer from a lack

of codominant and readily transferable markers, ren-

dering their integration impossible, and thus limiting

their use in the construction of a consensus genetic map

for C. intybus L. In addition, as pointed out by

Maliepaard et al. (1997), the use of dominant markers

may cause problems with respect to the probability to

detect linkage and the ability to distinguish linkage

phase combinations. The development of large sets of

transferable co-dominant markers would facilitate the

process of constructing genetic maps and identifying

major genes or QTL of interest, and, ultimately, could

be valid for breeders in marker-assisted-selection

schemes involving diversified genetic material.

SSR markers are considered as ideal co-dominant

markers for genetic mapping in plants because of

their neutral status, their abundance and polymor-

phism, their high information contents and their

mostly monogenic inheritance (Morgante and
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Olivieri 1993). All these features have greatly

facilitated SSR utilization in connecting maps from

various mapping populations and the construction of

consensus genetic maps (Cervera et al. 2001; Yu

et al. 2003; Gonzalo et al. 2005). SSR markers were

initially obtained after screening genomic libraries

enriched with SSR motifs and selecting unique SSR

sequences suitable for primer design (Zane et al.

2002; Squirrell et al. 2003). More recently, the

availibility of large sets of EST resulted in genic

sequence data allowing the search and mapping of

SSR (EST-SSR or genic SSR, Varshney et al. 2005).

In chicory, the number of available EST to derive

EST-SSR was limited until recently. Consequently,

our mapping project (CARTOCHIC) aimed at con-

structing a reference genetic map for C. intybus using

a large number of SSR markers was based on the

screening of SSR-enriched genomic libraries.

In this article, we first report the production and

screening of 3 SSR-enriched libraries for identifying

informative SSR markers used in the construction of

three genetic maps in chicory; two derived from

industrial chicory mapping populations, and one

derived from a witloof mapping population. A total

of 730 SSR sequences were surveyed to identify

polymorphic markers that were subsequently used for

the construction of genetic maps. In addition, a set of

81 STS was screened by SSCP, and polymorphic loci

were added to the maps. Secondly, homologous loci

between the three maps were used as bridge markers

to construct a consensus genetic map of 472 markers

covering 878 cM on 9 LG.

Materials and methods

Plant material

Three mapping populations were used. The first one,

called K28K59, was an outbred population of 177 F1
’

individuals obtained after crossing the heterozygous

and self-incompatible parental genotypes K28 and

K59. Both parents are industrial chicories obtained

from the improved Hungarian landrace population

‘Kospool’ (Florimond-Desprez, Cappelle-en-Pévèle,

France). The second population, called Rubis118,

was an F2 population of 96 plants obtained after

selfing one individual of the hybrid cultivar ‘Rubis’,

originated from crosses between the male sterile

clone MS8 and the population variety ‘Cassel’

(Florimond-Desprez, Cappelle-en-Pévèle, France).

The third mapping population, called BR, was an

F2 population of 145 individuals originated from the

cross between two witloof inbred lines: a white leaf-

coloured line B and a red leaf-coloured line R

(Hoquet Endives, Raillencourt, France). One F1

hybrid plant was self-pollinated to generate the

mapping population.

Parents K28, K59, MS8 and the F1 Rubis118 were

maintained through in vitro cloning procedures. The

B and R inbred lines were propagated by selfing. The

parental genotype ‘Cassel’ of the Rubis118 popula-

tion was not maintained. The evaluation of polymor-

phism for this latter population was based on the

comparison between MS8 and the F1 Rubis118 plant.

DNA extraction

Genomic DNA was extracted with the GenEluteTM

Plant Genomic DNA Miniprep Kit (Sigma–Adrich

Chemie Gmbh, Germany) from 10 mg of dried leaves

or 100 mg of fresh leaves. Yield and quality of

extracted DNA were checked in a UV/vis spectro-

photometer (Biophotometer, Eppendorf, Germany)

and after electrophoresis in 0.8% agarose gels.

SSR markers

Three SSR-enriched libraries were used. The first

one, named Lib1, was produced by the former

company Agrogène (France) from DNA of the

‘855824’ industrial chicories (Florimond-Desprez,

Cappelle-en-Pévèle, France). The library contained

420 enriched clones, divided in 161 clones with a

(CA)n motif, 193 clones with a (CT)n motif, 33 clones

with a (CTT)n motif and 33 clones with a (ATT)n

motif. SSR markers obtained from this library were

named A, B, C or D followed by a number (e.g., B42

or A149 in Table 1).

The second library (Lib2) was produced by the

company Ecogenics GmbH (Zürich, Switzerland) from

size selected genomic DNA of chicory (genotype K59)

according to Armour et al. (1994), and enriched by

magnetic bead selection with biotin-labelled (CA)13 and

(GA)13 oligonucleotide repeats (Gautschi et al. 2000a,

b). Of 2,185 colonies, 456 (111 with CA motif, 345 with

GA motif) gave a positive signal after hybridisation.

Positive recombinant clones were sequenced by the

Mol Breeding (2010) 25:699–722 701
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company Genoscreen (Lille, France). Markers were

designed by the prefix sw followed by a series of

numbers and letters (e.g., sw2H09.2 in Table 1).

A third library (Lib3) was produced in our

laboratory using the enrichment protocol described

by Glenn and Schable (2005). Using genomic DNA

Table 1 Mapped SSR markers selected according to their assignment to specific LG (two monolocus and codominant SSR per LG)

SSR motif, primer pairs (For = Forward, Rev = Reverse primers) and Tm are reported

Locus

name

Motif Primer pairs Tm

(�C)

Size

Range

Allele

count

LG Maps

EU0022 (GA)40 For: CCAACGGATACCAAGGTGTTT

Rev: AACCGCACGGGTTCTATG

60 236–264 3 1 KK/Ru/

BR/ref

EU02D02 (CT)19 For: CCGGCAGAATTTTTAGGG

Rev: CAGGTCATAGGTCCATGTGAAA

60 171–187 4 1 KK/Ru/

ref

sw2H09.2 (CT)5CC(CT)13TT(CT)5 For: GTGCCGGTCTTCAGGTTACA

Rev: CGCCTACCGATTACGATTGA

60 190–202 3 2 KK/Ru/

ref

B42 (CT)26 For: GGAGCAGGTAGAGTCCCATC

Rev:

CGTTTGAAAATTTATACCAAAATG

60 159–171 5 2 Ru/BR/

ref

EU01H08 (CT)22 For: TTCGAGTCTTGCCTTAATTGTT

Rev: CAGACGACCTTACGGCAACT

60 130–137 3 3 Ru/BR/

ref

A149 (CA)12 For: CTGCTATGGACAGTTCCAGT

Rev: CAATTCAGTTGTGATAGACGC

55 192–215 4 3 KK/Ru/

ref

EU03H01 (TG)5CG(TG)7 For: GCCATTCCTTTCAAGAGCAG

Rev: AACCCAAAACCGCAACAATA

60 159–175 3 4 Ru/BR/

ref

EU02C09 (CT)8TT(CT)5CC(CT)3TT(CT)7 For: GGCATCGGGATAGAAAAACA

Rev: TCAATGCCTCAACAGAAATCC

60 165–199 5 4 KK/BR/

ref

B214 (TC)11 For: AAAGTCACACATCGCATTTCCT

Rev: GTAGCAGCAGCAGCCATCTT

60 201–213 3 5 KK/Ru/

ref

EU0030 (CT)11N7(CAA)5 For: AGCACGACTCTGCTGTCTTTT

Rev: CGAGCCATGTTAGGGTTTGT

60 244–251 3 5 KK/Ru/

ref

EU08C07 (CT)16 For : CTCAACGAATGCTTTGGACA

Rev: CCTCGCGGTAGCTTATTGTT

57 136–166 4 6 KK/Ru/

ref

EU07F12 (CT)12TT(CT)15TT(CT)2TT(CT)4 For: TATTGCATTGTTGTTCCTTG

Rev:

TGTATTTAGAAGAGGGAAATAGATG

60 242–248 2 6 KK/Ru/

ref

EU03D01 (CT)18 For: ATGTCGGAGCAAAATCGTTC

Rev: CATGTTCCCGCTCATGAATA

60 161–175 4 7 Ru/BR/

ref

EU02E02 (CT)13 For: GGACACCGAGCTGGAGAA

Rev: TTCCACTTTCGGGAGTTACC

60 220–273 3 7 KK/Ru/

ref

EU07C10 (CA)11(CT)9 For: TGTAGACACACAAAATGCACA

Rev: ACCGGTTGAAAACATGAAAT

60 186–204 3 8 KK/BR/

ref

EU07B09 (CA)5AA(CA)9 For: TCGTCATCAGAAACAAAGCAA

Rev: CAAAGAAGGCACTCTTGTCG

60 172–176 2 8 KK/Ru/

BR/ref

sw2F09 ((GA)4AA(GA)6AA(GA)14,

(GATA)3N19(GA)9

For: CCTACACTCGGCCACCTACT

Rev: TCGACGGTATAACAACACCTG

60 138–142 3 9 Ru/ref

sw1H03 ((GT)8TTTT(GT)8N(GA)5 For: TGTACAAACGTTGGATTGAA

Rev: ACAACTGTGCTCACTTCTCAC

55 207–221 3 9 Ru/BR/

ref

For each marker, the number of alleles and the corresponding size range (in bp) in the 6 parents and their progenies are indicated, as

well as the LG on which it was mapped. KK = K28K59, Ru = Rubis118, BR = BR, ref = Reference map
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of K59 genotype, 2,228 recombinant clones were

obtained after enrichment by magnetic bead selection

with a mixture of 30 biotinylated oligonucleotide

repeats including (AG)12 and (TG)12. These clones,

referred to as EU clones (e.g., EU0022 in Table 1),

were sequenced by the company Genoscreen (Lille,

France).

Both Lib2 and Lib3 sequences were trimmed for vector

sequences in BioEdit v 4.8.10 and submitted to Sputnik

(http://espressosoftware.com/sputnik/index.html) for the

detection of SSR motifs. Local Blast was performed with

Bioediton a database including 2,390 sequences in order to

search for inter- and intra-library redundancy. All groups

of redundant clones were aligned and analysed in Bioedit

(ClustalW Multiple Alignment) in order to define con-

sensus sequences. Primers were designed with Primer3

v 0.3.0.

