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Abstract A set of 24 microsatellite markers was
identified in the artichoke genome, using various
approaches. A genomic library allowed the develop-
ment of 14 SSR markers, whereas the other 10 were
obtained from gene intron/UTR regions or from other
species. Allelic variation was scored in C. cardunculus
(artichoke, cultivated cardoon, and wild cardoon)
samples, and in other wild Cynara allies. For the 23
polymorphic loci, a total of 165 alleles were scored,
135 of which in the artichoke primary genepool, and
the remaining ones in the other Cynara species. Some
allele combinations were able to identify artichoke
varietal types, and some alleles were unique to specific
groups. This makes these markers potentially useful in
product traceability and in contributing to the satura-
tion of genetic maps. The percentage of shared alleles
between C. cardunculus taxonomic groups, and Nei’s
genetic distances indicated that wild cardoons from the
Eastern Mediterranean were more closely related to
artichoke and less to cultivated cardoon in comparison
to wild cardoons from the Western Mediterranean, and
the genetic distance between the two wild cardoon
genepools was rather high. The UPGMA dendrogram
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based on Nei’s genetic distances revealed that arti-
chokes formed a fairly defined cluster, whereas Eastern
wild cardoons occupied another branch, and Western
wild cardoons were clustered together with cultivated
cardoons. The transferability of microsatellite markers
to other Cynara wild species was quite good. Sequenc-
ing alleles at three loci showed that, apart from
microsatellite length variation, point mutations and
insertion/deletions were quite abundant especially
when comparing C. cardunculus to the other Cynara
species. In the sequenced regions, some SNPs were
identified which distinguished artichoke on one side,
and cultivated and wild cardoon on the other, while
other SNPs were apportioned according to the geo-
graphic distribution of Cynara wild species.
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Introduction

Globe artichoke (Cynara cardunculus var. sativa
Moris, syn. C. cardunculus L. var. scolymus (L.)
Fiori) is a diploid (2n = 2x = 34) outcrossing spe-
cies, originating in the Mediterranean Basin and
mostly cultivated for its edible immature flower
heads. It is a polyannual crop, mainly based on
vegetative reproduction by means of offshoots, even
though in the latest years seed reproduced artichokes
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are gaining growing attention (Basnizki and Zohary
1994; Lopez Anido et al. 1998; Calabrese and Bianco
2000). Its cultivation is largely diffused in Europe,
where Italy represents the main producer, and to a
lesser extent in other Mediterranean countries (Egypt,
Tunisia, Morocco, Turkey, Israel), in South America,
in California, and more recently also in China
(Bianco 2005; FAO http://faostat.fao.org/).

The species C. cardunculus also includes another
crop, the cultivated leafy cardoon (C. cardunculus L.
var. Cardunculus, syn. var. altilis DC.), used for its large
and fleshy leaf stalks and midrips, and a wild entity, the
wild cardoon (C. cardunculus L. var. sylvestris Lam.),
the presumed wild progenitor of the two crops (Zohary
and Basnizki 1975; Foury 1989; Wiklund 1992;
Rottenberg and Zohary 1996; Rottenberg et al. 1996;
Sonnante et al. 2007a, b). These three taxa are fully
interfertile (Basnizki and Zohary 1994; Rottenberg and
Zohary 1996, 2005), and therefore cultivated and wild
cardoons belong to the primary genepool of artichoke.
Recent studies have suggested that a high level of
differentiation is present in the wild cardoon genepool,
and that samples from the Western Mediterranean range
more closely resemble the cultivated cardoon than the
wild samples from the Eastern Mediterranean one
(Wiklund 1992; Sonnante et al. 2007a, b).

Four main morpho-agronomic groups have been
identified in artichoke: the spiny early types (‘Spinosi’),
the violet late types (‘Violetti’), the small headed early
types (‘Catanesi’) and the large headed late types
(‘Romaneschi’) (Porceddu et al. 1976). Apart from
these major varietal groups, many landraces are grown,
some of which not falling into the main classification.
This occurrence is especially frequent in Italy, possibly
because this is the place where artichoke domestication
was first attempted (Pignone and Sonnante 2004;
Sonnante et al. 2007a, b). Italy therefore represents the
largest reservoir of artichoke germplasm and rare types
(Porceddu et al. 1976; Elia and Miccolis 1996; Ham-
mer et al. 1999; Sonnante et al. 2004a, b).

No intensive breeding programs have been carried
out for artichoke, in contrast to what done for other
horticultural crops. The only real novelty in this sense
is the establishment of few seed propagated hybrid
lines (Basnizki and Zohary 1994). For this reason, a
better knowledge of artichoke genetics becomes
mandatory in order to plan new strategies for
breeding this crop. As a consequence, there has been
a growing interest in artichoke genetics, as testified
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by the increasing number of scientific publications
produced in this field in the latest years (Sonnante
et al. 2007b, and references therein).

Microsatellites, also known as simple sequence
repeats (SSRs), are a class of codominant molecular
markers constituted by tandem repeats of a short
(1-6 bp) core sequence. They are considered one of the
most useful classes of markers in plant breeding, widely
exploited for cultivar fingerprinting, germplasm charac-
terization, and genome mapping (Roder et al. 1998; Jain
et al. 2004; This et al. 2004; Viruel et al. 2005; Lacape
et al. 2007). Moreover, SSR transferability across related
species makes these markers very powerful for compar-
ative genetic studies and also for the understanding of
SSR evolution (Kahru et al. 2000; Matsuoka et al. 2002;
Robhrer et al. 2004; Sethy et al. 2006).

So far, few microsatellite sequences have been
isolated from artichoke, and only 12 of them were
informative in an artichoke map based upon a
pseudo-testcross approach (Lanteri et al. 2006, and
references therein); in this strategy, codominant
markers are particularly useful for bridging between
intraparental maps (Grattapaglia and Sederoff 1994).
For the above reasons, the development of new SSR
loci is of great importance.

The objectives of the present study were to develop
new microsatellites from artichoke, using various
approaches, to characterize them within the species
C. cardunculus, to verify their possible applicability to
variety identification, to estimate the distribution of
genetic diversity, and to assess genetic relationships
within the artichoke primary genepool. Moreover, we
evaluated the feasibility of transferring the detected
microsatellites to other species of the genus Cynara.

Material and methods
Plant material and DNA extraction

The plant material analysed included 29 artichoke
varieties or landraces, 6 samples of cultivated cardoons,
10 wild cardoon accessions, 6 samples representing 4
wild Cynara species, namely C. baetica (Spreng.) Pau,
C. cornigera Lindley, C. humilis L., and C. syriaca
Boiss (Table 1). In the text, when referring to wild
material we used the terms ‘wild cardoons’ for C.
cardunculus var. sylvestris, and ‘wild Cynara species’
for all the wild species not belonging to C. cardunculus.
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Portions of young leaves were collected, frozen
in liquid N, and stored at —80°C; DNA was extracted
from this tissue according to Sonnante et al. (2002).
A high amount of DNA was obtained by using 5 g
of frozen leaves of the variety ‘Mola’ for library
construction.

Microsatellite isolation

Various approaches were used to identify new SSR
markers in artichoke, one of which was based on the
use of a genomic library.

Library approach. Genomic DNA from the variety
‘Mola’ was partially digested with the enzyme Sau3Al
and subjected to a continuous sucrose gradient. DNA
fragments of approximately 4/6 kb long were identi-
fied and ligated into the BamHI site of the ZAP Express
vector and packaged according to manifacturer’s
instruction kit (Stratagene, La Jolla, CA). Approxi-
mately 1,000 plaques were plated, and filters of the
library were lifted, processed, and fixed by standard
methods (Sambrook and Russell 2001). Two replica
filters were prepared and hybridized with digoxigenin
labelled sinthetic oligonucleotides (GATA), and
(CAT)g, respectively (Roche Diagnostic, Milan, Italy).
Hybridization of the filters was carried out at 5° below
the oligo-Tm. After hybridization, filters were washed
twice at room temperature in 2x SSC (0.3 M NaCl,
0.03 M sodium citrate), 0.1% SDS for 5 min, and
twice at the hybridization temperature with 0.5x SSC,
0.1% SDS for 20 min. Signal detection was performed
according to the DIG chemiluminescent detection
protocol (Roche Diagnostic). Putative positive clones
were subjected to three rounds of screening, and the
resulting phagemids excised by using ExAssist helper
phage (Sambrook and Russell 2001). Plasmid DNA
was isolated from the correspondent pBK-CMV
recombinant clones using the QIA Miniprep kit
(Qiagen, Milan, Italy). Sequencing of the inserts was
performed using an automated sequencer (CEQ 8800,
Beckman Coulter, Fullerton, USA).

