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Introduction

Ocimum basilicum L. (basil) is a widely used aromatic plant with recognized functional properties, largely attributed to its rich profile of bioactive secondary metabolites. As demand for year-round high-quality basil increases, alternative approaches that ensure consistent phytochemical profiles are needed. This study aimed to investigate how different photoperiod regimes (6:4, 16:8, and 18:6 h light:dark) affect the composition of volatile organic compounds (VOCs) released from fresh basil tissues, together with the accumulation of polyphenols, and anthocyanins in four basil genotypes (Italian, Rosie, Greek, and Thai) grown under controlled hydroponic conditions.





Methods

Basil plants were cultivated for 26 days in a programmable mini-climate cabinet (Horto4), and their phytochemical composition was analyzed using HS-GC/MS and HPLC-UV techniques.





Results

Results showed that photoperiod significantly affected the accumulation of non-volatile compounds across genotypes. The Italian genotype under the 6:4 photoperiod exhibited the highest concentration of total polyphenols (7.96 mg/g d.w.), including chicoric (3.52 mg/g), rosmarinic (2.79 mg/g), and caffeic acids (0.42 mg/g). Anthocyanin levels in the Rosie genotype also decreased with longer light exposure, with pelargonidin/delphinidin-based pigments dropping from 0.84 mg/g under 6:4 to 0.24 mg/g under 18:6. In terms of VOCs, the Thai genotype showed a consistently high content of estragole (up to 90%) regardless of light exposure, while eucalyptol and β-pinene were predominant in the other genotypes.





Discussion

This work demonstrates that photoperiod modulation can serve as a controlled abiotic stressor to fine-tune the phytochemical composition of basil. It provides a framework for controlled-environment modulation of basil tissue phytochemistry, enabling consistent, “ready-to-eat” tissue quality with stable functional properties, supporting the principles of precision agriculture and farm-to-table innovation.
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1 Introduction

Basil (Ocimum basilicum L.) is an edible aromatic plant belonging to the Lamiaceae family, widely used in the preparation of many foods belonging to the Mediterranean diet such as pasta with fresh tomatoes and pizza. Although its origins have to be found in India, basil is currently used and cultivated all over the world. In Italy, Liguria is undoubtedly the most important region in terms of cultivation of the fresh plants as well as the production of its peculiar preparation “Genoese pesto”, which obtained the DOP (protected designation of origin) designation (Romano et al., 2022). Beyond its culinary applications, due to its high content of bioactive secondary metabolites (Romano et al., 2022) basil can be considered a functional food (Filip, 2017), that is, a food whose regular consumption could have beneficial effects on human health (Pulvirenti and Paterna, 2022). The health-promoting properties of basil are attributable to its high content of biologically active metabolites such as hydroxycinnamic acids and derivatives (caffeic (1), chicoric (2) and rosmarinic (3), see Figure 1), and flavonoids such as quercetin. Additionally, some basil varieties, such as O. basilicum var purpurascens, contain the natural phenolic pigments called anthocyanins (Fernandes et al., 2019) responsible for their characteristic reddish color. Recent studies highlight the protective role of polyphenols-rich foods against chronic diseases, including cardiovascular diseases, metabolic disorders (diabetes, obesity, hypertension just to cite a few) (Wang et al., 2022; El-Beshbishy and Bahashwan, 2012; Kadan et al., 2016) and degenerative diseases such as cancer (Adefegha, 2018). Many of these pathological conditions share oxidative stress and inflammation as triggering factors. Antioxidant-rich foods like basil can help prevent and counteract these processes (Adefegha, 2018). In addition to its content in non-volatile specialized metabolites, basil reputation and widespread use as a spice worldwide is due to its intense aroma, given by its peculiar volatile organic compounds (VOCs), such as eugenol (4), linalool (5), and 1,8-cineole (6) (Ruberto et al., 1991) (Figure 1).

[image: Chemical structures of six different compounds are displayed. Compound 1 has a carboxylic acid and two hydroxyl groups attached to a benzene ring. Compound 2 is an ester with a benzene ring, a side chain, and multiple hydroxyl groups. Compound 3 contains two aromatic rings connected by a long chain with multiple functional groups. Compound 4 features a benzene ring with an ether group and alkene side chain. Compound 5 shows a linear alkene with a hydroxyl group. Compound 6 is a cyclic alkene containing an ether linkage.]
Figure 1 | Representative specialized metabolites in basil, in detail: caffeic acid (1), rosmarinic acid (2), chicoric acid (3), eugenol (4), linalool (5), and 1,8-cineole (6).

In order not to lose its aroma, basil is typically consumed fresh without any cooking, as high temperatures would seriously damage basil VOCs content, as reported by Coucquyt et al. (2020). Beyond domestic use, basil is also a key ingredient in high-end gastronomy as reported in a recent study by Spence (2024), who surveyed the 500 top-rated restaurants in California, revealing that basil was the most used herb, with 97% of preparations featuring fresh basil, and a 40% increase in demand over the year before. These considerations underscore the need for sustainable alternatives to open-field production, striking a balance between technology, practicality, and cost-effectiveness to ensure ‘ready-to-eat’ basil tissues with consistent quality, readily available in both restaurants and even home kitchens. The extensive use of basil in many different cuisines has resulted in a range of species and cultivars of the Ocimum genus being produced. To date, approximately 70 species are officially registered (www.theplantlist.org), with at least 150 more under consideration (Jakovljević et al., 2022). Accordingly, a certain variability is also found in the biosynthesis and accumulation of secondary metabolites in relation to the species and the growing conditions. The increasing demand for high-quality basil at global level throughout the year calls for innovative strategies that ensure consistent phytochemical composition of basil tissues (Rusu et al., 2021), regardless of seasonal limitations. While traditional open-field farming is subject to climatic variability, controlled-environment agriculture (CEA) provides an alternative approach that allows for precise regulation of environmental parameters, including light, temperature, and nutrient availability (Sharma et al., 2024). Among these factors, photoperiod is a crucial variable that influences growth rates, metabolite accumulation, and overall crop quality (Skrubis and Markakis, 1976; Avgoustaki, 2019). Recent studies have highlighted the significant impact of photoperiod and light intensity on the growth and secondary metabolism of basil. D’Aquino et al. (2024) demonstrated that varying photosynthetic photon flux density (PPFD) levels and photoperiods can modulate the volatile profile and accumulation of non-volatile compounds, including monoterpenes and sesquiterpenes, in basil plants. Similarly, Frąszczak et al. (2011) found that extending light exposure to 16 hours enhanced fresh biomass, plant height, and chlorophyll content in different basil cultivars. These findings underscore the importance of optimizing light conditions to improve the phytochemical profile and overall quality of basil in controlled environment agriculture. In recent years, the effect of rapid environmental change, rapid population growth and urbanization, and competition for land and water resources are playing a crucial role in meeting global demand for food. In this context, the challenge of precision agriculture must have as its main goal the improvement of the strategies implemented in the management of edible crops, with particular focus on product quality, sustainability, food safety, and environmental protection (Rusu et al., 2021). Hydroponic systems (Ronga et al., 2018) allow greater control on plant nutrition and growth conditions, and consequently an effective modulation of the phytochemical profile (Al-Huqail et al., 2020), and the induction of “positive” stresses which can potentially improve the quality of the product. In this study, the use of mini greenhouses (or climate cabinets), allowed to explore photoperiod as a controlled abiotic stress, with the aim to demonstrate how its modulation can trigger targeted metabolic responses in basil. With this purpose, three photoperiodic regimes (6:4, 16:8, and 18:6 h light:dark) were tested, being 16:8 (corresponding to a natural day:night alternance) a widely used photoperiod in similar experiments on basil (Avgoustaki, 2019; D’Aquino et al., 2024), whereas a repeated 6:4 light/dark alternance and a prolonged light exposure (18:6) were intended as stress conditions. The selected photoperiodic regimes were applied throughout a 26-day growth cycle on four different basil genotypes (Italian, Rosie, Greek, and Thai), grown in the hydroponic cabin Horto4 (https://www.tomatopiu.com/serra-idroponica-4-piani-da-interni). Although belonging to the same species, the four selected genotypes are well distinguished based on their morphological (size, color and aspect of leaves) and phytochemical features (Giachino et al., 2014). The leaf samples obtained from each genotype and treatment were extracted using a hydroalcoholic mixture and subsequently analyzed (see the experimental section for further details). Therefore, the aim of this study is to assess how different photoperiodic regimes (6:4, 16:8, and 18:6 h light:dark) influence the accumulation of bioactive secondary metabolites, namely polyphenols, anthocyanins, and the profile of volatile organic compounds (VOCs), in four genotypes of Ocimum basilicum (Italian, Rosie, Greek, and Thai). Although the plants were cultivated in a controlled hydroponic environment (Horto4 climate cabinet), the focus of the research was not on the growing system per se, rather on the modulation of photoperiod as an abiotic stressor and its biochemical effects on basil.




