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Abstract

:

The choice of basil (Ocimum basilicum L.) genotypes determines key attributes such as yield, flavor, and adaptability, contributing significantly to the overall success and sustainability of basil cultivation practices. As the primary aim of this study, seven basil accessions were characterized for both their growth performance and biochemical profile of volatile compounds, enabling the differentiation among distinct chemotypes. As secondary objectives, growth performance and production were evaluated under natural solar radiation conditions (SR100) and with a 30% reduction in solar radiation using a net (SR70). Light use efficiency (LUE) determination revealed the plants’ biomass production capability under different solar radiation (SR) conditions. Genotypes A, B, C, and G were characterized by a high levels of linalool, which is typically associated with the “pesto” sauce smell. Lemon basil D exhibited a different chemotype due to the presence of neral and geranial. E and F displayed a different chemotype due to the higher concentration of α-bergamotene. The total fresh harvested biomass was significantly higher in SR70 than SR100 conditions. The second harvest in both SR conditions was the most productive one, while genotype E under SR70 displayed the highest yield. The landraces D and E showed the highest LUE values, indicating their capability in converting the solar radiation into fresh biomass. Plants grown in SR70 conditions registered significantly higher values of plant height, number of branches, and leaf weight. This work aimed to provide valuable insights into the selection of basil genotypes suitable for sustainable agriculture. Conversely, it lays the basis for cultivation aspects pertaining to the crop’s adaptability in peri-urban, marginal lands, which are characterized by limited solar radiation.
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1. Introduction


The Ocimum genus includes more than 150 species globally; however, the most commercially significant cultivars are found within the O. basilicum L. species. In particular, sweet basil (O. basilicum, x = n = 12) stands out as a vital essential oil crop in the Labiatae family, finding numerous applications [1]. Its distinct aroma and flavor, coupled with its rich history, have made it a cherished herb in various culinary traditions around the world [2,3]. Basil is valued not only for its culinary attributes but also for its potential therapeutic properties due to its high concentration of a wide range of bioactive compounds with various health benefits [4]. Traditionally, basil leaves have been used to address a variety of health disorders, including renal affection, menstrual irregularities, symptoms of arthritis, and loss of appetite [5,6,7].



The cultivation of basil has a long history that developed in the last few centuries. Its popularity is still growing in addition to the expansion of its range of applications and uses. Nowadays, the demand for basil has significantly increased, with a growing interest for exploiting the biochemical diversity among different basil genotypes. The various basil cultivars exhibit unique chemical profiles, which not only influence their culinary and aromatic qualities, but also offer the potential for pharmaceutical and industrial applications [8,9].



Within the basil genotypes, variations abound, encompassing diverse characteristics such as leaf sizes, a spectrum of colors from green to dark purple, a range of flower colors (white, red, lavender, and purple), distinct growth features including shape, height, and flowering time, and a diverse array of aromas. The broad range of aromatic and volatile compounds within its essential oil encompasses oxygenated and aromatic monoterpenes such as linalool, p-allyl-anisole (estragole), neral, geranial, and eugenol [10,11,12]. Notably, basil has potential applications in novel food products, including sprouts, microgreens, and baby leaves [13,14,15].



It is worth mentioning that basil plants are sensitive to environmental stressors, particularly excessive sunlight and high temperatures [16,17,18]. To mitigate the adverse effects of such stressors and to significantly reduce energy usage, shading systems have emerged as a valuable tool in enhancing the growth parameters and overall performance of basil crops [19]. These systems offer a degree of control over the growing environment, allowing for the manipulation of light and temperature conditions to create an optimal environment for basil cultivation. The determination of the optimal light intensity and photoperiod is crucial for basil cultivation in open fields, greenhouses, and growth chambers [20,21,22]. As was outlined by these studies, the careful selection of basil genotypes holds immense significance, aligning with diverse agronomic purposes.



Modern agriculture is facing several challenges that encompass the growing population pressures, the increased demand for agricultural production, and the utilization of land resources, which have become critical aspects [23,24,25,26].



To address these challenges, the cultivation of plants in shaded environments has emerged as a strategic solution not only for optimizing land use and management but also to enhance overall agricultural sustainability [27,28].



Shaded agriculture, often achieved through the application of shading systems or agroforestry practices, allows for the efficient utilization of land not typically subjected to direct sun exposure. This innovative approach extends the productive capacity of available land, making it possible to grow a wider range of crops and increase overall yields [29,30,31,32]. The use of shade-adapted plants could also be exploited for urban agriculture, improving the sustainability of the food supply and reducing the costs associated with transporting food supplies over long distances [33,34,35]. For achieve this goal, plants must reach maximum photosynthesis at a lower level of saturating irradiance [36]. Notably, crop cultivation in shaded environments contributes to the sustainability of agroecosystems, as it eliminates the need to remove neighboring trees during their establishment [37].



In agriculture, optimizing light use efficiency (LUE) is crucial for maximizing crop productivity, as it directly influences the amount of biomass produced per unit of absorbed solar radiation, providing insights into the overall efficiency of the photosynthetic process. Within this context, LUE is a measure of how effectively plants convert solar radiation into biomass, which indicates the efficiency of photosynthesis in utilizing available light for growth. Several LUE estimation models have been proposed to estimate terrestrial gross primary production (GPP) at local, regional, and global scales [38,39,40,41].



Among the crops suitable for the cultivation employing varying shading levels, basil emerges as an optimal candidate. This species is a widely cultivated herb known for its culinary and medicinal significance.



Within this context, seven basil genotypes were evaluated for their morphometric response under different shading conditions and for their different chemotypes through an analysis of their essential oils. After exploring these key aspects, the aim of the current study was to assess the impact of solar radiation on basil growth. Specifically, two solar radiation conditions were applied, simulating open field cultivation and cultivation under a shading net resulting in a 30% reduction in solar radiation. The light use efficiency was calculated. The purpose of this study was to offer valuable insights into the primary aspects related to the selection of a suitable basil genotype to promote the sustainable and efficient production of fresh basil leaves. In addition, this work aimed to optimize shading system protocols, contributing to the advancement of sustainable agriculture, particularly in peri-urban, marginal lands.




2. Materials and Methods


2.1. Experimental Site and Biological Materials


The experimental trial was carried out in the experimental open field belonging to the Department of Agriculture, Food, and Environment (Di3A) of the University of Catania (UNICT). The field is situated 50 m above sea level in Catania (37°24′33″ N, 15°03′32″ E). The chosen experimental field was situated in a peri-urban area, which was strategically selected to enhance the value of marginal lands in close proximity to the city.



The plant materials consisted of seven accessions of O. basilicum belonging to the GenBank of vegetables of the Dipartimento di Agricoltura, Alimentazione e Ambiente (Di3A) of the University of Catania (Table 1).



