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Abstract

:

In this study, we investigated the effects of additional ultraviolet radiation (UV) on the main growth fluorescent lamp light on pigment content and essential oil accumulation in sweet basil (Ocimum basilicum L.). Three different UV light sources from light-emitting diodes and discharge lamps, which emit UV in the UV-A (315–400 nm), UV-B (280–315 nm) and UV-C (100–280 nm) ranges, were tested for basil plant growing. The plants, growing under additional UV-A and UV-B from mercury lamps, on the 60th growing day were higher than control plants by 90% and 53%, respectively. The fresh leaf mass of the UV-A irradiated basil plants was 2.4-fold higher than the control plant mass. The dry mass/fresh mass ratio of the UV-A and UV-B irradiated plants was higher by 45% and 35% in comparison to the control plants. Leaf area was increased by 40% and 20%, respectively. UV-C affected the anthocyanin content most strongly, they increased by 50%, whereas only by 27% and 0% under UV-A and UV-B. Any UV addition did not affect the essential oil total contents but altered the essential oil compositions. UV-A and UV-B increased the linalool proportion from 10% to 20%, and to 25%, respectively, in contrast to UV-C, which reduced it to 3%. UV-C induced the eugenol methyl ether accumulation (17%) and inhibited plant growth. Moreover, UV increased the proportion of α-guaiene, β-cubebene and α-bulnesene and decreased the proportion of sabinene and fenchone. Thus, we concluded that UV (except UV-C) used jointly with main light with PPFD 120 ± 10 μmol photons·m−2·s−1 for sweet basil cultivation may be justified to stimulate basil growth and optimize the essential oil accumulation.
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1. Introduction


Sweet basil (Ocimum basilicum L.) is a popular herb whose flavor and aroma are caused by its high essential oil substances. Essential oils of plants are volatile secondary metabolites that can be divided onto three categories, i.e., monoterpenes, sesquiterpenes and oxygenated terpenes [1]. Interest in studying the essential oils is due to their biological activity: antioxidant, antifungal and antibacterial [2,3].



Such factors as plant age, species and variety, light intensity, temperature and level of nutrition and irrigation significantly affect the sweet basil growth and essential oil content in their leaves [4,5,6,7]. The induction of essential oils can increase plant protection against adverse environmental factors [8,9]. It is known that the quality of light affects the content of secondary metabolites [10] and plant pigments [11] and the quantitative and qualitative composition of essential oil in plants [12,13]. The detailed information on the effects of light quality on the growth and phytonutrient accumulation of herbs is presented in the review [14].



Generally, an increase in photosynthetic photon flux density (PPFD) led to a significant increase in the total essential oil content. This is typical for such important components as 1,8-cineole, linalool and eugenol [15]; vice versa, in experiments with shading plants in the open field, a recession in illumination from 50–60 klx to 3–5 klx led to a decrease in the basil growth rate and the gross yield of essential oil [16]. However, changes in growth and development of plants caused by changes in illumination do not always correlate with the alteration of essential oil content. When plants were being shaded, the number and mass of leaves and inflorescences decreased but the total essential oil content, in particular eugenol, increased [17].



In addition to light intensity, spectral light quality strongly affects the essential oil production and accumulation. Red, blue and UV light enhanced the essential oil concentration in various herbs compared with white light or sunlight [18,19,20]. However, for sweet basil, blue light increased the total essential oils, while red light in contrast decreased the oil content [4]. Supplemental UV, generally inhibiting plant growth, increased the amount of essential oil, resulting in enhanced plant protection against UV [21]. UV-B (280–315 nm), or a combination of UV-A (315–400 nm) and UV-B, can increase essential oil concentration in O. basilicum, M. arvensis and G. uralensis [22,23,24]. Moreover, these light treatments could effectively alter the compositions of essential oil in plants [4,25].



An ultraviolet irradiation impact on plants is of great interest due to both its potentially negative effect and the possibility of biochemical and physiological process regulation to obtain high quality plants. It is interesting not only to observe UV-A and UV-B as part of the spectrum but also UV-C radiation (100–280 nm), which is the most damaging type of UV. With the help of photosensors, plants are able to perceive solar radiation in a wide spectral range from ultraviolet 260 nm to far red 780 nm [26]. Cryptochromes are activated by UV-A, blue and green wavelengths. UV-B regulates plant growth by photoreceptors responding to UV-B irradiation [27]. Ultraviolet irradiation induces a stress reaction that cause the synthesis of protective pigments and phenolic compounds, oxidative damage, partial inhibition of photosynthesis and decreased growth [28].