Other approaches. Additional SSR sequences
were obtained from other sources: (i) SSR repeats
were detected in a pal gene isolated from artichoke
(De Paolis et al. 2008); (ii) primers amplifying SSR,
isolated from Cirsium acaule (L.) Scop. (Jump et al.
2002), were tested in artichoke; (iii) one more SSR
sequence was detected in the artichoke 1-SST gene
(EMBL accession N. Y09662); (iv) three additional

SSR sequences were detected in artichoke ESTSs
isolated at the Institute of Plant Genetics, Bari.

Primer design, PCR reactions and detection
of amplified fragments

Obtained sequences were searched for microsatellite
repeats using the programme Sputnik (http://cbi.labri.
fr/outils/Pise/sputnik.html). Primers for SSR amplifi-
cation were designed on the flanking regions of
microsatellite repeats using Primer3 (http://frodo.wi.
mit.edu/cgi-bin/primer3/primer3.cgi) or PrimerQuest
(http://eu.idtdna.com/Scitools/Applications/Primer
quest) programmes, so that amplification products
were in the range of 140—420 bp. For each pair, the
forward or reverse primer was labeled at its 5’ end
using a fluorescent dye. Labelled primers were syn-
thesized by Sigma-Proligo (Milan, Italy), or Merigen®
Research (Naples, Italy).

Polymerase chain reactions were performed in a
25 pl final volume containing 25 ng DNA, 5 pM of
forward and reverse primer, 1.5 mM MgCl,, 0.2 mM
of each dNTP and 1 U of Taq DNA polymerase
(AmpliTag Gold™, Applied Biosystem for touch-
down PCRs; JumpStart Taq, Sigma-Aldrich for the
remaining reactions) in the manufacturer supplied
buffer. All PCR reactions were performed in a 9700
Thermal Cycler (Applied Biosystems). Hot start was
carried out using the following profile: 94°C for
10 min, followed by 2 long cycles (1 min at 94°C,
1 min at optimal annealing temperature—AT,
Table 2—and 1 min at 72°C), then by 33 cycles
(30 s at 94°C, 30 s at AT, and 45 s at 72°C), and
ending with 30 min extension at 72°C. In some cases,
a touchdown PCR protocol was used: 94°C for
10 min, followed by 10 cycles of 30 s at 94°C, 30 s
at AT (decreasing of 0.5°C every cycle from initial to
final value), and 45 s at 72°C, then 25 cycles of 30 s
at 94°C, 30 s at final AT and 45 s at 72°C, with
30 min final extension at 72°C.

Capillary electrophoresis and detection of PCR
products were carried out on an automated fragment
analyzer CEQ 8800 (Beckman Coulter).

Cloning and sequencing of length variants
Some allele variants at three different loci were

sequenced. Amplificates were purified using the
Qiaquick PCR purification kit (Qiagen), cloned in
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Table 1 List of the material analysed

No. Code Variety/ecotype/species Origin
1 AR-CAT Catanese Italy

2 AR-CAT Mola 1 Ttaly

3 AR-CAT Mola 2 Italy

4 AR-CAT Masedu Italy

5 AR-CAT Violetto di Provenza Italy

6 AR-CAT Banfsigi Egypt
7 AR-CAT Baladi Egypt
8 AR-VIO Precoce Violetto di Chioggia Italy

9 AR-VIO Moretto Italy
10 AR-VIO Violetto di Toscana Italy
11 AR-VIO Violetto di Maremma Italy
12 AR-SPI Spinoso Violetto di Liguria Italy
13 AR-SPI Spinoso Sardo Italy
14 AR-SPI Spinoso di Palermo Italy
15 AR-SPI Spinoso Sciacca Italy
16 AR-ROM Romanesco Italy
17 AR-ROM Tondo di Paestum Italy
18 AR-ROM Mazzaferrata Italy

19 AR-ROM Centofoglie Italy
20 AR-ROMI Bayrampasa Turkey
21 AR-ROMI Macau Italy
22 AR-ROMI Nato Argentina
23 AR-ROMI Green Globe California (USA)
24 AR-OUT Tudela Spain
25 AR-OUT Verde di Pesaro Italy
26 AR-OUT Sakiz Turkey
27 AR-OUT Testa di Ferro Italy
28 AR-OUT Verde di Putignano Italy
29 AR-OUT Bianco Tarantino Italy
30 CC Bianco Avorio Italy
31 CC Minerbio Italy
32 CC Gigante di Romagna Italy
33 CC Blanco Peralta Spain
34 CC Verde Peralta Spain
35 CC Tafalla Spain
36 wC Agrigento Italy
37 wC Calopezzati Italy
38 wC Gannano Italy
39 wC Porto Cesareo Italy
40 wC Tolfa Italy
41 wC Oristano Italy
42 wC V311A Spain
43 wC Corfu Greece
44 wC Girona Spain
45 wC Lleida Avellanet Spain
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Table 1 continued

No. Code Variety/ecotype/species Origin

46 Spp C. syriaca 1 Israel, Mount Tabor
47 Spp C. syriaca 2 Israel, Tivon

48 Spp C. humilis 1 (CYN 11/94) Spain

49 Spp C. humilis 2 (GR63) Portugal

50 Spp C. baetica Spain

51 Spp C. cornigera Egypt

AR, artichoke; CC, cultivated cardoon; WC, wild cardoon; Spp, other Cynara species. Within artichoke, CAT, ‘Catanesi’; VIO,
‘Violetti’; SPI, ‘Spinosi’; ROM, ‘Romaneschi’; ROMI, ‘Romaneschi’ like; OUT, not falling in any morpho-agronomic group.
Variety refers to crops; ecotype to wild cardoons; species to the other Cynara species. Samples were from CNR-Institute of Plant
Genetics collection, except for No. 33-35 (Dr. Macua, ITGA, Tudela, Spain); 44, 45, 50, 51 (Dr. Vilatersana, CSIC, Barcelona,
Spain); 46—47 (Prof. Lev-Yadun, University of Haifa, Israel); 48, (IPK, Gatersleben, Germany), and 49 (Botanic garden, Barcelona,

Spain)

TOPO TA cloning vector (Invitrogen, San Giuliano
Milanese, Italy) and more than one clone per sample
was sequenced using the CEQ 8800 sequencer
(Beckman Coulter) with the appropriate programme
for clone sequencing. Subsequently, sequences were
aligned using the program CLUSTAL W available on
line (http://www.ebi.ac.uk/clustalw/).

Data analysis

The resulting electropherograms were analyzed using
the software Genetic Analysis System v. 9.0 (Beck-
man Coulter) and manually checked. Observed (Ho)
and Nei’s (1978) expected (He) heterozygosity, and
Shannon’s Information index (I, Lewontin 1972)
were calculated only for the C. cardunculus samples
using the software POPGENE 1.31 (Yeh et al. 1997).
Pairwise genetic distances (Nei 1972) were calculated
by means of the same software using groupings
related to taxonomy (Wiklund 1992) or to the morph-
groups following Porceddu et al. (1976). The pair-
wise genetic distance matrix was used to generate a
UPGMA dendrogram.

Results

Microsatellite identification, amplification,
and detection

The artichoke microsatellite regions here presented
(Table 2) were identified using various approaches.

An artichoke genomic library was used to identify
microsatellite containing fragments. Screening of
about 1,000 plaques with the (CAT)g probe brought
to the identification of 6 positive plaques, two of which,
showing a very strong signal were further processed to
obtain isolated plaques. Southern blot analysis of these
two clones digested with different restriction enzymes
and hybridised with (CAT)g probe (data not shown)
identified a single strong signal on an Rsal fragment of
about 1,200 bp for the first clone, and an Apal fragment
of about 7 kb for the second one. Similarly, by using
(GATA), as a probe other positive signals were
recorded and two of them further processed to get
isolated plaques. These two clones were sequenced and
revealed to contain inserts of about 1,200 bp and about
1,500 bp, respectively. All the obtained sequences
were analysed for microsatellite repeats. This approach
allowed the identification of 14 microsatellite regions
(CsLib01-CsLib14 loci).

