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Editorial on the Research Topic 


Advanced technologies for energy saving, plant quality control and mechanization development in plant factory


We are facing global problems of food shortage and/or unstable supply, resource (land, water, fossil fuel, etc.) shortages and environment degradation. To solve these problems, we need to employ plant production systems with less resource consumption and environmental degradation for high yield and quality plant production. Plant factories with artificial light (PFALs) with the benefits of 1) high input resources use efficiencies; 2) clean, safe and nutrient-rich plant production without pesticides; 3) vertical cultivation with high plant density and annual productivity; and 4) attracting young laborers due to the comfortable and labor-saving working environment, can be considered as one of the above systems. However, some major problems, such as the high initial investment and running cost, still need to be solved in PFALs. To address and update our knowledge on “Advanced Technologies for Energy Saving, Plant Quality Control and Mechanization Development in PFAL,” we organized this Research Topic.




Plant quality control

Plant quality can be managed by environmental factors control. CO2 concentration exerts a substrantial impact on crop yield and quality as the source of carbon, while frequent CO2 deficiency in PFALs during the daytime limits the improvement of crop productivity. Wang et al. reviewed the current situation and research progress on CO2 enrichment systems, including characteristics, limitations, and control strategies. Plants have different morphological and physiological responses to specific light qualities and many plant species are more sensitive to red and blue lights. Li et al. aimed to evaluate the response of leaf photosynthesis, biomass accumulation, and growth of pepper seedlings under various proportions of mixed red and blue lights. The results indicated that the red-blue ratio of 3:1 was effective in improving photomorphogenesis and photosynthesis of sweet pepper plants, achieving higher biomass accumulation and energy utilization efficiency simultaneously. Zhang et al. conducted a study to clarify the effect of different spectral combinations on the growth, yield and nutritional quality of pea sprouts under a long photoperiod (22h light/2h dark). The red-blue ratio of 2:1 was suggested to be the suitable light quality combination for improving the growth and quality of pea sprouts under a long photoperiod. Li et al. investigated different light spectra on growth, nutritional quality and antioxidant property of winter wheat seedlings in a PFAL. The authors found that red light promoted carbohydrate accumulation in wheat seedlings, while blue light promoted the antioxidant level of wheat seedlings. The above studies can be helpful for light spectral formulating to improve plant growth, quality, and light use efficiency in PFALs. Lee and Goto explored the short-term effects of ozone exposure on the growth and accumulation of bioactive compounds in red lettuce leaves grown in a PFAL. The authors presented the efficiency and advantages of using ozone as an elicitor for bioactive compound accumulation in red leaf lettuce seedlings. Wittayathanarattana et al. presented a study to establish the short-term cooling root-zone temperature under controlled environments that could improve antioxidant capacity and bioactive compound accumulation in amaranth (Amaranthus tricolor L.) baby leaf without causing an abnormal appearance.





Computer vision and plant phenotype

Accurate and timely crop growth monitoring in PFALs is essential for management decision-making. Lin et al. proposed a multi-modal fusion-based deep learning model for automatically monitoring lettuce shoot fresh weight by utilizing RGB-D images. The model improved the fresh weight estimation performance by simultaneously leveraging the advantages of empirical geometric traits and deep neural features. The study suggests that the combination of multi-modal data fusion and deep neural and empirical geometric features is a promising approach for estimating fresh weight. Yoon et al. developed a model for predicting phenolic accumulation in kale (Brassica oleracea L. var. acephala) according to UV-B radiation interception and growth stage. The spatial distribution of UV-B radiation interception in plants was quantified using a ray-tracing simulation with 3D-scanned plant models. Plants adapt their photosynthetic and photoprotective pigment content to the surrounding environment, which means that changes in leaf biochemistry can be used as markers for detecting enhancements in plant nutritional quality and early warning signs of stress in PFALs, contributing to making production more efficient and precise. Cammarisano et al. proposed the use of leaf spectroscopy and mathematical modeling for non-invasive estimation of leaf pigments to monitor of plant cultivation. Ratios of pigments such as chlorophylls/carotenoids and anthocyanins/chlorophylls have demonstrated potential for indicating changes in plant stress status and nutritional quality enhancements.





Economic feasibility

Despite high expectations, the diffusion of commercial crop production in PFALs has been slowed down worldwide due to the significant initial investment and running costs. Uyeh et al. provided a decision tool that could facilitate improved decision-making in retrofitting PFALs and help efficiently facilitate mechanization and automation. The authors considered minimizing the total cost for retrofitting and maximizing the yearly net profit as two objectives and showed the usefulness of this methodology/software to compare the cost performance of different plant production systems. Zhuang et al. estimated the degree of the scale economies and found that lettuce is a well-established PFAL crop, but strawberry is not. The scale of PFALs is an important factor in determining the economic performance of PFALs’ crop production. They also found that PFALs’ crop production is highly sensitive, with a 30% decline in the lettuce price bring PFALs to bankruptcy, and a 20% increase in strawberries yield per unit transforming it into an economically viable PFAL crop. The results of their research can help access the economic feasibility of PFALs’ crop production. Lanoue et al. discovered an innovative lighting strategy that uses 24 hours of low- intensity lighting to provide the desired amount of light for plant growth. This lighting strategy reduces capital costs for light fixtures and electricity used for air conditioning since low-intensity lighting requires fewer light fixtures and reduces heat load from lighting and plant transpiration. The strategy increased yield and nutritional contents while reducing the electricity cost per unit of product, significantly improving the sustainability of microgreen production with PFALs.
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Ultraviolet-B (UV-B, 280–315 nm) radiation has been known as an elicitor to enhance bioactive compound contents in plants. However, unpredictable yield is an obstacle to the application of UV-B radiation to controlled environments such as plant factories. A typical three-dimensional (3D) plant structure causes uneven UV-B exposure with leaf position and age-dependent sensitivity to UV-B radiation. The purpose of this study was to develop a model for predicting phenolic accumulation in kale (Brassica oleracea L. var. acephala) according to UV-B radiation interception and growth stage. The plants grown under a plant factory module were exposed to UV-B radiation from UV-B light-emitting diodes with a peak at 310 nm for 6 or 12 h at 23, 30, and 38 days after transplanting. The spatial distribution of UV-B radiation interception in the plants was quantified using ray-tracing simulation with a 3D-scanned plant model. Total phenolic content (TPC), total flavonoid content (TFC), total anthocyanin content (TAC), UV-B absorbing pigment content (UAPC), and the antioxidant capacity were significantly higher in UV-B-exposed leaves. Daily UV-B energy absorbed by leaves and developmental age was used to develop stepwise multiple linear regression models for the TPC, TFC, TAC, and UAPC at each growth stage. The newly developed models accurately predicted the TPC, TFC, TAC, and UAPC in individual leaves with R2 > 0.78 and normalized root mean squared errors of approximately 30% in test data, across the three growth stages. The UV-B energy yields for TPC, TFC, and TAC were the highest in the intermediate leaves, while those for UAPC were the highest in young leaves at the last stage. To the best of our knowledge, this study proposed the first statistical models for estimating UV-B-induced phenolic contents in plant structure. These results provided the fundamental data and models required for the optimization process. This approach can save the experimental time and cost required to optimize the control of UV-B radiation.

Keywords: antioxidants, flavonoids, growth stage, light interception, plant factory


INTRODUCTION

Brassica species are vegetables containing high levels of nutrients and health-promoting phytochemicals (Francisco et al., 2017). Kale (B. oleracea var. acephala) is a functional food that benefits human health, supported by much scientific evidence, and is a rich source of bioactive compounds such as polyphenols and carotenoids with antioxidant capacity (AOC; Šamec et al., 2019). The biosynthesis of such bioactive compounds is improved through biotic and abiotic elicitation (Thakur et al., 2019). Ultraviolet (UV) radiation, especially Ultraviolet-B (UV-B; 280–315 nm), has been reported as an effective elicitor (Loconsole and Santamaria, 2021). Contrary to the long-held opinion that UV-B radiation is predominantly harmful to plants, recent studies have highlighted that a low fluence rate of UV-B radiation triggers distinct changes in the secondary metabolism, resulting in bioactive compound accumulation such as phenolics and flavonoids (Schreiner et al., 2012). The accumulation of phenolics in epidermal tissues acts as a sunscreen, and their innate antioxidant potential protects underlying sensitive tissues from UV-B-induced damage (Takshak and Agrawal, 2019). However, the localized accumulation may complicate the distribution of phenolics depending on developmental age and uneven UV-B exposure with leaf position (Csepregi et al., 2017; Yoon et al., 2021a).

Ultraviolet-B-induced metabolic changes are multifaceted in terms of optical, morphological, and physiological factors; therefore, the use of UV-B radiation requires more precise manipulation to enhance the phenolic content (Schreiner et al., 2012). The actual dose perceived by the plant tissue depends not only on UV-B intensity from the light source but also on various optical factors and the morphological structure of the plant (Schreiner et al., 2012). Even under natural light, the attenuation of UV radiation in the plant canopy is affected by the spatial distribution and angle of the leaves, which are difficult to mathematically describe (Aphalo et al., 2012). Even without plants, lighting conditions with various optical factors, such as lighting distance, physical light distribution, and spectral power distribution of light sources, affect the spatial light distribution simulated in a growth chamber (Hitz et al., 2019). In addition, the simulated light absorbed by leaves depends on planting density and lighting arrangement as well as the three-dimensional (3D) structure of the plant in a controlled environment (Kim et al., 2020).

The developmental stage of plants is a strong determinant of the stress response and susceptibility to various environmental stresses (Rankenberg et al., 2021). In some cases, physiologically young leaves showed higher sensitivity to UV-B radiation, resulting in higher amounts of phenolics, higher AOC, or a higher expression of phenylpropanoid pathway genes (Majer and Hideg, 2012; Rizi et al., 2021). Furthermore, phenolic changes were more affected by the developmental stage than by UV-B levels in pak choi plants (Heinze et al., 2018). However, young leaves, typically located near the top of the plant, are exposed to targeted lighting conditions, while older leaves rely on light penetration in the 3D structure of plants. The effect of the developmental stage cannot be separated from the positional light-exposure effect. For experimental purposes, positional UV-exposure effects can be avoided by selecting plants with a 2D structure (Majer and Hideg, 2012; Csepregi et al., 2017). The UV dose absorbed by the leaves in the 3D structure has been attempted to be quantified through simulation with a 3D-scanned plant model, and the UV exposure and developmental effects could be separately analyzed (Yoon et al., 2021a,b).

For the application of UV-B radiation to phenolic production, a common strategy is to find a combination of UV-B-related factors, such as UV-B dose (fluence rate and duration), timing (plant developmental stage at which UV-B exposure is initiated), or wavelength/type of UV-B (Schreiner et al., 2009; Sun et al., 2010; Rechner et al., 2016; Dou et al., 2019). Traditional UV-B lamps are prone to causing photosynthetic damage to plants due to their broadband wavelength range, including shorter wavelengths close to UV-C (100–280 nm) and excessive and difficult-to-control energy (Mosadegh et al., 2019; Yoon et al., 2020). Recently, the performance of light-emitting diodes (LEDs) has advanced enough to provide light of the desired wavelength and intensity for plants (Kneissl et al., 2019; Loi et al., 2020; Paradiso and Proietti, 2021). Narrowband UV-B LEDs have also been applied at low doses to enhance health-promoting compound accumulation without damaging plants (Wiesner-Reinhold et al., 2021). Since the application of UV-B radiation incurs additional energy costs, either UV-B energy efficiency or maximum phenolic production should be pursued in controlled environmental agriculture. Prediction of UV-B-induced phenolic content will allow us to find the optimal UV-B conditions for maximizing phenolic production.

Statistical modeling has widely been used because it is simple but powerful for predicting and quantifying the relationship between variables (Kim et al., 2016). The plant developmental stage affects plant structures as well as their sensitivity to UV-B radiation (Yoon et al., 2021b). Thus, the phenolic production could be quantified with the modeling based on developmental age and UV-B radiation on the plant structure. This study focused on preharvest UV-B exposure as an elicitor for the biosynthesis of phenolics in non-acclimated plants to rule out possible UV-B acclimation effects (Liao et al., 2020). This study aimed to analyze UV-B-induced phenolic accumulation with preharvest UV-B exposure based on UV-B radiation interception and developmental stage of plants, and ultimately aimed to develop statistical models and investigate the UV-B energy yield for the phenolic accumulation. For this purpose, the contents of phenolics, flavonoids, anthocyanin, UV-absorbing pigments, and chlorophylls were evaluated in individual leaves with UV-B radiation interception simulated with 3D-scanned plant models according to growth stage.



MATERIALS AND METHODS


Plant Materials and Experimental Conditions

Kale (B. oleracea L. var. acephala) seeds were sown on sponge cubes in water culture under fluorescent lamps at a photosynthetic photon flux density (PPFD) of 150 μmol m–2 s–1 over the waveband 400–700 nm for a 16-h light period (Yoon et al., 2021a,b). After true leaves appeared, seedlings were supplied with a nutrient solution for Brassica modified from a previous study (Choi et al., 2005): N 137.8, P 30.9, K 140.9, Ca 104.6, Mg 54.8, Fe 2.76, Cu 0.02, Zn 0.05, Mn 0.68, B 0.50, and Mo 0.01 mg L–1, at an electrical conductivity (EC) of 0.6 dS m–1. After the fourth true leaf appeared, the seedlings of uniform size were transplanted into plant factory modules with a deep flow technique system. The modules were maintained at an air temperature of 19–22°C, relative humidity of 65–75%, a CO2 concentration of 500 μmol mol–1, an EC of 1.18–1.22 dS m–1, and a pH of 6.8–7.0. The plants were irradiated with red, blue, and white LEDs at a PPFD of 255 μmol m–2 s–1 (at 7 cm from the center of the ground) for a 16-h light period. In kale plants grown in plant factories (Yoon et al., 2019) or fields (Hagen et al., 2009) under normal conditions, the concentration of bioactive compounds was not significantly different depending on the harvest time. Therefore, the harvest time was determined as 4 weeks when the total fresh mass reached around 100 g, which is sufficient for sale (Supplementary Figure 1). The four plants per treatment were harvested separately at 23, 30, and 38 days after transplanting (DAT).

For UV treatment, UV-B LEDs with a spectral peak at approximately 310 nm were used, and the irradiance at 7 cm above the center of the bottom was 3.0 W m–2. The spectrum and intensity of photosynthetically active radiation (PAR) and UV-B LEDs were measured using a spectroradiometer (Blue-Wave spectrometer, StellarNet Inc., Tampa, FL, United States) in the range of 250–900 nm (Figure 1A). The plants at 23, 30, and 38 DAT were irradiated with UV-B LEDs for 6 or 12 h (UV6h or UV12h) and then harvested after recovery for 4 h. The UV6h and UV12h treatments corresponded to 15.6 and 31.3 kJ m–2 day–1 biologically effective UV-B radiation (UV-BBE), respectively, calculated using a biological spectral weighting function for plants (Flint and Caldwell, 2003). The arrangements of PAR and UV-B LEDs are shown in Figure 1B.


[image: image]

FIGURE 1. Spectra (A) and arrangement (B) of red, blue, and white light-emitting diodes (RBW LED) and UV-B LED used in the plant factory. The irradiance of UV-B LEDs with a spectral peak at about 310 nm was 3.0 W m– 2 at 280–400 nm. UV-BBE indicates biologically effective UV-B calculated using a biological spectral weighting function for plants (Flint and Caldwell, 2003), and thereby its spectral peak was at about 302 nm. The RBW LEDs irradiated at a photosynthetic photon flux density of 255 μmol m– 2 s– 1.




Three-Dimensional-Scanning to Optical Simulation for Radiation Interception Analysis

Ultraviolet radiation interception analysis with a 3D-scanned plant model and ray-tracing simulation was performed as previously described (Kim et al., 2020; Yoon et al., 2021a; Figure 2). In brief, plant models were directly obtained using a high-resolution portable 3D scanner (Go! SCAN50TM, Creaform Inc., Lévis, QC, Canada) and its software (Vxelement, Creaform Inc.). Four plants per treatment were 3D-scanned after the UV treatment at 23, 30, and 38 DAT. After repair for holes and noise, the 3D mesh data were segmented into leaf mesh data and reconstructed into individual surface models using reverse engineering software (Geomagic Design X, 3D Systems, Rock Hill, SC, United States). The virtual plant factory modules based on the dimensions measured were constructed using 3D computer-aided design software (Solidworks, Dassault Systèmes, Vélizy-Villacoublay, France). The 3D model arrangement and simulation parameters, including the optical properties of materials and plants, and the setting of light sources and detectors, are described in Figure 2. All 3D models were placed in the same position and orientation as the actual materials and plants. The ray-tracing simulation was performed using ray-tracing software (Optisworks, Optis Inc., La Farlède, France). The daily UV-B radiation interception on individual leaves was calculated from the simulation results with UV-exposure durations.


[image: image]

FIGURE 2. Schematic diagram of 3D scanning to optical simulation for radiation interception analyzed in kale plants. After the construction of a 3D-scanned plant model (A), the virtual environment for simulation (B) consisted of a 3D model of the growth module, light sources, and plants with actual dimensions and arrangement. A ray-tracing simulation (C) was conducted with these parameters. TR, transmittance; REF, reflectance.




Growth Characteristics

Growth parameters, including total fresh mass, total leaf area, and root dry mass, were measured as shown in Supplementary Figure 1. Fresh masses of individual leaves were measured separately at harvest with four plants per treatment (Supplementary Figure 2). After photographing all leaves, the areas of individual leaves were calculated with an image analysis software (ImageJ 1.53, National Institutes of Health, Bethesda, MD, United States). Leaf order was determined as an absolute order of emergence (the first true leaf was set as 1) and was numbered from the oldest leaf at the bottom to the youngest at the top of the plant. Leaf groups at each growth stage were determined based on the relative growth rate of individual leaves, which are shown in Supplementary Figure 3 and Supplementary Table 1 (Behn et al., 2011; Pontarin et al., 2020). Leaf groups 1, 2, and 3 corresponded to leaf orders 1–3, 4–7, and 8–11, respectively, at 23 DAT, leaf orders 3–6, 7–9, and 10–14, respectively, at 30 DAT, and leaf orders 4–8, 9–12, and 13–18, respectively, at 38 DAT.



Phenolic Content, Antioxidant Capacity, and Photosynthetic Pigment Content


Sample Preparation

The whole leaves were sampled separately at harvest and frozen at –80°C. After lyophilization with a freeze dryer (FD8512, Ilshin Biobase Co., Yangju, South Korea) at –80°C under a vacuum of 0.007 mm Hg for 120 h, the leaf dry mass was determined. The lyophilized sample was pulverized in liquid nitrogen using a cryogenic grinder (SPEX 6875D Freezer/Mill, SPEX SamplePrep, Metuchen, NJ, United States), and then stored in the dark at 4°C until needed for analysis. The freeze-milled samples used for the analysis corresponded to leaf orders 5–9, 5–13, and 5–17 at 23, 30, and 38 DAT, respectively.



Total Phenolic Content and Total Flavonoid Content

For determining Total phenolic content (TPC) and total flavonoid content (TFC), aliquots of the powdered sample (50 mg) were mixed with 1 ml of 80% (v/v) methanol, incubated in the dark at 4°C for 18 h, and then centrifuged at 11,000 × g at 4°C for 10 min. TPC was determined according to the Folin–Ciocalteu colorimetric method (Ainsworth and Gillespie, 2007). The supernatant of 100 μl was collected in a 2-ml tube and mixed with 200 μl of 10% (v/v) Folin–Ciocalteu solution (Junsei Chemical Co., Ltd., Tokyo, Japan), and 400 μl of distilled water. After vortex mixing, 800 μl of 700 mM Na2CO3 was added. The mixture was shaken for 10 s and incubated in a water bath at 45°C for 15 min. The absorbance was read at 765 nm using a spectrophotometer (Photolavis, WTW, Weilheim, Germany), and the TPC was expressed as milligrams of gallic acid (Sigma–Aldrich Chemical Corp., St. Louis, MO, United States) equivalent per gram of dry mass (mg GAE g–1 DM). TFC was determined according to the aluminum chloride colorimetric method (Dewanto et al., 2002). The supernatant of 100 μl was collected in a 2-ml tube, and mixed with 500 μl of distilled water and 30 μl of 5% (w/v) NaNO2. After 6 min, 60 μl of 10% (w/v) AlCl3 was added. After 5 min, 200 μl of 1 M NaOH and 110 μl of distilled water were added, and all reactants were thoroughly mixed. After incubating for 5 min, the absorbance was read at 510 nm, and the TFC was expressed as milligrams of catechin acid (Supelco, Bellefonte, PA, United States) equivalent per gram of dry mass (mg CE g–1 DM).



Total Anthocyanin Content and UV-Absorbing Pigment Content

For determining total anthocyanin content (TAC) and UV-B absorbing pigment content (UAPC), the aliquots of the powdered sample (20 mg) were mixed with 1 ml of 1% acidified methanol, incubated in the dark at 4°C for 48 h, and then centrifuged at 11,000 × g at 4°C for 15 min. The supernatant of the extract was diluted two-fold, and the absorbance was read at 530 and 657 nm (A530 and A657, respectively). TAC was determined with the corrected absorbance as A530, 0.25A657 (Sytar et al., 2018) and expressed as milligrams of cyanidin 3-glucoside (Sigma–Aldrich Chemical Corp.) equivalent per gram of dry mass (mg C3GE g–1 DM). The supernatant of the extract was diluted 20-fold, and the absorbance was read at 285 and 330 nm (Si et al., 2015; Khudyakova et al., 2019). UAPC was determined as the average of two absorbances and expressed as an absorbance per gram of dry mass (OD g–1 DM).



Antioxidant Capacity

Antioxidant capacity can be determined depending on the choice of the assay, and analyzing phenol-rich samples by a single assay is recommended to be avoided (Csepregi et al., 2016). Thus, both the 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)-diammonium salt (ABTS) assay and the 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay were performed. The powdered sample of 50 mg was mixed with 1 ml of 80% (v/v) methanol, and the mixture was incubated in the dark at 4°C for 42 h and then centrifuged at 11,000 × g at 4°C for 10 min. The ABTS radical scavenging activity was determined as described by Re et al. (1999). Briefly, the ABTS radical cation (ABTS+) reagent was produced by reacting 7 mM ABTS solution (Sigma–Aldrich Chemical Corp.) with 2.45 mM K2S2O8 (1:1, v/v), and stored in the dark at 4°C for 18 h before use. The ABTS+ solution was diluted with 80% methanol to obtain appropriate absorbance. The supernatant of 50 μl was added to 1.8 ml of diluted ABTS+ solution. After 6 min of incubation in the dark at room temperature, the absorbance was read at 734 nm. The DPPH radical scavenging activity was determined as described by Brand-Williams et al. (1995). DPPH was purchased from Alfa Aesar (Ward Hill, MA, United States), and the DPPH solution was freshly made in methanol before use. The supernatant of 100 μl was added to 1.8 ml of 0.12 mM DPPH methanol solution. After incubation in the dark at room temperature for 30 min, the absorbance was read at 517 nm. A calibration curve for ABTS and DPPH assays was constructed using L-ascorbic acid (Samchun Pure Chemical Co., Ltd., Pyeongtaek, South Korea). The AOCABTS and AOCDPPH were expressed as milligrams of ascorbic acid equivalent per gram of dry mass (mg AAE g–1 DM).



Photosynthetic Pigment Content

For determining photosynthetic pigment, the aliquots of the powdered sample (50 mg) were mixed with 1 ml of 80% (v/v) acetone, incubated in the dark at room temperature for 24 h, and then centrifuged at 11,000 × g for 10 min. Chlorophyll a, Chlorophyll b, and carotenoid contents were calculated based on absorbance at 663, 647, and 470 nm according to the method of Lichtenthaler and Buschmann (2001) and expressed as milligrams of chlorophyll or carotenoid per gram of dry mass (mg g–1 DM).




Multiple Regression Model and Ultraviolet-B Yield

Total phenolic content, TFC, TAC, UAPC, and AOC per leaf were calculated by multiplying their concentrations (mg eq. g–1 DM) by the leaf dry mass (g DM). Stepwise multiple linear regressions were used to develop statistical models for predicting phenolic accumulation. The model was obtained by stepwise regression using the backward elimination method based on a second-order multi-polynomial (quadratic) model, including the single effect of leaf order and UV radiation interception and the interaction effect:
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where M is the phenolic content per leaf (mg eq. per leaf), L is leaf order numbered as an absolute order of leaf emergence, U is the daily UV radiation interception per leaf (kJ day–1 per leaf), and β0–β5 are the regression coefficients obtained by the regression analysis at each growth stage. The UV-B energy yield for phenolic accumulation per leaf was determined as the change in the phenolic content per absorbed UV-B energy and calculated as the slope of the multiple regression surface against UV interception as follows:

[image: image]

where Y is UV-B energy yield for phenolic accumulation per leaf (mg eq. kJ–1 day) at each L and U.



Statistical Analysis

For all data, the homogeneity of variance was evaluated using Levene’s test, and the normality was evaluated using the Shapiro–Wilk test. The mean values were compared using one-way or two-way ANOVA and Tukey’s honestly significant difference (HSD) test to assess the effects of the UV-B treatment (control, UV6h, and UV12h), leaf group 1–3, or growth stage (23, 30, and 28 DAT). For data that failed the normality test, the Kruskal–Wallis and Dunn’s tests were used, and for data that failed the homogeneity of variance, the Welch’s ANOVA and Games-Howell tests were used.

For model development, nine plants per growth stage were used for the data set, which corresponded to a total of 250 data points, including 66, 74, and 110 data points at 23, 30, and 38 DAT, respectively, after removing outliers with the interquartile range. For accuracy of the multiple regression model, a data set (not used to develop the model) including nine plants and 76 data points was used for validation. The coefficient of determination (R2), root mean squared error (RMSE), and normalized RMSE were selected. All visualization and statistical analyses were performed using R software (R 4.0.2, R Foundation, Vienna, Austria).




RESULTS


Ultraviolet-B Radiation Interception According to Leaf Group and Growth Stage

Ultraviolet-B radiation interception with a 3D-scanned plant model was simulated along with the actual plant structure at each growth stage (Figure 3A). The UV radiation interception (UVRint) was significantly higher in the order of leaf groups 3, 2, and 1 (Figure 3B). Across all stages, the UVRint was significantly lower by 51.7% in leaf group 1 and significantly higher by 31.4% in group 3 than in group 2. At 23, 30, and 38 DAT, the mean UVRint was 1.20, 1.28, and 1.05 W m–2, respectively. The daily UVRint per leaf did not significantly differ between the leaf groups 2 and 3 and was affected by individual leaf area (Figure 3C). Across all data, the daily UVRint per plant was significantly higher with growth stage (1.7 ± 0.5, 2.2 ± 0.3, and 2.6 ± 0.4 kJ day–1 per plant at 23, 30, and 38 DAT, respectively).
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FIGURE 3. Representative simulated UV-B radiation interception (UVRint) on 3D-scanned models (A), mean UVRint (B), and daily UVRint per leaf (C) of kale plants according to UV-B radiation and leaf group at 23, 30, and 38 days after transplanting (DAT). Leaf groups were determined according to the order of leaf emergence and their relative growth state (Supplementary Figure 3 and Supplementary Table 1). Different letters indicate significant differences at P < 0.05 for UVRint value (n = 26–47) and daily UVRint per leaf (n = 11–25) with growth stage and leaf group by two-way ANOVA and Tukey’s HSD test.




Age-Dependent Changes in Phenolic Content According to Ultraviolet-B Radiation

Total phenolic content, TFC, TAC, and UAPC were significantly affected by UV-B radiation, growth stage, and leaf groups (Figure 4). Across all data, the contents of all the compounds were significantly higher in the UV12h treatment than in the control. TPC and TFC were significantly higher in the order of 30, 38, and 23 DAT. They were the highest in leaf groups 2 and 3 at 30 DAT, respectively, in UV12h treatment (13.2 and 31.6% higher, respectively, than in the control).


[image: image]

FIGURE 4. Total phenolic content (TPC, A), total flavonoid content (TFC, B), total anthocyanin content (TAC, C), and UV-absorbing pigment content (UAPC, D) in individual leaves of kale plants according to UV-B radiation and leaf group at 23, 30, and 38 days after transplanting (DAT). Leaf groups were determined according to the order of leaf emergence and their relative growth state (Supplementary Figure 3 and Supplementary Table 1). Asterisks indicate significant differences between UV-B treatments at each growth stage and leaf group by one-way ANOVA and post-hoc test, *P < 0.05; **P < 0.01; ***P < 0.001; n = 7–22. Different letters indicate significant differences among growth stage and leaf group at P < 0.05 by two-way ANOVA and post-hoc test (n = 22–59) referring to the “Materials and Methods” section.


Antioxidant capacity using ABTS and the AOCDPPH were significantly higher in the UV12 treatment and leaf group 3 than in the others (Figure 5). The AOCABTS and AOCDPPH were positively correlated with the UAPC, and their Pearson’s correlation coefficients were 0.69 and 0.62, respectively, at P < 0.001 (data not shown). In contrast, the UAPC, AOCABTS, and AOCDPPH were significantly higher in the order of leaf groups 3, 2, and 1, and the TAC was significantly higher in the reverse order. The UAPC was the highest in leaf group 3 at 30 DAT in the UV12h treatment (34.2% higher than in the control).
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FIGURE 5. Antioxidant capacity using ABTS (AOCABTS, A) and DPPH assays (AOCDPPH, B) in individual leaves of kale plants according to UV-B radiation and leaf group at 23, 30, and 38 days after transplanting (DAT). Leaf groups were determined according to the order of leaf emergence and their relative growth state (Supplementary Figure 3 and Supplementary Table 1). Asterisks indicate significant differences between UV-B treatments at each growth stage and leaf group by one-way ANOVA and post-hoc test, *P < 0.05; **P < 0.01; ***P < 0.001; n = 7–22. Different letters indicate significant differences among growth stage and leaf group at P < 0.05 by two-way ANOVA and post-hoc test (n = 22–59) referring to the “Materials and Methods” section.


The TPC, TFC, TAC, and UAPC in individual leaves were increased with daily UVRint per leaf, and the slopes were dependent on growth stage and leaf group (Figure 6). The slopes, i.e., the increase rates of TPC and TFC with daily UVRint per leaf in individual leaves, were highest in leaf group 2 at 38 DAT, followed by 30 DAT. Those of TPC and TFC in individual groups were increased as growth progressed. In contrast, the increase rates of TAC and UAPC were the highest in leaf group 3 at 23–30 DAT, and those were lower in leaf group 3 than in the others at 38 DAT.
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FIGURE 6. Relationships between phenolic content and the daily UV-B radiation interception (UVRint) per leaf of kales according to leaf group at 23, 30, and 38 days after transplanting (DAT); total phenolic content (TPC, A), total flavonoid content (TFC, B), total anthocyanin content (TAC, C), and UV-absorbing pigment content (UAPC, D) in individual leaves. Leaf groups were determined according to the order of leaf emergence and their relative growth state (Supplementary Figure 3 and Supplementary Table 1). The vertical and horizontal bars indicate SE (n = 4). The lines show linear fits of the leaf group 3, 2, and 1 data sets (solid, dashed, and dotted lines).




Prediction Models of Phenolic Content Based on Ultraviolet-B Radiation Interception and Leaf Order According to Growth Stage

Multiple regression models for the phenolic contents per leaf were developed based on daily UVRint per leaf and leaf order according to growth stage, and all models were significant at P < 0.001 (Figure 7 and Table 1). The models for the TPC, TFC, and UAPC in individual leaves at each growth stage showed a high explanatory power, with R2 = 0.62–0.79. However, the models for the TAC per leaf showed a low explanatory power, with R2 < 0.51. All estimated coefficients were significant for the regression models. From the models, the spatial and intraindividual distributions of TPC and TFC on the 3D-scanned plant model were estimated (Figure 8). The R2 values for the four models were higher in the data set integrated from the models across the whole growth stage than in the models at each growth stage (Table 1 and Supplementary Figure 5).
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FIGURE 7. Stepwise multiple linear regression model for phenolic content per leaf of kale plants with daily UV-B radiation interception (UVRint) per leaf and leaf order at 23, 30, and 38 days after transplanting (DAT): TPC, total phenolic content (A); TFC, total flavonoid content (B); TAC, total anthocyanin content (C); and UAPC, UV-absorbing pigment content (D). The surfaces were obtained by stepwise multiple regression models referring to Eq. 1 and Table 1.



TABLE 1. Stepwise multiple linear regression results and models to predict phenolic content per leaf of kale plants at 23, 30, and 38 days after transplanting (DAT) based on leaf order (L) and daily UV-B radiation interception per leaf (U) referring to Eq. 1.
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FIGURE 8. Representative estimated distribution of total phenolic content (TPC, A,B) and total flavonoid content (TFC, C,D) in the leaves of kale plants under 12-h UV-B exposure at 23, 30, and 38 days after transplanting (DAT). The multiple regression models refer to in Figure 4 and Table 1, and the 3D-scanned plant model refers to in Figure 3.


The accuracies of the models for TPC, TFC, TAC, and UAPC per leaf were validated using test data sets (Figure 9). All models performed well for the whole growth stage, with R2 = 0.78–0.79. The TPC, TFC, and UAPC models showed high performance with R2 > 0.7, except for those at 23 DAT. The TAC model showed high performance with R2 > 0.6 at all growth stages. The TPC model for the whole growth stage showed approximately 22.8% relative error, meaning that the model could predict the TPC per leaf with 77.2% accuracy during 23–38 DAT. Likewise, the models could predict TFC, TAC, and UAPC per leaf with 73.2, 75.0, and 64.9% accuracy, respectively, during 23–38 DAT.
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FIGURE 9. Model accuracy for predicting phenolic content per leaf of kale plants using a test data set: TPC, total phenolic content per leaf (A); TFC, total flavonoid content per leaf (B); TAC, total anthocyanin content per leaf (C); and UAPC, UV-absorbing pigment content per leaf (D). The coefficient of determination (R2) and the normalized root mean squared error (NRMSE) are presented inside each panel. The multiple regression models at 23, 30, and 38 days after transplanting (DAT) are shown in Figure 4 and Table 1. All in DAT indicate the results in the data set across all growth stages integrated from the models at each growth stage.




Ultraviolet-B Energy Yields for Phenolic Content With Growth Stage

The UV-B energy yields for the TPC, TFC, TAC, and UAPC based on absorbed UV energy were significantly different depending on the growth stage and leaf group (Table 2).


TABLE 2. UV-B energy yields for phenolic content per leaf of kale plants with leaf group at 23, 30, and 38 days after transplanting (DAT) referring to Eq. 2 and Table 1.

[image: Table 2]
The UV-B energy yields for the TPC and TFC significantly increased as growth progressed and were higher in leaf group 2 than in the others. As growth progressed, the UV-B energy yields for TPC and TFC decreased in leaf group 3 but increased in leaf group 2. Those for TPC and TFC were the highest in leaf group 2 at 38 DAT. The UV-B yield for the UAPC in both leaf groups 2 and 3 increased significantly as growth progressed and was the highest in leaf group 3 at 38 DAT. The UV-B energy yields for TAC were the highest in leaf group 2 at 38 DAT.




DISCUSSION


Narrowband Ultraviolet-B Radiation on Plants

Variables affecting the perception of UV-B radiation by plants, such as dose (fluence rate and duration), timing during a day or growth stages, light sources (solar, broadband, or narrowband UV lamp), and setup (greenhouse or chamber), make it hard to define the intensity or dose thresholds of UV-B radiation (Meyer et al., 2021). This confusion without coherence hampers understanding of plant physiology as well as commercial use of bioactive compound production. High doses of UV-B (high fluence rate, long duration, or shorter wavelength) cause metabolic disorders, such as chlorophyll degradation and the generation of reactive oxygen species (ROS), supporting the long-held opinion that UV-B radiation is harmful to plants (Jordan, 2002). Recent studies have highlighted the regulatory properties of moderate UV-B radiation (low and ecologically relevant level or longer wavelength) as a eustressor and numerous acclimation strategies, including changes in secondary metabolism (Hideg et al., 2013; Neugart and Schreiner, 2018). In general, plants perceive UV-B radiation by the specific receptor UV RESISTANCE LOCUS 8 (UVR8), leading to signal transduction of UVR8-COP1 (CONSTITUTIVE PHOTOMORPHOGENESIS1) with ELONGATED HYPOCOTYL5 (HY5) and HY5 HOMOLOG (HYH) transcription factors (Liang et al., 2019). O’Hara et al. (2019) reported that the expression of a gene encoding the transcription factor ARABIDOPSIS NAC DOMAIN PROTEIN 13 (ANAC13) was induced over a range of UV-B wavelengths at low doses, with a maximum response at 310 nm. Rácz and Hideg (2021) reported that the antioxidant enzyme activities under narrowband 311 nm UV-B radiation evoked opposite responses from broadband UV radiation. The contents of chlorophyll a and chlorophyll b, total chlorophyll, and carotenoid were significantly lower at 23 DAT and were significantly higher in UV6h radiation but lower in UV12h radiation than in the control (Supplementary Figure 4). These suggestions may support the results in this study that the contents of bioactive compounds increased in kale plants exposed to UV-B radiation generated by the narrowband 310 nm UV-B LED for 6 h despite the high fluence rate without distinct damage to growth or chlorophyll content (Figures 4, 5 and Supplementary Figures 1, 4).



Effect of Ultraviolet-B Radiation on Phenolic Content in Plants

Ultraviolet-B radiation has been reported to be effective in increasing phenolic contents and AOC. In this study, the TPC, TFC, TAC, UAPC, and AOC per DM and per leaf were significantly higher with longer UV-B exposure (Figures 4–6). As a response to UV-B radiation, the enhanced biosynthesis of phenylpropanoids has been well documented in Brassica species, including kale (Castillejo et al., 2021; Neugart and Bumke-Vogt, 2021). Under UV-B exposure, phenolics and flavonoids accumulate in epidermal tissues and act as direct UV screens, i.e., the main components of UAP (Neugart and Schreiner, 2018). The innate antioxidant potential of the compounds increases ROS scavenging activity and protects sensitive tissues from the high UV-B energy (Hideg et al., 2013). Dou et al. (2019) reported that AOC was positively correlated with UV-B dose, resulting from linear increases in the TPC and TFC in basil.

Plant and leaf developmental stages determine the UV-B-induced accumulation of bioactive compounds, but the relationships are not straightforward. In this study, leaf groups 1, 2, and 3 correspond to relatively old, intermediate, and young leaves at each growth stage, respectively, as determined by the order of leaf emergence and the relative growth state (Supplementary Figure 3). The increase rates of phenolic accumulation with UV-B radiation were highest in young leaves at 23 DAT, but those were not always higher in younger leaves than the other leaves at 30 and 38 DAT (Figure 6). Rizi et al. (2021) reported that UV-B-exposed young leaves of Salvia verticillata showed higher phenylpropanoid production than old leaves as higher gene expression of the key enzymes in their synthesis. However, young leaves are typically located near the top of the plant and are more exposed to UV-B radiation than the other leaves. At the plant canopy levels, higher canopy porosity was positively correlated with the contents of flavonoids such as kaempferol and quercetin in red wine grapes (Martínez-Lüscher et al., 2019). With simulated UVRint in individual leaves, the increase rates of TPC and TFC were the highest in intermediate leaves at 30–38 DAT (Figure 6), which is consistent with the previous study (Yoon et al., 2021b). Therefore, at least locally accumulated UV-B-induced phenolics are determined by structural factors such as leaf position, area, and curvature as well as by developmental age.



Ultraviolet-B Radiation Interception on Plant Structures

The plant structure varies depending on its phyllotaxis and changes as the plant grows, but the plants are exposed to UV-B sources in a one-size-fits-all manner. The UV-B energy absorbed and its physiological interaction with individual leaves inevitably lead to a heterogeneous response in the plant. In this study, UV radiation interception was simulated well along with structural properties, including leaf height, angle, and surface curvature, using ray-tracing simulation and a 3D-scanned plant model (Figure 3). Previous studies on a light interception in plant structures have focused on the spatial distribution of PAR interception and photosynthesis using simulations (Sarlikioti et al., 2011; Shin et al., 2021). In controlled environments, the PAR interception was determined by the physical structures and arrangements of plants and artificial lighting (Kim et al., 2020; Saito et al., 2020). As growth progressed, plant height increased, but the UVRint value of leaf group 3 decreased (Figure 3B). Reduced overlap of radiation at the position close to the UV-B LEDs with a narrow radiation area and the mutual shading by neighboring plants decreased the UVRint despite growth progress (Yoon et al., 2021b).



Predicting Models of Phenolic Content in Three-Dimensional Plant Structures

In general, major environmental factors are controlled to optimize crop photosynthesis and growth in controlled environments (Carotti et al., 2021). Secondary metabolite production has been attempted to be maximized beyond biomass controlling environmental factors, including temperature, relative humidity, photoperiod, and light spectrum (Shim et al., 2018; Johnson et al., 2019; Appolloni et al., 2021). Unlike other environmental factors, supplementation with UV-B radiation near harvest could be more effective without growth loss or additional energy input (dos S. Nascimento et al., 2020; Yoon et al., 2020). Since UV-B exposure is a potent abiotic elicitor for the biosynthesis of secondary metabolites, its energy inputs should be optimized (Thakur et al., 2019; Toscano et al., 2019). Optimization of various elicitors has mostly been reported in the studies of in vitro plant tissue culture (Ghorbani et al., 2015; Farjaminezhad and Garoosi, 2021).

This study developed statistical models to assess how UV-B radiation as an elicitor enhances the phenolic accumulation in kale plants. For this purpose, the daily absorbed UV-B energy and the phenolic contents were analyzed as each value per leaf (Figures 3C, 6). The developed models suitably explained the TPC, TFC, and UAPC as functions of UV-B radiation interception and leaf order according to growth stage (Table 1 and Figures 7, 8). These models showed high accuracies for predicting the TPC, TFC, TAC, and UAPC (Figure 9). The relatively low R2 of the models at 23 DAT might be due to the small number of measured samples, which was less than half of the total (Figures 9C,D and Supplementary Figure 2).

Statistical modeling is an effective tool for quantifying the relationship between dependent and independent variables by the statistical significance of their correlations (Kim et al., 2016). Kim et al. (2018) developed a statistical model for glucosinolate content in Chinese cabbage using a second-order multi-polynomial equation with growth duration and temperature as independent variables. In this study, the model structure was determined according to the linear pattern of phenolic accumulation with UV-B dose as shown in the results from previous studies (Dou et al., 2019; Yoon et al., 2021a) or quadratic pattern with leaf group as shown in Figure 6 and the results from a previous study (Yoon et al., 2021b). However, the developed models were limited to kale plants between 23 and 38 DAT in the UVRint range below 2.5 W m–2 (Figure 3). Within the 3D plant structure, UV-B radiation further enhanced the intraindividual heterogeneity of phenolic contents (Yoon et al., 2021a). Using UV-B radiation interception on a 3D-scanned plant model, the developed models could extend the prediction of a phenolic accumulation from the intraindividual distribution level to the spatial distribution level (Figure 7). This approach to the distribution of metabolites in the 3D plant structure could provide the groundwork for plant metabolism and plant–environment interaction studies (Floros et al., 2017).



Application to Phenolic Production in the Food System

The main goal of controlled environment agriculture is to maximize plant productivity and minimize practical production costs, including energy costs (Kozai, 2018). The utilization efficiency of lighting systems on plant structures could be calculated using ray-tracing simulations and 3D-scanned plant models (Kim et al., 2020; Saito et al., 2020). The simulation results along with the photosynthesis model could be used to find out the optimal lighting system with the maximal light use efficiency for photosynthesis (Kim et al., 2020). In this study, the UV-B energy yield for phenolic content was calculated (Table 2). The annual production of bioactive compounds was simply estimated based on plant density (plant m–2) and cultivation cycle per year according to harvest time (Yoon et al., 2019). From the data in this study, the optimal harvest time for the annual production of TFC was calculated as 30 DAT. Although the plant size and UV-B yield were high at 38 DAT, the annual production was high at 30 DAT because the shorter cultivation period increased the number of cultivations per year. We used kale as the representative plant because the phyllotaxis of the kale is a spiral pattern, which is a common pattern, and is widely cultivated around the world. This model approach could be extended to various plants and structures. Further steps in the modeling procedure for agriculture and food systems were model simulation and model-based analysis (Kim et al., 2016). These steps allow us to investigate numerous scenarios and predict the system responses with cost and input in an effective way (Kreutz and Timmer, 2009). Therefore, the developed model in this study could be used to predict the phenolic accumulation with effective UV-B energy input through model-based simulation in various environments.




CONCLUSION

This is the first study on the prediction of phenolic content with UV-B radiation interception and developmental age. Stepwise multiple linear regression models for the TPC, TFC, TAC, and UAPC were developed and validated with high accuracy. Preharvest UV-B radiation was also identified as a suitable strategy for the commercial production of secondary metabolites in controlled environments. Ultimately, the model-based prediction will be used to find out the optimal conditions for the industrial production of secondary metabolites, saving production time and cost.
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Plant production systems such as plant factories and greenhouses can help promote resilience in food production. These systems could be used for plant protection and aid in controlling the micro- and macro- environments needed for optimal plant growth irrespective of natural disasters and changing climate conditions. However, to ensure optimal environmental controls and efficient production, several technologies such as sensors and robots have been developed and are at different stages of implementation. New and improved systems are continuously being investigated and developed with technological advances such as robotics, sensing, and artificial intelligence to mitigate hazards to humans working in these systems from poor ventilation and harsh weather while improving productivity. These technological advances necessitate frequent retrofits considering local contexts such as present and projected labor costs. The type of agricultural products also affects measures to be implemented to maximize returns on investment. Consequently, we formulated the retrofitting problem for plant production systems considering two objectives; minimizing the total cost for retrofitting and maximizing the yearly net profit. Additionally, we considered the following: (a) cost of new technologies; (b) present and projected cost for human labor and robotics; (c) size and service life of the plant production system; (d) productivity before and after retrofit, (e) interest on loans for retrofitting, (f) energy consumption before and after retrofit and, (g) replacement and maintenance cost of systems. We solved this problem using a multi-objective evolutionary algorithm that results in a set of compromised solutions and performed several simulations to demonstrate the applicability and robustness of the method. Results showed up to a 250% increase in annual net profits in an investigated case, indicating that the availability of all the possible retrofitting combinations would improve decision making. A user-friendly system was developed to provide all the feasible retrofitting combinations and total costs with the yearly return on investment in agricultural production systems in a single run.

Keywords: decision making, greenhouse, non-dominated sorting genetic algorithm, plant factory, return on investment, resilient food systems


INTRODUCTION

Plant production systems offer numerous opportunities and benefits for growers, such as year-round cultivation, improved growing conditions for ornamental crops and vegetables, and control of micro- and macro- environments (Gerson and Weintraub, 2007; Van Straten et al., 2010; Nordey et al., 2017). These systems have been serving communities for decades. They have transformed from simple structures to grow vegetables in temperate regions during the cold winter months to advanced facilities currently used to grow in tropics, including deserts (Wittwer and Castilla, 1995; Gullino et al., 1999; Shamshiri et al., 2018).

The advancement in these protected cultivation structures is still ongoing, with the world incessantly requiring improvements to cater to the fast-growing populace demanding healthier food. Top on this list is the diminishing skilled farm labor, rapidly changing climate, and disasters such as the COVID 19 outbreak caused by the SARS-CoV-2 virus (Wang et al., 2020) that became widespread at the beginning of 2020, leading to difficulties in international travels for migrant workers (Lima et al., 2020). Most countries were forced to close their borders or place stringent entry procedures (Barua, 2020; Wells et al., 2020). This has led to various farm losses (Galanakis, 2020; Helm, 2020; Nicola et al., 2020; Sahoo and Rath, 2020). Autonomous growing has been under investigation to resolve labor accessibility and precision issues. Also, the environment in plant production systems is toxic to humans because of the poor ventilation and high temperature and humidity content. Advanced plant production systems are complex multi-input structures that come at a high cost (Stanghellini and Montero, 2010; Baeza et al., 2011; Reddy, 2016). This necessitates the proper implementation of new and/or existing technologies.

Plant production systems existed for centuries (42 BC–37 AC), but the major advancement occurred in the early 1950s and has continuously improved to the current phase (Jensen and Malter, 1995; Paul and Gwynn-Jones, 2003; Raviv and Antignus, 2004; Nordey et al., 2017). Most plant production systems, such as plant factories and greenhouses, were not designed to adopt the new technologies. Furthermore, building new structures also needs proper planning and implementation. This contrasts with the open field cultivation system that requires less planning. Plant production systems could be catastrophic if proper planning and implementation are neglected despite having positive returns. With the current evolution in technologies, the grower should have an appropriate decision-making system that considers investment capital, interest on loans, market opportunities, and profit, which are critical to sustainability.

Structural upgrades are often required for implementing new technologies. Retrofitting is usually adopted as the choice approach. This has been applied majorly to residential buildings to save energy and limit greenhouse gas emissions (Dixon et al., 2008), simultaneously considering several environmental and economic criteria (Antipova et al., 2014), comparing internal and external thermal insulation systems for residential buildings (Kolaitis et al., 2013), and several other retrofitted buildings with focus on energy saving (Xu et al., 2011, 2015; Xu and Chan, 2013; Wu et al., 2016; El-Darwish and Gomaa, 2017; Fan and Xia, 2017, 2018; Liu et al., 2018). In this scenario, the combination of retrofitting measures and strategies has proven to be complex and requires tradeoffs. In residential buildings, the measures adopted to retrofit the buildings for energy efficiency are categorized into the following groups: (a) measures to reduce load; (b) measures to control and monitor loads; (c) enveloping measures such as insulation and sealing roofs or ceilings; (d) alter energy consumption patterns of the occupants; and (e) adoption of renewable energy sources (Diakaki et al., 2008; Marszal et al., 2011; Ma et al., 2012; Malatji et al., 2013).

Retrofitting plant production systems to cover the progress in efficient growing technologies is much more complex than residential buildings that focus primarily on energy. The energy retrofitting benefits could be social, which has to do with enhancing the health and comfort of the occupants, reducing air emissions hurting the environment, and economic perspective in reduction of operation costs (Jafari et al., 2016). The dynamics in plant production systems are numerous, requiring multi-objective optimization approach, and the strategy to adopt and/or retrofit the existing system is much more challenging and delicate. These include (a) plant production systems are far more extensive than regular residential houses reaching 215 square feet (Robinson, 2018); (b) the advancement in technologies used in growing are occurring simultaneously in different aspects of protected cultivation and at a much faster rate than residential houses (Uyeh et al., 2019b; Raviteja and Supriya, 2020; Rayhana et al., 2020); (c) unlike in residential buildings where the primary concern is energy consumption for heating and cooling (Jafari and Valentin, 2017), plant production systems require energy for similar purposes in addition to other technological advancements such as autonomous growing that needs to be retrofitted (Bogue, 2020; Kurtser and Edan, 2020); and (d) wrong retrofitting strategy would not result in discomfort as in residential buildings but an irreversible loss of the plants accompanied with substantial economic losses. These make the retrofitting problem in protected cultivation non-deterministic polynomial-time hard (NP-hard) (Bagnall et al., 2001).

Multi-objective optimization requires maximizing or minimizing multiple objective functions that are constrained. These include analyzing design, selecting process designs or optimal products, tradeoffs, or applications where optimal solutions are needed with tradeoffs between two or more conflicting objectives. The conventional approaches for this type of optimization include the Pareto front, goal attainment, and minimax. In Pareto fronts, noninferior solutions are found. These are solutions in which an improvement in one objective requires a degradation in another.

On the other hand, goal attainment reduces the values of a linear or nonlinear vector function to attain the goal values given in a goal vector. The comparative significance of the goals is shown by applying a weight vector, and goal fulfillment problems may also be subject to linear and nonlinear constraints. Finally, minimax, minimizes the worst-case values of a set of multivariate functions, probably subject to linear and nonlinear constraints (MathWorks, 2021).

Multi-objective techniques are popular due to their capabilities in solving a wide range of real-world problems (Saini and Saha, 2021). For example, Fonseca and Fleming (1993) Multiple Objective Genetic Algorithm enables decision-makers to progressively articulate their preferences while learning about the problem under consideration. Srinivas and Deb’s (1994) Nondominated Sorting in Genetic Algorithms adopted Goldberg’s notion of nondominated sorting in genetic algorithms and a niche and speciation method to find multiple Pareto-optimal points simultaneously. Horn et al.’s (1993) Niched Pareto genetic algorithm, a multi-objective optimization algorithm, is adopted to find the Pareto optimal set. The previously discussed algorithms are some of the elitist multi-objective methods that non-dominated sorting genetic algorithm II (NSGA II) used in this study have been proven to be better (Deb et al., 2002). These methods are limited in their computational complexity (the number of objectives and population size), non-elitism approach; and the need for specifying a sharing parameter that alleviates all the above three difficulties.

In summary, Pareto optimality which is the backdrop on which NSGA II is built, has been reported to be the best approach to describe multi-objective optimization since there is no single global solution. It is often necessary to determine a set of points that all fit a predetermined definition for an optimum (Marler and Arora, 2004). NSGA II is undoubtedly the elitist method (Deb et al., 2000; Kannan et al., 2008; Li and Zhang, 2008; Yusoff et al., 2011). NSGA-II, a multi-objective evolutionary algorithm, improves the difficulties of using multi-objective optimization. These include the need to specify a sharing parameter, computational complexity, and a non-elitism approach. It possesses a selection operator that generates a mating pool by merging the parent and offspring populations and selecting the best N solutions (Deb et al., 2002).

Consequently, in this study, we formulated the protected cultivation retrofitting problem considering; (a) cost of retrofitting items such as sensors and robots; (b) cost of labor and cost-benefits obtainable from replacing human labor with robots; (c) size and service life of the plant production system; (d) impact of retrofitting on productivity and consequently profit; and (e) category of retrofitting to be implemented which delivers tradeoff solutions that represent the possible retrofits associated with expenditure and benefits. This problem was then solved using NSGA-II. Parameters such as present and projected cost of labor and agricultural products can be set to the user’s local context. Due to the conflicting nature of the objectives, NSGA-II can provide a tradeoff solution that can enable better decision-making when selecting retrofit measures. We demonstrated the applicability of this method by carrying out experimental simulations on different plant production system sizes.



RETROFITTING IN PLANT PRODUCTION SYSTEMS

Figure 1 shows the factors and options available for retrofitting a plant production system. In this study, a prospective retrofit is represented as “RM”. Furthermore, some options are limited by constraints, as shown in Figure 2. Two options are available in retrofitting the plant production system to include a network controller (Figure 2). If an analogous network controller is selected, all sensors to be selected must be analog. A similar procedure would occur if a digital network controller were selected and with the type of layout and robots, respectively. Retrofit number 23 (Transportation robot) was considered nil only in Option 2 because a transport robot is not required in this situation. Figure 3 shows the benefits derived from the combination of different retrofit measures.
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FIGURE 1. Retrofit factors and options used in the experimental simulation.
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FIGURE 2. Tree showing constraints for implementing retrofits.
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FIGURE 3. Retrofitting procedures, their interactions, and potential benefits.


The factors are represented with vector “X” as shown below:
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The prospective retrofit represented with vectors RM1, RM2,… above presents the feasible retrofit measures that could be implemented. The selected retrofit measure denoted with “ℝ” corresponds to the factor number (X) for a given feasible retrofit vector “RM”.

The retrofitting problem in a plant production system differs from conventional residential buildings. In this study and referring to the scenario in the Republic of Korea, the following variables were considered:

(a) Size of the plant production system.

(b) The service life of the plant production system (m).

(c) Cost of the items for retrofitting (Ci).

(d) Cost of electricity per unit (UCE).

(e) Impact of retrofitting on electricity consumption (ECC).

(f) The initial estimated cost of energy consumption.

(g) Interest paid on loans for retrofitting items.

(h) The annual rate of increase in energy cost (e).

(i) Maintenance and replacement period for each retrofitted item (tRMi).

(j) Number of maintenance and replacements needed to be done during the service life of the system (nRMi).

(k) Production before and after retrofitting was done (PBR).

(l) Price per unit of production.

(m) Projections in the price of the product.

(n) Labor cost before and after retrofit.

(o) Projections in the cost of labor.

(p) Profit (P).



PROBLEM FORMULATION


Expenditures in Retrofitting a Plant Production System


Initial Cost of Investment

To calculate the initial cost of investment (ICI) to retrofit in a plant production system, the cost of purchasing sensors (digital or analog) for precision and improved decision making, retrofitting the navigation system for the robots (mobile rail or hanging system), and purchase cost of robots were considered and computed in Eq. 1.

[image: image]

Where Ci is the cost of implementing the ith retrofitting measure, which is the cost of the items for retrofitting, and yi is an indication variable demonstrating if the ith retrofitting measure is selected in the automation strategy. Furthermore, n is the total number of potential retrofitting measures.



Energy Consumption Cost

To compute the current energy consumption cost from retrofitting (ECC) the protected cultivation system, Eqs 2, 3 were used (Fan and Xia, 2018).

[image: image]

Where YEC is the estimated yearly energy consumption cost of the plant production system in the first year, Ir is the interest rate, e is the annual rate of energy cost increase (a rate of 5% was considered), and m is the service life of the plant production system.

The yearly energy consumption of the plant production system in the first year can be calculated as the sum of the estimated electricity per year as follow:

[image: image]

Where AEC is the annual energy consumption of the plant production system before implementing the energy retrofit, EC is the energy consumption of the items in retrofitting the plant production system, and UCE is the unit cost of electricity.



Replacement and Maintenance Cost

To estimate the replacement and maintenance cost because of retrofitting the plant production system, the number of replacements during the service life of the system is calculated using Eqs 4, 5 (Fan and Xia, 2018):

[image: image]

Where nRMi is the number of times replacements and maintenance are required for the ith measure during the service life of the plant production system, and tRMi is the replacement and maintenance period for the ith measure.

Furthermore, to compute the current replacement and maintenance cost from the retrofits, the equation below was used.

[image: image]

Where EMRi is the expenditure estimated from replacement and maintenance to implement the ith activity after its replacement and maintenance period.



