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Abstract: Globe artichoke (Cynara cardunculus var. scolymus), whose immature inflorescences (capitula) are 

consumed as a vegetable all over the world, contributes significantly to the agricultural economy of the 

Mediterranean basin. Here we describe a QTL analysis aimed at elucidating the mode of inheritance of seven 

main and first order capitulum traits. Mapping was carried out in an F1 population obtained by crossing a globe 

artichoke with a cultivated cardoon (C. cardunculus var. altilis). A total of 100 QTL associated with the seven 

capitulum traits were mapped to 23 chromosomal regions, scattered over 12 of the 17 linkage groups. Among 

these, 73 were expressed in both growing seasons, while the others were only detected in one season. Up to 9 

QTL per trait were identified and major QTL, responsible for some 20% of the phenotypic variation, were 

detected for capitulum length, diameter, shape index and fresh weight. The QTL for correlated traits frequently 

co-localized, most likely due to pleiotropy. This study represents the first report on yield traits QTL in globe 

artichoke. The QTL identified, along with linked markers, particularly those located in four hot-spot QTL 

regions are of practical interest for crop improvement based on marker assisted breeding. 
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Introduction  

Cynara cardunculus L., a member of the Asteraceae family, is a diploid (2n=2x=34) out-crossing perennial 

species native to the Mediterranean basin. It includes the globe artichoke (var. scolymus L.), the cultivated 

cardoon (var. altilis DC.), and their progenitor the wild cardoon (var. sylvestris Lam.). The fully cross-compatible 

domesticated forms are presumed to have evolved independently under the influence of different selection 

criteria (Basnitzki and Zohary 1994). Globe artichoke cultivation contributes significantly to the Mediterranean 

agricultural economy, with an annual production of about 1.118 Mt harvested from over 98 Kha of land 

(http://faostat.fao.org/). The leading producing country is Italy, and production of the crop has spread in recent 

years to the Americas and to China. The prime product is the immature inflorescence (head or capitulum), which 

is consumed either fresh, preserved or frozen. Each plant produces a number of capitula, the largest of which 

(the main capitulum) develops at the apex of the central stem, with the first and second order capitula arising 

from the apex of lateral branches. The cultivated cardoon is usually raised from seed and handled as annual crop; 

its cultivation is much less widespread than that of the globe artichoke and the crop remains of only regional 

importance in Spain, Italy and the south of France. Its edible part is the stems. The species also represents a 

source of various biopharmaceutical compounds (Lombardo et al. 2009; Pandino et al. 2012), and can be 

exploited for ornamental purposes (Lanteri et al. 2012) or to produce both lignocellulosic biomass and seed oil, 

the latter being suitable for both edible and biofuel purposes (Ierna et al. 2012; Angelini et al. 2009; Ierna and 

Mauromicale 2010; Portis et al. 2010). 

Unlike some other Asteraceae species (e.g. sunflower, lettuce and chicory), the C. cardunculus genome 

remains largely unexplored, although some preliminary information on its organization has recently been 

provided (Scaglione et al. 2012a). The species is highly heterozygous and does not greatly tolerate self-

fertilization; for this reason, most of the population types used for genetic mapping are inappropriate, so instead a 

double pseudo-testcross approach has been adopted (Lanteri et al. 2006; Acquadro et al 2009). The most recently 

derived genetic maps have been generated from the progeny of a cross between the globe artichoke ‘Romanesco 

C3’ and the cultivated cardoon genotype ‘Altilis 41’ (Portis et al. 2009) and integrated a wide set of 

microsatellite (SSR) loci derived from expressed sequence tag DNA sequence (Scaglione et al. 2009). The two 

maps generated from this cross each comprise the expected 17 major linkage groups (LGs), and have been used 

to derive a relatively densely populated consensus map. A first use of this resource has been to elucidate the 

pattern of inheritance of precocity with respect to capitulum production (Portis et al. 2012). Following the 

phenotyping of this same population, it has now been possible to derive a number of marker/trait associations 
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involving a number of yield components. A knowledge of which regions of the genome harbour key genes 

underlying the determination of capitula yield should open the way towards marker-assisted selection in this 

rather neglected crop.  

 

 

Materials and methods 

 

Plant materials and phenotypic traits evaluation  

A population of 154 F1 hybrids described by Portis et al. (2009) along with six clonally propagated plants of 

both ’Romanesco C3’ (female parent, hereafter C3) and ‘Altilis 41’ (male parent, ALT) were grown and 

evaluated at the University of Catania experimental station (37°25’N; 15°30’E; 10m a.s.l) over the two growing 

seasons 2009-2010 (hereafter “2009”) and 2010-2011 (“2010”). In “2009”, seedlings bearing three true leaves 

(about 40 days after seed germination) were transferred into the field in mid-September, while in “2009”, the 

growing season was initiated by drip irrigating to field capacity in mid-August. Starter fertilization was applied 

before planting (2009) or awakening (2010) with 80, 180, and 150 kg ha
-1

 of N, P2O5 and K2O, respectively, 

shortly after lateral offshoots removal. On both seasons further two N applications (as ammonium nitrate) were 

applied at a rate of 80 kg ha
-1

 on early-November and late-February, respectively. Drip irrigation was supplied 

from August to mid-October and on early April, by restituting 100% of maximum evapotranspiration (ETm), 

when accumulated daily evaporation, net of rain (measured from an unscreened class A-Pan evaporimeter near 

the crop), reached 40 mm (corresponding to ~50% of available soil water content at 0.30 m depth). All the 

experimental plots were kept weed and insect-free by spraying oxyfluorfen and imidachloprid, respectively, 

when required. Capitula were harvested when they had reached a marketable size (prior to bract divergence, 

“stage D” (Foury 1967) and measured with respect to their number per plant (nc), length (cl), diameter (cd), 

shape index (si) [cl:cd ratio, a relatively constant trait of each genotype, varying from 0.9 to 1.1 and >1.2 in 

spherical/subspherical and in long shaped types, respectively (Mauromicale and Ierna 2000) and fresh weight 