Other 10 SSRs were obtained from different
approaches. Within the sequence of an artichoke gene
coding for phenylalanine ammonia-lyase (CSpal3, De
Paolis et al. 2008), four microsatellites were detected,
two of which in the intron (CsPal01 and CsPal02 loci),
and two in the 5" UTR region (CsPal03 and CsPal04
loci). Three additional SSRs were identified in RACE
products obtained at IGV during gene isolation exper-
iments in Cynara (CSESTO1-CsESTO3 loci). Three
microsatellite sequences were retrieved from the
EMBL sequence database: one (Cs1-SST locus) was
obtained from artichoke 1-SST coding sequence
(EMBL accession N. Y09662) and two were derived

@ Springer


http://www.ebi.ac.uk/clustalw/

Genet Resour Crop Evol (2008) 55:1029-1046

1034

DLO LVV D1D DLL OLL DLD DLD DOL -

d

ST8LEVINY VILL  6LEVIE S9¢ 09 D IOV OLL VOV 19D VILL 19D OLL VVD A (v T0IBdsD
V DOV DLV 1DD LVV VOL LVD VIL LVV I

VC8LOVYINY €/01  ¥€C981 LTT SS D DVD 1DL DOV 109D VOD DLL A LAY 101edsD
L LLD LVD OVD 109D VOO LID LOL ¥

€C8LOVINY /9  00C-161 €61 8¢ JOLV DLL DLV DLL VVV 19D LVD J S(VOL) " {(VI1)9UVDIL) P19rIsD
LLO LVV DOV DOV VOD HVD DOV ¥

CCBLOVYINY 0/9  TST—¥eT 9cc  dL 09/59 L IDOL 12D HLV DHD DHLL OOHL VOV A HoLD)""(O1D) €1qrIsD
D 1IDD VOL VVD 109D DVV DLV ¥

1Z8L6VINY €/6  91€-CET (414 0S LL DLV VVD LVV DOV DDD VLV d OHONHLO) " ULOM(LD) TIarIsD
V DLD DOV DOD OOL VIO LOV LVV

0C8LOVINY 0/s  ¥ST-1vC Sye 09 L VDD DVV DLL DD DI VIV VOV 4 "(VOLD)(VV1D) 11918
V DLV DIV 1DV DOD VOV DIV VOV o

618LOVINY /8  €6T-6¢T ¥¥c  dL 09/59 V VVD VDD HVD VOV DDD VOL IDL 4 {1OVvO) N(LvD) 019r18D
VvV DL OOL D1H LOH DLD LLL VOV |

8I8L6VINV 0/c  T91-66S1 291 dlL 09/59 VVL VOV DOD VLV VVD DDV vDD DOD A 5(DvD) 609qrIsD
D DDL LOV DVD VOO VVD VOL VOV I

LI8L6VINV 0y SLI-L9T IL1 6S OV DDL VOV DVL VVL DOVD 1DOD DVD A 8(vD) 809rIsD
DL HOHVV VOD VILL VDL DOD LLD DLD ¥

99CS6VINY o€ ovi—cvl g4} 0s OL LVD LVV DDL VVD 1LDD VDD 4 P(OV)1es(OV) L09VISD
JOL LVD LVV DDL VVD LDD VDD o

S9TSO6YINV 0/01  ¥0£-98¢ 6T 8 L VDL ODL LOD IOL OLL VOV DID A L) M OL) V) 9049r1sD
D VDOD DOL VOL VOL HIH LVL 1DL ¥

Y9CSO6VINY /9 9L1—8SI L9T  dLZ9/L9 L VVL VDD DD ODD LOL VVD LLO A P(DDDNSUDDD) " UVID) S09qrIsd
D VVD LLV DVD DDHD DID DLV LLV ¥

€9TS6VINV 0/8  L9I-9¥I 191  dLS9/0L D VOL LVV LLD DOV DO DHLL DDV A 8(vDD) " (DDV) Y0qrIsD

LDD DOL LVD 1D L1LD LDD DLV ¥ S(VO) " UVVLENE(VVYL)

CITSOVINY 1/6  981—891 €LT 8¢S 1D DDD 1OV VIO 1D DLV LLL A “HOL) T UODDLINBIE(DIDL) €09rIsD
DILO HLOD HIH DIV VVO VVDO DOL LVL

19CS6VINY ¥/8  ¥TT-OLI 90T dlL $9/0L VVD LVV VOV VVD DHD VDD HVL DI A (DLV)22.(DLV)29e"(DLV) c09rIsD
V DHD VOL DDL VVD DLV VHV

09CS6YINY 07 oS1T961 €61  dLCS/8S VD VDD HVD VOO LVD A "(vD)25(VD) 109r1sD

"ON 09V TAINA  SPI°Ile ON (d9) ¥so .(dg) sq v (,£—,6) douanbas ired rowg Jnow jeadoy Snoo

PAQLIOSAP 100] [RILSOIDIW IYOYDIILIE 7 Y} JOJ JOqUINU UOISSIOe TIING
puE ‘so[a[[& Jo (ON) Joqunu ‘(YSO) A5uer oz1s PaAIdsqo ‘(SH) 9z1s paroadxo (L) armeredwa) Surpeauue fewndo ‘(,¢—,6) soouonbos towtid “yeador 2100 ‘Quieu snd0 7 Jqe],

pringer

as



1035

Genet Resour Crop Evol (2008) 55:1029-1046

sa1oads vuvud) plim ul AJUO punoy sa[A[e A 0} SIdJAI UO PUOdIS Ay} ‘sa[dwes Jo 19s [OYM Y] UI SI[I[[B JO IoquUNU [BI0) A} O} SIdJAI Idquunu ISIY Y],

19 90§ "auo0 Pajoadxa ayy 0) Surpuodsariod jou 9ZIS (e PIAISAQ

(B[OJA TP 9[8207], AJoLIeA Ay ur paureiqo syonpoid uoneoyrdwe ay) Jo ozis pajoadxy

[090301d YDJ umop yonol ‘gl

VL IOL 1LVD DHD DOV LVD HVD ¥

YS8LEYINY Iy 8vI-0€1 9p1 »SS V VOL DLV DDL DD VVD DDV A YOLHOV)  S0BoRDIDSD
ODL VOV DVV LDV VDD VOV DO LVD ¥

698LO6VINY ¢e  00C—S8I1 961 Y DOV DOHD L1ID LVO DID VVD LLL A $QV)  10898DIDSH
VDD 1OV VOV DI1D 1LVV LVL VVV I

8EV8LOVINY /1T %S1E€-LST LST 8 DL 1LVD DLV DOL OVV IVO OVV A "(ODL) " *(1LvD) "(LVD) " (LVD) LSS-1sD
DIV LOOD DLV HVV VID LLL DVD DOV

6C8LOVINY 0/c  90T—¥81 781 9 DIV DOV DOV DDV DVV DVD VOL VVV d "(vDD) €0LSHSD
DVD VOL DVV DVD DVD HVL LLD LVD ™

8TSLOVINY 0/T  10€-00€ 10€ -86 D1D DOL HOL VVDI 1OD 1DL DVV VOV QL UVVD) T0LSESD
DLV LVV D1D VDD HDD DDD VVD LLV I

LT8L6VINV 0/1 qC81 081 >8§ VVD VOD DOV VOV DD VVD VVD VVD d (VD) 10LSdsD
VOL VVD DVV DDD VOD LVL 10D LOD ¥

0€8LOVINY /81  9Ty—ove yivy AL TS/LS LLO ILOD DIOD OLL HDVL OHOL HVD VVD A (VL) (VL) P0IBdSD
VOL DOV DLL D1D LLV DOV VOO DIL ¥

9T8LO6VINY /6 6vE—6CE yee 29 LDD V1D OOL HLL D10 LLD ODL LIV A AVIM(VLVI)UAVIIVOS (VL) €01edsd

"ON "9V TAINA SRl ON (dg9) ¥SO0 .(dg) sq v (,£—,6) douanbas ared owrg Jnow jeaday Snoo

panunuod 7 dqel

pringer

A's



1036

Genet Resour Crop Evol (2008) 55:1029-1046

from microsatellites described in Cirsium acaule, a
species belonging, like Cynara, to the Cardueae tribe
of the Asteraceae family (CacaOl AJ457836, and
Caca05 AJ457840; Jump et al. 2002). We decided to
rename these two latter loci as CsCiCacaOl and
CsCiCaca05 respectively, since the artichoke
sequences differed from those of Cirsium.

A total of 24 primer pairs were designed and used
for the amplification of the above described micro-
satellite loci (Table 2).

Microsatellite polymorphism

All the designed primers produced an amplification in
the artichoke samples. However, no product was
obtained for wild cardoons and the wild Cynara
species at the loci CsLib11 and CsLib06, for C. hum-
ilis at the locus CsLib05, for C. baetica at the loci
CsLib03, CsLib10, and CsLibl4, and for C. corni-
gera at the loci CsLibO1, CsLib03, CsLib10, and
CsLib12. The lack of amplification was confirmed by
repeating the PCR experiments at least three times.

