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Abstract High-density genetic maps were constructed

for loci involved in nuclear male sterility (NMS1-locus)

and sporophytic self-incompatibility (S-locus) in chicory

(Cichorium intybus L.). The mapping population consisted

of 389 F10 individuals derived from a cross between two

plants, K28 (male-sterile) and K59 (pollen-fertile), both

heterozygous at the S-locus. This F10 mapping population

segregated for both male sterility (MS) and strong self-

incompatibility (SI) phenotypes. Phenotyping F10 individ-

uals for MS allowed us to map the NMS1-locus to linkage

group (LG) 5, while controlled diallel and factorial crosses

to identify compatible/incompatible phenotypes mapped

the S-locus to LG2. To increase the density of markers

around these loci, bulked segregant analysis was used.

Bulks and parental plants K28 and K59 were screened

using amplified fragment length polymorphism (AFLP)

analysis, with a complete set of 256 primer combinations

of EcoRI-ANN and MseI-CNN. A total of 31,000 frag-

ments were generated, of which 2,350 showed polymor-

phism between K59 and K28. Thirteen AFLP markers were

identified close to the NMS1-locus and six in the vicinity of

the S-locus. From these AFLP markers, eight were trans-

formed into sequence-characterized amplified region

(SCAR) markers and of these five showed co-dominant

polymorphism. The chromosomal regions containing the

NMS1-locus and the S-locus were each confined to a region

of 0.8 cM. In addition, we mapped genes encoding proteins

similar to S-receptor kinase, the female determinant of

sporophytic SI in the Brasicaceae, and also markers in the

vicinity of the putative S-locus of sunflower, but none of

these genes or markers mapped close to the chicory

S-locus.

Introduction

In angiosperms, approximately 90 % of species are her-

maphrodite, mostly in the form of co-sexuality where male

and female organs are located within the same flower.

Though this sexual strategy heightens the chance of pro-

ducing offspring, it is frequently associated with mating

systems that promote outcrossing and reduce self-fertil-

ization and its deleterious consequence, inbreeding

depression (Charlesworth 2002; Chuck 2010). Self-

incompatibility (SI) is the widespread mating system pro-

moting outcrossing and is present in over 50 % of species

(Gaude and Cabrillac 2001; Takayama and Isogai 2005;

Allen and Hiscock 2008). In most cases, SI is controlled by

Communicated by A. Paterson.

Electronic supplementary material The online version of this
article (doi:10.1007/s00122-013-2122-9) contains supplementary
material, which is available to authorized users.

L. Gonthier � C. Blassiau � M. Mörchen � T. Cadalen �
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a single multi-allelic locus, the S-locus, which contains

closely linked genes encoding the male and female deter-

minants of pollen–pistil recognition (Silva and Goring

2001; Franklin-Tong and Franklin 2003; Takayama and

Isogai 2005). Two genetic forms of SI have been recog-

nized (de Nettancourt 2001): in gametophytic SI (GSI), the

incompatibility phenotype of the pollen is determined by

its own haploid genotype, whereas in sporophytic SI (SSI),

it is determined by the diploid genotype of the parent plant.

Molecular characterization of GSI has revealed at least

three different molecular mechanisms (Allen and Hiscock

2008). In the Solanaceae, Rosaceae and Plantaginaceae,

GSI is regulated by pistil-expressed S-RNases and pollen-

expressed F-box proteins (Kubo et al. 2010), whereas in the

Papaveraceae, GSI is controlled by an entirely different set

of molecules, centered around a novel class of stigmatic

S-protein that interacts with a pollen receptor to trigger a

calcium-based signaling system in the pollen that leads to

inhibition of pollen tube growth and eventual cell death

(Wheeler et al. 2010). In the grasses, where GSI uses

neither of these mechanisms, a third molecular mechanism

of GSI occurs (Klaas et al. 2011). So far, pistil and pollen

determinants involved in SSI have only been identified in

the Brassicaceae as a serine threonine S-receptor kinase

(SRK) and its cognate ligand (SCR/SP11, Iwano and

Takayama 2012). In the Convolvulaceae the S-locus has

been mapped (Rahman et al. 2007a) and several candidate

genes for the male and female S-determinants identified,

and while these remain to be validated, none are homologs

of SRK or SCR/SP11 (Rahman et al. 2007b; Kakeda et al.

2009).

Male sterility (MS) is another widespread mechanism

promoting outcrossing in angiosperms. MS is defined as

the failure of plants to produce functional anthers, pollen or

male gametes, while female reproduction is normal (Kaul

1988; Horner and Palmer 1995). Numerous genes and

pathways are involved in the developmental process lead-

ing to functional pollen production (Twell 2011), and, on

the basis of inheritance patterns, male sterility has been

divided into cytoplasmic male sterility (CMS) and nuclear

or genic male sterility (NMS). In some cases, the MS

phenotype is regulated by environmental factors such as

temperature or photoperiod (Kempe and Gils 2011). In

agronomically important species, the main breeding

objective is to improve yield and the best way to achieve

this in allogamous species is by encouraging heterosis. MS

is frequently used by breeders to produce hybrid varieties

to not only increase biomass production, but also resistance

to biotic and abiotic stresses (Kempe and Gils 2011). The

use of CMS is more widespread than NMS because of its

modes of maintenance and restoration of fertility (Budar

and Pelletier 2001; Wang et al. 2007). However, due to

pleiotropic effects and alterations of the mitochondrial

genome, CMS can be associated with undesirable effects or

to unstable sterility, and to maintain CMS lines, it is nec-

essary to identify fertility restorer nuclear genes (Wang

et al. 2007; Kempe and Gils 2011). NMS presents the

advantage of a stable and complete male sterility, numer-

ous restorer lines and no effect on yields (Yi et al. 2006;

Huang et al. 2007). NMS is generally a recessive trait, so

half of the hybrids produced are fertile (Yi et al. 2006).

This drawback may be overcome by using combinations of

recessive genes and/or epistatic interactions, dominant

alleles or environment-sensitive genes (Xing et al. 2003;

Huang et al. 2007; Wang et al. 2007; Kempe and Gils

2011). Another efficient way is to use marker-assisted

selection (MAS) so that MS genotypes can be identified

early (Chen et al. 2006).

In the Asteraceae (daisy family), over 60 % of species

are estimated to be self-incompatible (Ferrer and Good-

Avila 2007) with sporophytic genetic determination (His-

cock 2000; Allen et al. 2011). To date, however, there is

little information on the male and female determinants of

the molecular mechanisms underlying SSI in this family.

Using Brassica SRK sequences, a candidate gene approach

was performed in Senecio squalidus (Oxford ragwort), but

this analysis showed no link between SSI and SRK-like

genes expressed in stigmas (Tabah et al. 2004). Further

molecular analyses in S. squalidus identified an S-associ-

ated stigma-specific peroxidase gene (SSP), but again this

proved not to be directly involved with SSI (McInnis et al.

2005). In sunflower, 1–4 QTL associated with self-fertility

were identified (Burke et al. 2002; Gandhi et al. 2005;

Wills and Burke 2007). It was reasoned that a QTL of

major effect that mapped to LG17 could be the S-locus

(Gandhi et al. 2005; Yue et al. 2009), but no further

analysis of genes associated with this QTL has been

reported. Other works on sunflower have focused on male

sterility and have led to the identification of several NMS

genes, and CMS and associated restorer genes, some of

which have been mapped (Chen et al. 2006; Jan and Vick

2007; Yue et al. 2010).