(fw); in addition, receptacle diameter (rd) and receptacle height (rh) were recorded. The cl, cd, si, fw, rd and rh 

traits were scored for both the main head (MH traits) and the first order heads (FOH traits) developed on the 

ramifications of the main stem. 
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Statistical analyses and QTL detection 

Population means, standard deviations, distribution histograms and trait correlations were calculated using R 

software (R Development Core Team 2006). Correlations between traits were calculated using the Spearman 

coefficient, and normality, kurtosis and skewness assessed with the Shapiro-Wilks test (α=0.05). Segregation was 

considered as transgressive where at least one F1 individual recorded a trait value higher or lower than the 

parental value by at least two standard deviations. QTL detection was initially based on the consensus genetic 

linkage map (Portis et al. 2012) which includes 694 markers, of which 227 (217 SSRs and 10 SNPs) are co-

dominant, and covers 1687.6 cM. The consensus map was used at first to assign putative locations by performing 

a Kruskal-Wallis (KW) non-parametric test in conjunction with the simple interval mapping procedure (SIM) 

(Lander and Botstein 1989) implemented within MapQTL v4.0 software (Van Ooijen et al. 2002). Next, the two 

separate parental maps were employed for a re-analysis based on the BC1 algorithm, using both SIM and 

multiple QTL mapping (MQM) (Jansen and Stam 1994). Markers lying within a putative QTL region and 

associated with the highest LOD score were used as co-factors. For the MQM, a backward elimination procedure 

was applied to select the appropriate co-factors (e.g. significantly associated with each trait at P<0.02). The LOD 

thresholds for QTL significance were confirmed using a permutation test comprising 1,000 replications, which 

implies a genome-wide significance level of 0.05 (Churchill and Doerge 1994). Only those QTL associated with 

a LOD greater than either the genome-wide threshold or the LG threshold were considered, and 1-LOD support 

intervals were determined for each LOD peak (Van Ooijen 1992). The additive effect and the proportion of the 

overall phenotypic variance (PV) associated with each QTL were both estimated from the MQM model. Linkage 

maps and QTL positions were drawn using MapChart (Voorrips 2002). Each QTL was designated by an 

abbreviated version of the trait name as a prefix, followed by “MH” or “FOH” (referring to, respectively, traits 

detected in the main and first order head). The relevant linkage group (LG) and the number of QTL in that LG 

(where appropriate) are also indicated. So for example “fwMH.Alt_6a” indicates the first QTL underlying the 

fresh weight of the main capitulum, mapping to the male linkage group Alt_6. 

 

Results 

 

Phenotypic variation and trait correlations  

The population segregated widely with respect to phenotype, generating some morphologies not expressed in 

either cultivated type (as previously reported by Lanteri et al. 2012). The phenotypic performances are listed in 
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Table 1. There were significant (P<0.1) genotypic differences between C3 and ALT for each of the main head 

traits in both “2009” and “2010”. Significant differences were also apparent with respect to the first order heads, 

with the only exceptional trait being rh (Table 1). C3 capitula are fewer in number, but heavier (longer and 

larger) and more rounded than ALT ones. Significant inter-trait correlations (p<0.05) were detectable both within 

and between seasons (Supllementary Table 1). Although their level was generally similar in the two seasons, in 

“2010” most of the correlations involving an MH with an FOH trait were higher than in “2009” (the exceptions 

related to si and rd). Within each season, the size of both the capitulum and the receptacle and the capitulum fw 

were positively correlated with one another, while si was negatively correlated with both cd and fw. The trait nc 

was positively correlated with both cl and cd. The correlations between the two seasons were significant (except 

with respect to rh) and ranged from 0.320 (p<0.001) for cdMH to 0.778 (P<0.0001) for siMH, (Supplementary 

Table 1). The yield-related traits were normally distributed among the mapping progeny, highlighting their 

polygenic control. Since these distributions were highly comparable in the two growing seasons, only data 

referring to “2009” are shown in Fig. 1. The mean of the population was substantially below the mid-parent 

value for all the traits except si. The capitula formed by most of the progeny were more elongated (si=1.4-2.0) 

than those ones of ALT (Table 1, Fig. 1). Transgressive segregation was observed towards ALT parent for each of 

the dimension-related traits, and the number of transgressive plants was particularly higher for si, rd and rh traits. 

On the other hand, no progeny produced capitula as heavy and large as those formed by C3 itself.  

 

QTL identification  

A separate QTL analysis was performed in each season. The initial SIM-based scan identified 18 genomic 

regions influencing traits related to capitulum and receptacle weight, size and dimension. The same QTL regions 

were identified in both years for most of the traits, except for the one on LG C3_13, which only harboured QTL 

expressed in “2009”. Further five nc QTL mapped to regions not harbouring any other QTL. Overall, the 23 

genomic regions were dispersed over 12 LGs. QTL validation was made possible by analysing the C3 and ALT 

maps independently; this confirmed each of the regions detected, which were then taken forward into the MQM 

procedure. An overview of homologies between the parental maps, identified QTLs and trait overlapping QTLs 

is provided in Fig. 2. Table 2 documents the properties of each of the QTL: maximum LOD value, location on 

the genetic maps, additive marker value effects and proportion of phenotypic variance (PV) explained. The C3 

map captured 56 QTL (29 relating to MH traits, 23 to FOH traits and four nc loci), of which 39 were expressed 

in both seasons (11 were only detected in “2009” and the other six only in “2010”). The ALT map captured 44 
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QTL (24 MH, 16 FOH and four nc loci), of which 34 were stably expressed, and five each in only one of the two 

seasons. 

Capitulum length (cl). Eight regions harbored clMH loci (Table 2), two of which were detected in both 

C3 and ALT (homologous QTL), four only in C3 and two only in ALT. Seven of the eight QTL were stably 

expressed (the exception was clMH.C3_13, detected only in “2009”, even though its homologue on LG Alt_14 

was expressed in both seasons). In C3, the largest stable QTL were located on LG C3_14 (linked to the SSR 

locus CyEM_188) and LG C3_1; these explained from 14.5% to 21.5% of the PV and were associated with an 

additive effect of about 1.1-1.3 cm. The other four QTL detected in C3 each accounted for ~7-12% of the PV. In 

ALT, clMH.Alt_6 (which explained about 13-14% of the PV, and contributed an additive effect of ~0.9 cm) was 

the largest stable QTL. The other three ALT QTL each accounted for >11% of the PV. For clFOH, two further 

stable QTL were detected, one being homologous and one confined to ALT. Individually, the clFOH QTL 

accounted for up to 16% (C3) and 13% (ALT) of the PV. 

