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Due to several benefits regarding human health, the flavonoid rutin gains interest in nutrition and pharmaceutical industry. In order to satisfy high quality standards during cultivation and the final product, plants are grown increasingly in controlled environments with LED-technology as artificial light source. In this study the effect of various light settings on rutin content and biomass of Levisticum officinale was investigated. For continuous tracking of the biomass during cultivation, RGB-Images were taken. The actual biomass after harvest showed a strong positive correlation with the number of leaf-pixels detected via image processing (R2 = 0.937). Concerning the effect of UV-B radiation on rutin synthesis, time of synthesis was investigated. Two days after UV-B treatment a significant increase in rutin was observed. A short exposure time in combination with a high irradiance of 1 W m2 also showed positive effects on the rutin content in lovage. No significant effect of UV-B light on fresh weight was shown, but the combination of supplementary green light and high total photosynthetic photon flux density (PPFD) resulted in an increase of biomass.
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1 Introduction

Indoor farming and controlled environment agriculture systems (CEA) show enormous potential regarding sustainable plant cultivation close to the consumer. In CEA systems it is possible, to control abiotic stress scenarios, which are associated with targeted influences on plant quality (Espinosa-Leal et al., 2022). However, there is still a need for development and research, especially with respect to energy use and cultivation parameters. Depending on plant species, different lighting is required regarding yield and plant quality. Numerous studies focus on the effect of lighting on biomass or secondary metabolites, but the results are mostly plant-specific and cannot be transferred to other plant species without restrictions. This is particularly the case in terms of plant quality and the biosynthesis of phenolic compounds.

In our review from 2020, we point out partially contrary results of the effect of various light treatments on flavonoid content, even for plants belonging to the same family or variety (Thoma et al., 2020). Based on our results from 2022 regarding rutin content in lovage (Levisticum officinale W.D.J KOCH), no clear significant effect of specific wavelength components could be shown (Wack et al., 2022). No significant difference between two relatively high proportions of green light (20 and 40% of the total photosynthetic photon flux density (PPFD)) where shown. The presented study focuses on the effect of light on fresh weight (FW) and on rutin content in lovage. Following on from our previous studies, we answer the question, if relatively low green light proportions show significant effects on FW and rutin content. Additionally, the effect of UV-B light is investigated.

Lovage belongs to the Apiaceae family, and its leaves are often used as herbs for example in European cuisine. The roots are known to show high abundance of various essential oils containing monoterpenes and phthalides (Spréa et al., 2020). Beside essential oils, lovage plants contain valuable secondary metabolites. In comparison to dill (Anethum graveolens), parsley (Petroselinum crispum) and celery leaves (Apium graveolens L.), all belonging to the Apiaceae family, lovage shows the highest content of phenolic compounds and flavonoids, as well as the strongest antioxidant activity (Nour et al., 2017). Rutin is one of the dominant flavonoids in Levisticum officinale (Tvrda et al., 2019). Due to its anti-inflammatory and antioxidant properties, rutin has become increasingly important for the pharmaceutical industry (Meinhart et al., 2020). Promising results treating Alzheimer’s disease in rats with rutin were shown by the group of Moghbelinejad et al. (2014). Also, the treatment of renovascular hypertension in rats with rutin showed positive effects (Kaur and Muthuraman, 2016). Mascaraque et al. investigated the positive, anti-inflammatory effect of rutin treating colitis in mice (Mascaraque et al., 2014). These free radical scavenging properties are not only helpful for animals, but also for the plant itself. Additionally, it protects the plant against ultraviolet radiation (UV), since it is located in the upper epidermis of leaves and shows distinct absorbance in the UV-domain. For this reason, the triggering of the biosynthesis of rutin via exposure with UV light and other wavelength is conclusive.