Chicory (Cichorium intybus L., Asteraceae) is an

important leafy vegetable crop in many European countries

with a well-characterized system of sporophytic self-

incompatibility (Kiers 2000; Lucchin et al. 2008; Kilian

et al. 2009). Interestingly, this SSI system shows variability

in its strength among cultivated varieties and in wild

populations, with different individuals ranging from

strongly self-incompatible to almost completely self-fer-

tile—a feature of the SSI system that appears to be char-

acteristic of the entire Cichorium genus (Stout 1917, 1918;

Pécaut 1962; Cichan 1983; Coppens d’Eeckenbrugge et al.

1987; Castaño et al. 1997; Kiers et al. 2000). Chicory also

possesses a spontaneous NMS mutation (‘Edith’), which

has been exploited by breeders for the production of
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hybrids (Desprez et al. 1994; Doré and Varoquaux 2006).

In contrast, no spontaneous CMS has been reported in

chicory, but CMS has been introduced by breeders via

hybrids obtained by protoplast fusions between chicory and

CMS sunflower (Rambaud et al. 1993).

Identification of the genes regulating NMS and SSI in

chicory is desirable to plant breeders, because it will allow

the optimization of breeding programs by improving the

selection of sexual phenotypes and compatible parents in

crosses. The availability of molecular-genetic resources for

chicory (Gonthier et al. 2010) may provide a way to

implement MAS of NMS and SI, and thus to improve the

production of hybrid lines. The aim of this study was to

determine the number of genes underlying NMS and SI and

to map them to provide a route to their positional cloning.

From populations used to build the reference genetic map

of chicory (Cadalen et al. 2010), we selected the cross

K28 9 K59 because it produced an F10 progeny showing

segregation for both strong SI phenotypes and MS

(‘Edith’). Molecular markers close to the chicory NMS1-

locus and S-locus were identified and allowed us to con-

struct high-density genetic maps around these loci. To

explore the conservation of SSI genes in the Asteraceae

and Brassicaceae, we also mapped candidate genes

encoding proteins similar to the S-locus receptor kinase

(SRK), the female determinant of SSI in species of

Brassicaceae. In addition, we mapped molecular markers in

the vicinity of a QTL proposed to contain the S-locus of

sunflower (Helianthus annuus, Gandhi et al. 2005), another

species of Asteraceae.

Materials and methods

Plant materials

Parental genotypes K28 (MS) and K59 (H) were obtained

from seeds of a pre-breeding open pollinated population

(Kospool) of C. intybus var. sativum provided by the

Florimond-Desprez breeding company (Cappelle-en-

Pévèle, France). K28 and K59 plants were first grown

in vitro and cloned by somatic embryogenesis or organo-

genesis (Dubois et al. 1991; Decout et al. 1994) to increase

the number of plants for crosses. Ten clones of each

genotype were acclimated in a glasshouse at 20 �C, with a

16/8 h light/dark cycle and grown for about 3 months. To

induce flowering, plants were vernalized at 5–7 �C for

12 weeks and then transferred to an insect-proof green-

house cell under the same pre-vernalization conditions. At

flowering, all K28 clones showed a male-sterile (MS)

phenotype, whereas K59 plants produced capitula with

fully fertile hermaphrodite flowers (H). Anthesis and

stigma receptivity in the 15–25 flowers of each

inflorescence (capitulum) was more or less synchronous

and occured in the morning; the lifetime of each flower

being just a few hours (MCQ and TH, personal observa-

tions). Crosses between K28 (female) and K59 (male)

individuals were performed by gently rubbing detached

capitula of K59 against capitula of K28 plants and seed

from these crosses used to found the F10 mapping popu-

lation. The use of male-sterile K28 as female plant pre-

vented emasculation and assured progeny not contaminated

by self-fertilization. The same procedure was used later to

perform BC1 crosses between F10 plants and the parental

genotype K28, and for crosses among F10 individuals.

Despite the highly self-incompatible phenotype of K59,

some self-seeds were also obtained.

Cultivation and vernalization conditions for the different

progenies were the same as those described for the parental

genotypes. Progenies were cloned in vitro before being

transferred to the glasshouse and vernalized to induce

flowering. Selected genotypes were maintained in the

glasshouse by vegetative propagation via cuttings.

Male sterility phenotyping

Presence/absence of pollen grains in 359 F10 individuals

was scored by several observations ([10) of flowers during

the flowering period (4–6 weeks) and sexual phenotypes

assigned as MS or H. Pollen presence and pollen viability

in F10 plants were verified by squashing dehiscent anthers

in a drop of Alexander’s stain (Alexander 1969) on glass

slides and observation under an Olympus BH2 light

microscope. Pollen grains of which the cytoplasm stained

pink were supposed to be viable (fertile); in the absence of

pink color, non-viable (sterile) pollen grains appeared

green due to the coloration of the pollen wall.

Self-incompatibility phenotyping

For each cross and self-pollination performed, pollinated

capitula were harvested 4–6 weeks after pollination and

compatibility/incompatibility determined using seed set,

meaning the ratio of fully formed colored achenes (i.e.,

seed-containing fruits) to the total number of ovaries

present in each capitulum. In preliminary tests, 79 F10

individuals (39 H and 40 MS) were crossed with K59 as

pollen donor. The H plants were reciprocally crossed with

K59 and used as pollen donors to perform crosses with

K28. In addition, H plants, including K59, were selfed.

Each cross combination was repeated at least five times. A

sample of 39 F10 individuals and the parental genotypes

used for back-crosses were transferred outside the glass-

house to a nearby experimental area. Numerous insects

(mainly bumble bees and hoverflies, TH personal obser-

vations) were observed visiting capitula on sunny days, and
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ten capitula per plant were marked to determine seed set

under open pollination conditions.

A subset of 33 F10 plants (22 H and 11 MS) involved in

back-crosses were propagated and used to perform diallel

and factorial crosses under glasshouse conditions. The H

plants were reciprocally crossed (diallel crosses) and used

as male parent in crosses with MS plants (factorial crosses).

For each combination, three to four crosses were

performed.

Finally, in total 325 F10 individuals were used as pollen

receptors and crossed with cloned H plants representing the

two tester genotype groups identified in diallel and factorial

crosses (see ‘‘Results’’; Table 1). Each cross combination

was repeated at least five times.

SSR and STS genotyping

Simple-sequence repeat (SSR) and sequence-tagged site

(STS) marker genotype data (291 loci) were available for

174 F10 individuals of the K28 9 K59 cross (Cadalen et al.

2010) and were used for mapping the NMS1-locus and the

S-locus on the chicory consensus map. For fine mapping,

an additional set of 215 individuals were genotyped for 13

markers mapped to LG5 and for 15 markers mapped to

LG2, surrounding the NMS1-locus and S-locus, respec-

tively. The 389 genotyped plants included all plants phe-

notyped for NMS and SI.

AFLP detection

Amplified fragment length polymorphism analysis was

performed using primer sequences developed by Vos

et al. (1995), adapted for capillary electrophoresis con-

ditions (Myburg et al. 2001). Briefly, 500 ng of DNA was

digested with EcoRI and MseI enzymes and ligated to

specific adapters. Pre-amplification was performed from a

1:30 dilution of the restriction-ligation mixture using

EcoRI-A and MseI-C primers. After restriction–ligation

and pre-amplification steps, an aliquot of all samples was

analyzed on a 1 % agarose gel to check for the presence

of clear visible low-molecular-weight smears of DNA.