Capitulum diameter (cd). cdMH QTL were detected in seven genomic regions, two of which were 

homologous, four were specific for C3 and one for ALT. Six of the seven loci were stable across years, but the 

homologues on LGs C3_13/Alt_14 were expressed only in “2009”. The largest effect stable QTL on C3 mapped 

to LG C3_1, accounted for about 17-19% of the PV and was associated with an additive effect of about 0.8-0.9 

cm. The other QTL accounted each for 10-12% of the PV. In the ALT map, each one of the stable QTL explained 

11-12% of the PV, with an additive effect of 0.5-0.7 cm. With respect to cdFOH, five additional stable QTL were 

detected, one of which was homologous, two were restricted to C3 and the other two to ALT. Each of these QTL 

accounted for up to 16% (C3) and 14% (ALT) of the PV.  

Shape index (si). Seven stable siMH QTL were detected, but none of them were homologous (three 

restricted to C3 and four to ALT). The largest effect QTL, responsible for about 22-30% of the PV, mapped in the 

vicinity of the SSR locus CyEM_188 on LG C3_14 (the same region harbouring a major clMH QTL). Only one 

additional siFOH QTL emerged, located on LG C3_2. 

Fresh weight (fw). Seven fwMH QTL were identified, three of which were homologous, one specific 

for C3 and the remaining three specific for ALT. All but one of these QTL were stably expressed (the exception 

was the homologue on C3_13/Alt_14, which was only expressed in “2009”). The largest effect stable C3 QTL 

mapped to LG C3_1, accounted for about 19-20% of the PV and was associated with an additive effect of 29-30 

g; the other QTL each accounted for 10-11% of the PV. clMH.Alt_6a was the largest stable ALT QTL, explaining 
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11-12% of the PV and associated with an additive effect of about 20-23 g. Of the four additional stable fwFOH 

QTL, one was homologous, two were restricted to C3 and one to ALT. Each explained 14-15% of the PV. 

Receptacle diameter (rd). Of the nine rdMH QTL detected, two were homologous, three were specific 

to C3 and four to ALT. None of the homologous QTL were stably expressed, although five of the seven non-

homologues were. The two stable C3 QTL mapped to LGs C3_5 and C3_9, were responsible for about 10-11% 

of the PV and were associated with an additive effect of 3.8-4.6 mm. Two large-effect (explaining 12-16% of the 

PV) stable ALT QTL mapped to LGs Alt_2 and Alt_4 and contributed an additive effect of 4.9 – 5.9 mm. The 

rdFOH QTL all lay in regions containing a rdMH locus.  

Receptacle height (rh). Five rhMH QTL were identified, of which one was homologous and the other 

four specific to C3. Most of these loci were expressed in both seasons. Two large effect loci (mapped to C3_1 

and C3_5) were responsible for up to 13-14% of the PV and were associated with an additive effect of 1.7-2 mm. 

With respect to the rhFOH QTL, all lay in regions containing a rhMH locus.  

Number of capitula per plant (nc). Five nc QTL were detected, of which three were homologous and 

stably expressed, and one each (on LGs C3_3 and Alt_1) were expressed in only one season. The former each 

accounted for about 10-13% of the PV and were associated with an additive effect of 5-7 capitula per plant.  

 

 

Discussion 

The genetic basis of variation in quantitative traits is most satisfactorily resolved by the QTL approach, which 

partitions the variation into distinct genomic regions defined by a linkage map (Paterson et al. 1988); following 

this, the important issue to determine is how stable the expression of the various loci is, an issue which can only 

be resolved by repeating the phenotypic evaluation in time and/or space. Most yield traits are quantitative in 

nature and so tend to be under polygenic control. To date, little attention has been given in globe artichoke to 

elucidating the inheritance of capitulum traits (Pecaut et al. 1983; López Anido et al. 1998; Mauromicale et al. 

2000); to the best of our knowledge, this is the first report identifying yield trait QTL in the species. The present 

report shows, as might have been expected, that capitulum size and weight are genetically determined by 

multiple QTL, which proved to be located in 18 distinct genomic regions. The number of QTLs per trait ranged 

from 5 to 9 (mean 7.2) and the only traits for which more than one QTL mapped to a single LG were fw and rd. 

Six of the 18 regions harboured homologous QTL, which can only be detected when present in each parent in the 

heterozygous state. Five of the homologues regions included at least one common trait, while one (on LGs 
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C3_5/Alt_1) was identified on the basis of the shared position of different traits (rh on C3_5, cl and si on Alt_1). 

Other regions (seven in C3, five in ALT) only featured on one of the parental maps; in these cases the inference 

is that the locus was heterozygous in only one of the two parents.  

The co-localization of a large proportion of QTL was determined on the basis of overlapping one-LOD 

support intervals, which provides an approximate confidence interval for the true location of a given QTL. Seven 

regions harboured five or more QTL: C3_9/Alt_17 (12 traits), C3_12/Alt_6 (11 traits), C3_1/Alt_2 (10 traits), 

and C3_15, Alt_2, Alt_6 and Alt_10 (5 traits each). Most of these clusters comprised QTL related to both MH 

and FOH traits. Clusters of QTL underlying solely MH traits were located on LGs C3_13/Alt14, C3_1, C3_3, 

C3_15, Alt_1 and Alt_18, and similarly for FOH ones on LGs C3_2/Alt_4 and C3_1. This clustering of QTL is 

highly suggestive of pleiotropy, especially given the observed positive correlations between the various 

capitulum size traits. However, it is also possible that sets of linked loci genes are present in some or all of these 

multiple QTL containing regions. In contrast, only few regions contained clusters of QTL underlying a single 

trait but applying to both the MH and the FOH – an example was the three regions harbouring rh QTL on LGs 

C3_5, C3_8 and Alt_4.  

