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Introduction: Providing fresh and healthy vegetables, produced locally and under climate-friendly conditions, is a major challenge for future agriculture. The usage of foil tunnels prolongs cultivation periods in colder climates and reduces abiotic and biotic stress factors during crop growth, but it may also affect nutritional value and consumer perception due to the altered light spectrum.
Methods and results: Three different foils, one with low UV transmission, another with reduced UVB transmission, and a control foil with high UV transmission, were used to modulate light conditions for three different lettuce cultivars [radicchio type (cv. Indigo), romaine type (cv. Attico), and butterhead type (cv. Larissa)]. Taste-relevant sesquiterpene lactones and health-relevant carotenoids and polyphenols were measured by high-performance liquid chromatography, which revealed that light conditions are widely irrelevant for carotenoid concentrations. However, when UV-shielding foils were used, there was an up to 66% decrease in total polyphenol concentration. Less reduction could be achieved through the use of partially UV-transmissive foils. Sesquiterpene lactone concentrations were higher in plants under UV-blocking foils, when radicchio-type lettuce, naturally rich in sesquiterpene lactones, was cultivated.
Discussion: It is noteworthy that the sesquiterpene lactone lactucopicrin had a negative correlation with UVB intensities, while lactucin was unaffected. The nutritional value, measured by three different antioxidant activity assays, also benefited from an optimized foil choice with higher UV transmission.
Keywords: lettuce, sesquiterpene lactones, polyphenols, carotenoids, UV radiation, foil tunnels, light conditions
1 INTRODUCTION
Lettuce is an important leafy vegetable worldwide and reached an annual harvest of 29 million tons in 2019 (Food and Agriculture Organization of the United Nations, 1997). The common term lettuce does not only refer to Lactuca sativa L. plants but also often includes Cichorium intybus L. plants. The storability of such leafy vegetables is limited, and during cold seasons, distributors and consumers in temperate climates depend on imports from warmer climates or indoor production facilities. However, significant amounts of fossil energy are used, leading to the emission of greenhouse gases that contribute to climate change. Polytunnels are used in temperate regions to extend the growth period of locally produced lettuce in cold seasons (Robson et al., 2022). Polytunnels heat up under solar radiation and provide climate-neutral higher temperatures for the plants, as well as controlled humidity and protection from extreme weather events such as hailstorms and winds. Such an unheated growth system might drastically reduce climate gas release during vegetable production (Theurl et al., 2014; Theurl et al., 2017). However, polytunnels are only semi-permeable to light, and a substantial share of the total light spectrum is absorbed. Commercially available foils do reduce photosynthetically active radiation (PAR) and UVB radiation to different ratios, while standard glass greenhouses do not transmit UVB radiation at all (Kotilainen et al., 2018). Thus, altered light patterns reaching the plant are expected when growing plants under diverse foils, i.e., the contribution of UVB radiation may vary from 0.003% to 0.062%, while UVA may correspond to 0.5%–3.5% of the total radiation. Consequently, the ratios of UV to PAR radiation differ between foils (Kotilainen et al., 2018).
Physiological responses to differing doses of PAR and UV radiation cause morphological changes and alter the accumulation of secondary plant metabolites in lettuce (Assumpção et al., 2019; Chen et al., 2019). The causal response to UVB radiation is the UVR8 photoreceptor, while UVA- and PAR-modulated light responses are controlled by cryptochromes, phototropins, and Zeitlupe (ZTL) proteins (Heijde and Ulm, 2012). UVB reduces plant height and leaf area, among other effects (Jenkins, 2009). Most importantly, concentrations of secondary plant metabolites, including phenolic acids caffeoyltartaric acid, caffeoylquinic acid, and caffeoylmalic acid, are increased in lettuce plants under UVB exposure (Assumpção et al., 2019). More recently, dicaffeoyltartaric acid reductions under consistent UVB exposure have been reported, while quercetin and kaempferol glycosides increased 3–7 fold under the same conditions (Weiland et al., 2023). The accumulation of polyphenols in lettuce under natural UV exposure is due to a regulation of the transcriptional level, namely, a higher chalcone synthase expression, compared to lettuce grown under foil (Harbart et al., 2023). In contrast to polyphenol accumulation, post-transcriptional regulation has been assumed for carotenoids (Harbart et al., 2023). High concentrations of polyphenols are regarded as an important factor for a healthy lifestyle, contributing to the prevention of metabolic-, aging-, or lifestyle-associated illnesses (Leri et al., 2020). Carotenoid concentrations also increase under exposure to supplemental UVB light for 2 weeks (Assumpção et al., 2019), thus improving lettuce as a valuable source of these health-beneficial compounds (Kim et al., 2016). Sesquiterpene lactones are less in the focus of research but also contribute decisively to lettuce quality. Their bitter taste is often disliked by consumers, but several health-beneficial effects, such as tumor inhibition in human cancer cell lines, anti-inflammatory effects, or antimicrobial function, have been reported (Chadwick et al., 2013; Chadwick et al., 2016). In addition, reports on sesquiterpene lactone concentrations after UVB exposure are missing. Consumers are reported to prefer lettuce grown under natural light conditions. When sunlight-exposed lettuce was compared to lettuce grown under artificial light conditions, based on supplemental light in the red, far-red, and blue spectra, consumers reported a bitter taste in lettuce grown under artificial light (Zhang et al., 2019). This study aimed to evaluate the impact of different light conditions provoked by different foils, capable of transmitting different intensities of UV light, in general, or UVB, in particular, on the quality of lettuce. The fresh weight of lettuce and secondary plant metabolites—carotenoids, polyphenols, and sesquiterpene lactones—were measured to elucidate the effect of UV light on the quality parameters of lettuce.