The analyzed genotypes were selected for their distinguishable traits. In particular, genotypes A, C, D, and G are identifiable by their large and green leaves, B exhibits unique purple leaves, E is distinguishable by its small and green leaves, and finally F is distinguishable by its broad green leaf lamina with undulated surface. The primary purpose of the current research was to provide valuable insights regarding basil genotype selection for different agronomic purposes. Additionally, the agronomic performances under different solar radiation (SR) conditions were evaluated.




2.2. Experimental Design and Growing Practices


The experimental design adopted was a split plot design with randomized blocks. Each block included three replicates per genotype and each replicate consisted of 10 plants. Sowing was carried out in the middle of May 2020 in cellular trays within the University nursery situated at the same location as the experimental field. The process was conducted under controlled humidity and temperature conditions, maintaining an average temperature of 20 °C. The organic growing substrate used for sowing was Terri Bio® (Agro-Chimica S.p., Bolzano, Italy).



On 14 June 2020, plantlets were transplanted into the clay soil of the experimental field. Plantlets were arranged at a crop density of 9 plants m−2, with a distance of 40 cm between the rows and 30 cm within a row. The soil of the experimental field was 43% clay, 30% silt, 27% sand, about 1% organic matter, 0.1% total nitrogen, 10 ppm available P2O5, 114 ppm exchangeable K2O, and a pH of 7.1.




2.3. Plant Morphometric Characterization


Plantlets were characterized by their bio-morphometric traits, which are listed in Table 2. The morphometric assessment was conducted at the first harvest. In particular, the analyzed traits encompassed plant height (PH), the number of branches (PB), leaf lamina length and width (LL and LWI, respectively), and leaf blistering, which assigned scores for its absence (0) and presence (1). Leaf chromatic CIEL*a*b* parameters were registered using a colorimeter (Chroma meter CR-200, MINOLTA, Osaka, Japan). In the leaf chromatic analysis performed, L* represented lightness, a* indicated the red/green coordinate, and b* signified the yellow/blue coordinate. Plant fresh biomass was harvested four times, cutting plants from the basal side of the stem at a distance of 10 cm from the soil. Specifically, the first harvest was carried out at 35 days after transplant (DAT), the second one at 56 DAT, the third one at 84 DAT, and finally the fourth one at 119 DAT.




2.4. Light Use Efficiency (LUE) Determination


The light use efficiency for each genotype was calculated based on the total solar radiation (TSR) from 20 June to 20 October, which was 2793.67 MJ m−2 for SR100 and 1955.57 MJ m−2 for SR70. Specifically, the calculation used the following formula:


LUE = (TWE TSR−1) × 100











The value resulting from the ratio between TWE and TSR was expressed in g (MJ m−2)−1 and later, it was converted to a percentage by multiplying it by 100.




2.5. Analyses of Volatile Components


Shade air-dried samples of O. basilicum (A–G) were subjected to steam distillation extraction (SDE) for 3 h, using a Likens–Nickerson-type apparatus with a 1:1 mixture of pentane/diethyl ether as the solvent [42]. The essential oil solutions were immediately analyzed using a Hewlett-Packard gas chromatograph Model 5890 equipped with a flame ionization detector (FID) and coupled to an electronic integrator. The analytical conditions were as follows: ZB-5 capillary column (30 m × 0.25 mm, film thickness 0.25 mm); helium as carrier gas; injection in split mode (1:50); injector and detector temperature of 250 °C and 280 °C, respectively; oven temperature kept at 60 °C for several min, then programmed to increase from 60 to 300 °C at a rate of 2 °C/min. Gas chromatography mass spectroscopy (GC-MS) was carried out using the same chromatograph equipped with a Hewlett-Packard MS computerized system Model 5971A, working in electron impact mode at 70 eV; electron multiplier: 1700 V; ion source temperature: 180 °C; mass spectral data were acquired in the scan mode in the m/z range of 40–400. GC conditions were the same as above.




2.6. Identification of Components of Essential Oils


The identity of the essential oil components was based on their GC retention index (relative to C9-C22 n-alkanes on the SPB-5 column), computer matching of spectral MS data with those from NIST MS libraries [21], comparison of the fragmentation patterns with those reported in the literature [22] and, whenever possible, co-injections with authentic samples. The standards were purchased from Aldrich Chemical Co. (Merck KGaA, Darmstadt, Germany), Honeywell Fluka™ (Morris Plains, NJ, USA), and Extrasynthese (Genay Cedex, France).




2.7. Shading System Set-Up


The shading system included a no shading system with plants grown in open field conditions (SR100) and within a controlled environment (SR70), which consisted of a structure made of 2.5-meter-tall wooden posts connected by iron wires and completely covered with white shading netting with a mesh size of 20/30, resulting in a 30% reduction in solar radiation (SR70). The minimum, maximum, and mean temperatures of the thermal air in both shading conditions (no shading—SR100 and shading applied—SR70) were recorded using a USB data logger (Testo, 174-T, Lenzkirch, Germany). They are reported in Figure 1.



The solar radiation data in SR100 were provided by the Servizio Informativo Agrometerologico Siciliano (SIAS) (http://www.sias.regione.sicilia.it/home.htm, accessed on 18 December 2023) for the period in which the experimental trial was conducted. On the other hand, the SR70 results were determined by applying a 30% reduction to the SR100 data. The empirically calculated values demonstrated a strong agreement with data recorded using a solar radiation data logger that was specifically employed under SR70 conditions. The data logger used was a solar radiation tester (Vici, LX-107, Shenzhen, China). The solar radiation data are reported in Figure 2.




2.8. Data Analysis


The first experimental factor was the different radiation (SR) applied while the genotype (GE) represented the second factor. Analysis of variance (ANOVA) using the Newman–Keuls method was performed using CoStat software version 6.4 (CoHort software, Birmingham, UK). The graphical representation of the Pearson’s correlations was generated using R studio version 3.6.3 and the corrplot package. Conversely, principal component analysis (PCA) was conducted using IBM SPSS version 27 software (IBM, Armonk, NY, USA) and R studio version 3.6.3 with the factoMineR, factoextra, and ggplot2 packages.





3. Results


3.1. Climatic Conditions


There were no significant temperature variations detected between the SR70 and SR100 conditions (Figure 1). In contrast, solar radiation decreased by about 30% from SR100 to SR70 (Figure 2).




3.2. Morphometric Characterization of Harvested Plants at Different Stages


There were significant variations among the examined genotypes in plant fresh weight across the four harvesting time points (35, 56, 84, and 119 days after transplant). The harvest weights at 35 days after transplant (DAT) ranged from 54 g to 93.70 g for E and C, respectively (Table 3).



Conversely, at 56 DAT, the harvesting weight ranged from 86.23 g for G to 327.33 g for B. At 84 DAT, the harvesting weight varied from 0.00 g for B, E, and G to 317.20 for D (Table 3). Finally, at 119 DAT, the harvesting weight ranged from 28.30 g to 267.67 g for B and D, respectively (Table 3). The total harvested fresh weight (TWE) varied from 242.53 g for G to 827.27 for D (Table 3).