Both capitulum and receptacle size were positively correlated with their fresh weight, as was the 

number of capitula with both capitulum length and diameter. The clustering/co-localization of QTLs reflects the 

correlation among traits and will need further studies for practical application in breeding programmes. A 

positive correlation between capitulum diameter and weight has previously been reported by Lòpez Anido et al. 

(1998) and, as pointed out by Lanteri et al. (2005), in the spiny elongated capitulum type, the heaviest capitula 

tend to be those having the greatest length and diameter. The correlations among different traits as well as their 

co-localization indicate the magnitude and direction of correlated response to selection as well as the relative 

efficiency of indirect selection (Holland 2006). When traits are highly correlated, plant breeders can select for the 

trait with higher heritability and simultaneously indirectly select for the other trait, thus maximizing genetic gain 

for both traits in segregating populations (Carter et al. 2011). As an example, the strong correlation between 

receptacle height and heads’ size and weight, may facilitate the indirect selection of the incidence of the edible 

head fraction, which is desirable for both fresh consumption and processing. On the other hand, although these 

correlations are largely supported at the molecular level by many coincident QTLs, a linear relationships does 

not appear to occur. Some specific QTL regions influencing receptacle height (e.g. the ones located at C3_5 and 

_8, the former responsible of up to 14% of the PVE) represent possible sources of markers exploitable for 

breeding, on the other hand the cluster of alleles with opposite effects have been also identified, (e.g. at the top of 
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C3_1), which highlight association of alleles increasing head dimension and weight but worsening receptacle 

dimension. This may have relapses in the application of breeding programs to avoid the selection of genotypes 

producing heavy-head with low-incident receptacle, which would lead to an increase of by-products of the heads 

(bracts) and a decrease of the edible part. 

The QTL mapping procedure was based on a pseudo-testcross population constructed from a cross 

between two highly heterozygous individuals. In this situation, it is in principle possible to generate segregation 

for between one and four QTL alleles (Q1Q2×Q3Q4; Grattapaglia et al. 1995), so that the locus may be 

mappable to either both (“homologous” QTL) or just one of the two independent parental maps (Zhang et al. 

2010). The nature of the mapping population limited the possibility of estimating the effect of the individual QTL 

alleles, because the allelic constitution at the QTL in each parent was unknown. As a consequence, more 

variation occurs in this system because the effect of the QTL allele-substitution is measured against a 

heterogeneous background (Crespel et al. 2002). Nevertheless, it was still possible to map a substantial number 

of reliably expressed, yield-related loci to 12 of the 17 C. cardunculus chromosomes. 

Allele effects were largely consistent with the phenotypic difference between parents and their direction 

was confirmed for all the identified QTL in both growing seasons, this reinforces the accuracy of our QTL 

mapping results. At several loci, however, this was not the case; for example, within the QTL cluster on LG 

C3_12, alleles associated with a lower capitulum weight and lesser dimension were mapped in the C3, rather 

than in the ALT map. Other QTLs related to receptacle traits and contrasting with the parental phenotype were 

also detected at LGs C3_1 and C3_5, while C3_7 and C3_13 were associated with alleles worsening cd and fw. 

The possibility of finding alleles with opposite effects has been highlighted by Tanksley and McCouch (1997), 

and has been invoked to explain the phenomenon of transgressive segregation. The capitulum weight and size of 

the majority of the mapping progeny individuals were, however, below the mid-parent value, suggesting that a 

degree of semi-dominance is exerted by cultivated cardoon alleles over those from globe artichoke.  

In regions linked to dimension and weight related traits, 5 QTLs for traits number of capitula were 

found, however they were separated from one another by more than the one-LOD support interval, suggesting 

they had a different genetic basis. Those on the C3 LG were associated with a lower number of capitula, while 

the ALT alleles acted in the opposite direction. Although the more profusely branched plant type ALT produced 

smaller capitula, ALT nc alleles were associated with larger capitula, indicating that QTL detected for cultivated 

cardoon may be useful for the genetic improvement of globe artichoke. This result is of particular breeding 

relevance as it demonstrates the feasibility of simultaneously increasing both capitulum size and number, as 
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achieved in practice by López Anido et al. (1998). The economic yield of globe artichoke is positively correlated 

with the number and weight of the secondary capitula (Mauro et al. 2009), while clonal selection within a 

specific globe artichoke varietal type has shown that although yield was strongly dependent on the number of 

capitula, yet there was no significant relationship between yield and mean capitulum weight - further 

emphasizing the importance of the capacity to produce secondary capitula (Mauro et al. 2012, 2014).  

The genetic location of some of the yield-related QTL coincided with those assigned to QTL 

determining precocity of capitulum production (Portis et al. 2012). In particular, those mapping within LGs 

C3_1/Alt_2, C3_9 and Alt_6 are highly likely to be the identical loci, since their confidence intervals overlap. 

However, the ones mapping to LG C3_2/Alt_4 were separated from one another by more than the one-LOD 

support interval. Globe artichoke varietal types have been classified as early (able to flower in the autumn-winter 

months if the underground shoots are watered during the summer) and late (only able to flower from late winter 

to early spring) (Mauromicale and Ierna 2000). Within both these types, there is an inverse relationship between 

yield and earliness, reflecting source/sink competition, a typical feature of many determinate plants (Mauro et al. 

2012). The mapping population was bred from a cross between a “late” globe artichoke type and a cultivated 

cardoon accession which only produces capitula from the late spring onwards Within this genetic background, 

earliness appears to be correlated with capitulum size and weight as some globe artichoke alleles linked with 

increased dimension of the head, reduced the number of days to flowering.  