Total Expenditure in Retrofitting a Plant Production System

The total expenditure is computed using Eq. 6:

[image: image]

Where CR is the cost of the systems used in the retrofits, ECC is the current energy consumption cost from retrofitting the system and ECCRC is the replacement and maintenance cost for the retrofitted items.




The Net Profit Derived From Retrofitting a Plant Production System

The profit gotten from the retrofit is assumed from two perspectives in this study. These were computed using Eqs 7–10.


Net Profit From Improved Productivity

This was calculated as follows:

[image: image]

Where YEC is the estimated yearly energy consumption cost of the plant production system in the first year, P is profit from the retrofit, Ir is the interest rate, e is the annual rate of energy cost increase (a rate of 5%), and m is the service life of the plant production system.
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Where YECP is the estimated yearly energy cost of production in the plant production system for the first year, ELP is estimated annual production in the first year due to retrofit, and UELP is the price per unit productivity.



Net Profit From Savings in the Cost of Labor

[image: image]

Where YEC is the estimated yearly energy consumption cost of the plant production system in the first year, L is the Labor cost, Ir is the interest rate, e is the annual rate of energy cost increase (a rate of 5%), and m is the service life of the plant production system.

Consequently, the total net profit, which is the increased income from added productivity due to the new items used in retrofitting the plant production system and the money saved from labor spending because of the new systems that were retrofitted and replaced labor cost was calculated as:

[image: image]




Optimization Model

The optimization problem was formulated with two objectives: to minimize the total expenditure to retrofit for the lifespan of the plant production system (Eq. 11) while maximizing the yearly net profit derived from retrofitting the system (Eq. 12). This is shown below as objectives 1 and 2.


Objective 1: Expenditure for Retrofitting a Plant Production System
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Where CR is the cost of the systems used in the retrofits, ECC is the energy consumption cost because of retrofitting new systems and ECCRC is the replacement and maintenance cost for the retrofitted items.



Objective 2: Net Profit From Retrofitting a Plant Production System

[image: image]

The profit from the retrofit is the summation of the increased income from added productivity due to the new items used in retrofitting the plant production system and the money saved from labor spending because of the new systems that were retrofitted and replaced labor costs.



Constraints in Carrying Out Retrofits

In addition to the two objectives, the following constraints were implemented in this study, as shown earlier in Figure 2. The problem formulation could be tuned to incorporate other constraints depending on the system.


Selection of Sensors and Network Controller for Retrofitting

Since digital network controllers are meant to transmit data remotely, the type of sensors that could synchronize with it must have certain features. We formulated a constraint that only sensors with this capacity should be picked if a digital network controller is selected. This was also extended to the on-site network controller (Eq. 13).
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Given that, i = 1……..11 (retrofitting number).



Selection of Layouts for Retrofitting

With the current advances in plant production systems, two types of robotic navigation systems have been studied. These are mobile robots that navigate on the floor of the plant production system (Uyeh et al., 2019b) and hanging types of robots suspended above the plants and hung to the roof of the plant production system. In this constraint, the problem is formulated that if the hanging type of layout is picked for retrofit, then the selected harvesting and spraying robots should be robot arms, and no transportation robot should be chosen. If otherwise, then all types of robots could be selected (Eqs 14, 15).
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Where x is the number of item for retrofit.





The Search Algorithm Used in This Study

The two objectives considered in the study – (a) minimization of investment cost and (b) maximizing the profit, are conflicting. In other words, minimizing investment costs results in lesser profits while maximization of profits demands more investments. Therefore, the optimization of multi-objective optimization problems does not provide a single optimal solution but a set of tradeoff solutions referred to as Pareto-optimal solutions. Population-based evolutionary algorithms are considered to solve the multi-objective problem due to their effectiveness and ability to provide the entire tradeoff solutions in a single run. Specifically, NSGA-II (Deb et al., 2002) is a more popular multi-objective evolutionary algorithm and has been widely adopted for real-world optimization problems. The general flowchart of NSGA-II is shown in Figure 4. NSGA-II starts with a randomly generated population of size (N), whose objective values are evaluated. The initialized population evolves over the generations through variation operators such as mutation, crossover, and environmental selection. The variation operators aim to produce effective solutions (referred to as offspring members) by using the information present in the solutions of the current population (referred to as the parent population).


[image: image]

FIGURE 4. Flowchart of non-dominated sorting genetic algorithm.


On the other hand, environmental selection aims to select effective solutions from the combination of parent and offspring populations (P). In other words, environmental choice drives the entire population toward convergence to the Pareto-optimal solutions. The process of producing offspring members and environmental selection is repeated until the termination criteria are met. The variation operators considered in the current study are polynomial mutation and binomial crossover. Multi-objective optimization aims to obtain a set of converged well-spread diverse Pareto-optimal solutions. Thus, in NSGA-II, the environmental selection is made using non-dominated sorting followed by crowding distance, which is supposed to provide convergence and diversity. Non-dominated sorting and crowding distance are used in NSGA II to obtain the Pareto dominance of final tradeoff solutions (Uyeh et al., 2019a). The parameters of the optimization algorithm were set as follows:

Maximum number of generations (termination criteria): 500.

Population size (N): 500.

Crossover: Simulated binary crossover.

Constraint bond: 0–20.

Distribution indices for mutation (nm): 20.

Distribution indices for crossover (nc): 20.

Probability of crossover (Pc): 1.0.

Probability of mutation (Pm): 1/10.

Mutation: Polynomial mutation.

The average run time for the proposed algorithm was 180 s. The simulations were done on a 3.59 GHz AMD Ryzen 5 3500X 6-Core processor, 16 GB random access memory, and 256 GB solid-state drive with Windows 10 operating system in MATLAB (Matlab and Simulink, 2012). We conducted several simulations using guidelines from a previous manuscript (Deb et al., 2002) that proposed the algorithm and our experience working with this algorithm (Uyeh et al., 2018, 2019a,b). We finetuned and gradually increased the generations (iteration) until we got no further improvements. The number of generations that converged served as a termination value.



Experimental Design and Data Used in the Simulation

To evaluate the robustness of the proposed method, two sub-factors of the investigated factors were considered (Table 1) with three Cases and five sizes of a plant production system. The plant production system used for this study had five compartments of similar sizes. Size one represented one compartment, size two represented two compartments, and up to size five represented all compartments. The schematic is shown in Figure 5. Usually, growers have their systems divided into compartments of similar sizes for different reasons, such as ease of management. Protected cultivation systems are typically single large structures divided into smaller simple compartments. Depending on the local situation and resources of the grower, the system could be divided into various compartments (Research Wua, 2021). For example, The Radix Serre Plant production system in the Netherlands has 9,000 m2 glass and comprises over 100 compartments (Research Wua, 2021). Each is considered and treated as an individual system. This study selected a plant production system with one to five compartments. Depending on the factor (type of equipment) and the number of compartments, the relationship between the variables at different sizes (compartments) would be linear as the compartments would require the same number of equipment such as the sensors (temperature and humidity). Since the compartments in the protected cultivation system have similar sizes, cost, impact on electricity consumption, production, and labor cost had a linear relationship. When it comes to the cost of maintenance and replacement, it can be linear in some situations and not linear in others, as there are ranges that these are priced. For example, only a single network controller is required in a plant production system irrespective of the number of compartments; the cost of maintenance and replacement of the network controller would not be linear compared to temperature and relative humidity sensors. The number of sensors and other retrofitting measures in one compartment (Size 1) of the plant production system was selected based on Korean industrial standards (UBN, 2021; Table 2). A compartment of the system had a height of 6,700 mm, a width of 8,000 mm, and a length of 16,700 mm. This formed the basis for selecting the number of retrofitting measures required for the other system sizes (Sizes 2–5).


TABLE 1. Cases used in the experimental simulations.
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FIGURE 5. Schematic of the experimental plant production system with one to three compartments (X1–X2: Size 1, X2–X3: Size 2, X3–X4: Size 3) (A), and external view of the system (B).



TABLE 2. Data used in the experimental simulation.

[image: Table 2]

The yield data (Table 1) used was guided by visits to plant production system growers in the Republic of Korea to validate the optimization model. Strawberry yields are dependent on the environmental conditions, systems, techniques of production, and type of plant production system, which includes plant factories and greenhouses, as also reported by Kubota (2015).



Computation of Impact of Automation on Labor

Data were acquired using structured questionnaires from growers adopting plant production systems to demonstrate the importance of retrofitting robotics in a plant production system. The human category was divided into three groups based on their expertise. Finally, we considered a real-world scenario of the first-of-its-kind strawberry harvesting robot (Table 3) as a comparison.


TABLE 3. Comparison between humans and robots in strawberry harvesting.
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The factors (Sweeper, 2020) given in Table 3 were considered in deciding the impact of operating a robot on labor cost and yield.

Additionally, there are numerous benefits of using robotics in a plant production system that is near impossible to quantify in terms of monetary benefits but rather impact. These include:

(i) Safety of products.

(ii) Availability of skilled workers.

(iii) Incessant increase in wages of skilled workers as seen in the context of the Republic of Korea and other OECD countries.

Also, the data for the sensors were collected from the UBN sensors company (UBN, 2021) and used in the simulation.

Overall, the developed system provides the user with the possibilities of specifying their local context (Size and service life of the plant production system, cost of the items for retrofitting, cost of electricity per unit and impact of retrofitting on electricity consumption, interest paid on loans for retrofitting items, the annual rate of increase in energy cost, maintenance, and replacement period for each retrofitted item, projected production before and after retrofitting, projections in the price of the product, labor cost before and after retrofit, projections in the cost of labor and profit).




SIMULATION RESULTS AND DISCUSSION


Measures, Cost of Expenditure, and Profit for Retrofitting Case 1 Plant Production Systems

The simulation results show feasible combinations at different sizes for Case 1, represented with different colors for the selected measures (Figure 6). Each combination shows the total expenditure required to carry out the retrofit for the lifespan of the plant production system and the projected net profit per year (Figure 7). The feasible retrofits and tradeoff total expenditure versus the net profit per year are presented for all sizes. In Case 1, in size 1 of the retrofitting combinations, multiple feasible combinations were obtained compared to sizes 2–5 (Figure 6). However, the few possible retrofit combinations in sizes 2–5 show more return on investments (ROI) than the multiple feasible combinations in size 1. This demonstrates that despite the grower with size 1 having numerous possible combinations, the size of a system is more critical for profitability (Figure 7). The results also indicate that introducing new technologies might not necessarily mean a return on investment in an optimum way without analyzing all possible factors, such as current and projected labor costs and electricity consumption. The results in Figure 6 also show that despite a similar amount of money being spent to carry out the retrofit at a point across the different sizes of the plant production system, the net profit increased with the size of the system.


[image: image]

FIGURE 6. Generated retrofitting measures from the available factors for Case 1.



[image: image]

FIGURE 7. Different combinations of cost of retrofitting and yearly profit derived at different sizes of a plant production system for Case 1; size 1 (A), size 2 (B), size 3 (C), size 4 (D), and size 5 (E).


Further analyses of the return on investment in the size 1 (Figure 7A) in Case 1 showed a similar cost. Subsequently, retrofit combinations were available to be implemented that significantly increased the net profits. For example, there was a 4.03% increase in yearly net profit between two retrofit combinations with an investment cost of 4,990 and 5,700 USD (Figure 7A). An increase of 700 USD investment would result in about 280,000 USD or 4.03% in yearly net profit in this situation. In these combinations, the combination at the cost of 4,990 USD had selected retrofit measures 2 and 12 (Figure 6), which are analog network controller and temperature/humidity sensors (Figure 1). However, in the combination of 5,700 USD, the selected retrofit measures were 2, 4, 6, 8, 12, and 14 (Figure 6). This combination picked additional measures in addition to the two chosen at the cost of 4,990 USD. These were sensors for CO2, solar radiation, air pressure, and plant weight (Figure 6). Both combinations picked only analog measures. The sensors picked at the cost of 5,700 USD facilitated improved decision-making, thus increasing yearly productivity and extension profit.

Further analysis showed that all cost combinations except one selected the analog category instead of the digital. However, despite the investment cost of about 133,984 USD compared to the closest cost combination of about 52,394 USD which is less than half, the return on investments is approximately 7,675,358 USD and 7,599,365 USD, respectively (Figure 7A). This was a 1% increase compared to the 155% increase in investment cost. This analysis shows the importance of this system and the need to consider various factors when carrying out retrofits.



Measures, Cost of Expenditure, and Profit for Retrofitting Case 2 Plant Production Systems

In Case 2 retrofitting measures for a plant production system (Figure 8), an increase in productivity at a similar labor cost in Case 1 was investigated. These analyses were done to ascertain the impact of production on retrofit. Despite the cost of investment was similar, there was a significant increase in the return on investment when the productivity was doubled. This was around a 100% increase in the return on investment in size 1 of the system (Figure 8A). However, as the size of the system increased (Figures 8B–E), despite the similarity in the investment cost for retrofitting between Case 1 and 2, and the doubling of the productivity, a different trend was seen with the return on investment of around 132% for sizes 2 (Figures 7B, 8B), 121% for sizes 3 (Figures 7C, 8C), 136% for sizes 4 (Figures 7C, 8D), and 155% for size 5 (Figure 8E). This demonstrates that the size of the system and productivity are essential factors to consider in retrofitting. A similar trend in combinations of retrofit measures to be implemented was seen between Case 1 and Case 2.
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FIGURE 8. Different combinations of cost of retrofitting and yearly profit derived at different sizes of a plant production system for Case 2; size 1 (A), size 2 (B), size 3 (C), size 4 (D), and size 5 (E).




Measures, Cost of Expenditure, and Profit for Retrofitting Case 3 Plant Production Systems

Case 3 was designed to investigate the impact of labor cost on the retrofit measures, cost of investment, and return on investment. This case was investigated because of the similarities in productivity that are sometimes found in plant production systems from the optimal control of the micro- and macro- environments but the difference in the local contexts with labor cost because of the disparity in standard of living and development. In this Case, the productivity was kept like in Case 1, but the labor cost was doubled in Case 3. Size 1 (Figure 9A) showed no difference between Case 1 and Case 3 at comparable investment costs, even though the labor cost in Case 3 doubled that in Case 1. However, in the size 2 (Figure 9B) of Case 3, a different trend was seen compared to Case 1. The results show that the least amount of money for retrofit (around 9,000 USD) had a better return on investment than the most expensive combination (about 26,000 USD) for retrofits in Cases 1 and 3. These were a 29% increase in return on investment in Case 1 compared to Case 3 at the least combination of retrofit factors and around a 2% increase in return on investment in Case 1 compared to Case 3 for the maximum combination of retrofit factors. This was even more with the comparisons in investment cost and the cost of labor in Case 3 being a 100% increase from Case 1. To validate our method, we analyzed the components selected in both situations (least and highest cost of investment). Only two retrofit measures were selected at the least cost of investment: a digital network controller and an air pressure sensor for Case 1. In Case 2, only the digital network controller was selected. The selected retrofit measures in both Case 1 and Case 3 have minimal impact on productivity and cost of labor. This verifies the increase in return on investment of around 29% in Case 1, size 2 from that of Case 3. The increase was because of the savings from labor costs in Case 1. However, with the maximum investment cost, all the automated measures were selected in Case 1 and Case 3. With this, the labor cost did not significantly impact the return on investment, thus leading to only a 2% increase in return on investment of Case 1 compared to Case 3.
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FIGURE 9. Different combinations of cost of retrofitting and yearly profit derived at different sizes of a plant production system for Case 3; size 1 (A), size 2 (B), size 3 (C), size 4 (D), and size 5 (E).



Impact of Labor Cost and Productivity on Return in Investment in Retrofitting

Figures 7–9 shows the combination of the total expenditure required to carry out the retrofit for the lifespan of the plant production system and the projected net profit per year for three investigated cases. These cases varied in the production quantity before retrofits and local labor costs. These were done to explore what would impact the retrofitting expenditure and profits as different yields are gotten across different systems depending on the cultivated variety and other inputs. The labor cost also varies with the local situation as systems closer to the urban centers would have more expenditure on labor costs than those located farther from the cities. Analyses of the results showed that despite having similar spending for the three investigated scenarios of labor cost and yields, the total maximum yearly profit was similar for Cases 1 and 3 but was double for Case 2 from what was recorded in Cases 1 and 3 for size 1. A similar scenario was recorded in Size 2. In sizes 3–5, a similar maximum profit was recorded in all the investigated cases. This points out that despite the labor cost being double in Case 3, the similar productivity in Cases 1 and 3 would result in similar profits at a smaller production capacity, but this would change as the size of the production system increases. Also, our analyses show that at a smaller production capacity, the grower needs to pay attention to the best variety for productivity when retrofitting. This becomes less important when the size of the system increases. These analyses point to the importance of this decision-making tool when deciding to retrofit.





CONCLUSION

A user-friendly system to generate all the feasible tradeoff retrofit combinations for agricultural production systems such as plant factories and greenhouses was developed in this study. Cost of new technologies, interest on loans for retrofitting, size and service life of the production system, the present and projected cost for human labor and robotics, productivity, energy consumption, and replacement and maintenance costs were considered in the developed system. The presentation of tradeoff solutions of possible retrofit combinations, total expenditure, and net profit per year that is made possible by the developed system would improve decision-making. For example, an investigated case showed an increase of up to 250% in net profits. We propose a multi-objective retrofitting method for agricultural production systems to minimize the total cost of investment and maximize the yearly net profit.
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Leafy vegetables that are offered as seedling leaves with petioles are referred to as baby leaf vegetables. One of the most nutritious baby leaves, amaranth (Amaranthus tricolor L.), contains several bioactive compounds and nutrients. Here, we investigated the growth and quality of baby leaf amaranth using a variety of short-term cooling root-zone temperatures (RZT; 5, 10, 15, and 20°C), periods (1, 3, 5, and 7 days), and combinations thereof. We observed that exposing amaranth seedlings to RZT treatments at 5 and 10°C for 1–3 days increased the antioxidant capacity and the concentrations of bioactive compounds, such as betalain, anthocyanin, phenolic, flavonoid, and ascorbic acid; however, extending the treatment period to 7 days decreased them and adversely affected growth. For RZT treatments at 20°C, leaf photosynthetic pigments, bioactive compounds, nutrients, and antioxidant capacity increased gradually as the treatment period was extended to 7 days. The integration of RZTs at 5 and 10°C for one day preceded or followed by an RZT treatment at 20°C for 2 days had varied effects on the growth and quality of amaranth leaves. After one day of RZT treatment at 5°C followed by 2 days of RZT treatment at 20°C, the highest concentrations of bioactive compounds, nutrients, and antioxidant capacity were 1.4–3.0, 1.7, and 1.7 times higher, respectively, than those of the control, and growth was not impaired. The short-term cooling RZT treatments under controlled environments were demonstrated to be adequate conditions for the improvement of target bioactive compounds in amaranth baby leaf without causing leaf abnormality or growth impairment.
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 abiotic stress, anthocyanin, antioxidant capacity, ascorbic acid, baby greens, betalain, flavonoids, seedling


Introduction

Consumption of food with health benefits, often called functional foods, is increasing. Functional foods could prevent lifestyle diseases, such as cancer, atherosclerosis, and Alzheimer’s disease due to their bioactive compounds (Lee et al., 2009; Albuquerque et al., 2021). Vegetables represent affordable daily functional foods that contain various bioactive compounds, such as flavonoids, phenylpropanoids, and carotenoids.

Plants have been treated with biotic and abiotic stress to enhance the concentrations of their bioactive compounds. Root-zone temperature (RZT) is one of the abiotic factors that could enhance the contents of plant bioactive compounds (Calleja-Cabrera et al., 2020). The impact of RZT on growth and bioactive compound contents in relation to nutrition and water uptake functions in plants has been investigated (Qiuyan et al., 2012). Low or high RZT induces water stress in plants by altering the fluidity of the root membrane and the activity of aquaporin, a protein involved in water absorption (Carvajal et al., 1996; Maurel et al., 2015). In addition, calcium channels and lipid signaling are triggered as a consequence of such alterations, hence affecting intracellular calcium ions (Mittler et al., 2012). Subsequently, the calcium ion stimulates the activity of various temperature-sensitive elements, including calcium-dependent protein kinases and heat shock proteins. Additionally, reactive oxygen species (ROS), unstable oxidative products, are accumulated when certain thermal responsive mechanisms are altered (Raja et al., 2017). Numerous bioactive compounds that serve as ROS neutralizers, especially flavonoids and ascorbic acid, are synthesized and exploited to minimize ROS damage (Escobar-Bravo et al., 2017; Rácz and Hideg, 2021). Signal molecules are delivered from the roots to the shoots to trigger a bioactive compound synthesis pathway. However, when the ROS generated by low or high RZT exceed a threshold, cell death occurs (Mackerness, 2000). Moreover, a signal molecule is delivered to the shoots, signaling shoot-to-root nutrition transport, resulting in nutrient and biomass losses from the shoots (Heckathorn et al., 2013). Therefore, RZT treatment not only affects root physiology and activity but also shoot growth.

Root-zone temperature treatment is suitable for application in hydroponic systems. It facilitates a consistent nutrient solution temperature under controlled environments, such as in a plant factory with artificial light or a vertical farm. Ogawa et al. (2018) demonstrated that a 6-day RZT treatment at 10°C enhanced rosmarinic acid and luteolin concentrations in red perilla while decreasing shoot fresh weight. Cucumber plants were exposed to low RZT (10°C) for 4 weeks decreased leaf fresh weight and mineral content in addition to increasing leaf soluble sugar concentration (Chung et al., 2002). Similarly, a short-term RZT treatment (7 days) at 10–15°C enhanced total phenolic, anthocyanin, sugar, and antioxidant enzyme concentrations in red leaf lettuce, while decreasing fresh weight (Sakamoto and Suzuki, 2015). Furthermore, a high-temperature RZT treatment (30°C) increased the concentrations of bioactive compounds but decreased their antioxidant activity and appearance quality. Nguyen et al. (2020) applied RZT treatments to coriander for 3 and 6 days at 15, 25, 30, and 35°C. After 6 days, coriander treated with 15 or 35°C yielded relatively high concentrations of bioactive compounds, including ascorbic acid, chlorogenic acid, and carotenoids, while the highest biomass was observed in the treatments exposed to 30°C. The coriander treated for 3 days at 15°C exhibited decreased total phenolic contents, and no significant difference in fresh weight, when compared with that in the control group. The results of the study indicated that specific RZT levels and exposure periods influence the contents bioactive compounds differently.

Although high RZT treatment may enhance the contents of bioactive compounds in plants, it could have adverse effects on the appearance and shelf life of vegetable products due to increased respiration rates (Chun and Takakura, 1994; Falah et al., 2010; Masarirambi et al., 2018). Consequently, low RZT levels increase bioactive compounds in plants but decrease the water and minerals contents of the final product (Calatayud et al., 2008; Nxawe et al., 2009). Overall, RZT treatments at low and high levels influence bioactive compound characteristics, yield, and plant appearance. Consequently, low or high RZT could be employed considering the intended purpose of the product. Furthermore, rational RZT management could increase the contents of bioactive compounds in plants without adversely affecting growth and appearance.

Baby leaf vegetables, also known as baby greens, are commercial terms for leafy vegetables sold as seedling leaves with petioles. The leaf length, leaf area, color, texture, and flavor of baby leaf vegetables and the concentrations of certain bioactive compounds, such as ascorbic acid, anthocyanin, and β-carotene, are major quality criteria (Takahama et al., 2019). A seedling stage plant, on average, contains more bioactive compounds, nutrients, and minerals than a mature plant (Paradiso et al., 2018; Rakpenthai et al., 2019; Le et al., 2020).

Amaranth (Amaranthus tricolor L.) is a nutritious leafy vegetable with numerous and abundant bioactive compounds, such as ascorbic acid, betalain, β-carotene, phenolics, and flavonoids (Asao and Watanabe, 2010; Sarker and Oba, 2018; Sarker et al., 2020). Although amaranth baby leaf products are available on the market, no short-term treatment for manipulating the aerial or root-zone environment has been developed to enhance the contents of bioactive compounds in the leaves without causing leaf abnormality.

The aim of the present study was to establish a short-term cooling RZT under controlled environments that could be employed to improve bioactive compound accumulation in baby leaf amaranth without inducing abnormal appearance. RZT level, treatment period, and RZT combinations with different introduction times were investigated.



Materials and methods


Plant material and cultivation condition

The experiments were conducted at Chiba University, Japan, in a closed plant production system equipped with a multi-layer cultivation shelf. A. tricolor L. (red amaranth) seeds were purchased from Nakahara Seed Product Co., Ltd. (Fukuoka, Japan). The cultivation procedure diagram is illustrated in Supplementary Figure S1. Two hundred seeds were germinated in the dark at 20°C. Ninety-six germinated seeds were sown on a polyurethane sponge (M urethane; M Hydroponics Laboratory Co. Inc., Aichi, Japan) which was placed in a 1.2-L polypropylene cultivation container. Once pairs of true leaves were visible, 56 uniform seedlings were transplanted to an 8-L cultivation container. A half-strength Otsuka A formulation (OAT house A treatment; OAT Agrio Co. Ltd., Tokyo, Japan) with an electrical conductivity of 0.10–0.12 S m−1 and pH of 6.3–6.5 was used as the nutrient solution and seedlings were irradiated with white LED lamps (LD40S-N/19/21; Panasonic Corporation, Osaka, Japan). The environmental condition until 26 days after sowing (DAS) is described in Table 1.



TABLE 1 Environmental conditions for Amaranthus tricolor L. seedling stage and test period.
[image: Table1]



Root-zone temperature treatments

Amaranth seedlings with four true leaves, approximately 27 DAS, were exposed to RZT treatments. Six seedlings selected from the average height seedlings grown in the 8-L container were transplanted into a 6-L hydroponic container (33 cm × 18 cm × 15 cm) for the treatment (Supplementary Figure S1). The RZT was controlled using a handy cooler (TRL-107NHF, Thomas Kagaku Co., Ltd., Tokyo, Japan) with a temperature control device (Supplementary Figures S2, S3). A 1.5-cm-diameter cooling coil and thermocouple connected to a temperature control device were installed in the treatment container. Aeration was performed using air pumps and air stones to ensure adequate supply of air to the roots and circulation of the nutrient solution in each container. The environmental conditions during the test period are described in Table 1. Seedlings in all treatments were exposed to similar aerial conditions.

Experiment 1 was carried out to determine the optimal RZT and treatment period. The seedlings were subjected to four RZT treatments for 1, 3, 5, and 7 days, including 5, 10, 15, and 20°C. Four seedlings were harvested after 1, 3, 5, and 7 days of treatment.

Experiment 2 was carried out to establish RZT integration regimes. The results from Experiment 1 demonstrated that RZT at 5 and 10°C for 1 day increased concentrations of targeted bioactive compounds. Furthermore, RZT at 20°C for one or 3 days increased or maintained photosynthetic pigment concentrations. Thus, we hypothesized that integrating RZT at 5 or 10°C for 1 day and 20°C for 2 days could synergistically enhance and maintain bioactive compounds of baby leaf amaranth. The seedlings were subjected to four RZT treatments (20 T5, 20 T10, 5 T20, and 10 T20°C). Table 2 and Supplementary Figure S4 show the RZT treatments and periods. Three days after treatment, four seedlings were harvested.



TABLE 2 Short-term root-zone temperature (RZT) conditions for the treatment of amaranth seedlings. The seedlings were irradiated under the same photosynthetic photon flux density of 300  μmol m−2 s−1 for 3 days (Experiment 2).
[image: Table2]

Seedlings in all treatments were exposed to the same aerial conditions. The RZT of the control was maintained almost the same as the air temperature during a 25/20°C temperature cycle (day/night). The experiments were performed once.

Air temperatures in the canopy, cultivation shelf, and under cultivation foam were determined using a humidity and temperature recorder (TR-72wf, T&D Co., Ltd., Matsumoto, Japan; Supplementary Table S1). An infrared thermometer (830-T2, Testo, Inc.) was used to determine the surface temperature of the leaf and expanded polystyrene cultivation foam, whose emissivity was adjusted to 0.98 and 0.95, respectively (Chen, 2015; Krause and Nowoświat, 2019). The temperature of the nutrient solution was determined at different areas using thermocouples from the temperature control device on a handy cooler.



Yield, leaf water content, and leaf morphology

Four or five younger amaranth leaves 4.0–5.0 cm in length were harvested from four uniform seedlings, weighed, and subsequently freeze-dried (FDU-1110; Tokyo Rikakikai Co. Ltd., Tokyo, Japan) at −80°C for 24 h before being stored at −30°C for further analyses. Fresh (FW) and dry (DW) leaf weights were determined using a digital balance. The leaf water content (LWC) was calculated as previously described (Garnier and Laurent, 1994). Leaf morphology was visually recorded using a mobile camera.



Biochemicals determination

Sample preparation for biochemical determination was performed according to Wittayathanarattana et al. (2022). The leaves of each seedling were cold ground before being biochemically analyzed.


Chlorophyll and carotenoid concentrations

Powdered leaf samples (5 mg) were mixed with 1 ml of cold 80% acetone (v/v) and then homogenized using a 40 W ultrasonic machine. Samples were incubated overnight at 4°C and subsequently centrifuged (MX-307, TOMY Seiko Co., Ltd., Japan). The absorbance of the supernatants at 470, 480, 510, 645, and 663 nm was measured using a spectrophotometer (V-750; JASCO Corp., Japan). Total chlorophyll and carotenoid concentrations (conc.) were calculated using equations previously described by Sarker and Oba (2020).



Betalain concentration

Freeze-dried plant tissue samples (5 mg) were extracted with 1 ml of cold 80% methanol (v/v) containing 50 mM ascorbic acid. Samples were homogenized, then incubated overnight at 4°C and subsequently centrifuged. The absorbance of the β-cyanin and β-xanthin pigments were measured at 540 and 475 nm, respectively, using the spectrophotometer. Data were calculated as mg of betanin equivalent g−1 DW for β-cyanin and mg of indicaxanthin equivalent g−1 DW for β-xanthin. The concentrations were calculated by combining the β-cyanin and β-xanthin concentrations according to Sarker and Oba (2020).



Anthocyanin concentration

Anthocyanin determination was performed using a method modified from Mancinelli and Schwartz (1984). Powdered samples (5 mg) were mixed with 0.5 ml of chloroform, homogenized, and thereafter, centrifuged. Residues were collected and mixed with 1 ml of a 1% HCl-methanol (v/v) solution and subsequently centrifuged. The absorbance of supernatant was measured at 530 and 657 nm using the spectrophotometer. An appropriate dilution of cyanidin-3-glucoside (C3G) was used as the standard. The anthocyanin concentration was calculated using the equation described by Stanciu et al. (2009).



Total phenolic and flavonoid concentrations

Powdered leaf samples (5 mg) were mixed with 1 ml of cold 90% methanol (v/v), obtaining methanolic extract. The total phenolic concentration determination was performed as described by Jiménez-Aguilar and Grusak (2017). The extracts were mixed with 0.2 N of Folin-Ciocalteu reagent and 1 mol L−1 Na2CO3 at a ratio of 1:5:4. The absorbance of the solutions was measured at 760 nm using the spectrophotometer. Appropriate dilutions of gallic acid were used to plot a standard curve. Total phenolic concentrations were expressed as gallic acid equivalents (mg of GAE g−1 DW). Total flavonoid concentrations were determined based on the aluminum chloride reaction principle, as described in Sarker and Oba (2020). The extract was mixed with 5% NaNO2 (w/v), 10% aluminum chloride (w/v) solution, and 1 mol L−1 NaOH at a ratio of 5:1.5:2:1.5. Absorbance was measured at 410 nm using the spectrophotometer. An appropriate dilution of rutin was used to create a standard curve. The total flavonoid concentrations were expressed as rutin equivalents (mg of RTE g−1 DW).



Total antioxidant capacity

An appropriate dilution of methanolic extract was mixed with 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid; ABTS; Sigma-Aldrich, St. Louis, MO, United States of America) according to the method described by Miller and Rice-Evans (1996). The reduction in absorbance at 740 nm within 1 min was measured using the spectrophotometer. An appropriate dilution of Trolox was used to plot a standard curve. Total antioxidant capacity was expressed as Trolox equivalent antioxidant capacity (mM g−1 DW).



Ascorbic acid concentration

Powdered leaf samples (10 mg) were combined with 1 ml of 5% meta-phosphoric acid (w/v), then mixed well by vortexing for 1 min and centrifuged. Ascorbic acid determination was carried out using Reflectoquant® ascorbic acid test strips (Merck, Germany) and a reflectometer (RQflex®, Merck). Ascorbic acid concentration was expressed as mg g−1 DW.




Statistical analysis

Data were processed using IBM SPSS Statistics 24 (IBM Corp., Armonk, NY, United States of America). Tukey’s honestly significant difference (Tukey’s HSD) test was used to compare the means of the measured parameters among the treatments.




Results


The optimization of RZT and treatment period

Amaranth seedlings developed differently under various RTZs. At day 7, the seedlings from the control and RZT 20°C treatment conditions had 7–8 leaves, with 3–4 of the leaves being emerging new leaves (data not shown). The seedlings treated with RZTs of 5, 10, and 15°C showed minor leaf length and width changes, and only one emerging new leaf, resulting in five leaves at day seven. Younger leaves of 4.0–5.0 cm in length were harvested from the RZT and control conditions, and their morphology analyzed, as illustrated in Figure 1. The visible redness of the leaves increased with an increase in the period of the RZT treatment. However, on the first day of treatment, seedlings treated with RZTs of 5, 10, and 15°C showed leaf wilting. The amaranth leaf fresh and dry weights were 1.05–1.39 g and 0.12–0.21 g, respectively (Figure 2). The RZT treatments at 5 and 10°C had significantly reduced leaf fresh weight when compared with those observed following the treatments at 15 and 20°C. When the treatment period was prolonged from 3 to 7 days, considerable increases in leaf fresh and dry weights were observed; however, 1 day of treatment resulted in a decrease in fresh weight. Notably, extension of the treatment period from 3 to 7 days increased leaf dry weight in the RZT treatments at 15 and 20°C significantly when compared with that observed in the control group (Figure 2). Leaf water content in the control seedlings was consistently between 88 and 90%, while seedlings treated with RZTs of 5, 10, and 15°C exhibited reduced leaf water content since the first day of treatment, when compared with that in the control. However, as the treatment period was prolonged, leaf water content in seedlings treated with RZTs of 5, 10, and 15°C increased gradually.
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FIGURE 1
 Morphology of amaranth leaves treated with different root-zone temperatures (RZT) for different periods (Experiment 1). The RZT at day/night-time: 5/5, 10/10, 15/15, and 20/20°C are indicated as: 5, 10, 15, and 20°C.


[image: Figure 2]

FIGURE 2
 Amaranth leaf fresh weight (A), dry weight (B), and leaf water content (C) after treatment with different short-term RZTs for different periods (Experiment 1). Vertical bars indicate the standard error (n = 4). Means were compared using Tukey’s honestly significant difference (HSD) at a significance level at *p  <  0.05 and **p  <  0.01.


Figure 3 indicates that the temperatures and periods used for the RZT treatments affected amaranth leaf pigments significantly. When the treatment period was extended from 1 to 7 days, chlorophyll concentrations in the leaves grown at RZTs of 5, 10, and 15°C were 1.25–2.25 times lower than those observed in control and an RZT of 20°C. For one-day treatments, the seedlings grown at RZTs of 5 and 10°C yielded significantly more carotenoids than those grown under control conditions; however, the carotenoid concentrations decreased with a longer treatment period. From 1 to 7 days of treatment, carotenoid concentrations in the leaves grown at an RZT of 20°C increased gradually. Betalain concentrations in the seedlings grown at RZTs of 5, 10, and 15°C increased dramatically 1.2–1.8 times for one-day treatments, and decreased gradually when the treatment period was extended to 7 days.

[image: Figure 3]

FIGURE 3
 Total chlorophyll (A), carotenoid (B), and betalain (C) concentrations (conc.) in leaves of amaranth seedlings treated with different short-term RZTs for different periods (Experiment 1). Results of two-way analysis of variance for RZT (A), period (B), and their interaction (A × B) are shown. The asterisks indicate the significance levels (*p < 0.05, **p < 0.01, and ***p < 0.001). Vertical bars indicate the standard error (n = 4). Means were compared using Tukey’s HSD at a significance level at *p < 0.05 and **p < 0.01. Betalain concentrations are expressed as β-cyanin and β-xanthin equivalents. DW, dry weight.


The anthocyanin concentrations of seedlings subjected to RZT treatments were 1.3–2.3 times higher than that in the control group (Figure 4). After 3 days of treatment, the anthocyanin concentrations in the seedlings grown at RZTs of 5 and 10°C were increased significantly, up to 16.23 and 15.65 mg g−1 DW, respectively. The anthocyanin concentrations of seedlings grown at RZTs of 15 and 20°C increased gradually from day one to day seven of the treatment. Following 3 days of RZT treatment, the total phenolic concentrations in the seedlings grown at n RZT of 5°C increased to 18.06 mg g−1 DW, and was the highest among the RZT treatments. However, after 7 days of treatment, total phenolic concentrations in seedlings grown at n RZT of 5°C decreased slightly, whereas the anthocyanin concentrations increased under RZT treatments of 10, 15, and 20°C.
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FIGURE 4
 Anthocyanin (A), total phenolic (B), total flavonoid (C), and ascorbic acid (D) concentrations, as well as total antioxidant capacity (E) of amaranth leaves treated with different short-term root-zone temperatures (RZT) for different periods (Experiment 1). Results of two-way analysis of variance for RZT (A), period (B), and their interaction (A × B) are shown. The asterisks indicate significance levels (*p < 0.05, **p < 0.01, and ***p < 0.001). Vertical bars indicate the standard error (n = 4). Means were compared using Tukey’s HSD at a significance level at *p < 0.05 and **p < 0.01. 1Anthocyanin concentration is expressed as cyanidin-3-glucoside equivalents. 2Total phenolic concentrations are expressed as gallic acid equivalents. 3Total flavonoid concentrations are expressed as rutin equivalents. 4Total antioxidant capacity is expressed as Trolox equivalents. DW, dry weight.


The RZT treatments increased flavonoid concentrations in amaranth leaves significantly during the treatment period, excluding in the RZT of 20°C, in which the was not significant different with that in the control (Figure 4). Extending the treatment periods from 1 to 7 days enhanced leaf flavonoid concentrations, particularly in seedlings grown at RZTs of 5 and 10°C on day 3 to 5. From day 1 to 3, the antioxidant capacity of control seedlings was slightly altered, whereas those of seedlings subjected to RZT treatments were significantly changed. On the first day of treatment, both the 5 and 10°C RZT treatments exhibited the highest antioxidant capacity (11.23 and 10.97 mM g−1 DW, respectively), which eventually decreased by 15–20%. Antioxidant capacity increased gradually over 5 days after the start of the RZT treatments at 15 and 20°C.

The concentrations of ascorbic acid were influenced by RZTs and treatment periods (Figure 4). On day three, RZT treatments of 5 and 10°C significantly increased ascorbic acid concentrations in amaranth leaves, whereas the other RZT treatments only marginally increased ascorbic acid concentrations when treatment period was extended.

Exposing amaranth seedlings to RZTs of 5 and 10°C for 1 to 3 days could enhance the contents of bioactive compounds; however, prolonging the treatment period to 7 days reduced the contents of the compounds. From days three to seven, photosynthesis-related pigments and target bioactive compounds increased gradually under an RZT of 20°C. Combining the RZTs could enhance the concentrations of target bioactive compounds and with no leaf abnormalities.



The establishment of RZTs integration regime

The leaf was almost entirely red without wilting symptoms after 3 days of RTZ treatment, whereas the leaves of the 20 T5 and 20 T10 treatments were red and partially green (Figure 5). The leaf fresh weight of RZT-treated seedlings ranged between 1.04 and 1.09 g, which was significantly different from that of the control seedling (1.19 g; Table 3). Leaf dry weight was not significantly different between the RZT-treated seedlings and the control seedlings. In this experiment, the RZT treatment had no significant effect on leaf water content.

[image: Figure 5]

FIGURE 5
 Morphology of amaranth leaves treated with different short-term root-zone temperatures (RZT) treatments for 3  days (Experiment 2). The seedlings that were subjected to 2 days of an RZT of 20°C followed by 1 day of RZTs of 5 or 10°C are designated as 20 T5 and 20 T10, respectively. The seedlings that were treated at 5 or 10°C for 1 day, then subjected to an RZT of 20°C for 2 days, are illustrated as 5 T20 and 10 T20.




TABLE 3 Amaranth leaves fresh weight (Leaf FW), dry weight (Leaf DW), and leaf water content (LWC) after treatment with different short-term root-zone temperatures (RZT) for 3 days (Experiment 2).
[image: Table3]

RZT treatment integration had no effect on photosynthetic pigments, including chlorophyll and carotenoid contents, in the present study (Table 4). The chlorophyll and carotenoid concentrations in the leaves of RZT-treated seedlings ranged from 7.44 to 8.08 and 2.48 to 2.53 mg g−1 DW, respectively, which were not significantly different from those of the control. Betalain concentrations in RZT-treated seedlings increased 1.5 to 1.8-times compared to that observed in the control; however, they did not differ significantly among the RZT treatments (3.81–4.21 mg g−1 DW).



TABLE 4 Total chlorophyll (Chl conc.), carotenoid (Car conc.), and betalain (Bet conc.) concentrations in leaves of amaranth seedlings after treatment with different short-term root-zone temperatures (RZT) for 3 days (Experiment 2).
[image: Table4]

Anthocyanin concentrations in the leaves of RTZ-treated seedlings ranged between 11.15 and 13.15 mg g−1 DW, which is approximately 1.3–1.5 times higher than that of the control (Table 5). In addition, RZT-treated seedlings had a phenolic concentration 1.2–1.4 times higher than that of control seedlings.



TABLE 5 Anthocyanin (Ant conc.), total phenolic (Phl conc.), and total flavonoid (Flv conc.) concentrations, as well as total antioxidant capacity (TAC), and ascorbic acid (Asc conc.) concentration of amaranth seedling leaves treated with different short-term root-zone temperatures (RZT) for 3 days (Experiment 2).
[image: Table5]

Integration of RZT treatments increased flavonoid concentrations significantly (2.7–3.0 times higher than that in the control). There were no significant differences in flavonoid concentrations among the RZT treatments. The highest phenolic concentrations (16.68 mg g−1 DW) were observed in leaves in the RZT 20 T10 treatment, whereas the lowest were observed in leaves in the RZT 10 T20 treatment. The findings are consistent with the antioxidant capacity of RZT-treated leaves, which was the highest in the 20 T10 treatment (15.51 mM g−1 DW) and the lowest in the 10 T20 treatment (11.85 mM g−1 DW), among the RZT treatments. Both phenolic concentration and antioxidant capacity of seedlings were significantly different between the RZT 20 T10 and RZT 10 T20 treatments. Interestingly, RZT 20 T10 and RZT 10 T20 protocols were designed using the same RZTs of 10 and 20°C, but different periods, implying that a different RZT introduction time at 10°C results in different phenolic concentration and antioxidant capacity. Conversely, a different RZT introduction time at 5°C showed a similar result.

The effects of RZTs integration treatments on ascorbic acid are listed in Table 5. The results indicate that both the 5 and 10°C RZTs can be used to increase ascorbic acid concentrations; however, the introduction period influenced the results considerably. RZT should be applied for 1 day at 5°C, followed by 2 days at 20°C (5 T20), whereas 10°C for 1 day should be used after seedlings have been treated for 2 days at 20°C (20 T10).

The results of the present study suggest that RZT integration could enhance the contents of target bioactive compounds. The application of an RZT of 5°C for one day, followed by an RZT of 20°C for two days (5 T20), represents a promising protocol for improving bioactive compound accumulation in baby leaf amaranth without inducing abnormal appearance.




Discussion

Numerous studies on RZT have examined its influence on hydroponically grown plants, with an emphasis on low RZTs. Low RZTs have been associated with adverse effects, such as reduced water and nutrient uptake, decreased root respiration and activity, retarded root development, or interruptions of the photosynthetic machinery, all of which result in loss in product yield, nutrients, and minerals (Aroca et al., 2001; Schwarz et al., 2010; Hao et al., 2012). Alternatively, low RZTs are considered beneficial since short- or long-term application can enhance the concentrations of bioactive compounds, such as rosmarinic acid (Lam et al., 2020), glucosinolates (He et al., 2020), ascorbic acid (Chadirin et al., 2011), total phenolics, and anthocyanin (Sakamoto and Suzuki, 2015), depending on the plant species.


Growth and photosynthesis-related pigments

Plant biomass is a growth indicator that reflects photosynthetic status and stress, so that a decrease in plant biomass implies poor growth or excessive stress. This study showed that the seedlings grown at RZTs of 5 and 10°C had a substantial decrease in fresh weight (Figure 2). Moreover, one-day treatments resulted in significant reduction in fresh weight. Sakamoto and Suzuki (2015) suggested that treating red leaf lettuce using an RZT of 10°C for 7 days noticeably decreased the fresh weight. According to Nguyen et al. (2020), although the fresh weight of coriander exposed to a 15°C RZT treatment did not change significantly after three days, it did after six days. The RZTs used and the treatment periods influenced plant fresh weight by inducing an imbalance in root water uptake. Li et al. (2019b) demonstrated that rice plants grown at an RZT of 17.5°C for two days increased malonaldehyde concentrations, reflecting oxidative status in the root and shoot, and decreasing shoot fresh and dry weights. Low RZT potentially disturbed redox balance, generating an overproduction of ROS that necessitated the synthesis of neutralizing antioxidant enzymes or bioactive compounds (Escobar-Bravo et al., 2017). Such activities require energy to be performed; hence, respiration rate is increased. Due to the impairment of root water uptake, water is lost throughout respiration without being replenished by the root, resulting in loss of shoot fresh weight (Calleja-Cabrera et al., 2020). However, in the present study, the extended RZT treatment period increased leaf dry weight gradually, with a decrease observed only at the first day of treatment. The RZT treatments applied in the present study were potentially suboptimal and did not exceed amaranth’s biological threshold, allowing the recovery process to proceed.

LWC is a parameter used to measure the leaf water stress status in response to drought, temperature, and nutrient limitation (Heinen et al., 2009). On the first day of treatment, RZT leaves exposed to 5, 10, and 15°C showed significant decreases in LWC (Figure 2). Therefore, the one-day RZT treatment may not be appropriate for use prior to harvest. However, extension of RZT period increased LWC significantly, while seedlings grown in the control and under an RZT of 20°C exhibited minor changes in LWC (Figure 2). Various physiological responses are triggered, in general, to maintain water levels in plants during water stress, including alteration of stomata conductance (Tari, 2003; Yu et al., 2015) proline biosynthesis (Sperdouli and Moustakas, 2014; Zegaoui et al., 2017), and the accumulation of photosynthesis-related pigments (Sanchez et al., 1983; Mibei et al., 2017; Shah et al., 2017).

Decreases in chlorophyll concentrations in seedlings grown under RZTs of 5, 10, and 15°C may indicate poor light-harvesting ability for photosynthesis (Figure 3). Low RZT treatments cause lipid oxidation in the membrane, resulting in ROS production, most notably in the plastid. This ROS subsequently oxidizes the pigment, decreasing the chlorophyll content (León-Chan et al., 2017). The decrease may influence plant biomass, as previously described, by lowering seedling fresh and dry weights under low RZT treatments. The negative trends, especially for fresh weight, are more obvious when the treatment period is prolonged.

Carotenoids, in general, are synthesized in the same way as chlorophyll, highlighting their role in the photosynthetic machinery (Sagawa et al., 2016; Stanley and Yuan, 2019). Carotenoids are pigments accumulated in chloroplasts and crucial for photoprotection, capturing light, and stabilizing photosynthetic activities (Havaux, 1998), and have a high antioxidant capability, scavenging singlet oxygen and peroxyl radicals (Stahl and Sies, 2003). In the present study, carotenoid concentrations increased significantly in seedlings exposed to RZTs of 5 and 10°C on the first day but decreased thereafter, by 30–40%, when the treatment period was extended. Under cold temperatures, the elongated hypocotyl 5 (HY5), a protein that responds to cold and light stress, stabilized; however, the phytochrome interacting factor decreased antagonistically (Toledo-Ortiz et al., 2014). Both proteins interacted with the phytoene synthase enzyme associated with carotenoid biosynthesis under cold stress. However, plant age, leaf position, and phytohormone levels influence carotenoid stability. Low RZTs suppress phytohormones such as gibberellins, auxin, and cytokinin in root apical meristems, in turn interfering with root-to-shoot hormonal transportation (Zhu et al., 2015; Müller and Munné-Bosch, 2021). Consequently, in amaranth seedlings, low RZT treatments lasting longer than 3 days may restrict the biosynthesis of photosynthesis-related pigments and reduce leaf growth.



Bioactive compounds

Betalain, a tyrosine-derived pigment, is required for homeostasis under abiotic stress. Betalain accumulates in the epidermis, mesophyll, and guard cell of leaves (Jain and Gould, 2015; Zhou et al., 2021). In amaranth leaves, especially red leaves, betalain concentrations are as much as 2–5 times higher than those in green leaves (Liu et al., 2019). Hayakawa and Agarie (2010) reported that cold stress enhanced betalain concentrations in Suaeda japonica leaves. Numerous cold-responsive bioactive compounds are synthesized to maintain photosynthetic machinery under cold stress. Betalain, rather than carotenoid, is a photoprotective compound strongly associated with cold stress (Li et al., 2019a). Betalain concentrations increased significantly in leaves under RZT treatments at 5, 10, and 15°C, and slightly reduced (Figure 3). In general, the biosynthesis of betalain requires nitrogen as a backbone, similar to chlorophyll, potentially explaining the observed decrease in chlorophyll and increase in betalain under RZT treatments. Jain and Gould (2015) showed that betalain concentrations increased 4-fold when exposed to water stress, while chlorophyll concentrations decreased dramatically. Under low RZT conditions, photosynthesis is restricted, which leads to the depletion of plant resources in tissues and forces them to preserve critical nutrients for survival. Chlorophyll may be less necessary in a resource-limited environment with excess ROS when compared with betalain and carotenoid (antioxidants; Polturak et al., 2016).

Anthocyanins have been commonly identified as plant stress-responsive bioactive molecules, acting as ROS scavengers and osmo-homeostatic agents (Stintzing and Carle, 2004). Numerous studies have showed that RZT treatments increase anthocyanins in leaves significantly. For example, anthocyanin concentrations increased in red leaf lettuce after exposure to low RZTs of 10 and 15°C for a certain period (Sakamoto and Suzuki, 2015). Similarly, the leaves of red perilla grown at an RZT of 10°C for 6 days exhibited a considerable increase in anthocyanin concentrations when compared with that in the control (Ogawa et al., 2018). In the present study, anthocyanin concentrations in amaranth leaves under RZT treatments responded variably depending on the RZT and treatment period (Figure 4). For instance, anthocyanin concentration increased dramatically, 2–3-fold, after treatment at 5 and 10°C for 3 days, when compared with that observed in the control, followed by a 15–20% decline on days 5 and 7. The leaves under 15 and 20°C treatments progressively produced anthocyanins as the treatment periods were extended, indicating that RZT treatments of 5 and 10°C may be the low threshold temperature level of amaranth, triggering the biosynthesis of anthocyanin components by activating chalcone synthase, chalcone isomerase, and flavanone-3-hydroxylase (Liu et al., 2018). However, the reduction in anthocyanin, known as anthocyanin degradation, may begin after day 3 of RZT treatment. During RZT treatment, photosynthesis is limited, with sugar lacking as an energy source, and plants are forced to recycle sugar to survive. Anthocyanins in general, which are present as glycosides, bonded with a sugar-backbone, may be targeted as alternative sugar sources. Therefore, the deglycosylation by β-glucosidase and oxidation by polyphenol oxidase or peroxidase may potentially result in anthocyanin degradation (Oren-Shamir, 2009). Anthocyanin performs its ROS scavenging function in a manner similar to betalain. Both bioactive compounds may be used initially during the RZT treatment; afterward, additional stress-responsive components will continue to perform the function. In the present study, anthocyanin and betalain reduction were observed on day 5 and 7 (Figures 3, 4).

Król et al. (2015) demonstrated that after a week of exposure to 10°C, total phenolic contents of Vitis vinifera L. leaves increased. However, the cold-sensitive cultivar had lower phenolic contents. The data suggest that the phenolic compounds play a role in cold tolerance. After 30 days of long-term low-temperature stress at 15°C, the accumulation of flavonoids and phenolic compounds in tomato leaves increased (Rivero et al., 2001). Rezaie et al. (2020) demonstrated that low RZTs induce transcription factors associated with phenylalanine ammonia-lyase and alter the expression of the cinnamate 4-hydroxylase gene, resulting in increased flavonoid and phenolic compound accumulation in sweet basil, which corroborate the findings of the present study, revealing that seedlings exposed to an RZT of 5°C for 3 days significantly enhanced their total phenolic concentration (Figure 4). The findings indicate that seedling leaves treated with different RZTs (5, 10, and 15°C) exhibited 3–5-fold increases in flavonoid concentrations when compared with those of the controls. When the treatment period was prolonged, total phenolic and flavonoid concentrations increased substantially, showing that both are required for homeostasis under low RZTs. Cold-tolerance capacity varies according to plant species, based on cold-responsive transcriptional factors. Moreover, different mechanisms may be adopted depending on the magnitude and period of the cold stress.

Lee and Oh (2015) reported that the antioxidant capacity of kale treated with an RZT of 4°C increased significantly on the first day after treatment. Consequently, the antioxidant capacity of leaves exposed to RZTs of 5 and 10°C increased dramatically by 1.5–1.8-fold, when compared with those observed after 1 day of treatment in the control (Figure 4). The antioxidant capacity of seedling leaves treated at 15 and 20°C increased gradually from day one to seven. Plant ROS defense mechanisms are diverse and include both enzymatic and non-enzymatic responses. Both are employed considering the quantity of ROS and the physiological status of the plant (Das and Roychoudhury, 2014). The antioxidant capacity of amaranth is strongly correlated with the concentration of bioactive compounds classified as non-enzymatic antioxidants, such as anthocyanin, betalain, phenolic, flavonoids, and ascorbic acid (Sarker et al., 2020). However, only betalain and carotenoid increased with an increase in antioxidant capacity, whereas phenolic, flavonoids, and ascorbic acid exhibited delayed responses (Figures 3, 4). Carotenoid and betalain antioxidant molecules may be the first line of defense against ROS damage in amaranth during RZT treatment. However, based on reactivity and structure, phenolic and flavonoid compounds are considered secondary ROS scavenging mechanisms in plants (Fini et al., 2011). Additionally, delayed synthesis resulting from delayed gene expression in response to abiotic stress has been described in other studies (Clayton et al., 2018; Qian et al., 2019).

Ascorbic acid is a water-soluble vitamin that is essential for the immune system and as a cellular ROS scavenger. Moreover, it is more effective in scavenging hydrogen peroxide than catalase and peroxidase (Dolatabadian and Jouneghani, 2009). Amaranth is a source of ascorbic acid, particularly from its leaves, containing 13 times the ascorbic acid content found in lettuce (Srivastava, 2011). In the present study, ascorbic acid increased significantly in leaves treated at 5°C from day one and remained constant until day seven, but it decreased slightly in leaves treated at 10°C after 7 days (Figure 4). Ascorbic acid functions as a scavenger in both enzymatic and non-enzymatic ROS defense mechanisms, implying that ascorbic acid biosynthesis may continue under abiotic stress (Barnes et al., 2002; Akram et al., 2017). Here, we showed that ascorbic acid increased in seedlings subjected to RZT treatments at 5 and 10°C for 3 days, and declined slightly thereafter. Subsequently, Ito and Shimizu (2020) observed that spinach (Amaranthaceae) exposed to 4°C treatment for 2–7 days exhibited enhanced levels of ascorbic acid. Moreover, Cheminant et al. (2011) reported that after 2 weeks of RZT treatment at 5°C, the ascorbic acid content in spinach increased. Although previous studies examined the influence of RZT treatments on ascorbic acid in spinach, the effects may differ based on the species analyzed. Ascorbic acid is produced from glucose, pectin, and myo-inositol; hence, higher ascorbic acid levels indicate increased utilization of the substrates (Wheeler et al., 1998; Smirnoff et al., 2001). Since these precursors influence plant growth and development, long-term RZT treatment of amaranth may not be appropriate, as demonstrated in the present study.



Effect of cooling root-zone temperature integration

Since each RZT level and period (Experiment 1) had distinct effects, an integration of varied RZTs for 3 days before harvest may be performed to enhance the concentrations of bioactive compounds. An RZT of 20°C may increase photosynthetic pigments, providing precursors of bioactive compounds and nutrients; hence, 2 days would be selected for this RZT. After the 20°C treatment, RZTs of 5 or 10°C would be used for a day to improve the bioactive compounds and nutrients before harvest. Conversely, RZTs of 5 and 10°C may be first used for a day to enhance the concentrations bioactive compounds and nutrients, followed by an RZT of 20°C to gradually increase and maintain them until harvest.

While cooling the root zone can enhance the concentrations of bioactive compounds (Ogawa et al., 2018; Nguyen et al., 2020), it also affects leaf fresh weight, in general, by interfering with root water uptake (Nxawe et al., 2009; Maurel et al., 2015). According to the results presented in Figure 2, the RZT of 20°C had no effect on leaf fresh weight when compared with that of the control group, and hence was employed in Experiment 2 to avoid leaf fresh weight reduction. However, the conclusion may not be valid, since the results indicated that seedlings treated with a combination of RZTs exhibited leaf fresh weight reductions of 10–15% compared to the control (Table 3). Notably, the combination of RZTs was observed to have a beneficial effect on plants by reducing water stress damage, as the dry weight and leaf water content indicated a water and nutrient balance (Calleja-Cabrera et al., 2020; Zhou et al., 2021), which were not statistically different from those of the control (Table 3).