Sweet basil is usually grown in greenhouses under glass or film cover, which does not transmit ultraviolet radiation. In urban farms, which are also gaining popularity, plants are grown on racks in totally controlled environments using light-emitting diode (LED) irradiators (without UV range). The absence of UV radiation in the spectrum can lead to deterioration in the grown product quality.



The UV-B radiation affects the development and morphology of the plant [29]. In the absence of the UV-B wavelengths in irradiation spectrum, the peltate and capitate basil glandular trichomes do not develop in mature and young leaves, and essential oil sacs become wrinkled and only partially fill [30]. With UV-B treatment introduction in the first four days, the “normal” development of the glandular trichomes occurs. However, neither the number of glands nor the qualitative or quantitative composition of the volatiles depend on UV irradiation; the UV spectrum of light only affects a filling of the glandular trichomes in basil [31].



A high dose of continuous UV-B radiation (68 kJ m−2 day−1) leads to irreversible photodamage of photosystem II and inactivation of the oxygen-evolving complex of photosystem II, which ultimately leads to plant death [32]. However, higher doses (102 kJ m−2 day−1) with intermittent irradiation improve the basil nutritional qualities without affecting the photosynthetic apparatus efficiency [33]. It was also found that the UV-B radiation effect on the phenolic compound synthesis is different at various PPFD [34].



In contrast to UV-B studies, there is limited information on the specific effects of UV-A and UV-C radiation on secondary metabolites, aromatics and the growth of sweet basil plants. In this research, we tested three different UV light sources in the form of LEDs and discharge lamps, emitting in the UV-A, UV-B and UV-C ranges, in addition to the main visible light. The aim of our study is to determine the impact of UV irradiation of different ranges on productivity and the essential oil content of sweet basil plants.




2. Materials and Methods


2.1. Plant Material and Cultivation Conditions


Red leaf basil of “Red Ruby” variety (“Prestige”, Moscow, Russia) was chosen for the research. The plants were grown in a climate chamber in plastic pots (1-L capacity) using drip irrigation. Neutralized high-moor peat Agrobalt-C (Rostorfinvest, Moscow, Russia) was used as a substrate. Seeds were sown in pots. After germination, five plants were left in each pot and were cultured for eight weeks under assimilation light, as described below. Each variant had 4 replicates. The nutrient solution was prepared using deionized water.



The chemical composition of the nutrient solution was: N-NO3 9.64 mM; N-NH4 1.07 mM; P-PO4 1.00 mM; K 5.77 mM; Ca 2.00 mM; Mg 1.65 mM; S-SO4 1.75 mM; Fe 15.00 µM; B 20.00 µM; Cu 1.00 µM; Zn 5.00 µM; Mn 10.00 µM; Mo 1.00 µM. A chamber temperature was maintained by the microclimate system described earlier [35] in the day/night range of 23/16 ± 1.0 °C. The relative air humidity was 65 ± 5%.




2.2. Light Treatments


In the phytochamber, general illumination was provided by combined irradiators based on fluorescent lamps (FL) Osram Fluora 36W and Osram Lumilux 36W T8 L15 W/827 (OSRAM Licht AG, Munich, Germany). The spectral composition and the PPFD level were chosen optimally for basil plants using a 16-h photoperiod [36,37]. Light intensity was measured for each variant at a height of about 20 cm from the pot surface using a TKA-VD spectrocolorimeter (NTP TKA, St. Petersburg, Russia). The average PPFD was 120 ± 10 μmol photons·m−2·s−1. The phytochamber was divided into four equal compartments, separated by an opaque material. In three compartments of the chamber, UV irradiators of various ranges were additionally installed: mercury lamps UV-A 365 nm FERON T8 (FERON, Moscow, Russia), mercury lamps UV-A/UV-B Arcadia T8 (Arcadia, Croydon, England) and UV-C LED 275 nm (Seoulviosys Co., Seoul, Korea) (Table 1). The UV irradiators were turned on simultaneously with the basic light. An intensity of the used UV emitters is comparable to the UV component of sunlight for the Moscow summer season for 2019 and 2020 [38] (with the exception of UV-C, which is absent under normal conditions). UV irradiance was monitored using a portable TKA-PKM UV radiometer (NTP TKA, St. Petersburg, Russia). The fourth chamber compartment with only fluorescent lamps (FL) was used as the control variant.