The locus CsESTOl was monomorphic for all
samples, and the locus CsCiCaca0l was monomor-
phic only in C. cardunculus, but polymorphic when
considering the wild Cynara species. A total of 165
alleles were scored at the 23 polymorphic loci
analysed; 135 of them were found in C. cardunculus,
37 of which unique to artichoke, 6 to cultivated
cardoon, and 12 to wild cardoon; the remaining 30
alleles were present only in the wild Cynara species.
The number of alleles per locus ranged from 1 to 18
(average 6.9) when all samples were taken into
account (Table 2).

Parameters of genetic diversity for C. cardunculus
as a whole, and for artichoke (Table 3) were calcu-
lated for polymorphic loci using the POPGENE
package (Yeh et al. 1997). The number of alleles per
locus ranged from 2 to 10 (average 4.68) in artichoke,
and from 2 to 14 (average 6.10) in C. cardunculus.
The observed heterozygosity (Ho) ranged from O to 1,
with a mean of 0.41 and 0.39 in artichoke and all
C. cardunculus samples, respectively. Shannon’s
Information index (I) ranged between 0.09 and
2.08 in artichoke, and between 0.50 and 2.29 in all
C. cardunculus samples.

Some allelic combinations appeared to specifically
relate to a varietal or taxonomic group. For instance,
the alleles at the locus Cs1-SST seemed to be
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Table 3 Number of alleles (na), observed (Ho) and Nei’s
expected (He) heterozygosity, and Shannon index (I) calcu-
lated for the C. cardunculus samples

Locus na Ho Hg 1
(AR/AIl)  (AR/AID* (AR/AID*  (AR/AI?
CsLib01 4/4 0.64/0.49 0.48/0.62 0.86/1.11
CsLib02 3/4 0.38/0.37 0.32/0.34  0.55/0.64
CsLib03 8/8 0.52/0.51  0.78/0.80 1.67/1.74
CsLib04 6/8 0.93/0.77  0.67/0.74  1.37/1.58
CsLib05 5/5 0.69/0.69  0.57/0.69  1.06/1.36
CsLib06 10/10 0.56/0.41 0.86/0.86 2.08/2.14
CsLib07 3/3 0.12/0.18  0.64/0.65 1.05/1.07
CsLib08 3/4 0.38/0.31 0.64/0.58 1.05/1.01
CsLib09 2/2 1.00/1.00  0.50/0.50  0.69/0.69
CsLibl10 777 0.86/0.83  0.65/0.70  1.28/1.42
CsLibl1 4/5 0.21/0.20  0.20/0.51  0.45/0.98
CsLib12 5/6 0.39/0.28 0.71/0.73  1.43/1.49
CsLibl3 6/6 0.52/0.45 0.46/0.40 0.97/0.85
CsLibl4 2/5 0.07/0.31  0.38/0.67 0.57/1.32
CsPalO1 477 0.41/0.33  0.39/0.54 0.74/1.15
CsPal02 4/13 0.34/0.38 0.47/0.63  0.86/1.49
CsPal03 477 0.83/0.67 0.65/0.68 1.18/1.42
CsPal04 10/14 0.33/0.30  0.82/0.88  1.93/2.29
CsESTO1 1/1 0.00/0.00  0.00/0.00  0.00/0.00
CsESTO02 2/2 0.00/0.00  0.45/0.44  0.64/0.63
CsESTO03 2/3 0.00/0.07  0.45/0.50  0.64/0.84
Cs1-SST 7/8 0.69/0.59 0.78/0.83 1.61/1.84
CsCiCaca0Ol 1/1 0.00/0.00  0.00/0.00  0.00/0.00
CsCiCaca05 2/3 0.03/0.18  0.04/0.27  0.09/0.50
Mean 4.68/6.10 0.45/0.42 0.54/0.62 1.04/1.26
St. Dev. 2.38/3.11 0.30/0.25 0.20/0.17  0.49/0.48

% AR, artichoke samples; All, artichoke, wild and cultivated
cardoon samples

informative both within artichoke varietal types, and
between artichoke and cardoon. In fact, at this locus the
‘Catanesi’ genotypes were all heterozygous 266/296,
the “Violetti’ artichokes were homozygous 263/263,
the ‘Spinosi’ genotypes were either homozygous 275/
275 or heterozygous 263/275, the ‘Romaneschi’ typ-
ical artichokes were heterozygous 266/275; the
‘Romaneschi-like’ artichokes and the ‘Out’ group
possessed also other alleles. The allele 261 was
observed only in cultivated and wild cardoons: the
cultivated cardoons were always heterozygous 261/
296, the Italian and Greek samples of wild cardoons
were all homozygous 261/261, while the Spanish wild
cardoon samples were more variable, one being
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heterozygous 261/266, the remaining being homozy-
gous 266/266 or 296/296. Example electropherograms
of these alleles are provided in Fig. 1.

At the locus CsPal02, the ‘Catanesi’ genotypes
showed a unique allele combination (345/365), which
was not found in any of the other artichoke
genotypes. A similar situation was also observed at
the locus CsPal03, where all the ‘Catanesi’ artichokes
possessed the allele combination 339/343, not found
elsewhere, with the sole exception of the variety
‘Green Globe’ (‘Romaneschi-like’) which does not
belong to the ‘Catanesi’ group.

Genetic relationships among geographic
and taxonomic groups

The number and percentage of shared alleles were
calculated between taxonomic groups of Cynara

cardunculus (Table 4). Wild cardoon samples were
split into two groups based on the hypothesis that
wild cardoon genepool is differentiated according to
its geographical distribution (Wiklund 1992; Sonn-
ante et al. 2007a). The two groups sharing the highest
proportion of alleles were cultivated cardoons and
Spanish wild cardoons (47%), whereas the lowest one
was between artichoke and Spanish wild cardoons
(26%). It is worth noticing that the percentage of
shared alleles between wild cardoons of the two
geographic ranges was as low as 30%.

To further go deep into the genetic relationships
among the analysed C. cardunculus material, groups
were formed considering taxonomic relationships,
morpho-productive characters, or geographical origin.
A first grouping was made for artichoke using the
morpho-productive characters (Porceddu et al. 1976)
which identify the four main varietal groups previously

Table 4 Total, shared alleles, and percentage of shared alleles between groups within C. cardunculus

AR/CC AR/WC-1G AR/WC-S CC/WC-IG CC/WC-S WC-IG/WC-S
Sum (shared + non shared alleles) 120 122 106 89 73 73
Shared alleles 52 39 28 37 34 22
Shared alleles (%) 43 32 26 42 47 30

AR, artichoke; CC, cultivated cardoon; WC-IG, Italian-Greek wild cardoon; WC-S, Spanish wild cardoon
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Table 5 Nei’s (1972) genetic distance among C. cardunculus
groups

CAT VIO SPI ROM OUT CC WC- WC-
IG S

CAT -

VIO 028 -

SPI 021 0.26 -

ROM 0.15 0.24 0.20 -

OUT 043 030 033 024 -

CC 042 048 045 047 050 -

wC- 071 0.78 0.67 0.70 0.79 045 -
IG

WC-S 0.83 0.89 0.88 090 0.77 0.43 0.57 -

CAT, ‘Catanesi’; VIO, ‘Violetti’; SPI, ‘Spinosi’; ROM,
‘Romaneschi’; OUT, ‘Out’ group; CC, cultivated cardoon;
WC-IG, Italian-Greek wild cardoon; WC-S, Spanish wild
cardoon

described; the ‘Romaneschi-like’ were included in the
‘Romaneschi’ class, the remaining artichokes formed
the ‘Out’ group. Wild and cultivated cardoons fol-
lowed the division previously described. Therefore,
Nei’s (1972) genetic distances were calculated on 8
groupings: the above 5 artichoke groups, plus culti-
vated cardoons, Spanish wild cardoons, and Italian-
Greek wild cardoons (Table 5). If the ‘Out’ group was
not considered, genetic distances among the four main
artichoke morpho-productive groups (Porceddu et al.
1976) were below 0.28, with ‘Romaneschi’ and
‘Catanesi’ showing the lowest distance (0.15). As
regards the distance from the main artichoke groups,
the Spanish wild cardoons displayed a value higher
than 0.83, while the Italian/Greek wild cardoons
showed a distance ranging from 0.67 to 0.78. The
two wild cardoon genepools revealed a rather high
distance value (0.57) from each other, consistently
with the pattern outlined by allele sharing. The matrix
of genetic distances was used to generate the dendro-
gram illustrated in Fig. 2, constituted by three main
branches. The first one included all artichoke samples,
which were quite differentiated from the rest of the
C. cardunculus gene pool. Within the artichoke cluster,
‘Romaneschi’ and ‘Catanesi’ were grouped together,
in the same sub-branch as ‘Spinosi’ and ‘Violetti’,
while the ‘Out’ group was more differentiated. Another
branch of the dendrogram included the Italian-Greek
wild cardoons, and the third branch clustered the
cultivated cardoons and the Spanish wild cardoons.
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Cultivated cardoons

