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Abstract Cynara cardunculus includes three taxa, the
globe artichoke (subsp. scolymus L. Hegi), the cultivated
cardoon (var. altilis) and their progenitor, the wild cardoon
(var. sylvestris). Globe artichoke is an important com-
ponent of the Mediterranean rural economy, but its
improvement through breeding has been rather limited and
its genome organization remains largely unexplored. Here,
we report the isolation of 61 new microsatellite loci which
amplified a total of 208 alleles in a panel of 22 C. car-
dunculus genotypes. Of these, 51 were informative for
linkage analysis and 39 were used to increase marker
density in the available globe artichoke genetic maps.
Sequence analysis of the 22 loci associated with genes
showed that 9 are located within coding sequence, with the
repetitive domain probably being involved in DNA binding
or in protein—protein interactions. The expression of the
genes associated with 9 of the 22 microsatellite loci was
demonstrated by RT-PCR.

Introduction

Cynara cardunculus L. (Asteraceae, 2n = 2x = 34) con-
tains the three taxa: subsp. scolymus L. Hegi (the globe
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artichoke), var. altilis DC. (the cultivated cardoon) and var.
sylvestris (Lamk) Fiori (the wild cardoon). Globe artichoke
is an allogamous plant with an estimated genome size of
1,078 Mbp (Marie and Brown 1993). The immature
inflorescences (capitula or heads) provide the edible part of
the plant, and are used fresh, canned or frozen for the
preparation of a variety of dishes; its leaves have been
exploited as hepatoprotectants, and either choleretic or
diuretic agents in traditional medicine since Ancient
Roman times. In modern times, leaf extracts have been
identified as containing cellular protectants against oxida-
tive damage, HIV integrase inhibitors, and bile-expelling
and lipid-lowering agents (Gebhardt 1997, 1998; Kraft
1997; Llorach et al. 2002; McDougall et al. 1998; Wang
et al. 2003), whilst roots and seeds have been used to
extract inulin (Raccuia and Melilli 2004), with high degree
of polymerization, and oil (Maccarone et al. 1999; Raccuia
and Melilli 2007). The crop is grown across the Middle
East, North Africa, South America, China, the USA, and
particularly in the Mediterranean region, where it has
a significant impact on the rural economy. Italy is the
leading global producer (http://faostat.fao.org/). Despite its
economic, pharmacological and nutritional value, its
improvement through breeding has been rather limited,
whilst, unlike other crop species belonging to the same
botanical family (such as sunflower, lettuce and chicory),
its genome organization remains largely unexplored.

The first molecular maps of globe artichoke have only
recently been published (Lanteri et al. 2006). These were
largely based on dominant DNA fingerprinting platforms,
although a small number of microsatellite (SSR) markers
were included (Acquadro et al. 2003, 2005a, b). Although
SSRs are widely favoured as a marker platform for genetic
mapping and biodiversity studies on account of their allelic
variability, it has become clear that some can also act as
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regulatory elements (Iglesias et al. 2004; Martin et al.
2005). The 5'-untranslated region of many monocot and
dicot genes contains highly conserved (both with respect to
motif and genomic position) SSR sequences (Guo and
Moose 2003; Yang et al. 1999), and this has been taken to
imply that SSRs can also play a role in gene regulation.
The region upstream of the transcription initiation sites in
both Arabidopsis thaliana and rice genes has been shown
to be characterized by a gradient of pyrimidine-rich SSR
density (Zhang et al. 2006). SSRs also occur within exons,
and their translation products (typically G4, N, or P,) may
provide a domain for DNA binding or protein—protein
interaction. Such repetitive polypeptide stretches are
known to be involved in the activation/de-activation of
transcription (Berger et al. 2001; Gerber et al. 1994;
Kolaczkowska et al. 2002; Perutz et al. 1994; Toth et al.
2000), and allelic variants in such genic SSRs have been
implicated as the genetic determinants of a number of
human diseases (Leroy et al. 2000).

