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Summary

The speciesCynara cardunculusncludes the globe artichoke (vascolymuy the
cultivated cardoon (vaaltilis) and the wild cardoon (vasylvestri3. The thredaxaare
sexually compatible and originate fertile F1 pragen which, given the high
heterozygosity of the species, are highly segregatiVe report the characterization of
two F populations, one bred from a cross between glatiehake and cultivated
cardoon, and the other between globe artichokevéltt cardoon. Both populations
featured a wide array of phenotypes in relatioseweral traits, and some of the newly
developed genotypes are of interest for the orngahenarket. The two populations
were genotyped at 50 microsatellite (SSR) locithie globe artichoke x wild cardoon
and globe artichoke x cultivated cardoon progefhisgs and 97 alleles were respectively
detected. SSR pattern scores were used to produd®@MA dendrogram and a PCoA
plot. A set of nine SSR loci, evenly dispersed ssrthe genome, was shown to be
sufficient to unambiguously identify each segregdrite molecular fingerprinting is
useful for establishing the true to type corresmmug of propagative materials in
nurseries and ensures the effective correspondesteeeen the real and the declared

identity of a clone.
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Introduction

The Asteraceadamily includes a number of popular ornamentalghsas ageratum,
aster, chrysanthemum, dahlia, marigold, zinniagradlila and gerber®ther members
of the family have utility as leaf vegetables (ke&, endive), and a further group is
exploited as a source of comestible oil (sunflovgafflower).Cynara cardunculusar.
scolymugthe globe artichoke), along with its close relasiithe cultivated (vaaltilis)
and the wild (varsylvestri cardoon, also belongs to this botanical group.

The immature capitula of the globe artichoke aretlie most part consumed as a
vegetable, and as a result, most commercial vesiedre classified on the basis of
capitulum appearance. Some varieties are partlgutaitable for fresh consumption,
but others are more appropriate for industrial sfammation (Lanteri et al. 2004a;
Lanteri and Portis, 2008; Mauro et al. 2011). Taukivated cardoon is mainly grown in
Southern Europe, where its young leaves form amedignt of certain traditional
dishes. DNA fingerprinting has confirmed that theotcultivated forms must have
evolved independently through anthropogenic seledtiom the wild cardoon (Lanteri
et al. 2004b; Portis et al. 2005a); and the assomx that the most likely location of
the earliest selection activity was in Sicily (Mauwat al. 2008)

Other than as a vegetable, the species has a ande of uses, its lignocellulosic
biomass has been proposed as a potential soutmieasfergy, its seed oil is similar in
composition to that of both safflower and sunflow@oti et al. 1999; lerna and
Mauromicale 2010; Maccarone et al. 1999), and tlamtpproduces a number of
pharmaceutically active compounds, like phenoliterss sequiterpenes and inulin
(Comino et al. 2009; Comino et al. 2007; Lattangial. 2009; Lombardo et al. 2010;

Menin et al. 2010; Pandino et al. 2010).



The variousC. cardunculugaxa feature a range of plant architecture. Thiadge
varies in colour from green to ash-grey, plant hean reach 3 m, there is a variable
amount of branching (Porceddu et al. 1976), andtimeber of inflorescences (capitula)
per plant ranges from five to 15 in the globe &xice and from 30 to 40 in cultivated
cardoon. The main capitulum is invariably the latgeThe immature capitula are
polymorphic with respect to size and shape; someldp spiny outer bracts of various
shades of green, and which later during developmreyt turn purple (Cravero et al.
2005; Pochard et al. 1969). The mature capitulumbeawhite or violet.

Beyond all the possible cited us€s,cardunculuss also exploited as ornamental,
both as garden plants and as cut flowers (Cockér)i9resh specimens have a long
vase life, while dried forms are popular in floestangements. The use of the species as
ornamental is increasing since, notwithstandingassortment of ornamental crops is
already very large, novelty are constantly in dedhlayyconsumers.