While some QTL are reliably expressed in many environments, others appear to be only detectable 

under certain conditions (Paterson et al. 2003). Of the 100 QTL detected overall, 73 were identifiable in both 

growing seasons. The effect of a QTL has been shown to vary over time in perennial plants with changing biotic 

and abiotic factors (Brown et al. 2003). C. cardunculus is also a perennial plant, but our results seem to suggest 

that it is in some way adaptable to yearly variations in climate. The minor differences in some QTL locations 

from season to season in the present materials could reflect a significant degree of Genotype x Environment 

(G×E) interaction, since the two seasons were not identical in terms of temperature, rainfall etc. Another source 

of variation may have arisen from the fact that the growth pattern of newly sown material (as in “2009”) differs 

materially from that of “re-awakened” plant (as in "2010") (Foury 1987). As suggested by Falconer and Mackay 

(1996), genotypic sensitivity to environmental variation was estimated by analysing the phenotypic correlation of 

a given trait between seasons. This analysis concluded that both the receptacle traits and capitulum number were 

strongly effected by a GxE interaction. A common plant breeding goal is to deliver high yield potential along 

with yield stability. As suggested by Kiani et al. (2009), this can be achieved in two major ways: first, by the 
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identification of non-environment-specific QTL, and second by the stacking of a set of QTL, each of which 

controls adaptation to a specific environment. The latter type is typified by the season-specific capitulum size 

and weight QTL detected on LG C3_13, which explained up to 20% of the PV in one of the two seasons. 

 

Conclusions 

The improvement of productivity (both with respect to quantity and quality) is a prime objective of most 

breeding programmes. The identification of relevant QTL can provide a tool to enable the use of marker assisted 

strategies. The evolving C. cardunculus genetic maps are sufficiently densely populated to enable the detection 

of genomic regions influencing key productivity traits. Although the relative contribution of individual QTL can 

be under-estimated using standard QTL mapping approaches (Hayashi and Awata 2004), they are certainly able 

to identify large effect QTL, which are the one most profitable to target for the purpose of marker assisted 

selection. For some of the traits analyzed here (specifically, cl, cd, si and fw), at least one QTL, explaining about 

20% of the PV, was detected. Of particular interest are the four “hot-spot” regions (on LGs C3_1, _9, _12 and 

_14) where QTL appear to be clustered. However, before these can be directly targeted for marker assisted 

breeding, it will be prudent to validate them in a range of other genetic backgrounds and in other relevant 

environments (Lande and Thompson 1990, Melchinger et al. 2004). Keeping this in mind, we have recently 

developed a new mapping population from a cross between C3 and a wild cardoon genotype (Lanteri et al. 

2012). The number of QTL detected for the various traits may represent an underestimate, given the maps' 

incomplete coverage of the genome (particularly for ALT map) (Portis et al. 2012). For the purpose of marker 

assisted selection, and definitely for the purpose of QTL isolation, it will be necessary to improve marker 

saturation in the key genomic regions. Large numbers of single nucleotide polymorphisms are currently being 

developed for C. cardunculus (Scaglione et al. 2012a, Scaglione et al. 2012b) to enhance the quality and 

coverage of the genetic maps. 
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Tables 

Table 1 Capitulum traits of the parental lines (‘C3’: ‘Romanesco C3’, ‘ALT’: ‘Altilis 41’) and their F1 progeny in “2009” and “2010”. 

Trait 
    

Year 
Parental genotypes 

1
    F1 population 

2
 

Head Trait code C3 ALT Wilcoxon test   Mean Range s.e. 

Capitulum length Main  clMH 2009 10.03 ± 0.64 5.75 ± 0.07 p<0.1  6.92 4.40 - 10.40 0.079 

(cm)   2010 9.54 ± 0.33 5.70 ± 0.28 p<0.1  6.54 4.10 - 11.20 0.101 

 First order clFOH 2009 8.16 ± 0.26 5.00 ± 0.35 p<0.05  6.16 4.60 - 8.78 0.069 

      2010 8.37 ± 0.23 4.85 ± 0.07 p<0.05   5.49 3.65 - 8.95 0.080 

Capitulum diameter Main  cdMH 2009 10.73 ± 0.31 4.75 ± 0.49 p<0.1   5.09 3.20 - 7.78 0.057 

(cm)   2010 9.29 ± 0.40 4.80 ± 0.28 p<0.1  4.87 2.90 - 8.80 0.083 

 First order cdFOH 2009 8.22 ± 0.36 4.01 ± 0.44 p<0.05  4.20 2.80 - 5.98 0.047 

      2010 8.92 ± 0.33 4.13 ± 0.04 p<0.05   3.80 2.50 - 6.30 0.057 

Shape index Main  siMH 2009 0.93 ± 0.04 1.22 ± 0.11 p<0.1   1.37 1.04 - 1.94 0.013 

   2010 1.03 ± 0.02 1.19 ± 0.00 p<0.1  1.36 1.02 - 1.89 0.014 

 First order siFOH 2009 0.99 ± 0.03 1.25 ± 0.06 p<0.05  1.48 1.08 - 1.99 0.014 

      2010 0.94 ± 0.03 1.18 ± 0.01 p<0.05   1.46 1.03 - 2.22 0.016 

Fresh weight Main  fwMH 2009 414.99 ± 37.81 45.11 ± 12.93 p<0.05   60.78 19.56 - 175.85 1.79 

(g)   2010 375.25 ± 27.17 60.68 ± 9.27 p<0.05  58.05 12.57 - 198.45 2.77 

 First order fwFOH 2009 189.33 ± 15.13 28.21 ± 6.61 p<0.05  36.05 11.53 - 84.07 1.04 

      2010 217.12 ± 16.89 29.48 ± 2.31 p<0.05   29.21 9.58 - 98.91 1.25 

Receptacle diameter Main  rdMH 2009 68.3 ± 0.49 37.0 ± 0.57 p<0.1   35.1 23.0 – 56.0 0.45 

(mm)   2010 61.0 ± 0.23 44.0 ± 0.42 p<0.1  35.6 19.0 – 64.0 0.71 

 First order  rdFOH 2009 43.6 ± 0.22 32.1 ± 0.46 p<0.05  28.5 19.5 – 40.8 0.35 

      2010 51.8 ± 0.18 32.3 ± 0.11 p<0.05   26.9 18.0 – 43.8 0.49 

Receptacle height Main  rhMH 2009 20.7 ± 0.15 15.0 ± 0.00 p<0.1   14.2 7.0 – 21.0 0.17 