2.3. Morphological Parameters


An assessment of biometric parameters of morphological organs of sweet basil plants was carried out on the 30th and 60th day after germination. Five plants from four pots were randomly selected from each variant in four replications for measuring fresh plant mass, leaf mass, dry mass, plant height and leaf surface area.



The mass of the aboveground part of the plants was determined by weighing using a Sartorius LA230S Laboratory Scale (Goettingen, Germany). The height of the plants was measured using a ruler. The leaf area was determined using the LI-COR LI-3100 AREA METER photoplanimeter (Lincoln, OR, USA).




2.4. Determination of the Pigment Composition


Chlorophyll and carotenoid quantitative analysis was carried out by extracting them from plant tissues with solvent (100% acetone). The optical density of the pigment extract was determined at wavelengths of 662, 644 and 440.5 nm using 10 mm cuvettes [39]. The concentration of chlorophylls a and b, as well as carotenoids, were calculated according to Holm–Wettstein for 100% acetone in mg / g of fresh mass [40,41].



To extract anthocyanins, initial weighed fresh leaf portion (0.3 g) was ground with 1% HCl. A flask with extract was kept in a water bath at 40–45 °C for 15 min and then the extract was filtered. Total anthocyanin content was calculated using the absorption index of cyanidin-3,5-diglycoside in 1% solution of hydrochloric acid at 510 nm wavelength [37].




2.5. The Total Content and Essential Oil Composition


Gas chromatography–mass spectrometry (GC-MS) analysis and gas chromatography with flame-ionization detection (GC-FID) were applied to determine the essential oil profile, quantity and concentration in freshly picked leaves. Fresh leaves of all variants were extracted with hexane. The extraction was carried out in 100 mL flasks with a plant material fresh mass to solvent volume ratio of 1 g per 3 mL, respectively. The flask with the extract was placed in an ultrasonic stirrer Elmasonic S60H (Singen, Germany) (exposure time was 15 min). The samples were shaken gently with added sodium sulfate anhydrous (Na2SO4) for dehydration [42]. After the extraction process was completed, the solution was centrifuged and filtered through a syringe filter.



For a qualitative definition a 1 μL volume of the extract was injected into GC-MS Agilent 8890 GC (Santa Clara, CA, USA), equipped with a 30 m 0.25 mm fused silica capillary column Agilent Carbowax (Santa Clara, CA, USA) (i.d. 0.25 μm). The measurements were carried out according to the established technique [42]. Identification of sample components was performed by comparing their comparison of mass spectra of the electron ionization compounds of the samples with the GC-MS library NIST MS Library Bundle 2020.



For the quantitative oil determination, fresh leaves of one variant were similarly extracted with hexane, and hexadecane was added as an internal standard for quantitative calculations. The relative percentage of the oil constituents was calculated from the GC peak areas. The identification of compounds was performed by comparison of the NIST Chemistry WebBook. A volume of 1 μL of the extract was injected into gas chromatograph with a flame ionization detector (FID) Shimadzu (Kyoto, Japan) (model LC-20, software GCSolution v. 2.3 (Kyoto, Japan)). Nitrogen was used as a carrier gas at a constant rate of 1 mL/min. Samples were injected in splitless mode. The injector temperature was 250 °C and the temperature of the transmission line and the detector was 270 °C. The temperature gradient increased from 50 °C to 260 °C at a rate of 5 °C/min.




2.6. Data Analysis


All experiments were carried out fourfold. The statistical processing of measurement results and plotting were performed in Pyton 3.9. To estimate the statistical significance by the considered parameters, the independent two-sample t-test at p < 0.05 significant levels was applied. To evaluate the correction for multiple comparisons, the library “statsmodels” (Holm method) was used.





3. Results


3.1. Morphological Parameters


The results of the statistical analysis showed that additional UV irradiation had a significant effect on the morphological characteristics of basil plants (Table 2, Figure 1). Significant differences were observed in plant height, leaf surface area and fresh and dry mass. The additional irradiation of plants with UV-A light range led to a drastic increase in plant growth rate. UV-A added jointly with UV-B had a moderate positive effect on the 60th day. On the 30th day, “UV-A” and “UV-A+UV-B” treatments had a comparable effect. UV-C treatment, in contrast, had a negative effect on plant growth.