2 Materials and methods


2.1 Plant material

No-GMO seeds of Ocimum basilicum (Italian, Rosie, Greek and Thai) were obtained from the company Tomato+ (www.tomatopiu.com, Borgosatollo (BS), Italy). The seeds were planted in pods for indoor hydroponic cultivation, made of biodegradable and compostable material and containing an inert substrate without GMOs, chemical additives, and/or pesticides, packaged in a controlled environment able to maintain seed vitality for up to 6 months. The pods were placed in the trays of the mini greenhouse and inserted into the respective cultivation shelf where the nutrient solution was provided. After 26 days of growth in controlled conditions, basil plants were harvested, and the pods discarded as wet waste together with the plant roots.




2.2 Climate chamber parameters and sampling

The selected basil genotypes were cultivated in a climate-controlled hydroponic growth cabinet (Horto4, Tomato+; see previous paragraph). Lighting was provided by the cabinet’s integrated full-spectrum LED modules (manufacturer: Tomato+, model Horto4, Borgosatollo, Italy; https://www.tomatopiu.com/serra-idroponica-4-piani-da-interni). The spectrum consisted of hyper red (635–666 nm, peak 660 nm; efficacy 3.17 μmol J−1; total output 37.28 μmol s−1), deep blue (439–461 nm, peak 451 nm; efficacy 2.39 μmol J−1; total output 29.16 μmol s−1), far red (720–740 nm, peak 730 nm; efficacy 3.14 μmol J−1; total output 12.54 μmol s−1), and true green (513–545 nm, peak 525 nm; efficacy 1.22 μmol J−1; total output 6.96 μmol s−1). The photosynthetic photon flux density (PPFD) at canopy height averaged ~163–171 μmol m−2 s−1 across shelves, as measured with a PAR quantum sensor. The corresponding daily light integral (DLI) values were estimated at 8.2, 9.9, and 10.9 mol m−2 d−1 for the 6:4, 16:8, and 18:6 photoperiods, respectively. These values are consistent with those reported in the literature for basil cultivation under comparable controlled-environment conditions (Frąszczak et al., 2011; D’Aquino et al., 2024). This system allows precise control over key environmental parameters such as photoperiod, temperature, humidity, and nutrient solution composition. The cabinet (64 × 60 × 200 cm) comprises four independently programmable cultivation shelves (except for the nutrient solution, which is supplied from a single shared 20 L tank). Each shelf accommodates 81 cultivation pods, allowing for a total of 324 plants to be grown simultaneously.

Photoperiod treatments included 18:6, 16:8, and 6:4 h light/dark cycles; in the latter case, the regime consisted of alternating 6 hours of light and 4 hours of darkness, repeated across the 24-h day. Thus, plants were exposed to alternating periods of light and dark across the diel cycle, instead of a single continuous light phase. With this method 120 plants were grown. After germination, seedlings were thinned to six plants per pot, with 20 pots per treatment. The experiment was conducted on three shelves using the environmental settings reported in Table 1. The cultivation period lasted 26 days. At harvest, all 120 plants per treatment were collected for agronomic and quality assessments. A subsample of 1 gram of randomly selected fresh tissue per replicate was used for volatile organic compound (VOC) analysis (see Section 2.3), conducted in triplicate. The remaining leaves were weighed and immediately freeze-dried for secondary metabolite profiling (see Section 2.4). Lyophilization was carried out using a TELSTAR LYOQUEST semiautomatic freeze-dryer equipped with a capping tray (T = -80 °C; P = 0.005 mBar) for 72 hours. The dried plant material was then finely ground using a household electric grinder to obtain a homogeneous powder, which was stored in sealed plastic jars until further analysis (see following sections).


Table 1 | Cultivation parameters of tested basil genotypes.
	Light exposure (hh)*
	Dark exposure (hh)*
	Mean day temperature (°C)
	Mean night temperature (°C)
	Mean relative humidity (%)
	Nutrient solution composition



	18
	6
	27 ± 2
	25 ± 2
	80
	15g - 12.8.24 + 10 CaO
15g - 15.5.30 + 3MgO
0.3 g - Microelements
2g – NaHCO3
0.5g - Iron Chelate 6%
Total weight: 32.8g


	16
	8
	27 ± 2
	25 ± 2
	80


	6
	4
	27 ± 2
	25 ± 2
	80





*each light/dark exposure is repeated for 26 days.