(mm)   2010 19.4 ± 0.07 15.5 ± 0.07 p<0.1  14.2 10.0 – 24.0 0.17 

 First order rhFOH 2009 14.0 ± 0.27 13.4 ± 0.09 n.s.  13.3 10.0 – 17.8 0.13 

      2010 15.2 ± 0.24 12.2 ± 0.07 n.s.   12.7 9.2 – 19.0 0.13 

Number of capitula All nc 2009 4.00 ± 0.00  18.00 ± 1.63  p<0.05  6.02 1 – 20 0.32 

   2010 4.33 ± 0.82  16.00 ± 0.82  p<0.05  6.38 1 – 23 0.26 
 

1
 Means followed by ± standard deviations. 

2
 s.e.: standard errors. 
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Table 2 Characteristics of the main head (MH) and first order heads (FOH) QTL detected using the C3 and ALT maps.  

 

Trait Map Head LG QTL 
2009  2010 

GW Locus cM LOD PV Add   GW Locus cM LOD PV Add 

Capitulum 

length 

C3 MH C3_1 clMH.C3_1 3.7 e38/t82-230 99.1 4.5 14.5 1.29  3.6 e32/t81-98 98.3 6.0 20.3 1.13 

  C3_9 clMH.C3_9  CyEM_10 29.8 3.7 9.1 0.72   CyEM_10 29.8 3.9 10.6 0.80 

   C3_12 clMH.C3_12  e35/t89-224 19.3 3.8 9.5 -0.71   e35/t89-224 19.3 3.6 11.6 -0.66 

   C3_13 clMH.C3_13  p45/m60-76* 83.9 3.9 9.6 0.66        

   C3_14 clMH.C3_14  CyEM_188 29.5 5.9 21.5 1.25   e32/t80-178 27.8 4.8 17.4 1.06 

   C3_15 clMH.C3_15  p13/m50-140 34.7 3.7 7.1 0.55   p13/m50-140 34.7 3.6 9.1 0.58 

  FOH C3_2 clFOH.C3_2 3.5 e32/t81-460 34.2 3.8 13.9 0.94  3.4 e32/t81-460 34.2 3.9 15.6 0.92 

     C3_14 clFOH.C3_14   CyEM_188 29.5 4.4 14.0 0.82               

 ALT MH Alt_1 clMH.Alt_1 3.6 e38/t82-540 49.0 3.60 11.9 0.71  3.7 e38/t82-540 49.0 3.80 11.4 0.73 

     Alt_6 clMH.Alt_6   e33/t89-492 35.4 3.8 14.3 -0.89    e33/t89-492 35.4 3.7 12.9 -0.88 

     Alt_14 clMH.Alt_14   p12/m62-114 15.9 3.7 11.2 -0.62    p12/m62-114 15.9 3.7 11.2 -0.58 

     Alt_17 clMH.Alt_17   CyEM_64 30.8 3.6 11.9 -0.77    CyEM_10_Alt 27.7 3.9 11.2 -0.78 

   FOH Alt_4 clFOH.Alt_4 3.5 e35/m47-332 40.1 3.6 11.4 -0.54  3.6 e35/m47-332 40.1 3.6 11.1 -0.41 

      Alt_10 clFOH.Alt_10   p13/m50-278 13.0 3.5 10.9 -0.63     e35/t80-148 16.3 3.8 12.8 -0.66 

Capitulum 

diameter 

C3 MH C3_1 cdMH.C3_1 3.5 e33/t89-430 104.0 5.7 16.8 0.75  3.6 e33/t89-430 104.0 4.7 19.4 0.87 

  C3_3 cdMH.C3_3  p13/m60-420 87.1 3.5 10.3 0.43   p13/m60-420 87.1 3.6 10.7 0.48 

   C3_7 cdMH.C3_7  e36/m59-334** 7.4 3.7 11.1 -0.54   e36/m59-334** 7.4 3.8 12.5 -0.41 

   C3_9 cdMH.C3_9  CyEM_229 42.2 3.6 10.4 0.41   p13/m50-430 36.1 4.3 10.4 0.51 

   C3_13 cdMH.C3_13  e32/t82-182 84.8 5.9 20.3 -0.77        

   C3_14 cdMH.C3_14  CyEM_188 29.5 3.5 9.8 0.47   CyEM_188 29.5 3.6 9.4 0.51 

  FOH C3_1 cdFOH.C3_1 3.3 e39/t80-148 8.5 3.4 14.1 0.54  3.2 e39/t80-148 8.5 3.7 15.8 0.52 

   C3_2 cdFOH.C3_2  e38/m50-230 30.8 3.5 12.3 0.41   e38/m50-230 30.8 3.6 12.1 0.45 

   C3_5 cdFOH.C3_5  p45/m47-610 29.9 3.6 12.2 0.41   p45/m47-610 29.9 3.5 9.2 0.39 

   C3_7 cdFOH.C3_7         CyEM_80 13.6 3.3 7.7 -0.25 

     C3_9 cdFOH.C3_9   CyEM_229 42.2 3.3 12.4 0.41               

 ALT MH Alt_2 cdMH.Alt_2 3.4 p12/m50-105 66.3 3.4 11.1 -0.59  3.4 e38/m47-158* 62.3 3.5 12.4 -0.72 

     Alt_14 cdMH.Alt_14   p12/m62-114 15.9 3.5 10.9 -0.41              

     Alt_18 cdMH.Alt_18   e38/m47-440 0.0 3.6 12.2 -0.48    e38/m47-440 0.0 3.5 11.8 -0.55 

   FOH Alt_2 cdFOH.Alt_2 3.4 CyEM_133 4.1 3.4 12.1 -0.47  3.3 CyEM_30 8.6 3.5 13.6 -0.50 

     Alt_4 cdFOH.Alt_4   e35/m47-332 40.1 3.5 10.0 -0.39    e34/m50-282  44.6 3.30 11.5 -0.41 