The highly heterozygotic nature of the species pced a wide range of
phenotypes, especially among progeny of crossegebkeatthe different taxa (Cravero et
al. 2005; Foury 1969; Lopez-Anido et al. 1998; Maurcale and lerna 2000).

Molecular markers represent a reliable alternatveorphological descriptors for
varietal identification, since they are not inflged by the growing environment, by the
developmental stage of the plant, or by the idemitthe tissue (Collard et al. 2005).
Microsatellites (SSRs) are particularly suited tdlA fingerprinting as well as for
identifying potential parental genotypes for highlgegregating populations
development, given their robustness and informaggs. Over the last few years, a
substantial set of globe artichoke SSR assayséd®s teeveloped (Acquadro et al. 2003;

2005a; 2005b; 2009), and these have been useddssagenetic diversity (Mauro et al.



2008; Portis et al. 2005a; 2005b; 2005c¢) and tesiraot genetic linkage maps (Lanteri
et al. 2006; Portis et al. 2009).

Here we report on phenotypic diversity releaseprogenies obtained by crossing
a genotype of globe artichoke with both one ofieated and one of wild cardoon, as
well as on the SSR-based molecular fingerprintiigthe 184 newly generated

genotypes, with a particular focus on segregaraw/siy potential for ornamental use.

Materials and Methods

Plant material and DNA isolation

Two F, populations were created, both involving the glakieehoke clone ‘Romanesco
C3’ as female; the male parents were the cultivat@dloon genotype ‘Altilis 41’
(Progeny 1), and the wild cardoon accession ‘C4e{@rogeny 2). ‘Romanesco C3’ is
a late-maturing variety, which forms large purptean capitula (each weighing up to
40009); its mature capitulum develops violet colaufierets. ‘Altilis 41’ is a selection
made by the University of Catania on the basigohigh biomass yield potential; its
foliage is grey and its florets white. ‘Creta 4’ sveollected from a population in Crete;
it produces a large number of capitula, forms gnaelet bracts and violet florets. A
few days before anthesis, the outer bracts of #nenpal capitula were removed and the
remaining structure bagged. Pollen was collectechfthe male parent and stored at
3+1° C for up to three days. Prior to the hybritiza itself, the female capitulum was
rinsed in tap water, and after 2 h the pollen wadiad with a soft brush. The bag was
then replaced over the capitulum and kept in pladé the achenes had matured (~40

days). Ripe achenes were extracted from dry he#&tlsavmini-thresher.



The mature achenes were germinated in moist pedtatier 50 days, surviving
seedlings (154 from each cross), which by then dedtloped four true leaves, were
transplanted into the field, each spaced 1m franniarest neighbour. DNA was
extracted from the young plants following (Lantetial. 2001), and used to confirm
hybridity by SSR genotyping. A selection of 188etruybrids (94 from Progeny 1 and

94 from Progeny 2) was made from the confirmed ones

Assessment of morphology and segregations of traits
The morphology of the hybrid individuals and thremgetatively propagated plants of
each parental genotype was assessed over two sedsmnassessment included traits
of interest for ornamental use like the measurenwnplant height, the distance
between the first basal leaf and the upper tighefrhain capitulum, the number of days
to flowering, the duration of flowering (the numhxrdays between the blooming of the
main and the last-produced capitulum), capitulunowo floret colour, the number of
capitula per plant, the maximum longitudinal andnsverse diameter of the fully
developed main capitulum, and a main capitulum slhagex (the ratio between the two
previously mentioned diameters).

The goodness-of fit between observed and expeeg@gation data according to
previously proposed inheritance models for the &eadlour, florets colour and

presence of spines was assessed using the cheggt)aest.

SSR fingerprinting
An initial set of 93 genomic SSR assays developeduir laboratory (Acquadro et al.