3.3. Plant Morphometric Characterization


The plant height (PH) ranged from 19.12 cm to 44.08 cm for F and C, respectively (Table 4).



On the other hand, the number of plant branches (PB) spanned between 5.03 and 10.56 branches for D and A, respectively (Table 4). Leaf lamina length (LL) varied from 2.25 cm for E to 8.60 cm for F. Moreover, leaf lamina width (LWI) ranged from 1.04 cm to 7.83 cm for E and F, respectively (Table 4). Regarding leaf blistering (LB), only genotype F consistently exhibited blistering across all replicated leaves. Genotype G showed blistering in only 33% of the examined plants, whereas all other genotypes displayed no blistering on their leaf surfaces. The percentage of leaf weight (LWE) fluctuated among the evaluated genotypes from 35.38% for G to 60.03% for C (Table 4). In contrast, leaf dry matter (LDM) ranged from 9.40% to 13.90% for F and C, respectively. Regarding the chromatic parameters, leaf lightness (LL*) varied from 39.62 for B to 48.79 for B and A (Table 4). Conversely, leaf chromatic parameter a* (La*) spanned from −0.55 to −11.78 for B and A. Finally, leaf chromatic parameter b* (Lb*) fluctuated from 3.12 to 22.60 for B and E, respectively (Table 4).




3.4. Pearson’s Correlation between Traits


The trait with the most correlations was the leaf weight (LWE) for which there were robust linear correlations with three morphological traits. In particular, LWE displayed a strong positive correlation with leaf lamina length (LL) and leaf lamina width (LWI) (Figure 3).



Conversely, LWE was negatively correlated with the number of plant branches (PB). Furthermore, there were significant linear positive correlations between plant height (PH), plant branches (PB), and leaf dry matter (LDM). Concerning the chromatic leaf parameters, b* displayed a robust negative correlation with both L* and a* (Figure 3).




3.5. Biochemical Characterization of the Volatile Compounds


All the extracted volatile compounds are listed in Supplementary Table S1. The number of identified compounds was between 47 for sample A and 61 for the E and G samples; the percentage of the identified components with respect to the total number of detected components ranged between 83% for sample D and 96% for sample A (Table S1). To facilitate the comparison of various Ocimum genotypes, the components listed in Table S1 were organized into the following five classes: monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpenes, diterpenes, and non-terpenoid components. A preliminary and general analysis of the chemical composition of the oils showed significant compositional differences among the seven basil genotypes examined. Figure 4 shows the differences observed between the aforementioned classes of compounds in the seven basil accessions.



The first class of components, namely monoterpene hydrocarbons, is, together with diterpenes, the least represented classes, despite the consistent number (14) of characterized components. In fact, all the components were present at levels below 1% and only the samples E and G showed a total amount slightly over 4%.



The oxygenated monoterpenes class is, instead, significantly present in all samples with the exception of sample F, in which, the total amount was only 2.7%. Linalool and 1,8-cineole were the main components of the A, B, C, F, and G samples. Sample G showed a higher amount of 1,8-cineole than linalool, as well as a consistent presence of terpinen-4-ol and bornyl acetate. The profile of this class in sample D was completely different; in fact, neral/geranial accounted for over 95% of the oxygenated monoterpenes (Figure 4).



The sesquiterpenes class, with 28 components, is more represented and consistent with the total amount in three cases (C, E and F samples), and is the main class of components (Figure 4). In fact, in sample F, this class accounted for over 76% of the total, whereas there was a lower amount of these components, at 16%, in the sample B. In almost all samples, the main components were α-bergamotene, germacrene D, and γ-cadinene amongst the hydrocarbons, and epi-α-cadinol was the most represented oxygenated sesquiterpene. Once again, sample D was an exception, with caryophyllene oxide and trans-caryophyllene as the main components.



Diterpenes were represented only by one component, phytol, whose presence was almost negligible in all samples, with exception of C, in which it reached 2.3%.



The last class of volatile components in the Sicilian Ocimum samples was the non-terpenoid components. It was only present in the A and B samples, with estragole (methyl chavicol) being the most important compound. This was also true for the E, F and G samples, but the amount was decidedly lower. Sample C showed a content of these components of approximately 8%, represented almost exclusively by an aromatic compound, namely eugenol. Finally, sample D was also different in terms of these components, with the main one being an aliphatic oxygenated hydrocarbon: 6-methyl-5-epten-2-one.



On the basis of the collected data, it is possible to distinguish one or more components which could be used to characterize each sample. In particular, estragole and linalool may be considered the chemical markers of the A and B samples. In fact, sample A can be classified as classical sweet (or European) basil given that the content of linalool and estragole in this variety ranges from 35 to 50% and 15 to 25%, respectively [43]. Sample B can be considered a variant of A since in this case, the estragole content exceeded 56%, whereas the linalool content was only 15%. Secondary components in both of these samples included α-bergamotene and epi-α-cadinol. Unlike the previous two samples which were differentiated based on minor components, samples E and F were strongly characterized by numerous sesquiterpenes: 1,8-cineole, linalool, γ-cadinene and germacrene D for sample E, and only γ-cadinene and germacrene D for sample F. Samples C and G can be classified as linalool chemotypes; however, the secondary components can also be used to clearly distinguish between the two samples: in C, there are significant amounts of α-bergamotene, epi-α-cadinol, and eugenol, and in G, 1,8-cineole, α-bergamotene, and epi-α-cadinol are predominant. Finally, sample D, as already observed in the previous description, shows a profile quite different from the other samples, being characterized by the neral/geranial isomers and, as a secondary component, by caryophyllene oxide; all these components are absent or present at very low levels in the other samples of Ocimum examined here.



Regarding the correlations between all the volatile compounds, the ones with the most correlations were caryophyllene oxide and epi-α-cadinol. Specifically, caryophyllene oxide was positively correlated with trans-linalool oxide, nerol, neral, geraniol, geranial, neryl acetate, geranyl acetate, α-copaene, β-bourbonene, β-cubebene, trans-caryophyllene, β-bisabolene, trans-γ-bisabolene, 1-octen-3-ol, 6-methyl-5-epten-2-one, octanal, 3-Z-hexen-1-yl acetate, benzene acetaldehyde, and 1-octen-3-yl acetate (Figure S1).



In contrast, caryophyllene oxide was negatively correlated with β-damascenone, γ-gurjunene, cis-calamenene, α-cadinene, spathulenol, epi-α-cadinol, and β-eudesmol. Regarding epi-α-cadinol, it was positively correlated with α-terpinene, γ-terpinene, terpinolene, bornyl acetate, β-damascenone, β-elemene, α-bergamotene, trans-β-farnesene, germacrene D, γ-gurjunene, γ-cadinene, cis-calamenene, β-sesquiphellandrene, α-cadinene, trans-nerolidol, and β-eudesmol. In contrast, it was negatively correlated with fenchone, trans-linalool oxide, nerol, neral, geranial, neryl acetate, geranyl acetate, β-bourbonene, β-bisabolene, δ-cadinene, trans-γ-bisabolene, caryophyllene oxide, 1-octen-3-ol, 6-methyl-5-epten-2-one, octanal, 3-Z-hexen-1-yl acetate, benzeneacetaldehyde, and 1-octen-3-yl acetate (Figure S1).



