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Abstract

:

Human iodine (I) shortage disorders are documented as an imperative world-wide health issue for a great number of people. The World Health Organization (WHO) recommends I consumption through ingestion of seafood and biofortified food such as vegetables. The current work was carried out to appraise the effects of different I concentrations (0, 50, 250, and 500 mg L−1), supplied via foliar spray on curly endive grown in the fall or spring–summer season. Head fresh weight, stem diameter, head height, and soluble solid content (SSC) were negatively correlated to I dosage. The highest head dry matter content was recorded in plants supplied with 250 mg I L−1, both in the fall and spring–summer season, and in those cultivated in the fall season and supplied with 50 mg I L−1. The highest ascorbic acid concentration was recorded in plants cultivated in the spring–summer season and biofortified with the highest I dosage. The highest fructose and glucose concentrations in leaf tissues were obtained in plants cultivated in the spring–summer season and treated with 250 mg I L−1. Plants sprayed with 250 mg I L−1 and cultivated in the fall season had the highest I leaf concentration. Overall, our results evidently suggested that an I application of 250 mg L−1 in both growing seasons effectively enhanced plant quality and functional parameters in curly endive plants.






Keywords:


growing season; Cichorium endivia L. var. crispum Hegi; yield; sugars; mineral profile; iodine concentration; functional compounds












1. Introduction


Iodine (I) is a crucial trace element for the biosynthesis of thyroid hormones in humans [1]. Iodine deficiency illnesses are caused by unsatisfactory dietary iodine consumption [2] and associated with inadequate thyroid hormone synthesis, which, in turn, produces deleterious effects on the human organism, such as goiters, reproductive failure, hearing loss, growth impairment, cretinism, and numerous kinds of brain injury [3,4,5,6].



The World Health Organization (WHO) [7] highlights that approximately 45% of European inhabitants are distressed by I deficiency. As declared by the European Food Safety Authority [8], the recommended daily allowance (RDA) for I is estimated as follows: 90–120 μg for children, 150 μg for adults, and 290 μg for pregnant or breastfeeding women. However, according to the WHO [7], human I content, determined via urinary I concentration in spot urine samples, is considered insufficient at less than 100 μg L−1, moderately deficient at 20–49 μg L−1, and severely deficient at less than 20 μg L−1.



Although Zimmermann [9] and Gonzali et al. [10] suggest that the primary approach to overcome low I assumption is the conventional iodination of table salt, Mottiar and Altosaar [11] point out that salt iodination alone is unsatisfactory to cover the entire human necessity of I. In addition, inorganic I is volatile, and therefore, its loss is difficult to control during storage, transport, and during cooking, particularly in the presence of high-temperature oils [12]. Moreover, the use of table salt is not recommended for people affected by cardiovascular disorders [13]. The WHO [7] suggests I intake via consumption of seafood and biofortified food such as fruiting and leafy green vegetables.



From an environmental and economic point of view, crop biofortification is recognized as a feasible strategy to combat human mineral malnourishment [14]. Although I is an imperative trace element for humans and animals [15], it is not essential for plants. As indicated by Tschiersch et al. [16], higher plants can absorb I by the roots or by the shoot and leaves via the stomata and/or the cuticular waxes. Additionally, Lawson et al. [17] reported that I supply through foliar sprays is more effective than soil application to enhance I concentration in butterhead lettuce. It is known that plant response to I enrichment is related to various factors, such as the chemical adopted form, the concentration in the nutrient solution, and the cultivation system [18,19]. A number of research initiatives have been aimed at enriching I concentration in various fruit and leafy vegetable crops, such as lettuce, spinach, Brassica genotypes, and tomato [13,20,21,22,23,24].



Curly endive (Cichorium endivia L. var. crispum Hegi) is widely grown all over the world and appreciated as a constituent of mixed salads. Furthermore, curly endive encloses a considerable level of bioactive constituents, such as ascorbic acid, phenolics, glucosinolates, sesquiterpene lactones, and minerals, especially potassium and calcium [25,26,27]. There is also evidence that the concentration of these compounds is significantly influenced by the growing season [28]. To the best of our knowledge, there is a lack of scientific literature on I biofortification of curly endive. Starting from the aforesaid evidence, the aim of the current study was to evaluate the effects of four levels of I supply on yield, bioactive compounds, sugars, and mineral profile of curly endive cultivated in the spring–summer or fall season.