Here, we report the development of a set of globe arti-
choke SSRs, extracted from enriched genomic libraries.
We describe their informativeness for diversity analysis
and taxonomic discrimination, their genetic map location
as well as their annotation and gene ontology (GO)
categorization.

Materials and methods
Plant materials and genomic DNA isolation

DNA was extracted from young C. cardunculus leaves
following Lanteri et al. (2001). The primers developed
were applied to DNA of (a) the parents of three established
mapping populations, specifically the two diverse globe
artichoke genotypes [‘Romanesco C3’ (C3) and ‘Spinoso
di Palermo’ (Sp-9A)], one cultivated cardoon (A41) and
one wild cardoon (Creta 4) genotype; (b) four F1 individ-
uals from each of the segregating populations C3 x Sp-9A,
C3 x A41 and C3 x Creta 4; and (c) six globe artichoke
genotypes, demonstrated to be representative of Mediter-
ranean Basin germplasm (Lanteri et al. 2004). Linkage
analysis was performed on 94 C3 x Sp-9A progeny. Full
genotype details are reported in Table 1.

Enriched libraries

SSR-containing sequences were isolated from ten enriched
small-insert genomic libraries following van de Wiel et al.
(1999), with minor modifications. Alul, Rsal or Haelll
(5U) was used to digest 500 ng genomic DNA in the
presence of 50 pmol of both 5-GTTTCAGATCTG
GCTCATCGC-3' (Ada+) and 3’-ACACCAAAGTCTA
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Table 1 The 22 C. cardunculus genotypes assayed for genotypic
variation

Genotypes C. cardunculus taxa  Cluster”
Romanesco C3 (C3) scolymus A2
Spinoso di Palermo (Sp-9A) scolymus Bl
A4l altilis
Creta 4 sylvestris
Four F; genotypes from scolymus

C3 x Sp-9A
Four F, genotypes from C3 x A4l scolymus x altilis
Four F, genotypes from scolymus x sylvestris

C3 x Creta 4
Gross Camus scolymus Al
Hyerois scolymus Al
Tonda di Paestum scolymus A2
Violet de Campagne scolymus Bl
Empolese scolymus B2
Locale di Chioggia Fano scolymus B2

% Globe artichoke clusters are defined in Lanteri et al. (2004)

GACCGAGTAGCG-5' (Ada—), in a 50 pl reaction con-
taining restriction-ligation buffer (10 mM Tris—-HCl pH
7.5, 10 mM MgAc, 50 mM KAc, 5 mM DTT), | mM ATP
and 5 U T4 DNA ligase. Restriction fragments in the size
range 300-1,000 bp were selected by gel electrophoresis
extraction and purified from agarose using the NucleoSpin
Extract II kit (Macherey-Nagel). These were then amplified
using 1 pl of the restricted ligated DNA as template in a
20 ul PCR containing 50 pmol adapter primer (Ada+),
1.5 mM MgCl,, 1 mM dNTP and 1 U Taq polymerase
(Invitrogen) in the manufacturer’s buffer. The amplifica-
tion programme was 94°C/120 s, followed by 25 cycles of
94°C/30 s, 50°C/30 s and 72°C/120 s and ending with a
10-min incubation at 72°C. The size-fractioned PCR
product was denatured and hybridized to a Nylon+
(Amersham) filter carrying 1.5 pg single-stranded,
UV-bound (GT)lz, (GA)lz, (TCT)](), (TGT)g, (GAG)g,
(GTG)sg, (TGA)g, (AGT);p, (GCT)s, and (GCC); for 48 h at
37°C in 5x SSC, 50 mM Na phosphate (pH 7), 7% (w/v)
SDS and 50% (v/v) formamide. The filters were conse-
cutively washed in stepwise reducing concentrations of SSC
(1.5x, 0.5x%, 0.2x, O0x (w/v)) and 1% (w/v) SDS at 62°C.
The DNA dissolved in each wash fraction was precipitated
by an overnight incubation in 20 pg glycogen, 0.8 M LiCl
and 600 pl isopropanol and then resuspended in 0.1x TE.
This DNA was re-amplified in a 20 pl PCR, as above. Each
PCR product was ligated into pGEM-T (Promega) and
introduced into E. coli IM109 (Promega). Insert-containing
clones were bound to Hybond N+ (Amersham) mem-
branes, which were hybridized with a mixture of the
appropriate *°P end-labelled oligonucleotides to select
SSR containing clones, which were sequenced by
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Greenomics™ (Wageningen, The Netherlands). From
these sequences, primer pairs were designed by Primer
3.0 (Rozen and Skaletsky 2000), http://frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi), adopting default
parameter settings. A tailing primer strategy was used, as
described by Oetting et al. (1995). The newly developed
SSR markers were identified by a number, prefixed
by CELMS (Cynara Enriched Library MicroSatellite)
(Table 2).