For each primer pair designed, one primer was

labelled with the fluorescent dyes 6-Fam or Hex. The

PCR assay was performed in 15 ll containing 19 PCR

buffer with 2 mM MgCl2, 100 lM of each dNTP,

0.2 mg/ml BSA, 133 nM of each primer, 0.3 U Taq

polymerase (Applied Biosystems) and 2 ng of tem-

plate DNA. A touchdown (TD) procedure was applied :

5 min denaturation at 94�C, followed by (a) 5 cycles of

30 s at 94�C, TD 30 s at Tm (-1�C per cycle), 30 s at

72�C and (b) 35 cycles of 30 s at 94�C, 30 s at Tm

-5�C, 30 s at 72�C, before 10 min of extension at 72�C.

PCR products were analysed on a 3100 Avant

Genetic Analyzer capillary sequencer (Applied Biosys-

tems). Genotyping data were automatically collected

and analysed (3100/3100 Avant Data Collection,

Genescan� Analysis Software v 3.7.1, Genotyper v

3.7 NT). A subset of 18 monolocus and co-dominant

SSR markers mapped on the 9 LG of the chicory map are

provided in Table 1. A more complete set of SSR

markers is available for academic research applications

with a Materials Transfer Agreement. Applications

should be sent to Dr Bruno Desprez, Florimond

Desprez, BP41, 3 rue Florimond Desprez, 59242

Cappelle en Pévèle, France.

STS markers

STS sequences involved a set of 81 EST, cDNA,

genes, and non-coding sequences of chicory listed in

public databases or isolated in our laboratory. Table 2

summarizes the information related to the 46 STS

mapped. SNP and InDel polymorphisms of STS were

revealed by Capillary Electrophoresis—Single Strand

Conformational Polymorphism (CE-SSCP) (Ander-

sen et al. 2003) on an ABI 3100-Avant Genetic

Analyser sequencer (Applied Biosystems).

Prior to primer design, sequence alignments between

chicory cDNA or EST and Arabidopsis genes were

searched with Blast tools on the NCBI site, Fasta 3

program in the EMBL-EBI site, and ClustalW Multiple

Alignment in Bioedit v 4.8.10. Intron positions were

determined and then compared to predictions by models

for intron/exon boundaries determination with RNA

SPL tool, http://www.softberry.com/berry.phtml or

GeneMark cDNA, http://opal.biology.gatech.edu/Gene

Mark/genemark_cDNA_all.cgi. For genes containing

introns, primers were designed in regions surrounding

putative intronic sequences, using the Primer3 v 0.3.0

software.

Each primer of the primer pair designed was

labelled with a different fluorescent dye (6-Fam or

Hex). The PCR assay was performed in 15 ll

containing 19 PCR buffer with 2 mM MgCl2,

100 lM of each dNTP, 0.2 mg/ml BSA, 133 nM of

each primer, 0.3 U Taq polymerase (Applied Bio-

systems) and 2 ng of template DNA. A TD procedure

was applied: 5 min denaturation at 94�C, followed by

(a) 5 cycles of 30 s at 94�C, TD 40 s at Tm (-1�C

per cycle), 1 min at 72�C and (b) 35 cycles of 30 s at

94�C, 30 s at Tm -5�C, 1 min at 72�C, before

10 min of extension at 72�C.

Sample preparation, denaturation and CE-SSCP

fractionation were performed according to User

Bulletin ‘ABI PRISM� 3100 and 3100-Avant

Genetic Analyzers: High Throughput Fluorescent

SSCP Analysis’ (Applied Biosystems) with a minor

modification in the concentration of GenescanTM

polymer (3% instead of 7%). Data were collected

(3100/3100 Avant Data Collection program) and

normalised before analysis (Genescan� Analysis

Software v 3.7.1 and Genotyper v 3.7 NT program).

Segregation analysis and linkage map

construction

The segregation of each marker was evaluated by a v2

test of goodness-of-fit to the expected Mendelian

segregation ratio. For significantly skewed markers,

the selection type (zygotic vs. gametic) was deter-

mined for co-dominant markers in F2 configuration

type using two successive v2 tests (Lorieux et al.
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Table 2 List of mapped STS sequences. Loci were classified according to their assignment to specific LG

Locus name Accession

no. /home

Primer pairs Tm

(�C)

Function LG

D07B L1/R1a Home For: ACGGGTGCTTTAGGAATC

Rev: GCACGGGAAAAAAGAAAC

55 / 1

GST5’-Race4 Home For: ACTGGTCCACTGCCTC

Rev: CAAAGCTCTTCCCCATCAAA

53 Glutathione S transferase 1

CL022 L1/R1 Home For: GTGAAGCGGTTGAAAGAGGA

Rev: TTCGCAGCTTTTACATCACG

53 Serine kinase protein (SERK-like) 1

R101L1/R1 Home For: TTCCGCTTCAATCAATCGTC

Rev: ATCCTCCACCCACCCTAAAG

55 / 1

PPX1 L2/R2 AF160961 For: GTCTGGAATCTGGAGCAAAA

Rev: CTCGTGAGCTTCCAACACAA

52 Protoporphyrinogen IX oxydase 1

BD44 L1/R3 Home For: CATCAGGACCACCGATAACC

Rev: TCCCATTCTCTTTGCTCCAG

60 / 2

E12B L12/R13a Home For: CTCACAATGAGAAACAAGCA

Rev: GCGTTCAAGTAAGTCCATTC

55 / 2

R1216 L1/R1 Home For: GAAGCTCACCGGAGATTGAG

Rev: GACACAAATGCCCTTCCATT

55 / 2

R1210 L3/R1 Home For: ACAAACATTGCTGCCAAGC

Rev: CACTTTAACCGGGCTTTGAA

55 Ferredoxin NADP reductase

binding protein

2

ESTE002C9b DT212606 For: TTCACAAGGTGTGACGGTTG

Rev: CAAAGCTTCTTCGGGTGCTA

60 Haloacid dehalogenase-like

hydrolase family protein

3

ESTE002B3b DT212592 For: GGTCATAATCCTCGGCGATA

Rev: CAGCTCCAATGGTGGCTTTA

60 GTP binding protein 3

AF498000 L2/R2 AF498000 For: CGTTACTCCTTGGCACGAAT

Rev: TAGCTCGTCAATCGCTTCCT

55 Germacrene A synthase short form 3

3128 L4/R4c,d Home For: TCGAGAACCAACAACCGC

Rev: AAACCGGATGCAATAACTCAAA

60 Plant ubiquitin regulatory

domain-containing protein 2

3

AF101424 L1/R1 AF101424 For: GCACGAGGATTTCTTAAAGATG

Rev: TGCACATGCTTTACCATCAAG

50 Pyrroline-5-carboxylate synthetase 3

ESTE002B10b DT212598 For: TCCTTCGTCTACACTTCCATGA

Rev: ATTGTCCACCACTTCGAACC

60 Peroxidase 3

FEHIIb L3/R1 AJ295034 For: CTTCGTCAAAATGAAGTCAACC

Rev: AAAACCTCTGCGTCTTTCAACT

59 Fructan 1-exohydrolase IIb (1-FEHIIb) 4

FEHIIa L3/R1 AJ295033 For: GGATCGACAGAAATGGGAAA

Rev: AAACCTCTGCCTCTTTCAACC

59 Fructan 1-exohydrolase IIa (1-FEHIIa) 4

CIFRUCTOS L3/R2 Y11176 For: CGACAAGTTATGGTGCATTTG

Rev: CGAAATTTTGACATTTTGAGTCC

55 Fructosidase 4

ESTE002C8b DT212605 For: TACCGTGCGGTAAACAAACA

Rev: TTCAGCTTTCGTCCTCTTGAA

60 Glycosyl hydrolase family 1 protein 4

F13BL1/R1a Home For: GCATTGTATGGTCTCAAAAA

Rev: CACGAGGACATCTCAAAATA

55 / 4

MADs box L2/R2 AF101420 For: AAAGTTGACGAACCTTCTCTCG

Rev: AAGCCTTGAAGGTCCTCTCC

55 MADS box protein 4

704 Mol Breeding (2010) 25:699–722
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Table 2 continued

Locus name Accession

no. /home

Primer pairs Tm

(�C)