3.2. Photosynthetic Pigment Content


Exposure to additional UV-A and UV-B irradiation significantly influenced the content of chlorophyll a and b and carotenoids (Figure 2), which, however, was not consistent with other studies [43,44]. The significant increase in the total amount of anthocyanins was observed under additional UV-A and UV-C irradiation. The increase in the content of photosynthetic pigments in plants can be due to the activation of protecting mechanisms against UV irradiation [45,46].




3.3. Essential Oil Components


A chromatographic analysis of essential oil is represented in Table 3. The study identified a total of 21 different essential oil components and unidentified oil (about 3–4% in total). The major components were eugenol (up to 54%), linalool (from 10% to 20%), eucalyptol (10%) and sabinene (up to 5%). It was demonstrated that the additional irradiation of plants with UV did not affect the essential oil total content. At the same time, the essential oil composition changed. Generally, UV-treatments decreased the proportion of sabinene and fenchone and increased the linalool, α-guaiene, β-cubebene and α-bulnesene fraction. The concentration of other oil components remained practically unchanged. However, in some cases, the effect of UV-C differed from that of other types of ultraviolet. For example, UV-A and UV-B increased the linalool proportion from 10% to 20–25%, whereas UV-C reduced it to 3%. UV-C induced the eugenol methyl ether accumulation (17%) content, which remained unchanged under UV-A and UV-B. Moreover, under UV-C the proportion of fenchone practically did not change. Thus, UV, jointly with main growth light, may be applied to change the essential oil profile.





4. Discussion


4.1. Effect of UV Radiation on Plant Morphology and Pigment Content


It is known that basil varieties with purple leaves are more sensitive to UV-A radiation, which is reflected in the decrease of leaf area and plant height [43]. However, in our experiments, UV-A irradiation had a stimulating effect: on the 60th day, the height, the leaf surface area and the fresh and dry mass of the “Red Ruby” variety basil plants significantly increased. This can be explained by the fact that at low PPFD, UV-A can be used as an additional source of light energy to intensify the photosynthesis [47,48]. There are differences in the UV-A susceptibility of different plant species. UV-A had a positive effect on the fresh mass and the number of lettuce shoots and had practically no effect on the dry mass [49]. The increase in height and plant mass may be associated with the higher photosynthetic activity of UV-A radiation compared with UV-B and UV-C. It has been found that soybean plant height increases when UV-A irradiation is screened in a glass greenhouse [50], while UV-A does not affect the leaf area and plant height of peppers and eggplants and decreased the length of internodes [51]. The combined illumination with UV-A and UV-B also positively influenced the height, leaf area and fresh and dry sweet basil plant mass at the first stage of cultivation (30 days). It is known that small doses of UV-B irradiation (2–4 kJ m−2 day−1) lead to an increase in leaf surface area, fresh and dry mass and the total content of phenolic compounds of sweet basil [52]. It was previously established that a seven-day illumination of basil with UV-B increases plant height, photosynthetic leaf area and fresh and dry biomass [43]. In general, our data are consistent with previous studies. Unlike UV-A and UV-B radiation, the UV-C strongly suppresses plant growth [49], which is also confirmed by our experiment (Table 2).




4.2. UV Radiation Stimulates the Biosynthesis of Anthocyanins


According to our data, UV-A and UV-C irradiation had a positive effect on the anthocyanin content in basil leaves, while the combination of UV-A and UV-B did not change the anthocyanin content. It is known that repeated exposure to UV-C enhances the accumulation of phenolic compounds [50], and anthocyanin flavonoids have a function as a protective filter of the cell against the destructive photodynamic action of light and UV irradiation [45,46,53]. The absorption maximum of anthocyanin refers to 265–280 nm and 510–560 nm.



