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Abstract

:

Cardoon is a multi-purpose crop with several industrial applications, while the heads (capitula) are edible and commonly used in various dishes of the Mediterranean diet. Several reports in the literature study the chemical composition of the various plants parts (leaves, flower stalks, bracts, seeds) aiming to industrial applications of crop bio-waste, whereas for the heads, most of the studies are limited to the chemical composition and bioactive properties at the edible stage. In the present study, cardoon heads were collected at six different maturation stages and their chemical composition was evaluated in order to determine the effect of harvesting stage and examine the potential of alternative uses in the food and nutraceutical industries. Lipidic fraction and the content in fatty acids, tocopherols, organic acids, and free sugars were determined. Lipidic content decreases with the maturation process, while 22 fatty acids were detected in total, with palmitic, oleic, and linoleic acids being those with the highest abundance depending on harvesting time. In particular, immature heads have a higher abundance in saturated fatty acids (SFA), whereas the samples of mature heads were the richest in monounsaturated fatty acids (MUFA). The α-tocopherol was the only isoform detected being present in higher amounts in sample Car B (619 µg/100 g dw). Oxalic, quinic, malic, citric and fumaric acids were the detected organic acids, and the higher content was observed in sample Car E (15.7 g/100 g dw). The detected sugars were fructose, glucose, sucrose, trehalose and raffinose, while the highest content (7.4 g/100 g dw) was recorded in sample Car C. In conclusion, the maturation stage of cardoon heads influences their chemical composition and harvesting time could be a useful means to increase the quality and the added value of the final product by introducing this material in the food and nutraceutical industries.
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1. Introduction


Cynara cardunculus L., or commonly known as cardoon, belongs to the Asteraceae family which is one of the largest families of the plant kingdom with more than 2000 species. Cynara cardunculus comprises three botanical varieties, all native to the Mediterranean basin, the wild cardoon (var. sylvestris), the domesticated cardoon (var. altilis DC), and the globe artichoke (var. scolymus) [1,2]. This crop has been gaining attention due to the high biological and industrial potential that it has shown in several studies described in the literature [1,2,3,4]. Despite being present all over the world, countries like Spain, France, and Italy are responsible for almost 80% of its production worldwide [1].



Cardoon is a species highly resistant to the fluctuation of weather conditions with low precipitation and hot and dry summers, characteristic of the Mediterranean basin climate. Its high resistance against adverse conditions and weather extremities, together with its multifaceted applicability, favor its exploration and the multiple uses in different industrial applications [4,5]. The industrial applications of cardoon are diverse, since it is used as plant rennet in the food industry to produce cheeses of protected designation of origin (PDO) [6,7]; it is also used for the production of paper pulp, due to its high content in cellulose and hemicellulose [8,9], as well as for bioenergy and biomass production [1,10,11].



Cardoon is also used in traditional medicine since ancient times due to its health-promoting benefits. This species is widely consumed as a result of its antidiabetic, antihemorrhodial, cardiotonic, choleretic, and lipid-lowering actions. Furthermore, several studies have demonstrated other health-promoting properties, such as antioxidant, anti-HIV, anti-inflammatory, cytotoxic, antifungal, and antibacterial properties [4,12,13,14,15]. Several studies suggested that the miscellaneous medicinal properties confirmed so far are related to the presence of a high variety of bioactive compounds and phytochemicals. For this purpose, cardoon tissues are being widely explored as a result of its high concentration and variety in compounds with important biological effects and industrial purposes [4,5,16,17]. Literature reports also indicate cardoon as an important source of dietary components such as fibers, inulin, and minerals, but also of phenolic acids, mostly caffeoylquinic and dicafeoylquinic acids derivatives, flavonoids such luteolin and apigenin derivatives, anthocyanins and sesquiterpene lactones [8,18,19,20,21]. The presence and abundance of the detected biological compounds could be influenced by several factors, namely by the genotype, the pre and post-harvest conditions, the parts considered for chemical analysis (heads, leaves, bracts, flowers, pappi, receptacle, and petioles), the growing conditions, and the physiological stage at harvest [4,19,22,23,24,25], while the choice of harvesting time has been suggested to affect the polyphenols content and composition [20]. Although the chemical composition of cardoon is widely described in the literature, further studies are needed to evaluate the influence of the abovementioned parameters on its chemical composition, thus allowing a more complete knowledge and the adequate use of the species based on specific bioactive compounds content.



Considering the lack of information in the scientific literature, the aim of this study was to determine the impact of the maturation stage on the lipidic content and on the profile of fatty acids, tocopherols, organic acids, and free sugars present in cardoon heads collected in central Greece and to evaluate alternative uses of cardoon heads that are overripe, e.g., they have passed the edible stage. The results of this study will contribute to better understanding the influence of the seasonal changes on the chemical composition of cardoon, resulting in an in-depth knowledge of the species and possible alternative uses in different areas of application that would add economic importance in this multi-purpose crop.




2. Materials and Methods


2.1. Standards and Reagents


All solvents were of analytical grade and were purchased from Fisher Scientific (Lisbon, Portugal). The fatty acids methyl esters (FAME) mixture (standard 47885-U) and standards of organic acids and sugars were acquired from Sigma-Aldrich (St Louis, MO, USA). Tocopherol standards were acquired from Matreya (Pleasant Gap, PA, USA). Other reagents and solvents of analytical grade were purchased from common sources. Water treatment was performed using a Milli-Q water purification system (TGI Pure Water Systems, Greenville, SC, USA).