SSR genotyping

The SSRs were tested for their informativeness on the 22
genotypes reported in Table 1. PCRs were performed and
the resulting products analysed as reported by Acquadro
et al. (2005b). Briefly, amplification products were mixed
with 5-50 pl of formamide dye, denatured and quenched,
and then electrophoresed on a DNA analyser Gene ReadIR
4200 (LI-COR). The PCR products were scored as band
presence (1) and absence (0), thus generating a binary data
matrix. From this, the polymorphic information content
(PIC) was calculated for each locus as described by
Anderson et al. (1993) using Microsoft Office Excel
software.

Linkage analysis

The segregation of alleles for those SSR markers infor-
mative between C3 and Sp-9A was followed in the
C3 x Sp-9A population developed by Lanteri et al.
(2006). Separate linkage maps were constructed for each
parent using the double pseudo-testcross mapping strategy
(Weeden 1994), incorporating previously scored geno-
typic data. Markers were separated into three types:
maternal testcross markers, segregating only in C3
(expected segregation ratio 1:1); paternal testcross mark-
ers, segregating only in Sp-9A (1:1); and intercross
markers, segregating within both parents (either 1:2:1 or
1:1:1:1). The goodness-of-fit between observed and
expected segregation data was tested by %% and only
markers fitting or deviating slightly from expectation
(o1 <1*<12_oo1) were used for map construction,
using JoinMap v2.0 (Stam and Van Ooijen 1995). For
both maps, linkage groups (LGs) were accepted on the
basis of a LOD threshold of >4.0. To determine marker
order within a LG, the parameter settings were Rec =
0.40, LOD = 1.0, Jump = 5. Map distances were con-
verted to centiMorgans (cM) using the Kosambi mapping
function (Kosambi 1944). Linkage maps were drawn
using MapChart v2.1 (Voorrips 2002). A method-of-
moments type estimator (Hulbert et al. 1988), as proposed
in ‘method 3’ by Chakravarti et al. (1991), was used to
estimate the genome length (G) of each parent.