Selective amplifications were carried out after dilution

(1:10) of pre-amplification reactions, using primer com-

binations with two supplementary selective nucleotides

(EcoRI-ANN/MseI-CNN). The EcoRI-ANN primers were

labeled with either 6-FAM or HEX fluorescent dyes for

subsequent separation of selective amplification products

on a 3100 Avant Genetic Analyzer capillary sequencer

(Applied Biosystems). Sample preparation, denaturation

and capillary electrophoresis fractionation were performed

according to the User Bulletin ABI PRISM 3100 capillary

array for high-throughput microsatellite and SNP geno-

typing (Applied Biosystems). Data were automatically

collected and normalized using the Genescan 3.1 soft-

ware, and the detection of polymorphic fragments was

carried out with Genotyper 3.7 (Applied Biosystems). In

addition, visual comparisons of chromatograms were

systematically performed to ascertain the software-gener-

ated results.

Conversion of AFLP markers into SCAR markers

To generate low-complexity AFLP fingerprints and to

clone AFLP fragments of interest, the mini-sequencing

procedure of Brugmans et al. (2003) was applied to

determine the fourth, fifth and sixth selective nucleotide

following the MseI-CNN primer 30 end. The PCR products

were separated in 8 % denaturing polyacrylamide gel using

an LI-COR 4200 sequencer (Myburg et al. 2001). Frag-

ments were extracted from the gel according to the protocol

developed for chicory and Arabidopsis halleri, described in

Paris et al. (2012). Gel-recovered fragments were cloned

using the pGEM�-T Easy Vector system I (Promega), and

clones sequenced from both ends (Genoscreen, France).

For the SCAR markers, new primers were defined interior

to the adapter positions. Polymorphisms were tested using

size and single-strand conformational polymorphism

(SSCP) fractionation or high-resolution melting (HRM)

PCR assay (see below).

Table 1 Compatibility groups, phenotypes and genotypes deduced

from diallel and factorial crosses performed between K28 9 K59 F10

individuals, and back-crosses of F10 individuals with K28 and K59

(see Online Resource 3)

Pollen

Group
A

(DxE)

B

(K59)

B

(F1’)a

C

(F1’)

D

(F1’)

E

(F1’)a

St
ig

m
a

A (K28) - + + + - - [S3S4] S3S4

B (K59) + - - - + + [S1] S1S2

B (F1’) + - - - + + [S1] S1S3

C (F1’) + - - - + - [S1S4] S1S4

D (F1’) - + + + - + [S3] S2S3

E (F1’) + + + + + - [S4] S2S4

[S3] [S1] [S1] [S1] [S3] [S4] Phenotype

S3S4 S1S2 S1S3 S1S4 S2S3 S2S4 Genotype

Pollen group A was determined from crosses between D 9 E proge-

nies and genotypes representative of the different pistil compatibility

groups. Gray squares correspond to compatible crosses, white squares

to incompatible crosses, and striped squares indicate reciprocal crosses

with different results
a Pollen tester groups B and E used for large-scale phenotyping of F10

individuals
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Identification of SRK-like genes

To determine whether protein(s) similar to the S-receptor

kinase (SRK) female determinant of SSI in the Brassica-

ceae might be involved in chicory SSI, a search for SRK-

like sequences was performed using the Cichorium sp. EST

database accessible through the HeliaGene portal (http://

www.heliagene.org/cgi/cichorium.cgi). This database con-

tains 84,095 C. intybus and C. endivia ESTs obtained from

NCBI dbEST (http://www.ncbi.nlm.nih.gov/dbEST; Le-

grand et al. 2007; Dauchot et al. 2009) and the Compositae

Genome Project database (CGPdb, http://cgpdb.ucdavis.

edu/), and assembled in 50,659 unisequences (i.e., contigs

and singletons, prefix CIC). The collections of Cichorium

EST were obtained from RNA extracted from whole plants

(CGPdb: a mixture of different organs, including flowers),

leaf tissue (Legrand et al. 2007; Dauchot et al. 2009) and

roots (Dauchot et al. 2009). Cichorium sp. sequences were

first selected by a TBLASTX search (Altschul et al. 1997) on

the basis of their homology (E-value\10-30) with a selec-

tion of ten SRK alleles identified in different Brassicaceae

species. Because of a high number of positive hits (more than

100), selected sequences were then submitted to a BLASTX

(Altschul et al. 1997) search (E-value \10-30) against the

Arabidopsis lyrata proteome (Hu et al. 2011) accessible

through the PHYTOZOME portal (http://www.phytozome.

net/). Cichorium sp. unisequences were selected for primer

definition (Online Resource 1), and polymorphism testing if

they were among the five best hits in a continuous alignment

with the ortholog of the Arabidopsis thaliana ARK3 protein

(the closest functional counterpart of SRK in A. thaliana) and

among the 15 best hits in a continuous alignment with the

AlSRK13 allele contained in the reference genome (Goubet

et al. 2012).

Identification of candidate EST-derived markers

from sunflower LG17

To determine the degree of co-linearity between LG2 of

chicory and LG17 of sunflower (predicted to contain the S-

locus, Gandhi et al. 2005), derived EST markers that mapped

to an interval of approximately 60 cM encompassing the

self-pollination/self-incompatibility (SP/SI) QTL (the puta-

tive S-locus QTL) were identified on the various sunflower

maps of the CMap database (http://www.sunflower.uga.

edu/cmap). Corresponding EST sequences were extracted

from the CGP and the HeliaGene databases (http://

cgpdb.ucdavis.edu/; http://www.heliagene.org/), using

sequence information described in Lai et al. (2005) and

Heesacker et al. (2008). Putative Cichorium sp. orthologs

identified in Helianthus sp. were then subjected to a

BLASTN search of sequences in the Cichorium sp. database

(http://www.heliagene.org/cgi/cichorium.cgi) and those

with an E-value\10-30 selected for further analysis. These

Cichorium sp. unisequences were submitted to reciprocal

BLASTN searches against the Helianthus sp. database to

select only those sequences with the best hit for the He-

lianthus sp. query used for the BLASTN search (minimum

75 % identity over 200 bp). Selected unisequences and pri-

mer sequences are given in Online Resource 2.

DNA isolation, PCR conditions and polymorphism

detection

The total DNA was extracted from 100 mg of fresh leaves

using the GenElute Plant Genomic DNA kit (Sigma-

Aldrich). Yield and quality of the extracted DNA were

determined using a biophotometer (Eppendorf).

PCR conditions for SSR and STS markers (developed

previously for construction of the chicory reference map)

and for SCAR markers (developed in this study) were

the same as those described in Cadalen et al. (2010).

Size and SSCP polymorphism detection were performed

on an ABI 3100-Avant Genetic Analyzer sequencer

(Applied Biosystems), again according to Cadalen et al.

(2010).

For new markers, primer sequences were selected with

the Primer3 v 0.4.0 software, with an optimum Tm of 60 �C

(Rozen and Skaletsky 2000). Prior to designing primers for

SRK-like genes and EST-derived markers, the presence and

position of putative introns were established using the

method of Cadalen et al. (2010). For genes containing

introns, primers were designed in regions flanking the

predicted intronic sequences. Polymorphism was tested

using an HRM assay. PCR reactions were performed in

15 lL containing 19 HRM Master Mix (Roche), 2 mM

MgCl2 (Roche), 0.125 lM of each primer (Sigma-Aldrich)

and 3 ng of template DNA. Amplifications and melting

curves were generated on a Rotor-Gene thermocycler

(Corbett) using the following conditions: initial denatur-

ation at 94 �C for 5 min, then 55 PCR cycles of 30 s at

94 �C, 30 s at 60 �C and 30 s at 72 �C, followed by an

extension step of 5 min at 72 �C, a denaturation step of

1 min at 95 �C and a cooling step of 1 min at 40 �C.

Melting cycle was performed by increasing the temperature

from 65 to 95 �C with 25 florescence acquisitions, each of

0.05 s. Melting curves were analyzed with the Rotor-Gene

Q series software (v1.7, Corbett).