2003; 2005a; 2005b; 2009) was used to establigirnrdtiveness by amplifying the



DNA of the three parents and 6 plants of each prpgeach 20 ul PCR contained 10ng
genomic DNA, 10mM Tris-HCI (pH 8.3), 50 mM KCI, 2/M MgCl, 0.5 U Taq
polymerase, 0.2 mM dNTP, 200 nM unlabelled revegmsmer and 200 nM IRD700-
labelled forward primer. The touchdown PCR protomported by Acquadro et al.
(2005a) was applied. The resulting amplicons wespasated by denaturing 6%
polyacrylamide gel electrophoresis using a LI-CORNn& ReadIR 4200 device, as
described by Jackson and Matthews (2000).

Fifty primer pairs identifying polymorphism in bosiegregating populations were
applied to the full set of genotypes in study,daling the protocol reported above.

Amplicon sizes were estimated from the migratiomoflRD700-labelled 50-350
bp ladder. The SSR data were collected by e-Seya& (DNA Sequencing and
Analysis Software) v3.0 and analysed using the GenAkxcel package (Peakall and
Smouse 2006). A co-phenetic distance matrix waermgeed as described by Smouse
and Peakall (1999) and used to construct a UPGMs&dbalendrogram (Sneath and
Sokal 1973) within the NTSYS software package v2(Rohlf 1998). A principal
coordinate analysis (PCoA) was then performed, dase the triangular matrix of
genetic similarity estimates, and the two axes vpéwded graphically, according to the
extracted Eigenvectors.

The minimum number of SSR loci needed to fully dimtate all individuals was
determined first by selecting the set of most infative SSRs; subsequently, a second
set was identified on the basis of the locatiothef SSRs in different linkage groups on
the reference genetic linkage map (Portis et d920Mantel tests (Mantel 1967) were
performed to establish correlations between théaiity matrices generated by the two

sets of SSRs with the one generated from the caenpéda set.



Results and Discussion

Phenotypic variation within the;fpopulations

The two progeny sets showed an astonishing pheicotgpation (Figure 1), with some
individuals, the result of specific events of chomomal segregation and
recombination, displaying aspects of morphology prviously observed in either
cultivated or wild types; some of these may hawghhpotential in the context of
developing ornamental varieties of the species.

Progeny 1 showed the most variability in termsladvering time (203-242 days),
vegetative growth, plant height (56-127cm) andrtbmber of capitula per plant (1-32)
(Table 1). Plant height may be a trait of interfest garden plants but not for cut
flowers; on the other hand both branching of thmrall stem and the duration of
flowering period, which varied from 48 to 55 day@kle 1) in both progenies, are key
traits for both end-uses, since they both influetheeprofitability of a genotype grown
for cuttings as well as its aesthetic value in @ega.

In both sets of progenies, capitulum shape wagrertiund (shape index <1.1) or
partially elongated and conical (shape index 1(-ZTable 1, Figure 1). Both the
longitudinal and transverse diameter of the capmtulvere variable (in Progeny 1, the
former by 6.0 cm and the latter by 4.6 cm; in Prog2 by, respectively 4.2 cm and 4.8
cm; see Table 1). Considerable variation was aased for the intensity of capitulum
pigmentation, a character known to be particulagnsitive to temperature within
cultivated germplasm.

The current genetic model for capitulum colour asssi the presence of two

dominant genesP and U (Craveroet al. 2005): P_ allows anthocyanin production,



resulting in purple bracts, whilgp inhibits anthocyanin production resulting in green
bracts;U_ results in an uneven distribution of anthocyanigiments encoded bR,
while uu results in an even distribution of pigment in gresence oP. Among the two
F1 populations it was possible to identify the préelicthree classes of capitulum
colouration (uneven purple, even purple and greegjegating overall in the expected
digenic ratio of 9:4:3 (Table 2). Superimposed bis tpattern was a gradation in
capitulum colour, along with streaks of differemlaur intensity, suggesting the
existence of pigmentation modifier genes.

At flowering the capitula produce 600-1500 hermaglitic florets. Anthesis
begins at the periphery and moves, over the subs¢@d5 days, into the centre. As the
floret opens, the stigma elongates through the ddilokehiscing anthers.