Sequence annotation

Sequences were analysed with the BlastX or BlastN algo-
rithm (Altschul et al. 1997). The non-default BlastX
parameters applied were as follows: database = reference
proteins; organism = Viridiplantae; max target sequen-
ces = 50; matrix = BLOSUMG62; filter = low complexity
regions. No threshold was set. The BlastN parameters
applied were as follows: database = reference mRNA
sequences; organism = Viridiplantae; optimize for =
highly similar sequences (“MegaBlast”); filter = low
complexity, species-specific repeats for Arabidopsis. The
target database contained all the available Viridiplantae
sequences (3,592,723 entries for BlastX, 32,825,875 for
MegaBlast, March 2008). MegaBlast analyses covering six
Asteraceae genera (Lactuca, Helianthus, Chicorium,
Taraxacum, Centaurea, Carthamus) were executed using
the same parameters, with a threshold of 1.0¢7%. In some
cases, local alignment hits with an e value below the
threshold were considered, where their annotation was
interpretable. A second annotation was performed with the
Blast search tool of AmiGO (http://amigo.geneontology.
org/cgi-bin/gost/gost.cgi) using default parameter settings.
GO annotation terms were reported for each CELMS locus
(Table 3), considering the biological process (P), the cel-
lular component (C) and molecular function (F). The gene
structure prediction system Gene Builder (http://125.
itba.mi.cnr.it/%7Ewebgene/genebuilder.html) was used to
confirm the presence of significant (>45 residues) open
reading frames (ORFs), using parameters derived from
A. thaliana. The CELMS loci which did not align with any
GenBank entry were analysed using CENSOR (Jurka et al.
1996), applied in genome projects to identify and mask
repetitive elements. Loci which contained an SSR motif
within an ORF were designated as coding SSRs.

Experimental confirmation of expressed SSRs

The transcription of each CELMS locus was assayed by
RT-PCR. Total RNA was extracted from 8-week-old
leaves of Sp-9A using the NucleoSpin RNA plant extrac-
tion kit (Macherey-Nagel), and 2 pg of this RNA was
denatured at 70°C for 5 min and then reverse transcribed
at 42°C for 1 h in a 20 pl reaction containing 100 U
M-MuLV reverse transcriptase (Fermentas), 0.5 mM dNTP
and 0.8 pg dT,s in the buffer supplied by the manufacturer;
5 pl of a 1:10 dilution of this reaction was provided as
template for a 20 pl PCR containing 10 pmol of each
CELMS primer (Table 2), 1.5 mM MgCl,, 0.2 mM dNTP,
1 U GoTaq (Promega) in the buffer supplied by the
manufacturer. The cycling conditions consisted of a
denaturation of 94°C/60 s, followed by 27 cycles of 94°C/
30 s, 55°C/30 s and 72°C/60 s, terminated with a 10-min
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Component
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Process (P)

Function (F)

function

e value" Algorithm Putative

Identity
(DNA)

Similarity
(protein)

dbEST,
Asteraceae

Stretch

SSR
position

CR

RT-
P

ORF

Table 3 continued

Locus

@ Springer

LTR Retrotransposon

Censor

90%

Copia40-PTR_I

CELMS-40

like

DNA integration

Nucleic acid/zinc ion

Oryza sativa Copia

BlastX

—10

le

NP_001061216 NM_001067751

CELMS-41

binding

protein
SRZ-22 (serine/

DNA integration/

Nucleic acid/zinc ion

BlastX

26402

NM_119307.3

NP_194886

CELMS-54

RNA splicing

binding

arginine-rich 22)

PDR-like ABC

DNA integration/

Nucleic acid/zinc ion

BlastX

5¢7%

NP_001043197 NM_001049732.1

CELMS-55

viral reprod.

binding

transporter (PDR3
ABC transporter)

MuDr like DNA

Censor

SHAMUDRAV_MT 70%

CELMS-56

transposon

% When the CENSOR algorithm was used, a similarity value is reported

" The ORF found is less than 45 amino acids but is present at the end of the CELMS locus

incubation at 72°C. Control reactions were derived from
template produced in the absence of reverse transcriptase.
In some cases, primers had to be re-designed (Table 4).
RT-PCR products were separated by agarose gel electro-
phoresis and visualized by EtBr staining.

Results

SSR development and evaluation of marker
polymorphism

A total of 279 positive clones were selected, producing 179
unique sequences. Of these, 99 were amenable to primer
design, the remaining 80 were discarded because they
either contained very little flanking sequence or the
sequences were refractory to primer design. In all, 61
primer pairs (Table 2) reproducibly amplified a product,
which consisted of two alleles per template; the remainder
amplified poorly, or generated complex profiles. The
recovery efficiency was thus 22% (61 out of 279).