2.2. Plant Material


Head (capitulum) samples of Cynara cardunculus var. altilis DC cv. Bianco Avorio (Fratelli Ingegnoli Spa, Milano, Italy) were collected from the experimental farm of the University of Thessaly in Velestino, in central Greece (22.756 E, 39.396 N), during the growing period of 2017–2018 (Figure 1). Heads were collected from 15 individual plants (n = 15) at the beginning of the flower’s development, in full maturity, and in seed ripening stages. The climate conditions during the growing period and the procedure used for the collection and treatment of plant material were described by Mandim et al. [19]. Briefly, Car A corresponds to principal growth stage (PGS) 5 (harvest: 26 April 2018), Car B corresponds to PGS 5/6 (harvest: 10 May 2018), Car C corresponds to PGS 6 (harvest: 24 May 2018), Car D corresponds to PGS 6/7 (harvest: 04 July 2018), and finally the samples Car E and Car F correspond to PGS 7 and PGS8, respectively (harvest: 09 August 2018 and 29 August 2018, respectively) [19,26].



The plant material and the growing condition have been described in previous reports by our team. Briefly, bract samples were collected from 8-year-old plants sexually propagated from seeds in 2010. Soil parameters were the following, as previously described by the authors [27]: loam texture (48% Sand; 29% Silt; 23% Clay); Organic matter: 1.3%; pH: 7.9; EC: 1.4 dS/m; NO−3: 9.49 mg/kg; P: 74.53 mg/kg; Kexch: 0.98 cmolc/kg; Caexch: 13.96 cmolc/kg; Mg: 4.32 cmolc/kg. Prior to crop establishment a base dressing was applied by using 50 kg/ha N, 90 kg/ha P2O5 and 40 kg/ha K2O. After crop establishment, nitrogen fertilizers were applied with side dressing at each growing period and before plant regrowth (100 kg/ha N). Plant density was 40,000/ha with distances of approximately 0.6 m between rows and 0.4 m within rows. Irrigation was applied monthly during the first growing period (staring on April and until July) with water cannons, whereas in the following years irrigation was applied only twice in each growing period (on April and May) due to the extensive root system that plants form after the second year of establishment. Weed control was applied with hoeing after plant regrowth at each growing period, since at later growth stages plant is very competitive against weeds. No pesticides and fungicides were applied. Climate conditions during the experimental period (shoot emergence until senescence) are presented in Figure 2.




2.3. Chemical Composition Analysis


2.3.1. Fatty Acids


For the analysis of fatty acids composition, the lipidic fraction was extracted with petroleum ether through a Soxhlet extraction system at 120 °C. After a transesterification process, the fatty acids content was analyzed by Gas-liquid Chromatography (GC), coupled to a Flame Ionization Detector (FID) at 260 °C and according to the analytical conditions previously described [27]. The identification and quantification of fatty acids were performed by comparing the relative retention times of FAME peaks from samples with standards (reference standard mixture 47,885-U), using Clarity DataApex 4.0 software (Prague, Czech Republic). The results were expressed as relative percentages and in mg per 100 g dw of each detected fatty acid.




2.3.2. Tocopherols


Tocopherols composition was analyzed using a high-performance liquid chromatography system (HPLC, Knauer, Smartline system 1000, Berlin, Germany) coupled to a fluorescence detector (FP-2020; Jasco, Easton, USA) programmed for excitation at 290 nm and emission at 330 nm, according to the procedure previously described [28]. The qualitative and quantitative analysis were performed using the Clarity 2.4 software (DataApex, Prague, Czech Republic) and was achieved through comparison of the chromatographic data (retention times and spectra) with commercial standards, using the internal standard method. Tocopherols standards (α-, β-, γ-, and δ-isophorms,) were used for compounds identification and quantification by the internal standard method. Results were expressed in mg per 100 g of dry weight (dw) and were processed using the Clarity 2.4 software (DataApex, Prague, Czech Republic).




2.3.3. Organic Acids


Organic acids were determined following the procedure previously described [29]. The samples were analyzed by Ultrafast Liquid Chromatography (UPLC, Shimadzu 20A series, Kyoto, Japan) coupled to a Diode Array Detector (UFLC-PDA, Shimadzu Corporation, Kyoto, Japan). Data were analyzed using the LabSolutions Multi LC-PDA software (Shimadzu Corporation, Kyoto, Japan). The identification was accomplished through the comparison of the retention times and the spectra obtained to the commercial standards (oxalic, quinic, malic, ascorbic, citric and fumaric acids), and their respective calibration curves were used to determine the quantity based on the area of the peaks. Results were expressed in g per 100 g of dw.




2.3.4. Free Sugars


Free sugars content was analyzed by High Performance Liquid Chromatography (HPLC, Knauer, Smartline system 1000) coupled to a refractive index detector (RI detector, Knauer Smartilne 2300, Knauer, Berlin, Germany), according to the analytical conditions previously described [30]. Data was analyzed using the Clarity 2.4 software (DataApex) and the identification was performed through the comparison with standards (D (-)-fructose, D (+)-sucrose, D (+)-glucose, D (+)-trehalose and D (+)-raffinose pentahydrate (Sigma-Aldrich, St. Louis, MO, USA). The quantification was performed using melezitose (Matreya, PA, USA) as internal standard (IS). The results were processed through Clarity 2.4 software (DataApex, Prague, Czech Republic) through the comparison of retention times, UV-Vis and mass spectra of the sample compounds with those obtained from the available standards and the literature information available and presented in g per 100 g of dry weight (dw).