Function LG

ESTE002B7b DT212595 For: TCAACATTTGAGGTCGGTGA

Rev: TATGCGCACTTGCAGGTAAC

60 Amino acid permease 6 4

Perox L1/R2 AF101427 For: TGGCTCAGAAACATCTTCCA

Rev: ATACAACTCCAGGGCACTCC

52 Peroxydase 5

FEH-I L5/R5 AJ242538 For: CTACGGAGCTTTTCTTGATT

Rev: AATTCCTTCTCCACCAAAAC

54 Fructan 1-exohydrolase I (1-FEH-I) 5

SKL95UTR9LI9R6 Home For: TCTGGTTGAGTAATCGATG

Rev: TTGCAAAATATTATTCGGATCG

55 Serine kinase protein (SERK-like) 5

3101 L3/R2d Home For: CATCCTACCTGCCCACATTG

Rev: TCGGATCCATTACAAGGTACA

55 Unknown protein 6

3262 L1/R1d Home For: AGCTGCAAAACCCCCATTA

Rev: CTAAAGCCCCAAGCTTTGCT

55 / 6

GTPB L3/R1c AJ249865 For: GGCGGGTCAAGAAAGGTA

Rev: TTTTTAGCCCGTGTAAATGAA

58 GTP binding protein (GTP1) 6

ESTE002D7b DT212613 For: AGACATGCCTTGCCAAGATT

Rev: CGAGCATACAGAGCTCCTTTC

60 Phosphatidylinositol-4-phos.5-kinase

family protein

6

AF101422 L1/R3 AF101422 For: GTCACACCGTCGAGAAAGG

Rev: TATCCAGCAGTCGTTCCAGA

59 Cytochrome 6

CIP invert L2/R2 Y11124 For: AAGAATGGACGATATGTTGTGCT

Rev: AATGGCCAATGTTGGGTAAA

55 Putative invertase 7

3142 L2/R1d Home For: GCGTTTGCTTCCCTTATTCA

Rev: TGCTCCATCACCTTCATCAG

52 HMG CoA synthase 8

ESTE001G4b DT212558 For: GTCCGACCCAAAAGATCCA

Rev: AGCACCAGAGACTCCCATGT

60 Transmembrane protein B 8

cAMP2 L2/R2 AF067186 For: GAGCCAACTTGAGCAAGAGC

Rev: GAAGTTCACCATCAGCAGCA

55 cAMP responsive element

binding protein

8

cAMP2 L3/R3 AF067186 For: CCTGCAGAACGGTGTTTTCT

Rev: GCGTCTTCTGCTTGTTGTGA

53 cAMP responsive element

binding protein

8

FEH-I L4/R4 AJ242538 For: GGCTTCCACTTCCAGCCT

Rev: GAAATGTTGCCCCAGAGTG

52 Fructan 1-exohydrolase I (1-FEH-I) 8

3704 L2/R1d Home For: TGGAAAATGTGGTGTCAACT

Rev: TTATGACTTTATTGCCGTGG

56 Lipid Transfert Protein 2 8

3361 L1/R1d Home For: GCGGGTATGCTGATGAAAAT

Rev: TCGTCTCCCTTTATCCGTTG

53 Lipid Transfert Protein 1 8

Tubulin L2/R2c AF101419 For: CCGAAAATTGTGATTGCTT

Rev: CAGAAGTGTTCCCATACCAG

55 b Tubulin 8

E07A L1/R1a Home For: TGCACTATTAATCACCAGCA

Rev: GAAACTTCATTCATACCCCA

55 / 8

3407 L2/R1d Home For: TTTCTTGGTTGGTGGAGCTT

Rev: GCATTAGTGCAGAGTTATTGACCA

50 Triose P isomerase 9

AF497999 L2/R2 AF497999 For: CAAGCCATGAGTCGGTTGTA

Rev: ACGTGCCCGAGAGTAATACG

55 Germacrene A synthase long form 9
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1995). Similarly, following the procedure described

by Lorieux et al. (1995), v2 tests for co-dominant

markers with three and four alleles were derived. This

procedure is available on request.

Linkage analysis and map calculations were per-

formed using the program JoinMap v 3.0 (van Ooijen

and Voorrips 2001). For each mapping population,

linkage grouping was determined using a LOD

threshold = 3. JoinMap setting parameters were:

maximum recombination frequency = 0.45, LOD =

1.0, jump = 5. Pair-wise recombination frequencies

were converted in map distances (cM) using the

Kosambi mapping function (Kosambi 1944). Linkage

analysis allowed to separate mapped markers

between ‘map-specific markers’ and ‘bridge markers’

i.e., markers that share common alleles between

mapping populations, thus identifying homologous

loci. Homologous pair-wise marker data across two

or three genetic maps were integrated with JoinMap

(Map Integration option, van Ooijen and Voorrips

2001) before merging homologous groups and con-

structing the consensus or framework linkage map.

The above-mentioned mapping parameters for gen-

erating the individual maps were also used for the

consensus map. Subsequently, all homologous groups

were drawn and aligned using the program MapChart

v 2.1 (Voorrips 2002).

Genome coverage and marker clustering

Expected genome coverage Ge was estimated by the

expression proposed by Fishman et al. (2001):

Ge = Go ? (2tGo)/n, where Go is the observed length

in cM of the genetic map, t is the number of LG, and

n is the number of marker intervals. We have also

used the expression (4) of Chakravarti et al. (1991)

generalized to all LG: Ge = RGoi[(ki ? 1)/(ki - 1)]

where Goi is the observed length of the ith LG and ki

is the number of mapped markers on the ith LG. Both

expressions giving identical results, only the Fish-

man’s estimator is presented in Table 5. The propor-

tion of genome coverage was then estimated by the

ratio Go/Ge. The probability that at least one marker

is within d cM of a randomly chosen marker locus

was estimated according to Lange and Boehnke

(1982), as: PLB = 1 - e-2dk/Go, where k is the total

number of loci.

Marker distribution between and within LG of

each population was evaluated according to Reming-

ton et al. (1999). Inter-Linkage Groups Comparisons

(ILGC analysis) were done under the hypothesis of a

uniform marker distribution for all LG: the number ki

in the ith LG followed a Poisson distribution with

parameter ki = kGi/RGi, where Gi is the estimated

length of the ith LG given by the following expression:

Table 2 continued

Locus name Accession

no. /home

Primer pairs Tm

(�C)

Function LG

GTPB L2/R2c AJ249865 For: GGAGCTGGTAAATCAAGTCTGGT

Rev: GATACCTTTCTTGACCCGCC

60 GTP binding protein (GTP1) 9

1FFT L3/R3 U84398 For: GGGGTTATGTTGCAGAATCG

Rev: CGTCTCTTGTTCCACCTCAAA

59 Fructan-fructan 1-fructosyltransferase

(1-FFT)

9

AF497999 L3/R3 AF497999 For: GGGCACGTATCATAGCCACT

Rev: TTGAAGCGTGGACACTGAAC

53 Germacrene A synthase long form 9

3474 L1/R1d AJ007507 For: TTCCCCAAAATAACCCCAA

Rev: TGCCTTCGCCACTGTTCT

55 Hemoglobine 1 9

Primer pairs (For forward, Rev reverse primers) and Tm are reported. For sequences listed in public databases, the accession number (

http://www.ebi.ac.uk) is displayed as well as their putative function. The remaining sequences have been obtained in our laboratory

and are noted as ‘home’ sequences
a RAPD fragments converted in STS markers with no homologies to database sequences
b EST sequences issued from chicory cDNA libraries developed by Legrand et al. (2007)
c Primer pairs were not designed to flank introns
d EST sequences issued from chicory cDNA library described in Hendriks et al. (1998)
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Gi = Goi?2s (s is the average marker spacing). The

cumulative probability function (cpf) was expressed

for each LG by:

Xki

ki¼0

ekikki
i

ki!

Poisson probabilities [P(ki C ki) or P(ki B ki)]

were significant when the cpf value or one minus

the cpf value were less than a/2 (two-tailed Poisson

test under cumulative distribution, a = 0.05).

Within-Linkage Groups Comparisons (WLGC

analysis) for marker clustering were done after

dividing each ith LG in windows of width Wi:

1. Wi was fixed for all LG (Wi = 10 cM)

2. Wij was defined after selecting a subset of

markers.

The criteria of choice for selected markers were:

uniform distribution on the LG, co-dominance,

minimum number of missing data, and low impact

of segregation distortion. Intervals between markers j

in the ith LG (Wij) were then variable.

In both cases, if markers are randomly distributed,

the number of mapped markers in the ith LG (ki)

followed a Poisson distribution with parameter

ki = kiWi/Gi (Wi fixed) or kij = kiWij/Gi (Wij variable).

Poisson probabilities, calculated for each interval of

the ith LG, was significant to a a/2 threshold. Intervals

with significant Poisson probabilities P(ki B ki)

revealed significant clustering of markers.

When both analyses (fixed Wi, variable Wij) were

significant, or one was significant and the other close

to the a/2 level, the corresponding regions were

represented by dark-grey patches in genetic maps

(Figs. 2, 3). When only one analysis was significant

or close to the a/2 level, the corresponding regions

were represented by pale-grey patches (Figs. 2, 3).

Results

SSR screening

After sequencing inserts from clones of the three

SSR-enriched libraries, a database of 2,390 sequences

was generated containing 420 sequences from the

Lib1 library, 719 sequences from the Lib2 library,

and 1,251 sequences from the Lib3 library. The level

of enrichment in SSR motifs ranged from 75 to 85%.

Unique sequences containing a SSR repeat varied

from 42% for the Lib1 library to 53 and 57% for the

Lib3 and Lib2 library, respectively. Inter-library

redundant sequences represented only 10–20%, indi-

cating that the three libraries represented three

complementary sources of SSR sequences.

The distribution of sequences into different frac-

tions was available for the Lib3 library, as it was

completely produced and screened in our laboratory,

and is illustrated in Fig. 1. Among the 1,251 Lib3

sequences, 332 sequences (26%) were removed

according to several quality criteria: poor sequence

quality (1%), lack of SSR (9%), SSR number or repeats

\10 (8%), insufficient number of bases flanking the

SSR to design primers (4%), the presence of repetitive

51 [4%]

420 [34%]

188 [15%]

311 [25%]

105 [8%]
49 [4%]

14 [1%]

113 [9%]

repetitive sequence

copy sequences

SSR (consensus)

SSR (unique)

small repeats

no room for primers

bad sequence quality

no SSR

SSR redundant 
sequences

Fig. 1 Distribution of the 1,251 sequences derived from the

Lib3 SSR-enriched-library. SSR redundant sequences were

associated in contigs from which unique SSR consensus

sequences were extracted, the remaining sequences being

noted ‘copy sequences’. The two fractions containing infor-

mative SSR sequences for genetic analysis are the SSR

(consensus) and SSR (unique) fractions
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sequences other than SSR (4%). The latter sequences

showed similarities to the minisatellites identified in

Beta species by Schmidt et al. (1991). Alignments of

608 redundant sequences containing SSR repeats

allowed the constitution of contigs from which 188

(15%) consensus SSR sequences were derived (Fig. 1).

By adding 311 (25%) unique SSR sequences available

for primer design, the complete set of informative SSR

was 499 SSR or 40% of the sequences from the Lib3

library.

The level of putatively useful SSR from the Lib1

library was similar to the Lib3 library (155 SSR or

37%). This level was reduced in the Lib2 library (208

SSR or 28%), mainly because the mean size of the

inserts containing the SSR was significantly smaller

(246 bp in the Lib2 library vs. 500 bp in Lib3 or Lib1

libraries) thus increasing the number of SSR trun-

cated sequences or SSR sequences with insufficient

flanking sequences to design primers.

The 5 parental genotypes (K28, K59, MS8, B and

R) and the F1 Rubis118 were genotyped for poly-

morphism survey using 367 Lib3 SSR from the 499

possible informative SSR. Thereof 258 (70%) turned

out to be polymorphic, and 187 (51%), 153 (41.6%),

and 98 (26.7%) could be used as markers in the

K28K59, Rubis118, and BR mapping populations,

respectively. Similarly, from the 155 available Lib1

SSR 114 (73%) were polymorphic, and 79 (50.9%),

64 (41.2%), and 55 (35.4%) could be used as markers

in K28K59, Rubis118 and BR, respectively. The

level of polymorphisms was lower for the Lib2 SSR

(135 markers, i.e., 65%), and the number of infor-

mative markers was 97 (46.6%) for K28K59, 79

(37.9%) for Rubis118 and 67 (32.2%) for BR.