2 MATERIALS AND METHODS
2.1 Chemical and plant seeds
Acetonitrile, methanol, acetic acid, tert-butyl methyl ether (tBME), tetrahydrofuran (THF), ethyl acetate, β-carotene, caftaric acid, and formic acid were purchased from Roth (Karlsruhe, Germany). Standards of zeaxanthin and lutein were purchased from Extrasynthese (Genay, France). Ammonium acetate, sodium sulfate, gallic acid monohydrate, sodium carbonate, chicoric acid, and Folin–Ciocalteu´s phenol reagent were purchased from Merck (Darmstadt, Germany). Furthermore, 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals (Alfa Aesar, Kandel, Germany), Trolox (Thermo Fisher, Kandel, Germany), 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), potassium persulfate, and cellulase enzymes from Aspergillus niger (Merck) were used. Additional standards of chlorogenic acid, quercetin-3-glucoside, and kaempferol-3-glucoside were purchased from PhytoLab (Vestenbergsgreuth, Germany).
2.2 Cultivation and harvest of samples
Radicchio-type lettuce cultivar Indigo (C. intybus L.), romaine-type lettuce cultivar Attico (L. sativa var. longifolia (Lam.) Helm.), and butterhead-type lettuce cultivar Larissa (L. sativa var. capitata L.) (all from Kiepenkerl, Everswinkel, Germany) were sown in pots with Fruhstorfer soil (Hawita, Vechta, Germany) on 11 August 2020 and grown in a ventilated air chamber with halogen light (12 h day/night) at a temperature of 20°C/16°C. After 20 days, plants were transferred outdoors (21 August 2020) and subsequently grown under ambient light conditions, including the three treatments with foils “Rosco” (UV-absorbing foil; Rosco, Stamford, CT, United States), “CT5” (UVB-absorbing foil; Gabler Druck-und Werbetechnikbedarf, Bochum, Germany), and “Polythene” (UV-transmitting foil; Etra Oy, Helsinki, Finland) as well as one treatment without foil. Light conditions were measured with a DataHog 2 data logger (Skye Instruments, Llandrindod Wells, United Kingdom), equipped with UVA, UVB, and PAR light sensors (Table 1). Each of the four treatments consisted of six plants from each cultivar, planted with 30 cm of spacing between plants. Harvest was carried out on 05 October 2020, and four plants from each treatment were used for fresh weight determination and chemical analyses. Meteorological data were gathered at the Göttingen weather station (www.dwd.de, N 51° 30.027176 E 9° 57.029615).
TABLE 1 | Relative light intensity (%) of PAR, UVA, and UVB light under the applied conditions in comparison to direct sunlight.
[image: Table 1]2.3 Determination of fresh weight and lyophilization
Whole lettuce heads were weighed directly after harvest to determine lettuce fresh weight. Subsequently, lettuce heads were cut in half along the longitudinal axis, and one half was lyophilized to total dryness. Dry weight was determined based on the ratio of the weight loss of samples after lyophilization to their fresh weight. Lyophilized leaf samples were milled in a ball mill (Retsch, Haan, Germany) at 30 Hz for 30 s to a fine powder for subsequent analyses.
2.4 Extraction and determination of carotenoids by HPLC-DAD
Carotenoids and chlorophylls were extracted and analyzed according to a slightly modified method reported by Bayer et al. (2022). Sample preparation was conducted under dim light to prevent carotenoids from degradation. In brief, the lyophilized ground material (10 mg) was extracted with 500 µL methanol and tetrahydrofuran (50:50, v/v) and mixed for 10 min with a thermomixer (Eppendorf Hamburg, Deutschland) at a rotational speed of 1,400 rpm at a temperature of 20°C. Subsequently, the mixture was centrifuged at 10,000 rpm for 10 min at 20°C. The supernatant was collected, and the solid pellet was re-extracted twice. The combined supernatants (approximately 1,500 µL) were evaporated to dryness in an RVC 2-25 CD plus rotary evaporator (Martin Christ, Osterode am Harz, Germany) with a PC 3001 Vario select membrane vacuum pump (Vacuubrand, Wertheim, Germany) and re-dissolved in 100 µL methyl tert-butyl ether and 150 µL methanol in the aforementioned thermomixer at 1,400 rpm and 20°C for 10 min. The re-dissolved extract was filtered through a Chromafil® PTFE (0.2-µm) syringe filter (Macherey–Nagel, Düren, Germany) and stored in HPLC vials at −80°C until HPLC analyses. The aforementioned authentic standards of zeaxanthin, β-carotene, and lutein were used to identify and determine carotenoids in all samples.
Analysis of carotenoids and chlorophylls was performed on a Shimadzu Prominence HPLC system (Shimadzu, Kyoto, Japan), equipped with an LC-20AT pump, a CTO-10AS column oven, a DGU-20AS degasser, and a SPD-M20A UV/vis diode array detector. A YMC C30 reversed-phase column (250 × 4.6 mm i.d., 5 µm particle size, YMC Europe, Basel, Switzerland) and a YMC C30 guard column (10 × 4.6 mm i.d., 5 µm particle size, YMC Europe) were used for separation. The mobile phase consisted of methanol/MTBA/water (80:18:2, v/v/v) with 0.4 g/L ammonium acetate (eluent A) and methanol/MTBE/water (8:90:2, v/v/v) with 0.4 g/L ammonium acetate (eluent B). The applied gradient of eluent B was 10% (0 min)–60% (30 min)–100% (35 min)–isocratic 100% (37 min)–10% (40 min), followed by isocratic 10% (40–45 min). The total run time was 45.5 min at a flow rate of 0.600 mL/min and an oven temperature of 20°C. The injection volume was 20 µL. Determination was carried out after obtaining linear calibration curves of the aforementioned authentic standards at 454 nm (β-carotene), 446 nm (lutein), and 452 nm (zeaxanthin).