Data analysis

Seed-set data were arcsine-square root transformed prior to

analyses. Analyses of variance were performed using the

ANOVA procedure of SAS. Linkage analyses and map

calculations were performed with JoinMap v3.0 (Van

Ooijen and Voorrips 2001), using genotype nomenclature
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adapted to cross-pollination data and setting parameters

applied in Cadalen et al. (2010).

Results

Phenotypic analysis in F10 progenies

Nuclear male sterility

Sexual phenotypes [i.e., male sterile (MS) and fertile her-

maphrodite (H)] appeared stable throughout the flowering

period for all individuals examined. H plants produced

flowers with long anthers and abundant brilliantly white

dehiscent pollen, deposited at anthesis on the outer side of

the stigma branches and upper part of the style. In contrast,

flowers of MS plants exhibited shorter anthers (about two-

third of the length of fertile anthers) and visibly lacked

pollen.

Alexander’s stain of pollen from 40 H plants, including

K59, showed a minimum of 85 % viability, based on the

ratio of pink to green stained pollen grains, whereas pollen

grains were absent in the squashes of anthers of the 41 MS

plants examined, including K28 (data not shown). The

sexual phenotypes of a total of 359 F10 individuals were

scored visually. A Chi-square test indicated that the seg-

regation observed for sexual phenotype (176 H:183 MS)

did not deviate from the 1:1 ratio expected for a nuclear

recessive trait determined by a single gene, NMS1

(v2 = 0.14, df = 1, P = 0.71), indicating that K28 was

homozygous (nms1 nms1) and K59 heterozygous (NMS1

nms1).

Preliminary test of the efficiency of seed set

as a discriminator of compatible and incompatible crosses

A comparison of the mean seed-set distribution between H

(n = 39) and MS (n = 40) F10 individuals, obtained after

back-crossing with parental genotypes, showed no signifi-

cant differences (Mann–Whitney-test, P = 0.52), indicat-

ing that seed-set data from H and MS plants could be

considered as a homogeneous sample. Seed-set values fell

into two unambiguous classes (Fig. 1): one with a mean

number of full achenes per capitulum of at least 7.6 (seed-

set range 0.39–0.92), and a second with a mean number of

full achenes per capitulum comprising between 0 and 2.0

(seed-set range 0–0.10). A similar seed-set range (0–0.12)

was observed for the selfed H plants, which produced 0–2.2

achenes per capitulum (Fig. 1). Thus a distinction between

compatible and incompatible crosses in the K28 9 K59

progeny could be unambiguously made from seed-set

values; mean seed-set values less than 0.15 were consid-

ered as resulting from incompatible crosses and values of at

least 0.35 as resulting from compatibles crosses. Crosses

producing intermediate numbers of achenes, referred to as

pseudo self-compatibility (PSC, Stout 1917, 1918; Pécaut

1962; Eenink 1981; Cichan 1983; Coppens d’Ee-

ckenbrugge and Evrard 1988; Varotto et al. 1995), were not

observed for the plants analyzed.

The seed set of a sample of 39 F10 plants (20 H and 19

MS) and the parental genotypes were determined under

open pollination conditions. In contrast to controlled back-

crosses, all the individuals tested produced achenes with a

mean seed set (0.74 ± 0.14, range 0.44–0.95) (Fig. 1) not

significantly different from that obtained for compatible

crosses of the same genotypes pollinated with K59

(0.70 ± 0.13, range 0.39–0.92) (ANOVA F-test,

P = 0.07). In addition, no significant differences between

seed set of H and MS plants were observed after open

pollination or after compatible back-crosses (ANOVA F-

test, P = 0.34). In the same way, seed-set values observed

for incompatible back-crosses were not significantly dif-

ferent for H and MS plants and were consistent with seed

sets obtained for selfed plants (ANOVA F-test, P = 0.33).

The absence of differences between seed sets of H and MS

plants was confirmed by using the larger data set obtained

from diallel and factorial crosses. These comparisons

indicated that (1) the female fertility of the F10 progeny

depended on pollen compatibility and not on the pollina-

tion procedure (open pollination vs. manual pollination)

and (2) the nms1 mutation had no pleiotropic effect on

female fertility as estimated by seed-set values.

Back-crosses of 79 F10 individuals with K59 used as

pollen donor resulted in 40 incompatible combinations (22

H, 18 MS) and 39 compatible combinations (17 H, 22 MS).

This suggested a single locus segregation for compatibility

with K59 pollen and genetic independence between the loci
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Fig. 1 Distribution of mean seed-set frequencies for open pollina-

tions (striped bars, n = 41), controlled selfings (light gray bars,

n = 47), back-crosses (dark gray bars, n = 171) and controlled

factorial and diallel crosses (black bars, n = 663)

2108 Theor Appl Genet (2013) 126:2103–2121

123



involved in male fertility and self-incompatibility

(v2 = 1.03, df = 1, P = 0.31). Among the 31 H individ-

uals back-crossed in both directions with K59, and used as

pollen donor to pollinate K28, 15 were compatible with

K59, whatever the direction of the crosses, and incompat-

ible with K28, the remaining 16 individuals being incom-

patible with K59 and compatible with K28 (Fig. 2). These

back-crosses results indicated that S-haplotypes in K59

exhibited the same dominance/co-dominance relationships

in pollen and pistil, and that K28 possessed a different

allelic combination.

Diallel and factorial crossing analyses

A total of 33 F10 plants (22 H, 11 MS), used previously for

back-crosses, were crossed using diallel or factorial

designs, depending on their sexual phenotype. A total of

663 crosses were performed and a complete data set was

obtained for 29 F10 individuals (Table 1; Online Resource

3).

The distribution of seed-set values showed, as for back-

crosses, a clear distinction between compatible and

incompatible crosses (Fig. 1). The results revealed that F10

plants and parental genotypes could be classified into five

incompatibility groups (Online Resource 3): K28 being the

unique member of group A and K59 having the same

pollen and pistil phenotype as group B individuals. F10

plants were classified among the four pistil incompatibility

groups independently of their sexual phenotype. Reciprocal

crosses between H individuals of groups C and E showed

different results, indicating different S-haplotype domi-

nance relationships in pollen and pistil for individuals

belonging to these groups.

To account for the best genetic model explaining the

compatibility groups observed in the F10 progeny and the

parents, all possible models involving a single S-locus with

two to four haplotypes, and including all possible domi-

nance relationships between alleles in pollen and pistil,

were tested. The results could be explained by a

sporophytic self-incompatibility system involving four S-

haplotypes (S1, S2, S3 and S4) with both parents being

heterozygous (K59: S1S2; K28: S3S4). The four compati-

bility groups found in the F10 progeny thus corresponded to

a 1:1:1:1 segregation of the four genotypes S1S3, S1S4, S2S3

and S2S4 (Table 1).

Pollen behavior of the K59 and F10 progeny could be

explained by dominance of the S1 allele over S2, S3 and S4,

and with S2 being the most recessive allele (Fig. 3).

Because K28 was MS, the dominance relationship between

the S3 and S4 alleles in pollen was determined with addi-

tional crosses performed between seven S3S4 plants (pollen

donor) obtained from progenies between the D and E

groups, and seven individuals representing the 5 pistil

compatibility groups. The results are summarized in

Table 1, and revealed dominance of allele S3 over S4 in

pollen. In pistil, the most recessive allele was S2, and S1

was dominant over S2 and S3, as in pollen (Fig. 3). The

differences between pollen and pistil behavior in reciprocal

crosses between individuals belonging to groups C and E

and groups A and E could be explained by the co-domi-

nance in the pistil of S1 and S4, and S3 and S4, respectively

(Fig. 3; Table 1).