In experiment 1, chlorophyll may have been degraded by lipid oxidation (León-Chan et al., 2017) and reduced to a basal level for the maintenance of physiological processes under resource-constrained conditions induced by low RZTs (Figure 3). Notably, the findings in Experiment 2 suggest that the combination of RZTs had a beneficial effect on chlorophyll, despite the no significant difference between the RZT treatment and the control (Table 4). Chlorophyll may accumulate more when plants are under mild RZT stress, as shown in our experiment with an RZT of 20°C (Figure 3). Moreover, no reduction in chlorophyll concentration was observed when RZTs of 5 and 10°C were introduced (20 T5 and 20 T10, Table 4). The mild cooling RZTs of 15 to 20°C at 25/20°C air temperatures may promote chlorophyll accumulation, thereby increasing photosynthesis and ultimately bioactive compound concentrations or precursor biosynthesis (He et al., 2020). Therefore, when seedlings are exposed to low RZTs, the precursors are promptly converted to cooled RZT-responsive compounds, and the resulting bioactive chemical compounds immediately protect chlorophyll from lipid oxidation. Conversely, when RZTs of 5 and 10°C were introduced prior to the application of 20°C (5 T20 and 10 T20), the 20°C may serve as a recovery condition; various bioactive compounds increased during the recovery period (Lee and Oh, 2015).

RZT combinations had different effects on carotenoids, when compared to the effects observed during Experiment 1, where only a single RZT treatment was applied. The 5 and 10°C RZT treatments in Experiment 1 increased carotenoid concentrations for 1 day, and then decreased them over time (Figure 3); however, there was no significant difference between the RZT treatments and the control (Table 4). Carotenoids, as mentioned earlier, acts as ROS scavengers and photoprotective compounds (Stahl and Sies, 2003); cooling RZTs, in general, lead to increased carotenoid concentrations (Chadirin et al., 2011; Nguyen et al., 2020; He et al., 2021). A cooling RZT activates HY5, a switch for carotenoid biosynthesis (Catalá et al., 2011). However, the synthesis of several bioactive compounds, including flavonoids, is controlled by this protein (Kim et al., 2017). According to the results of the present study, RZT treatments may induce HY5, but carotenoids may not be the primary RZT stress-responsive compound.

In the present study, betalain, anthocyanins, phenolics, and flavonoids functioned as bioactive compounds in response to cooling RZTs (Table 5 and Figures 3, 4). RZTs, either single or in combination, improve these concentrations for a certain period when compared with the concentrations observed in control treatments. However, phenolic concentrations are affected by introduction of RZT treatments at 5 and 10°C followed by or before treatment at 20°C. Among RZT treatments, in the 10 T20 protocol, leaves had the lowest concentrations of phenolic compounds, and their antioxidant capacity was consequently reduced due to the lower phenolic concentrations (Table 5). The antioxidant capacity of amaranth leaves, on the other hand, demonstrates the total ROS scavenging ability (scavenging, neutralizing, and radical reaction chain inhibition; Rubio et al., 2016), which is highly correlated with betalain, phenolic, and flavonoid contents (Sarker and Oba, 2018, 2020).

The integration of RZTs had distinct effects on ascorbic acid contents in leaves (Table 5). Ascorbic acid concentration of seedlings under 20 T5 treatment was lower than that under the 20 T10. In comparison with other bioactive compounds examined following RZT combination treatments, only ascorbic acid concentrations were significantly decreased in leaves after 20 T5, indicating that the RZT of 5°C 1 day prior to harvest may induce cold stress and produce ROS, for which ascorbic acid is required as a first-line scavenger, resulting in the reduction in the ROS concentrations (Akram et al., 2017). However, leaves treated with 10 T20 showed reduced ascorbic acid concentrations, which is associated with decreased phenolic concentrations and antioxidant capacity. In the 10 T20 treatment, an RZT of 10°C induced cold-stress and generated ROS; however, the recovery period at 20°C could have masked the impact of stress, resulting in lower phenolic and ascorbic acid concentrations and antioxidant capacity than those in other combinations.

Pre-cooling, in general, is the application of 10–20°C of forced air to leafy vegetables to remove excess heat from the environment or metabolic process (Martı́nez and Artés, 1999). Numerous studies have shown that pre-cooling vegetables extends their shelf life by increasing the concentrations of bioactive compounds that function as radical scavengers and chelating agents (He et al., 2013; Garrido et al., 2015; Tian et al., 2016; Kongwong et al., 2019). Therefore, pre-cooling RZTs (20°C in this experiment), in contrast to the cold-RZT warning signal, may enhance bioactive compounds prior to the application of cold-RZTs (5 and 10°C). Alternatively, an RZT treatment of 20°C could be used after applying cold-RZTs (5 and 10°C; 5 T20 and 10 T20) where the RZT of 20°C may not act as a pre-cooling RZT but rather as a recovery-period RZT.

Our findings suggest that a one-day RZT treatment combination at 5°C followed by two-days treatment before harvest at 20°C can enhance the concentrations of target bioactive compounds and maintenance of nutrients in baby leaf amaranth without adversely affecting leaf appearance. Amaranth baby leaf responded differently to different RZT combinations, and this is the first study to report such findings. Further studies are required to demonstrate the relationship between pre-harvest treatment and post-harvest quality of baby leaf amaranth since physiological processes in plants change over time, even after harvest.




Conclusion

Our findings suggest that RZTs of 5 and 10°C for 1–3 days may increase the concentrations of bioactive compounds in baby leaf amaranth, with beneficial nutrients retained. An RZT of 20°C, conversely, would increase the concentrations of photosynthetic pigments and bioactive compounds without impairing growth, when the treatment period is extended to 7 days. Furthermore, the combination of RZTs could enhance target bioactive components and maintain nutrients in amaranth baby leaf. Treatments for 1 day at 5°C and for 2 days at 20°C were associated with the highest concentrations of bioactive compounds and nutrients in the leaves. Therefore, treatment with an RZT of 5°C for 1 day followed by that for 20°C for 2 days may be the appropriate pre-harvest treatment for increasing bioactive compounds and maintaining nutrients in baby leaf amaranth without causing leaf appearance abnormalities.
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Fresh weight is a widely used growth indicator for quantifying crop growth. Traditional fresh weight measurement methods are time-consuming, laborious, and destructive. Non-destructive measurement of crop fresh weight is urgently needed in plant factories with high environment controllability. In this study, we proposed a multi-modal fusion based deep learning model for automatic estimation of lettuce shoot fresh weight by utilizing RGB-D images. The model combined geometric traits from empirical feature extraction and deep neural features from CNN. A lettuce leaf segmentation network based on U-Net was trained for extracting leaf boundary and geometric traits. A multi-branch regression network was performed to estimate fresh weight by fusing color, depth, and geometric features. The leaf segmentation model reported a reliable performance with a mIoU of 0.982 and an accuracy of 0.998. A total of 10 geometric traits were defined to describe the structure of the lettuce canopy from segmented images. The fresh weight estimation results showed that the proposed multi-modal fusion model significantly improved the accuracy of lettuce shoot fresh weight in different growth periods compared with baseline models. The model yielded a root mean square error (RMSE) of 25.3 g and a coefficient of determination (R2) of 0.938 over the entire lettuce growth period. The experiment results demonstrated that the multi-modal fusion method could improve the fresh weight estimation performance by leveraging the advantages of empirical geometric traits and deep neural features simultaneously.

KEYWORDS
growth monitoring, fresh weight, deep learning, lettuce, multi-modal fusion, convolution neural network


Introduction

Plant factories have recently gained vast popularity owing to the advantages of growing efficiently and controlled environment. Plant factory, also known as vertical farm, is an advanced stage of controlled environment agriculture (CEA) that features high yield, high quality, and high efficiency (Graamans et al., 2018; Shamshiri et al., 2018). Compared with traditional agriculture, the internal environmental factors of plant factories can be controlled precisely and automatically. Crop yield and quality are significantly correlated with genetic, environmental factors (physical, chemical, and biological) and cultivation methods during crop growth (Kozai et al., 2019). Growing crops in a plant factory can be regarded as a process of control and optimization, in which crop growth monitoring is a crucial step. Accurate and timely crop growth information can reveal the current growth status and yield potential of crops, which are essential for management decision-making.

Fresh weight is a widely used growth indicator for quantifying crop growth. Crop growth can be defined as a process of increment in biomass or dimensions of a plant (Bakker et al., 1995). The fresh weight is one important quantitative factor that dynamically changes during crop growth. Automatic quantitation of fresh weight can help researchers better understand the crop growth process and the dynamic relationship between crop and environment. For leafy vegetables like lettuce, the fresh weight of plant is composed of the root part and the shoot part. The fresh weight of the shoot part is more directly related to yield as the leaves and stems are harvested as final products. Traditional fresh weight measurement methods are mainly based on destructive sampling, which are time-consuming, laborious, and destructive. Nowadays, most commercial greenhouses and plant factories can grow over 10,000 individual plants per day. Traditional methods by manually operation are facing challenges at this large production scale. Thus, automatic and non-destructive monitoring of crop fresh weight is urgently needed.

Image-based approaches have been widely used in fresh weight monitoring of lettuce (Table 1). Images can provide non-destructive, convenient, and low-cost access to crop growth information (Lin et al., 2022). The main processing steps of image-based approaches include image preprocessing, feature extraction, and fresh weight regression. Constructing an appropriate feature extraction method is the key to improving the model performance. Relating size and shape to weight is a common empirical concept in the field of agriculture (Kashiha et al., 2014; Konovalov et al., 2019). Geometric features extracted from lettuce images can quantitatively describe the characteristic of the canopy, which is helpful in fresh weight estimating. Many image segmentation algorithms are developed to segment plant leaves and backgrounds from RGB images or 3D point clouds and then calculate geometric features such as leaf projection area, volume, and plant height from the segmented data to construct a fresh weight regression model (Jung et al., 2015; Jiang et al., 2018; Mortensen et al., 2018; Reyes-Yanes et al., 2020). These empirical feature extraction approaches show promising results, indicating the low-level features extracted from images have strong correlations with fresh weight.


TABLE 1    An overview of existing image-based methods for lettuce fresh weight monitoring.

[image: Table 1]

Deep learning techniques such as deep convolutional neural networks (DCNNs) can extract and learn intricate relationships from data through multiple levels for representation (LeCun et al., 2015). End-to-end deep learning methods based on DCNNs have recently emerged and show opportunities to estimate fresh weight directly from input images (Zhang et al., 2020; Buxbaum et al., 2022). Although most DCNNs are initially designed for classification tasks, they can also perform regression tasks well because of their strong feature learning capability. These end-to-end approaches eliminate the cumbersome efforts of extracting features from plant segmentation results and show potential for the practical application of crop growth monitoring.

Some works demonstrate that combining empirical-constructed and deep neural features is an effective method for image-based applications (Nanni et al., 2017; Kan et al., 2019). The data-driven deep learning methods naturally meet their limits when sufficient training data are unavailable (von Rueden et al., 2021). The low-level features extracted by experience can help to provide complementary information for optimizing the initialization and filtering of proposals for deep learning networks, which leads to higher estimation accuracies.

Multi-modal fusion has received intensive research covering different application domains in recent years. Extracting and combining information from multiple modalities considered for a given learning task can produce an improved performance (Ramachandram and Taylor, 2017). Encouraged by the growing availability of image acquisition devices, RGB-D (Red, Green, Blue – Depth) data has attracted increasing attention in agriculture. As a typical multi-modal data, RGB-D images can provide not only color information but also depth information for each pixel. With the combination of color and depth information, the geometrical traits of targets (size, length, or width) can be accurately measured (Fu et al., 2020), which is more advantageous for describing crop growth status. Fusing color and depth features based on DCNNs is a promising approach for achieving better performance (Eitel et al., 2015; Zeng et al., 2019; Quan et al., 2021). However, existing depth sensors still have some limitations, and depth images are prone to holes on transparent or shiny surfaces (Song et al., 2015), which challenges applying multi-modal fusion for extracting and combining information in practical applications.

In this study, we proposed a multi-modal fusion based deep learning model for automatic monitoring of lettuce shoot fresh weight by utilizing RGB-D images. The model combined geometric traits from empirical feature extraction and deep neural features from CNN. A lettuce leaf segmentation network based on U-Net was trained for extracting leaf boundary and geometric traits. A multi-branch regression network was performed to estimate fresh weight by fusing color, depth, and geometric features. Specifically, the objectives of the study were to (1) achieve an accurate and automatic fresh weight estimation of lettuce by a multi-modal fusion based deep learning model; (2) quantify the benefits of combining geometric traits with deep neural features in improving the model performance; (3) investigate the performance variances of fresh weight estimation for different lettuce varieties in the entire growth period.



Materials and methods


Dataset

The 3rd Autonomous Greenhouse Challenge: Online Challenge Lettuce Images dataset (AGC dataset) was used in this study (Hemming et al., 2021). The dataset was generated for the needs of the 3rd International Autonomous Greenhouse Challenge, a famous international competition held by Wageningen University & Research. Top-view RGB images and aligned depth images of 388 lettuces were provided in the dataset. The dataset contains references to images and measured data on a lettuce crop growing in well-controlled greenhouse conditions. The sampled plants include four different lettuce varieties suitable for hydroponics: Aphylion, Salanova, Satine, and Lugano. Five crop traits were destructively measured at 7-day intervals, including fresh weight of shoot, height, diameter, leaf area, and dry weight of shoot. A total of seven batches of data were collected, covering the entire growth period of lettuce (Figure 1). The AGC dataset did not provide ground truth annotation for leaf segmentation. The CVAT tool (Sekachev et al., 2020) was used to label the leaves and background pixels from RGB images manually.


[image: image]

FIGURE 1
Examples of RGB images (cropped) of the AGC dataset.



Data preprocessing and augmentation

The original top-view RGB and depth images of the AGC dataset were captured with an image size of 1,920 × 1,080 pixels. We applied the same preprocessing strategy for RGB and depth images of each sample. First, all images were cropped to 1,080 × 720 with the same position parameters (the x and y coordinate of the upper-left corner is 515 and 210) to remove invalid pixels at the edges. The cropped image dataset was used as the input of the proposed method. We used 70% of the image dataset for training and the rest for testing.

The proposed method consists of two independent networks, which used the same training set and test set, but their data preprocessing and data augmentation methods were different. For the segmentation network, each image is resized to 960 × 640 before being fed to the network. The Albumentations tool was used for data augmentation (Buslaev et al., 2020). Image rotation, rescale, flip, shift, brightness change, contrast change, and RGB change were used in this study. The input images of the segmentation network were augmented one-to-one during training without duplication. For the regression network, the original images of the cropped dataset were used. Since the image scale significantly affects the estimation of fresh weight, only spatial level transforms that maintain the image scale was applied. As a result, an augmented training set containing 2,439 images was constructed before network training.




Multi-modal fusion model


System pipeline for the model

The multi-modal fusion model composed of a lettuce segmentation network and a multi-branch regression network was developed for automatic estimation of the fresh weight of lettuce. The system pipeline of the proposed model included the following steps: (i) data preprocessing, (ii) geometric traits extraction, and (iii) fresh weight estimation. The model’s input was the top-view RGB image, depth image, and empirical geometric traits of lettuce, and the output was the estimation of shoot fresh weight. In the model-building stage, we trained the leaf segmentation network and multi-branch regression network with the same dataset.



Leaf segmentation network

A leaf segmentation network based on U-Net architecture was employed to automatically segment lettuce leaves and backgrounds from RGB images (Figure 2). U-Net is a semantic segmentation network based on fully convolutional networks with a typical U-shaped encoder-decoder architecture (Ronneberger et al., 2015). The U-Net architecture used in this study consists of two parts: contractive path (encoder) and expanding path (decoder). The contractive path can extract feature maps of different resolutions by stacking convolutional layers and max-pooling layers, thereby capturing both global and local features of the input images. The expanding path combines features and spatial information at each level by a sequence of up-sampling and concatenation.


[image: image]

FIGURE 2
The structure of the U-Net based leaf segmentation network.


As a pixel-wise classification network, each pixel in the input image of the leaf segmentation network corresponds to one instance, where leaf pixels are labeled as 1, and background pixels are labeled as 0. The input image size is 960 × 640 × 3 to balance further processing requirements and the memory limitation. The number of levels, resolutions and channels of each feature map is shown in Figure 2. The Dice loss was used as the loss function (Milletari et al., 2016). The 2-class variant of the Dice loss function was calculated as follows (Equation 1):

[image: image]

where N is the sum of pixels, pi and gi are the ground truth and prediction label at pixel i, pi,gi∈[0,1].

To quantitatively evaluate the performance of the leaf segmentation model, different metrics were used, including intersection over union (IoU), F1 score, pixel accuracy, precision, and recall.



Geometric traits extraction

A total of 10 geometric traits were defined to describe the structure of the lettuce canopy (Table 2). We used edge and contour detection methods based on OpenCV to extract geometric traits from segmented images, and the processing step were as follows: (1) removing blobs in the binary image by morphological operations, (2) detecting the largest contour, (3) detecting the minimal circumcircle, minimal area rectangle and convex hull of the contour, (4) calculating geometric traits. The size-related geometric traits (PA, PP, CA, CP, PCD, ARW, and ARH) were obtained directly by pixel counting, and the remaining morphology-related geometric traits (PPR, CPR, and CAR) were calculated by size-related geometric traits.


TABLE 2    Geometric traits extracted from the segmented images.
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Multi-branch regression network

A multi-branch architecture regression network was built to fuse multi-modal data for lettuce fresh weight monitoring (Figure 3). The multi-branch regression network was made up of two blocks: feature extraction block and regression block. Min-max normalization was applied for all input variables to speed up the training process. We employed a late fusion architecture to effectively extract and fuse RGB, depth, and geometric features. For RGB and depth branches, we utilized ResNet-34 for feature extraction (He et al., 2015). As a popular network that is widely used in the field of image classification, ResNet can extract deep features from images and have good feature extraction performance. We removed the final 1,000 × 1 fully connected layer of ResNet and obtained the features of RGB and depth from the last flatten layer (average pool). As for geometric features extracted from the leaf segmentation network, we utilized a multilayer perception (MLP) for feature extraction. All outputs of three branches were flattened to ensure they have the same dimensions. Finally, these three feature sets were concatenated and passed to the regression block. The regression block consists of three sequential fully connected layers. In our tests, we found that increasing the depth or width of the regression blocks had little effect on the prediction results. We employed a retraining strategy to train the whole network since the dataset is quite different from ImageNet. The multi-branch regression network used the mean-squared-error (MSE) loss as the loss function (Equation 2).
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FIGURE 3
Overall structure of the multi-branch regression network.


where N is the number of samples, yi and [image: image] are the ground truth fresh weight and predicted fresh weight for sample i.

Root mean square error (RMSE), mean absolute percentage error (MAPE), and coefficient of determination (R2) were used as performance indicators for the multi-branch regression network.




Experimental design and implementation

We performed a model ablation study to comprehensively evaluate the fresh weight estimation capability of the multi-modal fusion model. The multi-modal input of the model consists of RGB images, depth images, and geometric traits extracted from segmented images. It is worthwhile to investigate the performance variances of models with these inputs individually and in different combinations. Specifically, we built three dual-branch baseline models and three single-branch baseline models. The regression block and training configurations of baseline models were as same as the three-branch multi-modal fusion model. Moreover, the fresh weight estimation results of a dataset without data augmentation were presented to evaluate the performance of the model under insufficient data sizes.

All models were trained and tested on a Linux workstation (Ubuntu 16.04 LTS) with two Intel Xeon Gold Processors (2.1G/20 Core/27.5M), 128 GB of RAM, and four NVIDIA GeForce RTX 2080 Ti graphics cards (11 GB of RAM). All the deep learning models were implemented on the Python platform based on PyTorch.




Results and discussion


Analysis of the distribution of the lettuce dataset

The AGC dataset contains 388 lettuce samples of four varieties growing in 7 weeks. To better describe the dataset, we summarized the data frequency and fresh weight distribution (Figure 4). The sample size of four lettuce varieties was evenly distributed, with a maximum of 102 and a minimum of 92. However, the dataset distribution was skewed toward larger and older plants in terms of the growth period. Moreover, the fresh weight of lettuce varied significantly in different growth periods, ranging from 1.4 to 459.7 g. We also observed that the fresh weight varied across different lettuce varieties, especially in the maturity period. For example, the green leaf varieties (Lugano and Aphylion) were heavier than the red leaf varieties (Satine and Salanova). The unbalanced data distribution potentially challenged the fresh weight estimation of different lettuce varieties in the entire growth period.
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FIGURE 4
Data distribution of the AGC dataset: (A) sample size of the four varieties, and (B) fresh weight distribution of the four varieties.




Evaluation of leaf segmentation and geometric traits

The leaf segmentation network based on U-Net architecture showed good performance in the AGC dataset (Table 3). We evaluated the pixel-level classification performance of the leaf segmentation network. The leaf segmentation network achieved a mIoU of 0.982 and an accuracy of 0.998 in the test set. For background pixels, all indices were above 99% in the test set. The leaf pixels also obtain satisfactory performance, with an IoU of 0.968 and an F1 score of 0.983 for the test set. The background pixels were more accessible to classify than leaf pixels since background scenes vary less across the dataset. It is noteworthy that the network achieved similarly high results across the test and training sets, indicating that the network was well trained on the dataset without overfitting. Some representative results generated by the leaf segmentation network were also provided (Figure 5). We found the network performed slightly worse in small lettuce through visual appraisal. This may be caused by the relatively small proportion of leaf pixels in the image of small lettuce. The lighter color and loose shape of the leaves also can be factors that influence the performance. In general, the background and leaves were well segmented for lettuce images in different varieties and growth periods, demonstrating the geometric traits extracted from segmented images can accurately describe the morphology of the leaves.


TABLE 3    Pixel-level accuracy indices of the leaf segmentation network.
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FIGURE 5
Qualitative results obtained by the leaf segmentation network. 10 samples (A–J) were randomly selected.


We also analyzed the data distribution of extracted geometric traits of the four lettuce varieties (Figure 6). Both size-related and morphology-related geometric traits showed significant variance in different growth periods. We observed that the canopy size among different varieties had high variance at the maturity period. For example, Aphylion and Salanova had larger canopy sizes than the remaining varieties in weeks 6–7. However, compared with the distribution of fresh weight, Aphylion has a large fresh weight while the fresh weight of Salanova was relatively small. Inconsistencies in canopy size and fresh weight made it difficult for the model to learn comprehensive information for fresh weight estimation at maturity. The correlation between fresh weight and geometric traits of lettuce was analyzed (Table 4). All geometric traits showed significant positive correlations with fresh weight (P < 0.001). Such high correlations provide an opportunity for using canopy geometric features to improve fresh weight estimation.
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FIGURE 6
Data distribution of extracted geometric traits of the four lettuce varieties in 7 weeks.



TABLE 4    Correlation coefficients between fresh weight and geometric traits of lettuce.
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Fresh weight estimation results

The multi-branch regression network provided a good fresh weight estimation performance for different lettuce varieties in the entire growth period (Table 5). The triple-branch fusion architectures network with RGB, depth and geometric features exhibited the highest estimation performance with an RMSE of 25.3 g, a MAPE of 17.7%, and an R2 of 0.938. Compared to the dual-branch fusion networks with RGB and depth images, the RMSE was reduced by 4.2 g (14.2%). This improvement mainly came from the late growth period samples (Figure 7). In addition, the models with geometric features showed higher estimation accuracies than the models without geometric features, with a reduction of RMSE by 0.8–4.2 g. The results indicate that fusing the geometric features with deep neural features can lead to a more accurate fresh weight estimation for the image-based deep learning model. Interestingly, the performance of the RGBG fusion model and RGB model was superior to the RGBD fusion model, which was different from prior knowledge. The main reason was that the inevitable noise of depth images made the learning process of the network difficult. Similar results have been found in the field of object detection (Sun et al., 2022). On the other hand, the results implied that the addition of geometric features could help the fusion of multi-modal features.


TABLE 5    Fresh weight estimation result of different models in the test set.
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FIGURE 7
Scatter plots between predicted and observed fresh weight for the test set of augmented models (A) RGB + D + G, (B) RGB + G, (C) D + G, (D) RGB + D, (E) RGB only, and (F) D only. The red solid lines represent the fitting lines, and the gray dotted lines represent the 1:1 lines.


We also compared the impact of data augmentation on model performance. All models performed better when data augmentation techniques were applied, with a reduction of RMSE by 1.6–6.5 g. The noticeable improvements demonstrated that data augmentation techniques significantly improved the data generalization and reduced overfitting. We also observed that the models containing depth features were more sensitive to the dataset size. Similar results were found when comparing the performance of models with and without geometric features. The geometric features can improve model performance whether dataset size is limited or sufficient. The model only containing geometric features showed the worst performance among the models, and the performance difference became larger when the model was trained with sufficient data. The deep neural features extracted from images are dominant, however, geometric features still provide complementary information that can help improve the model performance. The reliability of the multi-branch regression network was evaluated. We randomly produced another five different data partitions for training and testing the triple-branch fusion network, with a ratio of 7:3. The triple-branch fusion network showed high performance stability, with a standard deviation of RMSE equals 0.81 g (Supplementary Table 1). The results indicated that the proposed method provides reliable performance for lettuce fresh weight estimation.



Model performance across different varieties

We compared the model performance of the triple-branch fusion network of each lettuce variety to analyze the influence of varieties (Table 6). The results showed that the varieties with large leaf areas or canopy had poor fresh weight estimation performance. For example, the Satine showed the lowest RMSE of 16.6 g, while Salanova showed the highest RMSE of 30.3 g. As we mentioned in 3.2, Salanova had a large canopy size and a relatively small fresh weight, which affected the estimation performance. The variance in fresh weight distribution and leave color potentially led to inconsistencies in the complexity of model learning in different varieties that affect the model’s generalization ability.


TABLE 6    The triple-branch fusion network’s performance of each lettuce varieties.

[image: Table 6]

The proposed model with a flexible multi-modal fusion framework showed potential for automatic growth monitoring across different crops in the CEA. Although the model showed high estimation accuracy, many possibilities still remain to be further studied to improve the model, such as its robustness and interpretation capability. For example, the model’s performance in larger lettuce should be further improved. The light environment in plant factories with artificial lighting could be inconsistent with the AGC dataset. It is worthwhile to further perform our model in practical agricultural applications. Enlarging the dataset with more scenarios and applying transfer learning algorithms will effectively improve the model’s robustness. Another limitation is the interpretation capability of the model. Further work could be done to understand and evaluate the contribution of each modality to the performance of the multi-modal fusion model. Adopting model visualization tools such as Grad-CAM (Selvaraju et al., 2017) and SHAPley Additive exPlanations (Lundberg and Lee, 2017) will improve the understanding of the multi-modal fusion model.




Conclusion

This study proposed a multi-modal fusion based deep learning model for automatic estimation of lettuce shoot fresh weight by combining deep neural features and empirical geometric features. The model is composed of a lettuce segmentation network and a multi-branch regression network. A lettuce leaf segmentation network based on U-Net was trained for extracting leaf boundary and geometric traits. A multi-branch regression network was performed to estimate fresh weight by fusing color, depth, and geometric features. The results demonstrated that: (1) the multi-modal fusion showed good fresh weight estimation performance for different lettuce varieties in the entire growth period. (2) The triple-branch fusion regression network outperformed baseline models, suggesting that the combination of deep neural features and geometric features improves fresh weight estimation performance. (3) The empirical geometric features provided complementary information for improving the model learning ability of lettuce fresh weight estimation, especially for the lettuce with a complex canopy. This study highlights that the fusion of multi-modal data and the combination of deep neural and empirical geometric features are promising approaches for fresh weight estimation of lettuce. The flexible fusion framework can be further applied to the growth monitoring of other crops.
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Wheat seedlings are becoming popular for its high nutritional value. Effects of White (W), White + Red (WR), and White + Blue (WB) light-emitting diodes (LEDs) treatments on growth, nutritional characteristics and antioxidant properties of wheat seedlings were studied in a plant factory. The results showed that height, leaf area, shoot fresh, and shoot dry weight per wheat seedling were the highest under WR at 13 and 22 days after planting. Soluble sugar content in leaves and stems were 22.3 and 65% respectively higher under WB than those under W. Soluble protein content in leaves and stems were 36.8 and 15.2% respectively lower under WR than those under W. Contents of total flavonoids, glutathione (GSH) and ascorbic acid (ASA) in leaves were the highest under WB, whereas malondialdehyde (MDA) content in leaves was the lowest under WB. The activities of antioxidant enzymes [superoxide dismutase (SOD), peroxidase (POD), and ascorbate peroxidase (APX)] in leaves and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging ability were also the highest under WB. In conclusion, WR promoted the growth of wheat seedlings, and WB promoted antioxidant level and nutritional accumulation. This study provides guidance for wheat seedlings to carry out preferential production (biomass or quality).
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Introduction

Wheat (Triticum aestivum L.) is the most widely cultivated crop in the world, providing carbohydrates and proteins for human beings (Nazim Ud Dowla et al., 2018; Hu et al., 2021). Except for the grains, the seedlings of wheat, also named wheatgrass have been proved to be rich in flavonoids and polyphenols, which have the capability of scavenging reactive oxygen species (ROS) and are beneficial to human health (Durairaj et al., 2014; Bar-Sela et al., 2015; Jaiswal et al., 2018). Besides, wheat seedlings also contain proteins, sugars, triterpenes, and various antioxidant enzymes (Gawlik-Dziki et al., 2016; Ghumman et al., 2017; Kaur et al., 2021; Virdi et al., 2021). Adding wheat seedling juice to milk or meat can improve the nutritional value of the food (Devi et al., 2019). Wheat seedlings products are becoming widely used supplemental health foods (Kulkarni et al., 2006; Tsai et al., 2013; Choi et al., 2021).

Light is one of the most important variables affecting plant growth and development (Jiao et al., 2007; de Wit et al., 2016; Yadav et al., 2021). It not only provides energy source for photosynthesis, but also regulates seed germination, root architecture, shoot elongation, leaf expansion, circadian rhythms, phototropism, shade avoidance, flowering, chloroplast movement, and accumulation of phytochemical compounds such as phenolics (Bantis et al., 2018; Yadav et al., 2020). Modern agriculture has evolved towards the application of advanced technologies for plant cultivation in a controlled environment, exemplified with plant factories, in which light source is the most critical environment factor (Paradiso and Proietti, 2022). Light-emitting diodes (LEDs) are ideal light sources in plant factories, due to their advantages of small size, long service life, low energy consumption, low heat generation, and customized wavelengths compared with other artificial light sources (Lin et al., 2013; Bian et al., 2015; Ouzounis et al., 2015; Paradiso and Proietti, 2022). A white LED consists of a LED chip, which emits blue light with a narrow spectrum between 440 and 470 nm, and a coating of yellow phosphors. The light emitted by the phosphor, in combination with the remaining blue light leaking through the phosphor layer, result in a light which is perceived as white by the human eye (Gayral, 2017). White LEDs have been proven to maintain growth and development of plants (Singh et al., 2015; Guo et al., 2022a). However, the spectra of white LEDs are concentrated in the bluish visible light and other light qualities need to be added to meet the light needs of different plants at different growth stages (Cao et al., 2021).

Red and blue light account for the largest proportion of the total light received by plants (Nishio, 2000; Terashima et al., 2009). Proper combination of red and blue light can promote growth of Oncidium, perilla, lettuce, tomato, pepper, and Lycoris longituba (Liu et al., 2011; Goto et al., 2014; Zhang et al., 2018; Kaiser et al., 2019; Naznin et al., 2019; Li et al., 2022). Azad et al. (2020) demonstrated that red light promotes accumulation of carbohydrates in lettuce, while increasing blue light caused a decrease in fresh and dry weight in lettuce shoots (Son and Oh, 2013). It is worth noting that blue light has positive role in synthesis and accumulation of flavonoids and polyphenols (Lin et al., 2013; Zheng et al., 2019; Gao et al., 2021; Jung et al., 2021). In the study about Salvia plebeian, it has been found that the total phenolic and flavonoid contents were higher under red light supplemented with blue light (such as B:R = 3:7, B:R = 5:5, and B:R = 7:3) than in the monochromatic red light (Lee et al., 2020). Red and blue light induce changes of antioxidants level, including superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX), ascorbic acid (ASA), and glutathione (GSH) (Mittler et al., 2004; You and Chan, 2015). Santos-Tierno et al. (2021) reported that red LEDs was effective in facilitating SOD and CAT activities in Passiflora setacea, while SOD and POD activities in ramie under red light were lower than those under white light (Rehman et al., 2020). According to Causin et al. (2006), blue light enhanced CAT activity in wheat compared with white light. Red and blue light lead to diverse morphological and physiological responses of plants, and these responses are species-specific. However, there are few studies on the roles of red and blue light in wheat seedlings, which is worth exploring.

In this experiment, three different LEDs light treatments (White, White + Red, and White + Blue) were designed to investigate the effects of red and blue light on the growth, nutritional quality and antioxidant capacity of wheat seedlings in a hydroponic system with the same light intensity and photoperiod in a plant factory. The results will provide some basic information for optimizing the spectral combinations of LEDs in production of wheat seedlings.



Materials and methods


Light treatments

Three spectral combinations, white LEDs (W, B:G:R = 34:46:20, Figures 1A-a), white plus red LEDs (WR, B:G:R = 19:25:56, Figures 1A-b), and white plus blue LEDs (WB, B:G:R = 70:21:9, Figures 1A-c) were applied and wheat seedlings were planted in a plant factory for 43 days. The spectral characteristics of different light treatments were measured with a portable spectroradiometer (Plant Lighting Analyzer, V 2.00, China), and showed in Figure 1. Light intensity was kept constant at 450 ± 20 μmol m–2 s–1 throughout the experiment by moving up the light sources above the plants every week, where the photosynthetic photon flux density (PPFD) was measured with a photo/radiometer (Plant Lighting Analyzer, V 2.00, China). Lighting time per day was set to 12 h (12/12 h light/dark).
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FIGURE 1
Spectral distribution (A) and characteristics (B) of different light treatments. (A-a) White light emitting diodes (LEDs) (W); (A-b) white plus red LEDs (WR); (A-c), white plus blue LEDs (WB). Photosynthetic photon flux density (PPFD) for each light treatment was equal to 450 ± 20 μmol m2 s−1.




Cultivation conditions

Winter wheat seeds (T. aestivum L., cv. ‘JiMai22’) were sterilized by 5% hydrogen peroxide (H2O2) for 30 min, then washed adequately 4 times in distilled water, and soaked in distilled water for 12 h. The seeds were imbibed in the dark on moistened germination paper at 25°C until plumule exposed 1 cm, and then vernalized for 15 days at 4°C. Before planting, germinated seeds grew for 3 days under white LEDs light (spectrum same as white LEDs, Figures 1A-a) for uniform growth (PPFD = 100 μmol m–2 s–1). The germinated seeds were planted into sponge cubes (2.0 cm × 2.0 cm × 2.0 cm) and hydroponically grown in a plant factory. Eighty-one plants spaced 8 cm apart were planted in a hydroponic box (80 cm × 80 cm × 10 cm). Each hydroponic box was used for one light treatment, and three hydroponic boxes as biological replicates in each light environment. During the experiment, wheat was grown for 43 days and randomly rotated every 5 days. A half-strength Hoagland’s solution was used, the pH of which was kept between 5.5 and 6.5, and renewed weekly (Hoagland and Arnon, 1950). Temperature during the experiment was maintained at 22 ± 1°C, and relative humidity was controlled at 65 ± 5%.



Growth characteristics

Eight seedlings were taken from each treatment to measure plant height, leaf area and shoot dry weight at 13, 22, 31, and 40 days after planting (DAP). Plant height, length and width of all leaves of the samples were measured by a ruler, and the leaf area was calculated according to the coefficient method (Leaf area = Length × Width × 0.76) (Li et al., 2018; Guo et al., 2022b). Shoot fresh weight of the entire plant was determined by an electronic precision balance (CP224C, OHAUS, United States). After oven-dried at 105°C for 30 min, the samples were kept at 80°C for 72 h, and shoot dry weight was then measured by the electronic precision balance.



Sampling

Fresh samples of 30 wheat seedlings (10 plants from the same hydroponic box as a biological repeat) were collected from each treatment at 43 DAP, and immediately frozen in liquid nitrogen, and then stored in a laboratory refrigerator at −80°C. The chemical used in the experiment were all supplied by Sigma-Aldrich (United States).



Determination of soluble sugar and protein contents

Soluble sugar content was determined as described by Hanft and Jones (1986). Fresh sample (0.1 g) was ground in liquid nitrogen. After adding 3 ml deionized water, the grounded sample was heated in a boiling water bath for 20 min, centrifuged at 4,500 g for 10 min, and the supernatant was taken. A total of 3 ml deionized water was added to the residue, extracted twice repeatedly. After combining the resulting supernatants, deionized water was added to adjust the volume to 10 ml. Extract solution (1 ml) was mixed with 4 ml anthrone solution (2 g L–1), and then soaked in a water bath at 45°C for 12 min. After cooling in the dark, the absorbance of the mixture was detected at 625 nm by a microplate reader (Multiskan FC, Thermo Scientific™, United States), and soluble sugar content was calculated using a sucrose standard curve with concentrations ranging from 0 to 2 mg ml–1 (R2 = 0.9997).

Soluble protein content was measured by the Coomassie brilliant blue colorimetry method (Bradford, 1976). A total of 0.1 g fresh sample was homogenized in 2 ml distilled water. The mixture was centrifuged at 3,000 g for 10 min, and 1 ml supernatant was mixed with 5 ml Coomassie brilliant blue G-250 solution (0.1 g L–1). After 2 min, the absorbance of the mixture was detected at 595 nm by the microplate reader, and soluble protein content was calculated from standard curves (R2 = 0.9968).



Determinations of malondialdehyde, glutathione, and ascorbic acid contents

Fresh sample (0.2 g) was ground into homogenate with 5 ml trichloroacetic acid solution (TBA, 5%, w/v), and centrifuged at 15,000 g for 15 min. The supernatant was used for measurement of malondialdehyde (MDA) and GSH contents.

The method described by Hameed et al. (2021) was used to quantify MDA content, with slight modification. 1 ml supernatant was mixed with 1 ml TBA solution (0.67%, w/v), incubated in boiling water for 30 min and then quickly cooled in an ice-bath. The mixture was centrifuged and the absorbance was detected at 450, 532, and 600 nm. MDA content was determined using the following equation:
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where V is the total volume of supernatant and W is the fresh weight of the sample.

Glutathione content was measured according to the method by Qiu et al. (2014) with slight modification. A total of 2 ml supernatant was added to 4 ml phosphate buffer (200 mM, pH 7.0) and 0.4 ml 5, 5-dithiobis (2-nitrobenzoic) solution (0.396 mg ml–1, pH 7.0). After 5 min at 30°C, the absorbance was determined at 412 nm by the microplate reader and GSH content was calculated based on the GSH standard curve with concentrations ranging from 0 to 80 μg ml–1 (R2 = 0.9976).

Ascorbic acid content was determined according to the method by He et al. (2020). Fresh sample (0.1 g) was extracted with 1 ml oxalic acid EDTA solution (1%, w/v), and centrifuged at 4,000 g for 10 min. 0.2 ml supernatant was mixed with 0.8 ml oxalic acid EDTA solution (1%, w/v), 0.1 ml phosphate-acetic acid solution (3%, w/v), 0.2 ml vitriol (5%, v/v), and 0.4 ml ammonium molybdate solution (5%, w/v). After 15 min, the absorbance of mixture solution was measured at 705 nm by the microplate reader, and ASA content was calculated based on the standard curve with concentration ranging from 0 to 1 mg ml–1 (R2 = 0.9977).



Determination of total flavonoids, triterpenes, and polyphenols contents

Fresh sample (1.0 g) was ground in liquid nitrogen, and extracted with 25 ml methanol solution (80%, v/v) ultrasonically for 20 min, and centrifuged to obtain supernatant. The above process was repeated three times, and all supernatants were pooled and volume was adjusted to 100 ml with methanol solution (80%, v/v). The methanol extract was stored at −20°C for determination of the contents of flavonoids, triterpenes, and polyphenols, and the free radical scavenging abilities of 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH).

The total flavonoids content was measured using the method described by Guo et al. (2013). A total of 2 ml extract, 0.2 ml NaNO2 solution (5%, w/v), 0.2 ml Al(NO3)3 solution (10%, w/v), and 2 ml NaOH solution (1 M) were mixed adequately. The absorbance of the mixture was measured at 510 nm by the microplate reader after standing for 15 min. Total flavonoids content was expressed as milligram rutin equivalent gram–1 in fresh weight (mg RE g–1 FW) through the calibration curve of rutin with the concentration ranging from 0 to 20 μg ml–1 (R2 = 0.9974).

The total triterpenes content was measured by the method of Jiang et al. (2021). A total of 100 μl extract were mixed with 100 μl vanillin-acetic acid solution (2.5%, w/v) and 200 μl perchloric acid solution. After incubation at 60°C for 15 min, 650 μl glacial acetic acid was added and adequately mixed. The absorbance of mixture was detected at 550 nm by the microplate reader after standing for 10 min. The total triterpenes content was expressed as milligram ursolic acid equivalent gram–1 in fresh weight (mg UAE g–1 FW) and calculated from the standard curve (concentration ranging from 20 to 120 μg ml–1, R2 = 0.9918).

The total polyphenols content was measured using the method described by Sarker and Oba (2020). A total of 100 μl extract was mixed with the Folin–Ciocalteu reagent (2 N, 50 μl). A total of 400 μl Na2CO3 solution (1 M) and 1 ml deionized water were added after 5 min. The mixture was incubated at 37°C for 90 min and the absorbance was measured at 740 nm by the microplate reader. The content of the total polyphenols was expressed as gallic acid equivalent standard of fresh weight (mg GAE g–1 FW) through the calibration curve of gallic acid with concentration ranging from 0 to 50 μg ml–1 (R2 = 0.9983).



Determination of antioxidant activities

ABTS radical scavenging ability was measured using the method by Jiang et al. (2021). Equal volume of 7.4 mM ABTS solution and 2.6 mM K2S2O8 solution were mixed at room temperature in the dark for 20 h to generate ABTS+ stock solution. A total of 5 mM PBS solution (pH 7.4) was used to dilute ABTS+ stock solution to absorbance of 0.75 at 734 nm to prepare working solution. A total of 200 μl of working solution was mixed with 40 μl extract. After incubation in the dark for 6 min, the absorbance was read at 734 nm by the microplate reader. The ABTS radical scavenging ability was calculated from the Trolox calibration curve (concentration ranging from 0 to 0.05 mg ml–1, R2 = 0.999) and expressed as Trolox equivalent standard of fresh weight (mg TE g–1 FW).

2,2-Diphenyl-1-picrylhydrazyl radical scavenging ability was also measured using the method by Jiang et al. (2021) with small adjustment. A total of 200 μl DPPH solution (0.15 mM) was blended with 100 μl extract in a 96-well-plate. After incubation at 37°C for 30 min, the absorbance was read at 517 nm by the microplate reader. The result was expressed as ASA equivalent per gram of fresh weight (mg AE g–1 FW) based on the standard curve (concentration ranging from 0.005 to 0.4 mM, R2 = 0.9976).



Antioxidant enzymes activities

Fresh sample (0.5 g) was ground in liquid nitrogen, and extracted into a homogenate with 3 ml of ice-cold extraction buffer, which contained phosphate buffer (50 mM, pH 7.8) and EDTA (1 mM). The homogenate was centrifuged at 15,000 g for 15 min at 4°C, and the supernatant was used to measure the activities of SOD, POD, CAT, and APX.

Superoxide dismutase activity was measured based on the method proposed by Giannopolitis and Ries (1977), with slight modifications. A total of 3 ml reaction mixture was composed of 0.1 ml supernatant, phosphate buffer (50 mM, pH 7.8), EDTA (0.1 mM), methionine (130 mM), nitroblue tetrazolium (NBT, 0.4 mM), and riboflavin (0.02 mM). The reaction was started by placing the reaction tube under two 40 W fluorescent lamps and stopped after 20 min by removing the reaction tube from the light source. Light reactions with no light and no supernatant were used as calibration standards. The absorbance of the reaction mixture was read at 560 nm. One unit of SOD activity (U) was defined as the amount of enzyme required to produce 50% inhibition of NBT reduction.

Peroxidase activity was measured based on the method of Qiu et al. (2011) with slight changes. Added 0.1 ml supernatant to a mixture consisting of phosphate buffer (50 mM, pH 7.0), guaiacol (0.05%, w/v), EDTA (0.1 mM), and H2O2 (2%, v/v). By tracking the increase in absorbance at 470 nm over 5 min and quantified by the amount of tetraguaiacol formed using its molar extinction coefficient (26.6 mM–1 cm–1). One unit of POD activity (U) was defined as a decrease in absorbance value of 0.01 per minute.

Catalase activity was measured with the method of Cakmak and Marschner (1992). A total of 0.1 ml supernatant was added to a mixture of phosphate buffer (100 mM, pH 7.0), EDTA (0.1 μM), and H2O2 (0.1%, v/v). The reaction was measured by tracking the decrease in absorbance at 240 nm for 3 min and quantified by its molar extinction coefficient (39.4 mM–1 cm–1). One unit of CAT activity (U) was defined as a decrease in absorbance value of 0.01 per minute.

Ascorbate peroxidase activity was measured with the method of Nakano and Asada (1981). A total of 3 ml reaction solution consisted of 0.1 ml supernatant, phosphate buffer (50 mM, pH 7.8), EDTA (0.1 mM), ascorbate (0.5 mM), and H2O2 (0.1 mM). The resulting mixture was quantified by tracking the increase in absorbance at 290 nm for 1 min and by its molar extinction coefficient (2.8 mM–1 cm–1). One unit of APX activity (U) was defined as an increase in absorbance value of 0.01 per minute.



Statistical analysis

The data were subjected to one-way ANOVA using SPSS statistical software (PASW statistical version 26.0, SPSS Inc., Chicago, IL, United States). Duncan’s new multiple range test was applied to identify differences between means at the ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 level. Correlations between growth, quality characteristics, antioxidant properties of wheat seedlings and light environments were uncovered through Pearson correlation analysis based on the percentage composition of light quality in the treatments (Figure 1B). All figures were created using OriginPro 2022 (OriginLab Corp., United States) or Adobe Illustrator CC 242 2019 (Adobe Inc., United States).




Results


Growth characteristics

As showed in Figure 2, growth of wheat seedlings was significantly influenced by light qualities. The highest plant height of wheat seedlings was observed under WR and lowest was observed under WB at 13, 22, and 31 DAP (Figures 2A–C). Leaf area, shoot fresh and dry weight per wheat seedling was highest under WR at 13 and 22 DAP (Figures 2E,F,I,J,M,N). Shoot fresh weight was higher under WR than that under W at 31 DAP (Figure 2K). Difference in plant height and shoot fresh weight among the three light treatments disappeared at 40 DAP (Figures 2D,L), and difference in leaf area and shoot dry weight disappeared at 31 and 40 DAP (Figures 2G,H,O,P).
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FIGURE 2
Plant height (A–D), leaf area (E–H), shoot fresh weight (I–L), and shoot dry weight (M–P) of wheat seedlings under different treatments at 13, 22, 31, and 40 days after planting (DAP). Values represent the mean ± SE (n = 8). The symbols ∗, ∗∗, and ∗∗∗ indicate significance at the 0.05, 0.01, and 0.001 levels, respectively. NS, not significant, according to the Duncan’s test.




Soluble sugar and soluble protein

The contents of soluble sugar and soluble protein in wheat seedling leaves and stems were shown in Figure 3. Soluble sugar contents under WB increased 22.3% in leaves and 65.0% in stems compared with those under W (Figures 3A,B). Soluble protein content under WB decreased 33.5% in leaves than that under W (Figure 3C). Soluble sugar contents under WR increased 54.1% in stems (Figure 3B), and decreased 31.8% in leaves compared than those under W (Figure 3A). Soluble protein contents were 36.8% lower in leaves and 15.2% lower in stems than those under W (Figures 3C,D).
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FIGURE 3
The contents of soluble sugar and soluble protein in extracts of wheat seedlings leaves (A,C) and stems (B,D) under different treatments. Values represent the mean ± SE (n = 3). The symbols ∗, ∗∗ and ∗∗∗ indicate significance at the 0.05, 0.01, and 0.001 levels, respectively. NS, not significant, according to the Duncan’s test.




Total flavonoids, triterpenes, and polyphenols

The contents of total flavonoids, triterpenes and polyphenols in leaves and stems of wheat seedlings grown under different LEDs treatments were provided in Figure 4. Compared with W, WB enhanced total flavonoids content in leaves by 19.3% (Figure 4A), and total triterpenes content in stems by 29.4% (Figure 4D). Compared with W, WR, and WB resulted in a significant decrease in total triterpenes and polyphenols content in leaves (Figures 4C,E). There was no significant difference in the contents of total flavonoids and polyphenols in stems among all treatments (Figures 4B,F).
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FIGURE 4
The contents of total flavonoids, triterpenes and polyphenols in extracts of wheat seedlings leaves (A,C,E) and stems (B,D,F) under different treatments. Values represent the mean ± SE (n = 3). The symbols ∗ and ∗∗∗ indicate significance at the 0.05 and 0.001 levels, respectively. NS, not significant, according to the Duncan’s test.




Lipid peroxidation and antioxidants

Contents of MDA, GSH, and ASA in leaves were higher than those in stems (Figure 5). MDA contents of leaves and stems under WB and WR were significantly lower than those under W (Figures 5A,B). Contents of GSH and ASA in leaves and stems were the highest under WB (Figures 5C–F). GSH content in stems increased 98.6% under WR than that under W (Figure 5D). ASA content in stems decreased 11.0% under WR than that under W (Figure 5F). Contents of GSH and ASA in leaves under WR and W were not significantly different (Figures 5C,E).
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FIGURE 5
The contents of malondialdehyde, glutathione and ascorbic acid in extracts of wheat seedlings leaves (A,C,E) and stems (B,D,F) under different treatments. Values represent the mean ± SE (n = 3). The symbols ∗, ∗∗ and ∗∗∗ indicate significance at the 0.05, 0.01, and 0.001 levels, respectively. NS, not significant, according to the Duncan’s test.




Antioxidant enzymes

The activities of antioxidant enzymes in leaves and stems were affected by light qualities (Figure 6). Compared with W, WB increased SOD activity of leaves by 72.1% (Figure 6A), and decreased SOD activity of stems by 19.8% (Figure 6B). SOD activity under WR decreased 40.9% in leaves and 18.3% in stems compared with those under W (Figures 6A,B). POD and CAT activities in leaves and stems under WR and WB were significantly higher than those under W (Figures 6C–F). APX activities in leaves under WR and WB were higher than that under W (Figure 6G). No significant difference in stem APX activity was observed among the three treatments (Figure 6H).
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FIGURE 6
The activities of SOD, POD, CAT, and APX in extracts of wheat seedlings leaves (A,C,E,G) and stems (B,D,F,H) under different treatments. Values represent the mean ± SE (n = 3). The symbols ∗, ∗∗ and ∗∗∗ indicate significance at the 0.05, 0.01, and 0.001 levels, respectively. NS, not significant, according to the Duncan’s test.




Antioxidant capacity

The ABTS and DPPH radical scavenging capacities in leaves were higher than those in stems (Figure 7). Compared with W, WR reduced ABTS radical scavenging capacity in leaves by 26.7% (Figure 7A). Compared with W, WB, and WR increased ABTS radical scavenging capacity in stems by 32.1 and 37.9%, respectively (Figure 7B), and DPPH radical scavenging ability in leaves by 130.6 and 218.5%, respectively (Figure 7C). There was no significant difference in DPPH radical scavenging ability in stems among all the three treatments (Figure 7D).
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FIGURE 7
The values of ABTS and DPPH scavenging capacity in extracts of wheat seedlings leaves (A,C) and stems (B,D) under different treatments. Values represent the mean ± SE (n = 3). The symbols ∗, ∗∗ and ∗∗∗ indicate significance at the 0.05, 0.01, and 0.001 levels, respectively. NS, not significant, according to the Duncan’s test.




Comprehensive effects of light qualities on plant growth, nutrition, and antioxidant properties

To explore the effects of light spectral qualities (blue, green, and red) of light treatments, correlation between light spectral qualities and growth characteristics (Figure 8), nutritional and antioxidant characteristics (Figure 9) of wheat seedlings was analyzed. Among the measured parameters of growth characteristics, blue light was significantly negatively correlated with most parameters, and red light was significantly positively correlated with most parameters (Figure 8). The situation was different when it came to parameters in terms of nutritional characteristics and antioxidant properties (Figure 9). In leaves, blue light was significantly positively correlated with SS (soluble sugar), TF (total flavonoids), GSH, ASA, SOD, POD, APX, and ABTS, and significantly negatively correlated with MDA. In stems, blue light was significantly positively correlated with TT (total triterpenes), GSH, ASA, POD, and CAT. Conversely, red light was significantly negatively correlated with SS, TF, TT, TP (total polyphenols), GSH, SOD, and ABTS in leaves, and was significantly negatively correlated with SP (soluble protein) and ASA in stems. In addition, there was a significant positive correlation among TF, GSH, ASA, SOD, POD, and APX in leaves. MDA was significantly negatively correlated with TF, GSH, ASA, POD, APX, and DPPH.
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FIGURE 8
The correlation among light spectral quality (blue, green, and red) and growth indicators. PH, plant height; LA, leaf area; SFW, shoot fresh weight; SDW, shoot dry weight. Difference test at the ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 level. The colors reflect the changes in correlation coefficient: red color represents correlation coefficient with high and positive correlation and blue indicates high and negative correlation.
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FIGURE 9
The correlation among light spectral quality (blue, green, and red) and nutritional and antioxidant indicators in leaves (A) and in stems (B). SS, soluble sugar content; SP, soluble protein content; TF, total flavonoids; TT, total triterpenes; TP, total polyphenols; MDA, malondialdehyde; GSH, glutathione; ASA, ascorbic acid; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; APX, ascorbate peroxidase; ABTS, 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl. Difference test at the ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 level. The colors reflect the changes in correlation coefficient: red color represents correlation coefficient with high and positive correlation and blue indicates high and negative correlation.





Discussion

Growth and development of plants are affected by wavelengths of light, among which red and blue light are regarded as the most influential wavelengths, attracting much attention (Zheng et al., 2019; Li et al., 2020; Jung et al., 2021). Our results showed that red light promoted the growth of wheat seedlings, mainly manifested as increased plant height, leaf area, shoot fresh, and dry weight per plant under WR (B:G:R = 19:25:56) (Figure 2). Similar results have been reported in water spinach by Kitayama et al. (2019) that red LEDs light resulted in a high level of stem fresh weight and plant height. WB (B:G:R = 70:21:9) had a negative effect on wheat growth (Figure 2), which is similar to the result of Wollaeger and Runkle (2015). That might be because high proportion of blue light under WB inhibited stem elongation and leaf area expansion (Kalaitzoglou et al., 2021). Interestingly, the effect of red and blue light on growth of wheat seedlings diminished over time (Figure 8), which indicated that this effect might be related to the growth stage of wheat or an acclimation response to the new light conditions.

Soluble sugars, soluble proteins, flavonoids, triterpenoids, and polyphenols are important primary and secondary metabolites of plants, which have been proved to be beneficial for human health (Augustin et al., 2011; Kumar and Pandey, 2013; Jakobek, 2015; Rienth et al., 2021). It has been reported that light quality is an important factor affecting the synthesis and accumulation of these metabolites (Jeong et al., 2012; Bae et al., 2016; He et al., 2020; Jiang et al., 2021). In our study, the contents of soluble sugar and total flavonoids content in leaves were highest under WB (B:G:R = 70:21:9), and the contents of soluble protein, total triterpenoids, and polyphenols was highest under W (B:G:R = 34:46:20) (Figures 3, 4), which is similar to the results of the study by Son and Oh (2013). However, Zhang et al. (2018) reported different results in lettuce. They found that soluble sugar content was the highest under red light and 1B:9R, while soluble protein content was the highest under blue light and 1B:4R. Different results may be related to species. Blue light was positively correlated with TF in leaves (Figure 9A), which may be because blue light enhances the activities of general phenylpropanoid and flavonoid pathways enzymes, thereby promoting the synthesis and accumulation of total flavonoids in leaves (Koyama et al., 2012; Zoratti et al., 2014).

Abiotic stress can break the balance of ROS production and elimination, resulting in excessive accumulation of ROS, and ultimately oxidative stress (Gill and Tuteja, 2010). MDA is the oxidation end product of lipid peroxidation caused by free radicals, which can indirectly reflect the degree of oxidative stress (Saleem et al., 2019). In our study, WB (B:G:R = 70:21:9) decreased MDA content in leaves and stems of wheat seedlings compared with W (B:G:R = 34:46:20) (Figure 5). Similar results have been reported that MDA content of wheatgrass under 75B:25R was lower in comparison with 18B:64G:18R (Bartucca et al., 2020).

Plants are well equipped with a variety of antioxidants to scavenge oxidative stress (Gill and Tuteja, 2010). Among them, GSH and ASA are important non-enzymatic antioxidant, which donate electrons for antioxidant enzymes to scavenge ROS (Noctor and Foyer, 1998; Akram et al., 2017; Zhitkovich, 2021). SOD, POD, CAT, and APX are crucial enzymatic antioxidants that cooperate to detoxify excessive ROS (You and Chan, 2015). Numerous studies have shown that the responses of antioxidants vary with the proportion of red and blue light, plant species, their genotypes and development stages (Choi et al., 2013; Manivannan et al., 2017; Ye et al., 2017; Yu et al., 2017; Liu et al., 2018). In our study, WB (B:G:R = 70:21:9) increased the contents of GSH and ASA (Figure 5), which may be due to blue light changes transcription signal transduction and metabolism of GSH and ASA metabolism (Liu and Zhang, 2021). WB also enhanced activities of antioxidant enzymes (SOD, POD, CAT, and APX) in leaves or stems of wheat seedlings (Figure 6), which is similar to the results reported by Kook et al. (2013), who found blue LEDs light improved CAT and APX activities of lettuce. Non-enzymatic antioxidants (ASA and GSH) were positively correlated with enzymatic antioxidants (SOD, POD, and APX) in leaves (Figure 9A), which is related to their synergistic cooperation in scavenging ROS (Mittler et al., 2004; Hasanuzzaman et al., 2020). In addition, TF was also positively correlated with these antioxidants (ASA, GSH, SOD, POD, and APX) in leaves (Figure 9A), which might be the antioxidant-induced change in cellular redox homeostasis that activates the biosynthesis of flavonoids (Agati et al., 2012).