2.5 Extraction and determination of phenolic substances by HPLC-DAD
Phenolic substances were analyzed according to a previously published method by Bayer et al. (2022) with slight modifications. The lyophilized powder (50 mg) was extracted with 1,500 µL of 60% aqueous methanol and mixed with a thermomixer at a rotational speed of 1,400 rpm at 20°C for 40 min. The supernatant was collected after centrifugation (10,000 rmp for 5 min), and pellets were re-extracted twice. The three corresponding supernatants were combined (approximately 4,500 µL) and filled up to a final volume of 5 mL. Combined extracts were filtered through syringe filters (Chromafil® RC-20/13 MS (0.2 µm); Macherey–Nagel) and stored at −20°C until HPLC analyses. Authentic standards of chlorogenic acid, caftaric acid, chichoric acid, and quercetin-3-glucoside (Carl Roth, Karlsruhe, Germany) were used for the identification and quantitation of polyphenols. All extraction protocols were carried out in duplicate.
HPLC analyses were carried out on the aforementioned Prominence HPLC system. For separation, a Supelco Ascentis Express F5 column (150 mm × 3.0 mm i.d., 5 µm particle size, Supelco, Bellefone, PA, United States) equipped with a Supelco Ascentis Express F5 (5 mm × 3.0 mm i.d., 5 µm particle size) guard column was used. The mobile phase consisted of acetic acid (1%) in water (eluent A) and acetonitrile (eluent B). The gradient applied was as follows: B conc. 5% (0 min)—12% (3 min)—25% (46 min)—isocratic 90% (49.5 min)—90% (52 min)—5% (52.7 min)—5% (59 min). The total run time was 59 min at a flow rate of 0.300 mL/min and an oven temperature of 20°C. The injection volume was 20 µL. Polyphenol chicoric acid, caffeoylmalic acid, and caffeoyltartaric acid were monitored at 330 nm. 3-5-dicaffeoylquinic acid, meso-dicaffeoyltartaric acid, quercetin-3-glucoronide, quercetin-3-malonylglucoside, and kaempferol-3-glucoronide were detected at 350 nm, and additionally, UV–VIS spectra were recorded in the range from 200 to 800 nm. Quantification was carried out after obtaining linear calibration curves of authentic standards of chlorogenic acid, chicoric acid, caftaric acid, quercetin-3-glucoside, and kaempferol-3-glucoside. 4-caffeoylqunic acid, 5-caffeoyluinic acid, caffeoylmalic acid, and 3-5-dicaffeoylquinic acid were quantitated as chlorogenic acid equivalents. Caffeoyltartaric acid was quantitated as the caftaric acid equivalent. Chichoric acid was quantitated as the chichoric acid equivalent. Quercetin-3-glucuronide and quercetin-3-malonyl glucoside were quantitated as quercetin-3-glucoside equivalents. Kaempferol-3-glucuronide was quantitated as the kaempferol-3-glucosid equivalent.
2.6 Extraction and determination of sesquiterpene lactones by HPLC-DAD
Sesquiterpenes were extracted and analyzed according to the method reported by Wulfkuehler et al. (2013) with slight modifications. A total of 300 mg of the lyophilized ground material of samples was weighed into 15-mL tubes and rehydrated by adding 8 mL of H2O (pH 5, adjusted with HCL and NaOH). Samples were liquefied using 400 µL of cellulase from Aspergillus niger (Sigma Aldrich, St. Louis, MO, United States). Liquefaction took place under continuous stirring at 37°C for 2 h. After filtration through paper filters (MN 615 1/4, 12 μm, Macherey–Nagel, Düren, Germany) and the addition of 20 mL of NaCl solution (20% w/v), the mixture was extracted twice with 5 mL of ethyl acetate in 50-mL tubes. Thereafter, combined mixtures were shaken in a thermomixer at 700 rpm for 10 min and subsequently centrifuged at 5,000 rpm and 20°C for 5 min. The combined supernatants of both extractions were dried over sodium sulfate and filtered through paper filters (MN 615 1/4; 12 μm, Macherey–Nagel). Combined extracts were evaporated to dryness in the aforementioned rotary evaporator RVC 2-25 CD Plus, dissolved in 500 µL methanol, filtered with Chromafil® PTFE (0.2 µL) syringe filters (Macherey–Nagel), and stored in HPLC vials at −80°C until HPLC analyses. All extraction protocols were carried out in duplicate.
For analysis of sesquiterpene lactones, a Jasco LC-4000 HPLC system (Jasco, Tokyo, Japan), equipped with an AS-4150 autosampler, a CO-4060 column oven, a PU-4185 semi-micro pump, a UV-4070 UV/Vis detector, and ChromNAV software, was used. Separation was performed on a NUCLEODUR Sphinx RP (150 × 4.6 i.d.; particle size 5 µm) column (Macherey-Nagel) with a NUCLEODUR Universal RP 4 × 3 mm i.d.; particle size 5 µm) guard column (Macherey-Nagel). The mobile phase consisted of 5% formic acid in ultrapure water (eluent A) and acetonitrile (eluent B). The gradient applied was as follows: B conc: 99% (0 min)—99% (10 min)—40% (50 min)—0% (55 min)—0% (60 min)—99% (65 min)—99% (72 min). The total run time was 72 min at a flow rate of 0.5 mL/min and a column temperature of 20°C. The injection volume was 10 µL. Sesquiterpenes were monitored at 259 nm. Quantitation was carried out after obtaining linear calibration curves of lactucin and lactucopicrin at 259 nm.
2.7 Mass spectrometric analysis of phenolic substances and sesquiterpene lactones
The same aforementioned columns and methods for phenolic substances and sesquiterpene lactones were used for tentative confirmation of the compound’s identity. Acidic concentrations in all eluents were reduced to 0.5%. Measurements were performed on an Agilent 1290 Infinity II HPLC system (Agilent Technologies, Palo Alto, CA, United States), coupled to an Agilent 6545 LC/Q-TOF mass spectrometer, with a G6545A Q-TOF, a G7104A pump, a G7116B column compartment, and a G7167A multisampler. The measurement was performed in the ESI negative mode for phenolic compounds and positive mode for sesquiterpene lactones in a range from m/z 100 to 920 with a rate of 4 spectra/sec. The gas temperature was set to 320°C at a flow rate of 8 L/min. Nebulizer gas was 35 psi, and sheath gas temperature and flow rate were 350°C and 11 L/min, respectively. Source parameters were a capillary voltage of 3500 V, a nozzle voltage of 1,000 V, and a fragmentor voltage of 150 V. The injection volume was 5 µL for all samples.