Italian-Greek wild cardoons

Romaneschi
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Fig. 2 UPGMA dendrogram based on Nei’s (1972) genetic
distance matrix calculated on the SSR loci analysed

Sequence analysis of microsatellite alleles

Some alleles at three microsatellite loci, namely
CsPal04, Cs1-SST, and CsCICaca05, were sequenced.
For each locus, samples belonging to the species
C. cardunculus were chosen, together with at least one
representative of each Cynara wild species.
CsPal04. Sequences were obtained for various
alleles at the locus CsPal04 (Fig. 3, EMBL accession
N. AM497830-AM497842). The sequence initially
isolated from the artichoke gene CSpal3 (De Paolis
et al. 2008) contained two main TA stretches, one
shorter, (TA)s, at the beginning of the fragment, and
one longer, (TA),s. The (TA)s stretch showed length
variation only in the C. cornigera sample, and a
nucleotide substitution (A > T) with consequent elon-
gation of the TA stretch in two samples, which did not
alter the length of the region. The allelic variation
observed was to be attributed mostly to length variation
in the longer stretch (TA)q6. It is interesting to note that
at the 3’ side of this stretch, a A > G substitution
altered the initial position of the stretch in artichoke
samples; moreover, in most wild species, the micro-
satellite was imperfect in the same region, fora A > G
substitution. Other short deletions or insertions could
be observed in the sequence of various samples, while
the wild C. syriaca and C. cornigera displayed longer
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Fig. 3 Alignment of allele AR-Mola CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCA-TTTTTTCTTATATT 49
variants in Cynara samples AR-Mazzaferrata CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCA-TTTTTTCTTATATT 49
AR-Bianco Tarantino CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCA-TTTTTTCTTATATT 49
at the locus CsPalO4. Cc-Bianco Avorio CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCA-TTTTTTCTTATATT 49
Microsatellite repeats are in CC-Minerbio CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCT-TTTTTTCTTATATT 49
bold, polymorphisms are WC-Agrigento CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCA-TTTTTTCTTATATT 49
shaded. AR: artichoke; CC: WC-Gannano CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCA-TTTTTTCTTATATT 49
. . . SYRTACA-1 CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTCCA-TTTTTTCTTATAGT 49
cultivated cardoon; WC: SYRTACA-2 CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTCCA-TTTTTTCTTATAGT 49
wild cardoon CORNTGERA CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCA-TTTTTTCTTAT-—— 46
HUMILIS-1 CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCAGTTTTTTCTTATATT 50
HUMILIS-2 CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCAGTTTTTTCTTATATT 50
BAETICA CAAGAGTGGTAGTTGGTGGGTGTTTTCCATTTTCA-TTTTTTCTTATATT 49
KAk hkhkhhkhkhkhkhhkkhkkhkhkrkrhkhkhhkrrrhkhkkkhkxkxxkx * * Kk kk ok ok ok ok ok ok ok
AR-Mola ATATATATAAATAGGAATGAACATGATTTCATGAAATTTATAATGTTACA 99
AR-Mazzaferrata ATATATATAAATAGGAATGAACATGATTTCATGAAATTTATAATGTTACA 99
AR-Bianco Tarantino ATATATATAAATAGGAATGAACATGATTTCATGAAATTTATAATGTTACA 99
CcC-Bianco Avorio ATATATATAAATAGGAATGAACATGATTTCATGAAATTTATAATGTTACA 99
CC-Minerbio ATATATATATATAGGAATGAACATGATTTCATGAAATTTATAATGTTATA 99
WC-Agrigento ATATATATATATAGGAATGAACATGATTTCATGAAATTTATAATGTTATA 99
WC-Gannano ATATATATAAATAGGAATGAACATGATTTCATGAAATTTATAATGTTACA 99
SYRTACA-1 ATATATACAAATAGGAACAAACATGATTTCATGAAATTCATAATCCTACA 99
SYRTACA-2 ATATATACAAATAGGAACAAACATGATTTCATGAAATTCATAATCTTACA 99
CORNIGERA ~  ====mm ATAAATAGCAACAAACATGATTTCATGARATTCATAATGCTACA 90
HUMILIS-1 ACATATATAAATAGGAACGAACATGATTACATGAAATTCATAAGEGTA-A 99
HUMILIS-2 ACATATATAAATAGGAACGAACATGATTACATGAAATTCATAACAGTA-A 99
BAETICA ACATATATAAATAGGAACGAACATGATTACATGAAATTCATAATGETA-A 98
* ok kkkk kK *khkkhkkhkhkhkhkkk F*hkhkrxkkhkkhkkhkk K*kk*k *k*  x
AR-Mola TTTTT-ACACTT-GAAATTTTAAAACAAAATATTATAAAAATAAAAA-G- 145
AR-Mazzaferrata TTTTT-ACACTT-GAAATTTTAAAACAAAATATTATAAAAATAAAAA-G- 145
AR-Bianco Tarantino TTTTT-ACACTT-GAAATTTTAAAACAAAATATTATAAAAATAAARA-G- 145
CC-Bianco Avorio TTTTT-ACACTT-GAAATTTTAAAACAAAATATTATAAAAGTAAARA-G- 145
CC-Minerbio TTTTC-ACACTT-GAAATTTTAAAATAAAATATTATAAAAGTAAARNAGT 147
WC-Agrigento TTTTC-ACACAT-GAAATTTTAAAATAAAATATTATGAAAGTATARARGT 147
WC-Gannano TTTTT-ACACTT-GAAATTTTAAAATAAAATTTTATGAAAGTAAARA-G- 145
SYRTACA-1 TATTT-ATACTTIGAAACTTTATAACATAATATTATGAAAGTAAARA-G- 146
SYRTACA-2 TTTTT-ATACTTIGAAACTTTATAACATAATATTATGAAAGTAAARA-G- 146
CORNTIGERA TTTTTTACACTTIGAAACTTTATAACATAATATTATAAAAGTAAARNA-~ 138
HUMILIS-1 TTTTT-ACATTT-GAAATTTTATAACAAAATATTAAAAAAGCAATAA-G— 145
HUMILIS-2 TTTTT-ACATTT-GAAATTTTATAACAAAATATTAAAAAAGCAATAA-G— 145
BAETICA TTTTT-ATATTT-GAAATTTCATAACAAAATATTAAAAAAGCAAAANA—~ 144
* * % * Kk * Kk kkox *k ok kk Kk Kkkx * * k * Kk * * %
AR-Mola TTTTGAATCTTTCTA--AAAAAAACAATATAAAAATTAAATTTACAATAT 193
AR-Mazzaferrata TTTTGAATCTTTCTA--AAAAAAACAATATAAAAATTAAATTTACAATAT 193
AR-Bianco Tarantino TTTTGAATCTTTCTA--AAAAAAACAATATAAAAATTAAATTTACAATAT 193
CC-Bianco Avorio TTTTGAATTTTTTTAGAAAAAAAACAATATAAAAATTAAATTTACAATAT 195
CC-Minerbio TTTTGAATCTTTCTA---AAAAAACAATATAAAAATTAAATTTATAATAT 194
WC-Agrigento TTTTGTATCTTTCTAGA-AAAAAACAATATATATATTAAATTTATAATAT 196
WC-Gannano TTTTGAATCTTTCTAGAAAAAAAACAATATAAAAATTAAATTTATAATAT 195
SYRIACA-1 TTTTAAATCTTTRTARBAAAAARATAATATAAATATTACATTTACAATAT 196
SYRTACA-2 TTTTAAATCTTTATABGAAAAAAATAATATAAATATTACATTTACAATAT 196
CORNTGERA TTTTGAATTTTTATABTAAAAAAATAATATAAATATTACATTTACAATGT 188
HUMILIS-1 TTTTGAATCTTTATABBAAAAAAACAATGTGAAAATTACATTCACAATTT 195
HUMILIS-2 TTTTGAATCTTTATABGAAAAAAACAATGTGAAAATTACATTCACAATTT 195
BAETICA ATTTGAATCTTTATARGAAAAAAACAATATGAAAATTACATTCATAATGT 194
* ok x * Kk kkkx Kk *hkkkhkkkx kkk * * kkhkkkx kkk *x Kk* *
AR-Mola TTTGTTGTGARATTTTAAATATAARATAATA--ATATATARATATTATGA 241
AR-Mazzaferrata TTTGTTGTGAAATTTTAAATATAAAATAATA-~ATATATAAATATTATGA 241
AR-Bianco Tarantino TTTGTTGTGAAATTTTAAATATAARATAATA--ATATATAAATATTATGA 241
CC-Bianco Avorio TTTGTCGTGAAGTTTCAAATATAAAATAATA-~AAATATAAATATTATAA 243
CC-Minerbio TTTGTTGTAAAGTTTCAAATATAAAATAATG-~ATATATAAATATTATAA 242
WC-Agrigento TTTGTTGTAAAGTTTCAAATATAAAATAATG-~ATATATATATATTATAA 244
WC-Gannano TTTATTATAAAGTTTCAAATATAAAATAATA--ATATATAAATATTATAA 243
SYRIACA-1 TTTGTTGTAAAGTTTTAAATATAAARAAAA———————————— TATTATAA 234
SYRIACA-2 TTTGTTGTAAAGTTTTAAATATAAAAAAARA ——————————— TATTATAA 235
CORNIGERA TTTATTGTGAAGTTTTAAATATAAAAAAARATGGTATAAAAGTATTATAA 238
HUMILIS-1 TTTACTGTAAAATTTCAAATATAAAAAAAAAT -A! CARTATTATEA 244
HUMILIS-2 TTTACTGTAAAATTTCAAATATAAAAAAAAAT-A CGITATTATEA 244
BAETICA TTTACTATARAGTTTCAAATATAAAAAAARGG-G CATTATTATAA 243