2. Materials and Methods


2.1. Trial Setup, Plant Materials, and Crop Management


A two-year trial (2018 and 2019) was carried out in open field conditions in two consecutive growing seasons (spring–summer and fall). The research was performed at Blufi, Palermo Province (longitude 14°04′ E, latitude 37°45′ N, altitude 500 m) Sicily (Italy) in an experimental field of the Department of Agricultural, Food and Forest Sciences (SAAF) of the University of Palermo. Daily temperature (maximum and minimum) and rainfall throughout the plant cultivation cycles were collected (Figure 1 and Figure 2).



On 18 April (2018 and 2019) and 25 September (2018 and 2019), plug plants of curly endive (Cichorium endivia L., var. crispum Hegi) (var. Trusty, HM Clause, France) were grown with 0.33 m between rows and 0.30 m apart within the row, rendering 10 plants m−2. Experimental soil was essentially sandy clay loam, characterized by a total nitrogen of 1.5% and organic matter of 3.0%.



Iodine-enrichment was made by supplying I in form of potassium iodate (KIO3, Sigma-Aldrich ACS reagent, purity 99.5%). Four concentrations of I (0, 50, 250, and 500 mg L−1) were provided through foliar spray. The foliar applications were carried out every 14 days, beginning on 2 May and 9 October (2018 and 2019) and finishing on 13 June and 20 October (2018 and 2019) for the spring–summer and fall seasons, respectively. In sum, for each growing cycle, four foliar applications were performed. For each foliar spray application, 1.5 L m−2 of solution was distributed. Curly endive plants belonging to the plots maintained at 0 mg L−1 of I (control) received 1.5 L m−2 of water foliar spray. Fertilization was managed via drip irrigation during the cultivation cycle and comprised 100 kg nitrogen ha−1, 60 kg phosphorous pentoxide ha−1, and 180 kg potassium oxide ha−1 [29].




2.2. Yield and Biometric Parameters


Endive plants were harvested 70 days after plug transplant. All plants were taken into consideration for yield assessment and biometric traits determination. Biometric traits, consisting of head fresh weight, head height, stem diameter, and number of leaves, were recorded for all curly endive plants. To appraise dry matter content, five casually designated plants from each replicate were dehydrated in an oven (Memmert, Serie standard, Venice, Italy) set at 105 °C until constant weight.




2.3. Nutraceutical Features


Samples dedicated to nutraceutical quality investigation were collected immediately after harvest. Five casually designated plants from each replicate were taken into consideration for the functional property determinations. Soluble solid content (SSC) was assessed via a refractometer (MTD-045nD, Three-In-161 One Enterprises Co. Ltd., New Taipei City, Taiwan). Prior to SSC determination, curly endive samples were juiced and filtered. Titratable acidity (TA) was evaluated as reported by Han et al. [30]. Briefly, 10 g aliquots of curly endive were mixed in 50 mL of distilled water and titrated with 0.1 N NaOH to an end-point of pH 8.1. TA was expressed as percentage of malic acid. Ascorbic acid content was appraised by reflectometer Merck RQflex* 10 m using Reflectoquant Ascorbic Acid Test Strips, as reported by Sabatino et al. [27]. Concisely, 1 g of leaf juice sample was mixed with distilled water till reaching a final volume of 10 mL. Ascorbic acid was expressed as mg of ascorbic acid kg−1 fresh weight. To measure total phenolics, the methodology reported by Rivero et al. [31] was adopted. Briefly, 5 g of leaf sample were used for the extraction procedure using methanol as solvent and evaluated quantitatively by A765. Total phenolics concentration was appraised using Folin–Ciocalteu reagent and the outcomes were shown as mg of caffeic acid g−1 fresh weight.




2.4. Sugars Assessment


Five plants from each replicate were considered for sugars investigation. Sugars were appraised as described by Serna et al. [32]. Thus, leaf samples of 3 g were homogenised with 10 mL of deionized water and centrifuged at 15,000× g for 20 min at 4 °C. For sugars quantification, high-performance liquid chromatography (HPLC) was used and 10 μL of the supernatant was employed. Standard curves for pure standards of sugars (glucose, fructose, and sucrose) (Sigma, Poole, UK) were utilized for quantification. Findings were communicated as g 100 g−1 of fresh weight.