Of the 61 CELMS loci, 51 were informative in one of
the mapping populations; specifically 39 in C3 and Sp-9A,
43 in C3 and A41, and 50 in C3 and Creta 4. The germ-
plasm panel showed variation at 49 loci (Fig. 1a), allowing
for the identification of 208 alleles (2—7 alleles per locus,
mean 3.8). The PIC values varied from 0.23 to 0.77 (mean
0.52 £ 0.02); CELMS-05 had the highest PIC, and
CELMS-18 the lowest. Each genotype was uniquely dis-
tinguished by its combined SSR profile.

Linkage analysis

Of the 39 informative loci between C3 and Sp-9A, 12
segregated only within the female parent C3, 6 only within
the male parent Sp-9A, and 21 (15 as 1:1:1:1 and 6 as
1:2:1) within both (Fig. 1b). Four loci suffered from mild
segregation distortion, but only CELMS-33 showed a
severely distorted segregation and was, therefore, excluded
from the mapping exercise. Markers which segregated with
only a minor deviation from the expected ratio are iden-
tified with one (73_o, <1* < Z3_005) OF tWo (15_os5 <1’
<y2_y0;) asterisks in Fig. 2. In all, 29 SSR loci were
placed on the C3 map, distributed across 11 of the 18 major
(containing a minimum of four markers) LGs described by
Lanteri et al. (2006). Seven mapped to LG1. CELM-60
was linked to a previously orphan AFLP marker, thus
generating a new LG (LG19, Fig. 2). On the Sp-9A map,
25 loci were placed on 11 of the 17 major LGs, including 6
on LG1; 2 loci allowed the definition of new LGs (LG18
and LG19, Fig. 2). One intercross (CELMS-23) and two
female-testcross (CELMS-25 and CELMS-45) loci
remained unlinked.
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Table 4 Sequence of RT-PCR primers targeted to ORF sequences

Locus Primer sequence (5'-3')*
Forward Reverse
CELMS-03 ATGGATGGTAACGTTGATATAGAATG CTCGTAATCAAGAGATTCGATTGG
CELMS-04 AATGGACAGATGACGGTGGT AGTCACCAGCAGCAGGCATA
CELMS-06 TCCTAATCAGGTGGCTGGAC CTTTGCCTCTTGGCAAACTC
CELMS-15 TGGGGATCTTCGTGGTAATC
CELMS-18 AACCAAACAAACCAACTTGTGA
CELMS-20 CAACAGCTCATGTTGCAG
CELMS-33 TCACAACAAAAATCGCCTCA GACGACGTCGGTTCTTTCAT
CELMS-37 TCAAACGCAAAGTGAAATCG
CELMS-48 AGAATGCGAAGGCGTCAAC TGACTTCAACCATGGTATCTTTG
CELMS-52 CCGCTCAAGAGCAAAAGAGA AATTTGCTGCACAGCTGGAT
CELMS-57 GCAGATGCGACCTCTGGT ATTCGTTTTGACACCCCAAC
CELMS-60 GGTGGGTATGGAAAGAAGACA GAAGAACGCGTGTGTTTCAC
% When the primer is omitted, the original primer as reported in Table 2 has been used
Fig. 1 a CELMS-14 profile of c g =
the germplasm panel; b S S, 8L 4 e S G 8 g §
segregation patterns for three A s £ <=2 s 5 5 5 g S % N = = é g8 S
CELMS loci amongst progeny « £ &> & e & £ 2 < 2 <3 g 58885 8 233 s
: SRR N RN
of the cross C3 > Sp-9A 2500088 35CCC0CCEEC00CEEEEEE
R— — — — = = = wy ==
CELMS-14 |mw = = o - -
3
B & 8 F1 progeny MW
g = e, edel by g 4 P00 35 B gy BE L TR G - B L N ERTII
CELMS-IS e - - e —— - e -,-—- - — —325bp
B e B N - & e e e = ——325bp
CELMS-19 | =~ ==—=——==—-—= P ENSNTEEN T el ERt e e R TN s00bp
—325bp
CELMS37 |=-%¥e="s-teeeeel®aTlo7200 20l v ceeaaa, .-_:__mhn