2.4. Statistical Analysis


All the performed experiments were executed in triplicate. Results were presented as mean value ± standard deviation. Means and standard deviations were calculated using Microsoft Excel. Differences among samples were analyzed using SPSS Statistics software (IBM SPSS Statistics for Mac OS, Version 26.0. Armonk, NY: IBM Corp.). The results were subject to an analysis of variance (ANOVA), while the Tukey’s HSD test (α = 0.05) was used to assess the significant differences between the samples. For the comparison between two samples, a two-tailed paired Student’s t-test was applied to assess the statistical differences (α = 0.05).



Moreover, a Principal Component Analysis (PCA) was performed in order to examine the contribution of each variable to the total diversity and classify the studied maturation stages according to their chemical composition and nutritional value by using the statistical software Statgraphics 5.1.plus (Statpoint Technologies, Inc., VA, USA).





3. Results


3.1. Lipid Fraction and Fatty Acids Composition


In Table 1 are presented the lipid and tocopherols content of cardoon heads collected at different maturation stages. The highest total lipidic fraction and a-tocopherol content was observed at early maturity stages (Car A and Car B for total lipidic fraction and α-tocopherol content, respectively) and immature heads (Car A) had 10.9 times higher lipidic content than the sample of late maturity (Car F). In contrast, the progress of maturation process resulted in a gradual decrease of total lipid fraction, whereas α-tocopherol content showed fluctuating trends with the lowest content being observed in Car C samples (mid-maturity stages). In particular, the highest amount was detected in the sample Car B (PSG 5/6) (619 µg/100 g dw), while sample Car C (PSG 6) presented the lowest abundance (25 µg/100 g dw).



Regarding the fatty acid composition of the tested cardoon heads in relation to maturity stage, the results are presented in Table 2, as well as the total saturated fatty acids, (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) content and PUFA/SFA and n-6/n-3 ratios. The values of the concentrations of all the referred parameters are provided as Supplementary Materials (Table S1). Thirty individual fatty acids were identified, with the palmitic (C16:0; 14.62–43.8%), oleic (C18:1n9c; 4.48–46.6%), and linoleic (C18:2n6c; 0.748–30.6%) acids being detected in higher abundance. A typical chromatogram of fatty acids profile is presented in Figure 3. The highest content of palmitic acid was observed at early maturity stages (sample Car A), while a gradual decrease was observed as a maturation progress evolved. In contrast, oleic acid content showed increasing trends until mid-maturity (sample Car C), followed by a slight decrease at the following maturity stages (samples Car D–F). Finally, linoleic acids exhibited fluctuating trends with the highest and lowest content being observed in samples B and E, respectively. SFAs and MUFAs were the most abundant class of fatty acids due to the high content of palmitic and linoleic acids, respectively. Moreover, the recorded values of PUFA/SFA ratio were higher than 0.45 in samples B, D and F, whereas the values of n6/n3 ratio were below 4.0 in samples A, B and E.




3.2. Organic Acids and Free Sugars


In Table 3 are presented the results regarding the content in organic acids of Cynara cardunculus heads, in relation to maturity stage. The main detected organic acids were oxalic, quinic and malic acid, followed by citric and fumaric acids which were detected in lower amounts. Moreover, a great variation in individual organic acids content was observed at different maturity stages. In particular, at early stages (samples Car A and B) malic acid was the most abundant organic acid (1.45 and 2.31 g/100 g dw, respectively), while at late stages (sample F) oxalic acid was the richest organic acid (12.1 g/100 g dw) followed by quinic acid (3.3 g/100 g dw).



The free sugars composition of cardoon heads in relation to maturity stage is presented in Table 4. Sucrose, glucose and raffinose were the main detected sugars, followed by fructose and trehalose, while a great variation in sugar composition was observed in response to maturity stage. In particular, sample Car C had the highest content in total sugars (7.4 g/100 g dw), with raffinose and fructose (1.8 and 1.64 mg/100 g dw, respectively) being present in higher amounts; the same sample was also the only one containing all the detected sugars. Samples Car D and Car E revealed the lowest content of total sugars (1.03 mg/100 g dw). Moreover, in the most advanced maturation stages (samples Car D-F) trehalose was the free sugar being recorded in higher amounts (0.34–0.96 mg/100 g dw), whereas raffinose was not detected. In the remaining samples car B and C, the presence of raffinose and sucrose stands out, except for sample Car B where sucrose was not detected.