2.3 Identification of volatile fraction (VOCs analysis) by static head space (HS)–GC/MS analyses

Volatile organic compounds (VOCs) were analyzed using static headspace (HS) sampling coupled with gas chromatography/mass spectrometry (GC-MS). This method was selected for its ability to preserve the aromatic profile of fresh aromatic species. To carry out this analysis, a Clarus 690 gas chromatograph (Perkin Elmer, Milan, Italy) equipped with a Clarus SQ8T mass spectrometer (Perkin Elmer, Milan, Italy) and a Turbomatrix 16 autosampler (Perkin Elmer, Milan, Italy) were used. One g of fresh leaves from each sample was placed in a sealed 20 mL vial and then thermostated for 5 min at 40 °C. Head space conditions were the following: transfer line 180 °C, needle temperature 100 °C, injection time 0.5 min., withdraw 0.2 min., pressurizing time 0.3 min. For the separation of compounds, an ELITE - 5MS (30mx0.25x0.25, Perkin Elmer, Milan Italy) capillary column was housed in the GC oven. Briefly, the oven GC temperature program was: isothermal at 60 °C for 1 min, then ramped to 220 °C at a rate of 5 °C min−1, and finally isothermal at 220 °C for 5 min. H2 was used as carrier gas at a constant flow rate of 1.0 mL min−1. The mass spectra were obtained in the electron impact mode (EI), at 70 eV in scan mode in the range 35–400 m/z. The identification of the separated compounds was performed by comparing the mass spectra for each compound with that reported on the MS library search (NIST/EPA/NIH and NIST Tandem Mass Spectra Library, version 2.4). Compounds were identified by comparison of experimental retention indices (KIexp) with reference literature values (KIlit) (Adams, 2007) and by comparison of mass spectra with those from commercial libraries (NIST, Wiley) as reported in Supplementary Table S1. The linear retention index (LRI) of each compound was calculated using a mixture of n-alkanes (C8-C20, Ultrasci) injected directly into GC injector at the same operating conditions reported above and each calculated LRI was compared with those reported in Nist Chemistry WebBook. All analyses were carried out in triplicate.




2.4 Identification and quantification of Ocimum basilicum biochemical markers via HPLC/DAD and HPLC/ESI/MS analyses

Anthocyanins and hydroxycinnamic acid derivatives (HCA) of Ocimum basilicum leaves of genotypes Italian (I), Rosie (R), Greek (G) and Thai (T) obtained by hydroponic cultivation under different photoperiodic conditions were determined. For each sample, basil dried and grinded leaves (~ 130 mg) were placed in a 10 mL vial and 3 mL of a mixture EtOH-H2O (7:3 v/v) were added; the resulting suspension was kept overnight at room temperature, in the dark under vigorous and continuous stirring in a shaker (200 rpm). The extraction procedure was repeated twice for all samples, after that the heterogeneous mixture was centrifuged at 4000 rpm (ALC PK 130 centrifuge, Milan Italy) for 10 minutes to recover the green supernatant solution. A small aliquot of this solution was filtered with PTFE filters (15 mm diameter, 0.45 μ pore size (Chemtek Analytica, Milan, Italy), into a 2 mL amber vial for analysis. Chromatographic analyses were carried out on an Ultimate3000 UHPLC-focused instrument equipped with a binary high-pressure pump, a photodiode array detector, a thermostated column compartment and an automated sample injector (Thermo Fisher Scientific, Inc., Milan, Italy). Collected data were processed through a Chromeleon Chromatography Information Management System v. 6.80. Chromatographic runs were all carried out using a reverse-phase column (Gemini C18, 250 × 4.6 mm, 4,6 μm particle size, Phenomenex Italia s.r.l., Bologna, Italy) equipped with a guard column (Gemini C18 4 × 3.0 mm, 5 μm particle size, Phenomenex Italia s.r.l., Bologna, Italy). Components of the hydroalcoholic extracts of each sample were eluted using a gradient of B (2.5% formic acid in acetonitrile) in A (2.5% formic acid in water): 0 min: 5% B; 1 min: 50% B; 15 min: 90% B; 20 min: 90% B; 28 min: 100% B; then kept for other 2 min, 100% B. The solvent flow rate was 1 mL/min, the temperature was kept at 25 °C, and the injector volume selected was 20 μL. The analysis was carried out at 254, 330, 350 and 520 nm, diagnostic wavelengths typically used for the identification of polyphenol metabolites (Harborne, 1973). About twenty-nine chromatographic peaks were detected. Quantification of simple phenols and polyphenols was performed using UV-Vis/DAD detection and external calibration with standards bearing identical or similar chromophores. Hydroxycinnamic acids were quantified at 330 nm using a calibration curve generated with caffeic acid as the reference standard (R² = 0.9995, CRL 13007262,95). Peaks corresponding to chicoric (R² = 1, CRL 29917781,29) and rosmarinic acids (R² = 1, CRL 21285628,52) were identified and confirmed through co-elution with authentic standards. The limits of detection (LOD) and quantification (LOQ) for caffeic, rosmarinic, and chicoric acids were calculated, and the corresponding values are reported in Supplementary Table S2. Anthocyanins and their derivatives were quantified at 520 nm using malvidin chloride as the external standard (R² = 0.9997, CRL 28899520,59). To unambiguously identify the chromatographic signals and/or to confirm peak assignments, a series of UPLC/ESI/MS analyses were performed on a selected number of samples employing a Vanquish UPLC System equipped with a quaternary high-pressure pump F (VF-P20-A), a photodiode array detector (VC-D11-A), a thermostated column compartment and an automated sample injector (VF-A10-A) (Thermo Fisher Scientific, Inc., Milan, Italy) coupled to a TSQ Fortis Plus Mass spectrometer. Collected data were processed through the software Thermos Scientific Xcalibur version 4.5. The chromatographic method discussed above adapted to a reverse-phase 10 cm column (Luna Omega C18, 100 × 2.1 mm, 1,6 μm particle size, Phenomenex Italia s.r.l., Bologna, Italy); while the MS method was set with a scan-range (m/z) of 150–2000 in both positive (3000 V) and negative (2200 V) mode, Q1 resolution of 0.7 (FWHM) and 20 eV as source fragmentation; the ion source type was H-ESI with a static spray voltage.




2.5 Statistical analysis

All data from phytochemical analyses, including secondary metabolites and VOCs, were submitted to ANOVA by means of the statistical package Minitab® version 17.1.0 (Minitab Inc., State College, PA, USA, 2013). Preliminary tests for normality of residuals (Bartlett’s test) and for variance homogeneity (Levene’s test) were run for each dataset, and whenever the preliminary assumptions were rejected, data were submitted to Box-Cox transformation according to the formula Y’=1/√(Y). All the above procedures are implemented in the Minitab package. The GLM (General Linear Model) procedure was used, setting as dependent variables the measured data, whereas the independent variables (treatments) were “genotype” (G) and “photoperiod” (P). Whenever an adequate number of replicates allowed a complete analysis, the effect of the G x P interactions was also taken into account; otherwise (as in the VOCs results), the two variability sources were separately and independently considered. When the F-test indicated statistical significance at the P ≤ 0.05 level, Tukey’s HSD test was used to evidence the differences among treatments (Gomez and Gomez, 1984). In order to assess any significant trend in samples variability, all data were submitted to Principal Component Analysis (PCA) by means of the statistical package PAST version 5.2.1 (Hammer and Harper, 2001). A Clustered Heatmap (CH) was also drawn using the package Rstudio 2023.06.0.