ABTS and DPPH radical scavenging capacity are two commonly used parameters to indicate the total antioxidant capacity of plants (Floegel et al., 2011). WB could effectively improve the ABTS radical scavenging capacity in stems and DPPH radical scavenging capacity in leaves. Apparently, occurrence of higher contents of non-enzymatic antioxidants (ASA and GSH) and higher activities of antioxidant enzymes (SOD, POD, CAT, and APX) under the WB positively affected the ABTS and DPPH radical scavenging capacities in leaves and stems extract. Similar results were obtained in Rehmannia glutinosa (Manivannan et al., 2015) and P. setacea (Santos-Tierno et al., 2021). Consequently, our results suggest that WB (B:G:R = 70:21:9) have the capacity to enhance antioxidant defense mechanism and to elicit accumulation of potential secondary metabolites in wheat seedlings leaves.



Conclusion

This study investigated growth, nutrition, and antioxidant characteristics of wheat seedlings under LEDs sources with different spectra combinations. Plant height, leaf area, shoot fresh, and dry weight were the highest under WR at the early stage of planting. Contents of soluble sugar, soluble protein, triterpenoids, polyphenols, flavonoids, ASA, and GSH were higher and MDA content was lower under WB than those under W. Activities of antioxidant enzymes (SOD, POD, CAT, and APX) and ABTS and DPPH radical scavenging capacities in leaves or stems under WB were higher than those under W. LEDs with a high ratio of red light promoted growth of wheat seedlings, and LEDs with a high ratio of blue light reduced damage of membrane lipid peroxidation and improved antioxidant capacity by increasing activities of antioxidant enzymes and contents of antioxidants. Our study provides a basis for selecting appropriate ratio of red to blue according to the production aim.
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Pea sprouts have rich nutrition and are considered good for heart health. In this study, the kaspa peas and black-eyed peas were chosen to clarify the effect of different LED spectral combinations on the growth, yield, and nutritional quality of pea sprouts under long photoperiod (22 h light/2 h dark). The results showed that the two pea varieties responded differently to light spectral combinations. Black-eyed pea sprouts had higher plant height, fresh weight per plant, dry weight per plant, soluble sugar content, and lower malondialdehyde (MDA) content than kaspa peas under the same light treatment. Compared with white light, red-to-blue ratio of 2:1 significantly increased peroxidase (POD) and superoxide dismutase (SOD) activity, soluble sugar and soluble protein content of kaspa pea sprouts, and decreased MDA content of black-eyed pea sprouts. Blue light was negatively correlated with the plant height of pea sprouts and positively correlated with SOD activity, vitamin C, soluble sugar, and soluble protein content. Antioxidant capacity, yield, and nutritional quality of black-eyed pea sprouts were higher than those of kaspa pea sprouts under the same light treatment. Blue light improved the nutritional quality of pea sprouts. Compared with other light treatments, the red-to-blue ratio of 2:1 was more conducive to improving the antioxidant capacity and nutritional quality of pea sprouts under long photoperiod.
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Introduction

With the improvement of people’s living standards, healthy diet has attracted more and more attention. Vegetables are rich in nutrients needed by humans, and demands for vegetable yield and quality are getting higher (Kearney, 2010). Sprouts, which means the edible vegetables after seed germination (Benincasa et al., 2019), accumulate lots of bioactive substances, such as vitamins, polysaccharides, proteins and polyphenols (Gan et al., 2017). Sprouts are considered to have the function of anti-oxidation, anti-virus and anti-inflammatory, and reduce risk of diseases (Geng et al., 2022). As a high-quality sprout vegetable, pea sprout is rich in vitamin C and protein, and conducive to improve human immunity (Zhao et al., 2020). Sprouts also have the advantages of short growth cycle, low production cost, and small land area needed (Zhang et al., 2020).

A plant factory is a closed plant production system that aims to achieve high-precision control of plant growth environment and high crop yield (Avgoustaki and Xydis, 2020). Plant factory can avoid the impact of outdoor extreme weather conditions on plant growth (Al-Kodmany, 2018). Light-emitting diode (LED) is an indispensable lighting system that can provide different light quality, light intensity, and photoperiod to control plant growth. Compared with traditional lighting equipment, LED has the advantages of small volume, low energy consumption, long service life, safe use, energy, and environmental protection (Olle and Virsile, 2013).

Light is not only the energy for photosynthesis but also a signal for plant morphogenesis (Chen et al., 2017). Light quality and photoperiod have an important impact on plant growth and development, as well as yield and quality. Photoperiod can regulate plant germination, growth, and flowering (Cao et al., 2014; Bian et al., 2015). Previous studies have shown that long photoperiod can promote flowering of horticultural crops, shorten growth time of wheat, and increase leaf area of many temperate grass species (Adams and Langton, 2005; Sulpice et al., 2014; Watson et al., 2018). But excessive long illumination time will lead to reduction of yield, chlorosis of leaves, and weakened growth activity in tomatoes, cucumbers, and wheat (Gonzalez et al., 2003; Lanoue et al., 2021a). Some studies found that suitable light quality can reduce the adverse effects of long photoperiod on crops (Lanoue et al., 2021b).

Light quality affects plant height, chlorophyll content, antioxidant capacity, yield, and quality (de Wit et al., 2016; van Gelderen et al., 2018). Red and blue light is the main absorption wavelengths of plants (Ptushenko et al., 2020). Studies found that red LED can promote seed germination and plant elongation (Sellaro et al., 2012), and blue LED influences phytochrome content and stomata conductance (Samuoliene et al., 2013). Compared with monochromatic light, a mixture of red and blue LEDs can stimulate various types of photoreceptors in plants and reduce light stress (Sabzalian et al., 2014). However, optimal red-to-blue ratio varies among different plant species, even among different cultivars of the same plant species.

Black-eyed pea (Vigna unguiculata), also known as southern pea, cow pea, and crowder pea, grows well in summer and is native to Asia and Africa and contains significant amounts of protein, calories, and some water-soluble vitamins (Bhandari et al., 2016). Kaspa pea is a semi-leafless field pea variety that flourishes well in cool seasons (Sudheesh et al., 2015). This study was carried out in a plant factory to determine growth, yield, and nutritional quality of pea sprouts of the two cultivars under different LED spectral combinations and long photoperiod (22 h light:2 h dark).



Materials and methods


Experimental design

The experiment was conducted in the plant factory of the national precision agriculture experimental station in Xiaotangshan Town, Changping District, Beijing in 2019. Two pea cultivars, kaspa peas and black-eyed peas, were grown under four LED spectral combinations, including white light (W), red-to-blue ratio 2:1 (R2B1), red-to-blue ratio 4:1 (R4B1), and red-to-blue ratio 7:1 (R7B1). The relative spectral distribution (Figure 1) and relative spectral content (Table 1) were measured with a plant light analyzer (PLA-20, Everfine, Hangzhou, China), and the photosynthetic photon flux density (PPFD) was kept at 190 ± 25 μmol⋅m–2⋅s– 1.
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FIGURE 1
Relative spectrum distribution of the four LEDs’ light quality combinations. (A) White light (W); (B) red-blue light ratio 2:1 (R2B1); (C) red-blue light ratio 4:1 (R4B1); (D) red-blue light ratio 7:1 (R7B1). The white box above the figure represents the light duration of 22 h, and the black box represents the dark time of 2 h.



TABLE 1    Relative spectral content of the four LEDs’ light quality combinations.
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Plant growth condition

Seeds were soaked in clean water for 12 h and then were sown in four sprouters (32 cm × 25 cm). One-half of each sprouter was occupied by 40 seeds of kaspa peas, and another half was occupied by 40 seeds of black-eyed peas. The four sprouters were covered with wet germination paper and put into a constant temperature incubator at 22°C for dark germination for 3 days. The four sprouters were then transferred under four LED light panels in the plant factory for hydroponic culture, with one sprouter under one LED spectral combination. The temperature in the plant factory was kept at 21 ± 1°C/17 ± 1°C (day/night), the photoperiod was 22 h light: 2 h dark, and the hydroponic nutrient solution was updated every week (Hoagland and Arnon, 1950). The distance between the bottom of the sprouters and the LED panels was 40 cm initially and adjusted during the experiment to maintain approximately stable PPFD (190 ± 25 μmol m–2 s–1) at the top of sprouts.



Measurement of growth characteristics

After 12 days of LED light treatment, six plants from each cultivar in each sprouter were selected for measurement of growth characteristics. The remaining plants were stored in a –80°C ultra-low temperature freezer for measurement of antioxidant capacity and nutrition parameters. SPAD values of the upper three leaves of the six plants were determined by a chlorophyll meter (SPAD-502; Minolta, Osaka, Japan). Plant height of the six plants was measured using a ruler, and fresh weight was measured with one ten-thousandth scale (JA1003; balance instrument, Shanghai, China). After sterilizing the six plants at 105°C in a blast drying oven (DHG-9140a; Lakebo Instrument, Beijing, China) for 1 h, they were dried at 80°C to constant weight, and then the dry weight was measured by an electronic scale.



Antioxidant capacity

The plants were taken out from the ultra-low temperature freezer and ground into powder in liquid nitrogen. Three samples of fresh tissue (0.2 g) from each treatment were homogenized with 50 mmol/L phosphoric buffer (pH 7.8), then centrifuged at 15,000 r/min for 15 min, and the supernatant (enzyme solution) was extracted for POD, CAT, and SOD activity determination.

POD and catalase (CAT) activities were determined by the guaiacol method (Liang et al., 2003). The POD activity was determined by the change rate of the absorbance value at 470 nm of the mixed assay of 0.05 ml enzyme solution, 2 ml 0.2% (w/v) H2O2, 0.95 ml 0.2% (w/v) guaiacol, and 1 ml pH7.0 phosphoric buffer; 1 ml 0.2% (w/v) H2O2 and 1.9 ml distilled water were added into 0.1 ml extracted solution, and the absorbance at 240 nm was measured to determine the CAT activity. The change of absorbance value of 0.01 per minute was token as an enzyme activity unit (U).

SOD activity was determined by nitroblue tetrazole (NBT) photochemical reduction method (Hassan et al., 2005). The 3 ml assay mixture contained 2.5 ml 13 μmol methionine, 0.25 ml 63 μmol/L NBT, 0.15 ml 13 μmol/L riboflavin, 0.05 ml phosphate buffer (pH 7.8), and 0.05 ml enzyme solution. Then it was exposed to light in a 4000-lx light incubator for 20 min, and the absorbance value at 560 nm was measured. One unit of enzyme activity was defined as inhibition of NBT photoreduction by 50%.

The content of malondialdehyde (MDA) was determined by thiobarbituric acid method (Al-Aghabary et al., 2004). Three samples of fresh tissue (0.3 g) from each treatment were homogenized in 0.5% (w/v) thiobarbituric acid and then heated in a boiling water bath for 10 min. After cooling, the homogenate was centrifuged at 3,000 g for 15 min. The absorbance value of supernatant was measured at 532, 600, and 450 nm, and the MDA content was calculated by the following formula:
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In the formula, Vt represents the total volume of the extract (ml), Vs represents the volume of the extract for measurement (ml), and FW represents the fresh weight of the sample (g).



Nutrition parameters

The content of vitamin C was determined by molybdenum blue colorimetry (Li, 2000). Three samples of fresh tissue (0.2 g) from each treatment were homogenized with 5 ml oxalic acid-EDTA solution, then centrifuged at 3,000 g for 10 min. The assay mixture contained 1 ml supernatant, 5 ml oxalic acid EDTA, 0.5 ml metaphosphoric acid-acetic acid, 3.5% (w/v) H2SO4, and 5% ammonium molybdate, then the absorbance value was determined at 760 nm, and the content was calculated by a standard curve.

The content of soluble sugar was determined by the anthrone-sulfuric acid method (Fairbairn, 1953). Three dry samples (0.3 g) from each treatment were added to 5 ml distilled water and heated in an 85°C water bath and then centrifuged at 3,500 g for 10 min. After 5 ml anthrone and sulfuric acid were added to the 2 ml supernatant, the absorbance value at 620 nm was measured to determine the content of soluble sugar.

The content of soluble protein was determined by Coomassie brilliant blue G-250 method (Bradford, 1976). Three samples of fresh tissue (0.2 g) from each treatment were homogenized with 2 ml distilled water and centrifuged at 5,000 r/min for 10 min. Then 0.9 ml distilled water and 5 ml coomassie brilliant blue G-250 solution were added to 0.1 ml of the supernatant. The absorbance at 595 nm was measured to determine the content of soluble protein.



Statistical analysis

In plant factories, spatial variability of hydroponic nutrient solution is neglectable and spatial variability of micro-climate is restricted by uniform ventilation from ventilation wall. So spatial replications of LED light treatments are not needed, especially when the LED panels are at the same height in the same level. We regarded this experiment as a completely randomized design. Six plants per treatment were used to measure the growth characteristics, and the determination of antioxidant capacity and nutritional parameters was repeated three times. Excel 2010 was used for data entry and processing. Variance analysis and principal component analysis were conducted using SPSS Statistics 25.0. The comprehensive scores in the principal component analysis of each treatment were calculated through the formula “comprehensive score = variance contribution rate of PC1 × variance contribution rate of FAC1 + PC2 × variance contribution rate of FAC2 + PC3 × variance contribution rate of FAC3” (Li et al., 2022). We used raw data and Origin 2020 for correlation analysis. Graphpad prism 8.0 was used for the creation of histograms. Duncan’s multiple range test was used for multiple comparisons in this experiment.




Results


Effects of light spectral combinations on growth characteristics of pea sprouts

As shown in Figure 2, the growth characteristics of the two pea sprout cultivars were significantly different. Plant height of black-eyed pea sprouts was significantly higher than that of kaspa peas, and SPAD values of the upper three leaves of kaspa peas were significantly higher than those of black-eyed peas. LED light treatment had significant effects on plant height and SPAD value of the upper third leaf and the interaction of variety and LED light treatment had a significant effect on the SPAD3 (Supplementary Table 1). Compared with white light, plant height of black-eyed pea sprouts increased significantly under R4B1. For the kaspa pea sprouts, plant height under R4B1 was slightly higher than that under white light, without significant difference (Figure 2A). There was no significant difference in SPAD values of the upper two leaves of kaspa pea sprouts among all the treatments, but the SPAD value of the third leaf under R2B1 and R7B1 was significantly lower than that under white light treatment. For black-eyed pea sprouts, the SPAD value of the upper three leaves showed little difference among different treatments (Figures 2B–D).
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FIGURE 2
Effects of four LEDs’ light quality combinations on the plant height and SPAD value of the two cultivars of pea sprouts. (A) Plant height; (B) upper first leaf SPAD value; (C) upper second leaf SPAD value; (D) upper third leaf SPAD value. Different letters indicate significant differences at P ≤ 0.05 of the same variety among treatments. ** and *** denote significant differences at P ≤ 0.01 and P ≤ 0.001 of different varieties. Error bars represent six replicates.




Effects of different light quality combinations on antioxidant capacity of pea sprouts

Red and blue light ratios significantly affected the antioxidant capacity of pea sprouts (Figure 3). There was no significant difference in POD, SOD, and CAT activities between the two cultivars, while the MDA content of kaspa pea sprouts was two times higher than that of black-eyed pea sprouts. LED light treatment has no significant effect on CAT only and the interaction of variety and LED light treatment had a significant effect on antioxidant capacity (Supplementary Table 1). Activities of POD and SOD of kaspa pea sprouts were significantly higher under R2B1 than those under white light treatment, while there was no significant difference among different light treatments in activities of POD and SOD of black-eyed pea sprouts (Figures 3A,B). There was no significant difference in CAT activity between the two cultivars (Figure 3C). MDA content of black-eyed pea sprouts was significantly lower under R2B1 than that under white light. As the ratio of red light further increased, MDA content was still slightly lower than that under white light (Figure 3D).
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FIGURE 3
Effects of four LEDs’ light quality combinations on antioxidant capacity of two cultivars of pea sprouts. (A) Peroxidase (POD) activity; (B) superoxide dismutase (SOD) activity; (C) catalase (CAT) activity; (D) malondialdehyde (MDA) content. Different letters indicate significant differences at P ≤ 0.05 of the same variety among treatments. ***Denotes significant differences at P ≤ 0.001 of different varieties, and ns means no significant difference. Error bars represent six replicates.




Effects of different light quality combinations on yield and quality of pea sprouts

As shown in Figure 4, fresh weight, dry weight, and soluble sugar content of black-eyed pea sprouts were significantly higher than those of kaspa pea sprouts, while there was no significant difference in vitamin C content and soluble protein content between the two cultivars. LED light treatment had significant effects on yield and nutritional quality except for dry weight, and the interaction of variety and LED light treatment had a significant effect on dry weight, soluble sugar content, and soluble protein content (Supplementary Table 1). Fresh weight of kaspa pea sprouts was significantly lower under R2B1 than that under white light, and dry weight of kaspa pea sprouts was significantly lower under R2B1 and R7B1 than that under white light. There was no significant difference in fresh weight and dry weight of black-eyed pea sprouts among different light treatments (Figures 4A,B).
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FIGURE 4
Effects of different light quality combinations on the yield and quality of two varieties of pea sprouts. (A) Fresh weight per plant; (B) dry weight per plant; (C) vitamin C content; (D) soluble sugar content; (E) soluble protein content. Different letters indicate significant differences at P ≤ 0.05 of the same variety among treatments. ***Denotes significant differences at P ≤ 0.001 of different varieties, and ns means no significant difference. Error bars represent six replicates.


There was no significant difference in vitamin C content between the two varieties. Soluble sugar content of the two varieties was significantly higher under R2B1 than that under white light. Soluble sugar content decreased with an increase in the proportion of red light, leading to the significantly lower soluble sugar content of kaspa pea sprouts under R4B1 than that under white light. Soluble protein content of kaspa pea sprouts was significantly higher under R2B1 than that under white light, but soluble protein content of black-eyed pea sprouts was significantly lower under R2B1 and R4B1 than that under white light.



Principal component analysis of indicators of pea sprouts under different light quality combinations

Principal component analysis was carried out on 13 parameters including plant height, SPAD value of the upper three leaves, POD, SOD, and CAT activity, MDA content, fresh weight per plant, dry weight per plant, vitamin C, soluble sugar, and soluble protein content of pea sprouts under different light quality combinations. Three principal components PC1, PC2, and PC3 with eigenvalues greater than 1 were extracted, with contribution rates of 49.18, 17.35, and 9.27%, respectively, and a cumulative contribution rate of 75.80%. Plant height, SPAD value of the upper three leaves, MDA, fresh weight, dry weight, and soluble sugar had higher loadings on PC1, indicating that the PC1 basically reflected the information of these eight parameters. In addition, POD, SOD, and soluble protein had higher loadings on PC2, and CAT and VC have higher loadings on PC3. Therefore, these three principal components can be used to represent all indicators for analysis. The comprehensive score results showed (Table 2) that the score of R2B1 was the highest, which is 0.277, indicating that this treatment had the greatest impact on these three principal components. The second was R4B1, with a comprehensive score of 0.063, while R7B1 had the lowest score of –0.208.


TABLE 2    Factor analysis and comprehensive scores of 4 LEDs light treatments.
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Correlation analysis between R: B ratio and various indicators of pea sprouts

The correlations between R: B ratio and various indicators of pea sprouts are shown in Figure 5. Among the growth parameters, blue light was significantly negatively correlated with the plant height of pea sprouts, and red light was significantly negatively correlated with the SPAD value of the upper three leaves. Blue light was positively correlated with SOD activity. Red light was positively correlated with POD activity and MDA content but negatively correlated with SOD and CAT activity, and the correlations were not significant. There was no significant correlation between light quality and yield. Blue light was significantly and positively correlated with vitamin C, soluble sugar, and soluble protein. Red light was negatively correlated with vitamin C, soluble sugar and soluble protein, but the correlation was not significant.
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FIGURE 5
Correlation analysis between different light qualities and various indicators of pea sprouts. *, **, and ***Denote significant differences at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001 of different species. Numbers are correlation coefficients. SPAD1, SPAD2, and SPAD3 denote upper first leaf, upper second leaf, and upper third leaf. Blue and red, respectively, represent the percentage of blue and red light.





Discussion

With the emergence of LEDs, people can choose different wavelengths of light to regulate the growth of plants. Effects of light quality on vegetables such as lettuce, peppers, tomatoes, and cucumbers have been extensively studied (Li and Kubota, 2009; Su et al., 2014; Kaiser et al., 2019). Red and blue light have an important impact on plant height, chlorophyll, biomass, and photosynthetic capacity (Son and Oh, 2013; Liu and van Iersel, 2021; Liu et al., 2022). A mixture of red and blue light is more conducive to plant growth and development than monochromatic light, but the optimal ratio varies by plant species (Yu, 2021).

In this study, the plant height, antioxidant capacity, yield, and nutritional quality of black-eyed pea sprout were higher than those of kaspa pea sprout, indicating that the effect of light quality on plants was influenced by genotypes. Therefore, in production, it is not only necessary to select optimal light quality but also to choose suitable varieties according to the practical needs. The growth characteristics of pea sprouts under different ratios of red to blue showed that the plant height of pea sprouts was higher under R4B1 than that under white light (Figure 2). This was related to the fact that blue light was significantly negatively correlated with the plant height of pea sprouts in the correlation analysis (Figure 5). Therefore, the plant height of sprouts was higher when the ratio of red to blue was low, which was consistent with the previous study (Inoue and Kinoshita, 2017). However, the results of the principal component analysis showed that the comprehensive score of R7B1 was the lowest, indicating that it had the least impact on the indexes. Therefore, the plant height of sprouts was the highest under R4B1 instead of R7B1.

Chlorophyll is an important pigment for photosynthesis in green plants, so its content is significantly related to plant growth. The results showed that the SPAD value of the upper three leaves of pea sprouts decreased or did not change significantly under different ratios of red to blue light compared with white light (Figure 2). According to previous research reports, blue light can promote the synthesis of chlorophyll because blue light can induce the expression of key genes for chlorophyll synthesis (Liu et al., 2022). But red light reduces chlorophyll content because red light reduces 5-aminolevulinic acid, a precursor to chlorophyll synthesis (Sood et al., 2005). Therefore, the higher proportion of red light than blue light in the treatment of this experiment may be the reason why the SPAD value does not increase.

Under aerobic conditions, the production of reactive oxygen species (ROS) will hurt plant cells. In order to avoid ROS damage, plants have evolved defense systems to eliminate free radicals, including antioxidant and antioxidant enzyme systems (Logan et al., 2006). POD, SOD, and CAT are the main components in the plant antioxidant enzyme system and play important roles in regulating cellular redox state and responding to adverse environmental conditions (Loi et al., 2021). MDA is one of the most important products of membrane lipid peroxidation, and its content can indirectly reflect the degree of damage to the membrane system and the strength of plant stress resistance (Yamauchi et al., 2008). A number of studies have shown that blue light can improve the activity of antioxidant enzymes in many plants (Xu et al., 2014; Ye et al., 2017; Yu et al., 2017). Consistent with the above results, this study indicated that blue light was positively correlated with antioxidant enzyme activities (Figure 5), and R2B1 significantly enhanced POD and SOD activities of pea sprouts (Figure 4). Compared with white light, R2B1 reduced the MDA content of black-eyed pea sprouts and enhanced the antioxidant capacity of pea sprouts. Cryptochrome absorbing blue light can transmit the signal of stress response and then resist the damage of ROS by improving the activity of antioxidant enzymes (Jourdan et al., 2015).

The differences seen in growth, yield, and nutritional qualities between the two cultivars and among the different light treatments are not only a result of the light qualities tested. In this study, fresh weight and dry weight of kaspa pea sprouts were significantly lower under R2B1 than that under white light, which was consistent with a decrease of SPAD value in leaves under R2B1 (Figure 2). Results of previous studies on the effect of light quality on plant nutritional quality are contradictory. Some studies believe that the content of soluble sugar, soluble protein, and vitamin C in pea sprouts was higher when the R:B ratio was 3:1 or higher (Geng et al., 2017; Ban et al., 2019), while others found that the quality of tomato is better when blue light accounts for 60% of total light (Liu et al., 2010). In the study of tomato by Dong et al. (2019), it was found that the sugar content was the highest when the ratio of red to blue was 3:1, because light quality regulated the expression of protein genes related to glucose metabolism. In addition, studies have found that the soluble protein content of radish was higher under blue light than red light, because the nitrate reductase activity was stronger under blue light, which improves the nitrogen assimilation rate of plants (Maevskaya and Bukhov, 2005). However, it was also found that strawberry had higher contents of soluble protein, total sugar, and anthocyanin under red light (Peng et al., 2020). This study found that the content of soluble sugar and soluble protein of kaspa pea sprouts was significantly higher under R2B1 than that of white light, but the soluble protein content of black-eyed pea sprouts decreased under this treatment (Figure 4). Therefore, it can be seen that the effect of light quality on crop nutritional quality varies with different crop types and varieties.



Conclusion

Black-eyed pea sprouts had higher plant height, while kaspa pea sprouts had higher SPAD values. Compared with white light, R4B1 significantly increased plant height of black-eyed pea sprouts and slightly increased plant height of kaspa pea sprouts.

MDA content of black-eyed pea sprouts was significantly lower than that of kaspa pea sprouts. R2B1 was optimal to improve POD and SOD activities of kaspa pea sprouts and reduced the MDA content of black-eyed pea sprouts. Antioxidant enzyme activities of black-eyed pea sprouts were not significantly affected by light treatments.

Black-eyed pea sprouts had a higher yield and soluble sugar content than kaspa pea sprouts. Compared with white light, R2B1 reduced the yield but increased the content of soluble sugar and soluble protein of kaspa pea sprouts. Yield of black-eyed pea sprouts was not significantly affected by light quality treatment. R2B1 increased the content of soluble sugar but decreased the content of soluble protein of black-eyed pea sprouts.

Black-eyed pea sprouts have a higher yield and better nutritional quality than kaspa pea sprouts. Among different R:B ratios, R2B1 was the best spectral composition for the nutritional quality of pea sprouts, significantly increased antioxidant enzyme activity, reduced content of MDA, and increased content of soluble sugar of pea sprouts.
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Since the introduction of LED lamps a decade ago, the plant factory with artificial lighting (PFAL) has been expected to be a savior that overcomes the food crisis, brings food safety, and enhances environmental friendliness. Despite such high expectations, the diffusion of commercial crop production in PFALs has been slow. It has been said that the main reason for this is the huge initial investment required to construct PFALs. This situation has attracted studies to access the economic feasibility of the crop production in PFALs. One thing strange in these studies is that they pay little attention to the scale of their PFALs. PFALs are factories so that they would be subject to economies of scale. If so, the scale of PFALs is an important factor that determines the economic feasibility of plant production in PFALs. However, no study has thus far attempted to examine whether economies of scale exist in the construction of PFALs. To fill this gap, this paper tries to examine, based on the data on the investment cost of PFAL construction collected from various countries and regions in the world, whether economies of scale exist in PFAL construction and, if yes, how it affects the economic viability of the plant production in PFALs by searching for the minimum scale that ensures PFAL crop production economically viable. The results show that economies of scale exist in PFAL construction, and that the production of lettuce, PFALs’ most popular crop, is now well on a commercial basis with the technology level of the most advanced PFAL operators, but strawberries has not reached that stage yet. It is also shown that crop production in PFALs is highly sensitive to changes in the yield and the price of the crops: A 30% decline either in the yield or the price of lettuce would easily bring PFALs bankruptcy. It is discussed that the optimum scale of PFALs would depend not only on the economies of scale but also on the transaction costs, such as the costs of searching and keeping a sufficient number of buyers who offer good and stable crop prices.

KEYWORDS
benefit-cost ratio, breakeven scale, lettuce, strawberries, transaction cost, urban agriculture


Introduction

The plant factory with artificial lighting (PFAL), also called synonymously the vertical farm, controlled environment agriculture, and indoor agriculture, grows plants with artificial light in a shielded space like a factory. Although its origin may be traced back to the Hanging Gardens of Babylon in ancient times (Crumpacker, 2018), the PFAL today has only 20–30 years of history (Despommier, 2010; Kozai et al., 2022). Because of its high productivity, high resource use efficiency, high environmental gain, and characteristics that can be located in urban or semi-urban areas, crop production in PFALs has been expected to be an important solution to food security as well as food safety in the urban-overpopulated world in the 21st century (van Delden et al., 2021).

In the early stages of development, commercial production of crops in PFALs was going slowly, mainly because the initial investment needs were prohibitively high (Kozai, 2017). The emergence and introduction of LED lamps at the end of the last century drastically changed the situation (Bantis et al., 2018). It seems that the rapid progress in LEDs and the development of technology associated with the crop production in PFALs since the beginning of this century, especially since the early 2010s, have made the crop production, in particular leafy vegetable production, in PFALs a feasible commercial proposition (Benke and Tomkins, 2017; Pinstrup-Andersen, 2018; Shamshiri et al., 2018; Kozai et al., 2019, 2022).

On the other hand, however, harsh criticism against the PFAL still remains. As late as in 2020, an article appeared in an internationally renowned daily newspaper, questioning “Vertical farming: hope or hype?” (Terazono, 2020). It is pointed out in the article, referring to a Rabobank analyst in Netherlands as the source of information, that “Vertical farming occupies the equivalent of 30 hectares of land worldwide, …, compared with outdoor cultivation of about 50 m ha and 500,000 ha for greenhouses.” Asia, particularly in Japan, is the region where the commercial operation of PFALs has been going relatively better (Newbean Capital, 2016; Kozai et al., 2019; Harding, 2020). A large-scale survey of greenhouses and PFALs in Japan reveals that the number of PFALs under commercial operation had increased from 64 in 2011 to 197 in 2017 and has been stagnant since then (Japan Greenhouse Horticulture Association [JGHA], 2015-2022). It is estimated that the total cultivated area of these PFALs in 2021 is less than 60 ha, compared with 2 million ha of open upland field and 420,000 ha of greenhouse area in Japan. It could be said that, as in the world, the production of commercial crops by PFALs is hardly widespread even in Japan.

The gap between the hopeful future and the reality of commercial crop production in PFALs appears to be deep worldwide.

Certainly, such circumstances have induced studies on the economic feasibility of vegetable production in PFALs. For example, Eaves and Eaves (2018) and Avgoustaki and Xydis (2020) compare, respectively, the profitability of leafy vegetable production in a PFAL with that in a greenhouse with the conclusion that the PFAL production is more profitable, and the latter gives the internal rate of return to the investment in the construction of the PFAL as high as 35%. Lu et al. (2022) estimate the rate of return for constructing two different walk-in type mini PFALs: 61%/year and 22%/year, respectively. Another study by de Souza et al. (2022) also reports the internal rate of return of 14% for a PFAL. All these studies guarantee the optimistic prospect of PFAL production in terms of economic viability. One exception is Zeidler et al. (2017), which concludes that the production of lettuce and tomato in their PFAL has no economic advantage over the production in greenhouses.

It should be mentioned that the PFALs assessed by these studies are all fixed sizes, all different from small (the PFAL floor area of 3 m2: Lu et al., 2022) to large (2,625 m2: Zeidler et al., 2017). A plant factory is a “factory,” and in this respect, it is no different from a factory in any industrial sector. One of the most classical findings in industrial economics is that “factories (plants)” are subject to strong economies of scale (e.g., Moore, 1959; Haldi and Whitcomb, 1967). This means that the scale in the construction of PFALs could be an important factor in determining the economic performance of PFAL investments and operations. Almost all the literature on the PFAL, regardless of whether in favor of it or not, points out that the high initial investment cost is the most serious barrier to commercial crop production in PFALs. Though much less, many authors in the literature recognize that economies of scale exist in the construction cost of PFALs (e.g., Burton, 2019; Dahlberg and Lindén, 2019; Harding, 2020; Cambridge HOK, 2021; de Souza et al., 2022). None of them, however, gives any idea as to the degree of economies of scale in the construction of PFALs. If the construction cost of PFALs is subject to economies of scale, what scale of PFALs should we assume in assessing the economic viability of crop production in PFALs?

We have tried to find out some studies that attempt to estimate the economies of scale in PFAL construction but failed thus far. Shao et al. (2016) present a computational model to estimate the possible scale of PFALs for a given budget but give no information on the scale economies at all. In assessing the profitability of lettuce production in a PFAL, de Souza et al. (2022) provide two scenarios as to the scale of the PFAL, in addition to the base scenario, one if the scale is 50% and the other if it is twice as large. However, they assume constant return to scale in the PFAL construction: The capital cost of constructing the PFAL is assumed to be half in the former, and two times in the latter, of the base scenario. They succeed in detecting economies of scale in the current production of lettuce in the PFAL, but not in the PFAL construction.

To fill this gap, in this paper, we first try to estimate the degree of economies of scale in PFAL construction, using data on PFAL construction costs in Asia, North America, and Europe, and then we examine how the economies of scale affect the economic viability of crop production in PFALs, by estimating the minimum PFAL scale that brings about break-even in the crop production for a few typical crops grown in PFALs. This examination is expected to shed light on, and fill in, the deep gap that exists between the proponents in favor of, and critics against, the future prospect of commercial crop production in PFALs.



Materials and methods

We first explain the methods we adopt in this study and then the data used in the analysis.


Methods


Economies of scale

We are interested in whether investment costs to construct PFALs are subject to economies of scale. Haldi and Whitcomb (1967) find that plant investment costs in many industries are characterized by strong economies of scale. They measure economies of scale empirically as follows:

[image: image]

where K is the investment cost (US $) to construct a plant, S is the scale of the plant (in terms of output capacity; an example is the total ground area of the plant in m2), a′ is a constant, and the exponent b′ is a constant, called the “scale coefficient.” Since (dK/dS) (S/K) = b′, a value of b′ < 1 implies that, as the scale increases, the cost increases at a rate of increase less than that of the scale variable, hence increasing returns to scale, in other words, scale economies. Likewise, b′ = 1 means constant returns and b′ > 1 implies decreasing returns, or in other words, scale diseconomies.

In our study, we take the total plantable area (the total area of trays on which plants are grown; see sub-section 1-1 of Supplementary Material for the definition of this variable) of a PFAL as the variable to measure the scale of the PFAL and see sub-section 1-5 of Supplementary Material how different the degree of scale economies if we use PFALs’ building total floor are, instead of PFALs’ total plantable area.

Dividing through Eq. 1 by S, we obtain
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where A (= S) is the total plantable area (m2), I (= K/S = K/A) is the unit investment cost per plantable area (US $/m2), and b = b′ – 1. Note that b′ is a constant so is b. With this modification, the criterion for economies of scale becomes b < 0 for scale economies, b = 0 for constant returns, and b > 0 for scale diseconomies. We do use the unit investment cost for convenience to compare with the unit benefit obtained from the plant production in PFALs. Taking logarithm for both sides of Eq. 2, we obtain

[image: image]

where a = Ln a’. By estimating this equation by means of the regression method, the t-test as to the “scale elasticity” b will tell us whether the PFAL construction cost follows economies of scale.

The actual estimation of this equation is made with several additional variables that control the variances in the dependent variable “I” due to years, countries, and technology levels of sample PFALs. Of these variables, “years” (when sample PFALs were constructed, planned, or uploaded online) is a continuous variable, and all others are dummy variables.



The breakeven minimum scale of PFALs

First, let us define the benefit-cost (B/C) ratio of the investment in the construction of a PFAL in the annual flow term as follows:
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where B = the benefit of the PFAL (US $/plantable area/year), Y = the quantity of the output produced and sold by the PFAL operator (kg/plantable area/year), Py = the unit price (US $/kg) at which the output is sold (PyY is called the revenue), C = the total cost of the PFAL (US $/plantable area/year), Inputi = the quantity of i-th current input used in the production per plantable area per year, Pi = the unit price of i-th current input, Laborj = labor inputs (person-hours/plantable area/year) used in the production for j-th labor activity, wj = the wage rate of type j labor (US $/person-hour), I = the unit investment cost of constructing the PFAL (US $/plantable area), LS = the lifespan of the PFAL (years), α = maintenance costs of the PFAL (in % share of the total investment), and r = the interest rate (%/year). Note that the benefit and cost are all defined in terms of “per plantable area.”

At B/C = 1, B = C, so that no economic loss. Set B/C = 1 and solve the equation for I,
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where I* is the (breakeven) investment that ensures no economic loss in producing the crop in question, and Surplus = (PyY−∑iPiInputi−∑jwjLaborj). Note that “Surplus” is the profit in the current crop production, with no regard of tax and subsidy. Also note that Eq. 5 requires the following conditions:
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Solving Eq. 3 in the previous sub-section with respect to A, we obtain the following equation:
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Inserting I* into Eq. 7, we obtain

[image: image]

A*, thus estimated, is the scale of PFAL that ensures neither economic loss nor profit in producing the crop in question.



Crops to be examined

As crops for which the economically viable minimum scale is examined, we select two crops: lettuce and strawberry.

Leafy vegetables are the most popular crops commercially grown in PFALs worldwide, of which lettuce dominates taking an overwhelmingly large share. The large-scale PFAL surveys in Japan, mentioned earlier, show that more than 90% of commercially operating PFALs have been growing leafy vegetables, and more than 90% of which are made up of lettuce (Japan Greenhouse Horticulture Association [JGHA], 2018, 2019, 2020, 2021, 2022). Lettuce is the first crop to be examined in the context of this paper.

Strawberry is a fruit vegetable. Tomato is the most preferred fruit vegetable in greenhouses and solar-using plant factories, followed by strawberry (Japan Greenhouse Horticulture Association [JGHA], 2015-2022; Costa and Heuvelink, 2018). According to the PFAL surveys, no PFAL operator in Japan had dare tried to grow any fruit vegetable until 2020. In 2021, however, a PFAL operator began to grow strawberry. It is eagerly expected that strawberry is soon added to the list of crops stably produced in PFALs (Kozai et al., 2018; O’Sullivan et al., 2020, Nikkei, 2021, SPREAD, 2021). Strawberry is thus worth to be examined its breakeven minimum scale of PFALs.




Data requirements and data collection

We need three groups of data in this paper. First, data on the unit investment cost, I, and the total plantable area, A, of as many PFALs as possible, to estimate Eq. 3. Second, data on the revenues, costs, and “surplus” in current production of lettuce and strawberry in PFALs, required to estimate I*, the breakeven investment, in Eq. 5 and A*, the breakeven scale of PFALs, in Eq. 8. Third, data on the lifespan of PFAL facilities, the maintenance cost rate, and the capital interest rate in Eqs 5 and 8.

For the first group, we collect data through searching the internet for sites that contain information on PFAL construction costs; monographs, journal papers, survey/project reports, homepages of various organizations, advertisements, online shops, etc. In addition, we design six PFALs of different scales and estimate their construction costs, based on our experiences in designing PFALs.

For the second and the third groups, we obtain necessary data by reviewing the past studies and surveys, including our own data.




Results


Estimation of economies of scale in PFAL construction


PFAL construction cost

We have collected data for 26 PFALs from 14 sources, including ours, for which the necessary data, i.e., the unit investment cost per plantable area (I) and the total plantable area (A), are duly available (Table 1). The data sources of these PFALs are presented in Supplementary Table S1.


TABLE 1    List of sample PFALs included in this study, in the order of the scale of PFALs’ total plantable area.
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It should be noted that this main dataset is not without problems. Firstly, the dataset consists of data of very different quality. Some data sources give very accurate and highly detailed estimates of the construction costs, while others do give very rough data only. Secondly, the confidentiality of technology and patent information, tax consideration, etc., not only limit the cases where PFAL construction costs are disclosed, but even if information is available, it might possibly give certain undesirable biases to the information disclosed. Thirdly, the dataset includes PFALs constructed and those at design level. The design-level PFALs, though deliberately designed for good performances not only engineeringly, biologically and environmentally but also economically, some revisions might be required if actually built. The number of observations of this dataset, 26, may or may not be sufficient to cancel out biases and errors, if any, caused by these problems. In any case, we should be aware of these problems when interpreting the results.

The 26 sample PFALs in Table 1 are from five different countries and regions, with relevant years ranging from 2011 to 2021. The construction costs in the table are shown in terms of the current United States dollars, converted from respective local currencies using the exchange rate in respective years. Since the value of the United States dollar has fluctuated little during this period and the use of United States dollars in constant prices has altered the results only slightly without changing any of our conclusions, we use the cost data in United States dollars in current prices throughout this paper.



Economies of scale

Data on the unit investment cost, I, and the total plantable area, A, in Table 1 are depicted in Figure 1A and the results of regression estimation of Eq. 3 are presented in Table 2. The dataset reveals significant economies of scale, with the scale elasticity of – 0.201 (Regression #1 in Table 2). The dotted line drawn in Figure 1A is the Regression #1, the intercept term of which is adjusted for by evaluating seven non-slope variables from “Year” to “Canada” at their respective means.
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FIGURE 1
The relationship between the unit cost of PFAL construction and the scale of PFAL’s total plantable area: panel (A) for all sample PFALs (n = 26) and panel (B) for above-average PFALs (n = 18). aFor each chart, the regression line drawn is obtained by inserting the respective means to the seven variables from “Year” to “Canada” of Regression #1 (A) and Regression #2 (B) in Table 2. The probability shown is the probability that the null hypothesis of no slope is accepted.



TABLE 2    The results of regression analyses applied to the PFAL construction cost data: Regressing Ln (Unit construction cost) on Ln (Plantable area), year and other dummy variables.a
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Among the 26 sample PFALs, the cost differentials for PFALs of similar scale are large (Figure 1A). At the scale around 100 m2, the differential in the unit cost is as large as US $ 1,700/m2 between high cost PFALs and low cost PFALs. Similarly, at the scale around 3,500–4,000 m2, the unit cost differentials are about US $ 1,300/m2.

The significant positive regression coefficient of “Year” in Regression #1 in Table 2 suggests that there is a tendency that the unit construction cost of PFALs in recent years is higher than in earlier years. The significant positive coefficient of “High-tech PFAL” dummy and the significant negative coefficient of “Low-tech PFAL” dummy also suggest that the unit construction cost reflects difference in the technology levels embodied in PFALs. The type of PFAL, such as shipping-container PFAL or ordinary-factory-type PFAL, may also affect the unit-construction cost.

For example, there are three PFALs at the scale around 100 m2 far below the regression line (Figure 1A). These PFALs are of shipping container type, one is using a 20-foot container and the other two each using a 40-foot container. One of these 40-foot container type PFALs, you can buy in an online shop. These are indeed low-cost PFALs, as you may conceive (Alberta Agriculture and Forestry, 2017; Alibaba.com, 2022; Lu et al., 2022). It should be noted, however, that shipping-container type PFALs are not always cheap. There are two PFALs of similar scales, straight above these three PFALs in Figure 1A, just on or only slightly below the regression line. These two are of the 40-foot container type, with some advanced technology (Alberta Agriculture and Forestry, 2017).

At the scale around 3,500–4,000 m2, there are two PFALs, located far below the regression line. One of them is a PFAL, which was planned as early as 2011 by a city government in Japan but ended up unsuccessfully. Straight above this PFAL at a similar scale, three PFALs are found lining up along the top frontier line or just below it. One of them is a PFAL operated by one of the largest PFAL company in Japan well known for its successful vegetable production (Hayashi, 2020). The other two are among those we designed, which could attain the best crop growing performance within the purview of the present PFAL technology with minimum automation.

These observations indicate that the PFALs located below the regression line tend to be those with relatively simpler technology, whereas those on and above the line are of relatively better technology. The regression estimations applied to 18 above-average PFALs and 8 below-average PFALs both show reasonably good fitting, but R2 of Regression #2 for the above-average PFALs is as high as 0.919, with the sample PFALs that are less scattered, centering around the regression line, as shown in Figure 1B. The partial R2 of the scale variable (“Ln Plantable area”) is estimated 0.916 (not shown in Table 2), i.e., more than 99% of the R2 (0.916/0.919) of this regression equation is accounted for by the variance in the scale variable in log transformation. It is rather surprising that the variation in the scale of PFAL alone accounts for nearly 100% of the variation in the unit construction costs of PFAL in different countries explained by the explanatory variables. We will use Regression #2 for the above-average PFALs as the main equation to estimate the economically viable minimum scale of PFALs, with Regression #1 as a reference equation (for a supplementary analysis to check if the PFALs in the main dataset aptly belong to the PFAL population, see sub-section 1.4 of Supplementary Material).




The economically viable minimum scale of PFALs

We estimate the minimum scale of PFALs for lettuce and strawberry, using Eq. 8.


Crop performance in PFALs and other assumptions

For the second and the third data groups, we obtain necessary data by reviewing the past studies and surveys, including our own data. The crop performance of lettuce and strawberries in PFALs are assumed as shown in Table 3.


TABLE 3    Assumed levels of lettuce and strawberry production in PFALs and their production costs.a
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The yield of lettuce is assumed to be 115 kg/m2/year. This is a high yield, which used to be challenging to attain several years ago. Thanks to the rapid improvements in LED in recent years, developments of new lettuce varieties suited to the production in PFALs, and PFAL operators’ efforts to improve crop growing technology, the yield of lettuce has increased dramatically in the last 5 years or so. The assumed yield level is the level that PFAL operators with advanced growing technology can attain stably (for details, see sub-section 2.1 of Supplementary Material).

The yield of strawberry is assumed to be 20 kg/m2/year. This is the highest yield level attained in PFALs by researchers in their experiments. The kind of yield revolution, which has happened to lettuce, seems not to have happened yet to strawberry. Unlike in the case of lettuce, we have failed to find out data on the revenue-cost structure of strawberries cultivation in PFALs. We estimate it by referring to the cases of lettuce and other fruit vegetables. Another handicap for strawberry to be grown in PFALs is that its cultivation requires more space than lettuce cultivation for the needs of labor works (for details, see sub-section 2.2 of Supplementary Material).

It should be noted that no subsidy as well as no tax are assumed in the production costs. Taxes are not included because the rates of taxes differ across countries. Subsidies are not included because we are interested in the economic viability of crop production in PFALs without any subsidy. A more important note to make is that no scale economies are assumed in the production costs for lettuce and strawberry production. It is assumed that all cost items are divisible and freely variable without any fixed factor. The production costs could be subject to economies of scale because of such fixed factors as permanent employees paid with monthly or yearly salaries. We make this assumption for the sake of simplicity in order to focus on the scale economies in PFAL construction.

Equation 8 requires the lifespan of PFAL building and other durable facilities (LS), the rate of maintenance expenses (α), and interest rate (r). We assume LS = 15 years, α = 1.5%, and r = 5% (see section 3 of Supplementary Material for more details in these assumptions).



PFALs’ breakeven minimum scales

The estimated breakeven scales are presented in Table 4 for the two crops for the above-average PFALs (Figure 1B) and for the average PFALs (Figure 1A).


TABLE 4    The minimum PFAL scale (total plantable area) at which the break-even is brought about in the commercial vegetable production: lettuce and strawberries.a
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Lettuce

The above-average scale equation gives the scale of 38 m2 as the breakeven scale. Investing in setting up a PFAL of this scale for lettuce cultivation, you would attain breakeven in your business of lettuce production. The corresponding breakeven investment cost, I* (Eq. 5), is computed as US $ 3,821/m2, so that the total investment amounts to US $ 145,198 per PFAL. Suppose your planting rack is 5 tiers, then the cultivation-zone floor area in this case is 7.6 m2. This cultivation-zone floor area, in turn, leads to the PFAL building floor area of about 11 m2, if we assume that the cultivation-zone area takes up 70% of the building floor area (see sub-section 1.4 of Supplementary Material). This scale is close to the scale of PFAL #25 in Table 1, which is a 20-foot shipping container type PFAL.

Any PFAL of the scale larger than this breakeven scale gives a positive profit to the operator who grows lettuce. Suppose you invest in constructing a PFAL of 3,000 m2 of total plantable area (the average scale of commercially operating PFALs in Japan in 2021: Japan Greenhouse Horticulture Association [JGHA], 2015-2022), the unit investment cost of the above-average PFAL of this scale is US $ 1,808/m2 and the B/C ratio (Eq. 4) is calculated as 1.28, i.e., the annual rate of return of 28%. If we apply the average scale equation (Figure 1A), the breakeven scale is reduced to 17 m2. This scale is a bit larger than 12 m2 of PFAL #26 (Table 1). On this average scale equation, the rate of return for the investment to construct a PFAL of 3,000 m2 increases to 37% per annum.

Whichever is the case, it is evident that lettuce has established a solid status as a commercially cultivated crop for PFAL operators who attain the level of the revenue-cost performance in lettuce production specified in Table 3.



Strawberries

The minimum scale for strawberry production in PFALs is estimated to be 115,697 m2 if the above-average scale equation is applied and 16,131 m2 if the average scale equation is applied. The former scale is larger than the scale of the largest PFAL that has ever been conceived (PFAL #1 in Table 1; Asseng et al., 2020). Even the latter scale is very large if compared to the average scale of commercially operating PFALs. There would be few people who dare want to construct an “above-average” PFAL of a scale greater than the breakeven minimum scale to grow strawberries under the given conditions. You may want to construct an “average” PFAL of the scale larger than the breakeven scale to obtain a positive profit from strawberry production, but the guaranteed annual rate of return on the investment to build a 50,000 m2 PFAL is estimated to be mere 3.5%. These results suggest that strawberry is still premature to be a crop grown in PFALs on a commercial base.





Sensitivity tests

How the breakeven minimum scale changes as one of the assumed parameters changes? We present the results of sensitivity tests conducted for “the above-average PFALs” to examine how the minimum scale changes, for lettuce, if the revenue or the labor cost changes, and for strawberries, if the revenue or the electricity cost changes. Since revenue = unit yield × unit output price, a change in revenue by, say, 10%, means either of unit yield or unit price changes by 10% while the other remains constant. Likewise, a positive change in labor cost or in electricity cost means that either the input requirement of labor or electricity increases while the corresponding price remains constant or the price (the wage rate or the electricity charge) changes while the corresponding input requirement remains constant.

The results are shown in Figure 2 for lettuce and in Figure 3 for strawberries. It is apparent for both crops that changes in revenue give larger impacts on the minimum scale than changes in a cost item. This is because changes in revenue gives larger impacts on “surplus” than changes in one of cost items (see Eq. 5). For lettuce, if the output price declines by 20% (from US $ 11/kg to US $ 8.8/kg), the breakeven minimum scale increases sharply from 38 to 1,700 m2. Corresponding to this decline in the lettuce price, the B/C ratio of the investment to build a PFAL of 38 m2 declines from 1.0 to 0.8. With this lower lettuce price, the PFAL operator of this small scale PFAL faces to a negative rate of return (-20%/year). Should the lettuce price decline by 35% to US $ 7.2/kg, the breakeven minimum scale would increase to more than 100 ha (Figure 2).
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FIGURE 2
Sensitivity analyses for lettuce production in PFALs: How the minimum plantable area, which satisfies (B/C) = 1 in lettuce production, changes when the revenue (PY) or labor cost changes (for the above-average PFALs). The starting point before the change is the minimum plantable area = 38 m2, Y = 115 kg/m2/year, P = US$ 11/kg, and labor cost = US$ 279/m2/year.
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FIGURE 3
Sensitivity analyses for strawberry production in PFALs: How the minimum plantable area, which satisfies (B/C) = 1 in strawberry production, changes when the revenue (PY) or electricity cost changes (for the above-average PFALs). The starting point before the change is the minimum plantable area = 115,697 m2, Y = 20 kg/m2/year, P = US$ 50/kg, and electricity cost = US$ 199/m2/year.


In the case of strawberries, a 20% increase in the unit yield from 20 kg/m2/year to 24 kg/m2/year by technological advances, or the same rate of increase in the output price because of higher quality of the output, brings about a drastic decline in the breakeven minimum scale from 115,697 to 1,200 m2 (Figure 3), which would convert strawberries to economically viable crop to be grown in PFALs.

Changes in production costs, such as labor cost and electricity cost affect the profitability of crops in PFALs and therefore the breakeven minimum scale. Compared to the degree of impact that changes in the revenue give to the profitability, however, the degree of the impact becomes lower as the cost share of the cost item in the total current production cost becomes lower. For example, a 30 % increase in the wage rate increases the breakeven minimum scale from 38 to 110 m2 for lettuce (Figure 2). Similarly, a 40% decrease in the electricity cost reduces the minimum scale for strawberries, but only down to 10,000 m2 (Figure 3).




Discussions


Economies of scale in PFAL construction

The relatively better-quality subset of the main dataset gives the degree of economies of scale (the scale elasticity) in PFAL construction of -0.17 (Figure 1B), with its 95% confidence interval of “-0.12 – -0.22.” Another simplest way to estimate the scale elasticity would be to check the slope of the straight line that connects the PFAL of the smallest size (PFAL #26) and that of the largest size (PFAL #1) in Figure 1B, which is -0.14. All other sample PFALs are located in between the two PFALs, in the neighborhood around the straight line. It would be highly probable that the true value of the scale elasticity is within this 95% confidence interval.

How economies of scale of PFAL construction are compared with those of other industries? The distribution of the scale elasticity (“b” in Eqs 2 and 3) of industrial plant investment estimated by Haldi and Whitcomb (1967) has the mode for the elasticity class of [-0.2 > b > -0.3], with the mean of -0.27. In the case of infrastructure project such as irrigation scheme construction, this elasticity is as large as -0.7 (Inocencio et al., 2007). Comparing to these industries, the scale elasticity of -0.17 is not large. One reason for this observation may be that the PFAL construction cost in this paper includes not only the costs of constructing the factory building but also the costs of installing various facilities and equipment in the factory, such as hydroponic cultivation systems, LED lighting systems, planting racks, etc. These facilities and equipment, though fixed production factors, may be more “divisible” than the factory building, which reduces the degree of scale economies for the total investment.

Though not so large compared to other industries, the mean estimate of the scale elasticity of -0.17 still means that, when the scale of PFALs increases 10, 100, and 1,000 times, say from 100 to 1,000 m2, to 10,000, and to 100,000 m2, the unit cost of PFAL construction decreases by 33, 55, and 80%, respectively.



Economically viable crops in PFAL production

A basic implication derived from the results of our exercise is that the list of crops that can be grown commercially in PFALs is very short at present.

It must be clear that grain crops, such as wheat, are out of question. Asseng et al. (2020) concluded in their highly intensive study that wheat production in PFAL of 10 ha scale, or even of 100 ha scale, cannot be economically viable under the present price conditions for wheat and production inputs. It should be noted that their conclusion does not depend on the oft-mentioned barrier to the commercial crop production in PFALs, i.e., “high initial investment cost.” In their case, wheat is not an economically viable crop simply because the current production of wheat in PFALs cannot generate any positive profit, or “surplus” in our Eq. 5: The cost of constructing the PFAL and its scale are nothing to do with their conclusion. In this respect, their wheat case is different from our strawberry case. In the latter case, the current production of strawberries in PFALs can generate “surplus,” but it is not enough to justify the investment to construct a PFAL: The case the “initial investment cost” matters.

Lettuce is an economically viable crop in PFAL production. It should be pointed out again that such a status of lettuce has been established by the yield revolution that occurred in recent years because of improvements in LED technology, new lettuce varieties, and efforts made by PFAL operators to advance lettuce growing technology in PFALs. This point cannot be overemphasized. Until 2017, the unit yield of lettuce in PFAL production in Japan had been less than 60 kg/m2/year (see sub-section 2.1 in Supplementary Material). Table 3 in the text, after simple calculations, tells that the unit yield of lettuce less than 67 kg/m2/year fails to give any positive surplus. Under such a condition, lettuce is no difference with the wheat case above as far as commercial production in PFALs is concerned: They are equally economically not viable, regardless of the cost of PFAL construction.

The results of our exercise suggest that strawberry production in PFALs under present conditions is not economically viable yet but about to be added to the list of PFAL crops. The sensitivity test shows that a 20% increase in the unit yield transforms it to a crop that is profitably grown. A breakthrough in cultivation technology to increase its yield or to reduce its production costs is expected to come soon, as in lettuce production.



Vulnerability in crop production in PFALs

The sensitivity tests show that the PFAL’s breakeven minimum scale for lettuce production quickly approaches infinity as the decline in the revenue progresses beyond the decline rate of 30% (Figure 2). This is because the “surplus” approaches zero as the revenue continues to decline. In the case of crop production in PFALs, yield may increase, but not likely to decrease significantly. In contrast, the risk that the output price declines significantly could be high for PFAL operators. Their market outlets are generally not ordinary wholesale markets (see Supplementary Table S7) but direct off-market shipments to supermarkets, ready-to-eat food manufacturers, delicatessens, and restaurants under contracts. To the extent less dependent on the ordinary markets, they face to less risk in seasonal price fluctuations in the markets. Instead, they would have to face to the risk of losing some contracts or requests from contractors for downward price revisions. Such risks could be high because they have many contacts with business partners. In the case of PFAL operators in Japan, on average, each PFAL operator has as many as 30 contracts with buyers, and 30% of them have more than 50 contracts (see Supplementary Table S7). Demand for vegetables of the off-market buyers such as supermarkets, delicatessens, and restaurants may not be subject to seasonal fluctuations, but could be affected by rapidly changing end-consumers’ teste and preference, and these shops and restaurants themselves are operating in tightly competitive markets where the rise and fall of stores and shops is fierce.

The high sensitivities of the rate of return to the investment in PFAL construction to changes in basic parameters related to the crop performance are reported by some past studies. The internal rate of return to the investment on PFAL construction for growing basil ranges wide from 0.04 to 98% among nine scenarios tested (Avgoustaki and Xydis, 2020). Similarly, another case of PFAL construction for growing lettuce, the rate of return to the investment varies among nine scenarios examined from -0.5 to 38% (de Souza et al., 2022). A recent paper by Baumont de Oliveira et al. (2022), assessing financial risk for PFALs, reports that a PFAL actually constructed in the United Kingdom goes bankrupt with p = 100% (the case of a negative surplus in the current lettuce production account), if without any intervention, and that the other designed PFAL in Japan (the same PFAL assessed by de Souza et al., 2022 = our PFAL #11) would face, in its 15-year life span, a negative financial balance at about p = 30% and below-threshold rates of returns to the investment at about p = 50%.

While vegetable production by PFALs is highly touted as “promising,” it is still said to be “hype” (Terazono, 2020; Gordon-Smith, 2021). A reason for this could be the fact that many commercial PFALs have been built so far, many of which have ended up in bankruptcy. As mentioned earlier in this paper, the number of PFALs in Japan has been stagnant since 2017. This does not mean that the PFAL vegetable production industry is in a stationary state. On the contrary, there has been substantial number of new entries in this industry but there has been nearly the same number of exits. Available data suggest that, within a period of 10 years since 2012, nearly 80% of PFALs in Japan have disappeared, being replaced with nearly the same number of new ones (see section 4.2 of Supplementary Material).