Flavonoids are of interest due to their antioxidant activity, anti-inflammatory and anticarcinogenic effects [54]. It is known that the biosynthesis of flavonoids is influenced by UV-B, UV-A and visible radiation (400–700 nm) [25]. UV-A radiation at a wavelength of 373 nm increased the accumulation of anthocyanins in young lettuce leaves [55]. At the same time, in green-leaved lettuce varieties, UV-A irradiation increased the content of nitrites [56]. UV-A improves antioxidant properties (affects the total content of phenol, anthocyanins and ascorbic acid) in basil plants [44]. In our case, UV-C radiation had the greatest effect on the biosynthesis of flavonoids. The anthocyanin content in this variant was higher than others. In our previously conducted research [57], the “Red Ruby” basil variety also showed a strong dependence on the average anthocyanin concentration in leaves on the type of UV radiation. The maximum influence was caused by UV-C on the 60th day of cultivation, which indicates a greater response to UV stress during the budding and flowering stages.




4.3. UV Radiation Changes the Composition of Essential Oil


Depending on the UV irradiation range, the essential oil concentration and its component composition changed. The content of linalool was higher in plants grown under UV-A and UV-B irradiation, while the eugenol content was higher in the control variant. Additionally, under UV-C radiation, eugenol methyl ester (ME) is additionally synthesized.



ME is found in a number of plants (over 450 species from 80 families, including the angiosperms and gymnosperms) and plays a role in attracting pollinators. Essential oils containing eugenol are used in food, perfumery and pharmaceutical industries [58]. ME is a naturally occurring genotoxic carcinogenic compound with DNA-binding ability and has a toxicological danger due to its structural similarity with known carcinogenic phenylpropanoids, for example, estragole and safrole [59]. From 2021, any product containing more than 0.01% methyl eugenol must be declared in accordance with the Regulation of the European Parliament and of the Council (16 December 2008) [60].



The “Red Ruby” variety belongs to the basil chemotype rich in ME [61]. Researchers have established a strong dependence of eugenol and ME content on seasonal changes (mainly solar radiation, but also on temperature and relative humidity). Other studies show that sweet basil which was grown in a greenhouse up to the first internodes under natural light, and subsequently moved under artificial light with a PAR 400–700 nm spectrum with additional UV-B irradiation for 18 days (up to six developed leaves and a height of 12–15 cm), had a lower content of methyleugenol [30,62]. During ontogenesis, the activity of eugenol O-methyltransferase (EOMT) is constantly decreasing, while the level of eugenol increases. UV-B radiation apparently suppresses the activity of EOMT already in young leaves, which indicates a UV-induced change in the enzymatic defense systems in sweet basil leaves. In our study the UV-A and UV-B irradiation depressed the activity of EOMT and prevented ME synthesis. However, in other research, UV-B irradiation had a positive effect on eugenol, phenylpropanoid and ME and decreased the content of linalool in young basil leaves and increased it in adult plants [24].



The scheme of changes in the component composition of essential oil depending on the impact of ultraviolet radiation of various ranges is shown in Figure 3. An amount of phenylpropanoids responsible for plant protective reaction to aggressive environmental influences, including ultraviolet irradiation, increased only in the variant with the use of additional UV-C irradiation. UV-A and UV-B irradiation in this experiment did not cause a stress increase in phenylpropanoids, rather was stimulating and necessary for optimal growth.



It is known that additional illumination with UV-B wavelengths increases the aromatic volatile compound level in sweet basil leaves [31,62]. The essential oil content is much higher in young leaves, and the main aromatic components are a-pinene, p-pinene, 1,8-cineole and linalool [63]. The essential oil content can be increased with UV-B irradiation and at later stages of growing [64]. In contrast, our research showed, that the basil leaf total oil content had no statistically significant differences between variants. It can be explained by different reactions of basil varieties to UV-B radiation impact [65].



In general, it can be said that exposure to UV-A and UV-B irradiation changes the composition of terpenes in “Red Ruby” variety sweet basil essential oil towards more complex sesquiterpenes that affect the plant aroma.





5. Conclusions


In this complex study, the complex effect of additional UV-A, UV-B and UV-C irradiation on the biometric and biochemical parameters of sweet basil of “Red Ruby” variety was investigated. The study highlights that basil, when grown with increased UV-A irradiation values, has strong increased characteristics of fresh mass, height and leaf surface area, probably due to a change in the intensity of photosynthesis. UV-A induces changes in chlorophyll and anthocyanin concentrations, as well as in the essential oil composition of sweet basil plants. In comparison with other studies, the specific basil variety reaction to the researched ranges of UV irradiation was established.