3 Results


3.1 Impact of selected genotype and photoperiodic conditions on basil VOCs composition

The HS/GC-MS analyses identified 26 compounds, representing 95 to 99% of the total peak area (Table 2). The chromatographic profile of three out of the four basil varieties Italian, Greek, and Rosie was dominated by the monoterpenoid eucalyptol (6), which averaged between 46 and 54% across all photoperiodic conditions. In contrast, the aromatic profile of the Thai genotype was dominated by the phenylpropanoid estragole (4), reaching on average 82.5% of the total composition. The ANOVA enlightened significant differences among genotypes in several other compounds, e.g., linalool, which was the second most abundant compound in Rosie (17.4%) and Italian (7.0%), reached significantly lower values (0.4%) in the Thai genotype. In Italian, Greek, and Rosie, the remaining detected VOCs (mostly hydrocarbon monoterpenes) ranged between 3 and 7% of the total, showing few and negligible differences among genotypes. Otherwise, in Thai, the majority of detected VOCs were found at significantly lower levels in many cases <1%.


Table 2 | Peak list of identified classes of basil VOCs, mean values across genotypes and photoperiodic conditions, and results of the ANOVA for each compound according to genotype and photoperiodic condition.
	#a
	KIlit#
	KIexp#
	Compound (%)
	Formula
	Mw
	Genotype (Area %)
	Photoperiod (Area %)


	F value
	Thai
	Greek
	Rosie
	Italian
	F value
	6:4
	16:8
	18:6



	1
	822
	n.d.b
	(2E)-Hexenal
	C6H10O
	98.073
	F(3,6): 2.55 n.s.
	2.40
	6.13
	4.97
	6.50
	F(2,6) <1 n.s.
	4.53
	4.83
	5.65


	2
	859
	n.d.b
	3-Hexenol
	C6H12O
	100.088
	F(3,6): 4.83 *
	1.17 B
	1.93 AB
	3.30 A
	2.03 AB
	F(2,6) <1 n.s.
	2.20
	2.23
	1.85


	3
	927
	910
	α-Thujene
	C10H16
	136.125
	F(3,4): 27.14**
	2.20 A
	1.00 AB
	0.50 B
	0.47 B
	F(2,4) <1 n.s.
	1.00
	0.97
	1.15


	4
	939
	922
	α-Pinene
	C10H16
	136.125
	F(3,5): 45.54***
	0.26 B
	4.10 A
	3.37 A
	3.17 A
	F(2,5) 1.51 n.s.
	3.47
	2.55
	2.98


	5
	954
	941
	Camphene
	C10H16
	136.125
	F(3,5): 18.96**
	0.30 B
	4.17 A
	2.93 A
	3.50 A
	F(2,5) <1 n.s.
	3.50
	2.63
	2.88


	6
	975
	963
	Sabinene
	C10H16
	136.125
	F(3,6): 3.20 n.s.
	0.60
	2.10
	2.33
	1.33
	F(2,6): 4.51 n.s.
	2.53
	1.10
	1.15


	7
	979
	968
	β-Pinene
	C10H16
	136.125
	F(3,5): 22.91**
	0.45 B
	7.17 A
	5.47 A
	6.40 A
	F(2,5) <1 n.s.
	6.50
	4.70
	4.92


	8
	991
	978
	β-Myrcene
	C10H16
	136.125
	F(3,5): 21.37**
	0.40 B
	2.63 A
	2.33 A
	3.07 A
	F(2,5) <1 n.s.
	2.47
	2.23
	2.15


	9
	1017
	1015
	α-Terpinene
	C10H16
	136.125
	F(1,3): 3.13 n.s.
	0.10
	0.63
	–
	–
	 
	0.60
	0.25
	0.40


	10
	1030
	1020
	β-Phellandrene
	C10H16
	136.125
	-
	–
	1.20
	–
	–
	 
	0.90
	1.30
	1.40


	12
	1029
	1021
	Limonene
	C10H16
	136.125
	F(2,4): 5.32 n.s.
	–
	2.13
	2.67
	1.93
	F(2,4) <1 n.s.
	2.13
	2.40
	2.20


	13
	1031
	1025
	Eucaliptol
	C10H18O
	154.135
	F(3,6): 5305.9***
	2.87 B
	52.77 A
	45.97 A
	54.00 A
	F(2,6) <1 n.s.
	39.00
	38.30
	39.40


	14
	1037
	1040
	β-cis-Ocimene
	C10H16
	136.125
	F(2,4): 34.71**
	1.73 B
	0.50 B
	–
	4.77 A
	F(2,4): 4.47 n.s.
	1.43
	2.90
	2.67


	17
	1089
	1082
	Terpinolene
	C10H16
	136.125
	F(3,4) <1 n.s.
	0.30
	1.47
	2.00
	0.70
	F(2,4) <1 n.s.
	1.77
	0.70
	0.93


	18
	1089
	1087
	Fenchone
	C10H16O
	152.12
	-
	–
	–
	3.40
	–
	 
	–
	4.40
	2.40


	19
	1097
	1095
	Linalool
	C10H18O
	154.135
	F(3,6): 7.00*
	0.37 B
	6.53 AB
	17.37 A
	6.97 AB
	F(2,6) <1 n.s.
	7.28
	8.42
	7.73


	20
	1146
	1146
	Camphor
	C10H16O
	152.120
	-
	–
	–
	0.80
	–
	 
	–
	1.00
	0.60


	21
	1189
	1179
	α-Terpineol
	C10H18O
	154.136
	F(2,3): 11.82*
	0.65 B
	1.37 A
	–
	0.93 AB
	F(2,3): 1.89 n.s.
	0.95
	1.03
	1.07


	22
	1196
	1195
	Estragole
	C10H12O
	148.088
	-
	82.50
	–
	–
	–
	 
	90.10
	79.70
	77.80


	25
	1434
	1456
	β-cis-Bergamotene
	C15H24
	204.188
	F(3,5): 17.34**
	0.40 B
	2.77 A
	3.20 A
	2.27 A
	F(2,5): <1 n.s.
	2.67
	2.38
	2.00


	26
	1485
	1481
	Germacrene D
	C15H24
	204.188
	F(3,3): 3.00 n.s.
	0.15
	0.63
	0.80
	0.53
	F(2,3): 1.77 n.s.
	0.35
	0.60
	0.53





anumbers are referred to the elution order; b: not detected. Significance of the calculated F values within each factor: *** significant at p ≤ 0.001; ** significant at 0.001 < p ≤ 0.01; * significant at 0.01 < p ≤ 0.05; n.s. not significant. Within each group, different letters indicate significant difference according to Tukey’s test (p < 0.05), # KIexp experimental retention indices, Kilit literature retention indices.



Notably, the Italian genotype (Figure 2) showed the highest presence of β-cis-ocimene (4.8%), resulting in an increased presence of woody and floral scent notes.

[image: Graph showing a gas chromatogram with several peaks, labeled with retention times ranging from 2.79 to 19.59 minutes. An inset displays a mass spectrum with various intensity peaks. A chemical structure of a bicyclic compound with an oxygen atom is depicted above the largest chromatogram peak.]
Figure 2 | GC-MS chromatogram of Italian O. basilicum leaves.