2.5. Mineral Profile


Five plants from each replicate were considered for minerals determination. Leaves Nitrogen (N) concentration was evaluated using the Kjeldahl method. The procedure described by Morand and Gullo [33] was followed for calcium (Ca), magnesium (Mg), and potassium (K) determination. Thus, atomic absorption spectroscopy (SavantAA, 200 ERRECI, Milan, Italy) was used. Phosphorus concentration was appraised using colorimetry, as reported by Fogg and Wilkinson [34].



With regard to I determination, the total I content in leaves tissues was assessed via inductively coupled plasma mass spectrometry (ICP-MS). In line with the official methodology for I evaluation (European Standard BS EN 15111:2007), an alkaline extraction was performed using the tetramethylammonium hydroxide. Afterwards, all the samples were filtered and analyzed via ICP-MS. The I content was expressed as mg kg−1 of dry weight.




2.6. Experimental Design and Statistics


Two different growing seasons (fall and spring–summer) were combined with four I enrichment levels (0, 50, 250, and 500 mg L−1) in a two factorial experimental design rendering a total of eight treatments, two growing seasons (G) times four I doses. Every treatment constituted of three replicates, each containing 15 plants, for a total of 360 plants. The same experiment was performed in two consecutive years (2018 and 2019) following the same experimental scheme. All data sets were subjected to two-way analysis of variance (ANOVA), setting growing season and I dosage as source of variation. To appraise the influence of the year, a preliminary ANOVA analysis was performed. Percentage data were subjected to the arcsin transformation prior ANOVA analysis (Ø = arcsin(p/100)1/2). Tukey honestly significant difference (HSD) test was applied to separate mean values (p < 0.05). The statistical analyses were accomplished using the SPSS software version 20 (StatSoft, Inc., Chicago, IL, USA). Principal component analysis (PCA) was provided for the agronomical dataset (yield and biometric traits, nutraceutical features, sugars, and mineral profile) to evaluate any underlying relationships among the diverse I dosages and growing seasons of curly endive. Principal components with eigenvalues higher than 1.0 were considered for the individuation of the principal factors numbers (PCs). As a result, the PCs permit the investigation of relationships between the variables of the data set. Thus, the original variables were planned into the space demarcated by the PC1 and PC2, and connected variables were acknowledged. SPSS version 20.0 (StatSoft, Inc., Chicago, IL, USA) was utilized to accomplish PCA analysis.





3. Results


The trial was reiterated a second year using the identical experimental design and attaining analogous outcomes (Table S1). Thus, data from 2018 are shown.



3.1. Plant Performance and Quality


ANOVA analysis for head fresh weight, stem diameter, and head height did not display a significant influence on the interaction G × I (Table 1).



Regardless of the biofortification, growing season did not significantly affect head fresh weight and stem diameter (Table 1). Conversely, non-biofortified plants showed the highest head fresh weight, followed by those biofortified with 50 mg I L−1. The lowest head fresh weight was recorded in plants treated with 500 mg I L−1. Irrespective of the growing season, control plants and plants supplied with 50 mg I L−1 had the biggest stem diameter, whereas the smallest stem diameter was recorded in plants biofortified with 500 mg I L−1. Aside from the biofortification, head height was greater in plants cultivated during the spring–summer season (Table 1). Irrespective of the growing season, control plants had the highest head height, followed by those treated with 50 or 250 mg I L−1, whereas plants treated with a dosage of 500 mg I L−1 had the lowest height.



ANOVA for the number of leaves and head dry matter revealed a significant effect of the interaction G × I (Figure 3).



Control plants cultivated in the fall season had the highest number of leaves, followed by spring–summer grown control plants and by plants biofortified with 50 mg I L−1 cultivated in the spring–summer season (Figure 3A). Plants subjected to the highest I-biofortification dosage grown both in the fall and spring–summer season displayed the lowest number of leaves. Dry matter percentage was the highest in the combinations 0 mg I L−1 × spring–summer season, 50 mg I L−1 × fall season, and 250 mg I L−1 × fall or spring–summer season (Figure 3B), whereas the lowest value was observed in plants fed with the highest biofortification dosage (500 mg I L−1) grown in the fall.