Thus, ultraviolet of UV-A and UV-B ranges is capable of changing both productivity and the taste and aromatic properties of basil, increasing predominantly sesquiterpene content.
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Figure 1. Typical basil plants on the 60th day from germination. 
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Figure 2. Chlorophyll a, chlorophyll b, carotenoid and anthocyanin concentration in sweet basil of “Red Ruby” variety on the 60th day of cultivation. Values represent mean SEM (n = 20). Letters indicate significant differences among treatment and control samples (p < 0.05). 
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Figure 3. Scheme of the changing of essential oil component composition of the “Red Ruby” variety sweet basil under ultraviolet irradiation influence of the different ranges on the 60th day of cultivation. 
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Table 1. Spectral properties of radiation sources. The values are mean ± standard error (SE, n = 5). FL—fluorescence lamp spectrum.
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Growth Light Variant

	
Photon Flux Density (µmol Photons·m−2·s−1) ± SEM




	

	
UV-C

	
UV-B

	
UV-A

	
Blue Light

	
Green Light

	
Red Light

	
Far Red Light






	
FL

	
-

	
-

	
0.1 ±0.01

	
25 ± 1.1

	
25 ± 1.2

	
70 ± 3.1

	
9 ± 0.4




	
FL+(UV-A)

	
-

	
-

	
3.9 ± 0.2

	
25 ± 1.2

	
25 ± 1.3

	
70 ± 3.2

	
9 ± 0.4




	
FL+(UV-A+UV-B)

	
-

	
0.2 ± 0.02

	
1.0 ± 0.08

	
27 ± 1.3

	
25 ± 1.2

	
70 ± 3.2

	
9 ± 0.5




	
FL+(UV-C)

	
0.2 ± 0.03

	
-

	
0.1 ± 0.02

	
25 ± 1.2

	
25 ± 1.3

	
70 ± 3.2

	
9 ± 0.4
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Table 2. Morphological parameters of sweet basil “Red Ruby” plants on the 30th and 60th days of cultivation. Values represent mean SEM (n = 20). Letters indicate significant differences among treatment and control samples (p < 0.05).
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Combination of Light Spectrum

	
Average FM/Plant (g)

	
Average Dry Plant Mass (%)/FM

	
Average Plant Height

(cm)

	
Average Leaf Surface Area (cm2)




	
Stems

	
Leaves






	
30th day of cultivation




	
FL (Control)

	
0.33 ± 0.06 b

	
1.47 ± 0.07 b

	
8.41 ± 0.10 b

	
6.4 ± 0.3 b

	
59.9 ± 4.9 b




	
FL+(UV-A)

	
0.69 ± 0.16 a

	
2.62 ± 0.53 a

	
8.77 ± 0.17 a

	
10.3 ± 1.6 a

	
102.2 ± 19.0 a




	
FL + (UV-A+UV-B)

	
0.73 ± 0.07 a

	
2.91 ± 0.37 a

	
8.23 ± 0.10 b

	
10.1 ± 0.4 a

	
116.0 ± 11.1 a




	
FL+(UV-C)

	
0.22 ± 0.08 b

	
0.86 ± 0.23 c

	
8.56 ± 0.14 ab

	
5.5 ± 1.2 b

	
19.2 ± 3.5 c




	
60th day of cultivation




	
FL (Control)

	
2.33 ± 0.26 b

	
6.73 ± 0.03 b

	
8.15 ± 0.20 b

	
17.0 ± 1.0 b

	
251.5 ± 16.5 b




	
FL+(UV-A)

	
5.02 ± 0.36 a

	
15.92 ± 2.56 a

	
11.81 ± 0.43 c

	
32.5 ± 0.5 a

	
357.0 ± 19.6 a




	
FL + (UV-A+UV-B)

	
2.93 ± 0.77 b

	
9.29 ± 2.55 ab

	
11.01 ± 0.09 c

	
26.0 ± 4.0 a

	
298.6 ± 14.3 ab




	
FL+(UV-C)

	
2.09 ± 0.41 b

	
5.62 ± 0.55 c

	
14.76 ± 2.76 c

	
19.5 ± 2.5 ab

	
156.7 ± 17.3 c
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Table 3. Essential oil composition in “Red Ruby” sweet basil plants on the sixtieth day of cultivation. Averages with standard error of the mean of four measurements are shown. Letters indicate significant differences among treatment and control samples (p < 0.05).
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FL (Control)

	
FL+UV-A

	
FL+(UV-A+UV-B)