β-Pinene was the second major component in the Greek genotype (7.2%), the third in Rosie (5.5%) and the fourth in Italian (6.4%), without statistically significant differences among these three basil types; a significant difference was instead found between those three genotypes and Thai (0.5%).

At the ANOVA, the photoperiod did not demonstrate any significant influence on the relative percentages of the detected volatile components. However, several compounds displayed a definite increasing (β-cis-ocimene) or decreasing (α− and β−pinene, camphene, terpinolene) trend at increasing number of uninterrupted hours of dark (6:4>18:6>16:8).




3.2 Characterization of O. basilicum polyphenolic profiles

Twenty-nine metabolites (Table 3) were detected by HPLC/Uv-Vis-PDA. Twenty-one of them, marked with HCA1 to HCA21, belonged to the class of hydroxycinnamic acids, whereas eight metabolites (A1 to A8) belonged to the subclass of anthocyanins and were detected only in the Rosie genotype, belonging to the variety purpurascens (Phippen and Simon, 1998; Fernandes et al., 2019).


Table 3 | Peak list of identified classes of polyphenols in O. basilicum genotypes.
	Compound code
	HPLC-UV* r.t. (min.)
	Compound tentative identification
	λ max, nm
	MW (M-1)
	Formula



	HCA 1
	8.17
	caffeoyl derivative a
	245, 329
	235.96
	–


	HCA 2
	9.69
	caffeic acid
	244, 323
	179.12
	C9H8O4


	HCA 3
	9.96
	caffeoyl derivative 2a
	245, 328
	463.1
	–


	HCA 4
	12.42
	chicoric acid
	246, 330
	473,19
	C22H18O12


	HCA5
	12.85
	rosmarinic acid
	246, 329
	359,15
	C18H16O8


	HCA 6
	13.57
	caffeoyl derivative 3a
	246, 334
	371.23
	–


	HCA 7
	13.89
	coumaroyl caffeoyl C-hexoside
	246, 330
	487.24
	C24H23O11


	HCA 8
	14.19
	feruloyl quinic acid
	313
	367.21
	C17H20O9


	HCA 9
	14.83
	coumaroyl derivativea
	310
	497.18
	–


	HCA 10
	15.07
	coumaroyl derivative 2a
	309
	401.49
	–


	HCA 11
	15.33
	caffeoyl derivative a
	244, 331
	656.90
	–


	HCA 12
	16.10
	feruloyl quinic acid isomer
	249, 340
	367.25
	C17H20O9


	HCA 13
	16.39
	caffeoyl derivative 5a
	245, 326
	391.85
	–


	HCA 14
	16.53
	Feruloyl glucose
	246, 325
	354.92
	C16H20O9


	HCA 15
	16.79
	coumaroyl caffeoyl C-hexoside isomer
	250, 336
	487.59
	C24H23O11


	HCA 16
	17.01
	caffeoyl derivative 6a
	244, 323
	717.08
	–


	HCA 17
	17.14
	caffeoyl derivative 7a
	245, 326
	325.00
	–


	HCA 18
	18.79
	coumaroyl derivative 3a
	331
	309.33
	–


	HCA 19
	20.18
	coumaroyl derivative 4a
	309
	376.33
	–


	HCA 20
	20.45
	coumaroyl derivative 5a
	331
	562.36
	–


	HCA 21
	21.46
	caffeoyl derivative 8a
	276, 330
	577.92
	–


	A1
	8.52
	pelargonidinin hexoside
	280, 519
	433.20
	C21H21O10+


	A2
	9.13
	malvidin rhamnoside
	281, 520
	476.74
	C23H25O11+


	A3
	9.97
	peonidin hexoside
	280, 526
	462.98
	C22H23O11+


	A4
	10.19
	Delfidin rhamnoside
	279, 529
	449,10
	–


	A5
	10.49
	Pelargonidin exoside
	284, 525
	463.05
	–


	A6
	10.62
	Pelargonidin/delphidin based
	282, 527
	473.03
	–


	A7
	10.82
	Pelargonidin/delphidin based
	297, 529
	473.09
	–





aThe identification was carried out by diagnostic UV spectrum acquired at 330 nm; *r.t. obtained using a 25 cm chromatographic column and 2.5% of formic acid ad additive for elution.



The mean values across genotypes and photoperiodic conditions of the major detected metabolites, along with their interactions (GxP) and the results of the performed ANOVA, are reported in Table 4. Caffeic acid (r.t. 9.96 min.), chicoric acid (r.t. 12.42 min.) and rosmarinic acid (r.t. 12.85 min.) (see Figure 3) were found in all genotypes; UPLC/MS analyses confirmed their assignment for peaks 1, 4 and 5, with the following M-1 ions: 179.12 (100%), 473.19 (100%) and 359.15 (100%), respectively.


Table 4 | Mean values (mg g-1 of plant dry matter) across genotypes and photoperiodic conditions, and results of the ANOVA, for the major secondary metabolites detected in four basil genotypes under 6:4, 16:8, and 18:6 h light:dark.
	
	DF
	Caffeic acid
	Chicoric acid
	Rosmarinic acid
	Caffeoyl derivatives (sum)
	Coumaroyl derivatives (sum)
	Coumaroyl caffeoyl C-hexosides
	Feruloyl quinic acids (sum)
	Total detected



	Genotype (F-value)
	3
	635.44***
	5626.75***
	3703.17***
	2.99 n.s.
	0.39 n.s.
	666.07***
	99.35***
	516.19***


	Thai
	 
	 
	0.13021
	0.30791
	0.34366
	0.11172
	0.12470
	0.13278
	0.03393
	1.19787
	 


	Greek
	 
	 
	0.20123
	0.57433
	0.95245
	0.17460
	0.13047
	0.21238
	0.05676
	2.30907
	 


	Rosie
	 
	 
	0.25752
	0.72264
	1.00887
	0.48696
	0.12140
	0.24397
	0.01328
	3.43091
	 


	Italian
	 
	 
	0.42379
	3.52438
	2.78833
	0.44121
	0.13067
	0.56021
	0.07576
	7.95771
	 


	Photoperiod (F-value)
	2
	3443.37***
	5418.49***
	8069.24***
	5.01*
	45.67***
	2297.04***
	60.90***
	953.48***


	6:4
	 
	 
	0.52322
	2.56999
	2.69212
	0.54494 A
	0.16807
	0.61184
	0.06151
	7.40356
	 


	16:8
	 
	 
	0.21256
	1.26399
	1.11675
	0.20880 AB
	0.08346
	0.23590
	0.02511
	3.30994
	 


	18:6
	 
	 
	0.02378
	0.01296
	0.01111
	0.15712 B
	0.12891
	0.01427
	0.04817
	0.45817
	 


	GxP (F-value)
	6
	235.56***
	1877.65***
	1152.43***
	1.31 n.s.
	9.29***
	207.46***
	103.90***
	166.45***
	 