The blue-violet colour of the style and stigma wasnomorphic in both
populations, despite the fact that the cultivatadiocon parent's florets are white (Figure
1). Floret colour is known to be a monogenic tmaitvhich the blue-violet type is the
product of the dominant allele & (Basnitzki and Zohary 1994; Foury and Aubert
1977). Hence, also on the basis of our previousrebsion, the likely allelic state of the
three parental lines waBB in ‘Romanesco C3’pb in ‘Altilis 41’ and BB or Bb in
‘Creta 4'.

Spiny and non spiny types were represented in patgeny sets; this trait is also
under monogenic control, with the dominant alleébg) (specifying the non-spiny trait
(Lanteri et al. 2006). Both the globe artichoke anttivated cardoon parent were non-
spiny, while the wild cardoon was spiny. The 1:0 €piny, 44 non-spiny) segregation
among Progeny 2, and the lack of any segregatidtrageny 1 showed that the allelic

constitution of the globe artichoke must have b8pap that of the cultivated cardoon
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SpSpand that of the wild cardo@psp(Table 2). In both progeny sets, some of the non-
spiny types developed small thorns on both thedgaand capitula, while in others,
small thorns developed only on the leaves, leatiregapex of the bracts flat or even
indented with a small thorn in its centre (data studwn). The absence of thorns (or, if
they are present, then they are small and softjeiarly a positive trait in terms of
handling the plant for cut flower purposes.

Leaf shape and upper and lower leaf surface torsgnteere also highly variable
in both progeny sets. The former varied from deegilyided to lobed, while the
intensity of tomentosity strongly influenced lealaur, which ranged from an ash-grey
(typical of the wild cardoon) to deep green (likeatt of the leaves of the globe

artichoke) (data not shown).

SSR-based genotyping
Cross-pollination in the globe artichoke is largasured by protandry, but a degree of
self-pollination does occur, because the stigmaamesreceptive to pollen for 4-5 days
after pollen shed, and so peripheral florets carfeoglized by pollen from central
florets. Self-pollination can also occur via polléransfer between asynchronous
capitula produced by the same plant. Thus it wagmtant to verify the hybridity of the
progeny obtained by cross-pollination, and this a@seved using SSR profiling at two
informative loci.

All 93 SSR assays initially applied generated dilgr@onsisting of either one or
two alleles per template, as expected from a dippeecies, and the allelic constitution.
Among them, 50 loci segregated in bothpBpulations for at least one parent and were

then applied to the full set of hybrid individual§able 3). Within Progeny 1, the
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segregation of 17 loci was consistent with a 11l ratio; of these, 12 displayed a four
allele segregation (segregation type <ab x cd>}§l #re other five a three allele

segregation (<ab x ac>). One locus was consistéhtavl:2:1 ratio (segregation type
<ab x ab>) while the remaining 32 loci segregatathiwv only one of the parents,

producing a segregation pattern consistent withladtio (Table 3). Within Progeny 2,

25 loci proved to be heterozygous in both the pareal of them segregating in a
1:1:1:1 ratio (16 with four alleles and nine withrae alleles); the other 25 loci

segregated within only one of the parents (1:1loyaths also noted by Portis et al.
(2009), the level of heterozygosity in the culte@tcardoon was less than in the wild
cardoon, and so more of the loci segregated omlyhi® globe artichoke alleles (Table
3).