The compounds with the lowest correlations number, chavicol and eugenol, were correlated with only two volatile compounds each. In particular, chavicol was positively correlated with cis-linalool oxide and negatively correlated with α-copaene, while eugenol was positively correlated with borneol and phytol (Figure S1).



Based on the distinct volatile compound profiles, we used a principal component analysis to facilitate the clustering of genotypes into three main groups (Figure S2a).



The first group, referred to as chemotype 1, comprises genotypes A, B, C, G, and F (Figure S2a). The second group, labeled as chemotype 2, exclusively features genotype E (Figure S2a). Lastly, chemotype 3 only included genotype D (Figure S2a). In Figure S2b, each volatile compound, named using the numeric code reported in Table S1, is depicted basing on its distribution in the two extracted principal components. Specifically, chemotype 1 is characterized by the typical “pesto” sauce aroma, due to the high abundance of eugenol, 1,8-cineole, and linalool. Conversely, E, representing chemotype 2, was characterized by higher amounts of α-bergamotene, germacrene D, and terpinene-4-ol. Finally, chemotype 2, represented by the genotype D, was characterized by high concentrations of neral and geranial (Figure S1).



Table 5 reports all of the most significant compounds used to determine the chemotype of each basil accession.



Within this context, aromatic compounds varied significantly among the different genotypes. 1,8-cineole varied from 0.2% of the essential oil in genotype F to 11.2% in G (Table 5). Remarkably, genotype D showed small traces of this compound. The amount of linalool varied from 0.7% in D to 33.5% in G (Table 5).



Notably, genotypes A, C, and G exhibited a linalool content higher than 30.0%. Furthermore, the terpinen-4-ol content varied from 0.1 in genotype A to 4.4% in E. Notably, this specific compound was not detected in genotype D (Table 5). Another representative compound found in the essential oil was estragole. The amount of this aromatic compound ranged from 0.1 in C to 56.9% in B. Subsequently, neral was found only in genotypes C and D, exhibiting values of 0.1 and 23.7%, respectively. Furthermore, geranial was only detected in genotypes C and D, and its concentration ranged from 0.1 to 31.2% in C and D, respectively (Table 5). The eugenol concentration fluctuated from 0.3 to 7.2% for D and C. With regard to α-bergamotene, its concentration fluctuated among the genotypes from 3.1 in B to 33.6% in F (Table 5). Moreover, the concentration of germacrene D varied from 0.2 in D to 5.7% in F. The caryophyllene oxide concentration was 0.1% for genotypes A, C, E, F, and G. Conversely, B and D displayed caryophyllene oxide concentrations of 1.5 mg g−1 and 8.6%, respectively. Finally, the epi-α-cadinol amount varied among the tested genotypes from 0.6 to 12.2% in D and F, respectively (Table 5).




3.6. Pearson’s Correlation and Chemotypes Determination among the Aromatic Compounds


The compound with the most correlations was epi-α-cadinol, exhibiting a robust linear correlation with five aromatic compounds (Figure 5).



Specifically, it was positively correlated with α-bergamotene and germacrene D, and negatively correlated with neral, geranial, and caryophyllene oxide (Figure 5). In contrast, terpinen-4-ol, estragole, and eugenol displayed no significant correlations with the other aromatic compounds (Figure 5).



The PCA analysis enabled the categorization of each genotype based on its aromatic profile, revealing three distinct groups characterized by markedly different aromatic profiles. The three groups represented three different chemotypes (Figure 6a).



Specifically, A, B, C and G represented chemotype 1, characterized by the typical “pesto” sauce aroma due to the high abundance of eugenol, 1,8-cineole, and linalool (Figure 6). Conversely, chemotype 2, represented by genotype D, was characterized by high concentrations of neral and geranial (Figure 6a,b). Finally, E and F, representing chemotype 3, were characterized by higher amounts of α-bergamotene, germacrene D, and terpinene-4-ol (Figure 6a,b).




3.7. Variations in Harvesting Weight in Relation to the Solar Radiation Conditions


For plant fresh weight across the four harvesting time points (35, 56, 84, and 119 days after transplant), a significant interaction was observed between the two experimental factors: solar radiation (SR) and genotype (GE). The fresh weight values displayed a wide range of values, with the lowest weight recorded for genotype B at 28.30 g when cultivated in open-air conditions (SR100) at the third harvesting time point (84 days after transplant (DAT)), as shown in Table 6.



Conversely, the highest fresh weight values (523.17 g) was achieved by genotype E when grown in the shading system (SR70) at the second harvesting time point (56 DAT). It is noteworthy that genotype E exhibited no fresh biomass to harvest during at the third time point (84 DAT) under both shading (SH) conditions, while genotypes B and G provided no biomass to harvest during the same period, but only in SR100 conditions (Table 6). The total fresh harvested biomass (TWE) ranged from 242.53 g for genotype G cultivated under SR100 conditions, to 1035.17 g for genotype E grown in SR70 conditions (Table 6). The cumulative production is graphically represented for each genotype, for both solar radiation conditions, in Supplementary Figure S3.




3.8. Light Use Efficiency (LUE) in Relation to the Solar Radiation Conditions


There was a significant interaction between SR and GE in terms of LUE. The LUE value varied from 8.68% for G grown in SR100 conditions to 52.93% for E grown in SR70 conditions (Table 7). Notably, genotypes E and D showed the highest LUE values, while the lowest value was registered by G (Table 7).




3.9. Variation in the Morphometric Traits in Relation to the Solar Radiation Conditions


Plant height (PH) exhibited a significant interaction between the two experimental factors studied, which were the solar radiation (SR) and the genotype (GE). Remarkably, the PH value ranged from 19.12 cm for F grown in SR100 conditions, to 78.87 cm for D cultivated in SR70 conditions (Table 8).



Conversely, the plant branches (PB) displayed a significant variation in relation to the solar radiation (SR) applied. Within this context, the PB value ranges from 8.52 to 13.47 branches under SR100 and SR70 conditions, respectively (Table 8).



Regarding the leaf lamina length (LL), it displayed a significant variation among the genotypes. Remarkably, the LL value ranged from 2.56 cm for E to 9.49 cm for F (Table 8). On the other hand, there was a significant interaction, SR × GE, for leaf lamina width (LWI). Within this context, the LWI value fluctuated from 1.30 cm for E grown under SR70 conditions, to 8.64 cm for F grown under SR100 conditions (Table 8). Concerning the leaf blistering (LB) value, it showed a significant variation among the different genotypes tested. Specifically, its value was 1.00 for genotype F, 0.33 for genotype G, and 0.00 for the other genotypes (Table 8).