      Alt_6 cdFOH.Alt_6   e33/t89-492 35.4 3.4 9.8 -0.43     e35/m62-198  41.4 3.4 10.2 -0.39 
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Shape  

index 

C3 MH C3_3 siMH.C3_3 3.0 CyEM_210 88.4 3.6 13.0 -0.38  3.1 CyEM_210 88.4 3.2 11.7 -0.38 

  C3_14 siMH.C3_14  e32/t80-178 27.8 6.2 22.4 -0.74   CyEM_188 29.5 8.6 29.5 -0.94 

   C3_15 siMH.C3_15  p13/m50-140 34.7 3.7 10.8 0.42   p13/m50-140 34.7 3.4 9.8 0.35 

  FOH C3_2 siFOH.C3_2 3.0 e38/m50-230 30.8 3.1 10.7 -0.34  3.0 e38/m50-230 30.8 3.2 11.7 -0.29 

     C3_14 siFOH.C3_14   CyEM_188 29.5 7.0 27.0 -0.53     CyEM_188 29.5 7.9 29.2 -0.49 

 ALT MH Alt_1 siMH.Alt_1 3.2 e38/t82-540 49.0 3.3 10.1 0.31  3.4 e38/t82-540 49.0 3.6 12.2 0.34 

     Alt_2 siMH.Alt_2   CyEM_259 11.9 3.4 10.2 0.48    CyEM_259 11.9 3.4 10.4 0.45 

     Alt_10 siMH.Alt_10   p13/m50-278 13.0 3.8 11.2 0.51    e35/t80-148 16.3 3.4 10.9 0.39 

     Alt_17 siMH.Alt_17   CyEM_64 30.8 3.2 9.5 0.49    CyEM_64 30.8 3.5 12.4 0.56 

    FOH Alt_17 siFOH.Alt_17 3.1 CyEM_64 30.8 3.1 13.0 0.33   3.2 CyEM_10_Alt 27.7 3.2 14.5 0.46 

Fresh 

weight 

C3 MH C3_1 fwMH.C3_1 3.4 e33/t89-430 104.0 4.9 19.1 29.89  3.3 e33/t89-430 104.0 5.1 19.9 28.88 

  C3_9 fwMH.C3_9  CyEM_229 42.2 3.7 11.1 17.50   p13/m50-430 36.1 3.3 10.6 19.42 

   C3_12 fwMH.C3_12  e35/t89-224 19.3 3.4 9.9 -13.27   e35/t89-224 19.3 3.6 11.6 -17.78 

   C3_13 fwMH.C3_13  e32/t82-182 84.8 3.5 10.5 -14.17        

  FOH C3_1 fwFOH.C3_1 3.3 e33/t89-620 4.9 3.8 13.8 9.87  3.2 e33/t89-620 4.9 3.7 12.2 8.87 

   C3_2 fwFOH.C3_2  e32/t81-460 34.2 3.4 12.0 9.12   e32/t81-460 34.2 3.5 10.2 8.44 

   C3_5 fwFOH.C3_5  e36/m47-580 32.0 3.5 10.9 9.43   e36/m47-580 32.0 3.4 8.4 7.90 

   C3_9 fwFOH.C3_9         CyEM_229 42.2 3.2 12.1 8.60 

     C3_12 fwFOH.C3_12   e39/m50-690 17.0 3.3 9.9 -6.92     e39/m50-690 17.0 3.3 9.2 -7.58 

 ALT MH Alt_2 fwMH.Alt_2 3.5 p12/m50-105 66.3 3.4 9.5 -14.80  3.3 e38/m47-158* 62.3 3.4 10.0 -19.87 

     Alt_6 fwMH.Alt_6a   cyre5/m47-160 1.6 3.5 11.6 -20.40    cyre5/m47-160 1.6 3.6 11.4 -22.70 

     Alt_6 fwMH.Alt_6b   e33/t89-492 35.4 3.5 7.6 -21.30    e33/t89-492 35.4 3.7 9.8 -18.33 

     Alt_10 fwMH.Alt_10   e35/t80-148 16.3 3.7 8.9 -13.30    e35/t80-148 16.3 3.3 9.4 -15.60 

     Alt_14 fwMH.Alt_14   p12/m62-114 15.9 3.6 7.8 -12.10              

     Alt_18 fwMH.Alt_18   e38/m47-440 0.0 3.5 7.3 -9.90    e38/m47-440 0.0 3.3 8.9 -8.90 

   FOH Alt_2 fwFOH.Alt_2 3.4 CyEM_133 4.1 3.4 7.1 -8.70  3.3 CyEM_30 8.6 3.7 15.1 -9.94 

     Alt_4 fwFOH.Alt_4   e35/m47-332 40.1 3.6 9.3 -8.01    e34/m50-282  44.6 3.4 10.1 -7.84 

     Alt_6 fwFOH.Alt_6a   cyre5/m47-160 1.6 3.5 9.3 -7.93    cyre5/m47-160 1.6 3.3 8.5 -6.59 

     Alt_6 fwFOH.Alt_6b   e33/t89-492 35.4 3.5 8.1 -8.20    e35/m62-198  41.4 3.5 8.0 -7.50 

      Alt_10 fwFOH.Alt_10   p13/m50-278 13.0 3.4 7.9 -9.90     e35/t80-148 16.3 3.3 7.2 -7.34 

Receptacle 

diameter 

C3 MH C3_1 rdMH.C3_1 3.3       3.2 e33/t89-430 104.0 4.4 18.8 7.31 

  C3_3 rdMH.C3_3  p13/m60-420 87.1 4.2 12.3 3.91        

   C3_5 rdMH.C3_5  p45/m47-610 29.9 3.5 10.4 4.12   p45/m47-610 29.9 3.6 10.9 4.64 

   C3_9 rdMH.C3_9  CyEM_229 42.2 3.3 9.8 3.81   p13/m50-430 36.1 3.2 9.9 3.92 

   C3_12 rdMH.C3_12  e35/t89-224 19.3 4.0 15.7 -4.73        

  FOH C3_1 rdFOH.C3_1 3.2       3.1 e39/t80-148 8.5 3.3 10.4 -3.23 

   C3_5 rdFOH.C3_5         p45/m47-610 29.9 3.4 13.1 3.55 
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   C3_9 rdFOH.C3_9  CyEM_229 42.2 3.2 12.5 2.35   p13/m50-430 36.1 3.1 9.1 2.96 