3.3. Principal Component Analysis (PCA)


Principal component analysis (PCA) is used to reduce multivariate data complexity as a method of identifying patterns and expressing data in ways that highlight similarities and differences, and further identify groups of samples according to their maturation stage [31,32]. The first four principal components (PCs) were associated with Eigen values higher than 1 and explained 97.2% of the cumulative variance, with PC1 accounting for 43.8%, PC2 for 22.9%, PC3 for 19.4% and finally PC4 for 11.1%. PC1 was positively correlated to lipidic fraction, raffinose and total sugars, malic, citric and fumaric acid, linoleic and α-linolenic acid and PUFA content, whereas it was negatively correlated to oxalic and quinic acid, total organic acids and MUFA content. PC2 was positively correlated to sucrose, quinic acid, palmitic and oleic acid and SFA content, whereas it was negatively correlated to trehalose, linoleic and α-linolenic acid and PUFA. Similarly, PC3 was positively correlated to α-tocopherol, tregalose and oxalic acid content, whereas it was negatively correlated to fructose, sucrose, raffinose, total sugars, malic and citric acid and oleic acid. Finally, PC4 was positively correlated to fructose, sucrose, total organic acids, oleic acid and MUFA content, whereas it was negatively correlated to palmitic and stearic acid and SFA content. These results indicating a correct application of the PCA allowing differentiation between the tested maturity stages, as shown in the corresponding scatterplot (Figure 4). Moreover, the plot suggests that the differences in the chemical composition of the tested samples are correlated with the maturation stage. The early (sampes Car A and B) and mid and late stages (samples Car D and F) are closely positioned, whereas samples Car C and Car E are clearly distinct due to the very low α-tocopherol and very high organic acids content, respectively, compared to the rest of the tested maturity stages. The loading plot (Figure 5) of the first two components revealed groups of positively correlated variables, namely the upper right quadrant comprising fructose, sucrose, raffinose, total sugars, lipidic fraction, SFA, palmitic acid, malic acid and fumaric acid; the lower right quadrant comprising tocopherols, glucose, citric acid, PUFA and and linoleic acid; the upper left quadrant comprising quinic acid, oxalic acid, total organic acids and oleic acid; the lower left quadant comprising trehalose and α-linolenic acid





4. Discussion


It could be suggested that the maturation stage of cardoon heads affects the fatty acids content which do not present a similar qualitative and quantitative profile over the maturation process. For example, pentadecanoic acid (C15:1) was detected only in senescent head samples (Car E and F), whereas docosadienoic acid (C22:2) was only detected in immature heads (samples Car A and B). The fatty acid profile of cardoon has already been studied by our team who studied cardoon seeds collected at full maturity and when heads were dry and senesced and the influence of harvesting time was suggested [33]. Moreover, harvesting time is also associated with variable climate conditions as shown in Figure 2, which according to the literature may also affect the compositional profile of globe artichoke [20]. Therefore, the dry conditions during the period of March-May in our study could be implicated in the observed differences among the tested maturation stages. Analogous fatty acids composition in cardoon heads has also been previously described by Petropoulos et al. [34], who studied different cardoon genotypes and verified that palmitic and linoleic acids were present in higher abundance in all the studied heads. Palmitic and linoleic acids were also suggested as the main fatty acid in globe artichoke heads by Dosi et al. [35] although they reported significantly higher amounts of linoleic than palmitic acid (55.20 and 34.80 mg/100 g fw, respectively) compared to our study. The studies of the lipidic fraction in cardoon tissues mostly refer to its seeds [36,37,38], as a result of the great interest for its industrial potential for the biodiesel production, although fatty acids composition of stalks, capitula and leaves has been also reported [39]. The high content in fatty acids present in cardoon heads, particularly the essential linoleic and oleic acids, is an added value to this multi-purpose crop that could be used for the production of these acids in industrial scale [40]. To the best of our knowledge, this is the first report that evaluated the influence of the physiological stages of cardoon heads collected during all the flowering stage.



Regarding fatty acids classification, our results showed that the saturated fatty acids (SFA) were the most abundant class of fatty acids in heads of early maturity (Car A–C), whereas monounsaturated fatty acids (MUFA) were the predominant ones in the remaining samples (samples D–F). Furthermore, the maturation stage of the samples reveals a strong influence both on the fatty acids profile, as well as on the proportion of PUFA/SFA and n-6/n-3, parameters which are associated with the nutritional value and the functional properties of food products [33,41]. Sample Car B was the only sample with a PUFA/SFA value higher than 0.45 and an n-6/n-3 ratio value lower than 4.0, both characteristics being associated with good nutritional properties. This evidence agrees with the popular medicine, since in the Mediterranean cousin cardoon heads are used when immature [19,42,43]. With the results obtained in this study, we corroborate the consumption of immature cardoon heads, preferably harvested in the beginning of May, based on the conditions of the growing location.



The tocopherols content detected in cardoon heads is presented in Table 1. The α-tocopherol was the only isoform identified and was detected in all the studied samples. Tocopherols are antioxidant compounds with high capacity to undergo oxidation reactions, therefore fluctuations of environmental conditions that may induce plant stress throughout the growth cycle of the heads could be a justification for the observed fluctuations in tocopherols content [23]. As shown in Figure 2, variable climatic conditions prevailed during and prior the harvesting period in our study, especially a dry period during March–May which could be associated with stressful conditions that resulted in an increase of tocopherols content. In a previous study, we studied the bioactive properties of cardoon heads also analyzed in the present work and despite the antioxidant capacity associated with tocopherols, the anticipation that the sample Car B with the highest tocopherols content would show the greater antioxidant activity was not verified. This fact suggests that other classes of compounds, such as phenolic compounds, could be also related to the demonstrated antioxidant potential [19], while Kukić et al. [44] suggested that β-sitosterol possessed a strong antioxidant capacity in extracts obtained from cardoon bracts. Despite that, the highest content of α-tocopherol in this sample could be associated with the highest content in PUFAs (see Table 2) highlighting the protective effects of tocopherols against lipid peroxidation [45,46]. Similarly to tocopherols composition of heads, other plant tissues of cardoon do not present a wide variety of tocopherols isoforms and the α-tocopherol was the only isoform detected in cardoon seeds [23,47], contrary to the cardoon seed oil which was rich in α- and δ-tocopherols [47,48,49,50] and leaf blades that contained all tocopherol isoforms [51].