* %k * kk kkk kkkxkkkkkkk kK *kkxkokk Kk
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Fig. 3 continued
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deletions in other regions of the sequence. A lot of
single nucleotide polymorphisms (SNPs) were
observed particularly in the wild Cynara species
compared to C. cardunculus. However, four of these
SNPs were useful to distinguish artichoke samples
from one side and wild and cultivated cardoon material
from the other side (e.g.: A > G @ 138 bp, A > G @
205 bp, G > A @ 240 bp, G > A @ 266 bp, referring
to ‘Mola’ sequence).
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AAATAAGTTGATGATCTCAAGTGTAT-ATATATATATATATATATATATA
AAATAAGTTGATGATCTCAAGTGTAT-ATATATATATATATATATATATA
AAATAAGTTGATGATCTCAAGTGTAT-ATATATATATATATATATATATA
AAATAAGTTGATGATCTCAAGTATAT-ATATATATATATATATATATATA
AAATAAGTTGATGATCTCAAGTATAT-ATATATATATA-—-—-————————
AAATAAGTTGATGATATCTAGTATAT-ATATATATATATATATATATATA
AAATAAGTTGATGATCTCAAGTATAT-ATATA-—-————————————-———
AAATAAGTTGATGATCTCAAGTATATGATATATATATA-—-———-———-———
AAATAAGTTGATGATCTCAAGTATATG-TATATATATA-—-----—--—-—~
AAATAAGTTGATGATCTCAAATATATG---TATATATA----—--—-—--—-—
AAATAAGTTGATAATCTCAAGTATATG-TATATATATA-------—---—~
AAATAAGTTGATAATCTCAAGTATATG-TATATATATA------——--———
AAATAAGTTGATGATCTCAAGTATATA--———————=—————————————

Kk hkhkkkhkhkhkhkkk *kx KkKk Kk Kk KKk

TATATATATATATATATATATATATAATTGAGATAGGTAGGGCATATAAT
TATATATATATATATATATATA----ATTGAGATAGGTAGGGCATATAAT
TATATA----—---—-—————————--— ATTGAGATAGGTAGGGCATATAAT

* ok k ok K * %

AAGAGATATATAGTTGGAATTAGTGGTCAAAGTTCAAGAATTCGAGTA-T
AAGAGATATATAGTTGGAATTAGTGGTCAAAGTTCAAGAATTCGAGTA-T
AAGAGATATATAGTTGGAATTAGTGGTCAAAGTTCAAGAATTCGAGTA-T
AAGAGATATATAGTTGGTATTAGTGGTCAAAGTTCAAGAATTCGAGTA-T
AAGAGATATATAGTTGGAATTAGTGGTCAAAGTTCAAGAATTCGAGTA-T
AAGAGATATATAGTTGGAATTAGTGGTCAAAGTTCAAGAATTCGAGTAAT
AAGAGATATATAATTGGAATTAGTGGTCAAAGTTCAAGAATTCGAGTA-T
———————— TATAGTTGGAATTAGTGGTCAAAGTCCAAGAATTAGAGTA-T
———————— TATAGTTGGAATTAGTGGTCAAAGTCCAAGAATTAGAGTA-T
———————— TATAGTTGGAATTAGTGGTCAAAGTCCAAGAATTCGAGTA-T
AAGAGATATATAGCTGGAATTAGTGGTCAAAGTCCAAGAATTCGAGTA-T
AAGAGATATATAGCTGGAATTAGTGGTCAAAGTCCAAGAATTCGAGTA-T

AAGAGATATATAGTTGGAATTAGTGGTCAAAGTCCAAGAATTCGAGTA-T
hokkk KAk kkkhkhkhkhkk kA hhhkk khhkkAk Ak Khhkkx *

414
410
394
392
377
410
372
356
356
348
379
379
368

GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATGGGTGGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC
GTGATTGGTTGGCTGCATAAGCACC

Fxkkk kxkk kkkrkkkokkkkkokokokk

290
290
290
292
279
293
274
272
272
273
281
281
270

340
336
320
318
303
335
298
290
290
282
305
305
294

389
385
369
367
352
385
347
331
331
323
354
354
343

Cs1-SST. Sequencing of Cs1-SST alleles revealed
that the size scored after fragment separation did not

correspond to the number of bases determined by
sequencing for the same allele. Precisely, each
sequence showed a 6 bp reduction in size as compared
to fragment analysis. Two main repeats were found in
this sequence (Fig. 4, EMBL accession N. AM497843-
AMA497853). The first one was a long region composed
of a GAT microsatellite interleaved with a minisatellite
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Fig. 4 Alignment of allele
variants in Cynara samples
at the locus Cs1-SST.
Microsatellite repeats are in
bold, minisatellite and
polymorphisms are shaded.
AR: artichoke; WC: wild
cardoon
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AAGCACAACTGGATCCATTCCCTCTTTCTGGATGGAGTTCTTGATGATGA
AAGCACAACTGGATCCATTCCCTCTTTCTGGATGGAGTTCTTGATGATGA
AAGCACAACTGGATCCATTCCCTCTTTCTGGATGGAGTTCTTGATGATGA
AAGCACAACTGGATCCATTCCCTGTTTCTGGATGGAGTTCTTGATGATGA
AAGCACAACTGGATCCATTCCCTCTTTCTGGATGGAGTTCTTGATGATGA
AAGCACAACTGGATCCATTCCCTGTTTCTGGATGGAGTTCTTGATGATGA
AAGCACAACTGGATCCATTCCCTCTTTCTTAATGGAGTTCTTGATGATGA
AAGCACAACTGGATCCATTCCCTAATTCTGGATGGAGTTCTTGATGATGA
AAGCACAACTGGATCCATTCCCTCTTTCTGGATGGAGTTCTTGATGATGA
AAGCACAACTGGATCCATTCCCTCTTTCTGGATGGAGTTCTTGATGATGA

Khkkk kK hkk kR Ak k kX hkhk Ak kK hhkk KAk kkkrhhk kX hk kA x k%

Kok Kk ok ok Rk k ok ok ok k ok ok Kk ok ok

ACTCATTTCATGATCATGATGATGATGATGATGATTCCAGTTTATATGCG
ACTCATTTCAT--------~ GATGATGATGATGATTCCAGTTTATATGCG
ACTCATTTCAT--------- GATGATGATGATGATTCCAGTTTATATGCG
————————————————————————————— GATGATTCCAGTTTATATGCG