In their review, Neugart and Schreiner summarize positive effects of UV-radiation in general on secondary metabolism in agricultural crops (Neugart and Schreiner, 2018). Several research groups investigated the effect of light on rutin synthesis using the example of buckwheat (Fagopyrum esculentum) (Suzuki et al., 2005; Tsurunaga et al., 2013; Seo et al., 2015; Nam et al., 2018). A combination of blue (B), red (R) and white (W) LEDs showed optimal results regarding rutin content in buckwheat (Seo et al., 2015). Huang et al. describe a significant increase of rutin and quercetin content in buckwheat plants under UV-B exposure (Huang et al., 2016). Kreft et al. showed that UV-B radiation stimulate rutin accumulation in buckwheat plants; especially in the leaves (up to 97%) and to a certain degree as well in the flowers (up to 17%). When increasing the UV-B radiation the rutin accumulation is decreasing (Kreft et al., 2002). The work of Gumerova et al. showed that a small B:R ratio or a relatively big amount of red light, resulted in a significantly higher rutin content (Gumerova et al., 2021). Most studies about lovage investigate its essential oils, their composition or germination response (Raal et al., 2008; Khodashenas et al., 2015; Spréa et al., 2020). Wack et al. found one of the significant parameters regarding rutin concentration in lovage was light intensity and developed a new extraction method for rutin (Wack et al., 2022). Furthermore, Lima et al. aimed in their study to evaluate the influence of red, blue and white and as well monochromatic light associated or not with UV-B on photosynthetic performance and phenolic compound production in microtomato plants cultivated via vertical agriculture. They identified that plants grown under blue light plus UV radiation had high photosynthetic rates and the fruits at all maturation stages from plants grown under blue light and blue light plus UV radiation had high rutin contents (Lima et al., 2023).

In this study, we investigate the effect of supplementary green light and total PPFD, of supplementary UV-B light, its exposure time, and the effect of the time of synthesis on fresh weight and rutin content in Levisticum officinale.



2 Materials and methods


2.1 Plant material and growth conditions

Three different experiments were conducted in a closed indoor cultivation room. For each experiment Levisticum officinale (seeds from SPERLI GmbH) was cultivated for 50 days under artificial LED light at a PPFD of 245 ± 12.5 μmol m−2 s−1, a photoperiod of 16/8 h of light/dark. The temperature was kept at 18/23 ± 1°C (night/day), the relative humidity at 68/78 ± 3% and CO2 content at 460 ± 60 ppm. The plants were cultivated in soil (seedling substrate, pH = 5.5, low level of nutrients) in cultivation trays (6 × 10 pots) using an automated ebb & flood irrigation system. Trays were watered every 2nd day for 5 min.



2.2 Light treatments

For all experiments, LED fixtures (GND Solutions GmbH) with four channels having peaks at 445, 660, 730 nm and white (5,000 K) where used. For pre-cultivation and for control groups, a blue to red ratio (B:R) of 1:1.7 was applied including 10% green light (500–600 nm) using white LEDs (Figure 1, black line). The total PPFD of 245 ± 12.5 μmol m−2 s−1 was measured using an integrating sphere with a spectrometer (CAS 140 CT array spectrometer, Instrument Systems) at the level of the canopy. The variance of ±12.5 μmol m−2 s−1 resulted from heterogenic light emission due to positioning of plants at the center or the edge of the cultivation area.
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FIGURE 1
 Light spectrum used for study III. Spectrum without UV-B was used for pre-cultivation (black).



2.2.1 Study I

In a first experiment, the effect of the total PPFD and green light on FW and rutin content was investigated employing a two-factorial design. Both factors were varied on two levels. The total PPFD was set to 135 and 223 μmol m−2 s−1, the relative amount of green light using white LEDs was set to 10 and 20% of the total PPFD (Figures 2A,B). The B:R ratio was kept constant at 1:1.7 for all four groups.
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FIGURE 2
 (A,C,E) Show the duration of lighting treatments of three studies. (B,D,F) Show the experimental designs with their corresponding factors and levels. In study I (A,B), four groups with varying amount of green light and varying PPFD were investigated. In study II (C,D), three groups with varying time of synthesis including a control group were investigated. In study III (E,F), five groups with varying UV-B irradiance and varying UV-B exposure time including a control group were investigated.




2.2.2 Study II

In order to investigate the effect of the time of synthesis tsynth on FW and rutin content, plants were exposed to supplementary UV-B light at EUV-B = 1 W m−2 for 5 h (Figures 2C,D). The factor tsynth was varied on 3 levels, 1 d, 2 d and a control group without supplementary UV-B radiation.