2.8 Antioxidant TEAC, DPPH, and TPC assays
For the determination of antioxidant activity with the TEAC assay, the aforementioned methanolic extracts for phenolic substances were used according to a previously published method by Engelhardt et al. (2021). In brief, stock solutions of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS; 9.6 mg) and potassium persulfate (K2S2O8; 1.66 mg) were dissolved in 25 mL of ultrapure water and used, after 12–16 h of incubation in the dark, throughout the analysis. A total of 3.13 mg of Trolox® was dissolved in 5 mL of methanol and used within 2 h. In 96-well microplates, 10 µL of the sample, 10 µL of the Trolox® calibration mix, or 10 µL of blank (60% methanol), as well as 150 µL of the TEAC solution, were pipetted. Mixtures were incubated in darkness for 5 min before being placed inside a microplate reader (Synergy HTX multi-mode microplate reader, Bad Friedrichshall, Germany) and measured at 734 nm after 30 s of orbital shaking. For DPPH measurements, 7.88 mg of 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) was dissolved in 100 mL of methanol and incubated for 2 h in darkness. Furthermore, the same aforementioned Trolox® mixture was used. In 96-well microplates, 20 µL of the sample, 20 µL of the Trolox® calibration mix, or 20 µL of blank (60% methanol), as well as 180 µL of the DPPH solution, were mixed. The incubation time was 30 min in darkness; afterward, the measurement was performed on the aforementioned microplate reader at 515 nm. For TPC analyses, 5 g of Na2CO3 was dissolved in 250 mL of ultrapure water, and 26.43 mg of gallic acid monohydrate was dissolved in 10 mL of ultrapure water. The gallic acid working solution was further diluted by factor 5. A 50 μL sample, 50 µL of the gallic acid calibration mix, or 50 µL of blank (60% methanol), as well as 100 µL of Na2CO3, were combined in 96-well microplates. The absorbance was measured at 736 nm in the aforementioned microplate reader after 15 min of orbital shaking and 1 min of resting.
2.9 Statistics
All analytical procedures were performed in duplicate. Results are expressed as means ± standard deviation and were calculated across cultivars and UV treatments. The number of biological replicas (n) was 4, if not stated otherwise. All statistical analyses were carried out with R Core Team (2019). Analysis of variance (ANOVA) with a subsequent Tukey’s test was applied for identifying significant differences (p ≤ 0.05).
3 RESULTS
3.1 Growth conditions and biomass
Lettuce plants were transferred to the field after 20 days and harvested in early October of 2020. During that period, mean temperatures decreased from an average of 18.6°C in the first week to 12.6°C in the last 4 days before harvest, all measured to a height of 2 m. The lowest daily average temperatures were 13.6°C in the first week and 6.5°C in the last week before harvest, also measured to a height of 2 m. It is noteworthy that minimum temperatures at 5 cm were below 0°C for 3 days in the last 3 weeks and were, on average, below 10°C most of the time throughout the whole experiment. The fresh weights of romaine-type cvs. Attico and Larissa were higher when plants were grown under foils, i.e., the fresh weights of plants grown without foil shelter were 41.6 ± 7.7 g and 52.8 ± 9.8 g. Under foil treatments, fresh weights were considerably higher, ranging between 143.2 ± 15.2 g and 199.1 ± 30.7 g for cv. Attico and between 159.8 ± 17.3 g and 189.8 ± 29.5 g for cv. Larissa. Within the different treatments of radicchio-type cv. Indigo, there were no differences, with plant biomasses ranging from 37.8 ± 12.7 g to 56.8 ± 10.4 g. Cultivar Attico contained between 5.9% ± 0.3% and 7.0% ± 0.3% dry matter, cv. Indigo contained between 7.3% ± 0.5% and 10.7% ± 4.9%, and cv. Larissa contained between 4.8% ± 0.2% and 6.8% ± 0.1%. Consequently, there were differences between cultivars but not within treatments of the cvs. Attico and Indigo. Within cv. Larissa, the dry matter was highest in samples grown without foil (Table 2).
TABLE 2 | Dry matter, fresh weight, and carotenoid concentrations of three lettuce cultivars (Lactuca sativa L. and Cichorium intybus L.) grown under three different foils, control foil, reduced UVB foil, and low UV foil, compared to direct sunlight.
[image: Table 2]3.2 Carotenoids
The carotenoids β-carotene, lutein, and zeaxanthin were found in all lettuce samples. The highest concentrations of total carotenoids were found in cultivar Indigo, ranging from 816.3 ± 91.9 to 951.7 ± 70.5 µg per g dry matter (DM). Cvs. Attico and Larissa contained lower carotenoid concentrations below 370 µg per g DM. Those differences originated from higher lutein concentrations in cultivar Indigo up to 432.7 ± 33 µg per g DM, while the other two cultivars contained less than 200 µg lutein per g dry matter. Similar observations were made for β-carotene, where concentrations were highest in cv. Indigo, being higher than most samples of cv. Larissa (195.1 ± 45.0 to 346.2 ± 38.6 µg per g DM) and all samples of cv. Attico (204.4 ± 113.4 to 303.3 ± 25.6 µg per g DM). Concentrations of zeaxanthin were equally low among all cultivars and treatments, not surpassing 20 µg per g DM (Table 2). Differences based on foil treatments were not observed in this study. In addition, there are few differences between plants of the same cultivar grown under foils and those grown in direct sunlight. Only, within cv. Larissa, β-carotene concentration was lower under UVB reducing foils, causing a lower overall carotenoid concentration.