One of the most likely causes of this bankruptcy is the high risk associated with the instability in price and contract, which gives serious adverse impacts on profitability. The results of the sensitivity test suggest that lettuce production in PFALs is economically viable, but it is subject to high vulnerability. When planning to establish a PFAL for commercial engagement, it is necessary to have an ample leeway or measures that can sufficiently withstand the risk of instability in output and input prices and in sales and cultivation contracts.



PFALs’ optimum scale?

The construction of PFALs is subject to economies of scale: The larger the scale, the lower the unit investment cost. As everyone points out, the initial investment cost is the most serious entry barrier. Then, does the scale of PFALs continue to increase to enjoy ever lower initial unit investment costs? In some industries characterized by huge facilities and structures of public nature, such as the power generation and gas supply industries, the scale of plants continues to increase to the extent that the industry becomes a regional monopoly consisting of only one huge company. In many industries, however, this does not occur: The ever-increasing scale is checked at somewhere before this stage. The checking factor is generally called “transaction costs.”

Transaction costs are non-monetary costs that are associated with economic transactions (Williamson, 1979). For example, a PFAL operator has to search if there are someone who buy crops produced by the PFAL, find them out, negotiate with them about the prices and quantities, make contracts, enforce the contracts, and take appropriate actions in case of breach in the contracts: All these actions (transactions) are not costless, or rather often very costly to the PFAL operator. As the number of contractors increases, the transaction costs could increase, even disproportionally. The PFAL operator has to hire laborers and you may have to monitor to have them work carefully with plants. This cost for monitoring and enforcing labor contracts is another example of transaction costs, which would become more costly as the scale of your PFAL becomes larger. Fund markets are prone to market failures, and you may face difficulties in raising funds when planning to construct a PFAL of large scale, which is also a transaction cost.

In Asia, the proliferation of delicatessens, ready-to-eat food manufactures, and restaurants have made themselves good customers of vegetable-producing PFALs. Small- to medium-scale PFALs sell their vegetables, which do not need to be washed before cooking, to many of these customers in small individual packages so that the customers can use them immediately without the hassle of arranging them into small units. As a result, they enjoy a higher unit price for their vegetables than they sell to the ordinary wholesale market. Large-scale PFALs, on the other hand, tend to sell their mass-produced vegetables in bulk to buyers, such as regional centers of large supermarket chains, at low prices. Such a difference should result from high transaction costs associated with dealing with a large number of customers by delivering vegetables in small packaging (often tailor-made for individual customers). The price difference between individual packaging delivery and bulk sales often exceeds 30% (for more details, see sub-section 2.1 of Supplementary Material).

These transaction costs would work to counterbalance the merit of economies of scale. It is an important research agenda to study how these transaction costs and economies of scale in PFAL construction interact, or counteracts, in determining the scale of PFALs and how the optimal scale differs among the type of crops grown and among the various modes of PFAL management.




Conclusion

In this paper, for the first time in this research field, we have explored whether economies of scale exist in the construction of PFALs and how it affects to the economic viability of vegetable production in PFALs.

We find that economies of scale exist in the costs to construct and set up PFALs. The relatively better-quality subset of our datasets gives the 95% confidence interval of the scale elasticity as “-0.12 to -0.22” with the mean estimate of -0.17. Not a large elasticity compared with other industries, but with this mean elasticity the unit construction cost declines by as much as 55%, to a level less than half, when the scale of PFALs increases 100 times.

The minimum scale, which ensures the breakeven in the crop production in PFALs, is estimated to be less than 40 m2 for lettuce and more than 100,000 m2 for strawberries, suggesting that the former is an established PFAL crop, but the latter is not yet. The recent revolutionary increase in the yield due to improvements in LED technology, new lettuce varieties, and PFAL operators’ efforts to finetune these new “inputs” toward higher yields has helped lettuce to establish this status. It would be almost certain that such technological advances do occur, sooner or later, for strawberries and other candidate crops for PFAL production.

The breakeven minimum scale is extremely sensitive to changes in the variables to determine the profitability of crop production in PFALs. The impacts of changes in the unit yield of the crop and its price, which together determine the revenue, are particularly large. A 30% decline in the lettuce price puts most lettuce producing PFALs on the brink of bankruptcy, while a 20% increase in the unit yield or the price of strawberries transforms strawberries into an economically viable PFAL crop. This overly sensitive nature of the commercial crop production in PFALs is behind the current state of the crop production in PFALs where many PFALs go bankrupt while being replaced by many newcomers every year. Both pros and cons of PFALs have the grounds for their claims. If you make a claim by looking at only one side of the fact, not knowing or ignoring the other side, however, it could be called “hype.”

The existence of economies of scale may transform the PFAL crop production industry into an industry where large PFALs are more popular than today. However, the emergence of excessively large-scale PFALs would be restricted by transaction costs that are inherent in various aspects of the management of PFAL crop production. Transaction costs typical of the plant factory business would arise from the needs to develop and maintain stable and good-price-offering buyers and to manage the workforce for high-quality plant production. How these transaction costs and economies of scale in PFAL construction interact in determining the optimum scale of PFALs is an important research agenda to be addressed in the future.
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Microgreens represent a fast growing segment of the edible greens industry. They are prized for their colour, texture, and flavour. Compared to their mature counterparts, microgreens have much higher antioxidant and nutrient content categorizing them as a functional food. However, current production practices in plant factories with artificial light are energy intensive. Specifically, the lack of sunlight within the indoor structure means all of the light must be provided via energy consuming light fixtures, which is energy intensive and costly. Plant growth is usually increased with the total amount of light provided to the plants - daily light integral (DLI). Long photoperiods of low intensity lighting (greater than 18h) providing the desired/target DLI can reduce the capital costs for light fixtures and electricity costs. This is achieved by moving the electricity use from peak daytime hours (high price) to off-peak hours (low price) during the night in regions with time-based pricing scheme and lowering the electricity use for air conditioning, if plant growth is not compromised. However, lighting with photoperiods longer than tolerance thresholds (species/cultivar specific) usually leads to plant stress/damage. Therefore, we investigated the effects of continuous 24h white light (CL) at two DLIs (~14 and 21 mol m-2 d-1) on plant growth, yield, and antioxidant content on 4 types of microgreens - amaranth, collard greens, green basil, and purple basil to see if it compromises microgreen production. It was found that amaranth and green basil had larger fresh biomass when grown under CL compared to 16h when the DLIs were the same. In addition, purple basil had higher biomass at higher DLI, but was unaffected by photoperiods. Plants grown under the CL treatments had higher energy-use-efficiencies for lighting (10-42%) than plants grown under the 16h photoperiods at the same DLI. Notably, the electricity cost per unit of fresh biomass ($ g-1) was reduced (8-38%) in all microgreens studied when plants were grown under CL lighting at the same DLIs. Amaranth and collard greens also had higher antioxidant content. Taken together, growing microgreens under CL can reduce electricity costs and increase yield while maintaining or improving nutritional content.




Keywords: continuous lighting, microgreens, antioxidant, phenolics, anthocyanin, energy efficiency, plant factory with artificial light, indoor vertical farming



1 Introduction

Microgreens are a fast growing specialty crop within the edible greens industry (Kyriacou et al., 2016). They are prized for their colour, texture, and flavour. Microgreens are typically harvested within 3 weeks of sowing and can be harvested before or at the first true leaf stage depending on desired use. Although smaller in size, microgreens have higher nutritional content than their mature counterparts, and thus are considered a functional food (Xiao et al., 2012; Choe et al., 2018; Kyriacou et al., 2019).

Due to their small size and compact growing strategy, microgreens are typically grown in indoor vertical farms or plant factories with artificial light to maximize yield per unit of land area (Graamans et al., 2018). The terms indoor vertical farm and plant factory are typically used synonymously but usage varies based on geographical location. Generally, indoor vertical farm is used in North America whereas plant factories with artificial light (PFAL) is used in Europe and Asia. Both refer to the use of multi-layer growing platforms (i.e., vertical farming) inside warehouses or insulated shipping containers for production with artificial light as the sole light source (Kozai and Niu, 2016). Throughout this manuscript we will use the term plant factory. While this type of growing system can have very high yield per unit of land area, it is energy intensive. All the light required for plant growth and photosynthesis needs to come from artificial lighting with the use of electricity (Shibaeva et al., 2022b). Even if the adoption of the energy-efficient light-emitting diode (LED) fixtures can reduce the electricity use (van Delden et al., 2021), the electricity used by LED lighting still represents upwards of 20% of operating costs in plant factories; second only to labour (Kozai and Niu, 2019). Furthermore, this type of growing system is also capital intensive. It not only uses expensive LED lighting systems (even though their price has come down) but also uses heating, ventilation, and air conditioning (HVAC) to control temperature and humidity. The majority of input electricity to the lighting system will eventually becoming heat since plants typically only convert 1-5% of the incoming radiation to biomass (Zhu et al., 2008; Kozai and Niu, 2019). The excessive heat load and the high humidity from plant transpiration requires its removal and dehumidification via air conditioning systems to maintain an optimal growing environment for the plants, which, in addition to lighting, increases electricity costs (Goto, 2012; Kozai and Niu, 2016). These high input costs are in part why only 50% of plant factories in Japan were profitable in 2018 (Kozai and Niu, 2019), and why plant factories struggle to be used as a mainstream producer of edible greens elsewhere in the world (Kozai, 2018). Based on the poll conducted by Indoor AgTech Innovation Virtual Summit 2021 (https://indooragcenter.org/indoor-agtech-virtual-summit-2021/), high energy cost is the main limiting factor for profitable production with plant factories. Therefore, innovation in lighting systems and strategies is the key to reduce energy costs and improve energy efficiency.

Plant growth and yield are usually determined by the amount of light intercepted by the plant during a day - daily light integral (DLI; photosynthetic photon flux density (PPFD) x photoperiod duration). Both the increase in PPFD (Samuoliene et al., 2013) and an extension in photoperiod (Demers and Gosselin, 2002) can increase DLIs and have been shown to increase biomass production up to a saturation point. With respect to PPFD, beyond a certain species-specific limit, no further increase in biomass is observed and further increases to the PPFD can be detrimental to the plant (Demmig-Adams and Adams, 1992; Szymańska et al., 2017) since as PPFD increases, the quantum yield (i.e., the increase in CO2 fixed per additional photon) decreases (Lanoue et al., 2017). Furthermore, the use of high PPFD can increase the transpiration rate of plants, exacerbating the aforementioned humidity issue  (Goto, 2012; Lanoue et al., 2018).

Similar to an increase in PPFD, photoperiod extension can be used to increase DLI and biomass (Demers and Gosselin, 2002). The ultimate goal in photoperiod extension is 24h lighting/continuous lighting (CL). It is more economical to use long photoperiods (18h up to 24h) of low PPFD (<200 µmol m-2 s-1) to achieve the target/desired DLIs because it reduces the capital cost of light fixtures (Hao et al., 2018). The longer the photoperiod, the lower the PPFD that can be used to reach the desired DLI. It should be noted that the DLI requirements vary between plant species and cultivars. Therefore the definition of a long photoperiod, low PPFD lighting strategy will be species-specific.

In many regions of the world which employ time-of-use pricing (TOUP) such as Ontario, Canada, some states in the USA, 17 European countries including France, Sweden, Germany, Finland, as well as South Korea, the price of electricity is much higher in the peak hours during daytime (when demand is highest) compared to the price in the off-peak hours during the night (IRENA, 2019; IESO, 2022). It is important to note that the form in which TOUP is utilized in each country may be different (i.e., static time-of-use pricing, real-time pricing, variable peak pricing, or critical peak pricing), but regardless of strategy, off peak pricing is always cheaper than on peak. Therefore, long photoperiod, low PPFD lighting such as CL can also reduce electricity costs by moving part of electricity use from daytime to nighttime when prices are at their lowest in these regions (Hao et al., 2018; IESO, 2022). At lower PPFD, both the heat load from lighting and plant transpiration decrease, reducing the usage of electricity by the air conditioning system to remove heat and moisture to maintain optimal growing environment for plants (Kozai and Niu, 2016).

The use of long photoperiod lighting such as 24h CL means constant photon energy is provided to the plant allowing for 24h CO2 fixation and growth. In this way, it has been hypothesized that the use of CL can increase plant production (Sysoeva et al., 2010; Velez-Ramirez et al., 2011; Velez-Ramirez et al., 2012; Shibaeva et al., 2022a). However, exceeding the tolerable photoperiod limits, which are species-specific, can lead to diminished yield, photoperiod-related leaf injury, and an economic disadvantage for growers (Demers and Gosselin, 2002; Hao et al., 2018). Some plant species such as tomato and pepper have reduced yield and leaf injury characterized by chlorosis when grown under CL (Murage and Masuda, 1997; Velez-Ramirez et al., 2017). It is hypothesized that CL-injury is due to a mismatch between environmental cues and endogenous circadian rhythms (Velez-Ramirez et al., 2017; Marie et al., 2022). Specifically, since the plant is under constant light, it seems that components of the light harvesting complex are negatively affected causing reduced transcription leading to inadequate use and/or dissipation of light (Velez-Ramirez et al., 2014). More recent research in these two crops have provided evidence that dynamic CL, which involves a change in light spectrum between daytime and nighttime, can result in injury-free production (Lanoue et al., 2019; Lanoue et al., 2022). Some cultivars of lettuces and some members of the Brassicaceae microgreen family have also been shown to have positive interactions with CL (Ohtake et al., 2018; Shibaeva et al., 2022b). Since the production period of microgreens is short, and CL-injury in tomatoes and peppers tends to take more than a month to have noticeable reductions in yield (Lanoue et al., 2021a), we hypothesize that CL may not compromise the production of microgreens and could be a viable production strategy.

However, CL can increase harmful reactive oxygen species (ROS) due to the stress from constant light exposure to the plant (Haque et al., 2015; Huang et al., 2019). Subsequently, the concentration of ROS scavenging molecules such as antioxidants can also be increased during CL (Haque et al., 2015). The extent of injury is largely linked to the interplay between ROS production and scavenging ability. If this homeostatic balance becomes too heavily skewed by elevated ROS production, then leaf injury will occur, resulting in detrimental plant growth and yield. However, if one can balance the oxidative pressure with the antioxidant synthesis, injury-free production is feasible. Therefore, the prospect of injury-free production under CL coupled with the hormetic impact can increase antioxidants/health promoting compounds in plants; which is an intriguing possibility for microgreen production in plant factories.

As such, we studied the impact of PPFD and photoperiod (including CL) on plant growth, yield and nutritional content of 4 types of microgreens in order to assess if long photoperiod (CL) and low intensity lighting can be used to improve the sustainability/energy efficiency in indoor production of microgreens grown in plant factories.



2 Materials and methods


2.1 Plant materials and lighting treatments

Four types of microgreens were used in the study. Two hundred seeds each of amaranth (Amaranthus tricolor) cv. ‘Garnet Red’, collard greens (Brassica oleracea var. viridis) cv. ‘Vates’, as well as basil (Ocimum basilicum) cv. ‘Genovese’ and cv. ‘Red Rubin’ (henceforth referred to as green and purple basil respectively; Johnny’s Select Seeds, Fairfield, Maine, USA) were sown into individual trays filled with Berger BM6 All-Purpose potting soil (Berger, Saint-Modeste, Quebec, Canada). Once sown, the trays were placed in a germination chamber at Agriculture & Agri-Food Canada’s Harrow Research and Development Centre with a constant temperature of 24°C and a relative humidity of 90% in complete darkness. Amaranth and collard greens remained in the chamber for 3 days while basil was in the germination chamber for 5 days. Upon germination, trays of each cultivar were placed into four different growth areas (1.93 m2) within Conviron walk-in growth chambers (PGW40; Conviron, Winnipeg, MB, Canada) each containing one of four lighting treatments (Table 1). The growth chamber temperature was maintained at 22°C (24 hour) while the relative humidity was kept between 60-70%. Plants were irrigated as needed. Harvest occurred 11 days after sowing for amaranth and collard greens and 19 days after sowing for both basil cultivars.


Table 1 | Light treatments provided by the Flexstar 645W dimmable LED fixtures (Flexstar, California, USA) in Conviron walk-in growth chambers (PGW40; Conviron, Winnipeg, MB, Canada) measured at the height of the top of the tray in 6 different locations within the chamber.



The four light treatments consisted of 2 levels of DLIs (14 and 21 mol m-2 day-1) and 2 photoperiods (16h and 24h; Table 1). Throughout the manuscript, the lighting treatments will be represented using the following notation: DLI/photoperiod. Lighting treatments were chosen based on similar PPFD and photoperiods in other studies where between 200-300 µmol m-2 s-1 was the typical PPFD used with 16h photoperiods (Samuoliene et al., 2013; Viršilė et al., 2019; Pennisi et al., 2020; Shibaeva et al., 2022b; Sutulienė et al., 2022; Vaštakaitė-Kairienė et al., 2022). Using that as a baseline for the 14DLI/16h treatment, the other treatments we determined by controlling either DLI but extending the photoperiod or controlling the PPFD and extending the photoperiod. All light treatments were provided by Flexstar 645W dimmable LED fixtures (Flexstar, California, USA) and were the same broad/white spectrum (Figure 1). The growth chamber trials were replicated 3 times in 2022.




Figure 1 | Photon flux density (PFD) distribution of Flexstar 645W dimmable LED fixtures (Flexstar, California, USA) measured using a Li-180 spectrometer (Li-COR Biosciences Inc. Lincoln, Nebraska, USA).





2.2 Growth measurements

The plants were harvested by cutting them at the junction where their base meets the growth media. Plant height was measured on five random plant samples from each treatment of each cultivar during each replicate (i.e., 15 total samples per microgreen per treatment). Total fresh weight was obtained then a subsample was flash frozen in liquid nitrogen and placed in a -80°C freezer until analysis. Another subsample was weighed, then placed in a 70°C oven for 1 week then re-weighed to obtain the dry matter percentage of the sample. Energy-use-efficiency of the lights (EUEL) only was calculated using the total fresh biomass obtained and dividing it by the cumulative input of energy into the lighting fixtures during the production period (g FW MJ-1).



2.3 Photosynthetic pigment analysis

Frozen tissue was lyophilized then ground. One mL of 95% ethanol was then added to the sample and the tube was placed in a water bath at 50°C for 3 hours. The tube was centrifuged at 13000 rpm for 1 minute before the supernatant was removed and placed in a clean tube. The process was repeated and both aliquots were combined for a total extract volume of 2 mL. Samples were then analyzed at 664 nm, 649 nm, and 470 nm in a UV/VIS spectrophotometer (UV-1600PC. VWR. Mississauga, Ontario, Canada). Concentrations of chlorophyll a, b, and carotenoids were determined using the equations from Lichtenthaler (1987).



2.4 Antioxidant assays


2.4.1 DPPH (2,2-diphenyl-1-picrylhydrazyl) assay

The antiradical activity in microgreen tissue was determined based on a modified version of a previously reported method (Alrifai et al., 2020). Tissue samples that were previously frozen in liquid nitrogen and stored in a -80°C freezer were removed and lyophilized. Lyophilized tissue was ground in a homogenizer then 1 mL of 100% methanol was added to the microfuge tube. The sample was then left on a nutator overnight at room temperature. The next morning, the samples were centrifuged at 13,000 rpm for 5 minutes. The supernatant was collected in a clean tube before re-suspending the pellet in 1 mL of fresh 100% methanol. The sample was placed on a nutator for 3 hours before being centrifuged and having the supernatant removed. Both supernatant fractions were mixed in a single tube and placed in -20°C freezer until analysis. Fresh 2,2-diphenyl-1-picrylhydrazyl (DDPH; 350 µM) was prepared immediately before analysis. In a cuvette, 1 mL of DPPH was mixed with 125 µL of sample and placed in the dark to incubate for 30 minutes before the absorbance was measured at 517 nm. This procedure was completed in duplicate. A standard curve was completed in triplicate using the same assay technique with ascorbic acid used in place of the tissue sample.



2.4.2 FRAP (ferric reducing antioxidant power) assay

The ferric reducing antioxidant power (FRAP) assay of microgreen tissue was determined using a modified version of a previously reported method (Alrifai et al., 2020). Samples were extracted using a method similar to the DPPH analysis. FRAP reagent was made at the time of analysis and consisted of 300 mM acetate buffer (pH 3.6), 20 mM FeCl3, and 10 mM 2, 4, 6-Tris (2-pyridyl)-s-triazine (TPTZ) in 40 mM HCl. 100 µL of methanolic sample extract was mixed with 900 µL of FRAP reagent and incubated at 37°C for 2h before reading the absorbance at 593 nm. A standard curve was completed using the same assay technique with ascorbic acid used in place of the tissue sample.



2.4.3 Total phenolic content

Total phenolic content was determined using a modified protocol from Ainsworth and Gillespie (2007). Briefly, 100 µL of methanolic sample extract was combined with 200 µL of Folin-Ciocalteu’s reagent (Thermo Fisher Scientific, MA, USA) and 800 µL of 700 mM sodium carbonate. The tubes were vortexed for 30 seconds then allowed to stand at room temperature for 2h. The absorbance was measured at 765 nm using a UV/VIS spectrophotometer. Total phenolic content was expressed as gallic acid equivalents.



2.4.4 Total anthocyanin

Determination of total anthocyanin content was done using a slightly modified protocol from Lee et al. (2005). The assay began by adding 100 µL of methanolic sample to both 1 mL of potassium chloride (0.025 M; pH = 1.0) and 1 mL of sodium acetate (0.4 M; pH = 4.5) separately. The mixtures were incubated at room temperature for 30 minutes before the absorbance was measured at both 520 nm and 700 nm. Anthocyanin contents were then calculated using the following equation:

	

Where A is the absorbance (A=(A520nm-A700nm)pH1.0 – (A520nm-A700nm)pH4.5), MW is the molecular weight of cyanidin-3-glucoside (449.2 gmol-1), DF was the dilution factor, 103 is the factor to convert g to mg, ϵis the molar extinction coefficient of cyanidin-3-glucoside (26900 L mol-1) and l is the path length of 1 cm.




2.5 Electricity Cost Calculation

The electricity cost ($ g-1 FW) from LED lighting only during each production period of all microgreens was calculated using the following equation:

	

Where n is the hour, Lu is the PPFD used, Lm is the maximum PPFD of the fixture, P is the input wattage of the fixture (W), 106 is a conversion factor from W to MW, En is the electricity price at a given hour (n) as determined from IESO, 2022, and FW is the fresh weight (g) produced for a given microgreen during a specific production period. Fresh weight was a measure of total biomass produced by each microgreen under each light treatment at the end of the growth period.



2.6 Statistics

For each microgreen, the experiment was replicated 3 times. For each of the pigment analyses and antioxidant analyses, 2 subsamples were taken from each destructive harvest. All statistics were performed using SAS studio 3.5. A two-way ANOVA was performed and a multiple means comparison was done using a Tukey-Kramer adjustment with a p<0.05 indicating a significant difference.




3 Results


3.1 Plant growth and yield

Amaranth plants were observed to be shortest in height under the 21DLI/16h treatment which was a result of the high PPFD used (Table 2). Both light treatments that ran for 24h produced the tallest plants regardless of DLI (Table 2; Figure 2). Fresh weight, a determination of yield for microgreens, was highest under the 21DLI/24h light treatment andlowest under the 14DLI/16h lighting treatment. Although the DLI was the same, both lighting treatments which utilized a 24h photoperiod produced more plant fresh biomass than did plants grown under the 16h photoperiod (Table 2). The energy-use-efficiency of the lights (EUEL) only is a measure of biomass accumulation normalized for the input energy of the lighting fixture. For amaranth, both 24h lighting treatments had the highest EUEL indicating that the input energy produced a higher biomass than the 16h treatment (Table 2). The percentage of dry matter was also highest under the 21DLI/24h light treatment while both light treatments with a low DLI had the lowest percentage of dry matter.


Table 2 | Growth measurement summary of Amaranth cv. ‘Garnet Red’ grown under various lighting DLI and photoperiods.






Figure 2 | Amaranth plants grown under various lighting DLI and photoperiods. Top photo is an overhead picture, while the bottom is a side profile. From left to right, the lighting treatments are as follows (DLI/photoperiod): 14DLI/16h, 14DLI/24h, 21DLI/16h, and 21DLI/24h.



Similar to amaranth, collard greens grown under 14DLI/24h which utilized the lowest PPFD produced the tallest plants while plants grown under the highest PPFD (21DLI/16h) were the shortest (Table 3; Figure 3). Fresh weight was the lowest in plants grown under the 14DLI/16h treatment and the highest under the 21DLI/24h treatment (Table 3). Interestingly, although the DLI was lower, plants grown under the 14DLI/24h light treatment produced similar fresh weight to both treatments with high DLIs of approximately 21 mol m-2 d-1 (Table 3). Collard green plants grown under the 14DLI/24h treatment had the highest EUEL as more biomass was produced with the least amount of input energy (Table 3). Plants grown under both high DLI treatments had the lowest EUEL regardless of photoperiods. Percentage of dry matter was the highest in both 21DLI/16h and 21DLI/24h compared to treatments with low DLIs of approximately 14 mol m-2 d-1.


Table 3 | Growth measurement summary of Collard greens cv. ‘Vates’ grown under various lighting DLI and photoperiods.






Figure 3 | Collard greens plants grown under various lighting DLI and photoperiods. Top photo is an overhead picture, while the bottom is a side profile. From left to right, the lighting treatments are as follows (DLI/photoperiod): 14DLI/16h, 14DLI/24h, 21DLI/16h, and 21DLI/24h.



Green basil plants were tallest when grown under 21DLI/24h, while those grown under 14DLI/16h were the shortest (Table 4; Figure 4). The same trend was noticed in fresh weight production where plants under 21DLI/24h produced the highest biomass while those under 14DLI/16h produced the least (Table 4). In green basil, both 24h lighting treatments had higher EUEL than did their 16h counterparts which is both a factor of increased biomass production and the lower input energy required by these treatments (Table 4). Notably, plants grown under the 14DLI/24h treatment produced the highest EUEL among all treatments. While the fresh weight produced was not the highest, the input energy required to produce the fresh weight was the lowest of all treatments, resulting in the highest EUEL. However, while plant height, fresh weight, and EUEL were impacted by the lighting treatments, the percentage of dry matter was similar between all treatments indicating no increase in water uptake under different light treatments (Table 4).


Table 4 | Growth measurement summary of green basil cv. ‘Genovese’ grown under various lighting DLI and photoperiods.






Figure 4 | Green basil plants grown under various lighting DLI and photoperiods. Top photo is an overhead picture, while the bottom is a side profile. From left to right, the lighting treatments are as follows (DLI/photoperiod): 14DLI/16h, 14DLI/24h, 21DLI/16h, and 21DLI/24h.



Similar to green basil, purple basil plants were shortest under 14DLI/16h and the tallest under 21DLI/24h (Table 5; Figure 5). Total fresh weight was observed to be the highest when plants were grown under the high DLI of approximately 21 mol m-2 d-1 and the lowest under the low DLI of approximately 14 mol m-2 d-1 regardless of photoperiods. Consistent with the green basil results, purple basil plants grown under the 14DLI/24h light treatment had the highest EUEL due to having the lowest input energy. Notably, both 24h lighting treatments had higher EUEL than the 16h treatments at the same DLI (Table 5). Coinciding with the results from green basil, the percentage of dry matter of purple basil was similar regardless of treatments. Interestingly, although both green and purple basils are the same species, both fresh weight and percentage of dry matter were lower in purple basil compared to green basil (Tables 4, 5).


Table 5 | Growth measurement summary of purple basil cv. ‘Red Rubin’ grown under various lighting DLI and photoperiods.






Figure 5 | Purple basil plants grown under various lighting DLI and photoperiods. Top photo is an overhead picture, while the bottom is a side profile. From left to right, the lighting treatments are as follows (DLI/photoperiod): 14DLI/16h, 14DLI/24h, 21DLI/16h, and 21DLI/24h.





3.2 Photosynthetic pigments

Chlorophyll, as well as carotenoids, play a role in light harvesting for photosynthesis. However, in microgreens, they also provide vibrant green, yellow, and red colours which are sought after by chefs. In amaranth, green basil, and purple basil, growth under both 24h lighting treatments produced the highest chlorophyll a content (Figure 6A). In collard greens, chlorophyll a was the highest in the 14DLI/24h treatment but observed to be the lowest in the 21DLI/24h treatment. Chlorophyll b was not affected by light treatments in both amaranth and green basil (Figure 6B). In collard greens, similar to chlorophyll a, chlorophyll b was observed to be the highest in the 14DLI/24h treatments and the lowest in the 21DLI/24h treatment. In addition, both high DLI treatments were observed to have lower chlorophyll b content than the 14DLI/24h light treatments. In purple basil, both 24h light treatments had higher chlorophyll b content than did the 16h treatments (Figure 6B). The chlorophyll a:b was observed to be similar between light treatments in amaranth and both basil microgreens (Figure 6C). However, in collard greens, the chlorophyll a:b was the lowest in the 14DLI/16h treatment and the highest in both high DLI treatments. Carotenoids were the highest in both 24h lighting treatments in amaranth but the other three microgreens were unaffected by light treatments (Figure 6D).




Figure 6 | Photosynthetic pigment analysis of amaranth, collard greens, green basil, and purple basil grown under 14DLI/16h, 14DLI/24h, 21DLI/16h, and 21DLI/24h lighting treatments. Chlorophyll a, chlorophyll b, chlorophyll a:b, and carotenoids are shown in panels (A–D) respectively. Values presented are the means of two subsamples from each of the three replicates ± the standard error of the means. Different letter groups (A–C) represent statistical differences with microgreen type and panel as determined by a two-way ANOVA within each parameter at p<0.05. P-values are shown to the right of their respective panels for each microgreen.





3.3 Antioxidants

Microgreens are prized for their antioxidant and nutrient densities in comparison to their mature counterparts. Here we see that the antioxidant activity as measured by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was increased in both 24h lighting treatments compared to their 16h counterparts at the same DLI in green basil (Figure 7A). Furthermore, plants grown under the 14DLI/24h light treatment had the highest DPPH activity of all light treatments in green basil. DPPH activity was unaffected by light treatments in all other microgreens. Similarly, ferric reducing antioxidant power (FRAP) was observed to be unaffected by light treatments in all microgreens (Figure 7B). Phenolics, which can provide resistance against various biotic and abiotic stress conditions the plant is under, were unaffected by the different light treatments (Figure 7C). In amaranth, the anthocyanin content was observed to be the highest under the 21DLI/16h treatment and the lowest under the 14DLI/16h treatment (Figure 7D). Anthocyanin content was unaffected by light treatments in all other microgreens (Figure 7D). A trend which can be observed is that there is higher antioxidant activity and phenolic and anthocyanin content in both basil microgreens in comparison to amaranth and collard greens. Notably, purple basil tends to have the highest antioxidant capacity as well as phenolic and anthocyanin concentrations, which is in part a cause of its deep purple colouration.




Figure 7 | Antioxidant activities in microgreens as measured by 2,2-diphenyl-1-picrylhydrazyl (DPPH; Panel A), ferric reducing antioxidant power (FRAP; Panel B), total phenolic content (Panel C), and total anthocyanin content (Panel D) of all microgreens grown under 14DLI/16h, 14DLI/24h, 21DLI/16h, and 21DLI/24h lighting treatments. Values presented are the means of two subsamples from each of the three replicates ± the standard error of the means. Different letter groups (A–C) represent statistical differences with microgreen type and panel as determined by a two-way ANOVA within each parameter at p<0.05. P-values are shown to the right of the panel.






4 Discussion


4.1 Continuous lighting and microgreen growth

Both PPFD and photoperiod are known to impact plant morphology. Growth under low PPFD will increase leaf area in order to maximize the area capable of intercepting incoming light (Palmer and van Iersel, 2020). Conversely, high PPFD will lead to a reduction in specific leaf area (i.e., smaller, thicker leaves) to protect the plant from high irradiance levels in order to minimize damage due to excessive light (Matos et al., 2009; Fan et al., 2013). Extended photoperiods including CL have led to smaller leaf area in tomatoes (Velez-Ramirez et al., 2014), which is a similar attribute seen in plants grown under high PPFD in order to avert damage due to excess light.

In this study, with the exception of collard greens, we observed that plants grown under the 21DLI/24h treatment were the tallest (Tables 2–5). Furthermore, and again with the exception of collard greens, leaf area was visually larger when plants were grown under the 21DLI/24h treatment (Figures 2–5). Increases in both plant height and leaf area are traits typically associated with growth in low light environments (Poorter et al., 2019). However, there is an interplay between leaf expansion due to low light and photosynthesis driven by adequate PPFD. Compared to the 21DLI/16h treatment, the 21DLI/24h treatment used lower PPFD which enabled greater leaf expansion. In turn, the larger leaf expansion allowed for greater light interception and thus higher overall plant photosynthesis leading to increased biomass. This notation is supported by an increased EUEL of plants grown under the 24h photoperiods compared to their respective 16h counterparts. It should also be noted that all 24h lighting treatments in amaranth, green basil, and purple basil had elevated levels of chlorophyll (Figure 5). Being the major photosynthetic pigment, a strong correlation can be drawn between chlorophyll content and increased photosynthesis leading to greater biomass accumulation (Buttery and Buzzell, 1977). It has been observed that amaranth growth under a 20h photoperiod had the highest fresh biomass while also having increased levels of chlorophyll a (Meas et al., 2020). Interestingly, collard greens do not show the same obvious enhancement in leaf size or biomass accumulation under CL. This also coincided with similar or lower chlorophyll content when comparing the 24h treatments to the 16h treatments (Figure 6). Photosynthetic pigment concentration was observed to increase in basil, rocket, and chicory plants grown under a similar 24h light treatment as used in this manuscript (Pennisi et al., 2020). Similar to the results in amaranth and both basil cultivars, Weaver and van Iersel (2020) observed that lettuce had increased leaf area and dry biomass when the photoperiod was extended, but the DLI stayed the same. In contrast to our study, Pennisi et al. (2020) did not observe an increase in fresh biomass accumulation in basil when grown under a 24h photoperiod with a DLI of 21.6 mol m-2 d-1. The difference in observations could be a result of differences in plant age. In Pennisi et al. (2020) the 24h treatment began when the plants were 21 days old whereas in our study, the 24h treatment began when the plants were only 5 days old. In this way, no mutual shading had occurred in our study (due to the small size of the plants) allowing maximum photon capture by the plant which resulted in greater biomass accumulation. Accordingly, an increase in photon capture and biomass accumulation would be negated when the canopy is fully matured and vegetation is dense. Since microgreens are typically harvested before or at the first true leaf stage, this competitive advantage when plants are young would lead to larger plants as observed in this study, or reduced production times as the plants would reach the desired size more quickly when grown under a long photoperiod with low PPFD (i.e., 21DLI/24h) as opposed to a shorter photoperiod and higher PPFD (i.e., 21DLI/16h).

In contrast to traditional morphological responses to CL, generally speaking, the microgreens in this study grown under 24h lighting had visually larger leaves than those grown under 16h. Reduced leaf size due to CL has been seen in tomatoes (Velez-Ramirez et al., 2014; Pham et al., 2019). However, microgreens grown under CL have been shown to have increased leaf area (Figures 2–4; Shivaeva et al., 2022b). This may indicate that microgreens have a higher PPFD threshold before morphological adaptation occurs to reduce light capture. In a model analysis on tomatoes, a theoretical increase in yield of 22-26% (depending on PPFD) has been predicted when grown under CL if injury could be averted (Velez-Ramirez et al., 2012). In this study, yield increases were 92.7%, 21.1%, 43.1%, and 45.5% for amaranth, collard greens, green basil, and purple basil, respectively when the photoperiod was extended from 16h to 24h at the same PPFD (i.e., comparing 14DLI/16h and 21DLI/24h). Our results show equal or higher yield increases compared to the theoretical model analysis for tomatoes. This difference in result is likely two-fold. Firstly, as opposed to the complex canopy of tomatoes, microgreens in this study had very little mutual shading during their production and consequently all of the leaf area was able to absorb light, maximizing photosynthesis. Secondly, unlike tomatoes which produce fruit, all of the above ground biomass of the microgreen is edible and therefore all of the assimilated carbon contributes to yield increase. Therefore, due to the simplicity of microgreens, a greater yield return is observed during CL when compared to the more complex crop of tomatoes.



4.2 Maintaining nutritional content during CL production

Microgreens are prized for their nutrient profile, vibrant colours, and flavour which often allow chefs to add new dimensions to their dishes. Microgreens are also increasingly becoming popular as an everyday leafy green due to their high antioxidant content making them a functional food (Xiao et al., 2012; Kyriacou et al., 2019). Here we see that, generally speaking, antioxidant, phenolic, and anthocyanin content remained similar or increased when microgreens were grown under a high DLI or an extended photoperiod. Coupling this with the reduced electricity cost of microgreens grown under 24h lighting, utilizing CL for microgreen production can produce plants at a reduced cost without sacrificing nutrient density.

Both amaranth and collard greens showed improved dry matter content under the high DLI treatment regardless of photoperiods (Tables 2 and 3). Additionally, amaranth was observed to have improved dry matter content under the 24h photoperiod compared to the 16h photoperiod at the high DLI. Since DPPH and FRAP activities (Figures 7A, B) as well as phenolic (Figure 7C) and anthocyanin (Figure 7D) content were expressed on a dry weight basis and were similar, it then stands to reason that under the high DLI treatment, both amaranth and collard greens have improved antioxidant, phenolic, and anthocyanin content due to their higher dry matter content. Amaranth has also been shown to have increased anthocyanin production when grown under 280 µmol m-2 s-1 compared to lower PPFD values (Meas et al., 2020). What’s more is that for amaranth, growth under CL at the high DLI also improved overall nutrient content compared to the 21DLI/16h treatment.

Both an increase in DLI and photoperiod extension are known to impact the secondary metabolite concentrations within plants (Samuoliene et al., 2013). Increasing the PPFD during growth and/or extending the photoperiod can cause an abiotic stress response within plants as additional light is being provided, and, in this study, the plant is under CL (Demmig-Adams and Adams, 1992; Sairam et al., 2001; Brazaityte et al., 2015; Haque et al., 2015; Gharibi et al., 2016; Szymańska et al., 2017). The stress response is characterized by an increase in reactive oxygen species (ROS) and free radicals which can be detrimental to plant health if not properly addressed, causing damage to the photosynthetic machinery (Arora et al., 2002; Pospisil et al., 2016; Huang et al., 2019). To counter the increase in free radicals, an increase in antioxidants is needed. Here, we see that under the high DLI conditions for collard greens and under high DLI and CL in amaranth, an increase in DPPH and FRAP activities was observed (Figures 7A, B). This, coupled with increased phenolic and anthocyanin levels, helps to reduce oxidative stress in the plant by channeling extra light energy away from the light harvesting complex and removing free radicals (Huang et al., 2019). Similar responses have been noted in tomatoes (Haque et al., 2015), lettuces (Zha et al., 2019), mung beans (Kumar et al., 2022), and Brassicaceae microgreens (Shibaeva et al., 2022b).

Notably, the increase in DPPH, FRAP, phenolics, and anthocyanins was only observed to occur in amaranth and collard greens and was absent in both basil microgreens with the exception of DPPH in green basil which was higher in the 24h treatments than the 16h treatments. However, green and purple basil had higher levels of all secondary metabolites compared to amaranth and collard greens (Figures 7). Basil is known for its incredible aroma and antioxidant concentration (Ciriello et al., 2021). Due to its already high secondary metabolic concentrations, further enhancement due to any hormetic effect of increased PPFD/DLI or photoperiod was not observed. Sutulienė et al. (2022) also observed no increase in FRAP and DPPH activity as well as total phenolic and anthocyanin content in basil when the PPFD was increased from 150 to 250 µmol m-2 s-1. Samuoliene et al. (2013) noted the impact of PPFD is species-specific with respect to secondary metabolite concentrations. This suggests that further studies need to be done to identify species-specific secondary metabolite responses to various lighting conditions.

While increases in antioxidants, phenolics, and anthocyanins can have a beneficial response in plants under environment stressors, they can also be advantageous to humans during consumption. Similar to their radical-scavenging abilities in plants, these compounds have been shown to reduce the risk of cardiovascular disease, diabetes, cancer, and even mitigate age-related diseases in humans (Lobo et al., 2010; Engwa, 2018). Therefore, growing microgreens under high DLI and CL can produce a hormetic effect in which the plant responds to the stress of high light and/or a long photoperiod by increasing the production of important secondary metabolites which also happen to be health promoting compounds for humans.



4.3 Continuous lighting can improve yield and lower electricity cost

Since microgreens are sold on a fresh weight basis, the main goal of plant factories producing microgreens is to increase fresh biomass while minimizing inputs and maintaining nutritional content. A traditional way to increase biomass is to increase the DLI either through increased PPFD or extended photoperiods (Samuoliene et al., 2013; Meas et al., 2020). In this study, all microgreens tested, with the exception of collard greens, showed an increase in fresh weight when the DLI increased from approximately 14 mol m-2 d-1 to approximately 21 mol m-2 d-1 when the photoperiod was 16h. In general, as the DLI increases, one would expect biomass to increase as well (up to a saturation point) because more light means more photo-assimilation (Poorter et al., 2019). The increase in biomass seen here with an increase in DLI is in-line with results from previous works with other microgreen species including broccoli, arugula, mizuna, radish, tatsoi, and red pak choi (Samuoliene et al., 2013; Shibaeva et al., 2022b). However, in all microgreens studied, an increase in production due to increased DLI during a 16h photoperiod was associated with the same or increased electricity cost due to the additional light needed (Table 6). In this way, resource-use-efficiency actually decreased as DLI increased.


Table 6 | Electricity cost from LED lighting only of microgreens under various DLI and photoperiods.



In this study, the continuous 24h lighting uses low intensity light throughout the production period of the plant. In this way, the plant is under constant illumination and is continuously photosynthesizing; thereby negating dark respiration and therefore, no loss of carbon occurs during the night. In fact, most plants are observed to have elevated leaf carbohydrate levels when grown under CL when nighttime light intensities are above the light compensation point (Globig et al., 1997; Matsuda et al., 2014; Pham et al., 2019). In microgreens which do not export fixed carbon to a growing fruit, CL-injury did not occur in any of the four microgreens which were studied. The extended photoperiod translated to an increase in biomass due to the accumulation of carbohydrates in the leaves – increasing resource-use-efficiency of the production system (Table 6). In fact, EUEL was increased by 10-42% and electricity cost of the light fixtures was decreased by 8-38% depending on DLIs and microgreens, when transitioning from a 16h to a 24h photoperiod.

Due to the nature of plant factories being inside buildings, all lighting requirements needed by the plant must be achieved through sole-source lighting such as LEDs. Electricity is then one of the largest input cost components for plant factories (Kozai and Niu, 2019; van Delden et al., 2021). CL can reduce the number of lighting fixtures needed (compared to a similar DLI at a 16h photoperiod) which will reduce the initial fixture cost – often a large barrier to entry into controlled environment agriculture, specifically plant factories (Hao et al., 2018). Furthermore, CL can reduce electrical costs via the use of lower nighttime electricity prices in regions of the world which use TOUP (Supplementary Table 1). While the data provided in Table 6 is for Ontario, Canada, other regions of the world such as some US states, 17 European nations, and South Korea use time-of-use electricity pricing, so this concept would also provide a good potential to reduce electricity costs in those regions (IRENA, 2019; IESO, 2022). In regions which do not utilize TOUP, the reduction in initial fixture cost due to the lower PPFD used during CL as well as the reduced need for heat and humidity dissipation would still provide growers with financial gains (Goto, 2012; Kozai and Niu, 2016; Kozai et al., 2016; Graamans et al., 2018). Plant factories typically require extensive air conditioning in order to maintain proper temperature and humidity for plants; mostly to overcome heat generated by the LED fixtures (Wang et al., 2014; Graamans et al., 2018) and to remove the moisture from plant transpiration. The use of CL not only reduces the overall amount of fixtures, but allows the grower to reduce the PPFD by 33% at the same DLI (Table 1). Together, both the reduction in overall fixtures and lower PPFD used means less heat and moisture will be produced within the plant factory which in turn translates to less need for energy consuming air conditioning. The use of CL and subsequent reduction in fixtures needed, heat emittance, and moisture generation can also be useful for space travel as power consumption and heat loss can be large challenges in self-supporting food production (Stutte, 2015).

In this study, at the same DLI, amaranth and green basil produced higher fresh biomass when grown under CL when compared to the 16h lighting treatments (Tables 2, 4). Even in collard greens and purple basil, the use of reduced electrical prices during the night lowered electricity cost in 24h treatments making them more cost effective than their 16h counterparts (Table 6). The microgreens studied here join a growing list of plants which can tolerate CL including other microgreen species (Shibaeva et al., 2022b), lettuces (Ohtake et al., 2018), cucumbers (Lanoue et al., 2021b), peppers (Lanoue et al., 2022), and tomatoes (Haque et al., 2017; Lanoue et al., 2019).




5 Conclusion

Plant factories require the use of sole-source lighting with intensive energy input. It usually requires high capital investment due to the high costs of LED and HVAC equipment. CL has been studied in many plant systems and represents a potential strategy to lower fixture needs and reduce PPFD during prolonged photoperiods; resulting in reduced electricity costs. Here we show that four microgreens, amaranth, collard greens, green basil, and purple basil have increased fresh biomass accumulation and/or reduced electricity costs when grown under CL regardless of DLIs. Furthermore, the use of high DLI in collard greens and high DLI and CL in amaranth increased DPPH and FRAP activities as well as phenolic and anthocyanin content. Green basil and purple basil maintained their secondary metabolite concentrations while still having reduced electricity costs when grown under CL. In this way, the use of CL for microgreen production can improve energy efficiency while maintaining or increasing antioxidants, phenolics, and anthocyanins making it a more sustainable lighting strategy than high intensity short photoperiod lighting.
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As the unique source of carbon in the atmosphere, carbon dioxide (CO2) exerts a strong impact on crop yield and quality. However, CO2 deficiency in greenhouses during the daytime often limits crop productivity. Crucially, climate warming, caused by increased atmospheric CO2, urges global efforts to implement carbon reduction and neutrality, which also bring challenges to current CO2 enrichment systems applied in greenhouses. Thus, there is a timely need to develop cost-effective and environmentally friendly CO2 enrichment technologies as a sustainable approach to promoting agricultural production and alleviating environmental burdens simultaneously. Here we review several common technologies of CO2 enrichment in greenhouse production, and their characteristics and limitations. Some control strategies of CO2 enrichment in distribution, period, and concentration are also discussed. We further introduce promising directions for future CO2 enrichment including 1) agro-industrial symbiosis system (AIS); 2) interdisciplinary application of carbon capture and utilization (CCU); and 3) optimization of CO2 assimilation in C3 crops via biotechnologies. This review aims to provide perspectives on efficient CO2 utilization in greenhouse production.
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Introduction

Food security requires greater and more consistent crop production against a backdrop of climate change and population growth (Bailey-Serres et al., 2019). Greenhouses offer solutions for protecting crops from extreme weather events and provide more suitable conditions for crop growth than open field cropping (Syed and Hachem, 2019). However, crops grown in greenhouses still suffer from multiple suboptimal conditions, one of which is frequent insufficient CO2 availability, limiting crop yield and quality (Poudel and Dunn, 2017). Due to a relatively airtight environment and crop uptake of CO2, the CO2 concentration in greenhouse drops to only 100~250 µmol mol-1 in the daytime, which is below the ambient CO2 level of 350~450 µmol mol-1 even with effective ventilation, and is far below the optimal concentration required for crop growth, 800~1000 µmol mol-1 (Figure 1; Pascale and Maggio, 2008; Zhang et al., 2014; Merrill et al., 2016).




Figure 1 | Schematic diagram of CO2 deficiency in greenhouse production. CO2 in the greenhouse (red curve) accumulates at night due to crop respiration, while the CO2 concentration decreases sharply after light exposure due to CO2 absorption by crops through photosynthesis, which is far below the crop demand (the range within green dotted lines), almost the whole daytime. The blue curve represents the CO2 level in the ambient air outside. The data for plotting the line graphs refer to the text in Zhang et al. (2014); Noctor and Mhamdi (2017); Dong et al. (2018); Li et al. (2018), and figures in Sánchez-Guerrero et al. (2005) and Kläring et al. (2007).



Although various CO2 enrichment technologies have been developed for applications in protected cultivation for decades, CO2 concentration around the crop canopy is still a complex variate in modern agricultural environment control systems (Table 1; Linker et al., 1999; Kläring et al., 2007; Li et al., 2018). Unlike other environmental factors, CO2 needs to be controlled at a micro level (102 ~103 µmol mol-1), and is highly affected by ventilation, plant growth period, and weather (Wang et al., 2016; Li et al., 2018).


Table 1 | Application examples of different CO2 enrichment technologies reported in scientific articles.



Currently, the ongoing global climate warming brings challenges to innovating and upgrading existing agricultural CO2 enrichment systems. Several key issues need to be addressed in terms of carbon reduction, such as direct CO2 emissions caused by an imbalance between CO2 supply, crop uptake, and ventilation operation (Vermeulen, 2014; Kozai et al., 2015), and resource consumption during the generation, transportation, storage of pure CO2 (Vermeulen, 2014). Moreover, the promotion of clean energy uses forces greenhouses that obtain CO2 from boiler heating systems to seek new enrichment solutions (Marttila et al., 2021).

Increasing endeavors are being devoted to improving CO2 enrichment in greenhouse production, while comprehensive articles on various techniques and solutions explored in production practices and scientific research are few. Here we review CO2 enrichment technologies and strategies applied in current greenhouse production or laboratory, focusing on their advantages and obstacles, and further summarize three promising directions for future agricultural CO2 enrichment, aiming to provide a sustainable approach to ensure food and climate security through agriculture.



Effects of CO2 enrichment on greenhouse crops

The crops grown in greenhouses are mainly C3 plants, such as tomatoes and cucumbers (Sage, 2017). Due to a lack of efficient mechanisms to cope with CO2 scarcity, C3 crops are more sensitive to changes in CO2 concentrations compared with C4 plants and CAM plants (Long et al., 2015). Importantly, C3 crops have a more positive response to increased CO2 concentrations (Ainsworth and Long, 2020). For instance, a moderate CO2 elevation of 550 ~ 650 µmol mol-1 improves the yield of various C3 crops by an average of 18% (Ainsworth and Long, 2020). Moreover, the CO2 concentration of around 1000 µmol mol-1 promotes the contents of soluble sugar and some nutrients of leafy, fruit and root vegetables by around 10% ~ 60% (Dong et al., 2018). As summarized in Figure 2, elevated CO2 is involved in a multitude of physiological activities in C3 crops including photosynthesis, signaling pathway, organ development, as well as the resistance to biotic and abiotic stresses, and CO2 enrichment further improves the yield and quality, and enhances the utilization efficiency of light and water (Zhang et al., 2015; Hu et al., 2021; Ahammed and Li, 2022). More detailed descriptions can be found in reviews by Xu et al. (2015); Dong et al. (2018); Kazan (2018); Ahammed et al. (2021); Poorter et al. (2021); Roy and Mathur (2021), and Chaudhry and Sidhu (2022).




Figure 2 | Schema illustrating effects of elevated CO2 on C3 crops. Elevated CO2 affects a series of plant biological processes (left) in C3 crops, including stomatal development and movement, photosynthesis, and carbon assimilation, signaling pathways, root development and exudate composition, and nutrient acquisition. Meanwhile, macro-production effects (right) can also contribute to promoted yield and quality, enhanced tolerance to abiotic stress and improved resistance to several biotic stresses, which invigorate efficient and safe agricultural production to a certain extent. Created with BioRender.com.





Current CO2 enrichment technologies


Atmosphere ventilation

Ventilation allows exchanges of heat and CO2 inside and outside the greenhouse by means of natural ventilation with roof/side windows or forced ventilation (Ishii et al., 2014; Yasutake et al., 2017). Although ventilation can supply CO2 into greenhouses from atmosphere continuously, it is typically to regulate temperature preferentially, and an extra supply of CO2 is necessary for geographically cold regions with restricted ventilation (Stanghellini et al., 2008). Moreover, ventilation alone is not enough to maintain CO2 concentration around crops at an ambient air level (Pascale and Maggio, 2008), and crop yield is more heavily dependent on CO2 at a lower concentration (below 450 µmol mol-1) than a higher concentration (Vermeulen, 2014).



Compressed CO2

The direct supply of compressed CO2 ensures a stable and clean airflow. However, due to the high market price and transportation cost, it is more commonly used as a complement to other techniques or in scientific research such as Free-Air CO2 Enrichment (FACE) (Sánchez-Guerrero et al., 2005; Allen et al., 2020). In addition, compressed CO2 needs to be equipped with devices for gas storage and pressure control that most often occupy some space in greenhouses (Kuroyanagi et al., 2014; Poudel and Dunn, 2017; Li et al., 2018).



Carbonaceous fuel burning

When heating the greenhouse by combustion of natural gas, coal, biomass, and other carbonaceous fuels, CO2 generated during the processes can be delivered to crops or collected and stored for further use (Vermeulen, 2014). As a relatively effective approach to the reduction of carbon emissions and production costs, this technique is adopted widely in current greenhouse production (Dion et al., 2011; Marchi et al., 2018). Moreover, ventilation is often closed during heating, which ensures a better effect of CO2 enrichment (Kläring et al., 2007). A major limitation, however, is that for areas or seasons that do not require heating, burning fuel for CO2 is undesirable.

Given that the gas obtained from the combustion boiler carries too much heat and harmful gases, such as NOx, SO2 and CO, efficient procedures of cooling and purification are essentially required (Roy et al., 2014; Li et al., 2018). In addition, the time and dosage requirements often mismatch between CO2 and heat, resulting in a need for collection and storage devices and flow controllers of CO2 (Dion et al., 2011). Takeya et al. (2017) proposed a system to collect an appropriate amount of CO2 at night when the heating system is turned on and the gas can be released in the daytime when crops have a strong demand for CO2.

Notably, it is an increasingly urgent issue to replace carbonaceous fuels with clean energy to reduce carbon emissions, such as solar energy, hydrogen energy, geothermal energy, and even industrial waste heat (Vermeulen, 2014; Marttila et al., 2021). Meanwhile, the cost of production activities generating carbon emissions has increased drastically. Therefore, greenhouses obtaining CO2 from heating systems are facing a challenge to find alternative CO2 enrichment techniques (Vermeulen, 2014).



Chemical reaction

The chemical reactions of bicarbonate (such as baking soda) with acid and the decomposition by direct heating are relatively cheap and fast to obtain pure CO2 quantitatively (Syed and Hachem, 2019). The CO2 production rate can be controlled theoretically while the operation in practice is complicated, and a large amount of CO2 generated out of control is wasted and can damage plants (Poudel and Dunn, 2017). Besides, ammonia bicarbonate is sometimes used as a raw material, which can produce by-products used as fertilizers. However, there is a threat of ammonia gas poisoning, so NH3 filtration is mandatory in such cases (Sun et al., 2016).



Compost fermentation

Decomposition of carbon-rich agricultural wastes by microbial fermentation to release CO2 for crop production is considered a beneficial technology to increase production, reduce agricultural carbon emissions, and lower environmental pollution at the same time (Karim et al., 2020). But there are strict restrictions on C/N ratio, pH, temperature, materials, and other conditions (Jin et al., 2009; Karim et al., 2020). Technologies that use crop-residues and animal-manure composting (CRAM) to increase CO2 were developed to improve vegetable yield and quality (Jin et al., 2009; Karim et al., 2020). Secondary fermentation products could also be reused as a source of CO2 (Liu et al., 2021). Necessary measures should be taken to deal with several weaknesses in compost fermentation, such as 1) associated unpleasant odors; 2) threat of ammonia poisoning (Li et al., 2018); 3) unstable rate of generated CO2 (Karim et al., 2020); and 4) a larger space and more labor input requirements compared with other enrichment techniques (Tang et al., 2022).




Control strategies of CO2 enrichment

The CO2-use efficiency (CUE), defined as the ratio of net photosynthetic rate to CO2 supply rate, suffers from various factors, such as excess supply, natural leakage, sensitive growth state of plants, and other environmental and biological components (Sánchez-Guerrero et al., 2005; Kuroyanagi et al., 2014; Li et al., 2018). The values of CUE in greenhouses are generally lower than 60%, which means that a considerable amount of CO2 is released into the ambient atmosphere (Kozai, 2013; Kuroyanagi et al., 2014). Thereby, numerous attempts have been made on control strategies of CO2 enrichment from various aspects to improve the CUE in the greenhouse.


Spatial distribution

The uniformity of environmental elements contributes to a unified and efficient management of greenhouse cultivation, while the spatially uneven distribution of CO2 is universal in almost all greenhouse cultivation (Li et al., 2018). Due to the lack of air circulation and the relatively slow diffusion, CO2 concentration is extremely low around the canopy with high leaf density where CO2 is in most demand (Hidaka et al., 2022). Enrichment systems, with single-point outlet, make CO2 more uneven in space, resulting in great waste and failure to meet the production demand (Zhang et al., 2020). Thus, some conveying pipes with holes around the leaves need to be assembled. Hidaka et al. (2022) applied pipe-delivered crop-local CO2 enrichment in strawberry cultivation and achieved increased yield with CO2 supply savings. Another option is by means of internal airflow stirring devices, which is also feasible (Boulard et al., 2017; Syed and Hachem, 2019).



Period setting

There are various modes in the period setting of CO2 enrichment, such as throughout the day and night, during the daytime, and only in the morning or nighttime. Enrichment throughout the day and night or the whole daytime is generally adopted in controlled chambers for experimental purposes (e.g., Mamatha et al., 2014; Hu et al., 2021). Apparently, it is high energy-consuming and carbon-emitting to elevate CO2 all day in production, especially since the carbon assimilation is typically most intense in the morning of the whole day (Xu et al., 2014). More critically, photosynthetic acclimation can occur with crops over prolonged periods of exposure to elevated CO2 (Wang et al., 2013). Thus, strategies of enriching CO2 only in the morning rather than all daytime have been explored. Treatments of elevating CO2 only in the morning promoted biomass accumulation and flower/fruit quality with no difference from enriching throughout the daytime in some cases (Caliman et al., 2009; Xu et al., 2014). However, another similar strategy of CO2 enrichment with intermittence was found to suppress the promotion of photosynthesis and yield in cotton, wheat, chrysanthemums, soybeans, and tomatoes (Mortensen et al., 1987; Bunce, 2012; Allen et al., 2020). Besides, the effects of nighttime CO2 enrichment are still unclear, which may be species- or cultivar-dependent (Baker et al., 2022).