For the leaf weight (LWE), there was a significant interaction (SR × GE). The LWE value varied from 30.76% to 63.30% for B and A both grown under SR70 conditions. Leaf dry matter (LDM) showed significant variations among the different genotypes examined. Specifically, the LDM value varied from 9.86% for genotype F to 13.75% for C (Table 8).



Regarding the chromatic parameters, there were significant variations among the examined genotypes. In particular, leaf lightness (LL*) ranged from 37.52 to 49.96 for B and D, respectively. Conversely, the leaf chromatic parameter a* value spanned from −12.16 to 0.16 for A and B, respectively. Finally, the leaf chromatic parameter b* value ranged between 1.76 and 22.00 for B and E, respectively.




3.10. Principal Component Analysis of the Morphological Trait Variations as Result of the Different Solar Radiation Conditions


The first component extracted (PC1) accounted for 35.996% of the total observed variance among the different genotypes grown in the different shading conditions. Notably, the first component was positively correlated with L*, LWE, and LB (Table 9). On the other hand, PC1 was negatively correlated with a*, PH, PB, and LDM (Table 6). The second extracted component (PC2) accounted for 24.898% of the total variance and it exhibited a positive linear correlation with L* and LWI. Furthermore, PC2 was negatively correlated with the chromatic component Lb* (Table 9). The third extracted component (PC3) was positively correlated with TWE. PC1, PC2, and PC3 represented the first, second, and third axes of the PCA plot, respectively. Remarkably, genotypes grown in both shading systems were clearly distinguished based on the three extracted components. In particular, genotypes were clustered into four distinct groups (I, II, III, and IV). Group I encompassed genotype B grown in SR100 conditions and genotype F grown in both SR70 and SR100. This group included all the genotypes displaying low values of PH and PB. In fact, as previously detailed, PC1 was negatively correlated with both PH and PB (Table 9).



In contrast with the genotypes included in group I, B grown in SR70 conditions was an outlier due to it recorded high values of PH and PB, which were 71.13 cm and 16.46 branches, respectively (Figure 7). On the other hand, group II comprised genotypes A, C, and D cultivated under SR70 condition. These genotypes were characterized by intermediate morphometric values. Group III included A, C, and G grown in SR100 and genotype G grown in both SR70 and SR100 conditions (Figure 7). Finally, Group IV comprised genotype E grown in both SR conditions. Remarkably, genotype E exhibited the highest LL values and high values of TWE (Figure 7).





4. Discussion


The first objective of the present study was to characterize seven basil genotypes for their agronomic performances. Additionally, the comprehensive characterization of the aromatic compounds within their essential oils allowed for the distinction of three chemotypes. Subsequently, the work conducted enabled the identification of the optimal growing conditions in relation to the applied shading. Within this context, it was evident that plants grown under the shading system produced a significantly higher amount of fresh biomass (TWE). This could be attributed to the intense solar radiation recorded in the open field (SR100) during the trial (Figure 2). Indeed, basil is native to the Liguria region in Italy, known for its comparatively lower solar radiation levels compared to Sicily.



As is well known, the cut-and-come-again (CC) harvest strategy is widespread in basil cultivation, and it was proven that different harvesting time produce different yields of fresh product. It is worth mentioning that leaves at the different harvesting stages exhibit different biochemical profiles [44]. As was evident in our experiment, the second harvest led to accelerated plant growth, resulting in a significant increase in the fresh biomass. In relation to the different amounts of fresh biomass per harvest, our findings are consistent with previous studies that indicated that basil genotypes achieve their highest yields during the second harvest [45,46,47]. In particular, the first cutting appeared to stimulate rapid plant growth, likely due to effect of the mechanical stimulation after cutting. Therefore, the highest amount of fresh biomass was observed in the second cutting [48].



Genotype E (Nano) exhibited the highest total fresh weight, reaching more than 500.0 g of fresh biomass weight in the second harvesting period and exhibiting a remarkable increase of more than 100% compared to the first harvest. Interestingly, in the third harvesting period, genotype E showed no available biomass for harvesting, indicating its ability to produce substantial biomass after the initial cutting. This characteristic could be leveraged to significantly reduce the labor required for harvesting, consequently lowering the cultivation costs. In contrast, genotype D consistently registered an increase in biomass across all four harvesting periods.



As previously reported, the second harvest also induces a significant change in the basil’s metabolomic profile [49]. In particular, it is evident that phytohormones and secondary metabolite accumulation stimulate plant growth process, simulating the natural effects of animal grazing that are typical in the environment of pasture grasses. This accelerated growth rate can be attributed to increased carbon and nitrogen uptake, which is subsequently allocated to the shoots in response to defoliation [50,51]. Additionally, the stressful environment induced by a reduction in the leaves or canopy significantly modifies the plant’s physiological responses, consequently increasing its photosynthetic activity and source–sink relationships [52]. To further strengthen our findings related to the significant vegetative stimulation that we observed after the first cutting, it was noted that defoliation significantly increase the cytokinin content in leaves [53]. This phytohormone is widely recognized to regulate leaf primordium differentiation with significant boosting effects on cell division [54].



In this experimental trial, it is worth mentioning that several genotype-related traits were unaffected by the shading net application. These traits included leaf dry matter (FDM) and all the leaf chromatic parameters (LL*, La*, and Lb*).



The effects of shading on plant height have been extensively studied and well documented [55]. In fact, a reduction in plant exposure to sunlight by approximately 30% has been shown to modulate the photosynthetic response, inducing stem elongation [56]. Furthermore, shading systems can be also useful in the realm of photo-selection, significantly enhancing photosynthetic activity [57]. According to a previous study, the light saturation point of basil increases from the plantlet stage to week 8 of growth. This phenomenon allows the leaves to expand their surface area, facilitating enhanced light absorption and conversion into biomass [58]. It is well established that reduced sun exposure leads to a notable increase in internode length, accompanied by a significant reduction in internode diameter. This distinctive characteristic arises from the increased accumulation of gibberellin GA3 in the stems of shaded plants, resulting in a concurrent reduction in the abscisic acid content [59]. This process is typically referred to as the shading avoidance syndrome [60].



With regard to the impact of shading on plant branches (PB), we noted a significant variation in response to the shading application. It is well documented that shading typically inhibits plant branching processes [61]. However, in our experimental trial, we recorded a significant increase in the number of branches as a consequence of the shading conditions. Remarkably, the shading net utilized in our experiment did not seem to impede the plant branching process. This unexpected outcome may be attributed to the relatively low percentage of shading applied. Indeed, our observations indicated that mild shading levels even contributed to enhancing the branching process in basil plants. Furthermore, the weight of the leaves (LWE) displayed a negative correlation with the number of plant branches (Table 9). This negative relationship can be attributed to the branching process, which induces lateral stem differentiation and appears to interact unfavorably with leaf growth and expansion.



As expected, all leaf traits exhibited positive correlations. Specifically, an increase in leaf lamina length corresponded to an increase in leaf lamina width and fresh weight. Regarding leaf blistering, it was another genotype-related trait and its presence was only detected in the F genotype.