	
FL+(UV-C)






	

	
Total oil content (%) by fresh mass ± SEM




	

	
0.15 ± 0.03

	
0.15 ± 0.05

	
0.22 ± 0.06

	
0.21 ± 0.06




	

	
Essential oil components proportion (%) by total oil content ± SEM




	
1

	
Pinene

	
0.62 ± 0.11 b

	
0.34 ± 0.09 c

	
0.57 ± 0.10 b

	
1.39 ± 0.13 a




	
2

	
Sabinene

	
4.98 ± 1.62 a

	
2.13 ± 1.15 b

	
3.03 ± 1.15 ab

	
1.16 ± 0.87 b




	
3

	
D-Limonene

	
0.64 ± 0.15 ab

	
0.52 ± 0.05 ab

	
0.46 ± 0.09 b

	
0.85 ± 0.17 a




	
4

	
Eucalyptol

	
11.14 ± 3.26 a

	
9.65 ± 2.45 a

	
9.68 ± 2.97 a

	
11.97 ± 4.56 a




	
5

	
β-trans-Ocimene

	
1.45 ± 0.65 b

	
2.37 ± 0.75 ab

	
2.43 ± 0.76 ab

	
2.60 ± 0.58 a




	
6

	
Terpinolen

	
0.26 ± 0.11 a

	
0.22 ± 0.13 a

	
0.18 ± 0.08 a

	
0.2 ± 0.10 a




	
7

	
Fenchone

	
2.62 ± 0.22 a

	
0.49 ± 0.13 b

	
0.87 ± 0.41 b

	
2.48 ± 0.91 a




	
8

	
Fenchyl acetate

	
0.0 ± 0.0

	
0.52 ab ± 0.07

	
0.37 b ± 0.14

	
0.78 a ± 0.22




	
9

	
Camphor

	
0.37 ± 0.07 b

	
1.49 ± 0.81 a

	
0.06 ± 0.03 c

	
1.57 ± 0.22 a




	
10

	
Linalool

	
10.2 ± 3.8 b

	
20.5 ± 4.1 a

	
24.3 ± 4.9 a

	
3.13 ± 0.98 c




	
11

	
Bergamotene

	
5.0 ± 1.5 a

	
4.9 ± 1.1 a

	
5.4 ± 1.0 a

	
6.1 ± 0.7 a




	
12

	
β-Farnesene

	
1.82 ± 0.81 ab

	
1.47 ± 0.37 b

	
1.57 ± 0.29 b

	
2.44 ± 0.58 a




	
13

	
α-Guaiene

	
0.22 ± 0.08 c

	
1.28 ± 0.34 a

	
0.44 ± 0.11 b

	
0.18 ± 0.09 c




	
14

	
α-Terpineol

	
1.22 ± 0.10 a

	
1.05 ± 0.18 a

	
1.27 ± 0.12 a

	
1.26 ± 0.08 a




	
15

	
β-Cubebene

	
0.05 ± 0.03 c

	
0.09 ± 0.01 c

	
0.27 ± 0.03 a

	
0.20 ± 0.03 b




	
16

	
Germacrene

	
0.10 ± 0.03 a

	
0.14 ± 0.04 a

	
0.11 ± 0.03 a

	
0.11 ± 0.04 a




	
17

	
α-Bulnesene

	
0.05 ± 0.01 b

	
0.23 ± 0.07 a

	
0.24 ± 0.09 a

	
0.23 ± 0.08 a




	
18

	
Elixene

	
0.23 ± 0.08 b

	
0.42 ± 0.12 ab

	
0.60 ± 0.22 a

	
0.11 ± 0.03 c




	
19

	
γ-Cadinene

	
0.0 ± 0.0

	
0.63 ± 0.1 a

	
0.06 ± 0.03 b

	
0.13 ± 0.05 b




	
20

	
Eugenol methyl ether

	
0.6 ± 0.1 b

	
0.0 ± 0.0

	
0.0 ± 0.0

	
17 ± 2 a




	
21

	
Eugenol

	
54 ± 7 a

	
49 ± 6 a

	
44 ± 6 a

	
44 ± 6 a




	
22

	
Unidentified oils

	
3.91 ± 1.3 a

	
2.9 ± 1.1 b

	
4.19 ± 1.0 a

	
2.4 ± 0.9 b
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