As a result of the integration of the SSR loci, the 19
maternal LGs now comprise 239 markers, spanning
1,373.0 cM with a mean inter-marker distance of 5.7 cM,
and cover 53.2% of the estimated G. Similarly, the 19
paternal LGs comprise 212 markers, spanning 1,294.9 cM
(54.3% of G) with a mean inter-marker distance of
6.1 cM. The maternal and paternal maps share all 19
mapped SSR intercross markers, allowing for the defini-
tion of homologous LGs. In summary, 35 SSR loci were
added to the genetic map, covering 12 of the 16 homol-
ogous LGs in addition to three non-aligned groups
(Fig. 2).

Sequence analysis and annotation

The annotation pipeline resulted in 39 non-genic CELMS
loci and 22 genic CELMS loci that contained at least one
OREF (Table 3). Of the 39 non-genic loci, 15 were related to
transposon-like elements, and 24 showed no similarity to
any existing sequence. Of the 22 which shared sequence
homology with database entries, 5 matched a transcription
factor, 5 a transport protein, 4 a gene encoding a specific
enzyme, 4 a protein involved in the signal transduction
cascade, 3 a protein involved in the DNA repair processes
and 1 in chromatin assembly (Fig. 3a; Table 3). Nine of the

@ Springer



1582

Theor Appl Genet (2009) 118:1573-1587

genes contained a protein—protein interaction domain
associated with protein/DNA binding. The majority pos-
sess polyglutamine/asparagine, or polyproline tracts,
known to be involved in protein—protein interactions
(Berger et al. 2001). MegaBlast analysis within the
Asteraceae produced nine high e value hits in which the
CELMS sequence aligned with an EST (http://cgpdb.
ucdavis.edu/database/Database_Description.html; Table 3).
In 12 loci, the repeat motif was present within an ORF. Of
these, CELMS-18, CELMS-20 and CELMS-48 had con-
served polyglutamine stretches, matching, respectively,
auxin response factor 16 (ARF-16), a transcriptional
co-repressor (LUG, Fig. 3b) and phytochrome 1 (PFT1).
CELMS-33 and CELMS-37 carried polyproline stretches,
matching, respectively, the cytosolic factor family protein
14 (SEC14) and a leucine-rich repeat-like protein.
CELMS-38 had a polyhistidine stretch, homologous to a
WRKY DNA binding protein (Table 3).

In the ten remaining CELMS, the SSR motifs were
located either up- or downstream of the ORFs, or within an
intron. Only 4 loci, out of the 22 genic CELMS, showed
evidence of transcriptional activity in leaf tissue (CELMS-5,
-38, -47, -49), but when new primer pairs were designed
targeted to the coding sequence (Table 4), a further 5 such
loci (CELMS-18, -20, -37, -48, -52) were identified.

Discussion

SSR development and evaluation of marker
polymorphism

Until March 2008, only 173 Cynara spp. DNA sequences
were present in the GenBank database; these included 32
SSR-containing sequences previously developed (Acquadro
et al. 2003, 2005a, b) of which 12 were mapped in the
globe artichoke genetic map (Lanteri et al. 2006). The main
objective of the present work was to develop additional
informative SSR markers from enriched genomic libraries
to improve the genetic maps of C. cardunculus. At the
same time, their usefulness for genotype identification and
phylogenetic studies was assessed.