Concentration control

The concentration gaps between inside and outside the greenhouse (Cin-Cout) and the air exchange rate (dominated by ventilation) are two key factors affecting CUE, besides the crop intrinsic photosynthetic capacity (Kozai et al., 2015; Yasutake et al., 2017). When the setting Cin is higher, e.g., 1000 µmol mol-1, the CUE is less than 50% even in an unventilated greenhouse due to a massive leakage of CO2 (Kuroyanagi et al., 2014). Moderate control systems of CO2 enrichment based on crop absorption rate or Cin-Cout, with a CUE close to 100%, have been reported to improve the yield of cucumbers and tomatoes (Kläring et al., 2007; Kozai et al., 2015). Thus, it is a feasible and sustainable strategy to keep a moderate CO2 concentration slightly higher than the ambient concentration in the cultivation environment, e.g., 550 ~ 650 µmol mol-1, considering economic cost and environmental protection (Vermeule, 2014; Kozai et al., 2015). The resulting gaps in yield and quality compared with crops cultivated in optimal CO2 concentration might be alleviated by controlling other environmental conditions and imposing moderate environmental stresses (Kozai et al., 2015; Dong et al., 2018).

Notably, unlike the consistent conclusion of an increase in yield, the effects of elevated CO2 on crop quality are diverse (Dong et al., 2018), suggesting that the optimal CO2 concentration should be determined by specific production requirements rather than a constant value. Compared with ambient CO2 and a lower CO2 elevation (550 µmol mol-1), the synthesis of glucose and fructose are promoted under higher CO2 concentration (700 - 1000 µmol mol-1), while some amino acids and minerals are deceased (Högy and Fangmeier, 2009; Dong et al., 2018). The changes in health-promoting compounds and flavor substances under elevated CO2, such as flavonoids, lycopene, and ascorbic acid, carotene, are controversial in different vegetable crops, perhaps due to characteristics of different product organs and disturbance of synthesis processes by other environmental conditions (Mamatha et al., 2014; Dong et al., 2018; Hao et al., 2020).




Directions for future CO2 enrichment

In addition to the challenge of increasing yields and improving quality, the global agricultural production system also faces tremendous pressure to reduce its carbon footprint to mitigate climate change. Even though photosynthesis of crops largely consumes CO2 as the endogenous driving force of agriculture, protected agriculture in various countries and regions is still a carbon emission-intensive process (Marttila et al., 2021; Northrup et al., 2021). Thus, taking full advantage of the crop ability of carbon fixation and combining the advantages of various disciplines should be a sustainable strategy to meet challenges in global food production and climate change simultaneously. In this regard, three novel and potentially feasible directions for future CO2 enrichment (Figure 3) are summarized and discussed as follows.




Figure 3 | Overview of directions for future CO2 enrichment in greenhouse production. (A) Interdisciplinary application of carbon capture and utilization. Zeolites/MOFs as carbon adsorption materials can adsorb CO2 molecules from ambient air at low temperatures and desorb them at high temperatures to enrich CO2 into greenhouses. (B) Optimization of CO2 assimilation in C3 crops. Limited CO2 assimilation ability in C3 crops can be improved via biotechnological approaches including gene manipulation and genetic transformation. (C) Agro-Industrial Symbiosis system. A direct connection between the energy industry and greenhouses can be built through a pipeline network to convey CO2 and heat. Created with BioRender.com.




Agro-industrial symbiosis system (AIS)

Burning fossil fuels and the operation of non-renewable energy-based industries are being restricted gradually due to their intensive contribution to the majority of global carbon emissions. Strategic management of the agricultural production system has the potential to provide beneficial contributions to the global carbon budget (Marchi et al., 2018; Northrup et al., 2021; Friedlingstein et al., 2022). Thus, a novel agro-industrial symbiosis system (AIS) of channeling industrial waste heat and CO2 to greenhouse productions through pipeline networks is proposed as a viable solution (Marttila et al., 2021). Compared with traditional AIS systems which only transfer heat, this system reduces carbon taxes related to CO2 emissions in industrial processes while increasing revenues of agricultural production (Marchi et al., 2018). Bottlenecks are the initial construction cost and design. The greenhouse needs to be within a limited distance (e.g., 10 km) of the factory, with a matching demand dosage of CO2; and the change of CO2 concentration during the delivery and purification of source gas needs to be considered (Vermeulen, 2014; Marchi et al., 2018).



Interdisciplinary-application of carbon capture and utilization (CCU)

Carbon dioxide capture, utilization, and storage technologies (CCUS) are being vigorously researched. Compared with the huge cost and risk of leakage of carbon storage, converting CO2 into substances that people need, that is, carbon capture and utilization (CCU), is more attractive (Hepburn et al., 2019). Agriculture has an inherent advantage in this regard owing to the original demand for CO2. But there is a long way to go from now to real applications in agricultural production.

Physical adsorption, with lower energy consumption and milder reaction conditions, may be the most suitable for agricultural production among various methods of carbon capture including absorption solution, calcium looping, membrane technology and microalgal bio-fixation (Ben-Mansour et al., 2016). Target fluid molecules like CO2, can be selectively adsorbed through the huge surface area, specific pore structures, and ions inside the adsorbents (Zhou et al., 2021). Processes of reversible adsorption and desorption are controlled by changing conditions such as temperature and pressure (Ben-Mansour et al., 2016; Zhou et al., 2021).

There are two sources of CO2 capture: 1) industrial exhaust, which is confined and high in concentration; and 2) natural atmosphere, which is widespread and low in concentration. The latter, which is called direct air capture (DAC), is more challenging but also more practically meaningful (Maina et al., 2021). However, the desorption capacity especially required in agricultural production is often overlooked in studies on DAC (Bao et al., 2018). And though there are kinds of adsorbents with various properties for options, the adsorption and desorption capacities are often antagonistic (Zhou et al., 2021). Therefore, the suitable CCU material for agricultural production remains to be explored or transformed.

Most of the control methods of utilizing CCU materials for CO2 enrichment practices in agriculture production are based on variable temperature, as shown in Figure 2. Bao et al. (2018) used a water bath to control the temperature, and calculated that the cost of using 13X zeolite was close to that of the cheapest way of burning natural gas (halved because of the supply of heat), and can be lower considering the carbon tax. Araoz et al. (2021) developed conductive carbon tubes which could realize rapid temperature control of zeolite or metal-organic frameworks (MOFs) filled therein with voltage, providing an application model for greenhouse CO2 enrichment. Tang et al. (2022) reversed the temperature via a rotary regenerative wheel (RAW) loaded with carbon adsorbents, and analyzed the influence of gas flow, rotational speed, and other parameters on its CO2 enrichment performance.

Although related studies are only theoretically feasible with parts of the devices or designs, this direction deserves great attention owing to the carbon neutrality as no CO2 is freshly generated in the whole process. Besides, technological exploration of DAC is receiving increasing interest, and promisingly to play a breakthrough role in agriculture CO2 enrichment technology in the future (Bao et al., 2018).

The requirements of CCU in agriculture systems in future applications can be summarized as follows: 1) strong adsorption in ambient CO2 to provide sufficient pure CO2; 2) sustained desorption to generate a controllable flow of CO2; 3) low energy consumption in desorption or regeneration, such as lower temperature; 4) high adaptability to the agricultural environment with much water vapor and dust to ensure a stable effect in reusing (Wang et al., 2014; Bao et al., 2018).



Optimization of CO2 assimilation in C3 crops via biotechnologies

Except for controlling the environment, modifying plant intrinsic carbon utilization efficiency by altering hereditary substances is a more efficient and revolutionary approach. The capability of CO2 fixation based on photosynthesis is limited especially in C3 plants (Yang et al., 2021). Great efforts have been put into the optimization of the photosynthesis system of C3 crops for decades (Raines, 2011). At present, the complicated mechanism of photosynthesis has been elucidated comprehensively and deeply (Long et al., 2015), preparing the foundation for improving plant carbon fixation via increasingly powerful biotechnologies.

As a crucial restriction enzyme of the C3 cycle, Rubisco catalyzes the binding of CO2 and its receptor ribulose 1,5-bisphosphate (RUBP), with a low activity and competitive dual functions of carboxylation and oxygenation (Long et al., 2015). The latter causes a loss of carbon and nitrogen fixation through photorespiration (Tcherkez, 2013). C4 plants have evolved a transcellular carbon concentration mechanism (CCM) that increases CO2 around rubisco, promoting photosynthetic carbon assimilation and reducing photorespiration significantly; and photosynthetic algae also have CCMs with different organelle structures (Zabaleta et al., 2012). Despite the tall order to introduce a whole CCM into C3 plants, both C4 plants and photosynthetic algae provide vital references and genetic materials for transforming the photosynthetic carbon fixation of C3 crops (Raines, 2011; Rae et al., 2017). For example, overexpression operations of phosphoenolpyruvate carboxylase (PEPC, an enzyme catalyzing the entry of bicarbonate into the C4 cycle), Sedoheptulose-1,7-bisphosphatase (SBPase, an enzyme involved in the regeneration of RUBP) and carbonic anhydrase (CA, an enzyme catalyzing conversion of intracellular CO2 into bicarbonate reversibly) from C4 plants or cyanobacteria, were all found effective to promote photosynthetic capacity in C3 crops (Köhler et al., 2017; Liu et al., 2021; Kandoi et al., 2022).

Naturally, what can be done to improve the CO2 utilization of C3 crops is far beyond modifying the C3 cycle, as listed below:

1) Searching for biological parts of metabolic processes from other organisms (Yang et al., 2021). For example, introducing photorespiratory bypasses from bacteria into rice increased photosynthesis by reducing energy losses in metabolism and releasing CO2 around Rubisco (Wang et al., 2020).

2) Improving the light utilization efficiency by expanding the absorption spectrum of light-harvesting pigments and the photosynthetic electron transport chain, which provide energy to the C3 cycle (Long et al., 2015).

3) Combining with computational modeling. Scientific prediction and analysis would accelerate the understanding and manipulation of complex life activities (Raines, 2011). e.g., Zhao et al. (2021) explained the underlying mechanism of mutual interference of enzymes in the C3 cycle by a dynamic systems model, and pointed out the requirement of balanced activities of enzymes to gain a greater photosynthetic efficiency, which would be further explored by an iterative design-built-test-learn approach (Patron, 2020).




Outlook

Optimal CO2 concentration has great potential to further improve the yield and quality of agricultural products, especially nowadays when technologies of controlling temperature, light, water, and fertilizer are quite advanced and efficient. Meanwhile, with those intrinsic and emerging conundrums in current CO2 enrichment systems being overcome by multidisciplinary supports, efficient agricultural carbon utilization in greenhouse production would be a promising and sustainable advantageous solution to alleviating the pressure of food security and global warming.

In addition to those mentioned above, directions of improvement in the future agricultural CO2 enrichment can be expanded, such as exploring technologies suitable for open field production, and developing more sensitive sensors and more intelligent CO2 control models on period and concentration for greater CUE. Apart from photosynthesis, the important role of CO2 in plants also needs in-depth studies on mechanisms and improvements of photoadaptation and reduced nutrients requirement under elevated CO2.
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Rising urban food demand is being addressed by plant factories, which aim at producing quality food in closed environment with optimised use of resources. The efficiency of these new plant production systems could be further increased by automated control of plant health and nutritious composition during cultivation, allowing for increased produce value and closer match between plant needs and treatment application with potential energy savings. We hypothesise that certain leaf pigments, including chlorophylls, carotenoids and anthocyanins, which are responsive to light, may be good indicator of plant performance and related healthy compounds composition and, that the combination of leaf spectroscopy and mathematical modelling will allow monitoring of plant cultivation through noninvasive estimation of leaf pigments. Plants of two lettuce cultivars (a green- and a red-leaf) were cultivated in hydroponic conditions for 18 days under white light spectrum in climate controlled growth chamber. After that period, plant responses to white light spectrum (‘W’) with differing blue wavelengths (‘B’, 420 - 450 nm) percentage (15% ‘B15’, and 40% ‘B40’) were investigated for a 14 days period. The two light spectral treatments were applied at photon flux densities (PFDs) of 160 and 240 µmol m-2 s-1, resulting in a total of four light treatments (160WB15, 160WB40, 240WB15, 240WB40). Chlorophyll a fluorescence measurements and assessment of foliar pigments, through destructive (in vitro) and non-destructive (in vivo) spectrophotometry, were performed at 1, 7 and 14 days after treatment initiation. Increase in measured and estimated pigments in response to WB40 and decrease in chlorophyll:carotenoid ratio in response to higher PFD were found in both cultivars. Cultivar specific behavior in terms of specific pigment content stimulation in response to time was observed. Content ranges of modelled and measured pigments were comparable, though the correlation between both needs to be improved. In conclusion, leaf pigment estimation may represent a potential noninvasive and real-time technique to monitor, and control, plant growth and nutritious quality in controlled environment agriculture.




Keywords: indoor farming, precision farming, plant performance control, lettuce, leaf optical properties, pigments, blue light



1 Introduction


1.1 Semi- and fully- controlled environment agriculture for predictable crop yield and quality

Increased yield and nutritional quality of crop food are currently some of the main targets in horticulture and plant science due to rising world human population. The extreme and unpredictable climate events occurring all around the world threaten field crop production besides reducing crop quality (Maggiore et al., 2020). In greenhouses, the disturbances from the outside climate are minimised compared to open field production, while climate can be controlled to the desired set-point targets only to a certain extend (Gurban and Andreescu, 2018; Choab et al., 2019). The strong impact of solar radiation entering the greenhouse through the transparent cover material is the major driver for short-term greenhouse micro-climate dynamics (Körner and Challa, 2003a), often yielding in growth and quality reduction (Körner and Challa, 2003b). Moreover, the semi-controlled environment of greenhouses is more susceptible to influence from outdoor weather, thus a constant and highly predictable crop yield and quality is difficult to obtain throughout the year (Graamans et al., 2017). A nearly constant and controlled climate can be obtained when totally refraining from energy input by solar radiation in indoor farms. In these closed and fully controlled environments, artificial light substitutes solar radiation and climate can be controlled close to the desired set-points (Kozai, 2013; van Delden et al., 2021). Fluctuation in climate variables as temperature and humidity is avoided, which reduces the risks for several diseases and physiological disorders (Körner and Challa, 2003b). Actively controlling the cultivation light by only applying artificial light, in addition to air conditions, is therefore the key for predictable yield and quality. Since their first applications in indoor farming in the 2000s (Goto, 2012), light emitting diodes (LEDs) allowed their dominance in horticulture over conventional light sources, e.g. high-pressure sodium lamps or fluorescent lamps (Paucek et al., 2020). The fast evolving LED technology enables precision light control (Neo et al., 2022) with highly targeted narrow bandwidths and tuneable intensity (Van Iersel, 2017).



1.2 Controlled light stress application to enhance morphological and nutritional plant quality

Morphological and nutritional enhancements in plants can result from defensive mechanisms effected in response to stress conditions caused by high light energy. For instance, compaction of lettuce rosette, which could be considered as a desirable morphological trait for consumers, occurs in response to increased radiative energy allowing for the regulation of light capture and prevention of photo-damage (Cammarisano et al., 2021). Likewise, leaf thickness, which increases in response to light intensity and spectrum (Kang et al., 2014; Cioć and Pawłowska, 2020), can represent a demanded trait for marketability and for improved shelf life of lettuce (Clarkson et al., 2003). And, similarly, antioxidants, e.g., β-carotene and phenolics, represent effective protective compounds against oxidative stress both in plants (Dumanovic et al., 2020) and humans (Sharifi-Rad et al., 2020). Another plant bioactive compound, which rapidly fluctuates in response to light, with stimulation by excess light energy (Havaux et al., 2004), and which has been proved to have beneficial effect on human eye and brain health, is zeaxanthin (Demmig-Adams and Adams, 1992). Increased radiative energy effects can be triggered by light intensity and/or by high energy photons, i.e. short wavebands photons (Cammarisano et al., 2020). Light intensity has stimulating effect on antioxidant compounds (Sutuliene et al., 2022). In fact, light treatment with increased intensity applied at the end-of-production is proposed as a strategies to enhance nutritional quality of basil (Larsen et al., 2022) and lettuce (Gómez and Jiménez, 2020) indoor farming. The use of higher energy wavebands such as blue triggers plant photomorphogenic responses and allows the stimulation of secondary metabolites synthesis (Jung et al., 2021); thence, increasing plant morphological and nutritional quality. Blue radiation has been reported as highly effective in promoting accumulation of chlorophylls, carotenoids and anthocyanins in several plant species (Johkan et al., 2010; Xu et al., 2014; Taulavuori et al., 2016; Frede and Baldermann, 2022; Liu et al., 2022). Stress conditions can be beneficial for increasing plant defensive strategies, which in some cases are considered quality traits by consumers, i.e. antioxidants, though when the stress exceeds certain tolerance thresholds plant biomass could be negatively affected (Zhang et al., 2020).



1.3 Detection of changes in leaf biochemistry to monitor plant performance and quality

Detectable changes of compounds synthesized by the plant in response to stress could be used to monitor stress extent and hence, the balance between plant performance and nutritional quality in order to obtain predictable quality yield. Compounds such as phenolics, e.g. anthocyanins, which are considered to be beneficial to human health (Sen and Chakraborty, 2011) and which increase in presence of excessive radiative energy (Demmig-Adams and Adams, 1992), could be used as markers to monitor nutritional quality in terms of antioxidant content. Besides antioxidants, photosynthetic pigments, i.e., chlorophylls (chl) and carotenoids (car), can be indicative of plant performance (Ling et al., 2011; Croft et al., 2017). Total chlorophyll content (chl a+b) and the ratio between chlorophylls a and b (chl a/b) positively correlate with photosynthetic capacity of plants (Croft et al., 2017) and are adjusted to the surrounding environment to enhance plant growth. For instance, chl a/b increases with higher light intensity as strategy to intensify light absorption of photosystem I in order to achieve a more balanced excitation state (Hogewoning et al., 2012). Content of photosynthetic and photoprotective pigments is rapidly adjusted by the plant in response to the environment and could be used as markers in noninvasive procedures, which would allow instant monitoring of plant nutritional quality adjustments and early warning for stress through spectroscopy and radiation transfer models (Blackburn, 2007).

Most non-destructive techniques to measure leaf biochemical composition found in literature are based on optical spectroscopy. The latter allows to measure the interaction of matter with electromagnetic radiation and has been used for studying properties of all kinds of materials for centuries (Baudelet, 2014). In plant research, such technique is widely proposed for remote sensing of physiological traits of forests and agricultural fields. Several studies propose leaf spectroscopy to detect, with different degree of spatial resolution, e.g. leaf to canopy, based on the specific technology, content of water (Ceccato et al., 2001), nitrogen (Wang et al., 2016), pigments (Blackburn, 2007), secondary compounds (Jayapal et al., 2022) and signs of abiotic (Grzesiak et al., 2009) and biotic (Mahlein et al., 2012) stresses (Jacquemoud and Ustin, 2001).

Leaf spectroscopy combined with physical based leaf radiation transfer models, with given technical adaptations, could be used to monitor leaf pigments in real-time and within the growth environment, giving the possibility to adjust the micro-climate in case of stress detection or harvest the crop at the exact quality status. Ideally, dynamic biochemical changes influenced by various abiotic parameters, e.g. spectral light intensity, temperature, humidity, and their combined effects, should be characterised in order to define pigment dynamics for each stress type and their combination to be used as target values for controlling plant growth and nutritional quality in indoor farming.

In this study, we aimed at 1) inducing leaf pigment changes by using light intensity and spectral composition, 2) characterising these changes during light treatment duration, and 3) developing a non-destructive procedure to detect the dynamic changes. For that, we applied a blue wavelength enhanced white light spectrum at two photon flux densities (PFDs) for 14 days on a typical green lettuce cultivar and a lettuce cultivar with strong red coloration from anthocyanins and determined leaf pigments including chlorophylls, carotenoids and anthocyanins in response to light in time.




2 Materials and methods


2.1 Experimental design

The experiment was executed at the Leibniz-Institute of Vegetable and Ornamental Crops IGZ (Grossbeeren, Germany) in a growth chamber with controlled atmosphere regarding temperature and relative humidity. The experimental system consisted of two double-layer shelving units providing four growing areas of 0.27 m2 each (separated by white reflective plastic sheets). Each layer was equipped with two dimmable LEDs arrays (LightDNA8, Valoya, Finland) and hosted twelve plants, six per cultivar (plant density of 44.4 plants m-2). Two light spectral treatments (white light spectrum with 15% blue (WB15) and with 40% blue (WB40)) were tested at two photon flux densities, PFDs, (160 and 240 µmol m-2 s-1). The resulting four light treatments (160WB15, 160WB40, 240WB15, 240WB40; cf. Table 1) were applied on two lettuce cultivars (green leaf lettuce ‘Aquino’ cv. (CVg), red leaf lettuce ‘Barlach’ cv. (CVr), Rijk Zwaan, The Netherlands). The two light spectra were simultaneously tested in two distinct growing compartments of the chamber each (i.e. four compartments were used), and the experiment was repeated twice (sowing on 26 January and 7 March 2022) at 160 µmol m-2 s-1 and twice (sowing on 27 December 2021 and 7 April 2022) at 240 µmol m-2 s-1.


Table 1 | Treatment codes and their spectral composition (in percentage) for the four light treatments: White light control and white-blue light at 160 (160WB15, 160WB240) and at 240 (240WB15, 240WB40) µmol m-2 s-1.





2.2 Plant growth conditions and light treatments

Seeds of each of the two lettuce cultivars ‘Barlach’ (CVr) and ‘Aquino’ (CVg) were sown in stone-wool cubes (4 cm, Rockwool®, Grodan, Roermond, The Netherlands) and kept at 4°C in the dark for 24 hours. Afterwards, the cubes were moved to the experimental unit and kept under white light spectrum (PFD of 160 µmol m-2 s-1 and photoperiod of 18 h) for 18 days. Temperature and relative humidity were controlled to 20°C (day and night) and 60% (day and night), respectively, for the whole duration of the experiments. Controlled environmental parameters were monitored (logging every 5 minutes) within each growing area (Tinytag Ultra 2, Gemini Data Loggers, Chichester, UK). Growing areas were automatically irrigated for 1 minute five times a day, using lettuce nutrient solution (Sonneveld and Straver, 1994) (EC: 1.9 dS m−1, pH: 5.5–6). On day 18, 48 homogeneously germinated plants (≥ 6 expanded leaves) were selected from each of the two cultivars, including the substrate, were embedded into larger stone-wool cubes (10 cm, Rockwool®, Grodan, The Netherlands) and positioned onto the four growing areas (12 in each). From day 19, light treatments (160WB15, 160WB40, 240WB15, 240WB40) were applied for the following 14 days. The two spectral light treatments were composed of four main channels: blue (400-480 nm), green (481-599 nm), red (600-669 nm) and far-red (670-800 nm). WB15 resulted in 15% blue, 40% green, 29% red, 16% far red. WB40 resulted in 40% blue, 35% green, 16% red, 9% far-red, (Table 1). Spectral light intensity (PFD) was measured at canopy level (distance from lamps: 40 cm) using a spectroradiometer (UPRtek PG200N, 350–800 nm; UPRtek Corp., Taiwan).



2.3 Plant measurements

Time course measurements of the same plant samples were performed at three points during treatment application, one day (D1), seven days (D7) and fourteen days (14D) after treatments begun (Figure 1). Chlorophyll a fluorescence measurements and assessment of leaf pigments, through destructive (in vitro) and non-destructive (in vivo) spectrophotometry, were performed. Same leaf was used both for estimating pigment content through optical measurements followed by mathematical modeling and pigment quantification through laboratory procedure. Pigment extraction and quantification was done for total chlorophylls and carotenoids, while pigment estimation was feasible for anthocyanins, chlorophylls, carotenoids and their zeaxanthin fraction. Measurements started with excising one leaf for optical readings, followed by sampling of the same leaf in liquid nitrogen for subsequent pigments extraction and quantification. Assessed leaf area for optical properties was approx. 1 cm2, while the whole leaf was sampled for pigment extraction. Leaf numbers 6, 9 and 12 were chosen for leaf measurements on D1, D7 and D14, respectively, being the youngest and most expanded ones. At the same time, the rest of the plant was measured for chlorophyll a fluorescence. Same plant was measured on the three sampling dates. On each sampling date, twenty-four plants were measured from 9:00 a.m. to 1:00 p.m. Consecutive measurements were alternated between cultivars and light treatments accordingly.




Figure 1 | Scheduled growth periods of lettuce plants from sowing date (day 0) to harvest day (day 33). Plants were grown under white light spectrum (B15) for 18 days and treated with blue-enriched spectrum (B40) from day 19 for the following 14 days. Plant measurements were performed at 1 day, 7 days and 14 days after treatment start.




2.3.1 Measurements of leaf optical properties

In-vivo leaf spectroscopy was used to measure leaf optical properties. Immediately after excision, each leaf was assessed on the two sides of the midrib (adaxial side) for reflectance and transmittance using a double-beam spectrophotometer (V-670, Jasco, Japan) equipped with an internal integration sphere (ILN-925, inner diameter: 150 mm). Measuring range was set between 340 and 900 nm. Each instrument scan over this range required less than 2 minutes. A certified white reflective standard was used to calibrate reflectance readings.



2.3.2 Estimation of leaf pigments from leaf reflectance and transmittance

Using the leaf spectral models PROSPECT-D and Fluspect-CX, we estimated several leaf properties using least squares minimization of the difference between PROSPECT-D predicted and measured reflectances and transmittances (400 nm - 900 nm). Among the estimated leaf properties were the leaf content of chlorophyll, carotenoid and anthocyanin as well as the zeaxanthin+antheraxanthin to total xanthophyll ratio. Least square minimization was done using a trust region algorithm (fmincon matlab function, 1990-2019, The MathWorks, Inc.) with box-constraints on parameters (i.e. leaf properties) and an additional constraint on the chlorophyll to carotenoid ratio (4.4 < chl/car < 6.4), which corresponds to the observed range from lab analysis (see next section).



2.3.3 Extraction and quantification of leaf pigments

Chlorophyll and carotenoid content of leaves was determined through the wet chemistry procedure reported in (Cammarisano et al., 2021). Prior extraction, leaf samples were freeze-dried for 5 days and ground to fine powder. For the extraction, 1.6 – 2.8 mg of leaf tissue powder was weighed in triplicates in 2 ml green centrifuge tubes. 0.6 ml of 95% ethanol were added to each tube. After being vortexed and left in the fridge for the consecutive 24 hours, tubes were centrifuged and extracts were collected. The same extraction procedure was repeated 3 times, with three washes (0.6, 0.6 and 0.5 ml, respectively) in three following days. The combined extract for each sample was then read (at 470, 649, and 664 nm) in triplicates against the same amount (170 µl) of blank solution using a UV/VIS spectrophotometer (Infinite M200PRO, Tecan, Switzerland). Samples were measured in a 96-well half area microplate (UV-STAR, flat bottom, Greiner bio-one Gmbh, Austria), which was used to ensure a 1 cm pathlength. Chlorophylls a and b and total carotenoids concentration was determined using equations reported in Lichtenthaler and Buschmann (2001).



2.3.4 Measurements of chlorophyll a fluorescence

Light adapted plants were measured for chlorophyll a fluorescence using the modulated fluorescence imaging FluorCam system (Photon Systems Instruments, Brno, Czech Republic). Shutter time and sensitivity of the charge-coupled device (CCD) camera were chosen based on a spare sample and kept the same for all measurements. The distance between the camera lens and the upper leaves was maintained at 24 cm. A horizontal spot of 5380 pixels was used on the youngest and most expanded leaf to ensure comparable assessed area between measured plants. Calculated parameters are given in the Table 2.


Table 2 | Chlorophyll a fluorescence parameters (steady state quantum yield, QY, φPSII; Lichtenberger vitality index, Rfd; energy-dependent quenching, qE) assessed 1, 7 and 14 days after high blue light treatment start on two lettuce cultivars, cv. ‘Aquino’ and cv. ‘Barlach’.






2.4 Plant growth

Fresh and dry weight of the lettuce rosettes were determined at 14 days after treatment start, which coincided with the end of the experiment, following procedure described by (Cammarisano et al., 2021). A total of six intact plants per spectral light intensity treatment were harvested.



2.5 Data processing and statistics

Data were processed and statistically analyzed using Microsoft Excel Standard 2013 and R studio (R version 2022.02.2, “Prairie Trillium”) with package “agricolae” (Mendiburu, 2010). Repeated measures ANOVA could not be used as sample size between different measuring dates was uneven. Three-way ANOVA was used to determine whether duration of treatment, light spectrum, PFD and their interactions significantly (p ≤ 0.05) affected the measured response variables. Each cultivar was separately analysed. All determined variables (estimated chlorophylls, carotenoids and anthocyanins, lab quantified chlorophylls and carotenoids, chlorophyll a fluorescence parameters) were individually analysed. Two-way ANOVA was used for fresh and dry weights of lettuce heads to test for the effect of light spectrum and PFD. Least Significance Difference (LSD) was used as post hoc test to localize the differences between means at 5% significance level. Student’s t-test was then performed at individual measuring days to locate specific means where the light spectrum had a significant effect. Correlation between modelled and quantified chlorophylls and carotenoids was performed after converting the area based estimated pigment content to dry mass based content.




3 Results


3.1 Leaf pigments


3.1.1 Leaf pigment content

The increased percentage of blue radiation (B40) used in the study significantly affected the leaf pigments quantified through wet chemistry procedure in the red-leaf lettuce cultivar samples. Both chlorophyll and carotenoid content was found to be significantly greater in leaves of CVr treated with B40 compared to B15 samples. In particular, statistical increase in chlorophylls was detected at D1 both in 160WB40 (13%) and 240WB40 (12%) red-leaf samples (p = 0.03 and p = 7x10-6, respectively). A general increasing trend in chlorophyll content over the treatment duration was observed in both cultivars at higher PFD. Total carotenoid content resulted significantly greater in CVr leaves at D1 (15%) and D7 (7%) in 160WB40 samples and only at D1 (15%) in 240WB40 samples (Figures 2E–H). At higher PFD (240), carotenoids tended to generally increase over time (from D1 to D14) in both lettuce cultivars. For both cultivars, the chl/car ratio was significantly different under the two tested PFD levels, 160 and 240 µmol m-2 s-1, showing opposite behavior. If under lower PFD the greatest chl:car ratio was detected at D14, the greatest ratio under the highest PFD was detected at D1 (Figures 2I–L).




Figure 2 | Measured leaf pigments of two lettuce cultivars (Aquino cv., CVg and Barlach cv., CVr) grown under two photon flux densities (PFDs; 160 and 240 µmol m-2 s-1) and treated with two light spectra (white light spectrum with 15% blue, B15, in red; white light spectrum with 40% blue, B40, in blue) for 14 days. Pigment content was determined over three time points (day 1, day 7, and day 14 after treatment start) for total chlorophylls (A-D), total carotenoids (E-H), and chlorophyll/carotenoid ratio (I-L). Boxplot whisker (W) was set to 2.5, and points were drawn as outliers if they were larger than Q25+W(Q75-Q25) or smaller than Q25-W(Q75-Q25).





3.1.2 Leaf pigment estimation

Estimated leaf pigment was significantly affected by the increased percentage of blue radiation (B40) in the two investigated lettuce cultivars (Figures 2, 3). Estimated leaf pigments showed similar behavior to that of measured ones. In addition to chlorophylls and carotenoids, zeaxanthin fraction, defined as (Z+A)/(Z+A+V), and anthocyanins were estimated. In CVr, the estimated zeaxanthin fraction was significantly decreased by blue enriched light spectrum (B40, Figures 3M–P) at lower PFD, while it was increased by B40 at 240 µmol m-2 s-1 (27 to 47% increase from D1 to D14 in 160B40 compared to 240B15). Estimated anthocyanins were only detectable in CVr, in which, they were increased by light spectrum (B40) with stronger effect at lower PFD (maximum of 50% increase at 160 µmol m-2 s-1 and 19% at 240 µmol m-2 s-1) (Figure 4).




Figure 3 | Estimated leaf pigments of two lettuce cultivars (Aquino cv., CVg and Barlach cv., CVr) grown under two photon flux densities (PFDs; 160 and 240 µmol m-2 s-1) and treated with two light spectra (white light spectrum with 15% blue, B15, in red; white light spectrum with 40% blue, B40, in blue) for 14 days. Pigment content was determined at three time points (day 1, day 7, and day 14 after treatment start) for total chlorophylls (A–D), total carotenoids (E–H), chlorophyll-carotenoid ratio (I–L), and fraction zeaxanthin (M–P). Boxplot whisker (W) was set to 2.5, and points were drawn as outliers if they were larger than Q25+W(Q75-Q25) or smaller than Q25-W(Q75-Q25).






Figure 4 | Estimated anthocyanin content in Barlach cv. (CVr) grown under two photon flux densities (PFDs; 160 (A) and 240 (B) µmol m-2 s-1) and treated with two light spectra (white light spectrum with 15% blue, B15, in red; white light spectrum with 40% blue, B40, in blue) for 14 days. Pigment content was determined over three time points (day 1, day 7, and day 14 after treatment start). Boxplot whisker (W) was set to 2.5, and points were drawn as outliers if they were larger than Q25+W(Q75-Q25) or smaller than Q25-W(Q75-Q25).





3.1.3 Correlation between estimated and quantified leaf pigments

In spite of the similar ranges of chlorophylls and carotenoids observed in the measured and the estimated leaf pigments, the correlation analysis determined low association between the two procedures. Overall, greater correlation was detected for chlorophylls than carotenoids (Figure 5). In addition, correlation coefficient was very variable when grouping the different levels of each factor. For instance, when considering chlorophylls, greatest correlation coefficients were found for B15 (r = 0.72) and for CVr (r = 0.70). A lowering of correlation coefficients was observed with the progress of the treatment duration, with r decreasing from 0.68 for day 1 and 7 to 0.34 for day 14.




Figure 5 | Correlation of lab measured and optically assessed total chlorophylls (A) and total carotenoids (B) for two lettuce cultivars (Aquino cv., CVg, squares, and Barlach cv., CVr, circles) treated with two light spectra (white light spectrum with 15% blue, in red, B15; white light spectrum with 40% blue, in blue, B40) after 14 days of treatment. The red line indicated the regression line over all data points. The 1:1 response is indicated as dashed line.






3.2 Chlorophyll a fluorescence

All measured chlorophyll a fluorescence parameters tended to increase with time in all analysed samples (Figure 6). QY was not significantly affected by the light treatments. Statistically greater Rfd and qE values were identified between samples treated with differing percentage of blue radiation. Greatest Rfd and qE occurred in B40 samples at D7 and D14, with same behavior observed for both used lettuce cultivars and PFDs. Only exception was the CVg under the lower PFD which did not show any significant effect of light spectrum (Figure 6).



3.3 Plant growth

Fresh and dry weights of the lettuce rosette were significantly affected by PFD in both cultivars (Table 3). Fresh weight was increased of 56% for CVg and of 42% for CVr under the higher PFD, compared to the lower one. Significantly lower dry weight (-23%) was observed for lettuce heads of CVg treated with increased percentage of blue radiation (B40) compared to control rosettes.


Table 3 | Growth response (fresh and dry weights determined 33 days after sowing) of two lettuce cultivars (cv. Aquino, CVg and cv. Barlach, CVr) treated for the last 14 days with blue-enriched white light spectrum (B40) compared to plants grown under white light spectrum (B15).






4 Discussion

The estimation of leaf pigments through non-destructive techniques such as the combination of leaf optical measurements and PROSPECT-D model inversion used in this study could represent a potential method for the in vivo monitoring of leaf biochemical changes indicative of plant abiotic stress progress and relative nutritional quality improvements. Parameters indicative of a rise in the plant stress level in response to light, as for instance the increasing ratio of zeaxanthin over carotenoids (Xie et al., 2020) and anthocyanins over chlorophylls (Kim et al., 2012; Zheng et al., 2021), could be used both for detecting exacerbation of stress response and increase of bioactive compounds. In contrast to strategies using portable leaf reflectance meter (Jiménez-Lao et al., 2021), this technique offers potentials for continuous monitoring of plant pigment content within the growth environment for instance by using hyperspectral cameras (Jayapal et al., 2022). The advantage of in vivo monitoring of leaf pigments is essential for detection of the dynamic plant response in adjusting the content of these compounds in response to the surrounding environment. Indeed, content of pigments, including chlorophylls, carotenoids and flavonoids, has been found to vary according to the radiation dose and duration. For instance, applying low dose of UV-B radiation for 30 minutes to basil caused a fast decrease in zeaxanthin content followed by a strong increase in the next 48 hours during recovery time. When applying high dose of UV-B, zeaxanthin content decreased continuously from the first minutes of application to reach values close to zero after 24 hours (Mosadegh et al., 2019).

Chlorophylls have a key role in photosynthesis and their content has been found to change in response to various stresses (Muhammad et al., 2020), with rising behaviour under low-level stress and decreasing behaviour under more severe stress (Agathokleous and Penuelas, 2020). Otherwise, carotenoids and anthocyanins, which can be considered as protective pigments for their photoprotective and antioxidant properties, show increasing response to several stresses (Chalker-Scott, 1999; Havaux, 2014). From the results obtained in the current study, we could observe a pigment response to light spectrum with increased blue radiation (B40) which was similar between measured and estimated pigments (Figures 2, 3). Total chlorophylls and carotenoids were significantly greater in B40 but only during the first days of treatment application. When considering the ratio of chl/car though, a dual behaviour could be observed. While at lower PFD (160 µmol m-2 s-1) the greatest chl/car ratio was detected in B40 samples at D14, at higher PFD (240 µmol m-2 s-1) the greatest chl/car ratio was at D1 followed by constant decline with treatment duration. Such opposite trend could confirm the response of chlorophylls to mild versus more severe stress reported in literature (Agathokleous and Penuelas, 2020). At low PFD, the plant stress level might have been low enough to allow for mitigation through increased potential for light use (> chlorophylls). The higher PFD was probably close to the threshold tolerance range for the plant, which invested in increasing protective pigments (> carotenoids) to acclimate to the extended exposure to B40 light treatment. Likewise, CVr invested in anthocyanins over the duration of 240B40, with the ratio ANT/CHL rising over time meaning that the net rate of anthocyanins biosynthesis was increasing over that of chlorophylls (Figure 7). However, PFD of 240 µmol m-2 s-1 was far from the maximum saturating light level (400-700 µmol m-2 s-1) reported for lettuce cultivated at temperatures of 20°C (Weigou et al., 2012; Cammarisano et al., 2020; Zhou et al., 2022). Indeed, the optimal vitality index (Rfd, Figures 6E-H), which expresses the potential photosynthetic activity of PSII, was never below the critical value of 1.0 (Haitz and Lichtenthaler, 1988). Rather it constantly raised reaching values indicative of high photosynthetic efficiency (< 3.0) at D14 in all treatments, with relative greater increase in response to higher PFD and to greater percentage of blue light. The observed pigment dual behaviour under the two tested PFDs and their dynamics highlight the significant need of characterising pigment changes to 1) varying climate and 2) over time.




Figure 6 | Measured light-adapted chlorophyll a fluorescence parameters 1. steady state quantum yield (QY; φPSII; A-D), 2. Lichtenberger vitality index (Rfd; E-H), and 3. energy-dependent quenching (qE, I-L) of two lettuce cultivars (Aquino cv., CVg and Barlach cv., CVr) grown under two photon flux densities (PFDs; 160 and 240 µmol m-2 s-1) and treated with two light spectra (white light spectrum with 15% blue, B15, in red; white light spectrum with 40% blue, B40, in blue) for 14 days. Chlorophyll a fluorescence was determined over three time points (day 1, day 7, and day 14 after treatment start). Boxplot whisker (W) was set to 2.5, and points were drawn as outliers if they were larger than Q25+W(Q75-Q25) or smaller than Q25-W(Q75-Q25).






Figure 7 | Ratio of estimated anthocyanins over chlorophylls, ANT/CHL, in time in Barlach cv. (CVr). Plants were grown under two photon flux densities (PFDs; 160, A, and 240, B, µmol m-2 s-1) and treated with two light spectra (white light spectrum with 15% blue, B15, in red; white light spectrum with 40% blue, B40, in blue) for the last 14 days of growth. Pigment content was determined over three time points (day 1, day 7, and day 14 after treatment start).



Though, the trend in the pigment dynamics was similar between the two monitoring procedures, the absolute values did not match precisely (Figure 5). The r coefficient tended to lower with time (D1+D7>D14).This could be due to the fact that later measuring time corresponds to much larger portions of leaf sampled for lab analysis (the whole leaf was sampled, including veins and leaf area not uniformly exposed to the light) compared to portions used for optical measurements (a standard area of 1 cm2 of leaf tips was used for optical readings). In addition, it needs to be considered that varied correlation between differently aged leaves may be expected as leaf structure is modified with leaf growth and consequently leaf spectral properties change (Gara et al., 2019). PROSPECT versions for estimating pigments have been optimised during the years, going from exclusively considering chlorophylls, to inclusion of carotenoids with PROSPECT-5 (Feret et al., 2008) and addition of anthocyanins with PROSPECT-D (Féret et al., 2017). Further improvements of PROSPECT model inversion allow to estimate leaf biochemical composition with sole use of reflectance or transmittance data (Sun et al., 2018). Future attempts to improve correlation could regard the sampling procedure by exactly matching the leaf portion used for optical measurement to that used for quantifying pigments. In this study, in order to match units, area based pigment estimates obtained by PROSPECT-D where converted to mass based estimates using independent estimates of leaf mass per area, which are usually known at best at the treatment level and not for each leaf spot. Unexpectedly, correlation for CVr resulted to be greater compared to CVg (Figure 5). Such result endorses the use of physical based models like PROSPECT-D under more general conditions, i.e. having low and high anthocyanin containing cultivars without prior calibration (Féret et al., 2017) which would be required with empirical regression models.

Additionally, species and cultivars differences should be taken into account. In fact, variability in pigments and their ratios can be very high between plant species and also between cultivars of the same plant species as reported in (Kowalczyk et al., 2016; Mastilović et al., 2020), where different cultivars of lettuce grown under the same conditions showed significant variability in chlorophyll and carotenoid content. In our study, distinct response of the two lettuce cultivars to light spectral intensity was observed. Most of the significant pigment changes were spotted in CVr, confirming its greater adaptability to light compared to green leaf cultivars. In fact, no negative effect of the B40 treatment was observed in fresh and dry weight of CVr, instead dry weight of CVg was statistically diminished under B40 suggesting a less tolerating nature toward this light treatment. These results agree with the study of (Frąszczak and Kula-Maximenko, 2021), where red leaf lettuce cultivars accumulated more biomass and performed better compared to green leaf cultivars under blue-rich light spectrum. Due to the observed divergence in pigment changes between CVg and CVr, future works should address solutions to the issue of cultivar- and species- specific responses when defining stress indicators. For instance, the increase in the ANT/CHL ratio could be suggested as a stress versus quality indicator specific for red leaf cultivars (Figure 7).

Another important discussion point regards how to adapt spectra acquisition hardware and software for such a monitoring system for practical conditions, e.g. using PROSPECT-D with imaging data (Procosine), (Jay et al., 2016) and optimized settings for retrieval if only reflectance data are available (Spafford et al., 2021).



5 Conclusion

The current study proposes the combination of leaf optical measurements and PROSPECT-D model inversion as a potential approach for the in vivo monitoring of dynamic leaf biochemical changes indicative of plant abiotic stress and relative nutritional quality improvements in indoor farming. Still, there is some necessary progress to consider in future works for the development of such a system, including 1) improvement of the correlation between measured and estimated pigments to exactly estimate leaf pigment content, 2) study of the pigment responses in various plant species and cultivars to help characterising the range of responses, and 3) investigation of the responses to varying climate and nutrient solutions in order to determine stress type effects. A potential solution to develop an effective monitoring system would be to combine different detection methods, e.g. spectroscopy, imaging, thermography, fluorescence, to facilitate the distinction of species- and stress type- influence. And, connecting such sensing systems to a decision support system would allow the automated adjustment of the environment according to what is needed to reach the predicted target produce yield and nutritional content, additionally contributing to increase of resource use efficiency by more accurate match between plant needs and resource application.
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In this study, we determined the short-term effects of ozone exposure on the growth and accumulation of bioactive compounds in red lettuce leaves grown in a controlled environment plant factory with artificial light, also known as a vertical farm. During cultivation, twenty-day-old lettuce (Lactuca sativa L. var. Redfire) seedlings were exposed to 100 and 200 ppb of ozone concentrations for 72 h. To find out how plants react to ozone and light, complex treatments were done with light and ozone concentrations (100 ppb; 16 h and 200 ppb; 24 h). Ozone treatment with 100 ppb did not show any significant difference in shoot fresh weight compared to that of the control, but the plants exposed to the 200 ppb treatment showed a significant reduction in fresh weight by 1.3 fold compared to the control. The expression of most genes in lettuce plants exposed to 100 and 200 ppb of ozone increased rapidly after 0.5 h and showed a decreasing trend after reaching a peak. Even when exposed to a uniform ozone concentration, the pattern of accumulating bioactive compounds such as total phenolics, antioxidant capacity and total flavonoids varied based on leaf age. At a concentration of 200 ppb, a greater accumulation was found in the third (older) leaf than in the fourth leaf (younger). The anthocyanin of lettuce plants subjected to 100 and 200 ppb concentrations increased continuously for 48 h. Our results suggest that ozone control is a novel method that can effectively increase the accumulation of bioactive compounds in lettuce in a plant factory.
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Introduction

Phytochemicals are naturally occurring bioactive compounds found in plants. Numerous forms of antioxidant phytochemicals in plants have been linked to the prevention of chronic diseases including cancer and cardiovascular disease (Rajashekar et al., 2009). The emergence of several diseases are linked to oxidative stress induced by reactive oxygen species (ROS). Antioxidant phytochemicals are known for their neutralization effect on free radicals with high oxidation potential. Consequently, the popularity of diets containing antioxidant phytochemicals continues to rise (Tomasetti et al., 2017).

Tropospheric-level ozone (O3) is a major air contaminant. The oxidative damage caused by ozone to the physiological and biochemical processes of plants is a serious global concern (Booker et al., 2012). According to a previous study, exposure to ozone concentrations of 80 ppb for 6.6 h resulted in decreased lung function and an increased inflammatory response in humans (Brown, 2009). Ozone induces substantial alterations in plant as well as human metabolism due to its strong oxidizing capacity (Lorenzini and Nali, 2018). Consequently, it affects plant growth, quality, and yield (Overmyer et al., 2003; Kangasjärvi et al., 2005). When plants are exposed to ozone, they trigger the expression of genes and subsequently accumulate ROS-scavengers and other metabolites as part of their antioxidant defense mechanism (Booker et al., 2012). In response to oxidative stress caused by ground-level ozone concentrations, an increase in antioxidant-related enzyme activity is observed in plants (Shao et al., 2007; Burkart et al., 2013; Sarkar et al., 2015). An increase in phenylpropanoid metabolites and the formation of various phenolic compounds have been reported in plants exposed to ozone. This further stimulates plant cell metabolism to restore and maintain cellular structure (Dizengremel, 2001; Andersen, 2003).

Since ROS are generated when plants are exposed to oxidative stress, especially after ozone uptake, the antioxidant capacity of the leaf apoplast is crucial for determining ozone tolerance (Podila et al., 2001). The response of plants to ozone varies depending on ozone concentration, duration of exposure, plant developmental stage, and stomatal conductance (De Temmerman et al., 2002). In addition to ascorbic acid and glutathione, various substances including phenols help scavenge ROS (Podila et al., 2001; De Temmerman et al., 2002). However, unlike other stress inducing substances, ozone acts as an elicitor and decomposes into oxygen, leaving no toxic residue behind (Pellegrini et al., 2018). In atmospheric systems, UV and ozone are closely correlated and have been reported to have similar effects on the mRNA accumulation of antioxidant genes in Nicotiana plumbaginifolia L. plants (Willekens et al., 1994). Unlike UV radiation, which is absorbed only on the leaf surface, ozone is easily absorbed by plant organs through the stomata and cuticular layers. After ozone penetrates the leaf tissue, O3 immediately interacts with extracellular antioxidants, which appear to stimulate ascorbate synthesis and/or its transport between compartments (Heath, 2008). Therefore, it could be said that ozone boosts the accumulation of bioactive antioxidants in plants (Sandermann et al., 1998).

A plant factory with artificial light (PFAL), also called a vertical farm, is an advanced plant cultivation system which is used for the production of commercial leafy vegetables such as leaf lettuce (Zhang et al., 2018; He et al., 2021). The system is airtight without windows and completely controls such as light, temperature, humidity, as well as CO2 and O2 gases. To date, many research on the effects of light, air, and root temperatures, humidity, and CO2 concentration on dry mass production in lettuce and other leafy vegetables have been carried out in PFAL systems (Choi et al., 2000; Zhang et al., 2018; Carotti et al., 2021; He et al., 2021). As for the enhancement of health-promoting bioactive compounds in the plants, a variety of environmental parameters have been proposed as preharvest treatments which were effective in increasing the value of indoor farming produce (Lee et al., 2021). Ozone concentration can be controlled in a PFAL using a simple control unit with an ozone generator and a sensor. Compared to other chemical substances, the use of ozone is advantageous as it does not leave a residue; once generated, ozone is easily decomposed to O2 and H2O (Pellegrini et al., 2018). In addition, the plant factory has the advantage of being able to control the photoperiod because it uses artificial light. According to the results of previous studies, growth, net photosynthesis, and chlorophyll content were significantly decreased in unshaded-treated hybrid poplar (Populus tristis Fisch. × P. balsamifera L. cv. Tristis) compared to shaded-treated plants when combined treatment with light treatment (unshaded and shaded) and ozone was applied (Volin et al., 1993). Ozone induces stomata closure in leaves, which reduces CO2 absorption and ultimately increases sensitivity to photoinhibition in ozonated plants (Fredericksen et al., 1996; Topa et al., 2001). This means that ozone and the light environment can exhibit strong interactions, and light conditions can cause further damage to plants exposed to ozone stress (Hurry et al., 1992; Guidi et al., 2000). Therefore, if light and ozone are treated for 24 hours without a dark period, it is possible to stimulate the antioxidant system in a shorter time than with photoperiodic treatment. If ozone induces the production of health-promoting bioactive compounds in plants, it can very well be incorporated in a preharvest treatment plan in a PFAL for value-added plant production.

Plant defense mechanisms against ozone vary based on factors, such as the leaf growth stage (leaf age) and thickness, plant species, and ozone exposure dynamics. In addition, environmental conditions affect the morphological and physiological response of plants to ozone (Guderian, 1985). For example, woody plants upon exposure to ozone have shown differential changes in antioxidant levels at different stages of plant development or have shown changes at the same stage in a given day (Schupp and Rennenberg, 1988; Hausladen et al., 1990; Wieser et al., 2002; Nogués et al., 2008). Because it is difficult to expose large trees to ozone experimentally, studies have been conducted on woody plants mainly to determine the effect of age (developmental stages) on the response of trees to ozone. But only a few studies have shown that ozone has an effect on the stages of growth in herbaceous plants such as leafy vegetables. In the case of leafy vegetables such as Brassica (mustard, oilseed rape), there have been many studies related to ozone response based on crop or cultivars (Abedi and Pakniyat, 2010; Singh et al., 2011). When growing lettuce in a PFAL, it is important to monitor the ozone response as an elicitor because lettuce has a high economic and commercial value. Calatayud and Barreno (2004) confirmed that two lettuce varieties exhibited different chlorophyll a fluorescence reactions, photosynthetic pigmentations, and lipid peroxidation reactions when exposed to ozone. In addition, changes in photosynthetic CO2 exchange, chlorophyll a fluorescence, and yield of lettuce exposed to ozone at different growth stages have also been reported (Calatayud et al., 2002; Goumenaki and Barnes, 2009). Apart from photosynthetic parameters and yield/growth responses (Temple et al., 1986; Goumenaki et al., 2007; Kleiber et al., 2017), biochemical parameters such as the accumulation of antioxidant enzymes have been identified upon exposure to ozone before harvest (Calatayud et al., 2002). To the best of our knowledge, there is no information on age-dependent defense responses of lettuce plants exposed to various ozone concentrations.

This study aims to determine the effect of ozone concentrations on the accumulation of secondary metabolites in red leaf lettuce plants grown in a plant factory-like system. The objectives of this study were to determine: (1) changes in secondary metabolite pathways upon ozone exposure monitored throughout the day before harvest, (2) effects of short-term ozone exposure on the levels of antioxidant bioactive compounds, and (3) effects of photoperiod and ozone concentrations on the accumulation of bioactive compounds.



Materials and methods


Plant materials and environmental conditions

Red leaf lettuce (Lactuca sativa L. var. Redfire) seeds were placed in a wet paper towel (Kimtowel, Nippon Paper Crecia Co. Ltd., Tokyo, Japan) in a Petri plate, wrapped using a plastic wrap. The following day, germinated seeds were moved to a urethane sponge for seedling growth. Distilled water was supplied until 6 days after sowing (DAS). The seedlings were then transferred to a hydroponic system with an air pump and subsequently cultivated until 20 DAS. Thirty-two plants were grown per tray with a deep flow technique hydroponic system, and three trays were grown per experiment. Lettuce plants were grown in the plant factory until 20 DAS, after which a uniform plant was selected and transferred to the ozone chamber. One-fourth concentration of Otsuka A (OAT house A treatment; OAT Agrio Co. Ltd., Tokyo, Japan) nutrient recipe solution was supplied (EC: 1.0 ds m-1 and pH: 6.5). The environmental conditions for growing red leaf lettuce was set as follows: white LED lamps (LDL40S-N/19/21; Panasonic Corp., Osaka, Japan), at 200 μmol m-2 s-1 photosynthetic photon flux density (PPFD), 16 h light, 25°C/20°C (day/night) air temperature, 70% relative humidity (RH), and 1000 μmol mol-1 CO2 concentration. PPFD was measured at 12 points per tray, with a measurement range of 200 ± 10 μmol m-2 s-1. The PPFD of the white LED light was adjusted to be 200 PPFD on average.


Ozone treatment

The 20-day-old seedlings (20 DAS; about four true leaves appeared) were subjected to 100 and 200 ppb of ozone treatment and non-ozonated treatment (control). The environment of the ozone chamber remained the same as the plant factory’s cultivation area (200 PPFD, 25°C/20°C (day/night) air temperature, 70% RH, and 1000 μmol mol-1 CO2). Ozone treatment was given to the seedlings for 72 h. Figure 1 and Supplementary Figure S1 show the schematic diagram of the ozone chamber and the ozone treatment given in this experiment. Ozone concentration was controlled using the light ozone generator (WOR1040-Z1; Ushio Inc., Tokyo, Japan) and an ozone monitor (EG-700EIII; Ebara Jitsugyo Co. Ltd., Tokyo, Japan) in a growth chamber with white LEDs (FLI-2010H-LED; Tokyo Rikakikai Co. Ltd., Tokyo, Japan). Two experiments were conducted to confirm the effect of light period and ozone concentration (Table 1). In the case of 100 ppb, the light period was set to 16 h, the same as in the current cultivation environment. To exclude plant reactions owing to ozone absorption during the light and dark periods, the following ozone experiment at a concentration of 200 ppb was conducted using continuous light conditions. The control plants were also grown in the same model chamber as the ozone chamber of which ozone concentration was controlled zero. At each time point, both ozonated plants and control plants were taken at the same time for the analysis of bioactive compounds. Fresh weight of shoot and root were determined immediately before treatment and at 72 h of ozone treatment.




Figure 1 | Schematic diagram of the growth chamber with an ozone concentration control equipment. The light period, photosynthetic photon flux density, CO2 concentration, O3 concentration, air temperature, and relative humidity in the chamber can be controlled.




Table 1 | Environmental conditions during ozone treatment.






Determination of total phenolics, antioxidant capacity, total flavonoids and anthocyanin

For the analysis of bioactive compounds, lettuce plants grown in ozone chambers or control chambers were randomly selected at every sampling point. Each leaf sample was collected at 0, 0.25, 0.5, 1, 2, 5, 8, 12, 16, 24, 48, and 72 hours after ozone exposure. In order to confirm the response according to the leaf age, the third and fourth leaves were sampled. Leaves were counted starting from bottom, excluding cotyledons. The collected leaf samples were stored in a deep freezer (-80°C) until further analysis. Total phenolic concentration and Trolox equivalent antioxidant capacity were analyzed using a slightly modified method by Miller and Rice-Evans (1996) and Ainsworth and Gillespie (2007). Approximately 50 mg of fresh leaf samples were used for the analyses. The remaining analytical procedures of the total phenolic concentration and antioxidant capacity were investigated as described (Lee et al., 2021).

Flavonoid concentration was determined using the method of Zhishen et al. (1999). One milliliter of 80% acetone was added to the powdered leaf sample and extracted at 16 Hz for 1 min using a MM400 ball mill (Retsch GmbH, Haan, Germany), and then sonicated at 30 Hz for 6 min. The extract was incubated overnight under darkness at 4°C. The assay mixture for the determination of total flavonoid concentration comprised distilled water, 5% NaNO2, leaf extract, 10% (w/v) AlCl3, 1M NaOH in a final mixture volume of 1.5 mL. The absorbance of flavonoid concentration was measured at 510 nm using a spectrophotometer (V-750; JASCO Corp., Tokyo, Japan) (mg catechin g–1 FW).