ANOVA for titratable acidity, soluble solid content, and total phenolics did not exhibit a significant effect of the main treatments and of their interaction. (Table 2).



Regardless of I-biofortification, the growing season did not have a significant effect on SSC (Table 2). Irrespective of the growing season, the highest SSC values were detected in control plants and in those treated with 250 mg I L−1. Plants supplied with an I-biofortification dosage of 50 mg I L−1 did not significantly differ neither from control plants nor from those biofortified with 250 mg I L−1. The lowest SSC was recorded in plants biofortified with the highest dosage. Notwithstanding the I-biofortification, plants grown in the spring–summer season had a higher total phenolic concentration than those cultivated during the fall season (Table 2). Disregarding the growing season, plants biofortified with the highest dosage of I displayed the highest total phenolics concentration, followed by those biofortified with 250 mg I L−1. The lowest total phenolics concentration was observed in control plants.



ANOVA for ascorbic acid showed a significant effect of the interaction G × I (Figure 4); plants from the combination spring–summer cycle × 500 mg I L−1 had the highest ascorbic acid value followed by those from the combination fall × 500 mg I L−1, which, in turn, revealed a higher ascorbic acid content than those grown during the spring–summer season and supplied with 250 mg I L−1 (Figure 4). The lowest ascorbic acid concentration was exhibited by control plants grown in the fall season.



Concerning fructose concentration, a significant effect of the interaction G × I was detected (Figure 5A). Plants grown in the spring–summer season and treated with 250 mg I L−1 had the highest fructose concentration, followed by those biofortified with the same I dosage but grown during the fall season (Figure 5A). The lowest plant fructose concentration was recorded in control plants and in those biofortified with the highest I dosage.



Regarding glucose concentration, ANOVA revealed a significant effect of the interaction between the growing season and I-biofortification (Figure 5B); plants from the combination spring–summer × 250 mg I L−1 had the highest glucose concentration, followed by plants exposed to the same I concentration but grown during fall (Figure 5). The lowest glucose concentration was observed in control plants cultivated in the fall and in plants grown during spring–summer and treated with 500 mg I L−1. The treatments had no effect on sucrose concentration (Figure 6).



ANOVA for N, P, K, and Mg concentration did not show a significant effect of the interaction G × I (Table 3).



Independently of the I-biofortification, plants grown in the fall showed a higher N concentration than plants cultivated in the spring–summer season (Table 3). On the contrary, regardless of the growing season, ANOVA analysis did not reveal a significant influence of the I-biofortification. Data on P concentration maintained the trend recognised for N concentration (Table 3). For K and Mg, ANOVA analysis did not display a significant effect of the treatments (Table 3).



ANOVA for Ca concentration revealed a significant influence of the interaction between growing season and I-biofortification (Figure 7).



Plants grown in the fall season and treated with the highest I dosage had the highest Ca concentration, followed by those grown in the fall season and supplied with 250 mg I L−1 (Figure 7). The lowest Ca concentration was recorded in control plants cultivated in the spring–summer season. However, curly endive plants cultivated in the fall season revealed a higher Ca concentration than plants cultivated in the spring–summer season at the same I dosage (Figure 7).




3.2. Iodine Concentration in Leaf Tissues


ANOVA analysis showed a significant effect of the interaction G × I in terms of plant I concentration (Figure 7). Plants enriched with 250 mg I L−1 and grown in the fall season had the highest I leaf tissue concentration, followed by plants grown in the spring–summer season and biofortified with the same dosage (Figure 7). These plants, in turn, displayed a higher I concentration than plants cultivated in the spring–summer season and treated with 500 mg I L−1. The lowest leaf I concentration was observed in non-biofortified plants.




3.3. Principal Component Analysis of all Plant Traits (PCA)


Principal component analysis (PCA) was conducted on all agronomical datasets. The loading plot and scores are presented in Figure 8.