In conventional methods for SSR isolation from geno-
mic libraries, the efficiency of recovery is rather low,
varying from 0.045 to 12% (Zane et al. 2002). The nec-
essary procedures tend to be time and labour intensive, and
thus costly. As a result, a number of library enrichment
methods have been proposed (Acquadro et al. 2005b;
Squirrell et al. 2003). Oligo hybridization capture tech-
niques, based on either probe immobilization on filters or
on streptavidin-coated magnetic beads, improve the
recovery rate of SSR-containing sequences to 20-90%
across a variety of taxa (Zane et al. 2002). The enrichment

@ Springer

Fig. 2 Genetic maps of C3 (female parent of mapping population,
white LGs on the left) and Sp-9A (male parent, grey LGs on the
right). The 35 mapped SSR loci are shaded light grey. Intercross
markers are shown in italics and in bold; aligned LGs are presented
side-by-side. LG-7, -12, -13, -15, and -17 are not reported since they
are not covered by CELMS markers. Markers showing significant
levels of segregation distortion are indicated by asterisks
(0.1 > *P > 0.05, 0.05 > **P > 0.01)

protocol used here was based on the targeting of ten
repetitive di- or trinucleotide motifs known to occur fre-
quently in the coding regions of plant genomes (Morgante
et al. 2002). A surprisingly high level of redundancy was
encountered, resulting in the loss of 100 out of the original
279 positive clones. Duplication of clones was assumed to
have occurred during the enrichment phase, and may be
associated with the two-step PCR procedure, each com-
prising 25 cycles. Our subsequent experience has indicated
that 15-20 cycles per PCR does reduce the extent of clone
redundancy.

The informativeness of the CELMS SSRs was compa-
rable with what has been demonstrated for an earlier set of
both globe artichoke (Acquadro et al. 2005b), sunflower
(Tang et al. 2003; Paniego et al. 2002) and lettuce (van de
Wiel et al. 1999) SSRs. Furthermore, the application of
three CELMS (-9, -14, -40) markers for addressing the
pattern of genetic diversity of a collection of Sicilian globe
artichoke landraces from small-holdings made it possible
to gather information on the evolution and domestication of
the species (Mauro et al. 2009).

Linkage analysis and marker distribution

About 10% of the SSR loci suffered from segregation
distortion, consistent with the level found for the markers
used by Lanteri et al. (2006) to construct the first globe
artichoke genetic maps. Segregation distortion has been
associated with statistical bias or errors in genotyping and
scoring, but stems mainly from a number of biological
phenomena affect meiosis, fertilization and embryogenesis
(Bradshaw and Stettler 1994). The presence of null alleles,
which is not uncommon in the context of SSR loci (due to
failure of one or both primers to anneal), can also con-
tribute to apparent skewing, as homozygotes become
indistinguishable from non-null allele containing hetero-
zygotes (Pekkinen et al. 2005). In the present work, we
have chosen to include markers deviating at 1% level and
above; although the inclusion of distorted loci into the map
increases the chance of type I errors of false linkage, these
loci can be useful in increasing our knowledge on specific
regions of the genome. The newly developed SSR set has
increased the number of mapped SSRs from 10 to 39 in the
C3 map, and from 8 to 34 in the Sp-9A map. The number
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Fig. 3 a Gene ontology of A
CELMS loci; b the relationship
between a CELMS sequence
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of intercross SSRs, which serves as bridge markers
between the two maps, was increased from 7 to 26,
resulting in the identification of 12 homologous and 3 non-
aligned LGs covered by 1-7 SSR markers.

The new female map spanned 1,373.0 cM with a mean
inter-marker distance of 5.7 cM, representing only a 3%
increase in the total length of the map, but a ~12%
decrease in the mean inter-marker distance. Similarly, the
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male map was increased by ~5% in length, with a ~12%
decrease in the mean inter-marker distance.