The segregation analysis also revealed a numbaulbfalleles, which occur at
SSR loci when one (or both) primer annealing s#es lost by mutation or deletion
(Jones et al. 1998; Holm et al. 2001; Pembertal. €i995). The effect of null alleles is
to over-estimate the frequency of homozygositycesih becomes no longer possible to
discriminate homozygotes from heterozygotes (Peakkiet al. 2005). In this situation,
the options are either to disregard the affected to score segregation in the same way
as for a dominant marker (Rodzen and May 2002gttempt to redesign the primers
(Shaw et al. 1999; Van Oosterhout et al. 2004)ooadjust allele frequencies on the
basis of a global estimate of the frequency of milkles. However, for the present
populations, it was generally possible to identifig presence of null alleles. Within
Progeny 2, null alleles were inferred at 12 of 58eSSR loci. As described in Figure 2,
seven of these loci displayed the pattern nameah@)ive pattern b). Patterns c¢) and d)

detected monomorphic null alleles, and thus wetdaien into consideration. The null
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alleles at two of the SSR loci displayed a segiegapattern which was ambiguous
(Figure 3) and so were excluded from any furthealysis. Within Progeny 1, null
alleles were identified at just five of the 50 lopresumably as a consequence of the
lower phylogenetic distance between the two paleggaotypes. Indeed the highest
similarity value detected between pairs of genatyipehe Progeny 1 was 0.73 while in
the Progeny 2 it was 0.82.

On the basis of the whole 50 SSR primers set it pessible to obtain a specific
molecular fingerprinting for each individual in Ihosegregating progenies. The initial
attempt to identify the minimum number of SSR logeded to fully discriminate
between all individuals was based on a selectiob6oBSRs at which four alleles were
detected in Progeny 2 (Table 3). These were usedetiie a similarity matrix between
each individual; the most similar pair was 78% $amto one another; the correlation
between this matrix and the total similarity matimdicated a good fit between these
two representations of the genetic relationships@r87).

Nine of the 16 SSRs (CELMS-01, -15, -23, -24, -341, -58 and -60, and
CMAL-21) were then chosen on the basis that thesedre dispersed across different
linkage groups (Portis et al. 2009). The similantgtrix obtained from this set was well
correlated with the one obtained using the whoka dat (r = 0.78). The most similar
pair of individuals from Progeny 1 were 90% similarone another, while those from
Progeny 2 were 85% similar to one another. The @EB8& loci were able to fully
discriminate all members of both progeny sets. UR&SMA-based clustering (Figure
4) separated the genotypes into two major cladesiegsponding to the two F1

populations, with the common parent (‘Romanescq &8an intermediate position.
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The first two axes of the PCoA scatter plot (Figb)eexplained, respectively,
39% and 23% of the overall genetic variation; twrfer largely discriminated between
the two populations and highlighted the higher afaitity present within Progeny 2.
Indeed in Progeny 2 a molecular fingerprinting atlke genotype might be obtain by
applying only 7 (i.e. CELMS-01, 15, 24, 37, 41, &8 CMAL-21) of the 9 selected
SSRs. A further reduction in the number of SSR loeeded for molecular
fingerprinting could be possible if the focus isstreeted to types suitable for the

development of ornamental varieties.

Conclusions
Here we have reported the release of a large anafystienotypic diversity by

crossing the globe artichoke with either the witdhe cultivated cardoon. On the basis
of our previous studies, due to the heterozygottume of the species, highly
segregating progenies may be also obtained follgpweifing or by crossing spiny with
non spiny globe artichoke varietal types; howetee, amount of released phenotypic
diversity is by far less pronounced than the onelserved in our inter-taxa progenies.
A number of the segregants displayed aspects gbmotmgy which have high potential
as ornamentals. A particular advantage of thisispes that any individual can be
readily immortalised by vegetative propagationheitby isolating basal growing shoots
or semi-dormant shoots which develop on the undergt stem. Indeed, a set of thirty
of the most promising genotypes has been vegelatprepagated by isolating basal
growing shoots, and are currently under evaluaitiodifferent environments with the
goal of identifying the most valuable for future mketing. Micropropagation is a further

option, as protocols for meristem culture have beelh established for the species, also
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starting from meristem tips, with the goal to obtairus free plants for the production
of sanitary controlled propagative material (Acquadt al. 2010; Barba et al. 2004;
Papanice et al. 2004).