As presented in Table S2, the outcomes of the PCA revealed four main factors (PCs) with eigenvalues higher than 1.00, representing 47.72%, 21.37%, 15.46%, and 8.38% of the total variance, respectively, and, consequently, clarifying 92.94% of the entire variance. PC1 was predominantly positively correlated to head fresh weight, head height, stem diameter, number of leaves, and SSC and negatively correlated to ascorbic acid, total phenolics, and Ca; PC2 was mostly positively correlated to fructose, glucose, and I; PC3 was mainly positively correlated to N and P; PC4 was essentially positively correlated to TA (Table S2). The PC1-PC2 graphic representation can be assumed in Figure 8. The 250_fall is placed on the top-right side of the plot of loading; the 0_fall, 0_spring–summer, 50_fall, and 50_spring–summer are located in the bottom-right side of the plot of loading; the 250_spring–summer is allocated in the top-left side of the loading plot; and finally, 500_spring–summer and 500_fall are placed in the bottom-left side of the plot of loading (Figure 8).





4. Discussion


Mineral malnutrition can be controlled via an appropriate dietary diversification, mineral increase consumption, foodstuff fortification, and by enhancing the bio-available mineral content in edible crops (a procedure named biofortification) [27,35,36]. Accordingly, functional food is very interesting and promising to prevent and cure diverse human disorders. Iodine is an imperative trace element for human and can be mainly assimilated via seafood and/or biofortified food intake, such as vegetables [7]. Indeed, there are reports that I shortage determines a number of negative effects on human health related to insufficient thyroid hormone production [3,4,5,6]. The current study highlighted that I supply and growing season can significantly influence plant performance and quality of curly endive grown in an open field. Our results showed that increasing I dosage in the nutrient solution resulted in significant decrease in yield (head fresh weight), head height, stem diameter, number of leaves, and percentage of head dry matter compared to the control. Our findings are in line with those obtained by Blasco et al. [37], who, studying the interactive effect between I and mineral nutrients in lettuce plants, found a reduction in the biomass of I-biofortified plants. Our outcomes concur with those reported by Smoleń et al. [20], who tested the effect of selenium and I biofortification on lettuce grown in a NFT hydroponic system and found a decrease of the biomass of I-enriched plants. Our results are also supported by those attained by Incrocci et al. [38], who reported a significant decrease in plant height, total dry matter, and leaf area of sweet basil I-enriched plants. A reduction in plant biomass was also reported in tomato and potato [22]. Conversely, other authors [39,40,41] reported a stimulating plant growth effect of I supply in barley, tomato, spinach, and strawberry. Blasco et al. [42] observed injurious effects in lettuce when I concentration in the nutrient solutions was higher than 10–40 μM or 100–200 μM. However, Signore et al. [43] reported that I biofortification does not have significant effect on leaves and roots biomass in a carrot Italian landrace. Thus, considering our results and those reported by other authors, it seems that the lowest I concentration tested in the current study (50 mg L−1) is excessive for curly endive.



Our outcomes revealed that head fresh weight and stem diameter were not affected by the growing season. On the contrary, Sabatino et al. [28] reported that the number of leaves is positively influenced by the fall season in control plants, whereas spring–summer plants treated with 50 mg I L−1 performed better than those cultivated in the fall. Moreover, the number of leaves in spring–summer grown plants treated with 250 or 500 mg I L−1 did not significantly differ from that recorded in the fall grown plants supplied with the same I dosage. Thus, considering that the optimum growing temperature for curly endive is the 15–18 °C range [44] and since such temperatures occur in Sicily in the fall, we may assume that curly endive mineral absorption is more efficient during this season. Consequently, the toxic I threshold value was reached in the fall at a lower I supply dosage than in the spring–summer season.