In total, 730 SSR were surveyed for polymor-

phism. The K28K59 population represented the most

informative mapping population (363 markers), most

likely due to its F1 outbred structure, followed by

Rubis118 (296 markers). In comparison, the BR

witloof population revealed less polymorphic mark-

ers (220 markers), in accordance with the reduced

genetic base of this cultigroup.

STS screening

An SSCP analysis of 81 STS on the parental

genotypes revealed that 46 (57%) were polymorphic

in at least one of the 3 mapping populations. A strong

divergence in terms of polymorphic loci between the

industrial chicory populations and the witloof popu-

lation was apparent: 28 (34.5%) and 33 (40.7%) STS

were polymorphic in K28K59 and Rubis118, whereas

only 8 (9.8%) STS were polymorphic in BR. Table 2

lists the assignments of these 46 STS markers to the 9

LG of the chicory map. Except for LG7 with only one

STS marker, the distribution of STS was dispersed

throughout the genome, ranging from 3 (LG5) to 9

markers (LG8) per LG.

Genetic maps for industrial and witloof chicory

The 177 progenies of the K28K59 population could be

genotyped for 291 marker loci (Fig. 2). Seventeen

markers were excluded because their complex profiles

made reliable identification of alleles impossible. The

majority of markers (55%) were informative in only

one parent (backcross configuration). The remaining

45% markers were informative in both parents (F2

configuration, configurations with three or four alleles)

and allowed the integration of the genetic maps of both

parents. The genetic map included 274 mapped

markers and covered 749.8 cM with an average marker

spacing of 2.7 cM. Loci were distributed over 9 LG and

were represented by 68 Lib1 SSR, 37 Lib2 SSR, 143

Lib3 SSR, and 26 STS (Fig. 2). LG9, LG7, and LG4

had the lowest number of markers ki (19 \ ki \ 21).

LG7, LG4, and LG2 had the smallest coverage

(observed genome coverage Goi \ 66 cM). Con-

versely, LG1, LG3, LG6, and LG8 were top groups

for mapped markers (31 \ ki \ 48), with Goi ranging

from 89.2 cM (LG6) to 106.6 (LG1).

The 96 progenies of the Rubis118 population were

genotyped for 302 polymorphic markers. Twenty

complex markers were excluded from the mapping

procedure. As showed in Fig. 2, the genetic map

included 282 markers and covered 806.1 cM with an

average marker spacing of 2.8 cM. These loci were

represented by 59 Lib1 SSR, 65 Lib2 SSR, 130 Lib3

SSR, and 28 STS. LG2, LG4, and LG7 were

characterized by the smallest number of markers

(19 \ ki \ 25). LG2 and LG4 had also the smallest

genetic length (Goi \ 64 cM). LG1, LG3, LG6, and

LG8 had the largest genetic lengths (Goi [ 100 cM)

and were constituted by the largest number of

markers (35 \ ki \ 43). In the Rubis118 map 80%

of the markers were co-dominant, ranging from 63%

for LG8 to 91% for LG4.
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K28K59 Rubis 118 BR 

LG1

EU06C010,0
EU00228,4
sw5E049,7
EU01E0810,7
D07BL1R111,0
EU09C1112,4
EU06C0217,1
EU08B0719,3
A6322,3
GST5’race424,3
EU02D0228,0
CL022L1R129,3
A10930,8
B76
EU02E0635,1

sw2D10.1b
sw1A05.235,2

EU08H0636,3
EU03D12a39,0
A11539,9
A175a41,3
EU04A0156,3
B7758,3
sw2F10b60,5
sw2G03b60,8
sw4B07.161,7
EU08C1165,1
EU05H0667,7
EU01C0168,9
sw4D0869,9
EU05E0672,7
A4377,5
EU04A0282,6
EU01F0891,2
sw2A12.194,1
EU07D0498,9
EU04D07100,0
EU06C09100,1
PPX1L2R2100,6
sw2D05a100,8
R101L1R1100,9
EU03H07 *105,2

100,7
101,8

sw3B08.2a102,9
PPX1L2R2104,0
EU04D07106,6

EU00220,0

EU01E088,8

EU06C0219,7
EU09C1120,2
B98a22,9
sw1D03.131,0
EU01F0432,2
A38
A6336,1

GST5’race439,3
EU02D02 *41,3
EU08F0342,9
A10946,1
A130b47,1
EU01E12b47,8
A115 *48,3
sw3A06.2e *48,6
B7648,8
EU02E0650,1
B77 *53,8
B263,4
EU05H0668,5
sw4D0873,2
EU001277,2
EU04A0281,4
EU01F0884,6
EU09A0987,2
EU09B0890,5
EU09A1091,7
EU04F0493,4
sw2G03a96,2
EU03E1299,3
EU03H07
EU07D04

sw3F08.1a0,0

EU002210,8

B98a18,1
D07BL1R118,6

EU001023,1

A6333,3

GST5’race441,0
EU08F0344,7

sw4B07.155,6

sw2B0864,3
EU001265,3
sw4G0768,8
D2175,3

EU01D0375,9

EU04F0492,2

sw2D1197,0

EU03H07106,9

EU06C09 *127,8
LG2

EU08B020,0
EU03D06
sw5D01.1
BD44L1R3

4,6

sw5D08.1b5,1
EU05C057,3
sw2H09.211,4
sw4D03.1b14,0
sw1D0116,1
sw2H0817,8
B20118,6
sw4B02a22,3
R1216L1R125,8
B42
sw1H0927,3

EU12B0529,4
EU05B1030,4
sw3A06.2c30,8
B13135,6
sw2B12.2a41,2
EU08F0147,1
EU12H0949,4
EU12G0952,7
EU06A09a54,4
R1210L3R159,1

EU08B02 *0,0
sw5D08.1b1,9
EU03D064,2
EU12E104,8
EU05C05
EU02F125,0

EU13B015,1
EU06G075,6
EU0031 **
B212 **
sw3F04.1 **

5,7

sw2F066,4
sw2H09.29,5
EU12G0612,6
B15314,0
EU08B0522,8
sw1H09
EU05B1023,0

sw4B02a23,5
E12BL12R1324,2
EU06D0724,3
EU12B0524,4
EU002924,7
B20124,8
EU10G0825,5
EU07G0827,5
sw2D10.1c29,9
B13145,4
EU08A0447,3
sw2B12.2a49,7
EU06A09b56,7
EU08F0160,4
R1210L3R164,2
EU06A09a65,9

EU02F120,0
sw3F04.15,2
sw4C027,2
sw2F06 *9,0
sw1D11.2a15,7
EU10G0819,0
sw4B02a23,2
sw2F10a23,5
B4227,2
EU02A0729,2

EU08A0446,7

Fig. 2 Genetic maps of 3

chicory populations

(K28K59, Rubis118, BR).

Bridge markers are

underlined. Skewed

markers are followed by ‘*’

representing the probability

associated to v2 tests of

goodness-of-fit (*P \ 0.05,

**P \ 0.01, ***P \ 0.005,

****P \ 0.0001). Marker

clustering (WLGC) are

visualized through grey
patches inside LG and

rectangles surrounding

significant markers (dark
grey: significant WLGC

test, pale grey: WLGC test

just below the threshold)
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The 145 progenies of the BR population were

genotyped for 190 markers. After excluding 12

complex SSR markers, the remaining loci were

distributed over 9 LG (37 Lib1 SSR, 61 Lib2 SSR,

73 Lib3 SSR, and 7 STS). The genetic map included

178 markers and covered 891.4 cM with an average

marker spacing of 5 cM (Fig. 2). LG2 was the

smallest group (46.7 cM, 11 markers). The number

LG3

LG4

EU07B04
EU08A06
EU05H04

0,0

EU0005
B87b0,6

A1192,4
EU06E063,6
EU10G103,8
B1494,8
ESTE002B36,4
EU02D098,6
ESTE002C911,7

EU11C0938,6
A14943,3
B16543,9

EU04B0853,9
EU06F1054,8
EU13A0257,1
EU04C0258,0
EU12G0860,6
EU03A0461,3
3128L4R463,1
B12770,8
EU02B0372,2
EU03A0672,7
B32a *75,7
EU05D0877,3

EU09H0190,2
EU08G02 *93,9
EU03C0596,1
A3996,5

EU08A060,0
EU06D012,9
EU03H103,1
EU01H086,0
B1497,8
EU10G108,5
EU05H0315,1
EU07E0316,9
sw1F12.319,8
EU12B0627,8
AF498000L2R2 *33,8
EU11C0937,6
A14940,3
A168b43,7
B16545,7
sw3F06.2a46,9
EU04B08
sw1F04.148,7

sw2E03a *52,9
EU13A0257,2
sw3B07.2a62,5
sw1E1162,8
EU12G08
EU08D1063,6

3128L4R468,4
A14069,9
B5973,6
EU02B0379,3
EU03A0681,5
EU05D0886,2

EU03C0597,5
AF101424L1R198,5
EU12A08100,9
EU01C05101,0
EU12D02101,2
B67b105,5
A39107,0
ESTE002B10114,2

EU09A01*0,0

EU01H089,7
sw2E0410,0
ESTE002B315,1
B32b19,8

sw3H0836,4
sw3F0537,9

sw1G02.243,6
EU11C0948,1
B6360,4

sw3F06.2a62,4
sw1F04.162,8
sw2F04.163,9
sw4B1065,7
sw1E11
sw3B07.2a

EU12D06

EU08D10

66,4

3128L4R469,3
B5970,9

A14071,6

B12774,2
EU05D0889,9

EU07G110,0

EU07F118,1

FEH-IIaL3R128,8
CIFRUCTOSL3R2
FEH-IIbL3R130,6

EU07C0136,3
EU07G1038,1
EU12B0341,4
sw2E08.142,5
A7043,5
EU09G0144,8
EU02E1045,8
sw2D10.1a46,2
D1548,5
sw4F04 ***
sw1E08.2 ***