ACTCATTTCATGATCATGATGATGATGATGATGATTCCAGTTTATATGCG
————————————————————————————— GATGATTCCAGTTTATATGCG

ACTCATTTCAT--------~ GATGATGATGATGATTCCAGTTTATATGCG
———————————————————— GATGATGATGATGATTCCAGTTTATATGCG
ACTCATTTCAT--------- GATGGTGATGATGATTCCAGTTTATATGCG
ACTCATTTCAT--------~ GATGATGATGATGATTCCAGTTTATATGCG
i
TACCCTGTTCCCTTTACTTGTA--TGGTGGTGGTTGTG-—~~~——-~ AAA
TACCCTGTTCCCTTTACCTGTATGTGGTGGTGGTGGTG-———————— AAA
TACCCTGTTCCCTTTACCTGTATGTGGTGGTGGTGGTGGTGGTGGTCAAA
TACCCTGTTCCCTTTACTTGTATG- - ~TGETGGTTGTG -~~~ ————— AAR
TACCCTGTTCCCTTTACTTGTA- - TGGTGETGGTTGTG- ——~~— -~ ARR
CACCCTGTTCCCTTTACTTGTATG---TGGTGGTTGTG-———————— AAA
TACCCTGTTCCCTTTC-TTGTATGTGGTGGTTGTTGTG-——————-— AAA
TACCCTGTTCCCTTTCCTTTTATGTGGTTGTTGTTGTG-———————— AAA
TACCCTGTTCCCTTTAATTGTATGTGGTGGTGGTTGTTGTG -~~~ AAA
TACCCTGTTCCCTTTACTTGTATGTGGTGGTGGTTGTG-———-—-———— AAA
Kkkkkkkkkkkkkk ok kkkk ok Kk Kk Kk -

TATGGTTAGCATGATTCCGGATTGGCGAGGGCAATATGGTAATTTACTAT
TATGGTTAGCATGATTCCGGGTTGGCGAGGGCAATATGGTAATTTACTAT
TATGGTTAGCATGATTCCGGGTTGGCGAGGGCAATATGGTAATTTACTAT
TATGGTTAGCATGATTCCGGATTGGCGAGGGCAATATGGTAATTTACTAT
TATGGTTAGCATGATTCCGGATTGGCGAGGGCAATATGGTAATTTACTAT
TATGGTTAGCATGATTCCGGATTGGCGAGGGCAATATGGTAATTTACTAT
TACGGTTAGCATGATTCCGGGTTGGCGAGGGCAATATGGTAATTTACTAT
TATGGTTAGCATGATTCCGGGTTGGCGAGGGCAATATGGTAATTTACTAT
TATGGTTAGCATGATTCCGGGTTGGCGAGGGCAATATGGTAATTTACTAT
TATGGTTAGCATGATTCCGGGTTGGCGAGGGCAATATGGTAATTTACTAT

Kok kkkkkkkkkkkkkkkokk kokkkkkkkkkkkkkkkkkkkkkkok ok ok kok ok

CGCTGTAGTAGTACTCCACTTGTGAGATTATATTT 290
CGCTGTAGTAGTACTCCACTTGTGAGATTATATTT 260
CGCTGTAGTAGTACTCCACTTGTGAGATTATATTT 269
CGCTGTAGTAGTACTCCACTTGTGAGATAATATTT 255
CGCTGTAGTAGTACTCCACTTGTGAGATAATATTT 290
CGCTGTAGTAGTACTCCACTTGTGAGATTATATTT 254
CGCTGTAGTAGTACTCCACTTGTGAGATTATATTT 309
CGCTGTAGTAGTACTCCACTTGTGAGATTATATTT 257
CGCTGTATTAGTACTCCACTTGTGAGATTATATTT 257
CGCTGTAGTAGTACTCCACTTGTGAGATTATATTT 291

hkkkkkk kkkkkkkkkkkkkkkkkkkkkkokkkkok

255
225
234
220
255
219
274
222
222
256
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of 16 bp (17 bp only in three samples in the first
stretch). This minisatellite region, always embedded in
GAT repeats of variable length, was repeated from two
to four times, greatly contributing to allelic length
variation. The second SSR was a TGG repeat, some-
times becoming imperfect (TTG). A few SNPs were
also observed in this sequence, and length variation
was due to variation in micro- and minisatellite number
of repeats.

CsCiCaca0l and CsCiCaca05. As for microsatel-
lites isolated from Cirsium, a total of 5 primer pairs
were initially chosen, which had proven to amplify
simple SSRs from this thistle (Jump et al. 2002). In
artichoke, three of these primer combinations pro-
duced a multiband amplificate when run on agarose
gel, whereas Caca0l and Caca05 primers amplified a

single band. The corresponding artichoke loci were
named CsCiCaca0l and CsCiCaca05 respectively.
The former revealed to be monomorphic within the
C. cardunculus complex, and showed two additional
alleles in C. humilis; on the other hand, the latter was
polymorphic also within the cultigroup. Sequencing of
these regions in artichoke revealed that a reduction of
the (AC) repeat number occurred both for CsCiCaca0l
(from 10 in Cirsium to 3 in C. cardunculus, EMBL
accession N. AM497869, AM497870) and CsCiC-
aca05 (from 12 in Cirsium to 3 or 4 in Cynara, Fig. 5).
Moreover, for the CsCiCaca0l locus, some nucleo-
tide substitutions and deletions, among which two
8 bp deletions, were observed in artichoke compared
to Cirsium. For CsCiCaca05 locus, besides varia-
tions in the main microsatellite stretch, nucleotide

Fig. 5 Alignment of allele
variants in Cynara samples
and Cirsium at the locus
CsCiCaca05. Microsatellite
repeats are in bold,
polymorphisms are shaded.
Artichoke samples
‘Romanesco’ and ‘Violetto
di Toscana’ showed the
same sequenze as the other
artichokes. AR: artichoke;
CC: cultivated cardoon;
WC: wild cardoon
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AR-Spinoso sardo
AR-Mola
CC-Blanco Peralta
CC-Bianco Avorio
WC-V316
WC-Oristano
WC-PortoCesareo
WC-Agrigento
WC-Corfu

BAETICA
HUMILIS-2
HUMILIS-1
SYRIACA-2
SYRIACA-1
CORNIGERA
CIRSIUM

AR-Spinoso sardo
AR-Mola
CC-Blanco Peralta
CC-Bianco Avorio
WC-V316
WC-Oristano
WC-PortoCesareo
WC-Agrigento
WC-Corfu

BAETICA
HUMILIS-2
HUMILIS-1
SYRIACA-2
SYRIACA-1
CORNIGERA
CIRSIUM

AR-Spinoso sardo
AR-Mola
CC-Blanco Peralta
CC-Bianco Avorio
WC-V316
WC-Oristano
WC-PortoCesareo
WC-Agrigento
WC-Corfu

BAETICA
HUMILIS-2
HUMILIS-1
SYRIACA-2
SYRIACA-1
CORNIGERA
CIRSIUM

ACCCAACCCTCGATCTGAAAACACAC-————————————— TCTCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACAC-- —-TCTCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACACAC--——-—————————— TCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACACAC--———-—————-———— TCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACAC-- ——-TCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACACAC ——TCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACAC--——-———————————— TCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACAC--—-————————-———— TCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACACAC
ACCCAACCCTCGATCTGAAAACACACAC--
ACCCAACCCTCGATCTGAAAACACACAC--—-—-————————— TCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACACAC--———————————— TCTTACGCGCACACCCTC
ACCCAACCCTCGATCTGAAAACACACAC-- ——-TCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACACAC-- ——TCTTACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACACAC--———————————— TCTAACGCGCACACACTC
ACCCAACCCTCGATCTGAAAACACACACACACACACACACACACTTTCGCGCACACAATC

Kk K kKKK Kk ok ok k k ok Kk kK Kk Kk ok ok ok ok *

AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCCGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCCGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTGACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTCTAATTAACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCAGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCCGATGAA
AAACGCATCA-TCTCTCCCAACAAAACGAGCTCTTTAATTAACGATCATCTTCCGATGAA
AAACGCATCAATCTCTCCCAACAAAACGAGCCTTTTAATTAACGATCATCTTCCGATGAA
AAACGCATCAAACTCTCCCAACAAAACGAGCTTTGTAATTAACGATCATCTTCCGATGAA

Kok kkkkKkkkk  kkkkkkkkhkhkkkhkkkkkhk  k kkkkk Kkkkxkkkkkkk KXxxkk

CGATAGCAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 146
CGATAGCAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 146
CGATAACAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 146
CGATAACAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 146
CGATAACAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 144
CGATAACAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 146
CGATAACAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 144
CGATAACAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 144
CGATAACAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 130
CGATAACAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 130
CGATAACAGTGGTAACGACAGTAACAATCGCCGGTATCCTC 146
CGATAACAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 146
CGATAGCAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 146
CGATAGCAGTGGTTACAACAGTAACAATCGCCGGTATCCTC 146
CGATAGCAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 147
CGATAGCAGTGGTAACAACAGTAACAATCGCCGGTATCCTC 161

Kokokokk Kkkkkkk kk kkkkkkkhkkkkkkkkkk kA kk kK
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substitutions were observed between Cirsium and
Cynara, and some polymorphisms were also found
within Cynara (Fig. 5, EMBL accession N.
AM497854-AM497868, AM497871-AM497874). As
for C. cardunculus, all the artichoke samples, ‘Mola’
and ‘Spinoso Sardo’ (plus ‘Romanesco’ and ‘Violetto
di Toscana’, not shown) possessed an additional TC
repeat after the AC stretch and two SNPs (A > C @
99 bp, and A>G @ 111 bp in ‘Mola’ sequence),
compared to cultivated and wild cardoon (shaded in
Fig. 5). Some wild cardoons and the sample of C.
baetica showed a smaller allele of 130 bp. The
sequence of this allele revealed the deletion of a
16 bp sequence not belonging to the main SSR stretch.