The organic acids profile (Table 3) was also different between samples with a great variation during the maturation process of the detected organic acids: oxalic, quinic, malic, citric, and fumaric. The sample collected at the principal growth stage (PGS) 7 (Car E) revealed the highest content in organic acids (15.7 mg/100 g dw), and sample Car F (PGS 8) the lowest abundance (0.89 mg/100 g dw). Immature to mid maturity heads (samples Car A-C) had malic acid as the most abundant organic acid (1.45–2.31 mg/100 g dw). In sample D, the organic acid present in higher quantities was citric acid (0.84 g/100 g dw), while in advanced maturation stages, oxalic and quinic acids were the organic acids present in higher amounts. Moreover, considering the concomitant decrease in total sugars content at late maturity stages, the increase of organic acids especially in sample Car E could be explained by the increased requirements in osmolytes as a mechanism of cardoon plants to overcome stress conditions induced by the high mean and max temperatures and the concomitant low precipitation (see Figure 2) [52,53]. Compared to other reports, cardoon heads revealed greater variety and lower abundance of organic acids than seeds [23,47], while organic acids profile was similar to aerial parts [54]. Finally, the high quinic acid in sample Car E could be valorized for its confirmed high antioxidant potential [55,56].



The qualitative and quantitative information regarding the free sugars composition of cardoon heads are presented in Table 4. The samples analyzed revealed significant differences in free sugars content throughout the maturation process. Therefore, in early stages (sample car A) sucrose and raffinose were the main detected sugars, while sugar composition was altered in the following stage (sample car B) and raffinose and glucose were the most abundant sugars. Similarly, in sample C sucrose, fructose and raffinose were detected in the highest amounts, whereas in the following stages (samples D–F) total sugars content was significantly reduced consisting mainly of trehalose. Considering that the tested samples were collected under environmental conditions [19] could justify the observed differences in sugar composition between the various maturity stages. According to Petropoulos et al. [34] who studied the influence of the genotype on different parameters of cardoon heads, significant differences between the genotypes tested were also suggested. Previous studies identified sucrose [31,34,57] and glucose [58,59] as the most abundant sugars. These differences with the present work could be justified by the effect of factors such as the geographic location and growing conditions [58] or the stage of maturity of the analyzed samples [60], especially at early maturity stages where heads are edible and sweet in taste. In the same context and considering that artichoke is a rich source of inulin [61,62], free sugars content at late maturity stages (samples car D–E) exhibits a significant reduction probably due to the inulin formation and the accumulation of storage carbohydrates [63,64]. This argument could also explain the high content of trehalose at late maturity stages where the amounts of other free sugars is reduced, while the evolving environmental conditions (increasing temperatures, water shortage) could pose plants under stress and increase the needs of osmolytes for stress tolerance [52,65]. Finally, the decrease of total free sugars at late maturity stages should be linked with the lignification process and the hard texture of cardoon heads, since lignin biosynthesis involves the binding of non-structural carbohydrates for the formation of lignin carbohydrate complexes (LCC) [65].




5. Conclusions


Cardoon heads are widely consumed in several dishes of the Mediterranean countries, such as salad and soups, due to their richness in health-promoting compounds and to their well-recognized nutritional value. However, the stage when heads are edible is relatively short and is highly affected by environmental conditions during harvesting that may result in heads of hard texture due to high fibers content which make them inedible. Therefore, a considerable number of heads are considered as waste with potential suggested uses the energy and biomass production. With the present study we aimed to analyze cardoon heads chemical composition and evaluate the potential of alternative uses that will increase the added value of the crop. Our results allowed a complete characterization of the chemical composition of cardoon heads and the evaluation of the effect that the maturity stage has on the lipid, fatty acids, tocopherols, organic acids, and free sugars content. To the best of our knowledge, this is the first report that studied the influence of the maturity stage on the composition in lipidic content, fatty acids, tocopherols, organic acids, and free sugars content. In particular, immature heads (samples Car A and B) exhibited the highest content in lipidic fraction and α-tocopherol, respectively. Moreover, samples of mid- (sample Car C) and late maturity (sample Car E) had the highest total sugars and total organic acids content, respectively. With the present results we verified that the maturation stage of cardoon heads had a significant influence on the chemical composition. The obtained information should be implemented by different application areas, e.g., nutraceuticals and food supplements, in order to obtain the maximum potential of cardoon heads utilization, as well as to improve the production and commercialization techniques.
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Figure 1. Evolution of maturity (Car A to F from left to right) of Cynara cardunculus L. heads during the growing period. 
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Figure 2. Climate conditions during the experimental period (Mean temperature (°C); Max temperature (°C); Min temperature (°C); Precipitation (mm). 
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Figure 3. Chromatogram of fatty acids profile of Cynara cardunculus heads (sample Car A). 1. C6:0–caproic acid; 2. C8:0–caprylic acid; 3. C10:0–capric acid; 4. C11:0-undecanoic acid; 5. C12:0-lauric acid; 6. C14:0–myristic acid; 7. C15:0–pentadecanoic acid; 8. C16:0–palmitic acid; 9. C16:1–palmitoleic acid; 10. C17:0–heptadecanoic acid; 11. C18:0–stearic acid; 12. C18:1n9–oleic acid; 13. C18:2n6c–linoleic acid; 14. C18:3n3–alpha-linolenic acid; 15. C20:0–arachidic acid; 16. C21:0–heneicosanoic acid; 17. C20:3n6–eicosatrienoic acid; 18. C20:3n3–11,14,17-eicosatrienoic acid; 19. C22:1–erucic acid; 20. C20:5n3–eicosapentaenoic acid; 21. C22:2–docosadienoic acid; 22. C23:0–tricosanoic acid; 23. C24:0–lignoceric acid. 
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Figure 4. Three dimensional principal components scatterplot of the tested variables at different maturation stages of cardoon heads (samples Car A–F). 
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Figure 5. The principal components loading plot of the tested variables at different maturation stages of cardoon heads. SFA–saturated fatty acids, MUFA–Monounsaturated fatty acids, PUFA–polyunsaturated fatty acids. 
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Table 1. Lipidic fraction and tocopherols of Cynara cardunculus heads at various stages of maturity (mean ± SD; n = 3).
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	Sample
	Total Lipidic Fraction (g/100 g dw)
	α-Tocopherol (µg/100 g dw)