52,1

A179 *
B72 *

52,8

EU03H01 **54,6
B147b57,3
MADsBOXL2R2 **59,4
EU09A11****63,8

EU07F110,0
EU08A02a1,3
EU01H125,2
EU04G06e6,0

sw3A06.2b15,8

EU07G1024,9
F13BL1R130,1
sw2E08.1****35,4
EU08F0244,4
A17944,8
sw2D10.1a45,3
B7246,9
sw1E08.2
D1547,1

EU05G0950,7
EU10B10 **53,2
EU02C0954,8
MADsBOXL2R255,4
A8755,7
ESTE002B756,0

K28K59 Rubis 118 BR 

EU04G06a0,0

EU04G06e21,6
ESTE002C823,0

EU01H1224,5

sw3A06.2b40,0

EU11C1244,8
sw1C06.146,0

EU03B0246,2
EU07G1050,4
sw2D10.1a *51,6

EU12B0356,7
B7269,6
EU03H0172,7
EU05H0173,5
sw3B07.2c83,6

sw2D09.2 *84,1

EU02C0984,8
sw2E01a *85,8

EU10A09 **90,7

Fig. 2 continued
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LG5

LG6

B106b0,0
EU12A118,0
EU10F04
EU04F099,1

PeroxL1R29,7

EU06F0214,3
EU04B0914,8
EU05D0614,9
EU07D0115,7
EU01E12a17,5
EU08E1119,8

B21433,5

sw2F10e46,5
EU04B0549,5
EU02E0851,8
B15255,2
B157b
B11260,1

A5064,3
A3566,2
SKL95utrli9R666,9
EU04F11b67,4
sw2D05b69,2
EU003072,9

sw3A09 *84,8

EU12A110,0
EU10F040,7
EU07H092,3
EU04F092,8
PeroxL1R25,4
sw2A03a6,3

EU05D0611,5
EU06F0214,5
B15018,1
sw00419,7
EU11C1020,8
EU03F0523,5
EU02A1124,5
B21428,1
sw1G11.128,6
sw3F06.2b29,6
EU10G0732,2
EU02E0834,1
sw2C09.140,3
B9147,8
B11251,4
sw1E09a56,5
A3558,4
EU10D0961,4
sw2B0562,9
sw2A07a64,5
C3766,7 EU12B0266,8
EU003072,0

EU10G120,0
sw4E054,0
B396,2
3101L3R27,2
B627,3
B487,7
EU07F129,7
EU12B0113,0
A6713,8
EU06G0514,7
EU05F1216,7
EU07C0722,8
EU05E0323,2
EU10D1023,7
A21 *28,1
EU01F0529,5
A11330,0
EU06D0430,7
EU09B0731,6
EU08E0233,5
B147a34,0
A15834,3
EU05B0434,7
EU05D0235,1
A16536,2
EU05C1037,2
EU09H0738,6
EU05D0452,8
AF101422L1R354,2
sw1E12.259,7
sw1E1060,8
GTPBL3R161,8
EU07H1075,8
EU02B0290,3
EU07B1291,3
EU03C0893,0
EU02H03a93,1
EU08C0794,3
sw3A06.2a94,4
EU04A11b94,7
EU04B0298,0
A155100,0
A91102,1

K28K59 Rubis 118 BR 

B106b0,0
EU12A119,2
EU07H0910,4
EU10F0410,6
EU04F0911,2
sw2E01b14,3
EU05D0620,0

A10432,9

EU03F0537,8

A17842,6

FEHIL5R557,7
EU10G0761,2

sw4D07.162,7
EU02E0864,6

EU05A1288,2 *

EU02E03a0,0
EU04C063,8
EU04A11a6,7
EU07F128,5
B399,5
A759,8
B48
3101L3R29,9

EU10D1020,8
EU07C0721,2
sw3G1222,5
sw3F08.1c23,0
3262L1R123,7
A88b30,4
EU07A0431,2
EU09B0731,7
EU05G0333,0
A15834,1
B147a34,7
A16534,9
EU05B0436,5

EU05F1038,5
B157a46,7
EU06A0248,9
AF101422L1R353,5
A9354,2
EU05D0455,2
A134a58,3
EU07H1062,8
A130a73,7
A14775,7
EU12A0276,9
EU05C0677,9
EU06B0479,1
sw4B02b82,9
EU02B0283,1
sw3A06.2a86,2
EU08C0787,6
EU04B0289,2

EU01E100,0
EU08E109,7

sw4F08.111,4
EU000811,8

EU05F1212,1

sw4F1112,5
EU12B0113,3
sw3E02.113,9
B6415,0
sw3A01a15,4

EU10D1027,8
sw3G1230,4

A11335,7
EU01F0536,2
EU08E0239,7
sw3F03.140,4

A16547,6
EU09H0748,3
sw2A02.2 *49,9

sw2G01.152,4
EU08B0953,5
B8258,5

A6861,7
ESTE002D772,2

sw1E10

sw1E12.2
74,3

A134a77,7
EU07H1084,0
EU02H03a106,3

EU04B02112,8
sw3A06.2a115,2

EU04A11b116,1
EU02H03c121,9
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LG7

LG8

EU00030,0

EU00238,6
EU05G0112,5
A9722,3
A175b
A15129,0

B67a29,5
sw5D08.1a31,4
EU07B0832,0
sw5A0644,0
EU04F11a45,0
A15246,1
B10550,5
EU05A1051,0
EU10H0552,5
sw2F10d53,2
EU02E0255,2
CIPinvertL2R255,7
EU08D0356,5
EU001157,0
EU05D0358,1

A127a *0,0

sw2B01 **13,5
sw4E12.117,7
EU002319,7

B67a31,8
EU07B0836,6

A175b38,5
sw3H10.240,7

sw3F08.1d42,1

EU03D0143,2

sw3B07.2b52,6

sw2G11.252,8

sw2F1152,9
sw5A0658,5
EU10H0361,3

EU10H0561,7

B10563,3

A134b64,8

B5766,7

sw3F08.1b75,9
sw1D1286,9

K28K59 Rubis 118 BR 

EU01H070,0
EU07A090,6
EU07C101,3
EU03G032,7
EU10C044,0
B406,5
sw1D11.2b7,0
EU04C0413,7
A141 *20,6
EU06B0222,0
sw1B06 *22,6
EU08H0123,8
sw2F10c ****26,0
EU02A08 ***29,0
B4438,1
sw3A06.2d38,8
EU01G1242,1
B54b51,5
EU07B0954,5
FEHIL4R459,8
EU12H0361,1
B54a62,3
B19164,5
EU08G0865,0
EU13C0167,8
B20070,8
B106a72,1
A56a72,4
sw1E06b75,5
EU10E0878,3
A9478,5
EU06B0979,2
B19979,8
EU07E0182,6
cAMP2L3R382,7
EU07A0182,8
3361L1R182,9
3704L2R183,0
B162
EU09B03
TubulineL2R2

83,3

B16883,4
EU04F0783,7
EU12C1184,4
B13486,1
EU06D0387,1
A7188,9
E07AL1R194,1

ESTE001G40,0

3142L2R117,9
sw3B08.2b18,5
EU03G0319,6
EU10C0420,6
EU06B0235,4
EU08H0136,2
EU03F0639,8
sw3F08.1e45,0
sw3A06.2d45,9
B54b *51,2
cAMP2L2R2 **53,2
sw1E09b ***55,3
EU07B09 *56,0
EU04D10 ****61,0
B191 ***65,3
A65d ****65,7
A131***67,3
EU13C01 ***68,1
A56a ***73,9
EU002082,4
EU07H0483,1
EU07E0183,4
3704L2R1 ****
EU07A01 ****
sw3E05.2 ****
3361L1R1****

83,6

B199 ****84,5
A94 ****84,8
EU06B0986,0
sw2A06.192,2
EU04F0792,3
A71 ****98,9
EU12A01100,6
EU06D03 *104,0

EU07C100,0

EU03G03 ****12,1
EU03D12b16,7
sw3B08.2b17,9
sw4C1020,2

B4023,0
sw5C01.3****27,0

A14141,3

sw2F10c51,2

EU07B0981,4

sw3E0186,2
sw4F09.287,0
sw3C04 *90,5

B106a101,4

sw1E06b ****106,3

EU12A07121,4

EU01A12128,6

B85139,0

EU02H03b150,6

B134155,4

A127a

*

0,0

sw2B015,7

EU05G01 ***12,7

A97 ****22,9

sw3H10.2 ****38,8
EU03D01 ****39,9

A106b ***52,5
A152 ****55,3
A168a ***57,7
sw5A06 ***58,5
B105 ****59,0
EU10H05 ***59,6
EU09D08 **62,9
B57 ***63,4
EU0011**66,1
CIPinvertL2R2*70,8
EU08D0373,6
EU02E0279,0

sw3A0389,1
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of markers was relatively stable for six LG (LG1,

LG3, LG4, LG7, LG8, and LG9; 18 \ ki \ 23). The

highest value of ki was found for LG6 (33 markers),

also characterised by a large size (121.9 cM). In the

BR map 72% of the markers were co-dominant,

ranging from 60% for LG6 to 80% for LG5 and LG8.

The level of recombination seemed higher in the

BR witloof chicory map when compared to the

industrial chicory maps, as revealed by the differ-

ences in LG lengths. Five LG had larger sizes in the

BR map. The remaining LG had similar sizes

between maps (LG9, LG7) or were less well covered

in the BR map (LG2, LG3). The number ki was high

(33 \ ki \ 43) in LG6 of the three maps. This

number was also remarkably homogeneous for LG4

and LG7 (19 \ ki \ 22).

Bridge markers to construct the consensus map

Bridge markers or homologous loci mapped in at

least 2 populations were used to identify co-linear

regions between the 3 maps (Table 3). The numbers

of bridge markers mapped in each of the 3

populations are presented in Table 3a. As a conse-

quence of the lower number of markers mapped in

the BR population, bridge markers were less numer-

ous in the in the BR map than in the K28K59 and

Rubis118 maps (96 vs. 154 and 161, respectively).

Nonetheless, the proportion of bridge markers in the

whole set of mapped markers was similar for all maps

(53.9–57.1%), even though the proportion of bridge

markers per homologous LG varied (e.g., LG7 and

LG9).