Large-scale phenotyping of SI

As half the F10 progenies were male sterile, the most

efficient strategy to determine the S-locus genotype for a

maximum number of plants would be to test their pistil

behavior by pollinating them with tester genotypes.

Examination of the results of the diallel and factorial

crosses (Table 1) indicated that pollinating F10 progenies

with H genotypes of groups B and E would be sufficient to

identify the four pistil groups segregating in the F10 prog-

eny. In total, the compatibility patterns of 321 individuals

crossed with both tester groups were unambiguously

determined. The four genotypes S1S3, S1S4, S2S3 and S2S4,

segregated as 97:70:83:71 with no significant difference

from the 1:1:1:1 ratio expected for the genetic model
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deduced from diallel and factorial crosses (v2 = 5.97,

df = 3, P = 0.1). Upon selfing, all 158 H plants produced

on average fewer than 1.5 achenes per capitulum, thus

confirming the self-incompatibility of the F10 progeny.

Furthermore, the segregation data obtained for NMS1 and

S (320 individuals) confirmed that both loci were inde-

pendent (v2 = 0.381, df = 3, P = 0.9).

Mapping of the NMS1-locus and S-locus

on the reference map

To map the NMS1-locus and S-locus, the K28 9 K59 map

described in Cadalen et al. (2010) was used. Using this map

(174 genotyped individuals), NMS1-locus and the S-locus

were mapped to distal regions of LG5 and LG2, respec-

tively (Fig. 4a). Subsequently, 215 additional F10 individ-

uals were genotyped for markers flanking both loci. On

LG5, the NMS1-locus was mapped to a 1.54 cM region

between the markers PeroxL1R2 and EU14H12. On LG2,

the S-locus was mapped to a 1.80 cM interval between the

SSR markers EU08B02 and EU12G02 (Fig. 4b).

High-density map of the NMS1-locus and S-locus

Bulked segregant analysis (BSA) strategies

To increase the density of molecular markers around the

NMS1-locus, a standard BSA strategy, based on plant

phenotypes, was used (Michelmore et al. 1991). DNA of

MS and H plants were pooled in four bulks of 14 samples

each, bulks B1 and B2 corresponding to MS plants, and

bulks B3 and B4 corresponding to H plants.

As 4 S-haplotypes with various dominance relationships

segregated in the K28 9 K59 progeny, a marker-assisted

BSA strategy was used to target only markers in the

vicinity to the S-locus. Eight DNA samples and bulks were

generated to find markers specific for the S1 or S2 alleles

(Fig. 5) and located within the 3.21 cM interval between

the EU08B02 and EU03D06 markers (Fig. 4b). Bulks P1a,

P1b and P2a, P2b were constructed from homozygous

individuals S1S1 and S2S2, respectively. DNA was obtained

from rare progenies of the K59 selfings and genotyped for

EU08B02 and EU03D06 markers. As the homozygous

region is not restricted to this interval, markers related to S1

or S2 identified from the bulks P1 and P2 could be localized

outside this range. Thus, to target specific markers of S1 or

S2 in the EU08B02–EU03D06 interval, four additional

bulks were constructed from the 389 genotyped F10 indi-

viduals. Bulks P3 and P4 resulted in DNA pools of non-

recombinant genotypes in the EU08B02–sw2H09 interval.

Bulks P5 and P6 included DNA of individuals presenting

one recombination event on the K59 chromosome in the

EU03D06–sw2H09 interval (Fig. 5). Consequently, mark-

ers specifically linked to the S1 haplotype should be

detected only in bulks P1, P3 and P5, and in K59, and

markers specifically linked to the S2 haplotype should be

present only in bulks P2, P4 and P6, and in K59.

AFLP screening of the bulks

DNA bulks B1 to B4, P1 to P6, plus the K28 and K59

parents were screened using the complete set of 256 primer

combinations EcoRI-ANN and MseI-CNN. A total of

31,000 fragments were generated, and of these 2,350

revealed a polymorphism between K59 and K28.

A total of 18 AFLP markers were found present in B3

and B4 bulks (coupling phase with the wild-type allele) and

absent in B1 and B2 bulks (MS). One marker could not be

mapped because of bad amplification from F10 DNA, and

four did not map on LG5. The 13 remaining markers were

mapped in an interval of 3.6 cM surrounding the NMS1-

locus (Fig. 4c). Five of them were mapped in an interval of

0.8 cM encompassing the NMS1-locus. In addition, for all

359 F10 plants phenotyped, marker cgat97 showed an

absolute co-segregation with the NMS1-locus.

The marker-assisted BSA strategy resulted in 14 AFLP

markers potentially linked to the S-locus, with six and eight

markers detected in coupling phase with the S1 and the S2

haplotypes, respectively. Two markers could not be map-

ped because of bad amplifications from F10 DNA, and six

did not map in the region of the S-locus. Finally, six

markers were mapped on LG2, at an interval of 1 cM

encompassing the S-locus (Fig. 4c), reducing to about

0.8 cM the region containing the S-locus. Two markers

(tacg193 and aaca83) were associated in coupling phase

with the S1 haplotype, the remaining four markers

(ggat125, tcaa300, ttaa440 and aacc134) being associated

with the S2 haplotype. Marker tcaa300 did show an abso-

lute co-segregation with the S-locus (n = 321). Markers

tacg193 and ggat125 mapped 0.13 cM above the SRR

marker EU08B02, which was found as the most distal

marker of this end of LG2 in the reference map (Cadalen

et al. 2010).

Pollen 
S 1 S 2 

S 3 S 4 

Pistil 
S 1 S 2 

S 3 S 4 

Fig. 3 Dominance relationships in pollen and pistil between the four

S-haplotypes segregating in the K28 9 K59 progeny. Arrows indicate

dominance and double lines indicate co-dominance
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Transformation of AFLP markers into SCAR markers

A mini-sequencing procedure (Brugmans et al. 2003; Paris

et al. 2012) was undertaken to reduce the complexity of

AFLP profiles for four fragments linked to the NMS1-locus

(atag203, agga182, tggc219 and atgc311) and five frag-

ments linked to the S-locus (tacg293, ggat125, tcaa300,

ttaa440 and aacc134). Highly linked fragments cgat97

(NMS1-locus) and aaca83 (S-locus) were not considered in

view of their small sizes. The mini-sequencing procedure

was successful for eight AFLP fragments (all but atag203)

and allowed the isolation and sequencing of fragments of

the expected size. In addition, the AFLP profile simplifi-

cation for markers ggat125 (S2-haplotype) and tacg293

(S1-haplotype) revealed the presence of a second fragment

associated with the S1, S3 and S4 haplotypes (ggat128) or

the S2, S3 and S4 haplotypes (tacg294). These fragments

were also excised from acrylamide gels, cloned and

sequenced. Fragments ggat125 and ggat128 differed only

by an insertion of 3 bp, whereas fragments tacg293 and

tacg294 showed a 1 bp InDel polymorphism and nine

SNPs, allowing the distinction of the four segregating
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cFig. 4 Genetic mapping of

NMS1-locus and S-locus on

LG5 and LG2, respectively, of

the K28 9 K59 map.

a Selection of SSR and STS

markers covering the complete

LG of the reference map

(n = 174) (Cadalen et al. 2010).

The position of the three SRK-

like derived markers

(CIC008235, CIC022489 and

CIC029534) mapped on LG5 is

indicated. b SSR and STS

makers flanking the NMS1 and

S-loci (n = 389).

c Chromosomal segments

including AFLP (lower-case)

and SCAR derived markers

(capital) identified in this study

(n = 389). Cumulative map

distances (cM) are indicated on

the left of the linkage groups
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S-haplotypes. The sequences of the AFLP fragments

obtained during this study were deposited at NCBI as

accession numbers GF112132 to GF112141 (Table 2).