As previously documented, the use of shading nets can lead to a reduction in fresh product yield (approximately 12% reduction). However, it significantly improves the quality of harvested leaves by decreasing the presence of senescent and dry leaves [62]. This specific manifestation can be attributed to the excessive sun exposure, predominantly experienced during summer conditions. It is well known that sun exposure induces heat stress, triggering the activity of enzymes such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (A-POX), and pyruvate peroxidase (P-POX) [63]. Notably, these enzymes represent essential biomarkers for oxidative stress and their increased activity is closely associated with the overproduction of reactive oxygen species (ROS) [64]. Within the context of our experimental trial, the plants were cultivated during the summer growing cycle, which likely accelerated leaf senescence, ultimately impacting the yield of the plants grown in the open-air (SR100) conditions. Consequently, plants characterized by younger and tender leaves, cultivated in a shading net system, can be exploited for pesto sauce production while preserving the aromatic qualities of the leaves.



As previously documented, the volatile compounds, particularly linalool, represent a biochemical marker for the distinction of diverse basil chemotypes [65]. In particular, we detected a linalool concentration higher than 30.0 mg g−1 for genotypes A, C, and G. Remarkably, these genotypes are the well-known “A foglia larga”, “Genovese”, and “Genovese Gigante” cultivars (Table 1), which could be used for pesto sauce production.



In particular, our findings are consistent with prior works in which linalool was identified as the predominant volatile compound in both fresh leaves and pesto sauce. In fact, the typical smell of basil leaves and stems and pesto sauce is closely linked to terpenoids such as linalool and the non-terpenoid estragole, and their concentrations vary between different basil cultivars [66,67].



It is worth mentioning that lemon-scented plants are characterized by the presence of citral. Specifically, this compound is a mixture between geranial and neral in an approximately 3:2 ratio [68,69]. Within this context, the Romanian basil accession D (Table 1) exhibited a totally different chemotypes from the other accessions. Notably, it displayed significantly elevated levels of neral and geranial compounds. These findings are consistent with prior research that effectively distinguished lemon basil, a variety known for its high concentrations of geranial and neral, from the common basil typically used in pesto sauce [70]. It is evident that accession D can used for its lemon-scented aroma but not for pesto sauce production. In fact, contrary to the “Genovese” types, it showed low amounts of linalool (the lowest recorded).



Remarkably, the lemon basil genotype D also displayed a high concentration of caryophyllene oxide, with the highest recorded level among all the genotypes analyzed. This outcome aligns with previous studies that characterized the essential oil composition of lemon basil [71,72,73]. As evident from the PCA plot, genotype D displayed a distinct biochemical profile compared to all the other tested genotypes. On the contrary, genotypes E and F show some similarities in their biochemical profiles.




5. Conclusions


The primary aim of this work was to perform a comprehensive characterization of seven Ocimum basilicum genotypes in terms of both morphometric traits and volatile compounds. Conversely, the morphometric response of plants under two distinct solar radiation conditions was evaluated. The analysis of aromatic compounds revealed three distinct chemotypes with significant differences in their biochemical compositions. The landrace E (Nano from Catania) exhibited the highest yield in fresh product under 70% solar radiation conditions (SR70).



Concerning light use efficiency (LUE), a significant interaction was observed between the solar radiation and genotype factors. Genotypes E and D demonstrated the highest conversion of solar radiation into biomass, with the most efficient conversion occurring under SR70 conditions. Improved light use efficiency presents a promising prospect for future agriculture, facilitating plant cultivation even in peri-urban marginal lands.



This study could offer valuable insights into genotype selection for various agronomic products, ranging from fresh shoots to pesto sauce. Additionally, it contributes to expanding our understanding of plant responses under varying solar radiation conditions.
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Figure 1. Temperature registered during the growing cycle. (a) Temperature registered in SR70 conditions; (b) temperature registered in SR100 conditions. Tmax: maximum temperature; Tmin: minimum temperature; Taverage: mean temperature. 






Figure 1. Temperature registered during the growing cycle. (a) Temperature registered in SR70 conditions; (b) temperature registered in SR100 conditions. Tmax: maximum temperature; Tmin: minimum temperature; Taverage: mean temperature.



[image: Agronomy 14 00224 g001]







[image: Agronomy 14 00224 g002] 





Figure 2. Solar radiation for SR70 and SR100, expressed in MJ m−2 day−1. Values of SR100 were provided by Servizio Informativo Agrometereologico Siciliano (SIAS), while SR70 values were calculated and demonstrated consistency with those recorded by a data logger. 
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Figure 3. Pearson’s correlation among the traits analyzed in the seven Ocimum basilicum L. genotypes. The analyzed traits were the plant height (PH), the number of plant branches (PB), leaf lamina length and width (LL and LWI, respectively), leaf blistering (LB), leaf fresh and dry weight (LWE and LDM, respectively), the leaf chromatic parameters (LL*, La*, and Lb*), and the total fresh harvested weight (TWE). The correlation coefficient spanned from −1 (dark red) and 1 (dark blue). Furthermore, the diameter of the circle corresponds to the absolute value of the correlation coefficient. 
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Figure 4. Main and minor components of the essential oils of the seven genotypes of Ocimum basilicum L. 
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Figure 5. Pearson’s correlation among the analyzed aromatic compounds in the Ocimum basilicum L. genotypes. The correlation coefficient spanned from −1 (dark red) and 1 (dark blue). Furthermore, the diameter of the circle corresponds to the absolute value of the correlation coefficient. 
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Figure 6. PCA plots related to the aromatic compounds analyzed for all the Ocimum basilicum L. genotypes. (a) Distribution of genotypes in the two axes (PC1 and PC2). Genotype distribution enabled the chemotype definitions. The three chemotypes identified are represented by blue, green, and red colors. (b)Distribution of variables among the axes (PC1 and PC2). 
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Figure 7. PCA plot for the different Ocimum basilicum L. genotypes in solar radiation conditions tested (SR70 and SR100). Genotypes were clustered into four distinctive groups (I, II, III, and IV) basing on their morphometric traits. 
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Table 1. Biological materials employed for the trial. In particular, plant materials included seven O. basilicum L. genotypes from the GenBank of the Di3A at Catania University.
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	Accession
	Code
	Common Name
	Origin





	UNICT 2106
	A
	A foglia larga
	Catania



	UNICT 2111
	B
	Violetto
	Iran



	UNICT 2102
	C
	Genovese
	Hortus sementi



	UNICT 2630
	D
	Citrodora
	Romania



	UNICT 2112
	E
	Nano
	Catania



	UNICT 2125
	F
	Foglia di lattuga
	La Rosa



	UNICT 2094
	G
	Genovese Gigante
	Royal Sluis










 





Table 2. List of the descriptors with their unit of measurement used for the experimental trial.
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	Code
	Trait





	PH
	Plant height (cm)