Two by two map comparisons revealed a total of

193 connections between the three maps. The highest

number of connections (97) consisted of bridge

markers common to the 9 LG of the K28K59 and

the Rubis118 maps (Table 3b). The numbers of

bridge markers connecting the industrial chicory

maps with the witloof map were relatively close

(31–38, 16–19%). Triple-map connections K28K59-

Rubis118-BR were the least numerous but present in

all LG, ranging from one (LG2, LG9) to five

connections (LG5, LG6).

Co-linear intervals flanked by bridge markers in

the three individual maps were integrated to construct

LG9
EU06F06a0,0

EU04A0913,9

A56b18,6
EU09H0220,9

sw2A07b39,1
sw3B07.2d41,4
A11645,9
sw3B1048,1
sw2F0948,8
GTPBL2R264,6
sw4D05.166,6
sw2E03b67,3
EU08A02b68,1
sw2A02.369,6
sw3H09.171,8
EU12A03 **72,8
sw3A12.1*72,9
EU08G07***73,3
sw1H02.3 *74,1
EU07A12 *75,6
sw2A12.2 *76,0
EU04C09 **79,2
EU06B08 **79,9
sw1H03 *80,3
sw3A01b81,1
sw5C09.181,4
1FFTL3R3 ***81,9
A159 *83,1
B17496,6

EU06F06a0,0
AF497999L3R31,7

sw2A03b *29,5
sw2B12.2b *38,5
EU12A0343,8
EU07A1246,3
sw2A12.2 *46,4
B12947,3
sw1E06a *47,5
EU04C09 *
3474L1R1*

47,8

EU08F09 *47,9
EU02C03 *48,0
EU08A02b52,0

A5872,2
sw1D04.173,3
AF497999L2R275,0

3407L2R191,5

A168c98,6

A1240,0

B98b1,1
A56b1,6
EU05B05b4,2
EU07D116,4

EU09D0225,4

A11643,1
A88a52,0
EU10C0757,5
sw2B12.2b62,4
EU05B05a63,1
EU12C0364,3
EU02C0372,4

sw1H0376,0

EU04C0977,1
sw5C09.178,5
A15981,3
B17984,0

K28K59 Rubis 118 BR 
Fig. 2 continued
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the consensus LG. The consensus map thus obtained

contained 472 loci dispersed over 9 LG (Fig. 3), and

covered 878 cM (average marker spacing of 1.8 cM).

Markers were represented by 105 Lib1 SSR, 118 Lib2

SSR, 208 Lib3 SSR, and 41 STS. Five LG (LG1,

LG3, LG6, LG8, and LG9) had observed genetic

lengths Goi [ 100 cM, and were also the richest LG

for the number of markers (48 \ ki \ 75). The

remaining 4 LG (LG2, LG4, LG5, and LG7)

contained less markers (35 \ ki \ 43) and had

reduced lengths (Goi \ 87 cM). LG7 had the lowest

number of mapped markers as most of them were

bridge markers in the three individual maps.

Segregation distortion

The calculation of a v2 test of goodness-of-fit for all

markers revealed that the K28K59 and BR maps shared

similar proportions of skewed markers (24 markers or

8.7% in K28K59, 15 markers or 8.4% in BR), whereas

the Rubis118 map was characterized by a relative high

proportion of skewed markers (55 markers or 19.5%).

In the latter map, 51 distorted markers were concen-

trated in LG4, LG7, LG8, and LG9 (Fig. 2). They

appeared clustered in specific regions (LG4: 7 markers;

LG9: 11 markers) or represented the majority of the

markers (LG7: 15 markers; LG8: 18 markers). For each

Table 3 Synthesis of the relationships between the three maps

through bridge marker information. (a) Distribution of bridge

markers between the three maps. The proportion of bridge

markers vs. mapped markers for each LG is indicated. (b)

Distribution of inter-map comparisons. Relationships between

three maps through bridge markers imply four types of inter-

map comparisons: KK/Ru, KK/BR, Ru/BR, KK/Ru/Br, where

KK, Ru and BR mean K28K59, Rubis118 and BR, respectively

K28K59 Rubis118 BR

Number Bridge versus

mapped (%)

Number Bridge versus

mapped (%)

Number Bridge versus

mapped (%)

(a)

LG1 23 62.1 22 52.3 11 61.1

LG2 20 58.8 16 64 7 63.6

LG3 16 51.6 23 60.5 13 56.5

LG4 13 65 11 50 9 47.3

LG5 13 50 15 50 9 56.2

LG6 20 51.2 28 65.1 17 50

LG7 14 66.6 15 78.9 12 57.1

LG8 27 56.2 21 60 10 50

LG9 8 42.1 11 37.9 8 42.1

Total 154 56.2 161 57.1 96 53.9

Inter-map comparisons Sum %

KK/Ru KK/BR Ru/BR KK/Ru/BR

(b)

LG1 15 4 3 4 26 13.5

LG2 14 5 1 1 21 10.9

LG3 13 2 8 3 26 13.5

LG4 6 4 2 3 15 7.8

LG5 6 1 3 5 15 7.8

LG6 13 2 10 5 30 15.5

LG7 7 4 5 3 19 9.8

LG8 18 7 1 2 28 14.5

LG9 5 2 5 1 13 6.7

Sum 97 31 38 27 193

% 50.2 16.1 19.7 14
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of the four putative SDR, the source of the distortion

was identified: zygotic selection factors seemed

responsible for the SDR on LG4 and LG8, whereas

the SDR on LG7 and LG9 most likely resulted from

gametic selection factors.

Small clusters of distorted markers existed also in

the K28K59 map (LG1, LG2, LG4, LG8 and LG9).

Zygotic selection factors might explain the distorted

regions in LG4 and LG8, and gametic selection

factor(s) the SDR in LG9. This latter region was

homologous to the SDR identified in LG9 of the

Rubis118 map, suggesting the presence of the same

loci affecting the viability of gametes. Distorted

markers on LG1 and LG2 segregated according to a

backcross-type configuration; in this case, the type of

selection could not be determined.

Most of the distorted markers were dispersed in

the BR map. Gametic selection factor(s) could

LG1
sw3F08.1a0,0
EU06C018,0
EU002211,6
EU01E0816,6
sw5E0417,3
EU001018,2
D07BL1R118,5
EU09C1121,0
B98a21,4
EU06C0224,7
EU08B0728,2
sw1D03.129,7
EU01F0430,3
A6332,6
A3833,8
GST5’race437,2
CL022L1R139,2
EU02D0239,9
EU08F0341,8
A10942,8
sw1A05.244,6
EU08H0645,1
sw2D10.1b46,0
EU02E0646,3
B7647,4
EU01E12b47,9
sw3A06.2e48,6
A11549,2
EU03D12a49,3
A130b49,8
A175a51,7
sw2B08
EU04A0162,9

B264,2
sw2F10b66,2
sw4G0767,0
sw2G03b67,2
EU05H0670,2
EU08C1170,8
D2173,6
EU01C0173,8
EU01D0374,2
sw4D0875,1
EU05E0677,4
A4381,7
EU04A0285,7
sw2D1190,4
EU01F08
EU09B0891,5

EU04F0494,9
sw2A12.1
sw2G03a97,3

EU03E12100,2
EU07D04102,5
sw2D05a
R101L1R1103,8

sw3B08.2a103,9
PPX1L3R3104,7
EU06C09104,8
EU04D07105,7

LG2

EU08B020,0
sw5D08.1b2,7
sw5D01.1
BD44L1R33,5

EU03D064,3
EU12E105,2
EU02F125,3
EU13B015,4
EU05C055,6
EU06G07
B212
EU0031

6,1

sw3F04.16,3
sw2F066,8
sw2H09.29,9
sw4D03.1b12,8
EU12G0613,3
B15314,4
sw1D0114,6
sw2H0816,3
sw1D11.2a17,3
R1216L1R123,4
sw2F10a23,5
EU08B0523,6
sw1H0924,0
EU05B1024,5
EU002925,1
EU06D0725,4
E12BL12R1325,5
B4225,7
EU12B0526,1
EU07G0827,8
EU02A0728,2
sw3A06.2c29,9
sw2D10.1c30,1
B13140,6
sw2B12.2a44,0
EU08A0446,0
EU12H0948,3
EU12G0951,8
EU06A09a56,5
R1210L3R158,9

LG3
EU09A010,0
EU06D017,0
EU08A067,8
EU07B04
EU05H04
EU03H10

8,2

EU0005
B87b8,8

sw2E049,8
EU01H0810,3
A11910,6
EU06E0611,8
EU10G1012,4
B14913,1
ESTE002B314,7
EU02D0916,8
B32b19,5
ESTE002C919,9
EU05H0320,3
EU07E0322,2
sw1F12.325,1
EU12B0634,2
sw3H0834,5
sw3F0536,0
AF498000L2R240,9
sw1G02.241,3
EU11C0945,2
A14948,6
A168b51,0
B16551,3
EU04B0857,9
B6358,6
sw1F04.159,2
EU06F1059,6
sw3F06.2a60,1
EU13A0262,2
sw2F04.162,3
EU04C0263,3
EU12D0664,7
sw3B07.2a64,8
sw1E1164,9
EU08D1065,0
sw4B1065,1
EU03A0466,2
EU12G0866,9
3128L4R468,6
A14070,4
B5971,4
B12774,5
EU02B0378,0
EU03A0679,0
B32a81,6
EU05D0883,9
EU09H0196,1
EU12A0896,7
EU01C0596,9
EU12D0297,0
EU08G0299,9
A39102,9
B67b106,0
ESTE002B10112,5

LG4
EU04G06a0,0
EU07G1111,8
EU07F1119,8
EU08A02a21,0
ESTE002C822,6
EU01H1224,6
sw3A06.2b38,3
EU11C1242,9
sw1C06.143,9
EU03B0244,0
CIFRUCTOSL3R2
FEH-IIbL3R144,5

EU07G1048,3
EU07C0151,1
F13BL1R151,9
EU12B0354,8
sw2E08.156,5
A7057,9
EU09G0159,3
EU02E1060,4
sw2D10.1a62,8
EU08F0264,7
D1565,1
A17966,4
B7266,5
sw4F0467,2
sw1E08.267,3
EU03H0168,9
EU05H0169,3
EU05G0970,6
B147b72,0
EU10B1073,3
MADsBOXL2R275,4
A8775,5
ESTE002B776,3
EU02C0977,4
sw3B07.2c78,3
EU09A1178,6
sw2D09.278,8
sw2E01a79,9
EU10A0984,9

LG5
B106b0,0
EU12A117,7
EU07H098,6
EU10F049,0
EU04F099,7
PeroxL1R211,2
sw2E01b12,4
EU04B0915,7
EU07D0116,3
EU05D0616,9
EU01E12a18,5
EU08E1120,8
B15024,6
sw00426,4
EU11C1027,8
A10428,5
EU02A1131,2
EU03F0532,4
B21435,7
sw1G11.136,6
sw3F06.2b37,7
A17837,9
sw2F10e46,9
sw2C09.147,4
EU04B0549,9
B9155,4
B15256,0
sw4D07.157,1
B11260,4
B157b60,7
sw1E09a64,1
A5064,9
A3566,7
SKL95utrli9R667,4
EU04F11b68,3
EU10D0968,4
sw2B0569,8
sw2D05b69,9
sw2A07a71,5
C3773,2
EU12B0273,4
EU003075,9
sw3A0986,0

Fig. 3 The reference

genetic map in chicory.