Since the CELMS markers appear to be well distributed
along the LGs, it is likely that SSR loci are dispersed
throughout the globe artichoke genome. Some clustering of
SSRs has been observed around the putative centromeric
region of LGI, -2, -3 and -10, a pattern which is not
unusual (Arens et al. 1995; Bhattramakki et al. 2000; Gill
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et al. 2006; Jones et al. 2002; McCouch et al. 2002;
Ramsay et al. 2000). The addition of new markers has
allowed the filling of some of the gaps in the base maps,
especially on LGs 4, 8 and 14; and the addition of a second
bridge marker to LG9. However, the distal region of LG13
remains sparsely populated, and the gaps in LG6, -14 and
-15 remain unfilled. Increasing marker density and the
addition of genes underlying phenotypic traits to a map
require the creation of mapping populations from parents
which segregate for the latter, but retain common sets of
markers (Hayes et al. 1996; Weeden et al. 2000). Examples
of such consensus maps have been reported for several
crops (Ellis et al. 1992; Kleinhofs et al. 1993; Tanksley
et al. 1992). Markers in common across populations can
serve as anchors to locate important genes to a particular
LG, thereby allowing the location of genes underlying
phenotype even in populations where these do not segre-
gate. We are currently constructing genetic maps based on
crosses between Romanesco C3 and cultivated or wild
cardoon, which are genotypically/phenotypically highly
divergent to facilitate comparative QTL mapping. A high
proportion (49 out of the 61) of the CELMS markers was
suitable for mapping in multiple populations, and thus
represents a set of robust and informative anchor points in
C. cardunculus populations.

By blasting all the CELMS loci against the Asteraceae
dbESTs, we found nine hits, putative orthologues loci from
lettuce, sunflower and chicory. Four of them (CELMS-5,
-16, -52 in LG1 and CELMS-48 in LG2) were placed on the
globe artichoke linkage maps and might be used as anchor
markers for map alignment within the Asteraceae family.

Sequence annotation

We have annotated the CELMS loci in an attempt to
convert anonymous markers to those associated with spe-
cific biological functions. The sequence of the SSR loci
provides a handle on putative function, provided that it
shares homology with already characterized orthologous
sequences. This approach led to the assigning of putative
function to about one-third of the CELMS sequences. Most
of these (20 out of 22) were amongst the trinucleotidic
motif sequences; the two dinucleotidic types (CELMS-05
and CELMS-60) were both “coding SSRs” carrying GA,/
CT,, as stretches of glutamate—arginine or serine—leucine.
The dominance of trinucleotidic motifs in genic SSRs has
been reported in both A. thaliana and soybean (Morgante
et al. 2002).

The sequences of CELMS-18, -20, -33, -37, -38, -47,
-48 are likely to be orthologues of genes with known
function, as they both show a high level of sequence
similarity and retain the SSR sequence in the equivalent
position. In CELMS-18 and -20, the orthologous sequences

are conserved in the flanking regions, but not in the SSR
itself (CAA in globe artichoke and CAG in A. thaliana), a
pattern which has been previously noted in comparisons
between rice and A. thaliana (Zhang et al. 2000).

As previously performed in the Solanaceaec (Wu et al.
2006, 2009), Fabaceae (Phan et al. 2007; Hougaard et al.
2008; Ellwood et al. 2008) and Asteraceae (Chapman et al.
2007) families, a COS marker approach may represent an
effective mean for generating molecular markers. Our
comparative analysis amongst the Asteraceae species
showed similarity values up to 100% between sequences
from globe artichoke and those from the yellow starthistle
(Centaurea solstitialis) or safflower (Carthamus tinctori-
us); accordingly, an exploration of the Asteraceae dbEST
seems very promising for new microsatellite markers
mining as well as for synteny studies.

Conclusions

We have developed, annotated and mapped a set of 61
new genomic globe artichoke SSR markers, with the aim
to extend the limited number of co-dominant markers
currently available; these markers represent valuable tools
for genetic analysis of the species. The new SSRs were
uniformly distributed in the already developed globe
artichoke maps, thus improving their coverage and con-
tributing in future alignment of the new maps under
development.
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