2.2.3 Study III

Employing a balanced two-factorial design including a control group, the effect of UV-B irradiance and exposure time tExp on fresh weight and rutin content was examined (Figures 2E,F). The UV-B irradiance was varied on two levels with EUV-B = 0.5 and 1 W m−2 (Figure 1) with a time of synthesis of 2 d. The two levels of the exposure time were set to tExp = 5 and 10 h.




2.3 Analysis of rutin content and fresh weight

For the determination of fresh weight (FW) and rutin content, leaves and stem were weighed and analyzed. The biomass was frozen using liquid nitrogen (−196°C) in order to reduce the potential effect of a volatile behavior of metabolites. Afterwards, the water content was reduced using a vacuum freeze dryer. For determining the exact amount of the total water content, a part of each sample was dried completely at 105°C for 24 h and the weight difference was measured. The remaining part of the sample was mechanically dispersed and stirred in an extraction solution (49.5% H2O, 49.5% Ethanol and 1% HCl) for 2 h at 22°C in darkness. To remove solid compounds from the extract, the viscous biomass was filtered using filter paper. Rutin content of the extract was determined via high performance liquid chromatography (HPLC, HPLC 1200 Quat Pump, Agilent Technologies) and related to dry weight (DW).

The FW was measured gravimetrically. Parallel, RGB cameras (red, green, blue color model) and image recognition techniques were used and the correlation between real FW and number of leaf pixels was investigated. Of each group, images were taken hourly during light period. Image processing and the calculation of the number of leaf pixels in each image was done in python. This was achieved by converting the images from RGB to hue, saturation, value domain (HSV color model) and setting pairs of threshold values: Hue (0–179): 0–70, Saturation (0–255): 25–170 and Value (0–255): 60–255.

In order to remove false detected pixels e. g. areas of soil, which show a smaller area of connected pixels, a small-bloob filter was applied. Selected regions having a contour less than 110 pixels were identified and subtracted from the number of leaf pixels. For each image at the end of cultivation, the number of leaf pixels and the corresponding FW was analyzed in terms of correlation. For the linear regression model, 144 samples were considered.



2.4 Statistical analysis

The data were analyzed in R Software (4.2.1) using the package ggplt2 for plotting (R Core Team, 2022). For the experiments, either one – or two-factorial designs were used. Each group consisted of n = 8 samples each containing 18 plants. To identify significant differences between groups, general linear models (GLM) were used, and analysis of variance (ANOVA) was performed. Assumptions of ANOVA were checked before, using Levene’s test (homogeneity of variances) and Shapiro–Wilk test (normality). Pairwise comparisons were done using Tukey post hoc test. If the normality assumption was violated, the Kruskal-Wallis test was applied. The results were considered as statistically significant at p ≤ 0.05.




3 Results

Lovage plants were monitored via RGB cameras, and the number of leaf pixels was detected via image processing algorithms. Figure 3 shows the linear regression between the number of leaf pixels and the fresh weight per plant determined gravimetrically. Considering 144 pairs of data, the coefficient of determination R2 was 0.94 with p < 2.2e-16. With increasing fresh weights, the data points disperse more due to leaf overlapping.

[image: Figure 3]

FIGURE 3
 Simple linear regression of the relationship between the number of leaf pixels and fresh weight per plant determined gravimetrically (n = 144).