	Thai
	6:4
	 
	0.30231 D
	0.88247 D
	0.97266 E
	0.14563
	0.16384 A-C
	0.37922 C
	0.07410 B
	2.93680
	D


	Thai
	16:8
	 
	0.04651 F
	0.03363 F
	0.03647 G
	0.10131
	0.10960 B-E
	0.00344 E
	0.01450 C
	0.36400
	E


	Thai
	18:6
	 
	0.04180 F
	0.00763 F
	0.02185 G
	0.08822
	0.10067 C-E
	0.01568 E
	0.01318 C
	0.29280
	E


	Greek
	6:4
	 
	0.37585 C
	1.14313 C
	1.88983 D
	0.23761
	0.14321 A-D
	0.41179 C
	0.02559 C
	4.23760
	C


	Greek
	16:8
	 
	0.18793 E
	0.57156 E
	0.94491 E
	0.11881
	0.07161 E
	0.20590 D
	0.01279 C
	2.11880
	D


	Greek
	18:6
	 
	0.03992 F
	0.00830 F
	0.02260 G
	0.16738
	0.17660 A-B
	0.01945 E
	0.13189 A
	0.57070
	E


	Rosie
	6:4
	 
	0.57608 B
	1.20931 C
	2.32934 C
	1.03224
	0.16352 A-C
	0.54061 B
	0.01381 C
	6.73840
	B


	Rosie
	16:8
	 
	0.19647 E
	0.92822 D
	0.69727 F
	0.23296
	0.05179 E
	0.17639 D
	0.00687 C
	2.90630
	D


	Rosie
	18:6
	 
	0.00000 F
	0.03037 F
	0.00000 G
	0.19567
	0.14889 A-D
	0.01490 E
	0.01915 C
	0.64810
	E


	Italian
	6:4
	 
	0.83866 A
	7.04507 A
	5.57666 A
	0.76429
	0.20169 A
	1.11574 A
	0.13256 A
	15.70140
	A


	Italian
	16:8
	 
	0.41933 C
	3.52254 B
	2.78833 B
	0.38214
	0.10084 C-E
	0.55787 B
	0.06628 B
	7.85070
	B


	Italian
	18:6
	 
	0.01338 F
	0.00552 F
	0.00000 G
	0.17720
	0.08947 DE
	0.08947 DE
	0.02844 C
	0.32100
	E


	Error
	12
	 
	 
	 
	 
	 
	 
	 
	 
	 


	Total
	23
	 
	 
	 
	 
	 
	 
	 
	 
	 





Significance of the calculated F values within each factor: *** significant at p ≤ 0.001; ** significant at 0.001 < p ≤ 0.01; * significant at 0.01 < p ≤ 0.05; n.s. not significant. Within each group, different letters indicate significant difference according to Tukey’s test (p < 0.05).

In bold, the degrees of freedom (DF) and the F-values for each variable and variability source.



[image: A chromatogram displaying 21 peaks labeled with red numbers, along with chemical structures of various compounds. Peaks represent different hydroxycinnamic acids, such as caffeic acid and chicoric acid, marked with corresponding molecular diagrams. Peaks are manually assigned, with retention times indicated on the x-axis in minutes and absorbance in milli-absorbance units on the y-axis. The overlay includes structural formulas of the substances eluted at specific retention times.]
Figure 3 | HPLC/UV vis- DAD chromatogram, visualized at 330 nm, of O. basilicum genotype Italian.

The chromatographic profile (Figure 3) of the Italian basil leaves extract (growth at photoperiod 16:8) shows 21 chromatographic peaks, each of which has a characteristic UV spectrum at 330 nm associated with the molecular structure (chromophore) of hydroxycinnamic acids. The most abundant of these are peaks 1, 4 and 5, and chicoric acid (peak 4) is the most abundant of the three (44%) followed by rosmarinic acid (peak 5, 36%), while caffeic acid (peak 1), which is the precursor of both compounds, was present at 5%. The chromatographic profile of the hydroalcoholic extract of Rosie leaves (grown at a 6:4 photoperiod) showed that the main compound in this case was rosmarinic acid (peak 5), representing 35% of the extract (2.33 mg/g of Rosie dry leaves) followed by chicoric acid (peak 4) and caffeic acid (peak 1), which represented 17% and 9% of the extract, respectively (1.21 and 0.58 mg/g of Rosie basil dry leaves).

All the investigated metabolites proved to be significantly affected by the genotype, the photoperiodic condition, and their interaction, with the only exception of the total of caffeoyl derivatives, which did not show a significant GxP interaction. However, although the occurrence of significant GxP effects does not allow to generalize about the main effects, the observation of the interaction values shows, within each genotype, a definite decreasing trend of all metabolites with increasing illumination hours. Hence, the Italian genotype, which averaged the highest content of total detected metabolites (7.96 mg g-1 of plant d.m.), and, within them, caffeic acid (0.42 mg g-1), chicoric acid (3.52 mg g-1), and rosmarinic acid (2.79 mg g-1), exhibited marked decreases from the photoperiodic ratio 6:4 to 16:8 and 18:6. The same trend was recognizable across all genotypes, and in the more prolonged uninterrupted light conditions (18:6), both the total metabolites content and the amounts of caffeic, chicoric and rosmarinic acids dropped to the minimum level, in some cases (caffeic and rosmarinic acid in Rosie, and rosmarinic acid in Italian), even falling below the analytical detection threshold.

The Rosie genotype, belonging to the purpurascens variety, showed as a distinctive character the presence of anthocyanins, responsible for the typical reddish color of its leaves of this variety, which in the photoperiodic condition of 6:4 represented 21% of the extract (0.84 mg g-1 of dry basil leaves). Being these compounds only retrieved in the Rosie genotype, a separate one-way ANOVA was run to assess the effect of photoperiod on their accumulation in basil leaves (Table 5).


Table 5 | Mean values (mg per g of plant dry matter) according to photoperiodic condition and results of the ANOVA for the major anthocyanins detected in O. basilicum var. Rosie.
	
	
	Photoperiod (hh light:dark)



	
	
	6:4
	16:8
	18:6



	 
	F(2,3)
	 
	 
	 


	Pelargonidinin exoside
	8.61 n.s.
	0.03430
	0.04104
	0.00136


	Malvidin ramnoside
	17.41 *
	0.07692
	A
	0.06989
	A
	0.00144
	B


	Peonidin exoside
	138.17 ***
	0.12184
	A
	0.06906
	B
	0.04411
	C


	Delfidin ramnoside
	245.36 ***
	0.01117
	A
	0.01003
	A
	0.00076
	B


	Pelargonidin exoside
	73.64 **
	0.16564
	A
	0.10449
	B
	0.04720
	C


	Pelargonidin/delphidin based
	56.96 **
	0.39274
	A
	0.26750
	B
	0.13979
	C


	Pelargonidin/delphidin based_1
	33.54 **
	0.03795
	A
	0.04850
	A
	0.00221
	B


	Total anthocyanins
	53.94 **
	0.84050
	A
	0.6105
	A
	0.23688
	B





Significance of the calculated F values: *** significant at p ≤ 0.001; ** significant at 0.001 < p ≤ 0.01; * significant at 0.01 < p ≤ 0.05; n.s. not significant. Different letters indicate significant difference according to Tukey’s test (p < 0.05).