Marker clustering (WLGC)

is visualized by grey
patches inside LG and

rectangles surrounding the

markers involved (dark
grey: significant WLGC

test, pale grey: WLGC test

just below the threshold)
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explain the two distorted markers in LG7, whereas

zygotic selection factor(s) could be associated to the

four distorted markers in LG8.

Marker distribution

Marker distribution among LG (ILGC analysis) was

evaluated for the 4 maps by comparing the

observed number of markers per LG to an expected

number calculated after re-estimating the size of

each LG (Remington et al. 1999). The significant

cpf values (Table 4) ranged from 0.975 to 0.99 for

LG containing more markers than expected and

from 0.025 to 0.0007 for LG containing fewer

markers than expected under random distribution.

The analysis revealed a balanced distribution of

markers, even though map-specific situations

existed, such as the lack of markers for LG9 of

K28K59, LG7 of Rubis118, and LG8 of BR, or the

high accumulation of markers in LG2 and LG8 of

K28K59 and in LG3 of Rubis118. The reference

map reflected the balanced and specific situations

observed in the 3 individual maps (Table 4). Only

LG6 had significantly more markers than expected,

a consequence of the accumulation of markers in

this particular LG across all maps (significant for

LG7

EU00030,0
A127a3,1
sw2B0114,4
sw4E12.118,8
EU05G0119,4
A9730,2
B67a34,5
A175b38,0
A15138,2
sw3H10.239,9
sw5D08.1a40,7
sw3F08.1d41,2
EU03D0142,1
sw3B07.2b51,0
sw2F11
sw2G11.251,2

A106b52,1
EU04F11a54,7
A15255,8
A168a57,9
EU10H0359,0
B10560,1
EU05A1060,6
EU09D0862,0
A134b62,9
sw2F10d63,0
B5763,7
EU001165,8
CIPinvertL2R267,1
EU05D0368,0
EU08D0368,8
EU02E0270,8
sw3F08.1b73,5
sw1D1284,4
sw3A0385,2

LG8 LG9LG6
EU01E100,0
EU10G124,6
EU04C067,7
sw4E059,5
sw3E02.19,9
EU08E1010,6
EU04A11a10,7
EU07F1211,4
B6411,8
sw4F08.112,7
B6212,9
EU000813,0
B39
sw4F1113,3
3101L3R213,7
B4813,8
A7514,0
sw3A01a14,4
EU12B0115,2
EU06G0518,2
A6719,2
EU07C0726,3
EU10D1026,4
EU05E0327,3
sw3F08.1c27,8
sw3G1227,9
3262L1R128,7
A2132,5
A11333,5
EU01F0534,2
EU06D0435,2
A88b35,9
EU09B0736,3
EU08E0237,5
EU05G03
sw3F03.137,8

EU07A0438,1
EU05D0239,1
B147a39,4
EU05B0440,7
EU05C1041,5
A15842,0
A16542,3
EU09H0744,2
EU05F1044,3
sw2A02.245,9
sw2G01.147,6
EU08B0950,0
B157a51,9
EU06A0254,1
B8256,9
AF101422L1R358,6
A9359,5
EU05D0460,2
sw1E12.262,0
A134a64,3
GTPBL3R165,0
EU07H1070,0
A130a80,0
A14781,9
EU12A0283,1
EU05C0684,1
EU06B0485,3
EU02B0288,6
sw4B02b88,8
EU07B1289,6
EU03C08
EU02H03a91,4
sw3A06.2a92,7
EU04A11b93,2
EU08C0793,4
EU04B0296,1
A15598,3
EU02H03c99,5
A91100,4

ESTE001G40,0
EU07C109,4
EU07A0911,1
EU01H0711,5
EU10C0416,5
EU03D12b18,5
3142L2R1
sw1D11.2b19,0

sw3B08.2b20,0
sw4C1022,3
EU04C0425,4
A14133,2
sw1B0634,9
EU06B0235,5
EU08H0136,6
EU02A0841,8
EU03F0641,9
sw3F08.1e48,9
B4450,0
sw3A06.2d50,5
EU01G1253,7
cAMP2L2R257,5
B54b58,9
sw1E09b60,7
EU07B0962,2
sw3E0166,8
EU04D1067,0
sw4F09.267,6
FEHIL4R468,1
EU12H0369,4
B54a70,7
sw3C0471,0
A13171,4
B191
A65d72,6

EU08G0873,3
EU13C0175,8
B20079,3
A56a80,7
B106a81,0
sw1E06b84,3
EU10E0887,0
A9487,3
EU06B0988,0
B19988,7
EU07H0490,1
EU002090,5
sw3E05.290,8
EU07A0191,3
EU07E0191,4
cAMP2L3R391,5
3704L2R1
3361L1R191,6

B162
EU09B0392,0

TubulineL2R292,1
B16892,2
EU12C1193,3
EU04F0793,8
sw2A06.196,8
A7198,2
EU12A07100,1
E07AL1R1103,3
EU12A01103,7
EU01A12107,4
B85118,2
EU02H03b128,5

EU04A090.0
A1243.0
B98b4.0
A56b4.6
EU05B05b7.1
EU09H027.2
EU07D119.4
sw2A07b26.9
sw3B07.2d29.5
A11634.3
sw3B1036.1
sw2F0936.8
A88a43.5
sw2A03b47.1
EU10C0748.8
GTPBL2R252.6
EU12C0354.4
sw4D05.154.6
EU05B05a55.0
sw2E03b55.3
sw2B12.2b55.5
sw2A02.357.4
sw3H09.159.6
EU12A0360.7
sw3A12.160.8
EU08G0761.2
sw1H02.361.9
EU07A1263.7
sw2A12.264.0
EU02C0364.5
B12964.9
sw1E06a65.3
3474L1R165.4
EU08F0965.9
EU04C0966.5
sw1H0367.5
EU06B0868.2
sw3A01b69.0
sw5C09.169.3
1FFTL3R369.9
A15971.4
B17975.1
B17484.5
A5889.1
sw1D04.190.3
AF497999L2R292.0
3407L2R1108.4
A168c115.5

Fig. 3 continued
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BR, close to significant cpf values in K29K59 and

Rubis118).

A second level of marker distribution was ana-

lysed by dividing each LG in segments or windows to

assess clustering in specific areas (WLGC analysis).

The analysis revealed 65 regions characterised by

clustered markers (Figs. 2, 3), and all LG from all

maps contained at least one clustered region. Six LG

(LG2, LG3, LG4, LG6, LG7, and LG9) had homol-

ogous clustered regions in all maps, whereas 6 LG

(LG1, LG2, LG3, LG5, LG6 and LG8) possessed

homologous clustered regions in 3 maps. Clustered

regions formed a significant proportion of mapped

markers in several LG (LG2, LG4, LG7, LG8 for

K28K59, LG4, LG9 for Rubis118, and LG3 for BR).

Clustered regions of the consensus map reflected the

most significant regions observed in the 3 mapping

populations (Fig. 3), i.e., 4 LG (LG1 LG2, LG3 and

LG6) with two clustered regions, the first one in the

distal part close to the end of the group, the second

one close to the middle of the group, and 5 LG (LG4,

LG5, LG7, LG8 and LG9) with only one clustered

region.

Genome coverage

Parameters Ge, Go/Ge and PLB have to be calculated

under the hypothesis that marker loci are evenly

distributed along the genome (Chakravarti et al.

1991; Lange and Boehnke 1982). As marker

distribution analysis had revealed that clustered

regions were present in all maps, a set of frame-

work markers for each map was selected to reduce

biased estimations of genome coverage parameters

(Cervera et al. 2001; Fishman et al. 2001). The

framework markers, selected for uniform distribu-

tion, co-dominance, low missing data, and low

segregation distortion, were used to compute 4

framework maps (data not shown). The genome

coverage parameters for the framework maps were

subsequently compared with those for the complete

set of markers.

Ge values estimated from the framework set of

markers ranged from 932 to 1,126 cM, depending on

the map (Table 5). Reduced Ge values were obtained

when the complete sets of markers were used (range

801–986 cM), in agreement with the presence of

clustered markers in all maps. As a consequence,

genome coverages (Go/Ge) estimated from frame-

work sets of markers were lower (range 81–83%)

than those calculated from the complete sets of

markers (range 90–94%).

To test the homogeneity of the repartitioning of

markers inside LG, the probability PLB was calcu-

lated for 2 conditions d = 5 cM and d = 10 cM

(Table 5). Considering the total set of markers,

PLB (d = 10 cM) values were close to 1 (with a minimum

of 0.97 for BR), whereas PLB (d = 5 cM) values were

superior to 0.96 for K28K59 and Rubis118, and

only 0.83 for BR, reflecting the lower number of

polymorphic markers in this population. The selec-

tion of framework markers gave similar genome

coverage values for the individual maps (0.77\
PLB (d = 10 cM) \0.84) indicating that a restricted set

of informative markers with uniform level of genome

coverage can be used for breeding applications (e.g.,

diversity analysis, QTL identification, markers-

assisted selection).