3.3 Phenolic substances
In total, seven phenolic substances were identified and quantitated during our experiments. Compound 1 (caffeoyltartaric acid), at a retention time of 6.3 min, had a deprotonated molecular ion of m/z 311.04169 and fragment ions of m/z 179.03259, 149.00841, and 135.04549, which were identified as deprotonated caffeic acid and tartaric acid. Compound 2 (caffeoylmalic acid; retention time: 9.8 min) had a deprotonated molecular ion of m/z 295.04684, with fragment ions of m/z 135.04198 and 115.00678 m/z, representing deprotonated malic acid and an unidentified fragment, respectively. Compound 3 was identified as chicoric acid due to its molecular ion of m/z 473.0735 and fragment ions of m/z 311.04077, 179.03500 (deprotonated caffeic acid), and 149.00978 (deprotonated tartaric acid). Compound 4 was identified as quercetin-3-glucuronide with a molecular ion of m/z of 477.06726 and fragment ions of m/z 301.03436 (deprotonated quercetin) and 151.00365 (characteristic A− ring). Compound 5 was identified as kaempferol-3-glucuronide with a molecular ion of m/z 461.07239 and a fragment ion of m/z 285.03986 (deprotonated kaempferol). Compound 6 was identified as quercetin-3-malonylglucoside, based on the molecular ion of m/z of 549.0885 and its fragment ion of m/z 300.02664 (twice deprotonated quercetin). Compound 7 was identified as 3-5-dicaffeoylquinic acid due to its molecular ion of m/z of 515.11859, with fragment ions of m/z of 191.0656 (deprotonated quinic acid) and 179.03479 (deprotonated caffeic acid) (Table 3).
TABLE 3 | UV spectra and mass spectrometric data (deprotonated molecular ions and fragment ions in MS2) of characteristic phenolic substances from lettuce (Lactuca sativa L. and Cichorium intybus L.).
[image: Table 3]Phenolic substances varied largely between cultivars, with cv. Indigo having the highest concentration in total phenols, reaching up to 164.2 ± 10.9 mg per g DM. The highest concentrations within other cultivars were considerably lower, reaching 93.7 ± 9.1 mg per g DM in cv. Larissa and 63.0 ± 7.7 in cv. Attico. It is noteworthy that the highest concentrations were always reached in samples in full sunlight. Cv. Indigo had the highest concentration in phenols under UVB-shielding foils, while the lowest concentrations were found under control foils and UV-shielding foils. The concentration of all flavonoids, including that of kaempferol-3-glucuronide, was highest in treatments under full sunlight and under UVB radiation-shielding foil. The concentration of phenolic acids, other than chicoric acid, was considerably lower, with only caffeoylmalic acid surpassing 10 mg per g DM. However, in contrast to flavonoid concentrations, we could not observe any differences in phenolic acid concentrations within the treatments. Within cvs. Attico and Larissa, there were no differences between different foil treatments. The most abundant phenol in cv. Indigo was chicoric acid, reaching 61.0 ± 5.0 mg per g DM, followed by the flavonoids quercetin-3-glucuronide and quercetin-3-malonylglucoside, reaching a maximum concentration of 44.1 ± 5.3 and 34.1 ± 1.4 mg per g DM, respectively. Regarding the cvs. Attico and Larissa, being low in phenolic substances, concentrations of quercetin-3-glucuronide, quercetin-3-malonylglucoside, and kaempferol-3-glucuronide were 16.4 mg per g DM or lower, regardless of the applied treatment. Still, plants grown under foils were lower in quercetin-3-glucoronide and quercetin-3-manonylglucoside than plants grown in direct sunlight. Chicoric acid was found in the highest concentrations of 28.9 ± 3.6 and 44.7 ± 2.6 mg per g DM in untreated plants of cvs. Attico and Larissa, respectively. In cvs. Attico and Larissa, concentrations of chicoric acid and caffeoyltartaric acid were highest under full sunlight, while in cv. Indigo, concentrations were highest in samples grown under full sunlight and under UVB-shielding foils. Furthermore, in cv. Indigo, concentrations of quercetin-3-glucuronide and kaempferol-3-glucuronide were highest under UVB-shielding foils, reaching values comparable to those under full sunlight (Table 4).
TABLE 4 | Phenolic substance concentrations of three lettuce cultivars (Lactuca sativa L. and Cichorium intybus L.) grown under three different foils, control foil, reduced UVB foil, and low UV foil, compared to direct sunlight.