Anthocyanins concentration in red lettuce was measured with slight modifications to the analytical method of Mancinelli and Schwartz (1984). Leaves were used for the extraction of anthocyanin (50 mg fresh samples/400 mL of 1% (v/v) HCl in methanol). Briefly, the extracted samples were mixed with 200 μL distilled water and 500 μL chloroform and centrifuged for 2 min at 13,000 × g at 4°C. A 400 μL aliquot of the aqueous fraction of the sample was then mixed with 600 μL of 1% (v/v) HCl in methanol. The absorbance was read at 530 and 657 nm (A530-0.25 × A657) using a spectrophotometer (V-750; JASCO Corp., Tokyo, Japan). Results were expressed in ug C3G g-1 FW.



Hydrogen peroxide (H2O2) determination

Hydrogen peroxide accumulation in red lettuce leaves exposed to two ozone concentrations was analyzed using the method of Velikova et al. (2000). The collected fresh leaf samples were ground and then extracted with 1 mL 0.1% (w/v) trichloroacetic acid. An aliquot (0.5 mL) of the supernatant of the extract was mixed with 10 mM potassium phosphate buffer (pH 7.0, 0.5 mL) and 1M KI (1 mL). The absorbance of hydrogen peroxide mixture was measured at 390 nm using a spectrophotometer (V-750; JASCO Corp., Tokyo, Japan). Results were expressed in H2O2 g-1 FW.



Gene expression quantification

Total RNA was extracted from red leaf lettuce leaves (approximately 100–150 mg) using the RNeasy Plant Mini Kit (Qiagen N.V., Venlo, The Netherlands) after homogenization in liquid nitrogen. The fourth leaf from the bottom was sampled at 0, 0.25, 0.5, 1, 2, 5, 8, 12, 16, and 24 h of ozone exposure to examine time-dependent gene expression variations. The oligonucleotide primers used in this study were designed using data from the GenBank database (Table 2). The remaining analytical procedures (complementary DNA synthesis and PCR) were followed as described by Lee et al. (2021). The following mRNA transcripts were quantified: phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H), 4-coumaroyl-CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3′-hydroxylase (F3′H), flavonol synthase (FLS), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), and anthocyanidin reductase (ANR). The expression of each target mRNA transcript was compared to that of the reference actin gene. Log2 Ratio (relative gene expression) was computed as the ratio of treatment to control gene expression.


Table 2 | Primers for internal standard gene and genes used in real time PCR.





Statistical analysis

Statistical analyses were performed using SPSS software (version 24; IBM Corp., Armonk, NY, USA). To evaluate the effect of two ozone concentrations (100 and 200 ppb) and exposure time (0, 0.25, 0.5, 1, 2, 5, 8, 12, 16, 24, 48, and 72 hours), a one-way analysis of variance (ANOVA) was conducted to compare differences in variance between the treatment. Data shown in all figures are means ± standard error (± SE) (biological experimental replicates; n = 4 for each parameter), p < 0.05 was considered as statistically significant (T-test).




Results


Growth and morphology of red leaf lettuce

Figure 2 shows the shoot fresh weight differences between ozone treated and control lettuce plants over time. The growth of the ozone treated-red lettuce seedlings at 100 ppb was almost the same as the control until 48 h of exposure and almost negligible at 72 h. At 200 ppb ozone exposure, the shoot fresh weight was significantly decreased by 1.3 times compared to that of the control at 72 h of treatment.




Figure 2 | Changes of shoot fresh weight of the control and 100 ppb (A) and 200 ppb (B) ozone treatments used in this experiment. The vertical vars indicate SE (n=4). Statistically significant differences are indicated at ***p < 0.001 by T-test.



Plants were evaluated visually for their appearance, and the size of the ozone-treated plants at 100 and 200 ppb did not differ significantly in comparison to the size of the control plants until 24 h after ozone exposure (Figure 3). In comparison to other treatments (control and 100 ppb concentration) lettuce leaves exposed to 200 ppb turned visibly red 24 hours after exposure 24 hours after ozone exposure. The leaves of lettuce exposed to 200 ppb treatment turned red at 24 h compared to those of other treatments (control and 100 ppb concentration).




Figure 3 | Red leaf lettuce plants exposed to 100 and 200 ppb ozone for 72 h.



Plants were visually assessed for appearance and severity, and when plants were exposed to 100 ppb ozone for 72 hours, there was no discernible difference in appearance compared to the control (Figure 3). The size of the plants exposed to the 200-ppb ozone treatment appeared smaller.



Gene expression of phenylpropanoid and flavonoid biosynthetic pathway

Relative gene expression in the fourth leaf of red lettuce exposed to both ozone concentrations (100 and 200 ppb) showed an increasing trend with ozone exposure time (Figures 4, 5). The PAL and C4H relative expression levels reached maxima after 0.5 and 1 h of 100 ppb ozone exposure (Figure 4). PAL and C4H encode the first and second essential enzymes of the phenylpropanoid pathway, respectively. CHS and F3H expression peaked after 0.5 h of ozone exposure and increased again after 16 h of ozone exposure. FLS expression levels peaked after 1 h and decreased thereafter. UFGT expression reached a maximum at 0.5 h of ozone exposure and increased once again after 16 h of exposure.




Figure 4 | Effect of 100-ppb ozone exposure on relative gene expression (Log2 Ratio) of PAL (A), C4H (B), CHS (C), F3H (D), FLS (E) and DFR (F), and UFGT (G) mRNA in fourth leaf of lettuce plant. The vertical vars indicate SE (n=4). The line graphs indicate Log2 fold change (treatment/control) levels of gene expression.






Figure 5 | Effect of 200-ppb ozone exposure on relative gene expression (Log2 Ratio) of PAL (A), C4H (B), CHS (C), F3H (D), FLS (E) and DFR (F), and UFGT (G) mRNA in fourth leaf of lettuce plant. The vertical vars indicate SE (n=4). The line graphs indicate Log2 fold change (treatment/control) levels of gene expression.



In response to a 200 ppb concentration, relative gene expression exhibited an upward trend compared to 100 ppb (Figure 5). All gene expression levels reached maxima at 0.5 h of ozone exposure and decreased thereafter. The C4H, F3H, FLS, DFR, and UFGT genes showed an increase again between 12 and 24 h of ozone exposure.



Total phenolics, antioxidant capacity, anthocyanin, and total flavonoid

The concentration of bioactive compounds (total phenolics, anthocyanin, and flavonoids) and the antioxidant capacity in the third and fourth leaves of the red lettuce plants exposed to 100 ppb of ozone were also determined at different times (Figures 6, 7).




Figure 6 | Total phenolic concentration (A), antioxidant capacity (B), total flavonoid concentration (C), and anthocyanin concentration (D) of third red leaf lettuce subjected to 100−ppb ozone treatment for 72 h. The vertical vars indicate SE (n=4). Statistically significant differences are indicated at *p < 0.05 and **p < 0.01 by T-test.






Figure 7 | Total phenolic concentration (A), antioxidant capacity (B), total flavonoid concentration (C), and anthocyanin concentration (D) of fourth red leaf lettuce subjected to 100−ppb ozone treatment for 72 h. The vertical vars indicate SE (n=4). Statistically significant differences are indicated at *p < 0.05 and **p < 0.01 by T-test.



A significant increase was observed in the total phenolic concentration of the third leaf compared to that of the control at 2 and 48 h of exposure to 100 ppb of ozone (Figure 6). No significant increase was observed in antioxidant capacity and flavonoid concentrations. The anthocyanin concentration of the third leaf showed a significant increase after 2 h of ozone exposure, and a marked increase was observed after 12 h of treatment.

The total phenolics, flavonoids, and anthocyanin concentrations and antioxidant capacity of the fourth leaf exposed to 100 ppb showed an increase immediately after ozone exposure (at 0.25 h) (Figure 7). A significant increase was observed in the total phenolic concentration after 0.5 h of treatment, after which it continued to show a higher value than the control. Thereafter, a significant increase was observed at 12 h of ozone exposure. The antioxidant capacity also showed similar results to the total phenolic concentrations. The flavonoid concentration showed a significant increase after 8 h of exposure but showed a tendency to decrease over time. As the ozone exposure time increased, the anthocyanin concentration in lettuce plants exposed to 100 ppb ozone continued to increase. In particular, at 72 h of exposure, anthocyanin concentration significantly increased by about 2.8-fold when compared to that of the control.

The bioactive compound concentrations (total phenolic, anthocyanin, and flavonoid) and antioxidant capacity in the third and fourth leaves of the red lettuce plants exposed to 200 ppb of ozone were also determined at different intervals (Figures 8, 9).




Figure 8 | Total phenolic concentration (A), antioxidant capacity (B), total flavonoid concentration (C), and anthocyanin concentration (D) of third red leaf lettuce subjected to 200-ppb ozone treatment for 72 h. The vertical vars indicate SE (n=4). Statistically significant differences are indicated at *p < 0.05 and **p < 0.01 by T-test.






Figure 9 | Total phenolic concentration (A), antioxidant capacity (B), total flavonoid concentration (C), and anthocyanin concentration (D) of fourth red leaf lettuce subjected to 200-ppb ozone treatment for 72 h. The vertical vars indicate SE (n=4). Statistically significant differences are indicated at *p < 0.05 and **p < 0.01 by T-test.



Right after exposure to 200 ppb ozone, the concentrations of total phenolics, flavonoids, and anthocyanins and antioxidant capacity in the third leaf were slightly higher than those of the control (Figure 8). Bioactive compounds as well as antioxidant capacity exhibited an increasing tendency over time until 48 h. There was a slight decrease after 72 h of exposure to ozone. At 48 h of exposure, the total phenolics, antioxidant capacity, flavonoids, and anthocyanin concentrations were all significantly higher than those in the control by 2.1- 1.07-, 1.83-, and 5.23-fold, respectively.

Bioactive compound concentrations in the fourth leaf exposed to 200 ppb of ozone were also high compared to those of the control (Figure 9). Total phenolic concentration was significantly increased after 16 h of exposure. Flavonoid concentration was significantly increased at 8, 16, and 24 h of ozone exposure (1.42-, 1.58-, and 1.88-times). Anthocyanin concentration started to increase after 1 h; the highest value was obtained at 24 h after exposure to ozone (3.31-times) compared to the control.



Hydrogen peroxide

Hydrogen peroxide accumulation in red leaf lettuce varied depending on the ozone concentration and the order of the exposed leaves (Figure 10). The H2O2 content of lettuce leaves exposed to 100 ppb of ozone did not show any increase in both the third and fourth leaves. However, a significant increase was observed in the H2O2 content of the third leaf exposed to 200 ppb ozone after 0.5 h of ozone exposure compared to the control. The H2O2 content continued to show a higher value than the control; the highest value was obtained at 72 h of exposure (1.73-fold). The fourth leaf also showed a significant increase in H2O2 content in the leaves exposed to 200 ppb ozone after 0.25 h and showed a 1.11-times higher value compared to that of the control at 72 h of exposure.




Figure 10 | Hydrogen peroxide of third (A, C) and fourth (B, D) red leaf lettuce subjected to 100- and 200-ppb ozone treatment for 72 h. The vertical vars indicate SE (n=4). Statistically significant differences are indicated at *p < 0.05 and **p < 0.01 by T-test.






Discussion


Effect of ozone concentration on growth

Both 100 and 200 ppb ozone treatments did not show a significant effect on growth until 48 h of ozone exposure (Figures 2, 3). As the ozone exposure continued for up to 72 h, there was a significant reduction in the growth of the ozonated seedlings. In particular, 200 ppb treatment significantly decreased the shoot fresh weight of red leaf lettuce plants. Damages caused by ozone exposure to plants depend on the ozone regime and plant species (Ferdinand et al., 2000; Singh et al., 2018). However, under conditions of chronic ozone exposure, increasing oxidative stress would cause damage to plant growth and quality (Khaling et al., 2015; Pandey et al., 2018). During respiration, the leaf absorbs ozone through its stomata; this ozone can alter the chemical composition of cells as a whole (Lee, 1968). As ozone reacts, there is an instantaneous increase in the activity of reactive oxygen species (ROS) (Mehlhorn et al., 1990; Buchanan-Wollaston and Morris, 2000; Booker et al., 2009). Many studies have reported the effects of ozone stress-induced ROS on plants (Podila et al., 2001; De Temmerman et al., 2002).

In other studies, ozone has significantly reduced the overall development, leaf area, and biomass (yield) of most plants (Oksanen et al., 2001; Menéndez et al., 2017; Singh et al., 2018). However, some plants exhibit either negative or positive photopigment responses to extreme ozone stress (Pääkkönen et al., 1998a; Woo et al., 2004; Singh et al., 2009; Singh, 2017). The critical ozone concentration may vary depending on the dosage of ozone exposure, environmental conditions, leaf thickness, leaf age, leaf development stages, and plant varieties or cultivars (Karlsson et al., 1995; Calatayud et al., 2007; Sarkar and Agrawal, 2012) In the present study, no significant changes were observed in the fresh weight of red leaf lettuce after 3 days of exposure to 100 ppb ozone, but a significant decrease was observed in the 200 ppb ozonated plants compared with the control. These results suggest that a dose of approximately 200 ppb × 48 h is a critical dose in the red leaf lettuce cultivar and experimental conditions used in this study. It has been reported that due to a reduction in photosynthetic capacity, carbon assimilation and a reduced leaf lifetime, ozone-induced senescence acceleration contributes to economic yield losses of plants (Ainsworth, 2017; Emberson et al., 2018). The ROS produced in the plant by ozone concentration of 200 ppb for 3 days probably decreased the photosynthetic capacity of lettuce, thereby inhibiting its growth.

In a previous study, ozone exposure of 150 ppb for 1 h had no effect on dry matter growth of Pak-Choi plants, whereas 4 h of exposure resulted in growth reduction (Han et al., 2020). Seventy ppb ozone for 2 days had no effect on growth parameters such as leaf area and reproductive development, whereas 10 d ozone exposure reduced the whole growth of Brassica campestris plants (Black et al., 2007). When plants are exposed to extreme levels of ozone, injury such as tissue damage (cell necrosis), chlorosis and stomata closure occur due to excessive accumulation of ROS (Jacobson and Hill, 1970; Heath, 2008). Moeder et al. (2002) demonstrated that the regions/tissue where hydrogen peroxide is produced and chlorosis occurs are similar. However, in our study no tissue injury was observed in lettuce leaves even after exposure to 200 ppb for 3 days. These results indicate that the hydrogen peroxide generated during the 3 days was not at a level that would cause serious damage to the leaves.



Gene expression of phenylpropanoid and flavonoid pathways

Immediately after ozone exposure, the expression of genes involved in the phenylpropanoid and flavonoid biosynthetic pathways in red leaf lettuce plants increased in both 100 and 200 ppb ozone treatments (Figures 4, 5). Except for the C4H and FLS genes, gene expression in lettuce plants exposed to 100 ppb ozone reached a peak after 0.5 h of ozone exposure. However, the expression of all genes in lettuce plants exposed to 200 ppb of ozone increased rapidly after 0.5 h and showed a tendency to decrease after reaching a peak (Figure 5). Plants respond to ozone stress by inducing a variety of defense responses. Active defense mechanisms include an increase in phenylpropanoid pathway gene transcripts, such as those encoding PAL and CHS (Eckey-Kaltenbach et al., 1997; Pääkkönen et al., 1998b). When plants are exposed to low levels of ozone, physiological and metabolic changes are observed. With the exception of serious injuries such as tissue injury or stomata closure, the great majority of these disruptive changes generally begin at the level of gene expression (Heath, 2008). Previous studies found that the increase in the gene expression of secondary metabolites in plants exposed to ozone followed different patterns depending on the type of crops (species or cultivar), ozone concentration, and exposure time. PAL gene expression in Salvia officinalis plants exposed to 120 ppb (5 h day−1) significantly increased after 5 h of ozone exposure (Marchica et al., 2020); PAL mRNA in Arabidopsis leaves exposed to 300 ppb of ozone dramatically increased after 3 h (Sharma et al., 1996). According to Tuomainen et al. (1996), when birch plants were exposed to 150 ppb ozone for 96 h (8 h of pulse treatment), PAL was rapidly but transiently induced after 8 h of ozone exposure. PAL is an upstream gene that directs phenylpropanoid metabolism to its primary branch (Supplementary Figure S2). These results indicate that the expression of many genes encoding secondary metabolite pathways increased rapidly within 1 h of ozone exposure.

The phenylpropanoid and flavonoid biosynthetic pathways are certainly the most important pathways for the synthesis of antioxidant phytochemical compounds in plants, such as phenols, flavonoids, and lignin (Guidi et al., 2005). In our study, the expression of genes related to phenylpropanoid and flavonoid biosynthetic pathways increased immediately after ozone exposure (Figures 4, 5). It is possible that secondary metabolite compounds such as total phenolics, antioxidant capacity, flavonoids, and anthocyanins were increased. In several ozonated plants, an increase in the expression of genes related to secondary metabolites has been linked to an increase in the production of bioactive compounds (Eckey-Kaltenbach et al., 1994; Booker and Miller, 1998; Cabané et al., 2004).



Changes in bioactive compounds in relation to ozone concentrations according to leaf age

The concentration of bioactive compounds in red leaf lettuce leaves exposed to ozone showed different responses according to the ozone concentration (Figures 6–9). The total phenolic concentration, antioxidant capacity, and total flavonoid concentration of third leaves exposed to ozone did not show a significant difference in the 100-ppb ozone treatment compared to that of the control. The fourth leaf treated with 100 ppb ozone exhibited a relatively greater increase than the third leaf. However, in the case of lettuce leaves exposed to 200 ppb ozone, the bioactive compounds, except for anthocyanins, showed a tendency to increase rapidly immediately after ozone exposure regardless of leaf position (third or fourth). Thus, the ozone concentration affected the accumulation of bioactive compounds in red leaf lettuce. Antioxidant enzymes such as APX and CAT in wheat plants of the jointing stage exposed to various ozone concentrations showed increased activities at 40 ppb ozone treatment and decreased in other treatments (Liu et al., 2015). In addition, the concentrations of ascorbate and glutathione were significantly higher at 40 ppb than at 80 ppb in two soybean plants with different tolerances to ozone (Tiwari and Agrawal, 2011). Thus, there is an effective ozone concentration for the accumulation of antioxidants in different plants.

To confirm the effect of the light period, an experiment of 100 ppb of ozone concentration was performed with 16 h light period (Figures 6, 7). During the 8 h dark period, the plant failed to photosynthesize and did not accumulate new carbohydrates or precursors for the synthesis of secondary metabolite compounds, including antioxidants. Therefore, 100 ppb ozone treatment with an 8 h dark period may have a smaller positive effect on the accumulation of bioactive compounds than 200 ppb with continuous lighting. In addition, there was a significant reduction in the ascorbic acid content in both varieties of lettuce (Lactuca sativa and Lactuca serriola) which were exposed to ozone under dark conditions (Goumenaki et al., 2021). However, when the plants were transferred to the light conditions, the ascorbic acid content increased rapidly, showing twice the concentration of that under the dark condition (Goumenaki et al., 2021). These results indicate that plants are substantially more impacted by equivalent ozone flux absorbed at night than during the day, and that the detoxification potential of plants is compromised at night time (Wieser and Havranek, 1995; Lloyd et al., 2018). In addition, the nighttime reduction of ascorbate content and/or redox homeostasis may increase the sensitivity of the plants to ozone (Maddison et al., 2002; Sanmartin et al., 2003; Höller et al., 2015). For this reason, it is thought that the accumulation of bioactive compounds under 100 ppb ozone with a light period did not increase when compared to that treated with 200 ppb ozone (Figures 6–9). In addition, in the case of a control plant treated with a photoperiod of 16 hours in a 100 ppb treatment, it was observed that the total phenolic concentration, antioxidant capacity, and flavonoid concentration were increased at 24 hours after dark period compared to 16 hours after light period (Figures 6–7). This increase may be the result of daily rhythms of phytochemicals. Previous studies have shown that photosynthesis, carbohydrate, and amino acid levels can depend on circadian clock patterns (Vazirifar et al., 2021; Francisco and Rodriguez, 2021). Vazirifar et al. (2021) reported that the photoperiod (light/dark period) controls the carbon and energy flows involved in the production and consumption of starch and the activation of phenylalanine-related enzymes. Typically, at the end of the dark period/or at the beginning of the light period, phenolic compounds exhibiting antioxidant properties are accumulated higher in plants (Hasperué et al., 2011; Soengas et al., 2018). The polyphenols in plants are raised to protect them from damage caused by too much light, and plants adjust their biological clocks based on the daily cycle (Francisco and Rodriguez, 2021). It is also possible that the antioxidant accumulation pattern of plants may have changed due to the combined action of the circadian rhythm of phytochemicals and ozone concentration according to the photoperiod. The increasing pattern of bioactive compounds was different according to the leaf age, even with the same ozone concentration (Figures 6–9). A higher accumulation was observed at 200 ppb concentration in the third leaf (older) than in the fourth leaf (younger). Therefore, the response to ozone exposure can vary greatly with leaf position. However, the opposite has been reported in soybean plants exposed to ozone (70 ppb for 5 days). In soybeans, older leaves are first exposed to stressors than younger leaves (Bailey et al., 2019). While considering the effects of ozone in plants, these observations emphasize the importance of understanding the age of the leaves. Leaf age could be related to the ability to modulate stomatal conductance, oxidative signaling, and activation of defense mechanisms (Vingarzan, 2004; Mill et al., 2011; Schneider et al., 2017). However, studies on the effect of ozone on the accumulation of bioactive compounds in different-aged leaves remain limited.

The ozone concentration of 200 ppb may have acted as a strong stressor on the third and fourth leaves of lettuce (Figure 9). The H2O2 concentration in the third leaf was approximately 1.9-fold higher than that in the control at 72 h of ozone exposure. However, the concentration in the fourth leaf was approximately 1.3-fold higher than that in the control. These results suggest that a constant 200 ppb ozone concentration can have a different effect on the accumulation of bioactive compounds according to leaf age. The ozone concentration of 100 ppb in the third leaf showed no significant difference compared to the control in the total phenolic concentration, flavonoid concentrations, and antioxidant capacity during all of the treatment periods. However, in the fourth leaf, a significant increase was observed in the antioxidant capacity compared to the control at 0.5 and 12 h of 100 ppb ozone exposure (Figure 7). These results indicate that the 100-ppb concentration in the fourth leaf can also help bioactive compound accumulation. The total phenolics, antioxidant capacity, flavonoids, and anthocyanin concentrations of the third leaf exposed to 200 ppb ozone continued to increase until 48 h and then decreased after 72 h of ozone exposure. In previous studies, researchers have also found that bioactive compounds increase and then decrease up to a certain treatment level (Taulavuori et al., 2016; Cammarisano et al., 2020). Thus, under high levels of ozone, the third leaf of lettuce plants gradually lose the ability to activate secondary metabolism. This time-dependent decrease in the accumulation of antioxidant properties was also observed in Salvia officinalis exposed to 120 ppb ozone (5 h day−1) (Marchica et al., 2021).



Relationship between ROS and bioactive compounds in red leaf lettuce plants

The phytotoxic effects of ozone are mostly attributable to the ozone-induced generation of ROS that exceed the capacity of plants to maintain ROS below the tolerance threshold. Ozone impacts on plants are determined by the balance between ozone uptake and cellular antioxidant potential (Di Baccio et al., 2008). After ozone penetrates the leaf tissue, it interacts with extracellular antioxidants, which appear to stimulate ascorbate synthesis and/or its transport between compartments. The antioxidants in the apoplast will respond to ozone within the cell wall space, thereby protecting the membrane from ozone damage. The generation of H2O2 near the membrane appears to initiate both a pathogen-like response with an increase in H2O2 production (Zheng et al., 2000; Conklin and Barth, 2004; Heath, 2007; Heath, 2008). The effects of ozone can be characterized as either acute or chronic, based on the exposure intensity and duration of ozone treatment. Long-term exposure to relatively low ozone concentrations reduces photosynthesis and growth and promotes leaf senescence, but short-term exposure to high ozone concentrations induces leaf injuries reminiscent of the hypersensitive cell death triggered during plant-pathogen interactions (Schlagnhaufer et al., 1995; Mahalingam et al., 2003; Castagna and Ranieri, 2009).

In our study, it is possible that ROS (especially, H2O2) continued to increase as a result of the plant-pathogen interaction reaction caused by the short-term exposure of high ozone concentrations (Figure 10). Ascorbic acid and glutathione in the apoplast are two antioxidants that regulate ROS generated through ozone treatment, and are found in high concentrations in the leaves of all plant species (Iriti and Faoro, 2007; Foyer and Noctor, 2011). Regardless of leaf order, H2O2 concentration started to increase significantly immediately after 200 ppb ozone exposure (0.25 h) in the present study (Figure 10). After ozone enters the plant leaves, it is possible that H2O2 reacted with apoplastic antioxidants such as ascorbic acid and glutathione. In our results, the bioactive compounds of lettuce accumulated under both ozone treatments (100 and 200 ppb) and showed up-and-down mobility regardless of leaf order. These results may be due to the rapid oxidation-reduction reactions between antioxidants and ROS in cells. As ozone exposure time increased, ROS burst appeared; it is possible that antioxidants were generated as a defense mechanism (Bolwell, 1996). In 200 ppb ozonated third leaf, a rapid increase in the production of secondary metabolites as a defense mechanism in response to ozone entry into leaves was observed after 24 h of exposure.

Under conditions of oxidative stress, the phenolic compounds generated by the phenylpropanoid and flavonoid biosynthetic pathways are strong antioxidants in plant tissues (Taiz and Zeiger, 2002). Anthocyanins, which are flavonoids, are water-soluble pigments that concentrate in the vacuole (Chalker-Scott, 1999). According to the results of previous studies, ozone can stimulate the biosynthesis of anthocyanins in plants. Various stress factors, including water stress (osmotic), UV-irradiation, nutrient deficiency, low temperature, and ozone, strongly promote the production of anthocyanin (Chalker-Scott, 1999). Purified anthocyanin solutions are four times more effective in scavenging ROS than α-tocopherol and ascorbate, indicating that these components have a significant antioxidant capacity (Gould et al., 2000; Feild et al., 2001; Gould, 2004). Thus, the accumulation of anthocyanins may be essential for ozone stress tolerance (or sensitivity), since it may protect ozonated leaves from damage caused by ozone-induced ROS (Bortolin et al., 2014). The anthocyanin content varies among different cultivars or species in vegetable plants exposed to ozone. Broccoli plants exposed to 70 µg m−3 of ozone did not show a significant difference in anthocyanin content compared to that of the control, but a significant 2.5-fold increase was observed in Chinese cabbage (Rozpądek et al., 2015). It could be said that the lettuce used in this experiment responded immediately to ozone because it was a red leaf lettuce accumulating anthocyanins as it matures. However, when plants are exposed to high ozone concentrations, ozone may destroy chlorophyll and decompose anthocyanins (Rathore and Chaudhary, 2019). In our results, anthocyanin concentrations decreased from 48 to 72 h of ozone exposure (Figures 6–9). These results suggest that ozone exposure for longer than 72 h may adversely affect anthocyanin biosynthesis. Three days of ozone exposure with 200 ppb inhibited the fresh weight of lettuce significantly, but did not show the difference at 2 days of ozone exposure (Figure 2). A significant accumulation of bioactive compounds both in the third and fourth leaves may have been observed at around 48 h of ozone exposure. Therefore, it can be concluded that 2 days of ozone exposure with 200 ppb can be useful for the production of photochemical-rich leaf lettuce. Our results suggest that ozone control is a novel method as preharvest treatment effective for increasing antioxidant bioactive compounds in lettuce in a PFAL.




Conclusions

A PFAL, also known as a vertical farm, is an advanced plant production system for the commercial production of leafy vegetables. Ozone concentration can be controlled easily using a simple control apparatus in a PFAL. This study was conducted to confirm the complex effect of ozone on red leaf lettuce. In the case of 100 ppb, the concentrations of bioactive compounds and antioxidant capacity were increased in the relatively young fourth leaf. However, with 200 ppb, those were found to be considerably high in the third leaf. Therefore, the sensitivity of red leaf lettuce plants to ozone-induced oxidative stress is determined by apoplast antioxidants and/or redox homeostasis. Although the degree of accumulation of antioxidant-bioactive compounds may vary between leaf age depending on the ozone concentration, it was confirmed that the concentrations of phytochemicals such as anthocyanins could be effectively increased in a few days. Also, in this study, a complex reaction between photoperiod and ozone was confirmed. These results suggest that if the ozone treatment is applied immediately prior to harvest (e.g., by progressively increasing the ozone concentration for 2 days and combined treatment of photoperiod and ozone), the amount of bioactive compounds can be enhanced without inhibiting growth. Our results suggest that ozone control is a novel method effective for increasing antioxidant bioactive compounds in lettuce in a PFAL or a vertical farm.
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Various light spectra, especially red (RL) and blue light (BL), have great effects on physiological processes and growth of plants. Previously, we revealed that the plant photomorphogenesis and photosynthesis of sweet pepper was significantly altered under BL or mixed RL and BL. The present study aimed to elucidate how mixed RL and BL influences plant photosynthesis during photomorphogenesis. We examined the growth, plant morphology, photosynthetic response of sweet pepper seedlings under monochromatic RL, BL, different ratios of mixed RL and BL (9R1B, 6R1B, 3R1B, 1R1B, 1R3B) with the same photosynthetic photon flux density of 300 μmol·m-2·s-1. White light (WL) were used as a control. The findings showed that the elongation of hypocotyl and first internode as well as leaf expansion were all stimulated by RL, while significantly restrained by BL compared with WL. Conversely, the leaf development, biomass accumulation and photosynthetic properties were inhibited by RL but promoted by BL. Additionally, compared with WL and other treatments, 3R1B could significantly improve the net photosynthetic rate, gas exchange, photosynthetic electron transport capacity, photochemical efficiency, shoot and root biomass accumulation. Furthermore, seedlings grew robustly and exhibited the greatest value of seedling index when exposed to this treatment. Overall, these results suggested that pepper seedlings grown under 3R1B performed better, possibly due to the more balanced light spectrum. It was more conducive to improve the plant photomorphogenesis and photosynthesis of sweet pepper, and a higher biomass accumulation and energy utilization efficiency could be achieved simultaneously under this mixed light spectrum.
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Introduction

Plants have different morphological and physiological responses to specific light spectra, and among the different light spectra, red (RL) and blue light (BL), which focus on more light absorption by chlorophyll than other wavelengths, are most efficiently utilized for the photosynthesis and phytochemical metabolism in plants (Han et al., 2017; Monostori et al., 2018). RL is generally regarded as the fundamental spectrum for plant growth and RL-absorbing phytochromes (phys) plays a key role in regulating leaf morphogenesis, photosynthetic apparatus formation and carbohydrate accumulation (Rehman et al., 2017). BL is recognized by photoreceptors such as cryptochromes (crys) and phototropins (phots), and these photoreceptors regulate chloroplast development, chlorophyll biosynthesis and stomata opening (Savvides et al., 2012).

However, monochromatic RL or BL could not satisfy the requirement of normal plant growth. Various studies have found that the mixed RL and BL was an effective lighting source to plant development and a suitable proportion of RL and BL accelerate photosynthesis and growth of sweet pepper and tomato (Li et al., 2017; Li et al., 2020). Therefore, the mixed RL and BL is used nowadays more and more in research and can be applied for the commercial cultivation of horticultural crops in controlled and semi-controlled environments (Miao et al., 2016).

Sweet pepper (Capsicum annuum L.) is one of economically important vegetables and widely cultivated in greenhouses worldwide. A prolonged period of RL and BL treatment has an apparent impact on growth and physiology of pepper seedlings (Tang et al., 2019). Moreover, in recent years, plant factories have developed rapidly, and light-emitting diodes (LEDs) as a kind of artificial light with the characteristics of high light efficiency, narrowly-centered spectrum and low energy consumption, have been frequently applied to manipulate the plant growth, development and metabolism in plant factories (Matsuda et al., 2016; Liu et al., 2018). In a previous study, we found that a suitable proportion of mixed RL and BL accelerated sweet pepper seedlings’ photosynthesis and growth (Li et al., 2020). However, the mechanism of how light spectra of mixed RL and BL regulate leaf photosynthesis and plant photomorphogenesis, as well as the optimal ratio of RL and BL, which could benefit pepper seedling growth remains unclear. Therefore, in this study, we investigated photosynthesis capacity, biomass accumulation and morphological acclimation of pepper seedlings under various proportions of mixed RL and BL.



Materials and methods


Plant material and climate conditions

The experiment was performed from May to September, 2016 in a Chinese solar greenhouse (China, 36°N, 117°E) in Shandong Agricultural University. The germinated sweet pepper (Capsicum annuum L. cv. HA-2502) seeds were sown in plastic trays with 50 holes (54 cm length × 30 cm width × 4.4 cm depth) filled with a mixture of peat and vermiculite (2:1, v/v). Three weeks later, when their second true leaf expanded fully, seedlings were transplanted into plastic pots (8 cm length × 8 cm width × 10 cm depth, one plant per pot). After that, 320 seedlings were selected and moved into an environmentally controlled growth chamber, where the average air temperature, relative humidity (RH), photoperiod and CO2 concentration were 26/18 °C (day/night), 70%, 12 h/12 h and 400 μmol·mol-1, respectively, and then, randomized into eight groups and were cultured under eight light spectra treatments for 30 d. From each light treatment, randomly five plants were sampled after periods of 6, 12, 18, 24 and 30 d after treatment (DAT) by LEDs. There were three replicates with a total of 40 seedlings for each treatment.



Light treatments

All the mixed LEDs had the uniform spectra of RL and BL, and were designed by Chunying Optoelectronics Technology Co., Ltd., Guangdong, China. All treatments were performed in different layers of cultivation racks, which were covered by opaque silver plastic reflective cloth to prevent the light disturbance from the adjacent treatments (Li et al., 2021). Plants were subjected under different light conditions: monochromatic BL (peak intensity: 457 nm) and RL (peak intensity: 657 nm), mixed RL and BL (9:1, 9R1B; 6:1, 6R1B; 3:1, 3R1B; 1:1, 1R1B; 1:3, 1R3B: 90%, 85%, 75%, 50%, 25% RL at a wavelength of 657 nm and 10%, 15%, 25%, 50%, 75% BL at a wavelength of 457 nm, respectively), and a multiwavelength white light (WL, as control) with the same photosynthetic photon flux density (PPFD) of 300 μmol·m-2·s-1. PPFD was recorded using a light meter with a quantum sensor (LI-250 and LI-190R, Li-Cor Inc., Lincoln, NE, USA) and was 10 cm away from the top of seedling canopy to the bottom of LED lighting panels. The spectral photon flux density distributions (SPDs) of RL, BL and WL was measured using a spectroradiometer (Unispec-SC Spectral Analysis System, PP Systems Inc., Haverhill, MA, USA) (Figure 1).




Figure 1 | General view and spectral distribution of eight light spectra treatments.





Measurements of plant morphological parameters

Plant height, first internode length and hypocotyl length were measured by a meter rule (cm), respectively, whereas the stem diameter was determined at the internode 1 cm above the cotyledona using a digital vernier caliper (mm, CD-20CPX, Mitutoya Corp., Kawasaki, Japan). The fully expanded true leaves and second fully expanded true leaves were collected to determine leaf number and leaf length, respectively. The seedlings including shoots and roots were dried to a constant weight at 75°C to measure the dry weight (DW). Before this measurement, the substrate particles attached to the roots were washed gently in distilled water. Root configuration indexes at 15 and 30 DAT, including total root length, root surface area, root volume, average diameter and tips number, were scanned with scanner (Epson Expression 10000G J181A, Japan) and leaf area (LA) of the fully developed young leaves at 15 and 30 DAT were monitored by a CI-202 leaf area measurer (CID Bio-Science Inc., Camas, WA, USA), and then, the data were analyzed with WinRHIZO (Model LA600, Regent Instruments Inc., Quebec, QC, Canada). The specific leaf area (SLA) and seedling index were determined using the following formulas:

	



Photosynthetic pigment concentration measurement

On 15 and 30 DAT, samples (0.5 g) from the fresh second fully expanded leaves were collected and incubated in 25 mL of 95% (v/v) ethanol reagent in darkness for 24-36 h at room temperature until the leaves became completely colorless. Afterwards, absorbance of the supernatant at 663, 646 and 470 nm were recorded by a spectrophotometer (UV-2450, Shimadzu Corp., Japan), respectively, and the concentration of chlorophyll a (Chl a), b (Chl b) and total carotenoid (Car) were measured based on the methods described by Sartory and Grobbelaar (1984).



Gas exchange parameters measurement

Gas exchange parameters including net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), transpiration rate (Tr) and stomatal limitation (Ls) of the second functional leaf of pepper seedlings were determined by a LI-6400 gas exchange analyzer (Li-Cor Inc., Lincoln, NE, USA) at 30 DAT. The conditions in the assimilation chamber of the LI-6400XT equipment such as PPFD with 90% RL and 10% BL, RH, CO2 concentration, leaf temperature and flow rate were 300 µmol·m-2·s-1, 70%, 400 µmol·mol-1, 25°C and 400 mL·min-1, respectively.



Chlorophyll a fluorescence parameters measurement

Chl a fluorescence was investigated on same leaf and position mentioned above at 30 DAT using a FMS-2 chlorophyll fluorometer (Hansatech Instruments Ltd., King Lynn, Norfolk, UK). To standardize the measuring conditions and ensure that all of the photosynthesis system II (PSII) reaction centers were open when the maximal photochemical quenching was determined, seedlings were dark-adapted for 20 min prior to the evaluations, and then, minimum fluorescence (Fo) and maximum fluorescence (Fm) were recorded. Chl a fluorescence parameters, maximal quantum yield of PSII (Fv/Fm), effective quantum yield of PSII (ΦPSII), electron transport rates (ETR) and photochemical quenching (qP) were calculated according to Li et al. (2021).



Root vigor measurement

Root vigor was analyzed by the triphenyl tetrazolium chloride (TTC, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) method (Wang et al., 2006). In brief, 0.5 g fresh root was immersed in 10 mL of equally mixed solution of 0.4% TTC and phosphate buffer and kept in the dark at 37°C for 2 h. Subsequently, 2 mL of 1 mol/L H2SO4 was added to stop the reaction with the root. The root was dried with filter paper and then extracted with ethyl acetate. The red extractant was transferred into the volumetric flask to reach 10 mL by adding ethyl acetate. The absorbance of the extract at 485 nm was read. Root vigor was expressed as TTC reduction intensity and TTC reduction was calculated using the following formula:

	



Statistical analysis

All values were presented as the mean ± standard errors (SE) with three replicates each. Data were analyzed by one-way analysis of variance (ANOVA) using SPSS 16.0 (SPSS Institute Inc., Cary, NC, USA), and the differences between the means were tested using Duncan’s multiple range test at P< 0.05 level. The graphs were performed by Origin 8.5 (OriginLab Institute Inc., Northampton, MA, USA). 




Results


Plant morphology and biomass accumulation

As shown in Figure 2, the morphology of sweet pepper seedlings at 30 DAT was found to be significantly affected by the monochromic and mixed RL and BL. Compared to WL, plant height grown under 1R3B was significantly reduced (P< 0.05), followed by plants grown under BL and 1R1B at 30 DAT, while RL produced the tallest plants (Figure 3A). The length for first internode, hypocotyl and leaf of seedlings under all light spectra exhibited a similar trajectory (Figures 4A–C). Relative to WL, the stem diameter was significantly greater for plants treated by 3R1B (P< 0.05), but thinner for plants under other treatments, although there were no statistically significant differences under WL and BL (P > 0.05) during the last experimental period and the smallest for plants under RL (Figure 3B). Moreover, seedlings under 3R1B had higher values for SLA, seedling index, leaf number, shoot and root DW (Figure 3C, D; Figure 4D; Figures 5A, B). The least values for these parameters were recorded in the RL-treated seedlings, respectively.




Figure 2 | Effect of monochromatic and mixed red and blue light on plant morphology of sweet pepper seedlings at 30 day after treatment.






Figure 3 | Effect of monochromatic and mixed red and blue light on growth of sweet pepper seedlings throughout 30 days after treatment. (A) plant height; (B) stem diameter; (C) specific leaf area; (D) seedling index.






Figure 4 | Effect of monochromatic and mixed red and blue light on plant morphology of sweet pepper seedlings at day 15 and 30 after treatment. (A) first internode length; (B) hypocotyl length; (C) leaf length; (D) leaf number. Difference in lower-case letters indicates significant difference at P < 0.05.






Figure 5 | Effect of monochromatic and mixed red and blue light on (A) shoot dry weight and (B) root dry weight of sweet pepper seedlings throughout 30 days after treatment.



Plants under 3R1B had higher values for total root length, root surface area, root volume, average diameter and tips number comparing with WL and other treatments at 15 and 30 DAT (Table 1). The least values for all these parameters were recorded in the 1R3B-treated plants. Moreover, the total root length and root volume were not statistically different between 1R3B- and RL-illuminated plants at 30 DAT (P > 0.05), but these were significantly lower than WL (P< 0.05). Similarly, the total root length, root surface area, root volume and tips number of 6R1B- and 9R1B-treated seedlings were statistically the same.


Table 1 | Effect of monochromatic and mixed red and blue light on root configuration indexes of sweet pepper seedlings at day 15 and 30 after treatment.





Photosynthetic pigment content

To examine the effects of mixed RL and BL on the photosynthetic pigment content, sweet pepper seedlings were exposed to different light spectra for 30 d (Figure 6) and the findings showed that significantly lower levels of Chl a, Chl b and Car were observed under RL, 9R1B, 6R1B, 1R3B and BL compared to WL at 30 DAT (P< 0.05), and the least values were observed in plants with the treatment of RL at 15 and 30 DAT. Higher levels of Chl and Car were detected in other treatments at each treatment period, while no significant difference was present among WL and them. BL yielded the highest Chl a/b at 30 DAT, followed by 1R3B, and the lowest Chl a/b was found for RL.




Figure 6 | Effect of monochromatic and mixed red and blue light on photosynthetic pigment content in leaves of sweet pepper seedlings at day 15 and 30 after treatment. (A) chlorophyll a; (B) chlorophyll b; (C) chlorophyll a/b; (D) carotenoids. Difference in lower-case letters indicates significant difference at P < 0.05.





Gas exchange and chlorophyll a fluorescence parameters

Generally, compared to WL, most leaf gas exchange parameters including Pn, Gs and Tr were significantly increased in seedlings under 3R1B (P< 0.05, Table 2), at 14%, 28% and 29% higher than in WL, respectively, while these parameters were largely decreased by RL and were not statistically different between the WL and BL treatments (P > 0.05). Furthermore, the levels of Ci and Ls were found to follow the opposite tendency.


Table 2 | Effect of monochromatic and mixed red and blue light on gas exchange parameters in sweet pepper seedlings at day 30 after treatment.



The levels of Fv/Fm, ΦPSII, ETR and qP showed the similar trajectory that they were evidently enhanced by 3R1B relative to WL, except the values of Fv/Fm and ETR was not statistically different among 6R1B, 1R1B, BL, and 1R1B, respectively (Figure 7). However, these parameters dropped drastically in RL-treated seedlings (P< 0.05). These results indicated that BL could raise the proportion of the reaction centers in PSII opening under light adaptation, enhance PSII reaction center activity, and improve the electron transfer rate.




Figure 7 | Effect of monochromatic and mixed red and blue light on chlorophyll a fluorescence parameters of leaves from sweet pepper seedlings at day 30 after treatment. (A) Fv/Fm; (B) ΦPSII; (C) ETR; (D) qP. Difference in lower-case letters indicates significant difference at P < 0.05.





Root vigor

The root vigor was significantly higher in 3R1B-treated seedlings than that in WL (P< 0.05) and at 13% and 15% higher than that under WL at 15 and 30 DAT, respectively (Figure 8). However, the root vigor did not differ significantly between WL and 6R1B (P > 0.05), and this parameter was evidently lower in seedlings under other light treatments than in WL and the lowest level was observed in plants under RL.




Figure 8 | Effect of monochromatic and mixed red and blue light on root vigor of sweet pepper seedlings at day 15 and 30 after treatment. Difference in lower-case letters indicates significant difference at P < 0.05.






Discussion

For light-controlled development, it is generally assumed that the photoreceptors perceive and interpret incident light and transduce the signals to modulate light-responsive nuclear genes, amongst the spectral wavelengths, RL and BL are the primary spectral wavelengths and highly influence the plant photosynthesis, physiological metabolism and photomorphogenesis (Ooi et al., 2016). In the present research, the morphological and photosynthetic characteristics of sweet pepper seedlings were significantly influenced by light spectra. The results indicated that seedlings grown under mixed RL and BL, especially 3R1B, had improved plant growth parameters. This was consistent with sweet pepper seedlings in our previous study (Li et al., 2020).

In this study, we found that seedlings grown under RL revealed typical shade-avoidance syndrome, namely significantly enhanced plant height, internodal and hypocotyl length and this agreed with previous reports (Liu et al., 2011). It could be due to RL could stimulate hypocotyl and stem elongation (Izzo et al., 2020). Previous reports indicated that phyB is a major photoreceptor that mediates hypocotyl elongation inhibition under continuous RL (Shinomura et al., 1996). Therefore, RL may accelerate petiole and internode elongation by inactivating phyB, and then, inducing stem elongation by improved gibberellin (GA) levels, which affected by indole-3-acetic acid (IAA) (Li et al., 2021; Xiao et al., 2022). It has been reported that GA, brassinosteroid and auxin are involved in BL signaling through cry1 as the primary photoreceptor in the inhibition of hypocotyl elongation (He et al., 2019; Xu et al., 2021). However, unlike previous studies, the shortest seedlings were found under treatment of 1R3B in our present research. It is assumed that mixed RL and BL with higher ratio of BL were more inhibitive of hypocotyl and leaf elongation and inducing in the sweet pepper seedlings a more compact morphology with shorter stems and smaller leaf areas than monochromatic BL. These results indicated that increasing BL could inhibit cell division and expansion (Kang et al., 2021). Furthermore, lower levels of GA and IAA under a low RL/BL ratio of 1R3B may lead to reduced elongation of pepper seedlings’ shoots (Islam et al., 2014; Matsuo et al., 2019).

Biomass is an important indicator in determining seedling qualities. In this present study, the DW and seedling index of seedlings under 3R1B was greater than that of WL and other treatments, which may implicate that this spectrum applied in the experiment is optimized effectively, since it promotes development and drives photosynthesis as a result of the increased contents of chl a and total chlorophyll in seedlings (Tang et al., 2019). It was also reported that the mixed RL and BL might promote fresh weight and DW in chrysanthemum and sweet pepper (Liu et al., 2011; Li et al., 2020). The biomass of pepper shoots was significantly increased under 3R1B compared with WL and other treatments probably due to the enlarged SLA in this study. The larger leaf is a good indicator of higher photosynthetic surface area per unit investment in leaf tissue, which may have led to the significant increment in biomass (Dieleman et al., 2019). This was in agreement with Bugbee (2016) who concluded that the fraction of light intercepted by a crop is more closely related to biomass than the short-term effects on quantum efficiency of photosynthesis. Besides, mixed RL and BL could also increase shoot regeneration and development by stimulating cell division (Kwon et al., 2015).

Chlorophyll content is an important determinant of photosynthesis and dry matter accumulation. In addition, carotenoids play a vital role in photosynthesis by absorbing light and protecting chlorophyll from photo-oxidation (Carvalho et al., 2013; Tuan et al., 2013). Our present results showed that BL plays an important role in the synthesis of plant chlorophyll, and plants grown under RL showed the lowest levels of chlorophyll and carotenoids. This was consistent with previous studies (Dutta-Gupta and Jatothu, 2013; Anuchai and Hsieh, 2017). It indicated that BL was more essential than RL for normal photosynthesis by mediating photosystems activity and photosynthetic electron transport capacity (Miao et al., 2016). However, these were unlike to the results of Bianchetti et al. (2018) and Tian et al. (2019). This suggested that plant responded to RL and BL are species-specific (Liu et al., 2011; Cope et al., 2014). Different plant species, or the same species at different growth stages, show diverse responses to the same light spectra and display complexity and instability of photobiological reactions. Moreover, stimulation of photosynthetic pigments under 3R1B was consistent with our previous results obtained in tomato seedlings (Li et al., 2017; Li et al., 2021). It might be due to the synergistic effect of RL and BL when the supplement of appropriate proportion for BL in RL has the property of promoting the biosynthesis of chlorophyll, and this property may be further reinforced when they work together (Mao and Guo, 2018).

Photosynthetic rate is a key factor affecting plant assimilation capacity and yield. A lower Pn in plants under monochromatic RL has been shown in several crops (Hogewoning et al., 2010; Li et al., 2017; Li et al., 2021). Our data were consistent with previous results. This may be attributed to the excess ROS suppressed repair of photodamaged PSII and increased the degree of photodamage, which directly induced relatively low rate of CO2 assimilation and redundant Ci under RL (Takahashi and Murata, 2008). In addition, the beginning of the leaf senescence is accompanied by the lower Pn and the degradation of related proteins (Hensel et al., 1993). Hence, RL significantly reduced Pn and Fv/Fm, which might result in acceleration of leaf senescence (Su et al., 2014). The photodamaged PSII induced by RL could be alleviated by BL, which could benefit pepper seedling growth by improving light use efficiency and diminish photoinhibition (Miao et al., 2019; Kang et al., 2021). On the other hand, the Pn and Fv/Fm, ΦPSII, ETR and qP of seedlings exposed to 3R1B treatment was found to be significantly higher than those of other light spectra. These were consistent with our previous results (Li et al., 2017; Li et al., 2021), which indicated that the photosynthetic efficiency in pepper seedlings was promoted under this treatment, thereby more electrons were absorbed, captured and transported. Apparently, the increased concentration of light absorbing pigments in leaves has considerable consequences for leaf CO2 uptake under this treatment. This may be also related to the well-developed stomata (Li et al., 2020; Kang et al., 2021), higher stomatal conductance (Hamedalla et al., 2022) and high nitrogen accumulation in leaves under this spectral wavelength (Fan et al., 2022). Consequently, the morphology of pepper seedlings under this light spectrum revealed higher SLA, FW and DW of shoots and roots, and thus better performance compared to other treatments.

Vigorous roots support shoot growth by fully supplying the plant with water and mineral nutrition. Moreover, root tip is an important site where root absorb water and nutrient in plants. The more root tips number, the longer root length, and the more root surface are, the more beneficial to capture nutrient effectively (Zhang et al., 1999). In this study, the growth and morphological features of 3R1B-treated pepper seedlings exhibited a tight appearance, but the shoot and root structure of RL- or 1R3B-treated seedlings were adversely affected plant performance, indicating poor root growth under RL and 1R3B. Therefore, growth and development are dependent on the spectral wavelength of light, and the addition of RL may have further increased plant growth and development since stronger RL might better penetrate the plant canopy than weaker RL. Perhaps 3R1B treatment achieved a balanced spectral environment by supplementing a favorable amount of RL to pepper seedlings at 300 μmol·m-2·s-1 PPFD (Lin et al., 2021). This agreed with our previous results obtained in tomato seedlings (Li et al., 2017). According to Manivannan et al. (2015), this growth may be related to the ability of 3R1B treatment to induce the formation of endogenous GA, which is an important growth regulator involved in cell elongation. Furthermore, the increase in root length and formation of adventitious roots for pepper seedlings under 3R1B may be due to IAA levels, as this treatment promoted polar IAA transport from apical shoot to downward portion, which regulated by genes involved in auxin formation and signal transduction as well as auxin transportation (Liu et al., 2011; Shen et al., 2022), and thus longer root under 3R1B in this study might be related to higher IAA accumulation in root. Therefore, the better root development of pepper seedlings exposed to 3R1B leads to faster acclimatization.



Conclusion

This research provided a better understanding of the responses of growth and photosynthesis in sweet pepper seedlings exposed to mixed RL and BL. The mixed RL and BL had significant effects on the photosynthesis, morphogenesis and growth of sweet pepper seedlings. It was found that proper proportion for RL and BL of 3R1B promoted plant growth by controlling and optimizing photosynthetic performance. This was mainly manifested by an improvement in the Pn, Fv/Fm, ΦPSII, ETR, qP, increasing SLA and photosynthetic pigment content. Furthermore, this might ensure healthy chloroplast development under this treatment to achieve a higher photosynthetic capacity, thereby improving the growth and biomass accumulation of seedlings. These findings suggested that 3R1B was the most effective light treatment among spectral wavelength in this study for producing high quality of sweet pepper seedlings.
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The retrieval of lost light energy for promoting vegetable development could be a challenge in indoor farming practice, yet little is attempted so far. In this study, the performance of a novel adjustable lampshade-type reflector (ALR) was investigated to evaluate the feasibility of applying such a device in indoor farm racks (IFR). This application targeted at reflecting stray light back to the IFR for improving the growth and quality of leafy vegetable choy sum (Brassica rapa var. parachinensis). The optimal configuration of ALR was firstly confirmed via simulations using TracePro software. The combination of an included angle at 32° and a reflective board width of 10 cm, under 12 cm of distance between the light sources and the germination tray surface, was revealed to achieve a cost-optimal reflective effect. The simulation-based ALR was subsequently custom-built for actual performance validation. It was shown to effectively produce uniform distributions of temperature, relative humidity, and photosynthetic photon flux density as well as to accumulate more photosynthetic photon energy density along the cultivation shelf. Compared with the control where no ALR was used, the fresh weight and the dry weight of choy sum shoots cultivated using an ALR were increased by up to 14% and 18%, respectively. In addition, their morphological traits were found to be more uniform. Furthermore, their total carotenoid level was enhanced by up to 45%, while the chlorophyll b level was markedly decreased. However, no statistically significant difference was found in total phenolic content and antioxidant capacity across the shelf, indicating that the ALR application led to a more uniform antioxidant-related quality of choy sum shoot. ALR application in IFR can thus effectively boost vegetable production and result in quality improvements under an identical amount of electricity consumption in indoor farming compared with ALR-free control.
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Highlights

	▪ The optimal combination of ALR included angle and reflective board width was simulated.

	▪ ALR significantly increased the fresh weight of choy sum shoot by up to 14%.

	▪ ALR markedly enhanced the dry mass of choy sum shoot and total leaf by up to 24%.

	▪ ALR remarkably elevated the total carotenoid level in choy sum shoot by up to 45%.





Introduction

Over decades, the over-development of urbanization in conjunction with a rapid increase in population has resulted in a significant reduction of arable land area per capita (hectares per person) in the world, which called for a bigger demand on common food such as grains and vegetables. This situation urged people to develop efficient methods to produce more food (Satterthwaite et al., 2010; Benke and Tomkins, 2017). Vegetables, especially leafy green vegetables, have been shown to present a variety of bioactive metabolites such as carotenoids, phenolic compounds, vitamins, and glucosinolates that could benefit human health and supplement daily nutritional needs (Li et al., 2018; Liang et al., 2018; Lee et al., 2020; Huang et al., 2021a; Du et al., 2022). Vegetables are traditionally cultivated by using outdoor farming methods such as the conventional flat planting approach. Nevertheless, the disadvantages of those traditional outdoor farming methods, such as unstable solar radiation and weather conditions, low land utilization rate due to flat planting, and pest invasion, make them inefficient (Buttar et al., 2006; Alvino and Barbieri, 2016; Ngosong et al., 2021). In recent years, indoor vertical farming has been gradually developed and become a more attractive approach to grow vegetables indoors by eliminating the above-mentioned limiting factors that hamper agricultural production. Among others, the most well-known lighting source currently applied in indoor farming is light-emitting diode (LED) due to its higher energy conversion efficiency and longer operating life span compared with other lighting sources (Despommier, 2013; Benke and Tomkins, 2017; Miao et al., 2019).

The setting of indoor farm racks (IFR) is among the basic devices for implementing vertical planting. It includes multiple shelves/storeys arranged in a vertical manner and/or equipped with lighting panels/groups as well as irrigation systems. This maximizes space utilization in all three dimensions, thereby dramatically increasing the productivity of an indoor farm (Benke and Tomkins, 2017; Kozai et al., 2019). It is noteworthy that the heterogeneous distribution of light on IFR cultivation shelves is always an ineluctable issue to be addressed (Asiabanpour et al., 2018). However, the common designs of IFR hardly consider the light distribution issue along a cultivation shelf. A significant amount of light ray originated from the lighting sources installed at the margins or even in the middle of a shelf is lost to the environment rather than being directed to the shelf (Kozai, 2019; Kim et al., 2021). In addition, IFR and its shelves also face issues of environmental variability, such as the uneven distribution of temperature and humidity (Akiyama and Kozai, 2016; Tsitsimpelis et al., 2016; Jiang et al., 2018; Sabudin et al., 2022), which may further lead to a jagged morphology of the seedlings grown on them. Thus, an efficient solution could be the application of a reflector or reflective device with a lampshade configuration in IFR.

The feature development of lampshade-type reflectors underwent several key stages such as those with un-adjustable planar reflective board (fixed shapes and angles) (Armstrong, 1978; Michaloski, 1991), those with adjustable planar reflective board but only applicable to a fixed configuration of lighting sources (Dumont, 2013), as well as those with adjustable curved/arched reflective boards (Chelf, 2002; Cronk, 2007; Keen, 2011). To the best of our knowledge, however, so far there has been no reflector that fully considers and combines all key features such as reflective boards that are adjustable in a wide range, structures applicable to multiple and different configurations of lighting sources, as well as maintenance of ventilation.

In this study, a novel adjustable lampshade-type reflector (ALR) was proposed, designed, built, and validated. This invention aims to redirect stray light rays towards desirable locations. The idea is to retrieve originally lost light energy for promoting vegetable development and consequently decrease vegetable production cost. In addition, it also tries to combine all the above-mentioned features of reflectors. To evaluate the efficiency of such a reflector, TracePro software was firstly applied to simulate and design ALR’s optimal configuration to yield the desired performance outcome. The ALR-regulated distribution of environmental factors such as temperature, relative humidity (%RH), photosynthetic photon flux density (PPFD, 400–700 nm), and photosynthetic photon energy density (PPED) across the cultivation shelf was then tested under selected included angle of the reflective board. Choy sum (Brassica rapa var. parachinensis), a widely cultivated leafy green vegetable in Asia, was finally adopted as the target plant for comparison in terms of its growth and quality with and without ALR application. It was hypothesized that this ALR could efficiently improve the biomass and key quality attributes of choy sum seedlings when appropriately applied.