For the eight AFLP fragments, primer pairs were

designed and size, SSCP or HRM polymorphisms were

screened for in the F10 progeny (Table 2). SCAR markers

were renamed AGGA, TGGC and ATGC (NMS1 locus), and

TACG, TCAA, TTAA, AACC and GGAT (S-locus). For the

NMS1-locus, the AGGA marker showed no polymorphism.

SCAR markers TGGC and ATGC revealed a size and HRM

polymorphism, respectively, and co-segregated with AFLP

fragments tggc219 and atgc311 (Table 2; Fig. 4c).

For the S-locus, the AACC marker turned out to be

monomorphic. A multiple band profile was obtained for the

TCAA marker, but no polymorphism associated with S-

haplotypes was detected. SSCP polymorphism was detec-

ted for the TTAA marker with four alleles associated with

the four S-haplotypes. Similarly, HRM analysis revealed

four groups for the TACG marker that were associated with

the four S-haplotype combinations present in the K28 9

K59 progeny (Fig. 4c). The size polymorphism previously

observed for the AFLP markers ggat125/128 was preserved

with two corresponding alleles for the GGAT marker

(Table 2).

Mapping of SRK-like sequences and EST-derived

makers from LG17 of sunflower

From the Cichorium sp. EST database, ten unisequences

were selected on the basis of their highest homology and

continuous alignment with the S-domain containing genes

ARK3 and AlSRK13 of the self-incompatible species A.

lyrata (Online Resource 1). The highest homologies with

both genes were found at the protein level for the unise-

quence CIC008235 ([75 % similarity), followed by

CIC029534 and CIC023810 ([70 % similarity). Similarity

ranges of 55–70 % were found for the seven remaining

sequences (CIC006729, CIC022489, CIC029017,

CIC030577, CIC019748, CIC013468 and CIC024179).

PCR products were obtained for the ten markers in the

K28 9 K59 progeny, and the amplification products of six

of them showed HRM polymorphisms. Gene markers were

mapped on LG1 (CIC013468), LG3 (CIC030577), LG4

(CIC006729) (Online Resource 4) and LG5 (CIC008235,

CIC022489 and CIC029534; Fig. 4a). Thus, none of these

gene markers mapped on LG2. On LG5, the three markers

CIC008235, CIC022489 and CIC029534 showed absolute

co-segregation among the 174 individuals genotyped. As

no overlap was found between the three sequences, it was

not possible to determine whether they corresponded to

different regions of the same gene or that they represented

up to three tandemly repeated genes. Surprisingly, these

three markers also co-segregated with NMS1, representing

the closest gene markers found for this locus (Fig. 4a).

The degree of co-linearity between LG2 of chicory and

LG17 of sunflower was assayed by developing chicory

EST-derived markers from sunflower map data (designed

as HT markers). Five HT markers of the NMS373 9

ANN1811 BC1 LG17 map were selected. They were

mapped in an interval of about 60 cM (markers ORS561-

bottom end of LG) encompassing the major QTLs found

for SP/SI (CMap database: http://www.sunflower.

uga.edu/cmap; Gandhi et al. 2005). An additional set of

20 HT markers were selected from the sunflower RHA280

9 RHA801 RIL map of the CMap database, on the basis of

their location on the same chromosomal segment, repre-

senting about 40 cM (Fig. 6; Online Resource 2). Signifi-

cant homologies with Cichorium sp. unisequences were

found for 21 Helianthus sp. sequences. Sixteen of them

were considered as putative orthologs, on the basis of

a
P1b

P2a
P2b

P3 P4 P5 P6

Number of DNA 
samples/bulks

Bulks and parents K59 K28 P1

n = 8 n = 15 n = 13 n = 9 n = 9 n = 13

S-locus genotype S1S2 S3S4 S1S1 S2S2 S1S3+S1S4 S2S3+S2S4 S1S3+S1S4 S2S3+S2S4

EU02B08

sw2H09

EU03D06
S locus

Fig. 5 Marker-assisted BSA strategy for the identification of S-locus

linked AFLP markers. Each parental chromosome corresponding to

LG2 is represented by a singular graphical genotype (dark gray and

black for K59, oblique and vertical stripes for K28). Corresponding

genotypes in bulks are represented by the same graphical features. In

P1 and P2 bulks, light gray segments corresponded to indeterminate

genotypes. P1a and P1b as well as P2a and P2b correspond to

duplicated bulks of S1S1 and S2S2 genotypes, respectively. In P5 and

P6 bulks, one recombination event between markers EU03D06 and

sw2H09 in the chromosome of K59 is indicated
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reciprocal best-hit tests and showed 77–86 % identity

between Cichorium sp. and Helianthus sp. Cichorium sp.

sequences (cHT markers) were used for PCR primer design

and polymorphism test (Online Resource 2).

High-resolution melting polymorphism was detected for

13 cHT markers in the K28 9 K59 progeny. Mapping data

allowed their assignment to four linkage groups (LG3,

LG6, LG7 and LG8), with one to five markers mapping on

each linkage group (Fig. 6; Online Resource 4). These

results indicated that none of the markers mapped to LG2.

In addition, a shared macrosynteny between a large frag-

ment of sunflower LG17 and a unique chicory linkage

group seems not to be the case. However, on a smaller

scale, segments of chicory LG3, LG6 and LG7 could be

related to the sunflower LG17 targeted region. The three

cHT markers mapped to chicory LG3 were spread over a

segment of about 19 cM in the central region of this

linkage group; cHT758 and cHT122 were separated by

0.7 cM. A similar configuration was found in sunflower

maps, as these markers were located in an interval of

10–25 cM, depending on the map, and with HT758 and

HT122 separated by less than 1 cM in the RHA280 9

RHA801 RIL map. On LG6, the five cHT markers mapped

were located on one end, with cHT289, cHT719 and

cHT538 showing absolute co-segregation at position

0.3 cM and cHT230 and cHT109 at position 11.5 cM.

Markers HT230 and HT109 also co-segregated in sun-

flower. The corresponding interval in sunflower maps

represented 4–29 cM and corresponded, as in chicory, to

one end of the linkage group. From the four cHT markers

mapped on LG7, two showed co-segregation (cHT272 and

cHT254) as they did in sunflower. In addition, these

markers defined one of the ends of LG7, mapping distal to

marker EU05D03 in the reference chicory map. Markers

cHT78 and the pair cHT272 and cHT254 mapped 13.8 cM

apart. The corresponding segment in sunflower LG17

represented 10–25 cM and was located in the central part

of LG17.

Discussion

As a first step to positional cloning of genes regulating NMS

and SSI in chicory, high-density genetic maps were con-

structed for the NMS1-locus and the S-locus, respectively.

This allowed us to map the NMS1-locus to a 0.8 cM region

on LG5 and the S-locus to a 0.8 cM region on LG2. Can-

didate genes encoding proteins similar to SRK (the female

determinant of SSI in the Brassicaceae) were also mapped,

but none of them mapped close to the chicory S-locus.