	Car A
	17.5 ± 0.1 a
	264 ± 1 b



	Car B
	5.1 ± 0.1 b
	619 ± 4 a



	Car C
	3.5 ± 0.2 d
	25 ± 2 f



	Car D
	4.31 ± 0.04 c
	107 ± 1 e



	Car E
	1.9 ± 0.2 e
	162 ± 1 c



	Car F
	1.6 ± 0.1 f
	117 ± 5 d







Results are presented as mean ± standard deviation. Different letters correspond to significant differences according to Tukey’s HSD test (p < 0.05). dw–dry weight. Tocopherols calibration curves: α-tocopherol (y = 1.295 x; R2 = 0.991; LOD = 18.06 ng/mL; LOQ = 60.20 ng/mL).
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Table 2. Fatty acids composition (relative %) of Cynara cardunculus heads in relation to maturity stage (mean ± SD; n = 3).
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Car A

	
Car B

	
Car C

	
Car D

	
Car E

	
Car F




	
Fatty Acids (Relative Percentage, %)






	
C6:0

	
0.49 ± 0.01 c

	
0.082 ± 0.006 f

	
0.123 ± 0.001 d

	
0.094 ± 0.002 e

	
3.71 ± 0.01 a

	
0.84 ± 0.02 b




	
C8:0

	
0.250 ± 0.002 c

	
0.19 ± 0.01 d

	
0.057 ± 0.003 e

	
0.059 ± 0.006 e

	
1.314 ± 0.004 a

	
0.29 ± 0.01 b




	
C10:0

	
0.205 ± 0.008 cd

	
0.198 ± 0.001 d

	
0.254 ±0.006 b

	
0.21 ± 0.02 c

	
0.473 ± 0.006 a

	
0.186 ± 0.002 e




	
C11:0

	
0.72 ± 0.02 a

	
0.335 ± 0.001 c

	
0.237 ± 0.001 d

	
0.16 ± 0.02 e

	
0.579 ± 0.005 b

	
0.17 ± 0.01 e




	
C12:0

	
1.8 ± 0.1 b

	
2.57 ± 0.04 a

	
0.406 ± 0.002 e

	
0.82 ± 0.07 d

	
1.53 ± 0.07 c

	
0.326 ± 0.004 f




	
C13:0

	
n.d.

	
0.028 ± 0.001 d

	
0.0375 ± 0.0007 b

	
0.084 ± 0.004 a

	
0.030 ± 0.001 c

	
0.027 ± 0.003 d




	
C14:0

	
1.90 ± 0.02 b

	
0.58 ± 0.02 f

	
1.27 ± 0.02 d

	
1.450 ± 0.002 c

	
2.69 ± 0.01 a

	
1.0 ± 0.1 e




	
C14:1

	
n.d.

	
0.53 ± 0.01 b

	
n.d.

	
n.d.

	
0.54 ± 0.01 a

	
0.23 ± 0.01 c




	
C15:0

	
0.48 ± 0.01 a

	
n.d.

	
0.193 ± 0.001 d

	
0.176 ± 0.009 e

	
0.427 ± 0.006 b

	
0.28 ± 0.02 c




	
C15:1

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
1.36 ± 0.02*

	
0.122 ± 0.003 *




	
C16:0

	
43.8 ± 0.1 a

	
30.4 ± 0.8 b

	
22.577 ± 0.003 d

	
14.62 ± 0.03 f

	
25.60 ± 0.08 c

	
17.8 ± 0.2 e




	
C16:1

	
0.43 ± 0.01 e

	
0.317 ± 0.003 f

	
0.827 ± 0.002 d

	
12.62 ± 0.03 b

	
12.76 ± 0.03 a

	
6.69 ± 0.04 c




	
C17:0

	
0.779 ± 0.001 a

	
0.666 ± 0.001 b

	
0.313 ± 0.003 e

	
0.239 ± 0.001 f

	
0.462 ± 0.001 d

	
0.579 ± 0.004 c




	
C18:0

	
6.0 ± 0.1 a

	
2.96 ± 0.05 e

	
3.236 ± 0.008 d

	
2.687 ± 0.004 f

	
5.68 ± 0.01 b

	
4.599 ± 0.001 c




	
C18:1n9

	
7.7 ± 0.1 e

	
4.48 ± 0.04 f

	
46.6 ± 0.1 a

	
32.8 ± 0.1 c

	
32.47 ± 0.08 d

	
33.7 ± 0.8 b




	
C18:2n6c

	
20.1 ± 0.1 d

	
30.6 ± 0.4 a

	
6.23 ± 0.03 e

	
25.82 ± 0.08 c

	
0.748 ± 0.002 f

	
27.2 ± 0.4 b




	
C18:3n6

	
n.d.