	PB
	Number of plant branches (n)



	LL
	Leaf lamina length (cm)



	LWI
	Leaf lamina width (cm)



	LB
	Leaf blistering (absent: 0; present: 1)



	LWE
	Leaf weight percentage (%)



	LDM
	Leaf dry matter percentage (%)



	LL*
	Leaf chromatic parameter L*



	La*
	Leaf chromatic parameter a*



	Lb*
	Leaf chromatic parameter b*



	TWE
	Harvesting weight of the total fresh biomass (g)










 





Table 3. Variation in the fresh harvesting weight (g) among the Ocimum basilicum L. genotypes (GE) at 35, 56, 84 and, 119 days after transplant (DAT). The cumulative fresh weight of all harvests is represented by the total fresh weight (TWE).
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	DAT
	A
	B
	C
	D
	E
	F
	G
	Mean





	35
	88.00
	69.00
	93.70
	56.80
	54.00
	54.60
	61.00
	68.16



	56
	225.53
	327.33
	134.37
	185.60
	272.33
	170.90
	86.23
	200.33



	84
	211.57
	0.00
	218.57
	317.20
	0.00
	19.50
	0.00
	109.55



	119
	97.63
	28.30
	157.57
	267.67
	289.30
	159.17
	95.30
	156.42



	TWE
	622.73
	424.63
	604.20
	827.27
	615.63
	404.17
	242.53
	534.45










 





Table 4. Variation in the plant morphometric traits among the Ocimum basilicum L. genotypes. The analyzed traits were the plant height (PH), the number of plant branches (PB), leaf lamina length and width (LL and LWI, respectively), leaf blistering (LB), leaf fresh and dry weight (LWE and LDM, respectively), and the leaf chromatic parameters (LL*, La*, and Lb*).
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	Trait
	A
	B
	C
	D
	E
	F
	G
	Mean





	PH
	36.80
	42.18
	44.08
	39.23
	22.94
	19.12
	40.83
	35.03



	PB
	10.56
	9.35
	8.63
	5.03
	9.97
	8.10
	8.54
	8.59



	LL
	6.82
	6.60
	7.00
	7.78
	2.25
	8.60
	5.81
	6.41



	LWI
	4.33
	3.13
	3.94
	4.17
	1.04
	7.83
	3.99
	4.06



	LB
	0.00
	0.00
	0.00
	0.00
	0.00
	1.00
	0.33
	0.19



	LWE
	54.09
	49.59
	60.03
	58.38
	44.22
	56.78
	35.38
	51.21



	LDM
	11.90
	12.90
	13.90
	9.90
	9.70
	9.40
	12.90
	11.51



	LL*
	48.79
	39.62
	45.25
	47.76
	48.39
	46.14
	48.49
	46.35



	La*
	−11.88
	−0.55
	−10.58
	−11.77
	−9.53
	−9.91
	−11.59
	−9.40



	Lb*
	19.28
	3.12
	15.96
	18.08
	22.60
	12.98
	18.69
	15.81










 





Table 5. Variation in the selected significant compounds among the Ocimum basilicum L. genotypes. All the detected compounds are expressed as a percentage (%).
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	Molecule
	A
	B
	C
	D
	E
	F
	G





	1,8-Cineole
	5.0
	2.2
	3.3
	t *
	7.2
	0.2
	11.2



	Linalool
	31.4
	15.0
	30.8
	0.7
	6.7
	2.1
	33.5



	Terpinen-4-ol
	0.1
	0.2
	0.1
	-
	4.4
	0.2
	0.2



	Estragole
	26.2
	56.9
	0.1
	0.7
	3.0
	1.2
	1.3



	Neral
	-
	t
	0.1
	23.7
	-
	-
	-



	Geranial
	-
	t
	0.1
	31.2
	-
	-
	-



	Eugenol
	1.5
	t
	7.2
	0.3
	0.5
	0.8
	0.8



	α-Bergamotene
	8.6
	3.1
	13.6
	1.9
	23.0
	33.6
	5.8



	Germacrene D
	2.5
	0.2
	3.0
	0.9
	5.6
	5.7
	2.2



	Caryophyllene Oxide
	0.1
	1.5
	0.1
	8.6
	0.1
	0.1
	0.1



	epi-α-Cadinol
	6.2
	4.6
	10.0
	0.6
	11.5
	12.2
	7.6







* t indicates traces (<0.05).













 





Table 6. Variation in the fresh harvest weight (g) among the Ocimum basilicum L. genotypes (GE) at 35, 56, 84, and 119 days after transplant (DAT) in both solar radiation (SR) conditions employed (SR70 and SR100). The cumulative fresh weight of all harvests is represented by the total fresh weight (TWE).
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SR70

	
SR100




	
DAT

	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
Mean

	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
Mean






	
35

	
147.70

	
183.70

	
156.82

	
201.00

	
167.30

	
151.00

	
85.50

	
156.15a

	
88.00

	
69.00

	
93.70

	
56.80

	
54.00

	
54.60

	
61.00

	
68.16b




	
56

	
269.30

	
186.13

	
220.73

	
370.83

	
523.17

	
235.67

	
92.47

	
271.19a

	
225.53

	
327.33

	
134.37

	
185.60

	
272.33

	
170.90

	
86.23

	
200.33b




	
84

	
228.13

	
166.77

	
165.27

	
191.47

	
0.00

	
139.10

	
174.70

	
152.20a

	
211.57

	
0.00

	
218.57

	
317.20

	
0.00

	
19.50

	
0.00

	
109.55b




	
119

	
148.83

	
50.47

	
223.60

	
140.40

	
344.70

	
225.17

	
95.43

	
175.51a

	
97.63

	
28.30

	
157.57

	
267.67

	
289.30

	
159.17

	
95.30

	
156.42ab




	
TWE

	
793.97

	
587.07

	
766.42

	
903.70

	
1035.17

	
750.93

	
448.10

	
755.05a

	
622.73

	
424.63

	
604.20

	
827.27

	
615.63

	
404.17

	
242.53

	
534.45b




	
Means for each genotype




	

	
A

	
B

	
C

	
D

	
E

	
F

	
G




	
35

	
117.85

	
126.35

	
125.26

	
128.90

	
110.65

	
102.80

	
73.25




	
56

	
247.42

	
256.73

	
177.55

	
278.22

	
397.75

	
203.28

	
89.35




	
84

	
219.85

	
83.38

	
191.92

	
254.33

	
0.00

	
79.30

	
87.35




	
119

	
123.23

	
39.38

	
190.58

	
204.03

	
317.00

	
192.17

	
95.37




	
TWE

	
708.35b

	
505.85de

	
685.31c

	
865.48a

	
825.40ab

	
577.55d

	
345.32f




	
Significance of the differences using ANOVA Student–Newman–Keuls




	

	
SR

	
GE

	
HT

	
SR × GE

	
SR × HT

	
GE × HT

	
SR × GE × HT




	
TWE

	
***

	
***

	
***

	
***

	
***

	
***

	
***








*** indicates p-value ≤ 0.001. Letters indicate significant differences according to the Tukey test (p < 0.05). 













 