Our results showed that neither the growing season nor I biofortification affected TA. These findings are in accordance with those reported by Islam et al. [45] in cherry tomatoes. Our findings, also, showed that I-biofortification significantly decreased SSC in curly endive. However, this is in contrast with the results by Golubkina et al. [46] in Indian mustard and by Islam et al. [45] in cherry tomato. Our outcomes, also, highlighted that the growing season did not affect SSC. This result is in accordance with the finding of Sabatino et al. [28], who did not determine differences in terms of SSC between curly endive plants grown in the fall and those grown in the spring–summer season. Moreover, our outcomes showed that, regardless of the growing season, total phenolics increased as I concentration in the nutrient solution increased. Our results are supported by those of Blasco et al. [42], who showed an increase of total phenolic in lettuce plants biofortified with an I dosage ranging from 0 to 240 µM. Furthermore, our results are in line with those reported by Kiferle et al. [47], who declared that KIO3 treatments enhance phenolic concentration in basil. However, our findings did not concur with those of Incrocci et al. [38], who reported that, unlike I-biofortification via KI, I-biofortification via KIO3 does not affect total phenolic concentration in sweet basil. Our results pointed out, also, that the spring–summer season promoted total phenolic concentration in curly endive plants. Hence, considering that: (i) stress conditions promote phenolic synthesis [48,49,50,51,52]; (ii) I-biofortification is a stressful treatment for plants because iodide might be oxidized to elemental I and, consequently, can irreversibly damage the root cell membranes and oxidize chlorophylls and carotenoids, resulting in chlorosis of leaf and decreased CO2 assimilation [17,18,53]; (iii) the optimum growth temperature for curly endive is 15–18 °C [44], we may speculate that the higher total phenolic concentration detected in curly endive plants grown in the spring–summer season and treated with higher I dosages could be positively correlated to the stressful conditions previously reported. Focusing on ascorbic acid, we found that curly endive cultivated during the spring–summer season and treated with a higher I-dosage revealed a higher ascorbic acid concentration. Our findings concur with those of Blasco et al. [42] and Blasco et al. [53], who found that I supply increases ascorbate concentration in lettuce plants. Our results also agree with those of Lester [54], who reported that a higher light intensity promotes ascorbic acid synthesis in green mustard. Furthermore, there are reports that radiation stress elicits plant ascorbic acid concentration [55,56]. Thus, considering that, in the Mediterranean region, curly endive is generally grown during the fall, we assume that the higher ascorbic acid concentration found in our study could be related to unfavourable spring–summer light intensity and photoperiod.



Regarding fructose, we found that I supply positively affected fructose concentration up to 250 mg L−1. Conversely, I-biofortification at 500 mg L−1 reduced fructose concentration to a level similar to the control. Furthermore, plants grown in the spring–summer season and treated with 500 or 250 mg I L−1 had a higher fructose concentration than those grown during the fall. Data on glucose supported the tendency established for fructose. Our results concur with those by Blasco et al. [57], who, studying the effect of I on photosynthesis and metabolism of sugars in lettuce plants, found that increasing I supply results in an increase of fructose and glucose leaf concentration. Thus, in our study, the decrease in fructose and glucose concentration in the plants treated with 500 mg I L−1 could be due to a toxic effect of high I dosages. Our results are in agreement with those of Weston and Barth [58] and Caruso et al. [59], who reported that strawberry and tomato plants grown in full sunlight contain more sugar than those cultivated in the shade and suggested that a lower light intensity can significantly reduce sugar accumulation in vegetables.



Medrano-Macias et al. [19] reported that I supply has a relevant effect on the redox state of the system that absorbs elements; thus, it interrelates also with metal ions, altering the oxidation state and bioavailability.



Independently of the season, our data on mineral profile are fully in agreement with those reported by Islam et al. [45], who found that I-implementation does not influence N, P, K, and Mg fruit concentration compared to the control. Our findings are also in accordance with those by Incrocci et al. [38], who found that I supplied by KIO3 does not significantly affect N, P, K, and Mg content in sweet basil. However, irrespective of I-biofortification, our results agree with those by Sabatino et al. [27], who reported that plants fertilized via standard nitrogen source and cultivated during the fall have a N leaf concentration higher than plants grown in the spring–summer. Concerning Ca content, we found that a higher I-dosage stimulated Ca leaf concentration. Additionally, fall grown plants displayed a higher Ca concentration than plants grown in the spring–summer season. This is in accord with the results of Incrocci et al. [38], who found a positive correlation between I-dosage and Ca leaf content. Our results partially concur with those by Blasco et al. [37], who found no significant effect in terms of N, P, and K when I was supplied via IO3−. As reported by Kato et al. [60], plant I-enrichment via IO3− form might elicit reductase activity in the roots. This could have an impact on the mineral nutrients bioavailability and on the iodate reductase and it may induce a redox signalling, resulting in a plant response to counter the I effect. Our data on mineral concentration showed that the nutrients fluctuated within the optimal range for curly endive [44]. Thus, as observed by other authors [18,38], the reduction in plant growth cannot be linked to I-induced mineral deficiencies.