     C3_12 rdFOH.C3_12   e39/m50-690 17.0 3.3 11.3 -2.72               

 ALT MH Alt_2 rdMH.Alt_2a 3.3 CyEM_133 4.1 3.4 12.4 -4.92  3.2 CyEM_133 4.1 3.4 12.1 -5.91 

     Alt_2 rdMH.Alt_2b                e38/m47-158* 62.3 3.3 8.4 -5.07 

     Alt_4 rdMH.Alt_4   38377-214 81.3 3.9 15.6 -5.21    e38/m59-190 76.9 3.6 14.4 -5.19 

     Alt_6 rdMH.Alt_6a   cyre5/m47-160 1.6 3.2 12.6 -6.22              

     Alt_6 rdMH.Alt_6b   e35/m62-198  41.4 3.3 7.8 -4.94              

     Alt_18 rdMH.Alt_18   e38/m47-440 0.0 3.3 8.7 -2.83    e38/m47-440 0.0 3.2 9.1 -3.32 

   FOH Alt_2 rdFOH.Alt_2a 3.2 CyEM_133 4.1 3.6 11.2 -3.51  3.2 CyEM_30 8.6 3.9 16.0 -4.32 

     Alt_2 rdFOH.Alt_2b                CELMS-52 69.5 3.5 8.4 -3.22 

     Alt_6 rdFOH.Alt_6   cyre5/m47-160 1.6 3.2 8.9 -2.61              

      Alt_10 rdFOH.Alt_10                 e35/t80-148 16.3 3.2 7.4 -3.14 

Receptacle 

height 

C3 MH C3_1 rhMH.C3_1 3.2 e38/t82-230 99.1 3.2 9.4 1.23  3.3 CELMS-52 107.8 3.3 13.0 1.72 

  C3_5 rhMH.C3_5  e35/t81-68 51.7 3.9 14.1 -2.01   e35/t81-68 51.7 3.3 10.7 -1.51 

   C3_8 rhMH.C3_8  p12/m61-140 0.0 4.5 11.3 1.63   p12/m61-140 0.0 3.5 9.9 1.42 

   C3_9 rhMH.C3_9  CyEM_108 49.3 3.2 9.9 1.42   CyEM_229 42.2 4.8 11.3 1.63 

   C3_12 rhMH.C3_12  e35/t89-224 19.3 3.4 10.5 -1.35        

  FOH C3_1 rhFOH.C3_1 3       3.2 CyEM_57 14.2 5.1 12.7 -1.44 

   C3_5 rhFOH.C3_5  e35/t81-68 51.7 3.5 9.6 -1.64   e35/t81-68 51.7 3.7 10.2 -1.42 

   C3_8 rhFOH.C3_8  p12/m61-140 0.0 3.4 9.3 1.21        

   C3_9 rhFOH.C3_9  CyEM_108 49.3 3.0 11.5 1.17   CyEM_108 49.3 3.2 7.4 0.87 

     C3_12 rhFOH.C3_12   e39/m50-690 17.0 3.1 9.4 -1.09     e39/m50-690 17.0 3.2 9.8 -0.92 

 ALT MH Alt_2 rhMH.Alt_2 3 e38/m47-158* 62.3 3.1 7.4 -1.13  3.1 e38/m47-158* 62.3 3.3 7.7 -1.86 

    FOH Alt_4 rhFOH.Alt_4               e38/m59-190 76.9 3.1 7.9 -0.88 

Number of 

capitula 

C3  C3_1 ncC3_1 3.7 e36/m47-260 119.5 3.9 12.1 -6.11  3.7 e34/m50-216 116.6 3.9 11.7 -6.21 

  C3_3 ncC3_3  e36/m59-130 49.4 3.7 8.9 -4.56        

   C3_7 ncC3_7  e35/m62-432 26.1 3.8 11.4 -5.95   e35/m62-432 26.1 3.9 12.6 -6.90 

   C3_9 ncC3_9  e38/t80-340 74.0 3.7 9.9 -5.12   e38/t80-340 74.0 3.7 10.2 -5.20 

 ALT  Alt_1 ncAlt_1 3.5       3.6 e32/t81-258 18.5 3.6 8.7 4.10 

     Alt_2 ncAlt_2  e33/t80-272 75.7 3.7 10.1 5.08   e33/t80-272 75.7 3.8 10.7 5.26 

     Alt_5 ncAlt_5  p13/m50-90 16.3 3.6 10.0 5.12   p12/m60-118 13.5 3.8 10.8 5.75 

     Alt_17 ncAlt_17  p13/m62-174 72.4 3.5 9.9 4.98   p13/m62-170 76.8 3.7 10.0 5.01 

 
Each QTL name is formed by the abbreviated form of the trait followed by the relevant LG. The table indicates genome-wide LOD thresholds (GW) as determined by a 

permutation test at P≤0.05, the closest linked markers (Locus) and their map location (cM), the estimated LODs at the QTL peak (LOD), the proportions (%) of the total 

phenotypic variance (PV) explained, and the additive effects (Add). 



19 

 

Figure caption 

 

Figure 1. Frequency distribution of phenotypes. Traits segregating for each main head (MH) in 154 F1 

individuals in “2009” are reported. Parental means (‘C3’: ‘Romanesco C3’, ALT: ‘Altilis 41’) indicated by 

arrows. 

 

Figure 2. Location of main head (MH) and first order heads (FOH) QTL.  Only those LGs (C3 LGs shown in 

white, ALT LGs shown in grey) harbouring QTL are shown. Bars represent 1-LOD support intervals for each 

QTL; black bars show the merged confidence intervals for QTL detected in both seasons, while grey bars refer to 

QTL only expressed in one season (indicated by “09” or “10”). 
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Figure 2 
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