[image: Table 4]3.4 Sesquiterpene lactones
In total, six sesquiterpene lactones (STLs) were identified and quantitated. Compound 1 (1(S),13-dihydrolactucin) was identified due to its characteristic mass of m/z 279.12231 (a protonated molecular ion; theoretical mass m/z 279.12270) and its fragment ions of m/z 161.09557 and m/z 169.096116. Peaks 2 and 3 were identified as lactucin and 8-deoxylactucin due to their characteristic masses of m/z 277.10992 12231 (a protonated molecular ion; theoretical mass m/z 277.10705) and m/z 261.11102 (a protonated molecular ion; theoretical mass m/z 261.11214) with their fragments of m/z 185.06290 and m/z 213.08601, as well as m/z 188.55617 and m/z 197.09373. Additionally, the fragmentation of both parent ions led to a loss of CO2 from the lactone ring, H2O, and two protons (m/z 213.08601 and m/z 197.09373) and C2H2 (m/z 185.06290 and m/z 188.55617). For compound 4, a mass of m/z 263.12872 (a protonated molecular ion; theoretical mass m/z 263.12779) and a fragment ion of 199.11098 m/z (loss of CO2 from the lactone ring, H2O, and two protons) were found. Compounds 5 and 6, identified as 11(S),13-dihydrolactucopicrin and lactucopicrin, respectively, were identified according to their characteristic masses of m/z 413.15958 (a protonated molecular ion; theoretical mass m/z 413.16007) and m/z 411.14243 (a protonated molecular ion; theoretical mass m/z 411.14493). The loss of 4-hydroxyphenylacetic acid (152.0473 u) was only observed for 11(S),13-dihydrolactucopicrin and resulted in a m/z 261.11237 fragment (Table 5). STL concentrations were highest in radicchio-type lettuce cv. Indigo with concentrations up to 127.0 ± 23.0 µg per g DM. In butterhead- and romaine-type lettuce cvs. Larissa and Attico, STL concentrations did not surpass 30 µg per g DM. 11(S),13-dihydrolactucin, lactucin, and lactucopicrin were found in all samples, while in cv. Indigo, all six different aforementioned STLs were tentatively identified. Lactucopicrin was the most abundant STL in cvs. Indigo, reaching up to 46.3 ± 7.2 µg per g DM. In cvs. Larissa and Attico, concentrations of 11(S),13-dihydrolactucin, lactucin, and lactucopicrin reached a maximum of 5.5 ± 2.7, 8.4 ± 5.6, and 11.3 ± 1.9 µg per g DM, respectively. Overall, the highest STL concentrations were reached under UV-shielding foils, while differences between other treatments were not significant in cvs. Attico and Indigo. However, in cv. Larissa, concentrations of STLs were highest in direct sunlight and control foils. In contrast to other STLs, concentrations of lactucopicrin were highest under UV-reduced conditions in cv. Indigo, surpassing all other treatments. Furthermore, high concentrations of 11(S),13-dihydrolactucopicrin were reached under the same conditions. In detail, within cv. Indigo, differences between UV-shielding foils and UVB-shielding foils were observed for total STLs, 11(S),13-dihydrolactucopicrin, and lactucopicrin, while differences between other treatments were less pronounced (Table 6). Within the same cultivar, concentrations of 11(S),13-dihydro-8-deoxylactucin were highest in plants grown in direct sunlight, whereas there was no difference between foil treatments. No further differences in concentrations of 11(S),13-dihydrolactucin, lactucin, and 8-deoxylactucin regarding the foliar treatments were observed. Cvs. Attico and Larissa were so low in STLs overall, and their composition was limited to 11(S),13-dihydrolactucin, lactucin, and lactucopicrin (Table 6). Within cv. Attico, there were no differences between all four treatments. In cv. Larissa, the concentrations of 11(S),13-dihydrolactucin and lactucin were higher in direct sunlight and control foils when compared to UV- and UVB-shielding foils. Concentrations of lactucin and total STLs were also highest in direct sunlight and control foils, but differences from the other treatments were smaller (Table 6).
TABLE 5 | Mass spectrometric data (protonated molecular ions and fragment ions in MS2) of characteristic sesquiterpene lactones from lettuce (Lactuca sativa L. and Cichorium intybus L.).
[image: Table 5]TABLE 6 | Sesquiterpene lactone concentrations of three lettuce cultivars (Lactuca sativa L. and Cichorium intybus L.) grown under three different foils, control foil, reduced UVB foil, and low UV foil, compared to direct sunlight.
[image: Table 6]3.5 Antioxidant activity measured by DPHH, TEAC, and TPC assays
Antioxidant activity, measured by DPPH, was highest in cv. Indigo, ranging between 1.2 ± 0.1 and 1.8 ± 0.8 mmol Trolox equivalent per 100 g FW, while the antioxidant activity of cvs. Larissa and Attico remained at a maximum of 0.8 ± 0.1 and 0.6 ± 0.1 mmol Trolox equivalent per 100 g FW, respectively. It is noteworthy that there were no differences between different treatments of the cv. Indigo, while antioxidant activity was measured highest in samples grown in direct sunlight in cvs. Attico and Larissa. Analogously, the highest antioxidant activity was measured in samples grown in direct sunlight in cv. Larissa, while no differences in cvs. Indigo and Attico were observed in the TEAC assay. The results of the TPC assay were different from those of the used DPPH and TEAC assays. The highest concentrations of 38.6 ± 2.2 to 64.1 ± 7.5 mmol Trolox equivalent per 100 g FW were observed in cv. Attico, being higher than those of most samples of cvs. Indigo and Larissa (up to 16.6 ± 7.5 and up to 37.4 ± 7.2 mmol Trolox equivalent per 100 g FW, respectively). It is noteworthy that within cv. Larissa, antioxidant activity was highest in samples grown under UV- and UVB-shielding foils (Table 7).
TABLE 7 | Antioxidant activity measured by DPPH, TEAC, and TPC assays of three lettuce cultivars (Lactuca sativa L. and Cichorium intybus L.) grown under three different foils, control foil, reduced UVB foil, and low UV foil, compared to direct sunlight.
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4.1 Plant size
Lettuce plants of the cvs. Attico and Larissa were heavier by factors 2 and 4, respectively, when grown under foils compared to plants grown under direct sunlight, clearly indicating the growth advantage of such systems under unfavorable late summer to autumn conditions. The transfer of plants was conducted in August with still high night and day temperatures. However, average temperatures dropped drastically within the short 6-week cultivation period. Especially, night temperatures were below 10°C for most nights during the experiment and did occasionally drop below 5°C. Those plants grown under foils could directly benefit from limited heat loss under foils. However, plants of the cv. Indigo did not differ in weight between the treatments. Comparable observations were made by Yordanova et al. (2021), who found lettuce cultivars to differ in their response to foil treatments with UV-shielding geotextile, green polyethylene, and reinforced and stabilized polyethylene foils during the winter season, with some foils providing an advantage over other foils only for some cultivars. Thus, those foil systems can increase the productivity of lettuce production when facing unfavorable environmental conditions (Santos et al., 2009; Wallace et al., 2012). However, temperature differences between foil treatments and direct sunlight are usually limited to 2°C–3°C (Harbart et al., 2023). During our study, differences in dry matter were widely irrelevant, and contrary results were also published by Santos et al. (2009), who found higher dry matter in lettuce cultivated under foils.