The above analyses indicated good and homoge-

nous levels of genome coverage for all maps,

especially for the industrial chicories, and suggested

the absence of large non-covered regions in the LG.

As for the BR map, the genome coverage was

comparable to the other maps albeit that the density

per LG was lower. These results corroborated with

the fact that all markers, except for the few SSR

markers with complex profiles that rendered allele

identification ambiguous, could be associated with

LG of the 3 maps.

Table 4 Cumulative probability function (cpf) values calcu-

lated for all LG of each map (K28K59, Rubis118, BR, Ref-

erence map)

K28K59 Rubis 118 BR Reference

LG1 0.454 0.853 0.072 0.707

LG2 0.981 0.840 0.698 0.964

LG3 0.348 0.998 0.672 0.578

LG4 0.468 0.485 0.638 0.254

LG5 0.150 0.803 0.279 0.332

LG6 0.903 0.919 0.976 0.997

LG7 0.494 0.008 0.848 0.047

LG8 0.993 0.472 0.025 0.460

LG9 0.0007 0.229 0.665 0.037

Significant cpf values (bold) revealed either a strong

accumulation of markers (0.975 \ cpf \ 0.999) or a

deficiency of markers (0.0001 \ cpf \ 0.025), according to

two-tailed Poisson tests under cumulative distribution
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Discussion

Merging genetic maps to construct a reference map

has been described for several species (e.g., Jeuken

et al. 2001; Cervera et al. 2001; Yu et al. 2003; Yan

et al. 2005; Gonzalo et al. 2005). Two genetic maps

have been published for chicory based on AFLP and

RAPD markers, respectively (de Simone et al. 1997;

van Stallen et al. 2003), but the lack of common co-

dominant markers renders their merging impossible.

We have constructed a consensus genetic map in

chicory based on genetic data from 3 progenies using

a large set of SSR markers from three SSR-enriched

libraries. In addition, a subset of STS (non-coding

sequences, cDNA, genes) of chicory was added to the

maps following an SSCP-based protocol (Aubert

et al. 2006). The consensus map was constructed by

integrating the maps of two progenies from crosses

between industrial chicories and one from a cross

between witloof chicories. The industrial chicory

parental genotypes showed high levels of polymor-

phisms for both SSR and STS markers in comparison

to the witloof chicories, reflecting the narrow genetic

base of the latter. The consensus map measures

878 cM and contains 472 molecular markers distrib-

uted over 9 LG, which is in agreement with the

haploid chromosome number of the genus Cichorium

(Dujardin et al. 1979). Marker distribution analyses

indicated a good coverage of the genome, and

suggested the absence of large non-covered regions.

Systematic comparisons of homologous regions in

our maps revealed the presence of common SDR as

well as of homologous regions with localized clus-

tering of markers. Unlike Cervera et al. (2001), who

rejected high distorted loci from the mapping process,

we introduced all markers and compared the resulting

orders among the three maps (Cloutier et al. 1997;

Lashermes et al. 2001; Song et al. 2006). Sequential

v2 tests described in Lorieux et al. (1995) allowed the

distinction between zygotic and gametic selection in

our mapping population, each explaining about half

of the segregation distortions observed. Markers

affected by zygotic selection, as revealed on SDR

of LG4 and LG8, were characterised by an excess of

heterozygotes. Similar results were found in inbred

species like lettuce (Kesseli et al. 1994), or outbred

species like coffee (Lashermes et al. 2001), alfalfa

(Kalo et al. 2000) and white clover (Jones et al.

2003).

Segregations affected by gametic selection were

observed for most markers in LG7 of the Rubis118

map, and for markers on LG9 of both Rubis118 and

K28K59 maps. Most of the markers on LG7 in

Rubis118 showed an excess of one homozygous class

in comparison to the other homozygous class,

whereas the frequency of the heterozygous class

remained close to 0.50. This observation suggests one

or more gametophytic factors on LG7 causing a

deficiency in the viability and/or transmission of male

or female gametes. Similar distorted segregations

have been reported for F2 progenies of maize (Lu

et al. 2002). The distorted segregation of markers in

the SDR of LG9—a deficiency for the heterozygous

class and one homozygous class, and an excess for

the other homozygous class—may be the result of

gametic selection in both parents.

In chicory self-incompatibility and pollen compe-

tition were reported (Eenink 1982; Desprez et al.

1994), but numerous other genetic factors such as

meiotic drive, selective germination or seedling death

Table 5 Genome coverage (Ge, Go, Go/Ge, PLB) for 4 genetic maps (K28K59, Rubis118, BR, Reference map)

Parameters K28K59 Rubis 118 BR Reference

Complete Framework

(j = 88)

Complete Framework

(j = 93)

Complete Framework

(j = 84)

Complete Framework

(j = 95)

Ge (cM) 800.7 932.4 859.2 1001.3 986.4 1126 911.7 1056

Go (cM) 749.8 759.4 806.1 824.6 891.4 908.1 877.6 873.3

Go/Ge 0.936 0.814 0.938 0.823 0.90 0.806 0.962 0.826

Plb (d = 5 cM) 0.966 0.61 0.962 0.605 0.834 0.526 0.994 0.592

Plb (d = 10 cM) 0.998 0.848 0.998 0.844 0.972 0.775 0.999 0.834

Parameters are calculated for the complete set of marker data or after selecting j framework markers
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(Korbecka et al. 2002), negative epistatic interactions

(Torjek et al. 2006) could also explain the presence of

SDR (see Song et al. 2006 for review). The higher

level of distortion for the Rubis118 population, when

compared to K28K59 and BR, may be associated

with constraints in the fitness of F1 gametes and/or F2

genotypes originating from parental material initially

selected for their out-crossing performance and

subsequently submitted to forced selfing to generate

the mapping population. In contrast, K28 and K59

were compatible genotypes chosen from an open-

pollinated pre-breeding population and thus had

encountered less selection pressure. Similarly, the

witloof chicory parents of the BR population had

been obtained after selection for inbreeding

performance.

We have adapted the method described by Rem-

ington et al. (1999) to asses the level of marker

distribution between the LG of the maps (ILGC tests)

and inside each LG (WLGC tests). ILGC tests

showed significant levels of marker concentrations

or deficiencies in a limited number of LG per map,

whereas WLGC tests revealed a large number of

regions with clustered markers, in particular 13

clustered homologous regions dispersed over the 9

LG of at least 3 maps. Clustering of markers in

genetic maps have been reported in species like

lettuce (Jeuken et al. 2001), tomato (Areshchenkova

and Ganal 1999) or barley (Ramsay et al. 2000), but

seemed less evident in sunflower (Tang et al. 2002),

melon (Gonzalo et al. 2005), or rose (Yan et al.

2005).

Non random distribution of SSR from enriched-

libraries in comparison to SSR motifs present in

EST sequences was recently reported in sugar beet

(Laurent et al. 2007). In barley SSR from enriched-

libraries tended to be concentrated in retrotranspo-

sons and repetitive elements-rich regions (Ramsay

et al. 1999) and were associated to centromeric

regions in barley and tomato (Areshchenkova and

Ganal 1999; Ramsay et al. 2000), where inhibition of

recombination occurs (Copenhaver et al. 1999). An

association of markers with centromeric regions

could be suggested to exist in chicory, particularly

for LG2, LG3, LG4, LG6, LG7, and LG9 that shared

chromosomal regions with homologous clustered

markers in all maps. This hypothesis can be tested

once centromere-specific markers for chicory or other

members of the Asteraceae family become available,

as reported by Pouilly et al. (2008) for oilseed rape

and by Luce et al. (2006) for maize.

The reference map of chicory opens new perspec-

tives in different directions such as, gene tagging,

genetic analysis of quantitative-inherited traits, mar-

ker-assisted selection, or comparative genomics with

other Asteraceae. To further improve the map, it is

envisaged to integrate large numbers of gene loci.

While our mapping project was in progress, numer-

ous EST for chicory have been published (3,348 EST

from embryogenic and non-embryogenic cDNA

libraries—Legrand et al. 2007; 12,226 EST from

root, leaf and nodules cDNA libraries—Dauchot et al.

2009) and released by the Genome Mapping Project

for the Compositae (Asteraceae) at UC Davis

Genome Centre (38,323 EST or 22,291 unigenes for

C. intybus, as well as 30,171 EST or 19,065 unigenes

for its close relative C. endivia: http://cgpdb.ucdavis.

edu/cgpdb2/est_info_library.php). In addition, the

availability of the EST offers the possibility to find

additional SSR markers. The screening of EST-SSR

is an efficient alternative to genomic library con-

struction to identify EST-SSR markers (Varshney

et al. 2005). In most of the plant species, SSR with a

minimum repeat length of 20 bp are present in *5%

EST, with trinucleotides as preponderant motifs fol-

lowed by dinucleotides or tetranucleotides (Varshney

et al. 2005). Although the level of polymorphism was

usually thought lower in EST-SSR than in SSR

derived from enriched libraries (Eujayl et al. 2001;

Rungis et al. 2004), a comparison in sugar beet

showed more polymorphism for EST-SSR and

emphasised their utility in genetic mapping (Laurent

et al. 2007). Successful PCR amplification of Con-

served Orthologous Set (COS) of EST from lettuce

and sunflower in several other members in the As-

teraceae family, including chicory, has been reported

(Chapman et al. 2007). This suggests that the transfer

and mapping of EST from related species is possible,

even though the transferability of sunflower EST-

SSR and INDELs was limited to only 18% when

tested in lettuce or prickly lettuce (Heesacker et al.

2008). For chicory, transferable EST may be expec-

ted to be found especially in species belonging to

same Cichoriodeae subfamily, such as lettuce.

Finally, in order to link the presented map with the

chromosomes of chicory, next mapping steps will

consist in finding of the ends of each LG by linking

terminal markers with telomere-specific sequences
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(Hu 2006), and identifying the centromeric regions.

Furthermore, through the development of BAC

libraries, an assignment of the 9 LG to the corre-

sponding chromosomes in chicory could be envis-

aged by BAC landed—Fluorescence In Situ

Hybridisation protocols (Dong et al. 2000; Kim

et al. 2002; Wang et al. 2007). This approach would

be the first step to integrate genetic data with physical

regions of the chicory genome.
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