Among the detected anthocyanins, the most abundant was A6 (pelargonidin/delphidin based), reaching 46.7%, 43.8%, and 59.0% of the total accumulated anthocyanins in the extract of Rosie basil leaves under 6:4, 16:8, and 18:6 photoperiodic conditions, respectively. As seen for the other secondary metabolites, also in this case a definite decrease can be observed from the 6:4 to the 18:6 photoperiodic conditions.




3.3 Results of multivariate analysis

The Principal Component Analysis (PCA), conducted on all detected secondary metabolites (VOCs, HCAs, and anthocyanins) across all genotypes and photoperiodic conditions, yielded the results illustrated in Figure 4. The first three principal components (PCs) cumulatively explained 75% of the total experimental variance (Table 6). The contribution of each variable to the obtained PCs is reported in Supplementary Table S3 (Supplementary Material).

[image: Three scatter plots labeled A, B, and C, displaying component analysis with color-coded data points and connecting lines for different categories: Thai, Italian, Greek, and Rosie. Each plot presents variations in components with labels like 16:8, 6:4, and 18:6, highlighting positional changes across respective axes. Colors differentiate the categories: cyan for Thai, red for Italian, black for Greek, and green for Rosie. Each plot explores relationships among components in two-dimensional space.]
Figure 4 | PCA scatterplots on the first three PCs (A: PC1, PC2; B: PC1, PC3; C: PC2, PC3) based on all secondary metabolites (polyphenols and VOCs) detected in four O. basilicum genotypes grown under three photoperiodic conditions. Clustering of genotypes and photoperiodic conditions distinctly separated the Italian genotype under the 6:4 hh (light/dark) photoperiod, which exhibited higher-than-average concentrations of total polyphenols (including rosmarinic, caffeic and chicoric acids) and, to a lesser extent, caffeoyl derivatives, coumaroyl derivatives, and feruloyl quinic acids. The other two treatments for the Italian genotype appeared far apart in the dendrogram.


Table 6 | Eigenvalues and percentage of explained variance for the 11 PCs obtained in the PCA.
	PC
	Eigenvalue
	% variance



	1
	16.8972
	30.722


	2
	14.5689
	26.489


	3
	10.0088
	18.198


	4
	5.33772
	9.7049


	5
	2.6849
	4.8816


	6
	2.04325
	3.715


	7
	1.57044
	2.8553


	8
	1.01287
	1.8416


	9
	0.597293
	1.086


	10
	0.169043
	0.30735


	11
	0.109686
	0.19943







Overall, the first two PCs appear to be more strongly associated with the content of polyphenol content in the basil extracts, whereas the third PC is more closely linked to flavor-related characteristics. The first PC (Figures 4A, B) was positively associated with the total concentration of detected metabolites, particularly the most abundant compounds such as rosmarinic acid, chicoric acid, caffeic acid, and caffeoyl derivatives. In contrast, a negative association was observed between PC1 and two VOCs: estragole and β-thujene.

The second PC (Figures 4A, C) was partially associated with the same compounds that contributed to PC1 (i.e., total metabolite content and major HCA such as rosmarinic, chicoric, and caffeic acids). However, it also showed significant associations with feruloyl quinic acids, coumaroyl caffeoyl C-hexosides, and several coumaroyl derivatives. PC2 was negatively associated with anthocyanin content and, among the VOCs, with 3-hexenol, linalool, fenchone, and camphor.

The third PC was positively associated with nearly all measured VOCs (including camphene, α- and β-pinene, eucalyptol, and germacrene D), and negatively associated with most of the detected metabolites, notably feruloyl glucose and certain caffeoyl derivatives.

The PCA effectively discriminated the genotypes: Thai (clearly separated along PC1) and Rosie (well distinguished along PC2), whereas the Greek and Italian genotypes were more distinctly represented on PC3. Within genotypes, the first two PCs allowed distinction among photoperiodic treatments, with the sequence 6:4>16:8>18:6 generally corresponding to increasing values of PC1 and PC2.

The clustered heatmap (Figure 5), generated using all measured secondary metabolites (including polyphenols and VOCs), corroborates the PCA findings in terms of variable and sample grouping. Clustering of variables revealed four distinct groups:

[image: Heatmap showing clustered data with color gradation from blue to red, representing values from -2 to 2. Rows labeled with names such as “Italian 6:4” and columns with various chemical compounds.]
Figure 5 | Clustered heatmap of all detected metabolites (polyphenols and VOCs) in four genotypes of O. basilicum grown under three photoperiodic conditions.

	Cluster I: total polyphenols, including the most abundant compounds (rosmarinic, caffeic, and chicoric acids), and two VOCs (estragole and α-thujene).

	Cluster II: the majority of VOCs, ranging from (2)-E-hexenal to eucalyptol, excluding estragole and α-thujene (assigned to the cluster I), fenchone, camphor, 3-hexenol, and linalool (assigned to cluster III), and sabinene, terpinolene and γ-terpinene (assigned to the cluster IV).

	Cluster III: all anthocyanins, along with four VOCs (fenchone, camphor, linalool and 3-hexenol).

	Cluster IV: several caffeoyl and coumaroyl derivatives, as well as sabinene, terpinolene and γ-terpinene.



In the Rosie genotype under 6:4 and 16:8 photoperiods, high anthocyanin content explained their clustering. In contrast, under the 18:6 photoperiod, Rosie showed a distinct metabolic profile, characterized by reduced anthocyanin accumulation.

The three Thai treatments clustered closely, sharing a general trend of lower-than-average VOC levels (e.g., α-/β-pinene, eucalyptol, limonene, germacrene D), but higher levels of α-thujene and estragole.

The three Greek treatments also clustered together, characterized primarily by low values of coumaroyl derivative and slightly elevated levels of the major VOCs.