Table 7. Variation in the light use efficiency (LUE) among the Ocimum basilicum L. genotypes in both solar radiation conditions employed (SR70 and SR100). Values are expressed as a percentage (%).
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SR70

	
SR100




	

	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
Mean

	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
Mean






	
LUE

	
40.60

	
30.02

	
39.19

	
46.21

	
52.93

	
38.40

	
22.91

	
38.61a

	
22.29

	
15.20

	
21.63

	
29.61

	
22.04

	
14.47

	
8.68

	
19.13b




	
Mean for each genotype




	

	
A

	
B

	
C

	
D

	
E

	
F

	
G




	
LUE

	
31.45b

	
22.61d

	
30.41b

	
37.91a

	
37.49a

	
26.43c

	
15.80e




	
Significance of the differences using ANOVA




	
SR

	
***




	
GE

	
***




	
SR × GE

	
***








*** indicates p-value ≤ 0.001. Letters indicate significant differences according to the Tukey test (p < 0.05).













 





Table 8. Variation in the morphometric traits among the Ocimum basilicum L. genotypes (GE) in the different solar radiation (SR) conditions employed (SR70 and SR100). The analyzed traits were the plant height (PH), the number of plant branches (PB), leaf lamina length and width (LL and LWI, respectively), leaf blistering (LB), leaf fresh and dry weight (LWE and LDM, respectively), and the leaf chromatic parameters (LL*, La*, and Lb*).
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SR70

	
SR100




	
DAT

	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
Mean

	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
Mean






	
PH

	
47.97

	
71.13

	
59.33

	
78.87

	
33.68

	
34.43

	
53.25

	
54.09a

	
36.80

	
42.18

	
44.08

	
39.23

	
22.94

	
19.12

	
40.83

	
35.03b




	
PB

	
12.56

	
16.46

	
12.73

	
15.78

	
16.29

	
9.06

	
11.42

	
13.47a

	
10.56

	
9.35

	
8.63

	
5.03

	
9.97

	
8.10

	
8.54

	
8.59b




	
LL

	
8.47

	
7.49

	
8.04

	
9.62

	
2.86

	
10.38

	
6.20

	
7.58a

	
6.82

	
6.60

	
7.00

	
7.78

	
2.25

	
8.60

	
5.81

	
6.41a




	
LWI

	
4.59

	
3.02

	
3.93

	
4.76

	
1.30

	
8.64

	
3.21

	
4.21a

	
4.33

	
3.13

	
3.94

	
4.17

	
1.04

	
7.83

	
3.99

	
4.06a




	
LB

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
1.00

	
0.33

	
0.19a

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
1.00

	
0.33

	
0.19a




	
LWE

	
63.30

	
30.76

	
53.19

	
36.82

	
34.12

	
61.71

	
40.56

	
45.78b

	
54.09

	
49.59

	
60.03

	
58.38

	
44.22

	
56.78

	
35.38

	
51.21a




	
LDM

	
15.27

	
13.60

	
13.60

	
13.60

	
10.71

	
10.32

	
13.70

	
12.97a

	
11.90

	
12.90

	
13.90

	
9.90

	
9.70

	
9.40

	
12.90

	
11.51a




	
LL*

	
47.50

	
35.41

	
44.95

	
46.15

	
45.91

	
46.46

	
47.61

	
44.86a

	
48.79

	
39.62

	
45.25

	
47.76

	
48.39

	
46.14

	
48.49

	
46.35a




	
La*

	
−12.44

	
0.88

	
−12.47

	
−12.29

	
−11.20

	
−12.85

	
−11.96

	
−10.3a

	
−11.88

	
−0.55

	
−10.58

	
−11.77

	
−9.53

	
−9.91

	
−11.59

	
−9.40a




	
Mean for each genotype




	

	
A

	
B

	
C

	
D

	
E

	
F

	
G




	
PH

	
42.39b

	
56.65a

	
51.71ab

	
59.05a

	
28.31c

	
26.78c

	
47.04ab




	
PB

	
11.56a

	
12.90a

	
10.68a

	
10.40a

	
13.13a

	
8.58a

	
9.98a




	
LL

	
7.64ab

	
7.04ab

	
7.52ab

	
8.70ab

	
2.56c

	
9.49a

	
6.01b




	
LWI

	
4.46b

	
3.08c

	
3.93bc

	
4.47b

	
1.17d

	
8.24a

	
3.60c




	
LB

	
0.00b

	
0.00b

	
0.00b

	
0.00b

	
0.00b

	
1.00a

	
0.33b




	
LWE

	
58.70a

	
40.18bc

	
56.61a

	
47.60b

	
39.17bc

	
59.25a

	
37.97bc




	
LDM

	
13.59a

	
13.25a

	
13.75a

	
11.75b

	
10.21bc

	
9.86c

	
13.30a




	
LL*

	
48.15a

	
37.52b

	
45.10a

	
46.96a

	
47.15a

	
46.30a

	
48.05a




	
La*

	
−12.16b

	
0.16a

	
−11.53b

	
−12.03b

	
−10.37b

	
−11.38b

	
−11.78b




	
Lb*

	
18.67ab

	
1.76d

	
16.05bc

	
17.02bc

	
22.00a

	
13.97c

	
17.87b




	
Significance of the differences using ANOVA Student−Newman−Keuls




	

	
PH

	
PB

	
LL

	
LWI

	
LB

	
LWE

	
LDM

	
LL*

	
La*

	
Lb*




	
SR

	
***

	
***

	
n.s.

	
n.s.

	
n.s.

	
*

	
n.s.

	
n.s.

	
*

	
n.s.




	
GE

	
***

	
n.s.

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
SR × GE

	
**

	
n.s.

	
n.s.

	
***

	
n.s.

	
*

	
n.s.

	
n.s.

	
n.s.

	
n.s.








***, **, and * indicate p-values ≤ 0.001, 0.01, and 0.05, respectively. Letters indicate significant differences according to the Tukey test (p < 0.05). n.s. represents not significant.













 





Table 9. Matrix of the three components extracted by the principal component analysis (PCA). Bold represents the strongest correlation between the analyzed traits and the respective component extracted.
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	Trait
	PC1
	PC2
	PC3





	PH
	−0.714
	0.132
	0.603



	PB
	−0.703
	−0.234
	0.364



	LL
	0.141
	0.774
	0.596



	LWI
	0.553
	0.748
	0.288



	LB
	0.598
	0.566
	−0.137



	LWE
	0.644
	0.333
	0.221



	LDM
	−0.570
	0.085
	0.506



	LL*
	0.790
	−0.484
	0.218



	La*
	−0.716
	0.382
	−0.535



	Lb*
	0.626
	−0.731
	0.227



	TWE
	−0.044
	−0.393
	0.595



	Variance (%)
	35.996
	24.898
	18.152
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