4.2 Carotenoids
The carotenoids β-carotene, lutein, and zeaxanthin were quantitated in lettuce, which are in accordance with Mou (2005), Park et al. (2014), and Burns et al. (2003). The highest concentrations of 951.7 ± 70.5 µg per g DM in cv. Indigo were comparable to those concentrations found by Park et al. (2014), who found up to 856.41 ± 24.12 µg per g DM in green lettuce. Radicchio-type lettuce cv. Indigo clearly surpassed the carotenoid concentrations of butterhead- and romaine-type lettuce cvs. Larissa and Attico. Those cultivar- or type-dependent differences were previously found by Mou (2005), who reported the highest concentrations in cultivated romaine lettuce, followed by red leaf- and butterhead-type lettuce. These findings are in contrast to our results, which were limited to one cultivar per lettuce type. However, a correlation between β-carotene and lutein concentrations was found, both being analogously higher in radicchio-type lettuce Indigo. Concentrations of zeaxanthin were low throughout the experiment and did not differ between cultivars or treatments. Furthermore, only in cv. Larissa, an effect of the treatments was observed for β-carotene. This is in contrast to Caldwell and Britz (2006) and Harbart et al. (2023), who found increased β-carotene, lutein, and neoxanthin concentrations after a supplemental UVA and UVB treatment of 16 lettuce cultivars, and under polytunnel treatment. In contrast to our experiment, Caldwell and Britz (2006) used supplemental light under controlled greenhouse conditions to add UV radiation, while we used outdoor conditions with foils with filtering capacities to reduce UV radiation. Ferrón-Carrillo et al. (2021) also found altered carotenoid concentrations in lettuce after different LED treatments. In a previous study, different shading intensities (based on the cardinal directions) had little to no effect on carotenoids in kale (Bayer et al., 2022). It is noteworthy that Harbart et al. (2023) reported no differences between foil treatments and their control on a transcriptional level (phytoene synthase), suggesting a post-transcriptional regulated effect that increased carotenoid concentrations but was not observed in our study. However, such post-transcriptional regulation might explain the diverse results reported in the literature.
4.3 Phenolic compounds
In agreement with Materska et al. (2019), who provided additional 1H and 13C NMR spectra, compound 1 was tentatively identified as caffeoyltartaric acid, while compound 2 was tentatively identified as caffeoylmalic acid. Compound 3 was tentatively identified, due to the characteristic fragmentation pattern, as chicoric acid (Schütz et al., 2005; Materska et al., 2019). Analogously, compound 4 was tentatively identified as quercetin-3-glucuronide in agreement with Materska et al. (2019), while compound 5 was tentatively identified as kaempferol-3-glucuronide in accordance with Llorach et al. (2008) and Weiland et al. (2023). Compounds 6 and 7, due to their characteristic masses and fragmentation patterns, were tentatively identified as quercetin-3-malonylglucoside and 3-5-dicaffeoylquinic acid (Materska et al., 2019). Phenolic substances in lettuce comprised flavonoid glycosides based on kaempferol, quercetin, and caffeic acid derivatives chicoric acid, caffeoyltartaric acid, caffeoylmalic acid, and dicaffeoylquinic acid. Total phenol concentrations were cultivar-dependent, with radicchio-type lettuce Indigo clearly surpassing the concentrations in butterhead- and romaine-type cvs. Larissa and Attico. Low concentrations of total phenols have previously been reported by Llorach et al. (2008) in romaine-type lettuce. In romaine- and butterhead-type cvs. Attico and Larissa, phenolic acids represented 65% of all phenols, with flavonoids being present in lower proportions. This is in agreement with the findings of Llorach et al. (2008), who found phenolic acids to account for 70% of all phenols in romaine-type cultivars. In radicchio-type lettuce, concentrations of phenolic acids and flavonoids were 50% each. Such differences in phenol composition between lettuce types are common in lettuce, but might favor phenolic acids by up to 95% (Llorach et al., 2008; Becker et al., 2013). Concentrations were overall comparable with concentrations found in other research studies (Llorach et al., 2008). Important and highly concentrated phenolic substances were chicoric acid, quercetin-3-glucuronide, and quercetin-3-malonylglucoside (Table 4), while Romani et al. (2002) found additionally high concentrations of chlorogenic acid. In the same study, Romani et al. (2002) reported an increased flavonoid concentration in open-air cultivated lettuce in comparison to greenhouse-grown lettuce. This is in agreement with our findings, where relevant phenolic substances, such as chicoric acid, quercetin-3-glucuronide, and quercetin-3-malonylglucoside, were higher when grown under direct sun exposure in all cultivars. Furthermore, Harbart et al. (2023) found a more than 2-fold decrease in flavonoids when growing lettuce under foils with or without an antifog additive, which was due to a decrease in quercetin glycoside concentrations. Behn et al. (2010) also found increased quercetin concentrations in lettuce plants grown under additional UVB light. It is noteworthy that those increased quercetin concentrations were limited to cultivation periods where different UVB conditions were applied and vanished after the treatment. The lower concentrations of quercetin derivatives under UV-shielding foils are in agreement with previous findings that UVB radiation enhances the accumulation of those polyhydroxylated flavonoids (Neugart and Schreiner, 2018; Assumpção et al., 2019). However, concentrations under UVB-shielding foils were higher and lowest under UV-shielding foils. This might be explained by the actual proportional UV light reduction of the used foil. UVB-shielding foils reduced UVB radiation to 23% of the original terrestrial conditions, while UVA was transmitted to 66%. However, the UV-shielding foil was more effective against both wavelengths, blocking almost all UV light (Table 1). However, monohydroxylated kaempferol flavonoids were also found in elevated concentrations under UVB-shielding foils and were reported to be less affected by UVB radiation (Neugart and Schreiner, 2018; Weiland et al., 2023). It is noteworthy that, within cvs. Attico and Larissa, differences were only observed for chicoric acid, which was more concentrated in direct sunlight. However, within cv. Indigo, differences in concentrations were observed for chichoric acid only in plants grown under UV-shielding foils. Consequently, these results are only partly in agreement with those of Assumpção et al. (2019), who found an accumulation of caffeoyltartaric acid, caffeoylquinic acid, and caffeoylmalic acid after additional LED-emitted UVB exposure. However, the used foils were generally efficient in absorbing UVB light but were not able to block all UV radiation (Table 1). Additionally, the results suggest that some cultivars, presumably those low in polyphenols, are not affected by UV-blocking foils. In general, concentrations of phenolic substances were reduced by 20%–60% by applying foils. Thus, to achieve high concentrations of phenolic substances under foils, suitable and partly UV-transmissive foils should be used for some cultivars. However, acquiring special foils to specifically allow certain wavelengths to pass through can be quite challenging and may not be specific enough to target only phenolic substances. For scientific research, however, this uncertainty is a clear disadvantage against indoor experiments with targeted LED applications. The clear response of polyphenols under foil treatment is due to a reduced expression of chalcone synthase in lettuce, which was recently reported by Harbart et al. (2023), also leading to reduced concentrations of phenolic substances.