3.1 Study I

The results indicate that the FW is not significantly affected by the total PPFD (p = 0.43), but in terms of relative amount of green light, a significant effect could be shown (p = 0.008). Additionally, the interaction of both factors exhibits a significant effect with p = 1.9e-7. For both combinations, either at a low PPFD and a low amount of green light as well as at a high PPFD and a high amount of green light, a relatively high FW was measured. Figure 4A shows the pairwise p-values resulting from Tukey test with their corresponding significance codes 0 “***” 0.001 “**” 0.01 “*” 0.05. Highest amount of FW was measured at PPFD = 135 μmol m−2 s−1 and 10% of green light. A high amount of green light is not beneficial at a low PPFD. The Tukey test also shows, that at a low amount of green light (10%) a low PPFD (135 μmol m−2 s−1) leads to a higher FW than a high PPFD (223 μmol m−2 s−1). The increased fresh weight at a low PPFD is due to an increased water content, since the dry weight for this group was relatively low compared to the group at a high PPFD (Figure 4B). Baligar et al. investigated water use efficiency parameters (e.g., shoot weight per transpired water over the entire cultivation period) on various legume cover crops and found increasing values with an increasing PPFD (Baligar et al., 2020). These water use efficiency parameters provide important insights into the ability of plants to use water for producing high dry weights.
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FIGURE 4
 (A) Fresh weight per plant, (B) dry weight per plant, and (C) rutin content under four different treatments with n = 8. Amount of green light (10 and 20%) and PPFD (135 and 223 μmol m−2 s−1) was varied. Each data point is the average value of 18 plants. TukeyHSD test (p < 0.05), significance codes: 0 “***” 0.001 “**” 0.01 “*” 0.05.


Considering the data points for the group at a low PPFD analyzed by image processing, the regression model predicts a lower FW than the measured one. The reason is an increased elongation of the plants, where the leaf position is directed towards the light source. Thus, the angle between leaf and camera is not perpendicular anymore and a smaller area of pixels is detected by the algorithm.

Regarding rutin content, a significant effect of total PPFD (p = 0.0003) and the interaction of total PPFD and relative amount of green light (p = 0.021) could be demonstrated. Similar to FW, an increased rutin content could be observed for simultaneously low and simultaneously high factor settings (Figure 4C). Especially at a high PPFD and a high amount of green light, rutin content increases. No significant effect for the factor relative amount of green light could be shown (p = 0.59).



3.2 Study II

According to the Shapiro Wilk test, the data concerning FW were not distributed normal but showed a right skewed distribution (p = 0.0027) and thus cannot be analyzed via ANOVA. A potential explanation for the data distribution due to positioning of plants and heterogenic light distribution was investigated via ANOVA. No significant effects were identified. The data were analyzed with the Kruskal-Wallis test and no significant effect of tsynth on FW was found (Figure 5A).
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FIGURE 5
 (A) Fresh weight per plant and (B) rutin content under three treatments with n = 8. Time of synthesis was varied. Each data point is the average value of 18 plants.


In contrast to that, a significant effect of tsynth on rutin content was observed with a p-value of 0.00026 between control group and the group with tsynth = 2 d (Figure 5B). The measured rutin content at tsynth = 2 d was almost twice as high as the values within the control group. At tsynth = 1 d no significant effect was observed (p = 0.108).



3.3 Study III

Due to right skewed data concerning FW (Shapiro Wilk test: p = 0.00027), Kruskal-Wallis test was used for variance analysis. As shown in Figure 6A, no significant effect on FW was found considering UV-B irradiance as well as exposure time (p = 0.061 and p = 0.32, respectively).
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FIGURE 6
 (A) Fresh weight per plant and (B) rutin content under five treatments with n = 8. UV-B irradiance (0, 0.5, and 1 W m−2) and UV-B exposure time (0, 5, and 10 h) including a control group were varied. Each data point is the average value of 18 plants.


In terms of rutin content, the data showed a slight heterogenic variance, which was confirmed by Levene’s test (p = 0.044). Since the p-value of Levene’s test is close to the significance level of α = 0.05, still an ANOVA was performed, but decreasing its significance level to α = 0.01. A significant effect of UV-B irradiance (p = 0.0044) and exposure time (p = 0.00023) was observed (Figure 6B). In comparison to the control group, the rutin content increased by 80% under supplementary UV-B at EUV-B = 1 W m−2 for 5 h. Exposing the plants for 10 h, rutin content is similar to the values within the control group.




4 Discussion

The fresh weight and the rutin content of Levisticum officinale was investigated under various light treatments.