Plants can absorb I by the root and, also, by epigeal organs such as stem and leaves via stomata and cuticular waxes [16]. As stated by White and Broadley [61], plants absorb I via ionic channels and chloride transporters. Moreover, there is evidence that I supplied by foliar spray is more effective than by soil applications for enhancing I concentration in plant tissues [17]. Additionally, Voogt et al. [62] established that the differences in iodine allocation among genotypes and seasons can be elucidated by the change in the transpiration rate. Our outcomes on leaf I concentration revealed that plants treated with 250 mg I L−1 had the highest I concentration in leaf tissues. Furthermore, plants enriched with a dosage of 50 or 250 mg I L−1 during the fall had a higher I concentration than those treated with the highest I-dosage.



Our results are in agreement with those of Incrocci et al. [38], who evidenced that I supplied as KI or KIO3 causes an increase in I plant tissue concentration. Our findings also confirm those reported by Blasco et al. [37], who claimed that an I supply higher than 120 µM determines a reduction in I leaf concentration.



According to our results and taking into consideration the plant I uptake capacity and tolerance, we may suggest that both in the fall and in the spring–summer season, 250 mg I L−1 represents the best dosage to improve curly endive functional and nutraceutical traits.




5. Conclusions


In the current study, growing season combined with I-enrichment significantly affected yield and plant biometric traits, functional features, sugars, and mineral profile in curly endive. Overall, I-biofortification improved total phenolic and ascorbic acid, especially in plants cultivated in the spring–summer season. Furthermore, I-enrichment enhanced fructose and glucose concentration in curly endive up to the dose of 250 mg I L−1, particularly in plants grown during the spring–summer season. The I concentration in the spraying solution was positively related to the Ca concentration in plant tissues. Our results also displayed that fall season increased Ca concentration as compared to the spring–summer season. Plants cultivated in the fall and I-biofortified at 250 mg L−1 had the highest I concentration in leaf tissues. Finally, our outcomes suggested that a combination of fall or spring–summer growing season and an I-dosage of 250 mg L−1 may effectively improve plant functional and nutritional quality of curly endive.
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Figure 1. Daily temperature (maximum and minimum) and rainfall from 18 April to 27 June (2018 and 2019). 
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Figure 2. Daily temperature (maximum and minimum) and rainfall from 25 September to 4 November (2018 and 2019). 
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Figure 3. Number of leaves (A) and head dry matter (B) as affected by combining the growing season (fall or spring–summer) and iodine supply (0, 50, 250, or 500 mg L−1) in curly endive. Different letters indicate significant differences at p ≤ 0.05. *, *** significant at 0.05 and 0.001, respectively. NS, not significant. 
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Figure 4. Ascorbic acid concentration as affected by combining growing season (fall or spring–summer) and iodine supply (0, 50, 250 or 500 mg L−1) in curly endive. Different letters indicate significant differences at p ≤ 0.05. *** significant at 0.001. 
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Figure 5. Fructose (A) and glucose (B) concentration as influenced by combining the growing season (fall or spring–summer) and iodine supply (0, 50, 250 or 500 mg L−1) in curly endive. Different letters indicate significant differences at p ≤ 0.05. *, *** significant at 0.05 and 0.001, respectively. 
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Figure 6. Effect of the growing season (fall or spring–summer) and iodine supply (0, 50, 250 or 500 mg L−1) on sucrose concentration in curly endive. Different letters indicate significant differences at p ≤ 0.05. NS, not-significant. 
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Figure 7. Ca (A) and I (B) concentration as affected by combining growing season (fall or spring–summer) and iodine supply (0, 50, 250, or 500 mg L−1) in curly endive. Different letters indicate significant differences at p ≤ 0.05. *** significant at 0.001. NS, not significant. 
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Figure 8. Scores and loading plots of PCA of curly endive plant performance and quality traits as affected by combining the growing season [fall (blue squares) or spring–summer (red squares)] and iodine dosage (0, 50, 250 or 500 mg L−1). 
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Table 1. Effect of the growing season (fall or spring–summer) and iodine biofortification supply (0, 50, 250 or 500 mg L−1) on head fresh weight, stem diameter, and head height of curly endive.
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Treatments