Similarly, the mapping of molecular markers corresponding

to markers in the vicinity of the predicted S-locus on LG17

of sunflower showed no linkage with the S-locus in chicory.T
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The K28 9 K59 progeny as material of choice

for genetic studies on SI

The K28 9 K59 progeny used in this study allowed a clear

distinction to be made between incompatible and compat-

ible crosses because their seed-set scores (the ratio between

the number of seeded achenes produced and the number of

ovules per capitulum available) showed a bimodal distri-

bution (Fig. 1). In incompatible crosses seed set was less

than 0.15, whereas in compatible crosses seed set exceeded

0.35. With a mean of 18 ovules per capitulum (18 ± 1,

n [ 1,000), these results were consistent with previous

observations in witloof chicory (Eenink 1981) and Italian

red chicory (Varotto et al. 1995) where the authors con-

sidered crosses as incompatible when they resulted in less

than three achenes per capitulum and as compatible when

at least six achenes per capitulum were produced. How-

ever, in contrast to these and other studies in chicory (e.g.,

Stout 1917, 1918; Pécaut 1962; Cichan 1983; Coppens

d’Eeckenbrugge and Evrard 1988), as well as in other

Asteraceae species (Cheptou et al. 2000; Brennan et al.

2005; Ferrer and Good-Avila 2007; Crawford et al. 2010),

no PSC was observed among the K59 9 K28 progeny. This

plant material can thus be considered as highly self-

incompatible, making it well suited to study the genetics of

SI in chicory. Moreover, the segregation of NMS in the

K28 9 K59 progeny was very valuable, since it eliminated

the possibility of selfing in the K28 maternal plant, pre-

cluding any need for difficult and laborious emasculation

procedures.

Genetic determination of NMS and SI

The Mendelian segregation of compatibility phenotypes in

the K28 9 K59 progeny allowed us to assign genetic

determination of SI to a single S-locus and identify four

segregating S-haplotypes and their dominance relation-

ships. This further confirms the sporophytic inheritance of

SI in chicory previously shown by Eenink (1981) and

Varotto et al. (1995). Resolving the pollen and pistil

dominance relationships also allowed the identification of a

small number of pollen testers that could be used for large-

scale phenotyping of MS and H individuals.

Similarly, phenotype segregations of MS versus H

revealed a single locus with a recessive allele underlying

NMS, confirming the previous report on male-sterile
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‘Edith’ (Desprez et al. 1994). More importantly, NMS

segregated independently of the S-locus, and showed no

pleitropic effect on female functions or on incompatibility

phenotypes. The latter suggests that NMS can also safely

be used as a tool for studies of the genetic basis of PSC in

chicory.

Fine mapping of the NMS1-locus and S-locus as a first

step to positional cloning of the underlying genes

Initial large-scale phenotyping allowed mapping of the

NMS1-locus to a 1.54 cM region on LG5 and the S-locus in

a 1.80 cM region on LG2. Considering a genome coverage

of 800–1,100 cM (Cadalen et al. 2010) and the physical

size of the C. intybus genome being 1,400–1,500 Mb (P.

Devaux, personal communication, Koopman 2002), a

1.3–1.9 Mb/cM relationship can be estimated to exist at the

whole genome level. Assuming this estimate holds true for

the regions containing the NMS1-locus and S-locus, they

would represent physical lengths exceeding 2 Mb. To

facilitate fine mapping and positional cloning of these loci

via screening two available BAC libraries for chicory

(Gonthier et al. 2010), a higher density of markers around

the S-locus and NMS1-locus was desirable.

The standard BSA strategy (Michelmore et al. 1991)

coupled with AFLP adopted for the NMS1-locus has been

widely used in plants and animals to find markers linked to

a gene or QTL of interest (Xiao et al. 2007; Wei et al.

2009; Zhang et al. 2009; de Brito et al. 2010). The marker-

assisted BSA strategy adopted for the S-locus is less

common (Meksem et al. 1995; Cnops et al. 1996; Lahaye

et al. 1998; Jordan et al. 2006), but is more efficient when

more than two alleles are involved in the phenotype under

analysis. Obviously, markers flanking the locus of interest

and large segregating progenies with individuals repre-

senting recombination events in a region encompassing

only a few centimorgan are needed to construct the bulks.

When these conditions are fulfilled, however, it allows a

quick identification of interesting markers among the large

number of polymorphic markers detected by the AFLP

technique.

Both these strategies, phenotypic BSA and marker-

assisted BSA, resulted in an increased density of markers

and reduced the marker intervals around both the NMS1-

locus and the S-locus to 0.8 cM, and thus to a physical

distance of 1–1.5 Mb, if the whole genome Mb/cM ratio

applied to these regions. This means that map-based

cloning of the NMS1-locus and S-locus will be feasible,

provided that they are not in regions in which recombina-

tion is suppressed, for instance in centromeric regions.

Karyotype analyses indicate that chromosomes in chicory

are meta- to sub-metacentric (Haque and Godward 1984;

Ma et al. 1984; Rambaud et al. 1992; Doré et al. 1996; Ge

et al. 2002). As both NMS1 and S mapped to distal LG

positions, and the reference genetic map is close to satu-

ration (Cadalen et al. 2010), it is unlikely that they are

located in centromeric regions.

Suppression of recombination is expected for the S-

locus region, because any recombination between the genes

encoding male and female determinants would lead to the

breakdown of SI (Castric and Vekemans 2004; Uyenoyama

2005) and evidence from studies of other S-loci shows that

there is indeed extensive repression of recombination

(Kawabe et al. 2006; Goubet et al. 2012). The S-locus of

Petunia inflata, and possibly also in Papaver rhoeas, has a

sub-centromeric location (Wang et al. 2003; Wheeler et al.

2003), whereas in Antirrhinum hispanicum, Ipomoea trifida

or Brassica oleracea the S-locus mapped to a telomeric

region (Casselman et al. 2000; Suzuki et al. 2004; Yang

et al. 2007). In Petunia inflata and Ipomoea trifida, the

relative Mb/cM ratios were reported to be between 10 and

20 times higher in the S-locus region than for the entire

genome, i.e., 17.6 Mb/cM vs 0.9 Mb/cM and 2.3 Mb/cM

vs 0.2 Mb/cM, respectively (Wang et al. 2003; Suzuki

et al. 2004). In contrast, in Brassica oleracea there was no

difference in recombination frequencies between the S-

locus region and the whole genome (0.4 Mb/cM), although

at the S-locus itself suppression of recombination was

observed (Casselman et al. 2000). The variability of Mb/

cM ratios reported for S-locus regions makes it difficult to

estimate the time and number of steps required to physi-

cally map (by chromosome walking) the region between

the markers defining the 0.8 cM region containing the S-

locus.

Mapping of SRK-like sequences

SSI has so far been described in Asteraceae, Betulaceae,

Caryophyllaceae, Polemoniaceae, Convolvulaceae and

Brassicaceae (Allen and Hiscock 2008), but only in the

latter family have the S-locus genes encoding the male and

female determinants (SCR/SP11 and SRK, respectively)

been identified (Stein et al. 1991; Schopfer et al. 1999;

Suzuki et al. 1999; see for review Iwano and Takayama

2012). As a potential route to identifying the female

determinant of SSI in Convolvulaceae and Asteraceae,

Kowyama et al. (1996) and Tabah et al. (2004) used a

candidate gene approach to screen stigma RNAs of

Ipomoea trifida (Convolvulaceae) and S. squalidus

(Asteraceae), respectively, for expression of SRK-like gene

sequences. In both cases, it was concluded (from an

absence of stigma-specific expression and specific S-allele

association) that the SRK-like genes identified were unli-

kely to be involved in SSI (Kowyama et al. 1996; Tabah

et al. 2004). This was later confirmed for Ipomoea

when the S-locus was mapped and no SRK-like
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(or SCR/SP11-like) sequences were found at the S-locus

(Rahman et al. 2007b). In S. squalidus, a full-length cDNA

(SSRLK1) and two partial cDNAs (SSRLK2 and SSRLK3)

encoding members of the S-domain receptor kinase sub-

family were obtained, but none were polymorphic or

associated with specific S-alleles (Tabah et al. 2004).