4.1 Fresh weight

Regarding fresh weight, a certain amount of green light (20% of the total PPFD) shows beneficial effects in case the total PPFD is not too low. For being able to convert supplementary green light into chemical energy, it is necessary to exceed a certain threshold regarding the number of photons in the red and blue domain. For lovage, the threshold lies between 135 and 223 μmol m−2 s−1. This also means, that exposing lovage plants to a low PPFD, mainly blue and red light are responsibly for driving photosynthetic processes. Furthermore, it was shown that at a relative amount of green light of 10%, the FW of plants under 223 μmol m−2 s−1 is significantly lower than the FW of plants under 135 μmol m−2 s−1. The reason is a higher water content in plants exposed to a low PPFD. At supplemental proportions of green light at 20%, a significant increase of DW with increasing PPFD could be observed. For future experiments the additional investigation of water use efficiency parameters can provide valuable information regarding the production of DW and the effect of PPD (Baligar et al., 2020). Comparing the FW and DW results to the image processing data, an elongated growth can be observed for the group at a low PPPFD. Low light triggers phototropism processes in Levisticum officinale accompanied by an increased water content in order to enhance the amount of absorbed light.

Supplementary UV-B light does not show significant effects on the fresh weight of Levisticum officinale. The light harvesting complexes (LHC) being responsible for light absorption in terms of photosynthesis do not exhibit considerable absorption in the UV-B domain for lovage. Compared to lettuce (variety “Levistro”), supplementary UV-B light leads to a significantly decreased FW, but a slight increased DW. No effects could be observed for the red leaf variety “Carmoli” (Flores et al., 2023). These findings support the hypothesis, that the effect of light on biomass is specific for plant species.



4.2 Rutin content

With respect to our study from 2022, where no clear significance could be shown between the effect of two green light proportions (20 and 40% of the total PPFD) on rutin content, the presented work investigated the potential effect of lower green light proportions (Wack et al., 2022). The results indicate that green light as a sole factor does not have a significant effect, even at low levels. However, considering the interaction with a second factor, namely the PPFD, a trend is visible regarding the rutin content in lovage: exposing plants to a high PPFD of 223 μmol m−2 s−1 with a green light proportion of 20%, a small increase in rutin content is detectable (Figure 4C). It should be emphasized that this interaction is no significant effect, only a tendency.

The effect of different delay times (time of synthesis) between UV-B stress period and the measurement of rutin content were investigated. In Levisticum officinale a time of synthesis of 2 d showed a significant increase of rutin content. The cascade of light absorption via the photoreceptor UVR8, the consecutive change in gene expression and the final synthesis of rutin is in the order of 2 days. Additionally, a relatively short UV-B stress period of 5 h with an irradiance of 1 W m−2 is sufficient to significantly enhance the rutin content. Saad et al. for example found that the maximum response to salinity stress in Daucus carota cell culture took 9 days considering the total flavonoid content (Saad et al., 2021). The group of Altangerel compared the response of anthocyanin content in coleus plants after different stress treatments over time. Compared to saline stress, light stressed plants showed a significant increase in anthocyanins already after 36 h, whereas a significant response to saline stress was after 48 h (Altangerel et al., 2017). The response to light stress seems to be quicker than, e.g., to salinity stress, assuming a comparability between these two plants species.

Exposing lovage plants to a higher UV-B irradiance, the rutin content is not significantly affected with respect to the control group being not exposed to UV-B radiation. Due to the short exposure time, bleaching effects of already synthesized rutin do not play a major role. It seems, that high UV-B irradiances at 1 W m−2 disturb signal pathways of UVR8 and also the biosynthesis of rutin.

In order to enhance the rutin content of Levisticum officinale while having an increased fresh weight, we suggest a total PPFD at around 220 μmol m−2 s−1. Regarding the light spectrum, a B:R ratio of 1:1.7, supplementary green light (20% of the total PPFD) shows good results. Two days before harvest or intake through nutrition of lovage, supplementary UV-B light at 1 W m−2 for 5 h increase rutin content and thus the quality of the cultivar. For providing plants with high and constant quality, precise light recipes are essential, since already small variations can have significant effects not only in yield, but also in secondary metabolite content. Further research with respect to the increasing need of CEA systems is required, especially in terms of energy consumption.
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