	
0.176 ± 0.006 a

	
0.049 ± 0.004 d

	
n.d.

	
0.067 ± 0.001 c

	
0.145 ± 0.005 b




	
C18:3n3

	
5.55 ± 0.05 b

	
7.5 ± 0.1 a

	
1.02 ± 0.01 e

	
2.705 ± 0.008 c

	
0.3675 ± 0.0007 f

	
1.38 ± 0.06 d




	
C20:0

	
2.18 ± 0.02 b

	
3.225 ± 0.005 a

	
0.655 ± 0.007 e

	
0.377 ± 0.001 f

	
0.882 ± 0.009 c

	
0.672 ± 0.005 d




	
C20:1

	
n.d.

	
0.159 ± 0.002 c

	
0.196 ± 0.004 b

	
0.114 ± 0.006 e

	
4.52 ± 0.01 a

	
0.138 ± 0.001 d




	
C20:2

	
n.d.

	
0.223 ± 0.001 b

	
0.107 ± 0.001 d

	
0.182 ± 0.005 c

	
0.0845 ± 0.0007 e

	
0.31 ± 0.02 a




	
C21:0

	
0.276 ± 0.002 b

	
0.324 ± 0.004 a

	
0.092 ± 0.004 e

	
0.070 ± 0.001 f

	
0.2695 ± 0.0007 c

	
0.169 ± 0.005 d




	
C20:3n6

	
0.23 ± 0.02 b

	
8.9 ± 0.3 a

	
0.103 ± 0.009 c

	
0.101 ± 0.006 c

	
n.d.

	
n.d.




	
C20:3n3

	
1.14 ± 0.04 b

	
0.142 ± 0.001 d

	
0.12 ± 0.01 d

	
1.38 ± 0.08 a

	
n.d.

	
0.22 ± 0.02 c




	
C22:0

	
n.d.

	
0.81 ± 0.01 d

	
2.6365 ± 0.0007 a

	
1.56 ± 0.08 c

	
1.645 ± 0.004 b

	
n.d.




	
C22:1

	
2.249 ± 0.008 b

	
0.12 ± 0.01 f

	
4.9505 ± 0.0007 a

	
1.22 ± 0.02 c

	
0.44 ± 0.01 e

	
0.82 ± 0.06 d




	
C20:5n3

	
0.38 ± 0.04 c

	
n.d.

	
0.036 ± 0.001 e

	
0.32 ± 0.03 d

	
0.6285 ± 0.002 a

	
0.51 ± 0.01 b




	
C22:2

	
0.30 ± 0.01*

	
0.184 ± 0.001 *

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
C23:0

	
1.61 ± 0.09 a

	
1.47 ± 0.09 b

	
0.26 ± 0.02 e

	
0.2615 ± 0.0007 e

	
0.308 ± 0.001 d

	
0.52 ± 0.02 c




	
C24:0

	
1.4 ± 0.1 c

	
2.88 ± 0.05 b

	
7.411 ± 0.001 a

	
n.d.

	
0.413 ± 0.001 e

	
1.1 ± 0.1 d




	
SFA

	
61.9 ± 0.4 a

	
46.7 ± 0.7 b

	
39.75 ± 0.06 d

	
22.9 ± 0.2 e

	
46.0 ± 0.1 c

	
28.5 ± 0.5 f




	
MUFA

	
10.4 ± 0.1 e

	
5.61 ± 0.04 f

	
52.6 ± 0.1 a

	
46.73 ± 0.07 c

	
52.1 ± 0.1 b

	
41.7 ± 0.9 d




	
PUFA

	
27.7 ± 0.3 d

	
47.7 ± 0.8 a

	
7.66 ± 0.05 e

	
30.4 ± 0.1 b

	
1.895 ± 0.006 f

	
29.8 ± 0.4 c




	
PUFA/SFA

	
0.45 ± 0.01 d

	
1.02 ± 0.03 c

	
0.193 ± 0.001 e

	
1.33 ± 0.01 a

	
0.0412 ± 0.0002 f

	
1.043 ± 0.002 b




	
n-6/n-3

	
2.76 ± 0.04 d

	
1.88 ± 0.02 e

	
5.02 ± 0.04 c

	
5.8 ± 0.1 b

	
0.902 ± 0.002 f

	
13.1 ± 0.3 a








Results are presented as mean ± standard deviation. Concentration values are given as Supplementary Materials (Table S1). Different letters in the same line correspond to significant differences according to Tukey’s honest significance test (HSD) test (p < 0.05). Fatty acids are expressed as relative percentage of each fatty acid. dw–dry weight; n.d.–not detected; C6:0–caproic acid; C8:0–caprylic acid; C10:0–capric acid; C11:0-undecanoic acid; C12:0–lauric acid; C13:0–tridecanoic acid; C14:0–myristic acid; C14:1–tetradecanoic acid; C15:0–pentadecanoic acid; C15:1–pentadecenoic acid; C16:0–palmitic acid; C16:1–palmitoleic acid; C17:0–heptadecanoic acid; C18:0–stearic acid; C18:1n9–oleic acid; C18:2n6c–linoleic acid; C18:3n6-gamma-linolenic acid; C18:3n3–alpha-linolenic acid; C20:0–arachidic acid; C20:1–gondoic acid; C20:2–eicosadienoic acid; C21:0–heneicosanoic acid; C20:3n6–eicosatrienoic acid; C20:3n3–11,14,17-eicosatrienoic acid; C22:0–behenic acid; C22:1–erucic acid; C20:5n3–eicosapentaenoic acid; C22:2–docosadienoic acid; C23:0–tricosanoic acid; C24:0–lignoceric acid; SFA–saturated fatty acids; MUFA–monounsaturated fatty acids; PUFA–polyunsaturated fatty acids; n-6/n-3: ratio of omega 6/omega 3 fatty acids. * Means statistical differences obtained by the t-student test, p-value < 0.01.
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Table 3. Organic acids composition (g/100 g dw) of Cynara cardunculus heads in relation to maturity stage (mean ± SD; n = 3).
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Organic Acids (g/100 g dw)