4 Discussion

Our findings demonstrate the significant influence of photoperiodic regimes on the phytochemical profiles of different Ocimum basilicum genotypes, highlighting the potential of light modulation as a key tool in controlled-environment agriculture for “phytochemical fine-tuning”. The observed variations in the accumulation of secondary metabolites, particularly polyphenols and anthocyanins, across genotypes and photoperiods, underscore the complex interplay between genotype-specific metabolic pathways and environmental stimuli. The pronounced decrease in the total content of caffeoyl derivatives and anthocyanins with longer light exposure is a crucial finding of this study. This trend, evident across all genotypes, suggests a direct link between extended photoperiods and reduced biosynthesis or enhanced degradation of these compounds. As suggested by the multivariate analysis, this is particularly notable in the Italian genotype, which exhibited a substantial drop in caffeic, chicoric, and rosmarinic acids as the light period increased from a cyclic 6:4 to a continuous 18:6 hours, giving evidence of significantly different metabolic responses under varying light regimes. These three metabolites represent approximately 80% of the total extract content, corroborating literature reports about basil composition (Lee and Scagel, 2009; Strazzer et al., 2011). Their high accumulation has been associated with a quality factor in the growth of this plant. Similarly, the anthocyanin content in the Rosie genotype significantly decreased with prolonged light exposure (Fernandes et al., 2019). This response can be interpreted as a classic plant defense mechanism. Plants grown under more stressful, shorter photoperiods (like the 6:4 h cycle) may upregulate the phenylpropanoid pathway to produce higher concentrations of these antioxidants as a protective measure against oxidative stress. This is a common response, as reported in the literature. Conversely, under longer, less stressful light exposures, the plant may allocate more resources to primary metabolism (e.g., growth), down-regulating the synthesis of certain secondary metabolites (D’Aquino et al., 2024; Puccinelli et al., 2025; Frąszczak et al., 2011). It is important to underline that the effects of shorter photoperiods on secondary metabolite accumulation are not consistent across plant species. While our findings on basil, consistent with previous reports, suggest that reduced photoperiods can enhance the biosynthesis of phenolic compounds and anthocyanins, other studies have shown contrasting outcomes. For instance, in lettuce and spinach, shorter light exposures did not lead to a significant increase in phenolic content, or even resulted in a reduction, depending on the interaction with light intensity and spectral quality (Lefsrud et al., 2008; Dou et al., 2017). These discrepancies indicate that the influence of photoperiod is strongly species- and condition-dependent, and that its impact on secondary metabolism should be interpreted within the broader framework of genotype, light spectrum, and overall growth environment. The high accumulation of these hydroxycinnamic acids has been widely associated with quality and health-promoting properties in basil (Lee and Scagel, 2009). Regarding the volatile organic compounds (VOCs), our static headspace analysis revealed a clear genotype-dependent profile (Rusu et al., 2021). The Thai genotype was consistently dominated by estragole, aligning with previous reports on essential oils from this specific chemotype (Łyczko et al., 2020). In contrast, the Italian, Greek, and Rosie genotypes were characterized by a high abundance of eucalyptol. This observation, while consistent within our experimental design, contrasts with some literature reports that identify linalool as the dominant compound in Italian (Genoese) basil (Mulugeta et al., 2024) and in O. basilicum var. purpurascens (Mondello et al., 2002), with concentrations reaching over 50% and 29.7%, respectively. In contrast, geranyl acetate was found to be predominant (>60%) in Greek basil (Özcan and Chalchat, 2002). As noted in similar studies (Jiang et al., 2024; Klimánková et al., 2008), significant variations in the type and quantity of VOCs detected by different methods are common. This discrepancy underscores the critical impact of the analytical methodology. Our use of static headspace (HS) analysis provides a profile of the volatile compounds released from fresh tissue, which is often distinct from the composition of essential oils obtained through more aggressive methods like distillation. In fact, while oxidative processes and thermal degradation during distillation may contribute to the observed differences, the intrinsic physiology of VOC release, involving their passage through cell structures and stomata, can also lead to selective emission patterns distinct from the compounds stored in the tissues (Klimánková et al., 2008; Dudareva et al., 2013). Therefore, the HS-GC/MS method, while not directly comparable to essential oil data, offers a rapid and reliable means to assess the actual aroma profile of fresh basil genotypes, which is crucial for the “ready-to-eat” and high-end gastronomy markets. The consistent genotypic differences in VOC profiles, alongside the photoperiod-induced changes in non-volatile compounds, provide a strong foundation for future studies aiming to precisely manipulate the aromatic and functional properties of basil. In essence, our study confirms that photoperiod modulation is a powerful, non-invasive stressor that can be leveraged to steer metabolic outcomes in a genotype-specific manner. This approach presents a viable model for the development of sustainable, high-tech indoor systems capable of delivering fresh herbs with tailored functional properties, thus supporting the core tenets of precision agriculture and the ‘farm-to-table’ movement. Finally, preliminary cost estimations performed in parallel with this study, as reported in Supplementary Table S4, indicate that the average production cost of fresh basil in controlled-environment systems ranges between €0.018 and €0.022 per gram, with electricity representing the main cost driver. By comparison, local retail prices of fresh basil in Sicily range from approximately €0.0015 to €0.066 per gram, depending on packaging and point of sale (Mister Natura, 2025; Despar Sicilia, 2025). These figures highlight that, while the absolute costs of indoor cultivation remain higher than open-field production, controlled-environment systems offer the advantage of delivering consistent year-round tissue quality and functional properties, supporting their potential economic competitiveness in premium markets. While higher initial investments in technology are required, precision agriculture practices, such as optimized lighting schedules, sensor-based fertigation, and automated climate control, can enhance sustainability by lowering energy and water use and reducing nutrient dispersion. Moreover, the use of climate-controlled chambers ensures the year-round production of fresh, ‘ready-to-eat’ basil of consistent quality, independent of seasonal variability.




5 Conclusions

The accumulation of secondary metabolites (HCA and anthocyanins) was highest in the Italian genotype. Our experimental setup highlighted the importance of the optimal photoperiod for cultivating basil in hydroponic mini-greenhouses, achieving edible plants with high levels of secondary metabolites such as VOCs and HCAs. The versatility of photoperiod modulation as a controlled abiotic stress strategy enhances metabolite accumulation. The significant impact of light exposure on chemical composition and aroma underscores its potential for nutraceutical and commercial applications, delivering high-quality “ready-to-eat” basil with consistent quality. The hydroponic climate-controlled setup used not only enhances the biosynthesis of valuable secondary metabolites but also serves as a versatile model applicable to other crop species. This approach supports year-round availability of high-quality basil tissues with low environmental impact, aligning with the principles of precision agriculture and promoting sustainable and resilient food systems. Its adaptability to diverse contexts, from large-scale farming to domestic and gastronomic environments, demonstrates the potential to provide fresh, aromatic herbs throughout the year, fostering a genuine farm-to-table experience. The integration of HPLC-UV and GC-MS as analytical tools strengthens this approach, enabling precise qualitative and quantitative analysis of specialized metabolites under induced abiotic stress. Importantly, preliminary cost estimations performed in parallel with the study indicate an average production cost of €0.018–0.022 per gram of fresh basil in climate-controlled systems. In comparison, local retail prices of field-grown basil in Sicily typically range between €0.0015 and €0.066 per gram, depending on packaging and distribution channel (Mister Natura, 2025; Despar Sicilia, 2025). While the production cost of indoor systems is therefore higher, their scalability, year-round availability, and consistency in tissue quality highlight their potential competitiveness in premium markets. In conclusion, this study demonstrates that photoperiod modulation represents a practical and effective strategy to steer the phytochemical profile of basil in controlled environments, ensuring year-round production of fresh, high-quality tissues with consistent nutritional and aromatic properties.
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