Discussion

The present study reports on the detection, by means
of different approaches, of 24 microsatellite markers
in Cynara, one of which was monomorphic, through
different approaches. Some alleles at three different
loci were also cloned and sequenced in order to verify
if length variation was attributable to microsatellite
core variation only, or if other mutations could have
occurred. Sequencing revealed in addition to SSR
polymorphism a number of SNPs, some of which of
diagnostic interest.

At the locus Cs-1SST we also observed lack of
correspondence between the fragment size obtained
by fragment separation and the number of bases
determined by sequencing for the same allele. In two
additional cases (CsLibOl1 and CsESTO01) we also
found this incongruence and scored fragments of
higher size than the original sequences from which
SSR were isolated. This lack of correspondence could
be possibly due to the presence of the fluorescent dye
which can bias length determination in fragment
analysis. Macaulay et al. (2001) found inconsisten-
cies when assessing SSR fragment size on an
automated sequencer or on autoradiographs derived
from sequencing gels. We decided to report the
fragment size read at the CEQ 8800 instrument, since
this is what we could observe in the experimental
conditions we used.

The high number of alleles per locus in C. cardun-
culus, combined with the average observed
heterozygosity value, suggests that considerable poly-
morphism is present at these microsatellite loci in the

artichoke primary gene pool. It is interesting to notice
that artichoke, a vegetatively propagated crop, retains a
level of observed heterozygosity higher, although
slightly, than the average of the whole C. cardunculus.
It has been suggested that, like in other species, farmers
might have selected propagation material on the basis
of the heterotic traits associated to high level of
heterozygosity (Sonnante et al. 2007b). In cassava,
farmers use to introduce into clonal fields also few seed
propagated plants that show heterotic traits (Pujol et al.
2005). A similar behaviour for artichoke might not be
excluded during the domestication and differentiation
of this crop. It has been observed that, even nowadays,
in some Mediterranean areas under traditional agri-
cultural systems, farmers use to cultivate seed
propagated artichokes not belonging to modern seed
propagated cultivars and maintain vegetatively only
those plants possessing the desired traits (Pignone,
personal observation; Laghetti et al. in preparation).

Even though the developed SSRs do not allow the
unique identification of single varieties or landraces,
some allelic combinations appear to exclusively
relate to specific varietal groups. For instance, the
locus Cs1-SST is informative to distinguish among
‘Catanesi’, ‘Violetti’, ‘Spinosi’, and ‘Romaneschi’
which possess, respectively, specific genotypes at this
locus. This information can be extremely useful at
least to identify the varietal group in derived prod-
ucts, such as frozen or canned artichokes, because the
production process eliminates the parts possessing
distinctive morphological characters. Furthermore,
the possibility to get alleles specific to varietal
groups, allows the bridging of different cross com-
binations in genetic map constructions. The
observation that in artichoke some loci show varia-
tion in relation to morpho-productive groups, might
indicate that these loci are associated to some
Mendelian or QTL traits particularly subjected to
man selective pressure during the domestication/
differentiation of this crop.

Moreover, some specific alleles identified in wild
and/or cultivated cardoon can also be used in
analysing crosses between artichoke and cultivated
or wild cardoon. This kind of information might
prove useful in breeding programmes aimed at
producing hybrid seed propagated artichokes, which
presently appears as the future of artichoke breeding
(Basnizki and Zohary 1994; Calabrese and Bianco
2000) especially referring to the incorporation of
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biotic or abiotic stress resistance traits, presumably
present in the wild cardoon gene pool. In this respect,
the present analysis has also allowed the identifica-
tion of 6 SNPs (four at the locus CsPal04, and two at
the locus CsCiCaca05) and a CT insertion distin-
guishing artichoke on one side and cardoons on the
other, which could be used for the same purpose.

Congruently with previous observations (Wiklund
1992; Sonnante et al. 2007a, b), wild cardoons from
the Western and the Eastern Mediterranean range
were quite differentiated from each other, and
therefore were considered as separate groups. On
the other hand, wild Spanish cardoons shared a higher
number of alleles with cultivated cardoons. The
relationships among groups here presented supports
previous observations based on ITS and ETS
sequence analysis (Sonnante et al. 2007a) and the
hypothesis that artichokes were domesticated starting
from the Eastern Mediterranean gene pool, while
cultivated cardoons originated from the Western one
(Sonnante et al. 2007b).

A previous work (Whitton et al. 1997) suggested
that the transferability of microsatellites from He-
lianthus to other Asteraceae might not prove
successful; the results, though, could be justified by
the fact that a wide range of species of the Asteraceae
family was used in that analysis. In the present study,
two microsatellites from Cirsium were successfully
transferred to Cynara; in this case the success could
be attributed to the close affinity of Cirsium to the
genus Cynara, since both genera belong to the
Cardueae tribe. However, when sequences obtained
from artichoke were compared with those of Cirsium,
we scored a reduction of the microsatellite core
repeats at both these loci. On the other hand, at the
locus CsPal04, an expansion of the longer TA stretch
was noticed in C. cardunculus in comparison to the
wild Cynara species (Fig. 3). In other studies,
microsatellite expansions have been observed, when
comparing related species, the expansion being based
on a low initial number of repeats (Kahru et al.
2000). It has also been described that perfect
microsatellites are more easily conserved between
species (Kutil and Williams 2001), while compound
repeat motifs are less persistent, since they represent
the last stages of microsatellite death and degradation
(Taylor et al. 1999). Directional evolution of micro-
satellites is controversial though, and SSR evolution
appears in balance between growth by slippage and

@ Springer

degradation by mutation accumulation (Zhu et al.
2000).

In addition, it was possible to transfer most of the
isolated microsatellites to other wild species of the
genus Cynara. For some loci, these species displayed
specific alleles. However, fragment length alone was
not enough to express variation and relationships
between different species. This was the case, for
example, for the locus CsPal04, where a lot of
nucleotide substitutions were observed when
sequencing fragments from the different species
(Fig. 3). A high number of these substitutions were
related to geographical distribution of the species: in
fact, 14 were shared between Western wild Cynara
species (C. humilis and C. baetica), whereas 6 were
shared between the Eastern distributed C. cornigera
and C. syriaca. This pattern is consistent with the
hypothesis that the whole genus Cynara is quite
recent, having differentiated into the nowadays
species during the last 20 millennia (Sonnante et al.
2007a, b). Probably, the distinct alleles were already
present in the common progenitor and were dissem-
inated in different proportions in the derived species
distributed in the Western and Eastern range.

As stated before, the patterns of microsatellite
evolution are not fully understood yet (Karhu et al.
2000). Moreover, indels and base substitutions, which
are known to influence subsequent evolutionary rates,
can be common even between closely related species
(van Treuren et al. 1997), as we could observe in the
present study. For these reasons, comparison of allele
distribution among species, although accomplished in
several taxa (e.g. Olea, Rallo et al. 2003; Cicer,
Sethy et al. 2006), can be inappropriate in some
cases, unless a low evolutionary rate allows the
maintenance of the microsatellite structure also in
other species related to that from which SSRs were
isolated (Scott et al. 2003). As a consequence, we
decided not to include the wild Cynara species in the
analyses of genetic distances based on allele fre-
quencies. Moreover, some point mutations probably
occurred in the primer regions thus accounting for the
observed lack of amplification at few loci in some
wild samples.

In conclusion, a set of 23 polymorphic microsat-
ellite markers was identified and characterized from
the artichoke genome. Variation was scored within
artichoke, between this crop and wild and cultivated
cardoon, and between C. cardunculus and other wild
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Cynara allies. Some allelic combinations were able to
identify artichoke varietal types, and some alleles
were unique to specific taxonomic groups. This
makes these markers potentially useful in product
traceability and in saturating genetic maps. The
transferability to other Cynara wild allies was quite
good. Sequencing alleles at three loci showed that,
apart from microsatellite length variation, point
mutations were quite abundant especially when
comparing C. cardunculus to the other Cynara
species. Some SNPs distinguished artichoke from
cultivated and wild cardoon, while some other SNPs
were distributed according to the geographic range of
Cynara wild species.
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