	
Head Fresh Weight (g)

	
Stem Diameter (mm)

	
Head Height (cm)






	
Growing season

	

	

	

	

	

	




	
Fall

	
734.07

	
a

	
22.94

	
a

	
31.00

	
a




	
Spring–summer

	
797.81

	
a

	
23.02

	
a

	
32.08

	
a




	
Iodine Biofortification (mg L−1)

	

	

	

	

	




	
0

	
1125.45

	
a

	
26.28

	
a

	
36.78

	
a




	
50

	
853.02

	
b

	
25.30

	
a

	
32.53

	
b




	
250

	
697.25

	
c

	
23.15

	
b

	
32.53

	
b




	
500

	
388.05

	
d

	
17.18

	
c

	
24.32

	
c




	
Significance

	

	

	

	

	

	




	
Growing season (G)

	
NS

	
NS

	
NS




	
Iodine biofortification (I)

	
***

	
***

	
***




	
G × I

	
NS

	
NS

	
NS








Values within a column followed by different letters are significantly different at p ≤ 0.05. *** significant at 0.001, respectively. NS, not significant.
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Table 2. Effect of growing season (fall or spring–summer) and iodine biofortification supply (0, 50, 250 or 500 mg L−1) on TA, SSC, and total phenolics of curly endive.
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Treatments

	
TA (%)

	
SSC (°Brix)

	
Total Phenolics (mg of Caffeic Acid g−1 FW)






	
Growing season

	

	

	

	

	

	




	
Fall

	
0.667

	

	
2.71

	

	
0.701

	
b




	
Spring–summer

	
0.667

	

	
2.64

	

	
0.786

	
a




	

	

	

	

	

	

	




	
Iodine Biofortification (mg L−1)

	

	

	

	

	

	




	
0

	
0.683

	

	
2.90

	
a

	
0.580

	
d




	
50

	
0.683

	

	
2.87

	
ab

	
0.700

	
c




	
250

	
0.663

	

	
2.62

	
b

	
0.790

	
b




	
500

	
0.667

	

	
2.32

	
c

	
0.910

	
a




	

	

	

	

	

	

	




	
Significance

	

	

	

	

	

	




	
Growing season (G)

	
NS

	
NS

	
***




	
Iodine biofortification (I)

	
NS

	
***

	
***




	
G × I

	
NS

	
NS

	
NS








Values within a column followed by different letters are significantly different at p ≤ 0.05. *** significant at 0.001. NS, not significant. TA: titratable acidity, SSC: soluble solid content.
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Table 3. Effect of the growing season (fall or spring–summer) and iodine supply (0, 50, 250 or 500 mg L−1) on N, P, K, and Mg concentration in curly endive.
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Treatments

	
N (mg g−1 DW)

	
P (mg g−1 DW)

	
K (mg g−1 DW)

	
Mg (mg g−1 DW)






	
Growing season

	

	

	

	

	

	

	

	




	
Fall

	
5.77

	
a

	
0.61

	
a

	
3.23

	

	
0.34

	




	
Spring–summer

	
5.59

	
b

	
0.57

	
b

	
3.23

	

	
0.33

	




	

	

	

	

	

	

	

	

	




	
Iodine Biofortification (mg L−1)

	

	

	

	

	

	

	




	
0

	
5.73

	

	
0.58

	

	
3.25

	

	
0.30

	




	
50

	
5.73

	

	
0.60

	

	
3.25

	

	
0.35

	




	
250

	
5.68

	

	
0.59

	

	
3.23

	

	
0.33

	




	
500

	
5.68

	

	
0.59

	

	
3.19

	

	
0.34

	




	

	

	

	

	

	

	

	

	




	
Significance

	

	

	

	

	

	

	

	




	
Growing season (G)

	
*

	
***

	
NS

	
NS




	
Iodine biofortification (I)

	
NS

	
NS

	
NS

	
NS




	
G × I

	
NS

	
NS

	
NS

	
NS








Values within a column followed by different letters are significantly different at p ≤ 0.05. *, *** significant at 0.05 and 0.001, respectively. NS, not significant. DW: dry weight.
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