4.4 Sesquiterpene lactones (STLs)
In agreement with Wulfkuehler et al. (2013), all STLs were tentatively identified according to their characteristic protonated molecular ion and their fragment ions (Table 5). Additionally, mass spectrometric data were compared to the results of Sessa et al. (2000), who additionally confirmed lactucin and compound lactucopicrin by 1H NMR data. Sesquiterpene lactone concentrations distinguished clearly between sesquiterpene lactone-rich radicchio-type lettuce Indigo, reaching up to 127.0 ± 23.0 µg per g DM, with a reputed bitter taste, and mild romaine- and butterhead-type lettuce cvs. Attico and Larissa, reaching only concentrations below 30 µg per g DM. Those differences are in accordance with those found by Seo et al. (2009), who found 14.6–67.7 µg per g DM STLs. The most prominent STLs were 11(S),13-dihydrolactucopicrin, lactucopicrin, and lactucin in cv. Indigo and lactucopicrin and lactucin in cvs. Attico and Larissa in accordance with Abu-Reidah et al. (2013). Most notably, STL concentrations in cv. Indigo were highest under UV-shielding foils. This effect was due to a high concentration of 11(S),13-dihydrolactucopicrin and lactucopicrin. Analogously, lactucin concentrations were not affected by foliar treatment. Thus, there was a shift in overall STL composition from lactucin toward lactucopicrin dependent on reduced UVB radiation. This observation was observed in all three cultivars. However, romaine-type cv. Attico was not affected by its total STL concentration. Thus, the effects of our treatments were mainly observed when cultivars with a high STL concentration were used. Within cv. Indigo, UV-shielding foils were more effective in increasing STL concentrations, and 11(S),13-dihydrolactucopicrin and lactucopicrin in particular, than UVB-shielding foils. It is noteworthy that UV-shielding foils were most effective in shielding UVA and UVB radiation. Thus, those results suggest a negative correlation between UV radiation and lactucopicrin and its derivatives. Reports on the influence of light conditions and UV radiation, in particular, are rare in the literature. However, Kitazaki et al. (2018) reported an increase in several STLs after exposing lettuce to green light, and Scavo et al. (2020) reported manifold increases in STL concentrations in cardoon leaf extracts (Cynara cardunculus L.) after shading. In agreement with our phenolic substance results, an exposure to artificial UV light under indoor conditions might be favorable. For sensory experience of lettuce, such differences between shading and an open field can result in an increased bitterness (Zhao and Carey, 2009) and need to be addressed in sensory studies in the future.
4.5 Antioxidant activity
Antioxidant activity was comparable to the previously found results for phenolic substances. The phenol-rich cv. Indigo also had higher DPPH and TEAC values than the phenol-poor cvs. Attico and Larissa. Reduced antioxidant activity was observed across varieties based on reduced light intensity during the foil treatment, as a direct consequence of the reduced concentrations of polyphenols. This is in agreement with Samuolienė et al. (2013), who found increased antioxidant activity after exposure to supplemental UV light, while we found decreasing antioxidant activities after reducing the UV light dose by foil treatments. However, the TPC assays differed from our DPPH and TEAC assays by displaying extremely low values for cultivar Indigo. Similar results were also reported by Sutulienė et al. (2022), who found higher antioxidant activity in DPPH, ABTS, and FRAP assays, while the results of TPC assays were less conclusive. Presumably, other substances, such as STLs, might interfere with this rather unspecific assay.
5 CONCLUSION
The application of foil tunnels is a widely accepted method of prolonging cultivation periods for different horticultural crops. We could show that these foils influence health-related phenolic substances and taste-relevant STLs, while carotenoids remained widely unaffected. Furthermore, we could show that light conditions are important for STL accumulation in lettuce and that UVB-shielding foils can increase STL concentrations, namely, lactucopicrin concentrations. While the results and metabolic explanations for phenolic substances are quite clear, for carotenoids, there are still contradictory results and open research questions regarding their accumulation under different light conditions. Sesquiterpene lactones, however, are underrepresented in this field of research. For more practical applications, foils with a specific transmission potential for physiologically active wavelengths of the terrestrial spectrum are still limited, and foils suitable for agriculture are lacking. Therefore, the application of supplemental and LED-emitted light might be more suitable for scientific research. Those findings might be of significance for researchers working on consumer acceptance, insect repellent effects of STLs, and health-beneficial effects of STLs in the focus of growing indoor cultivation and foil-protected agriculture.
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