	

	
Car A

	
Car B

	
Car C

	
Car D

	
Car E

	
Car F






	
Oxalic acid

	
0.324 ± 0.002 f

	
0.98 ± 0.01 b

	
0.3994 ± 0.0001 e

	
0.650 ± 0.001 c

	
12.1± 0.1 a

	
0.44 ± 0.01 d




	
Quinic acid

	
0.87 ± 0.04 b

	
0.46 ± 0.01 c

	
0.17 ± 0.01 e

	
0.017 ± 0.001 f

	
3.3 ± 0.1 a

	
0.45 ± 0.02 d




	
Malic acid

	
1.45 ± 0.06 c

	
2.31 ± 0.02 a

	
1.495 ± 0.001 b

	
0.0149 ± 0.0005 e

	
0.36 ± 0.02 d

	
n.d.




	
Citric acid

	
0.70 ± 0.04 b

	
0.86 ± 0.05 a

	
0.66 ± 0.02 c

	
0.84 ± 0.01 a

	
tr

	
n.d.




	
Fumaric acid

	
0.046 ± 0.001 b

	
0.0542 ± 0.0003 a

	
0.0110 ± 0.0003 c

	
tr

	
0.0045 ± 0.0001 d

	
n.d.




	
Total

	
3.39 ± 0.06 c

	
4.67 ± 0.06 b

	
2.74 ± 0.03 d

	
1.52 ± 0.01 e

	
15.7 ± 0.2 a

	
0.89 ± 0.01 f








Results are presented as mean ± standard deviation. Different letters in the same line correspond to significant differences according to Tukey’s HSD test (p < 0.05). dw–dry weight; tr–traces (below limit of quantification (LOQ) values); n.d.–not detected (below limit of detection (LOD) values). Calibration curves for organic acids: oxalic acid (y = 1 × 106x + 231891, R2 = 0.9999; LOD = 12.55 μg/mL; LOQ = 41.82 μg/mL); quinic acid (y = 671557x + 14583, R2 = 0.9998; LOD = 24.18 μg/mL; LOQ = 80.61 μg/mL); malic acid (y = 950041x + 6255.6, R2 = 0.9999; LOD = 35.76 μg/mL; LOQ = 119.18 μg/mL); citric acid (y = 1 × 105x + 10277, R2 = 0.9997; LOD = 10.47 μg/mL; LOQ = 34.91 μg/mL) and fumaric acid (y = 1 × 107 x + 614399, R2 = 0,9986; LOD = 0.08 μg/mL; LOQ = 0.26 μg/mL).
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Table 4. Free sugars composition (g/100 g dw) of Cynara cardunculus heads in relation to maturity stage (mean ± SD; n = 3).
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Free Sugars (g/100 g dw)




	

	
Car A

	
Car B

	
Car C

	
Car D

	
Car E

	
Car F






	
Fructose

	
0.13 ± 0.03 d

	
0.51 ± 0.04 b

	
1.64 ± 0.06 a

	
0.013 ± 0.004 e

	
0.14 ± 0.02 d

	
0.184 ± 0.001 c




	
Glucose

	
n.d.

	
2.02 ± 008 a

	
0.68 ± 0.03 b

	
0.06 ± 0.01 e

	
0.27 ± 0.01 d

	
0.26 ± 0.02 c




	
Sucrose

	
2.39 ± 0.06 b

	
n.d.

	
3.0 ± 0.1 a

	
n.d.

	
0.28 ± 0.02 c

	
0.11 ± 0.01 d




	
Trehalose

	
0.23 ± 0.04 d

	
0.98 ± 0.02 a

	
0.26 ± 0.02 d

	
0.96 ± 0.09 a

	
0.34 ± 0.02 b

	
0.797 ± 0.005 c




	
Raffinose

	
2.24 ± 0.07 b

	
2.62 ± 0.06 a

	
1.8 ± 0.1 c

	
n.d.

	
n.d.

	
n.d.




	
Total

	
5.0 ± 0.2 c

	
6.12 ± 0.08 b

	
7.4 ± 0.1 a

	
1.03 ± 0.09 e

	
1.03 ± 0.02 d

	
1.35 ± 0.03 d








Results are presented as mean ± standard deviation. Different letters correspond to significant differences according to Tukey’s. HSD test (p < 0.05). dw–dry weight; n.d.–not detected (bellow limit of detection (LOD) values). Free sugars calibration curves: fructose (y = 1.04 x, R2 = 0.999; LOD = 0.05 mg/mL), glucose (y = 0.935 x, R2 = 0.999; LOD = 0.08 mg/mL; limit of quantification (LOQ) = 0.25 mg/mL) and trehalose (y = 0.991 x, R2 = 0.999; LOD = 0.07 mg/mL, LOQ = 0.24 mg/mL).
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