A set of nine SSR loci, evenly dispersed acrossgégm®me, was shown to be
sufficient to unambiguously identify each segregdrte DNA profiles generated by
these SSR assays will have utility in establishimg genetic identity of vegetatively

propagated materials.
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Table 1. Phenotypic variation observed for seven traithentwo inter-subspecies hybrid populations [glakh&hoke x cultivated cardoon

(Progeny 1) and globe artichoke x wild cardoon gery 2)].

Trait Progeny 1 Progeny 2

Mean  Minimum Maximum Mean Minimum Maximum
Plant height (cm) 95 56 127 54 28 89
Daysto flowering 216 203 242 223 214 234
Flowering period (days) 25 7 55 22 2 48
Number of heads plant™ 7.4 1 32 5.7 1 20
Head longitudinal diameter (cm) 6.9 4.4 10.4 6.4 4.0 8.2
Head transversal diameter (cm) 5.1 3.2 7.8 4.4 2.8 7.6
Shape index 1.37 1.04 1.94 1.45 1.07 1.97
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Table 2. Observed and expected segregation for the hedaolgrctiorets colour and presence of spines intiine inter-subspecies hybrid

populations [globe artichoke x cultivated cardoBrogeny 1) and globe artichoke x wild cardoon (Brgg2)].

Globe artichoke

Cultivated cardoon Wild cardoon

Number of individuals ‘Romanesco C3’ Altilis 41 ‘Creta 4’ Progeny 1 Progeny 2
Purple-green heads X X X 53 52
Green heads 24 27
Purple heads 17 15
Expected ratio 9:4:3 9:4:3

x 0.03 ns 0.39 ns
Putative genotype PpUu PpUu PpUu [P_U_(9)]: [pplbpuu (4)]: [P_uu (3)]
Violet florets X X 94 94

White florets X 0 0
Expected ratio 1:0 1:0

P ns ns
Putative genotype BB bb BB (or Bb) Bb BB (or BB b B
Spiny heads X 0 44

Not spiny heads X X 94 50
Expected ratio 1:0 1:1

ba ns 0.38 ns
Putative genotype Spsp SpSp spsp SpSp + Spsp (Bpsispsp (1)]
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Table 3 Segregation patterns and number of polymorpHartnative alleles detected in the in two inter-qadises hybrid populations
[globe artichoke x cultivated cardoon (Progenyrid globe artichoke x wild cardoon (Progeny 2)].

. . . N° informative Progeny 1 Progeny 2
Segregation type Segregation ratio - :
alleles/locus  Ne |oci  Total N° of alleles N° loci  Total N° of alleles
<ab x cd> 1:1:1:1 4 12 48 16 64
<ab x ac> 1:1:1:1 3 5 15 9 27
<ab x ab> 1:2:1 2 1 2 0 0
<ab x aa> <ab x cc> )
<aa X ab> <aa x bc> 11 1 32 32 25 25
total 50 97 50 116
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Figure 1:
Examples of the phenotypic variation released imo timter-subspecies hybrid

populations. White flower of the cultivated cardqmarent are also included.

Progeny ‘globe artichoke x cultivated cardoon’
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Figure 2:
Segregation patterns which allow for the identtiima of null alleles (indicated by a
white band). A null allele was inferred to be segteng when a single product or no

product was observed.
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Figure 3:
Segregation pattern which does not allow for tremidication of null alleles (indicated

by a white band). Both homozygous and heterozygaligiduals amplify only a single
product.
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Figure 4:
UPGMA-based cluster analysis of the segregantsgria two inter-subspecies hybrid
populations, based on their allelic constitutionnate SSR loci. In the dendrogram

parental genotypes are indicated.
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Figure 5:

Principal coordinate analysis (PCoA) based on S&$eth genotypic data, depicting the
genetic relationship between the segregants arisingvo inter-subspecies hybrid
populations. Progeny 1 shown as grey circles, Rrp@eas white circles. The parents

are indicated by triangles.
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