To test the conclusion of Tabah et al. (2004) that SRK-

like genes were not involved in SSI in the Asteraceae, we

decided to increase the number of SRK-like candidate

genes by screening the large collection of Cichorium sp.

ESTs available (see ‘‘Materials and methods’’) and locate

their corresponding genes on the K28 9 K59 map. The

SRK-like Cichorium sp. unisequences were selected on the

basis of their homology with ARK3 and SRK of the self-

incompatible species A. lyrata. Of the ten SRK-like

sequences selected, six could be mapped to four linkage

groups of the K28 9 K59 map (Online Resource 4), but

none of them mapped to LG2 (the location of the S-locus).

PCR products for the four remaining sequences showed no

polymorphisms, despite the segregation of four S-haplo-

types in the K28 9 K59 descendants. As genes determining

SI are expected to be highly polymorphic, we concluded

that these genes were also unlikely to encode the female

determinant of SSI. This means that despite the enlarged

number of SRK-like genes analyzed, our study supported

the conclusion of Tabah et al. (2004) that an SRK-like gene

was not the female determinant of SSI in the Asteraceae

and that this family, like Convolvulaceae, had a different

molecular mechanism of SSI from that of Brassicaceae.

Interestingly, three of the SRK-like gene markers were

found to co-segregate with the NMS1-locus on LG5. Since

the targeted sequences did not overlap, it was not possible

to determine whether they corresponded to the same gene

or represented different genes. To our knowledge, there are

no examples of S-domain RLK genes involved in male

sterility. However, in Arabidopsis and rice, RLK genes

belonging to the LRR- (Leucine-rich repeat) and lectin-

RLK gene subfamilies have been shown to be required for

normal anther development and their impaired expression

alone, or in combination, resulted in male sterility (Canales

et al. 2002; Zhao et al. 2002; Nonomura et al. 2003;

Albrecht et al. 2005; Colcombet et al. 2005; Hord et al.

2006, 2008; Mizuno et al. 2007; Wan et al. 2008). A

combination of genetic analyses in large segregating pop-

ulations and expression analyses is required to determine

whether or not a mutation in an S-domain RLK gene

underlies nms1 male sterility in chicory.

Mapping of the sunflower self-incompatibility/

self-pollination QTL

In sunflower, two research groups claim to have mapped

the putative S-locus (Gandhi et al. 2005; Yue et al. 2009).

Based on seed-set numbers obtained by manual selfings

among BC1 progeny of the cross NMS373 9 ANN1811,

Gandhi et al. (2005) inferred two unambiguous genotypic

classes corresponding to heterozygous self-incompatible

genotypes (Ss) and homozygous self-fertile genotypes (ss).

The observed Mendelian (1:1) segregation was attributed

to segregation of S-haplotypes, considering a loss-of-

function mutation at the S-locus in the self-fertile cultivated

genotype NMS373, and the presence of a functional

S-haplotype in the wild H. annuus individual (ANN1811)

used as progenitor. Similarly, Yue et al. (2009) found a

Mendelian segregation (1:3) for seed set upon self-polli-

nation in the progeny of a cross between an oilseed sun-

flower inbred maintainer line, HA89, and a confection

sunflower genotype (LSS) introduced from China, and

mapped the corresponding locus close to the putative

S-locus of Gandhi et al. (2005).

Assuming a unique determinism of SSI in Asteraceae, as

documented for Brassicaceae (Sherman-Broyles and Nas-

rallah 2008), the sunflower claims prompted us to test the

possible correspondence of the proposed sunflower LG17

S-locus and the S-locus in chicory, by trying to localize the

sunflower LG17 chromosomal region containing the puta-

tive S-locus on the chicory map. Molecular HT markers in

the region harboring this locus in sunflower were converted

into markers specific for chicory (cHT), but none of the

selected 13 cHT markers mapped to chicory LG2. The

location and order of these markers on LG17 was con-

firmed in the recently published sunflower high-density

genetic map (Bowers et al. 2012).

Three possible explanations may account for the lack of

a correspondence between the sunflower chromosomal

region containing the proposed S-locus and the chicory S-

locus. A first possibility is that the markers we mapped do

not represent orthologs of the sunflower markers, even

though the procedure for their selection was stringent,

including a reciprocal best-hit test. The power of our

approach could be limited by the fact that Helianthus sp.

and Cichorium sp. EST databases are not exhaustive and

that the distinction between orthologs and paralogs is

complicated by the polyploid ancestry of the Asteraceae

family (Funk et al. 2005; Barker et al. 2008), as well as by

an extra genome duplication in members of the Heliantheae

subfamily after its separation from other Asteraceae sub-

families, among which is the Cichorioideae (Barker et al.

2008).

A second explanation is that the number of markers that

we mapped was too low to detect common chromosomal

segments between chicory LG2 and sunflower LG17.

Extensive chromosomal rearrangements have been descri-

bed in annual sunflower species (Burke et al. 2004; Lai

et al. 2005) and it may be that only a small chromosomal

fragment containing the S-locus has been conserved.
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Indeed, it was not possible to establish shared synteny

between a large fragment of sunflower LG17 and a unique

chicory linkage group. On a smaller scale, however, distal

segments of LG6 and LG7 and a central region of LG3 in

chicory (n = 9) may represent traces of reshuffling of the

targeted LG17 region in sunflower (n = 17).

A third explanation is that the sunflower QTL on LG17

does not define the S-locus. Neither of the mapping studies

performed on sunflower (Burke et al. 2002; Gandhi et al.

2005; Wills and Burke 2007; Yue et al. 2009) was designed

explicitly to characterize and map the S-locus, as exem-

plified by the lack of any diallel crossing analyses that

would have allowed characterization of S-allele segrega-

tion and pistil and pollen dominance relationships. In fact,

the trait analyzed addressed only the genotype’s ability to

produce seed upon self-pollination, and mechanisms that

result in the appearance of complete or partial self-fertile

genotypes in a self-incompatible species are variable and

complex and could be the result of mutations not linked to

the S-locus (e.g., Murase et al. 2004; Vilanova et al. 2006;

Isokawa et al. 2010; Cachi and Wünsch 2011; Zuriaga et al.

2012). For instance, mutations leading to self-fertility can

occur in non S-locus genes involved in the signaling cas-

cade that leads to the rejection of pollen, in genes regu-

lating/modifying the expression of S-genes or affecting the

turnover of their products (see for review Good-Avila et al.

2008).

In our opinion, the first explanation is the least probable,

as it is unlikely that none of the 13 markers we mapped

represented an ortholog of the sunflower markers linked to

the proposed sunflower S-locus. An answer to the two other

explanations, however, has to await an unambiguous

identification of the sunflower S-locus (diallel analysis) and

genomic comparison of the chromosomal region control-

ling the SSI determinism in both species. This can be

envisaged once the sequencing of the sunflower genome is

completed (Kane et al. 2011) and we have realized the

positional cloning of the chicory S-locus.

Conclusion

Taken together, the results obtained in this study represent

an important step forward toward the positional cloning of

genes underlying NMS and SSI in chicory. Our results

offer already the possibility of applying MAS to these

important traits in chicory breeding programs. In addition

to providing a valuable resource for future analyses of

genes underlying these important reproductive traits, our

new data for the chicory S-locus add significantly to the

assertion that the Asteraceae possess a novel system of SSI

that is different from the well-characterized system of the

Brassicaceae (Hiscock and Tabah 2003; Allen et al. 2011).

These results therefore also indicate that, in the absence of

obvious candidates, positional cloning of the S-locus is

probably the most appropriate strategy to identify its genes

encoding the male and female determinants.
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Génétique et amélioration de la chicorée industrielle. C R Acad

Agric 80(7):47–62
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