Materials and methods


Adjustable lampshade-type reflector

The conceptual model of ALR was designed and custom-built according to the schematic diagrams shown in Figure 1A. Its aluminum-alloy-made main frame (120 cm × 60 cm) was composed of the opposing first and second width sides followed by the opposing first and second length sides. The first and second reflective boards, made of bright anodized aluminum, were pivotably coupled to the main frame at the first and second width sides of the main frame, respectively. The third and fourth reflective boards, made of the same material mentioned above, were also pivotably coupled to the main frame at the first and second length sides of the main frame, respectively, wherein the distance between the respective pivot axes of the first and second reflective boards was adjustable in order to regulate a reflective region of ALR based on the specification of light source applied (Figure 1B). All the reflective boards could be adjusted with an included angle that ranges from 0° to 90°. This allowed achieving optimal light distribution on an IFR cultivation shelf. The included angle (α) of the reflective board is defined as the intersection angle between the direction perpendicular to the ground and the reflective board as shown in Figures 1C, D.




Figure 1 | Adjustable lampshade-type reflector (ALR). (A) Three-dimensional schematic view of ALR with five LED tubes placed inside, illustrating its application in an indoor farm rack (IFR) lighting system. (B) Three-dimensional schematic view of ALR with five shorter LED tubes placed inside, illustrating its advantages for application in an IFR lighting system. (C) Front-width-side view of ALR installed at IFR. (D) Left-length-side view of ALR installed at IFR. α is the included angle of the reflective board. 1 and 2 in (A) stand for the first and second reflective boards coupled to the width sides of the main frame, while 3 and 4 in (A) represent the third and fourth reflective boards coupled to the length sides of the main frame.





Simulation of the combined effects of included angle and reflective board width of ALR using TracePro software

In this novel reflector, the optimal combination of included angle and reflective board width under a certain distance between the light source and the germination tray surface is the key issue to be solved. However, it is a practically hard task to test all the included angles and various widths of the reflective boards because of the laborious works and exorbitant expenditures involved in order to seek an optimal combination for a well-performing reflector. Therefore, some optical software should be used for screening designs first.

In this study, TracePro software (TracePro® Expert—7.0.3 Release ACIS®, version 20.0.3, Lambda Research Corporation, USA), which includes a 3D CAD-based graphical user interface (Sun et al., 2014), was applied to simulate the light distribution maps across the IFR cultivation shelf with and without the adoption of an ALR under different combined conditions. This was to determine the optimal combination of the included angle and the reflective board width in a theoretical manner before a physical reflector was custom-built for performance validation. The parameter configurations in TracePro software required for the simulation are shown in Table 1, in which the specular reflectance of the simulated reflective boards was defined as 80%, the same as that of the bright anodized aluminum material employed in ALR as reflective boards (Powers and Dang, 1986). In this simulation, a five-LED-tube-constructed lighting group was designed and applied to the light source panel for the launching light rays to the cultivation shelf (Figures 2A, B).


Table 1 | Parameter configuration of TracePro software for the simulation of the novel adjustable lampshade-type reflector.






Figure 2 | (A) Erected and (B) inverted schematic views of the three-dimensional simulative model of the adjustable lampshade-type reflector designed by the light simulative software TracePro. (C) Arrangement of four germination trays in the shelf of an indoor farm rack, marking the locations of a total of 200 cavities. (D) Definition of five zones on the four germination trays. Performance photos of the adjustable lampshade-type reflector observed from the viewing angles of (E) exterior, (F) short-side reflective board, (G) long-side reflective board, and (H) interior. The dashed rectangles with red, purple, earthy yellow, and green colors in (C) represent tray 1, 2, 3, and 4, respectively. In (A), a is the lambertian diffuser board, b stands for the long-side simulative reflective board, c represents the short-side simulative reflective board, and d is the absorber board.



Confirmation of the distance between the LED light source and the germination tray surface was also another key issue to be addressed, as a reduction of the distance could allow an IFR to accommodate more shelves, thus improving the IFR’s productivity. However, the canopy of choy sum shoots has a potential to touch the LED light sources during growth. Thus, an essential criterion is to prevent the shoot canopy from eventually touching the LED tubes before transplantation. As a result, the distance in this study was set as 12 cm by considering that the shoot canopy height of choy sum was normally approximately 8 to 9 cm on day 16 when the transplantation happened (Huang et al., 2021b). To coordinate with the distance, the width of the reflective board was thus pre-set as 10 cm.

The simulation procedure using TracePro was divided into three steps. The first step was aimed to confirm an optimal range of the included angle of the reflective board by sketchy screening. The selected angles were at a wide range including 90° (set as ALR-free control), 75°, 60°, 45°, 30°, 23°, 15°, and 0° (Figure 3). Referring to the sketchily screened range confirmed by step 1, the second step further fine-tuned the angle from 24° to 35° at 1° interval. This step confirmed the optimal included angle among these tested angles based on a 10-cm-width reflective board (Figure 4). The third step finally verified the optimal combination of the reflective board width and the included angle (i.e., the outcome of step 2) via testing boards of various widths ranging from 13 to 6 cm (Figure 5). In this testing, the available light distribution area (ALDA) was used as an index to describe the light distribution uniformity (LDU) of ALR, in which 10% and 15% standard deviations (SD) of PPFD were set as the thresholds for different LDU standards.




Figure 3 | Sketchy screening of the appropriate included angles for the optimization of simulated light intensity distribution along an indoor farm rack shelf with the application of an adjustable lampshade-type reflector. Specifically, the screened included angles are (A) 90°, (B) 75°, (C) 60°, (D) 45°, (E) 30°, (F) 23°, (G) 15°, and (H) 0°, respectively. The width of the reflective board is set as 10 cm. The scale unit on the figures is centimeter. The numbers in the color bar indicate relative photosynthetic photon flux density values (%).






Figure 4 | Fine-screening of the appropriate included angles for the optimization of simulated light intensity distribution along an indoor farm rack shelf with the application of an adjustable lampshade-type reflector. The screened included angles are (A) 24°, (B) 25°, (C) 26°, (D) 27°, (E) 28°, (F) 29°, (G) 30°, (H) 31°, (I) 32°, (J) 33°, (K) 34° and (L) 35°, respectively. The width of reflective board is set as 10 cm. The scale unit on the figure is centimeter. The numbers in the color bar indicate relative photosynthetic photon flux density values (%).






Figure 5 | Screening of the appropriate width of the reflective board under the optimal included angle (32°) for the optimization of simulated light intensity distribution along an indoor farm rack shelf with the application of an adjustable lampshade-type reflector. The screened widths are (A) 13 cm, (B) 12 cm, (C) 11 cm, (D) 10 cm, (E) 9 cm, (F) 8 cm, (G) 7 cm, and (H) 6 cm, respectively. The scale unit on the figure is centimeter. The numbers in the color bar indicate relative photosynthetic photon flux density values (%).





Measurement of distribution maps of environmental factors under the selected included angles of ALR

Four 50-cavity [each 5 cm (length) × 5 cm (width) × 4 cm (depth)] germination trays (Arianetech Pte Ltd., Singapore) were placed in a parallel manner on a shelf of the custom-built IFR (Arianetech Pte Ltd., Singapore). Five 22-W white LED tubes and ALR were then mounted at the lower part of the upper shelf (Figures 1C, D, 2E–H). Various parameters related to the performance of the ALR, LED tubes, and trays were implemented in accordance with the simulated ones as shown in Table 1. A total of 200 cavities contained in the four trays were subsequently numbered and divided into five zones (Nzone 1 = 56, Nzone 2 = 48, Nzone 3 = 40, Nzone 4 = 32, Nzone 5 = 24, Ntotal = 200, where N stands for the cavity number) (Figures 2C, D). Such a partition in zones was reasonable because the PPFD distribution in the center of a cultivation shelf is always higher than those gradually distant from the center, until the four shelf brims, in an annular and gradually decreasing manner due to the parallel arrangement of the five LED tubes. This phenomenon could be observed from both the simulation results (Figure 3) and the actual experimental outcome (Figure 6C). Generally speaking, the PPFD values within the same zone were similar or close to each other. The temperature, %RH, PPFD and PPED values at each tray cavity were measured in triplicate by using a light meter (ASENSETEK® Lighting Passport, Taiwan). The experiments and measurements were conducted under three different conditions by adjusting the included angles of the four reflective boards to 15°, 32°, and 90° (control), respectively.




Figure 6 | Heat maps of the measured (A) temperature, (B) relative humidity, (C) photosynthetic photon flux density on per cavity, and (D) photosynthetic photon energy density along the shelf of an indoor farm rack under different included angles of an adjustable lampshade-type reflector.





Leafy vegetable cultivation

Choy sum seeds provided by Ban Lee Huat Seed Pte Ltd. (Singapore) were planted for us to conduct performance validation. Before sowing, each cavity of the four 50-cavity germination trays was filled with a standardized potting mix purchased from Jiffy® (Jiffy Substrates, Toul, France). Each cavity was then sown with one seed. Subsequently, each tray was placed on the designated location of a cultivation shelf. To ensure that every cavity possessed a healthy seedling so as to make a fair comparison later, the fifth spare germination tray was sown simultaneously under the same light environment but was placed on another shelf. At 2 days after the sowing day (day 0), the non-germinated seeds in the first four trays were removed, and the corresponding cavities were replaced with healthy seedlings from the fifth tray. The photoperiod was set as 12:12 h of light/dark cycle daily. The seedlings were cultivated until the 16th day, which was the day set for harvest (Huang et al., 2021b). The experiments were performed in triplicate, respectively, under two conditions: (1) ALR-free control group (i.e., the included angle was set as 90°) and (2) ALR-implemented group where the included angle was 32°, which was confirmed by the simulation results as the optimal angle (Figure 5D). Each germination tray was irrigated with 3.0 L of water through sub-irrigation on the day of sowing (day 0) and subsequently watered with 1.0 L of tap water on days 4, 10, and 14, respectively.



Determination of biomass and morphological parameters

The biomass and morphological parameters were determined by following the methods of Huang et al. (2021b). On harvest day (day 16), all seedlings, together with the soil, were carefully removed from the cavities of the germination trays. The roots with a soil portion were gently dipped into a beaker of clear tap water by sketchily rinsing off the soil while keeping the roots intact. The choy sum roots were subsequently fully cleaned using another beaker of clear tap water while care was taken to make sure that the roots were not broken during washing. Afterwards, the stretching state of the whole seedling or the flattened laminas from each seedling, as well as a ruler, were placed together and photographed using a smartphone (MIUI 8, China). Image analysis was conducted for the measurement of morphological parameters, including total leaf area (TLA), hypocotyl length (HL), hypocotyl diameter (HD), and root length (RL), by using ImageJ 1.51j8 software (National Institute of Health, Bethesda, MD, USA). The actual scales of all the items in the photos were referred to the ruler, and the photo scale was set accordingly. The length or diameter values were then determined by drawing a straight line along the items and were automatically calculated by the software, while the leaf areas were automatically measured by the software after drawing irregular and enclosed lines along the margin of the leaf.

After photographs had been taken, the fresh weight (FW) of each seedling was measured using a three-decimal-point electronic balance (Mettler Toledo ML303 Precision Balance, Greifensee, Switzerland). Each seedling was then cut into shoot and root parts by using a pair of scissors. The shoot and root parts were weighed separately and placed into a 50-ml Falcon tube. The tubes containing the respective seedlings from each cavity were frozen (DW-86L959BP, Haier, China) overnight at -80°C and then freeze-dried (Lyovapor™L-300, BUCHI, Switzerland) for 4 days. After lyophilization, the dry weight (DW) of each part of the seedling sample was determined. The shoot parts of the selected seedling samples were kept and utilized for the subsequent metabolite analyses of photosynthetic pigments, total phenolic content (TPC) and antioxidant capacity.

With reference to Tan et al. (2020), the harvest index (HI) and shoot/root ratio were determined using the following formula, respectively:

 

 



Determination of photosynthetic efficiency

With reference to Huang et al. (2016), the photosynthetic efficiency is defined as follows:

 

where EB represents the free energy contained in the dry biomass of choy sum shoot (i.e., edible portion), and EI stands for light energy in the spectrum of 380–780 nm containing the photosynthetically active radiation (PAR) range of 400–700 nm that was emitted by the white LED light tubes (Huang et al., 2021b). The light energy EI [J/(m2·s)] based on I [μmol/(m2·s)] is expressed as follows:

 

where h is Planck constant (6.626×10-34 J·s), c represents the light ray velocity (2.998×108 m/s), λ stands for photon wavelength (nm), Iλ is light intensity [μmol/(m2·s)] under a certain wavelength from 380 to 780 nm, and A represents the Avogadro constant (6.022×1023/mol). EB was calculated according to the following assumption: under a normal growth condition without stress, 100 g choy sum edible portion (containing 5.8 g DW) had 49 kJ of energy (Wills et al., 1984).



Determination of pigments

For the measurement of pigments including chlorophyll a (chla), chlorophyll b (chlb), total chlorophylls (Tchl), and total carotenoids (TC) in choy sum shoot, 30 shoot samples were selected from designated cavities to represent their respective zones, of which shoots from cavity numbers 5, 61, 70, 131, 140, and 195 were for zone 1, numbers 15, 62, 69, 132, 139, and 185 were for zone 2, numbers 25, 63, 68, 133, 138, and 175 were for zone 3, numbers 35, 64, 67, 134, 137, and 165 were for zone 4, and numbers 45, 65, 66, 135, 136, and 155 were for zone 5 (Figure 2C). As the cultivation experiments were conducted in triplicate, a total of 18 shoot samples were thus collected in each zone (n = 18). For pre-treatment, about 10 mg of weighed lyophilized choy sum shoots was quickly ground into powder in a pre-cooled mortar and pestle, which was covered with a black cloth to prevent the degradation of light-sensitive pigments. After that, 3, 3, and 4 ml of 80% acetone (HPLC grade, Sigma-Aldrich, St. Louis, MO, USA) in three consecutive steps, respectively, were added into the mortar to fully extract the powder. The powder together with the solvent was then transferred into a 15-ml Falcon tube; the tube was vortexed for 30 s and left to stand at 4°C for 24 h to completely release the pigments from the powder into the solvent. The mixtures were sonicated using a sonicator (Elmasonic S 60H, Singen, Germany) for 15 min and subsequently centrifuged at 3,500 × g for 15 min in a pre-cooled 4°C centrifuge tube (Thermo Scientific™ 75004533, Thermo Fisher Scientific, USA). After centrifugation, the supernatant was collected, and its absorbance was scanned from 200 to 780 nm to obtain the values at 663.6, 646.6, and 440.5 nm, respectively, by using a UV–vis spectrophotometer (UV1800, Shimadzu, Japan). The chla, chlb, and TC contents were finally calculated using the following equations (mg per gram DW) (Huang et al., 2021a):

 

 

 



Sample preparation for antioxidant-related analyses

A total of 30 shoot samples were chosen to represent their respective zones. Shoots from cavity numbers 6, 71, 80, 121, 130, and 196 were for zone 1, numbers 16, 72, 79, 122, 129, and 186 were for zone 2, numbers 26, 73, 78, 123, 128, and 176 were for zone 3, numbers 36, 74, 77, 124, 127, and 166 were for zone 4, and numbers 46, 75, 76, 125, 126, and 156 were for zone 5, respectively (Figure 2C). With triplicate cultivation experiments, there were a total of 18 shoot samples for each zone (n = 18). For pre-treatment, 30 mg of freeze-dried choy sum shoot powder was added with 500 μl of acetone–water–acetic acid (70:29.5:0.5 v/v) and vortexed for 30 s to fully blend the mixture prior to sonication. The mixture was then sonicated in an ice bath for 15 min and centrifuged at 20,000 × g for 10 min at 4°C to collect the supernatants. The above-mentioned procedure was repeated twice, and the supernatants were pooled and then stored at -80°C prior to further analyses for TPC and antioxidant capacity (Huang et al., 2021a).



Determination of total phenolic content

The TPC of choy sum shoot samples was determined using the Folin–Ciocalteu method with minor modifications (Ainsworth and Gillespie, 2007). Briefly, an aliquot of 100 µl of the above-mentioned shoot sample extract was blended with 200 µl of 10% Folin–Ciocalteu’s phenol reagent (Sigma-Aldrich, St. Louis, MO, USA), followed by 800 µl of 70 mM sodium carbonate solution, in a microtube and placed in the dark. After that, 200 µl of the sample, standard or blank, respectively, was transferred into microplate wells before the absorbance of each well at 765 nm was read using a microplate reader (Biotek SynergyMx, Vermont, USA). Different concentrations of gallic acid, ranging from 0.016 to 0.25 g/L, were used to establish a standard curve for calibration. The TPC of the choy sum shoots was determined, and the results were expressed as milligram gallic acid equivalents per gram dry weight of choy sum shoot (mg GAE/g DW).



Determination of 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity

In this study, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity assay was performed based on the microplate method developed by Bobo-García et al. (2015) with some modifications. Briefly, a total of 20 μl of the above-mentioned diluted choy sum shoot sample extract was mixed with 180 µl of 0.2 mM DPPH solution (Sigma-Aldrich, St. Louis, MO, USA) in methanol and then pipetted into the wells of a 96-well microplate. After incubating the mixtures in the dark at room temperature for 2 h, the absorbance was read at the wavelength of 515 nm on a microplate reader (Biotek SynergyMx, Vermont, USA). A standard curve of %DPPH quenched was established with the concentration of Trolox (Acros Organics, NJ, USA) ranging from 50 to 500 µM for calibration. The DPPH assay was carried out, and the results were expressed as micromole Trolox equivalents per gram dry weight of choy sum shoot (µmol TE/g DW).

The DPPH quenched (%) was calculated from Equation 8, where Asample is the absorbance at 515 nm of 20 μl of the extract or standard with 180 μl DPPH solution after 2 h, Ablank is the absorbance at 515 nm of 200 μl methanol after 2 h, and Acontrol is the absorbance at 515 nm of 20 μl of water with 180 μl DPPH solution after 2 h.

 



Statistical analysis

All the experiments, including cultivation, in this study were performed in triplicate (n = 3). The pigments, TPC, and DPPH of a total of 18 shoot samples for each zone (n = 18) were determined, respectively. Statistical analyses were performed using IBM Statistical Product and Service Solutions (SPSS version 17.0) software at a significant level of 0.05 (two-tailed). One-way analysis of variance (ANOVA) with Tukey’s multiple-comparison was used to evaluate the differences among all the zones or among all the included angles tested. Student’s t-test was employed to estimate the differences between two independent conditions (e.g., included angle of 90° as control and that of 32° as treatment). In the growth comparison experiments, the top 80% of choy sum seedlings, which had healthy development, were used for data analysis. The unhealthy and poorly developed choy sum seedlings were removed to minimize the negative effect of seed quality on the reliability of the experiment results.




Results and discussion


Optimal combination of included angle and reflective board width of ALR by simulation approach

As mentioned earlier, laborious works and exorbitant expenditures could be greatly saved through the application of software to simulate real situations. This demands that the simulation conditions must strictly follow the actual settings. Among the consistencies was the configuration of LED tubes in IFR, including the type, size, and number of LED chips. In addition, the consistent distances between any two chips, as well as between LED tubes and tray surface, etc., were also covered (Table 1). In this section, TracePro software was used to find the optimal combination of included angle and width of the ALR reflective board, based on which a physical reflector would be subsequently manufactured for in situ performance evaluation. As defined, the ALR included angles that ranged from 0° to 90°, among which an optimal angle existed to achieve the maximal reflection effect on retrieving stray LED light back to the IFR cultivation shelf. For a given LDU requirement (e.g., 10% or 15%), the larger the uniform area generated by an included angle on the cultivation shelf, the better the performance achieved by the angle.

To achieve the goal, a sketchy screening to find the approximately optimal included angle was firstly carried out by presetting the reflective board width as 10 cm, which was chosen based on the distance between the LED tube and the tray surface being 12 cm after considering the final canopy height of choy sum shoot achieved on day 16 (Huang et al., 2021b). As shown in Figure 3 and Table 2, the included angles from 45° to 75° yielded minor variations in ALDA (within 10% SD of light intensity) which were almost the same as that of the control (3,406 cm2). However, ALDA under 30° of included angle was significantly increased to 4,694 cm2, which was remarkably higher than those under 23°, 15°, and 0°. The same tendency was also found under the LDU requirement of within 15% SD of light intensity, indicating that there should have been a peak value in a range approximately 30° that needed to be further investigated (Figure 3 and Table 2). From the simulation results, ALDA under 30° of included angle was bigger than that under 0°, which is in line with the conclusion of Akiyama and Kozai (2016) that an inclined (board) reflector with appropriate angle (approximately 20°) was better than a vertical (board) reflector to improve PPFD across a cultivation shelf.


Table 2 | Optimization of the included angles and widths of the four reflective boards of the novel adjustable lampshade-type reflector (based on a five-LED-tube panel).



To locate the exactly optimal included angle in this scenario, a fine screening was further carried out. In this second screening, the included angles ranging from 23° to 35°, at 1° interval, were simulated to investigate the varying tendency of ALDA thus affected and to confirm the optimal included angle. With reference to Figure 4 and Table 2, it was found that the peak ALDA value (67.1% of total shelf area), under the LDU requirement of within 10% SD of light intensity, fell on 32° of the included angle. Under the LDU requirement of within 15% SD of light intensity, the peak ALDA value (76.3% of total shelf area) was also found to be at 32°. Under both LDU requirements, an increasing trend was shown when the included angle increased from 23° to 32°, while a gradually decreasing trend was observed when the included angle further increased from 32° to 35° (Table 2). Compared with their respective reflector-free controls at 90°, the maximal ALDA values achieved by 32° under the LDU requirement of within 10% and 15% SD of light intensity were enhanced by 41.8% and 25.8%, respectively. Thus, 32° was finally selected as the optimal included angle to achieve the maximal ALDA value across a cultivation shelf, compared with all the other simulated angles with the same 10-cm width of the ALR reflective board (Figure 4 and Table 2).

The last and the most important step was to figure out the best combination of included angle and reflective board width that can provide a better cultivation environment for plants compared with the reflector-free control. After the above-mentioned confirmation of the optimal included angle (i.e., 32°), the optimization of the ALR reflective board width under this angle was eventually carried out by testing the variation of ALDA under various widths of the reflective board, ranging from 6 to 13 cm at 1-cm interval. Based on Figure 5 and Table 2, it was obvious that ALDA (no matter within 10% or 15% SD of light intensity) was the largest, compared with all the other tested widths, when the board width was 13 cm. Furthermore, a decreasing tendency of area was found with the reduction of width, indicating that a larger width may help to reflect more of the stray light rays back to the IFR cultivation shelf under the same included angle. This is in agreement with the results from a previous reflector-related study showing that the average PPFD across the shelf under 15 cm of the side reflector width is 10% and 25% more than those under the 10- and 0-cm (no-reflector control) ones, respectively (Akiyama and Kozai, 2016).

Besides ALDA, two other issues should also be addressed when determining an optimal ALR reflective board width. Firstly, the ventilation issue has to be considered to match the preset distance between the LED tubes and the tray surface. In this study, the distance was 12 cm, which was to guarantee that the canopy height of choy sum shoot could grow up to approximately 8 to 9 cm on day 16 (Huang et al., 2021b) and the canopy would receive as much light as possible without touching the LED tubes. Meanwhile, the IFR productivity could be significantly improved under such a distance. This is because the shorter shelf height achieved of 19 cm (noting the 5-cm height of the germination tray and the 2-cm height of the LED tubes) can accommodate more shelves in the IFR compared with 27 cm of the original IFR shelf height currently applied in our indoor plant factory. Therefore, the ALR reflective board width is suggested not to exceed 12 cm, considering that efficient ventilation should be maintained across the cultivation shelf for the entire seedling growth period. Another factor that needs to be considered is the material cost to manufacture the ALR reflective boards. The larger the width of an ALR reflective board that is applied, the higher the board would cost. Thus, 10 cm was chosen as the optimal width to save on the board material and its cost because ALDA under 10 cm was close to that under 11 cm (Table 2). From this simulation study, the combination of 32° of included angle and 10 cm of reflective board width was therefore selected as optimal, which acted as the basis for manufacturing a physical reflector to facilitate an in situ performance evaluation as described below.



Comparison between the distribution of environmental factors on the cultivation shelf with and without ALR application

After the optimal combination of included angle and reflector board width was determined, a custom-built ALR was manufactured (Figures 2E–H) to further investigate the actual performance and efficiency of this novel reflector. The first evaluation step was to compare the distribution of key environmental factors such as temperature, %RH, PPFD, and PPED on each cavity along a cultivation shelf between with and without the ALR. The acquired data could help us to check the distribution uniformity of these factors under selected included angles. A more uniform environment may facilitate the development of a more uniform morphology of seedlings and improve the total biomass accumulation. In this study, the included angles of 15°, 32° (the optimal simulated angle), and 90° (reflector-free control) were selected (Figures 6, 7).




Figure 7 | Comparisons of the measured (A) temperature, (B) relative humidity, (C) photosynthetic photon flux density (PPFD) and (D) photosynthetic photon energy density (PPED) in different shelf zones of an indoor farm rack under different included angles of an adjustable lampshade-type reflector as well as effective cultivation shelf area percentages within different SD of PPFD distribution under (E) PPFD-based and (F) PPED-based conditions. Different uppercase letters (A, B, and C) indicate significant differences among different included angles in the respective zones; different lowercase letters (a, b, c, d, x, y, and z) and Greek alphabets (α, β, and χ) indicate significant differences among all the zones under the respective included angles; different uppercase letters (R, S, and T) and lowercase letters (r, s, and t) indicate significant differences among the different included angles within 10% and 15% SD of the PPFD/PPED distribution along the whole shelf, respectively (Nzone1 = 56, Nzone2 = 48, Nzone3 = 40, Nzone4 = 32, Nzone5 = 24, Ntotal = 200, one-way ANOVA; Tukey multiple-comparison; p< 0.05).



As shown in Figure 6A, 32° of included angle could achieve the most uniform temperature distribution along a cultivation shelf, compared with those under 15° and 90° (the control). Under the control, the temperature range of the 200 cavities was 25.7–31.0°C, which indicates that the distribution was inhomogeneous. However, the temperature difference along the cultivation shelf was significantly smaller under the ALR. The temperature range became 28.0–30.0°C and 26.7–29.3°C when the included angle was 32° and 15°, respectively. Furthermore, from Figure 7A, the 90° control group displayed the biggest SD, resulting in an insignificant difference among their five zones, while the 32° and 15° groups demonstrated smaller SD values, leading to significant differences between zone 1 and the other zones under 32° as well as between zones 1 and 5 under 15°. This indicates that the ALR application could markedly minimize the temperature range/distribution difference along a cultivation shelf.

Among all the zones, the temperature values in zones 3, 4, and 5 of the control group were remarkably higher than those under the ALR of the 32° and 15° groups, respectively (Figure 7A). This could be due to the property of reflective boards made of bright anodized aluminum that absorbs part of the heat from the surroundings, as the spectral absorptivity of this material to far-red light (701–780 nm) may range from 35% to 60% (Moghadam et al., 2013). In addition, the temperature under the ALR of 32° included angle group was significantly higher than that under the 15° one across all the zones. This could be due to the fact that a smaller included angle (i.e., 15°) generated more enclosed room for the board to efficiently absorb heat, resulting in a significant reduction of temperature across the cultivation shelf under the ALR of 15° included angle (Figure 7A).

Another interesting phenomenon observed was that 32° of included angle was superior to 15° in terms of uniform temperature distribution along the shelf (Figure 6A). One reason might be that an appropriate included angle like 32° could help to reflect not only visible light but also far-red light to a wider cultivation area owing to the reflectance property of the bright anodized aluminum (Li et al., 2021). However, an included angle like 15° mainly reflected far-red light onto the shelf center, thus lowering the average temperature values in all the zones and generating bigger SD (Figure 6A).

The experimental results showed that the %RH distribution across a shelf was inversely related with that of the temperature (Figures 6A, B). The absolute amount of water vapor or absolute humidity within the atmosphere of a shelf was relatively constant (Bencloski, 1982), regardless if an ALR was used. Similar to the temperature distribution, the %RH values of the control group were in the range of 62.7%–80.7%, which was larger than those under the ALR of the 32° and 15° groups (63.7%–69.3% and 64.3%–71.0%, respectively). Thus, the ALR also minimized the %RH distribution difference along the cultivation shelf (Figure 7B). In the control group, the %RH SD was the highest in zone 1 and then gradually decreased until zone 5. In addition, the significant %RH differences among the control and the 32° and 15° groups in different zones were mainly caused by the bigger SD in the control group. Although there was no statistically significant difference among the five zones under the three respective groups, the %RH distribution under the 32° included angle group was the most even (Figure 6B). Therefore, the ALR of the 32° included angle was also confirmed to be able to improve the uniformity of %RH distribution along a cultivation shelf.

Equally important mentioning is that the PPFD and PPED on each cavity were the other two essential factors that are closely related to the growth and quality of a plant. PAR could be especially fully captured and utilized by the plant for photosynthesis (Huang et al., 2020). In this study, comparisons of the two factors and the effective cultivation shelf area percentages based on them (within 10% and 15% SD) were made (Figures 6C, D, 7C–F). The average PPFD and PPED under the control and ALR conditions were both progressively and significantly increased from zones 1 to 5. This is expected because light distributions around the center of a cultivation shelf are always higher than those outside it until the brim in a gradually decreasing manner. However, the values of these two factors under the ALR conditions from zones 1 to 3 were remarkably higher than those under the control. This indicates that implementing an ALR could dramatically improve the PPFD and PPED of those cavities that were located particularly at the brim and off-center areas of the shelf compared with the control. An improvement to enhance the brim PPFD was also observed in a plant lighting system equipped with a LED panel surrounded by four plates of 10 cm in width (Yano and Fujiwara, 2012). Actually, that plate-equipped LED panel system performed in a similar way to the condition of 0° included angle in our study, under which heat dissipation and ventilation would be non-negligible issues as explained earlier. In general, the above-mentioned results strongly support the objective of this invented ALR, i.e., to retrieve stray light energy towards plant growth on the shelf. Furthermore, it was found that the statistical differences under the ALR application from zones 1 to 5 were markedly decreased compared with the control, substantiating the efficiency of ALR (Figures 7C,D).

Compared with the levels of PPFD and PPED on each cavity under the reflector-free control [which were 119.6 (min) to 265.8 (max) μmol/(m2·s) and 26.9 (min) to 59.8 (max) J/(m2·s), respectively], the ALR application under 32° produced 164.4 to 264.7 μmol/(m2·s) and 29.2 to 56.9 J/(m2·s), respectively, and that under 15° yielded 158.5 to 271.7 μmol/(m2·s) and 35.0 to 60.2 J/(m2·s), respectively. The ALR applications tremendously enhanced the PPFD and PPED on each cavity at the brim of a cultivation shelf and significantly decreased the difference within the shelf. Upon further examination of the heat maps (Figures 6C, D), the ALR of 32° and 15° included angles were found to retrieve back more PPFD and PPED onto the shelf and distribute them more evenly along the shelf compared with the control. Thus, the included angle of 32° was superior to 15° by aggregating less PPFD/PPED on the specific cavities of the trays, facilitating a more uniform development of the seedlings on the cultivation shelf (Figures 6C, D). The included angle of 32° was thus confirmed again as the best ALR included angle among all the angles tested.

Comparing the effective cultivation shelf area percentages (within 10% and 15% SD of PPFD/PPED) under all the included angles tested, the effective areas under 32° were significantly higher than those under 15° and the control, while those under 15° were also markedly higher than the control. Compared with the control, the included angle of 32° increased the effective area by up to 47% and 15% based on PPFD for 10% and 15% SD, respectively, as well as by 42% and 16% based on PPED for 10% and 15% SD, respectively (Figures 7E, F). An appropriate ALR application can thus effectively increase the effective cultivation shelf area.



Effect of ALR application on the growth and morphology of choy sum seedling

After the effectiveness of ALR on improving the key environmental conditions on a cultivation shelf was confirmed, validating the performance of ALR in real plant cultivation on the shelf would be essential to eventually prove that this reflector offers benefits to an indoor plant factory. As such, a popular leafy vegetable rich in bioactive metabolites and widely cultivated in Asia, choy sum, was chosen as the experimental plant (Liang et al., 2018; Huang et al., 2021a).

In this case, the influences of ALR on the FW of choy sum seedling, shoot, root, and total leaf, as well as the FW-based harvest index and shoot/root ratio, were firstly determined and compared between the control and ALR with the optimal included angle of 32° (Figure 8). Compared with the control, the seedling FW in zones 3 and 5 under the ALR of 32° included angle was significantly increased by up to 13% and 14%, respectively (Figure 8A). In addition, the shoot FW in zones 1, 2, 3, and 5 were also markedly enhanced by 12%, 11%, 17%, and 18%, respectively (Figure 8B). In addition, the total leaf FW (Figure 8D), FW-based harvest index (Figure 8E), and shoot/root ratio (Figure 8F) were remarkably increased across all the zones. In contrast, the root FW in zones 1, 2, 3, and 4 was significantly decreased (Figure 8C). It is worth to note that there was a significantly increasing trend from zone 1 to 5 in terms of FW of seedling, shoot, root, and total leaf under both the control and ALR conditions. This was concurrent with the gradual increases of PPFD distribution from zones 1 to 5 (Figure 7C), as the biomass accumulation of choy sum seedling was always positively related to light intensity below its light saturation point (Huang et al., 2021b). Nevertheless, the FW-based harvest index and shoot/root ratio under ALR did not show a significant difference among all the zones, although fluctuations across the zones were found under the control (Figures 8E, F). These results supported that implementing an ALR could increase the above-ground FW biomass of choy sum seedling along an IFR cultivation shelf as well as the uniformity of the biomass across the shelf.




Figure 8 | Comparison of the fresh weight (FW) of (A) seedling, (B) shoot, (C) root, and (D) total leaf as well as (E) FW-based harvest index and (F) FW-based shoot–root ratio of choy sum at seedling stage on day 16 grown in an indoor farm rack with and without the application of an adjustable lampshade-type reflector (ALR). The asterisk (*) indicates significant differences found between the control and treatment (Student’s t-test; p< 0.05), while different Greek alphabets (α, β, and χ) and the lowercase letters (a, b, and c) indicate significant differences among all the zones with and without the application of ALR (Nzone1 = 45, Nzone2 = 38, Nzone3 = 32, Nzone4 = 26, Nzone5 = 19, one-way ANOVA; Tukey multiple-comparison; p< 0.05).



The influences of ALR on the DW of choy sum seedling, shoot, root, and total leaf, as well as on the DW-based harvest index and shoot/root ratio, were likewise subsequently evaluated (Figure 9). Compared with the control, the DW of an average seedling and shoot in zone 5 was significantly increased by up to 14% and 18%, respectively. However, only root DW in zone 2 was remarkably decreased instead. Except for that, there was no significant difference found in other zones between the control and the ALR of 32° included angle (Figures 9A–C). For total leaf DW, the implemented ALR resulted in a significant increase by up to 22% and 24% in zones 2 and 5, respectively, compared with the control (Figure 9D). Particularly, a significant increase in the DW-based harvest index among all the zones was observed due to the ALR implementation (Figure 9E). Moreover, similar outcomes among the zones were found in the DW-based shoot/root ratio, except for zone 4 (Figure 9F). When comparing the DW of seedling, shoot, root, and total leaf among all the zones within the same group, no significant difference in the DW of all parts of choy sum was observed in the ALR group. In the control group, however, the DW values of these parts in choy sum were fluctuating across the zones (Figures 9A–D). These findings again indicated that the ALR implementation could increase the developmental uniformity of choy sum seedlings among the different zones of an IFR shelf.




Figure 9 | Comparison of the dry weight (DW) of (A) seedling, (B) shoot, (C) root, and (D) total leaf as well as (E) DW-based harvest index and (F) DW-based shoot–root ratio of choy sum at seedling stage on day 16 grown in an indoor farm rack with and without the application of an adjustable lampshade-type reflector (ALR). The asterisk (*) indicates significant differences found between the control and treatment (Student’s t-test; p< 0.05), the lone Greek alphabet (α) indicates that there is no significant difference found among all the zones with the application of ALR, and the lowercase letters (a, b, and c) indicate significant differences among all the zones without the application of ALR (Nzone1 = 45, Nzone2 = 38, Nzone3 = 32, Nzone4 = 26, Nzone5 = 19, one-way ANOVA; Tukey multiple-comparison; p< 0.05).



The morphological response of choy sum seedlings to the implemented ALR showed a similar outcome. The average TLA of each seedling in all the zones increased by up to 34%, compared with the control (Figure 10A), which was primarily because the implemented ALR increased the PPFD and PPED on the cultivation shelf by reflecting stray light back (Figures 7C–F), provided that the light intensity was below choy sum’s light saturation point (Huang et al., 2021b). The ALR group also did not have any significant difference among all the zones, while the control group showed a gradual and remarkable increase, indicating that the implemented ALR helped to achieve a more uniform leaf development across all the zones (Figure 10A). In addition, under both the control and ALR conditions, the shoot HL from zones 1 to 5 were gradually and significantly shortened, pointing towards the fact that the PPFD and PPED at the shelf center were significantly higher than those at the brim, as choy sum HL was found to be negatively related to light intensity in our earlier studies (Huang et al., 2021b). However, the shortening of HL in the control group was more significant than that of the ALR group, and the control group HL in some zones, such as zones 3 and 4, were markedly shorter than those in the ALR group. This revealed that the more uniform HL was achieved by the implemented ALR compared with the control (Figure 10B).




Figure 10 | Comparison of the (A) total leaf area, (B) hypocotyl length, (C) hypocotyl diameter, and (D) root length of choy sum at seedling stage on day 16 grown in an indoor farm rack with and without the application of an adjustable lampshade-type reflector (ALR). The asterisks (*) indicate significant differences found between the control and treatment (Student’s t-test; p< 0.05), while different Greek alphabets (α, β, and χ) and the lowercase letters (a, b, and c) indicate significant differences among all the zones with and without the application of ALR (Nzone1 = 45, Nzone2 = 38, Nzone3 = 32, Nzone4 = 26, Nzone5 = 19, one-way ANOVA; Tukey multiple-comparison; p< 0.05).



Looking into the shoot HD, the control group did not show any significant difference across all the zones, while the ALR group had a gradual increase from zones 1 to 5, which also led to significantly higher HD in some zones (i.e., 2, 3, and 5) than the control group (Figure 10C). The positive correlation between light intensity and choy sum hypocotyl diameter could explain the current HD results (Huang et al., 2021b). Regarding RL, no significant difference was found either between the control and ALR conditions or across the zones under the same condition (Figure 10D). In short, the morphological responses of choy sum seedling to the implemented ALR indicated that ALR could help to facilitate a more uniform morphological development of choy sum seedling along a cultivation shelf.

Observing the moisture variations of seedling, shoot, and root between the control and ALR groups and across the zones within the same group, there was not any significant difference found (Figures 11A–C). Furthermore, except PE in zone 5 under the ALR condition, which was remarkably higher than that under the control, PE in other zones between the control and ALR groups as well as across zones 1 to 4 within the same group did not demonstrate any significant difference (Figure 11D). The PE as presented here is a vital index that represents a plant’s capability to capture and convert light energy into its chemical potential energy (Huang et al., 2016; Huang et al., 2021b).




Figure 11 | Comparison of the moisture of (A) seedling, (B) shoot, and (C) root as well as (D) photosynthetic efficiency of choy sum at seedling stage on day 16 grown in an indoor farm rack with and without the application of an adjustable lampshade-type reflector (ALR). The asterisks (*) indicate significant differences found between the control and treatment (Student’s t-test; p< 0.05), while the lone Greek alphabet (α) and the lowercase letter (a) indicate that there are no significant differences found among all the zones with and without the application of ALR (Nzone1 = 45, Nzone2 = 38, Nzone3 = 32, Nzone4 = 26, Nzone5 = 19, one-way ANOVA; Tukey multiple-comparison; p< 0.05).





Effect of ALR application on the pigments of choy sum shoot

As for the pigment responses of choy sum shoots to ALR application, the levels of chla, chlb, and Tchl, as well as TC, under the control and ALR conditions were investigated (Figure 12). There was no significant difference in the levels of chla and Tchl between the control and ALR groups and also across the zones within the same group. The level of chlb in the control group was statistically the same across all the zones (Figures 12A–C). This revealed that the presence of ALR did not affect the biosynthesis of chlorophyll pigments significantly. However, the level of chlb in the ALR group remarkably decreased from zones 1 to 5 (Figure 12C). As chlb is normally negatively correlated to light intensity (Li et al., 2012; Huang et al., 2021a), the reduction of chlb level from zones 3 to 5 was consistent in such a way that the light intensities across these areas were significantly enhanced through the ALR application (Figures 7C, 12C). On the contrary, the levels of TC in the control and ALR groups did not show any significant difference across the zones within the same group. Nevertheless, significant differences were found between the control and ALR groups. The levels of TC in all five zones of the ALR group were all markedly higher than their counterparts in the control group by up to 45% (Figure 12D). It was well documented in the literature that carotenoids might possess a light-harvesting property and function in the energy transfer process through capturing purple to blue light photons and delivering energy to chla molecules for photosynthesis (Nurachman et al., 2015; Huang et al., 2017). Therefore, the enhanced TC level in the ALR group could be due to the improved light environment on the cultivation shelf, such as higher PPFD and PPED and more uniform light distribution, thus inducing carotenoid biosynthesis to seize more light energy to support plant growth (Figures 6C, D, 7C, D, 12D). As carotenoids have been shown to benefit human wellness by acting as antioxidants, anti-inflammatory agents, and anti-cancer compounds (Huang et al., 2017), the implementation of ALR could thus be proposed as an effective approach to improve the nutritional quality of choy sum shoot while using the same amount of electricity as the control.




Figure 12 | Comparison of the concentration of (A) total chlorophylls, (B) chlorophyll a, (C) chlorophyll b and, (D) total carotenoids as well as (E) chlorophyll a/b ratio and (F) total carotenoids/chlorophyll a ratio of choy sum shoots at seedling stage on day 16 grown in an indoor farm rack with and without the application of an adjustable lampshade-type reflector (ALR). The asterisks (*) indicate significant differences found between the control and treatment (Student’s t-test; p< 0.05), the lone lowercase letter (a) indicates that there is no significant difference found among all the zones without the application of ALR, and different Greek alphabets (α, β, χ, and δ) indicate significant differences found among all the zones with the application of ALR (Nzone1 = 6, Nzone2 = 6, Nzone3 = 6, Nzone4 = 6, Nzone5 = 6, one-way ANOVA; Tukey multiple-comparison; p< 0.05).



To further observe two essential parameters—chla/chlb and TC/chla ratios—that are closely related to photosynthesis and light stress (Filella et al., 2009; Huang et al., 2020; Huang and Cheung, 2021), the chla/b ratio in the ALR group was found to increase sharply from zones 1 (which had relatively low PPFD) to 5 (which had relatively high PPFD) compared with the control group that did not show any significant difference across the five zones. However, the chla/chlb ratio at the shelf brim (i.e., zone 1) in the ALR group was remarkably lower than that in the control group, while the ratio at the shelf center (zones 4 and 5) was markedly higher than that of the control (Figure 12E). It was clear that the significant increase of chla/chlb ratio from zones 1 to 5 was corresponding to the reduction of the chlb level (Figure 12C). The upregulation of this parameter could help to minimize the size of auxiliary light-harvesting chlorophyll antenna for maximizing PE (Figure 11D) (Melis, 2009; Huang and Cheung, 2021).

On the other hand, the TC/chla ratio of the ALR group was found to be significantly higher than its counterpart in the control group across all the zones except zone 2. Nevertheless, there was no significant difference across the zones within the same group (Figure 12F). Although the TC/chla ratio is usually recognized as an indicator of light stress because one of carotenoid’s role is to scavenge reactive oxygen species induced by light stress (Filella et al., 2009), the current results seemed to support the other role of carotenoid, as a light-harvesting tool, that was described earlier. Because the light-harvesting complexes of photosystem II (LHC II) in vegetables are usually more than one type and the carotenoid compositions in the respective LHC II are commonly different (Phillip and Young, 1995), the wane and wax of LHC II under different plant growth conditions have potential to upregulate the TC proportion of LHC II. Thus, it was possible that a stable chla level was maintained, whereas a higher TC level in the vegetable was achieved when the environment was changed (Figures 12B, D, F). However, future studies should look into the profile of carotenoid in our choy sum case for clarification. It is worth noting that the implementation of ALR in this study was not intended to generate a light stress environment for plants, which could be further proved by the TPC and DPPH results (Figure 13) that are to be discussed in the following section. Overall, the TC/chla ratio in the ALR group was significantly enhanced by up to 52.5% compared with that of the control group (Figure 12F).




Figure 13 | Comparison of the (A) total phenolic content and (B) 2,2-diphenyl-1-picrylhydrazyl of choy sum shoots at seedling stage on day 16 grown in an indoor farm rack with and without the application of an adjustable lampshade-type reflector (ALR). Different Greek alphabets (α and β) and the lowercase letters (a, b, and c) indicate significant differences among all the zones with and without the application of ALR (Nzone1 = 6, Nzone2 = 6, Nzone3 = 6, Nzone4 = 6, Nzone5 = 6, one-way ANOVA; Tukey multiple-comparison; p< 0.05).





Effect of ALR application on total phenolic contents and the antioxidant capacity of choy sum shoot

Phenolic compounds are the essential secondary metabolites found in plants, which function in the protection of plants against biotic and abiotic stresses (Wong et al., 2020). Thus, they could be utilized as indicators to check whether the plants are under a stressed light environment or not. In this work, the TPC and DPPH assays were conducted to compare the level of antioxidant-related metabolites and the antioxidant activities of choy sum shoots cultivated on an IFR shelf with and without the implementation of an ALR. As shown in Figures 13A, B, the implementation of ALR did not significantly influence the TPC and DPPH values of choy sum shoots across all the zones, indicating that the PPFD and PPED distribution along the cultivation shelf was more uniform by using an ALR compared with the reflector-free control. The TPC and DPPH values in the control group were fluctuating across the zones due to the fluctuating light distribution in the absence of ALR (Figures 6C, D). Owing to the uneven distribution of PPFD and PPED under the control, the levels of phenolics in some zones, such as zones 2 and 5, were markedly higher than those in the ALR group (Figure 13A). However, this led to the heterogeneity of choy sum seedling quality along the shelf in the absence of ALR.




Conclusion

The implementation of an ALR with optimized angle, distance, etc., can minimize the distribution differences of temperature and relative humidity along an IFR cultivation shelf. It can also enhance the PPFD and PPED distribution along the cultivation shelf. Such improvements could significantly improve the growth and morphological traits, including the nutritional quality of choy sum seedlings in indoor farm practice. In short, the ALR designed in this study is suitable and efficient to be applied in indoor plant factories for leafy vegetable production. According to the relative scale between the reflective board and the shelf setting in IFR used in this study, the proportion of board width and distance between the light source and the tray surface is suggested to be 10:12 to achieve the optimal growth and quality improvement of plant. The ALR can be adapted further for diverse growth systems and plant species. Future studies should be focused on the effects of combined ALR and red/blue lights as the light source and photoperiod as well on the growth and quality of vegetable seedlings in order to further reduce power consumption and enhance the energy conversion efficiency in indoor farming.



Nomenclature

%RH, relative humidity; ALDA, available light distribution area; ALR, adjustable lampshade-type reflector; AWA, acetone–water–acetic acid; Chla, chlorophyll a; Chlb, chlorophyll b; DPPH, 2,2-diphenyl-1-picrylhydrazyl; DW, dry weight; FCR, Folin–Ciocalteu’s phenol reagent; FW, fresh weight; GAE, gallic acid equivalents; GUI, graphical user interface; HD, hypocotyl diameter; HI, harvest index; HL, hypocotyl length; IFR, indoor farm racks; LDU, light distribution uniformity; LED, light-emitting diode; PAR, photosynthetically active radiation; PE, photosynthetic efficiency; PPED, photosynthetic photon energy density; PPFD, photosynthetic photon flux density; RL, root length; ROS, reactive oxygen species; SD, standard deviation; TC, total carotenoids; Tchl, total chlorophylls; TE, Trolox equivalents; TLA, total leaf area; TPC, total phenolic content.
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Lettuce Strawberries

Plant/fruit weight (1) @plant 180 800
Planting density (2) 10, of plant/m? 80 10
Crops harvested per year (3) H 25
Yield per year kg/m?/year 115 20
(4) = (1)*(2)*(3)/ 1000

Harvest loss (5) % 5 5
Output selling price (6) USS/kg 1 50
Revenue (7) = (4)°(1-(5)"(6) ~ US$/m?fyear 1204 950
Current production costs

Labor USS$/m?/year 279 175
Electricity US$/m?/year 166 199
Seeds and nutrients US$/m?/year 86 201
Water and others US$/m?/year 12 12
Packaging and logis US$/m?year 157 205
Total (8) USs$/m?/year 700 791
Surplus (9) US$/m?/year 504 1270

For details of the estimation and sources of the data, see the second section of
Supplementary Material.

bAdjusted for the 20% reduction in the planted area due to the labor work setting for
SEw DTy oL
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#3

Regression number Regression #1 Regression #2 Regression

For all PFAL samples (n=26)  For PFALs above average (1 = 18)°  For PFALs below average (n = 8)

Coeffi. Prob. Coeffi. Prob. Coeffi. Prob.
Ln (Plantable area) -0.201 8.3E-05 ~0.171 5.9E-06 -0.283 0.001
Year 0.048 0.008 0.030 0.028
High-Tech PFAL 0.426 0.011 0.278 0.005
Low-Tech PFAL -0.844 0.006 -0.806 0.005
China 0319
EU 0413 0125 0417
United States 0003 0.992 ~0.061 0.669
Canada 0192 0.267 0169 0.105
Intercept -87.7 0.014 508 0.054 9.03 1.2E-06
R 0824 0919 0.890
Degree of freedom 17 1 5

*The estimation results of Eq. 3, with the following additional explanatory variables to control “errors and biases " The regression equation to be estimated for the full model of Regression
#1is as follows:

Ln (Unit construction cost) = a + b Ln (Plantable area) + ¢ Year + ¢, High-Tech PFAL + c3 Low-Tech PFAL +c4 China + cs EU + cg United States + ¢; Canada,

where Year = the year the PFAL was constructed, designed, or referred to; High-Tech PFAL =  dummy variable taking 1 ifa sample PFAL is said to be with high-technology and 0 if not;

Low-Tech PFAL = a dummy variable taking 1 if a sample PFAL is said to be with low-technology and 0 if not; China, EU, United States, and Canada are all dummy variables taking 1
ifa sample PFAL is from China, EU, United States, or Canada, respectively, and 0 if not; and a, b, and ¢1~c; are regression coefficients to be estimated. The base country for the country
dummy variables is Japan.

In the table, “Coeffi” stands for regression coefficients estimated and “Prob.” for the provability that the null hypothesis that the estimated regression coefficient is not staistically different
from 0 s accepted. The probability that is smaller than 0.001 is shown in the index form, e.¢.,8.3 E-05 =

3 1075, The coefficients that are shown in bold letters are staistically significant
at p < 0.
PR2 of the simple regression (11 = 26) is 0.160 (p = 0.0428).

“For the 18 PFALS which are located on and above the regression line in Fi
but within the neighborhood less than US$ 100/m in the vertical distance. R? of the simple regression (11 = 18) is 0.

¢ 14, The PFALS “on” the regression line are defined as those which are located below the regression line
54 (p = 3.0E-06).
e 1A, Because of the small degree of freedom, the regression equation shown is the only one which gives significant

AFor the 8 PFAL which are located below the regression line in Fiy
sl B oF e shiinks vharsng 0 = 8) is GaTLLE
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PFAL  Total Cultivation- PFAL  Planting Total Unit Technology ~ Year! Country Source

ID  plantable zonefloor building racktiers construction construction level® D°

area® area®  floor area cost cost

1)=(2)"G) @ 3) @) (8)=@/(1)
m? m? m? Us $000 US $/m?
L 100,000 10,000 19,491 10 115,891 1,159 High 2020 United 1
States
2 26,013 2,008 6,410 13 39,000 1,499 High 2019 United 2
States

20,000 1,250 2,625 16 1,632 High 2015 EU 3
4 4,000 1,000 2,500 4 668 2011 Japan -
5 3,780 315 930 12 1,665 2021 Japan 5
6 3,600 360 1,800 10 758 2019 Japan 6
7 3528 321 1,000 11 2,023 High 2017 Japan 7
8 3,500 292 1,319 12 1,299 2013 Japan 6
9 3,380 338 676 10 1,062 2010 Japan 8
10 2,520 315 930 8 2,150 2021 Japan 5
1 2,184 364 1,000 6 1,469 2016 Japan s
12 1,500 167 782 9 2,121 High 2018 Japan 6
13 1,370 274 391 5 1,825 2021 Canada 10
14 1,300 130 498 10 1,818 2013 Japan 11
15 1,225 175 350 7 1,143 2013 Japan 12
16 1,050 88 357 12 1911 2021 Japan 5
17 700 88 357 8 2,492 2021 Japan 5
18 525 ax 165 12 2,304 2021 Japan 5
19 400 100 417 4 3,409 High 2016 Japan 6
20 350 44 165 8 3,004 2021 Japan 5
21 134 22 28 6 145 1,080 Low 2021 Canada 10
22 112 22 28 5 100 893 Low 2021 China 13
23 89 22 28 4 237 2,652 2021 Canada 10
24 61 20 28 3 160 2,609 2021 Canada 10
25 52 10 15 5 60 1,152 Low 2020 China 14
26 12 3 3 ] 50 4,167 2020 Japan 14

“The summation of the area of planting trays. For efinitions of this and other variables, see sub-section 1-1 of Supplementary Material.

®The total floor area taken by planting ra the total bottom area of planting racks.

“The level of technalogy related to the systems of hydroponic production, environment control, and automation of cultivation works, adopted by PALS. Three levels are distinguished:
high (highly advanced, highly automated), average, and low (more primitive, more dependent on manual labor). The PALS with high technology are those so announced in the data
sources. PFALs with low technology are partly those so announced in the sources and partly so identified by the authors. The PFALS, for which this column is blank are of the average
technology or those with no information on the technology level.

AThe year the PFAL was constructed or designed, or its information was uploaded online.

¥IT% shiwing dais somifcms, witich aoe aplkirard i Sdpnkieiiney Thide 81
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Lettuce Strawberries

The above-average PEALs® 38 m? 115,697 m?
The average PFALs® 17 m? 16,131 m?

*Estimated as A* in Eq. § in the text. The surplus in lettuce and strawberries production
are given in Table 3. The assumed levels of LS (life span of PFALS), a (the ratio of
maintenance expenditures to the total investment), and r (interest rate) are 15 years,
1.5%, and 5%, respectively. For details, see the third section of Supplementary Material.
bBased on Regression #2 in Table 2, s depicted in Figure IB.
“Based on Regression #1 in Table 2, as depicted in Figare 1A.
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Daily Light Integral (mol m™d”)  Photoperiod (h) Electricity Cost ($ g~ FW)

Amaranth Collard Greens Green Basil Purple Basil

14 16 041 £ 0.01* 0.13 +0.02° 0.65 + 0.01" 0.44 £ 0.03*"
24 0.27 £ 0.02° 0.10 £ 0.01¢ 0.60 = 0.01¢ 034 £ 0.02¢
21 16 045 £ 0.02* 0.18 £ 0.02* 0.76 £ 0.02* 0.48  0.04*
24 0.28 = 0.02° 0.14 + 0.01° 0.66 + 0.02° 039 +0.03%
Daily Light Integral 0.2999 0.0001 0.0003 0.0085
Photoperiod <0.0001 0.0005 <0.0001 0.0002
Daily Light Integral*Photoperiod 0.5666 0.2023 0.1729 0.1824

All electrical prices are for Ontario, Canada and were obtained from the Independent Electricity System Operator (IESO, 2022) for the given production periods (Supplementary Table 1),
All prices are in Canadian dollars. Electricity usage was calculated using the Flexstar 645W with appropriate dimming capabilities to reach the desired light intensities (Table 1). Electricity
costs are calculated by using the total electricity costs related to lighting for each production period (i.e., replicate) and dividing that by the actually fresh biomass produced in said
production period. Values presented are the means of three growth trials, each representing one replicate + the standard error of the means. Different letter groups (A, B, C) represent
statistical differences as determined by a two-way ANOVA within each parameter at p<0.05.
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Daily Light Integral (mol m™ d”) Photoperiod (h) Height (cm) Fresh Weight (g) EUEL (g FW MJ") % Dry Matter

Purple Basil cv. ‘Red Rubin’

14 16 3.02 +0.18" 10.67 + 0.50" 043 +0.02%¢ 720 + 0.51*
24 3.17 £ 0.13%% 12,07 + 032" 0.49 £ 0.01* 7.05 + 0.88*
21 16 321 £ 015" 14.77 £ 0.67* 0.40 £ 0.01¢ 753 + 058"
24 330 £ 0.10" 1553 £ 0.71% 0.44 = 0.01° 7.75 £ 0774
Daily Light Integral 0.0104 0.0001 0.0330 0.0398
Photoperiod 0.0329 0.0480 0.0197 0.8678
Daily Light Integral*Photoperiod 0.5624 0.4964 0.5373 0.3966

Height was subsampled at five locations within the tray at the end of each of the three respective growth trials. Values presented are the means of three replicates, one from each trial + the
standard error of the means. Different letter groups (A, B, C) represent statistical differences as determined by a two-way ANOVA within each parameter at p<0.05.
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Daily Light Integral (mol m™ d™)

21

Daily Light Integral
Photoperiod
Daily Light Integral*Photoperiod

Photoperiod (h)

16
24
16
24

Height (cm)  Fresh Weight (g)

Green Basil cv. ‘Genovese’
275 £0.12¢
299 +0.13%
298 +0.08"
3.28 £0.15%
0.0003
0.0003
0.4284

16.33 + 1.05°
20.30 £ 0.97"
19.30 + 047"
2337 +0.58*
0.0010
0.0002
09245

EUEL (g FW MJ™)

0.66 + 0.04%
0.82 + 0.04*
052 +0.01¢
0.64 +0.02°
0.0002
0.0005
0.3046

% Dry Matter

10.17 £ 1.20*
1029 + 0.50*
1173 + 0.44*
1093 £ 0.75%
0.0378
0.4453
0.3040

Height was subsampled at five locations within the tray at the end of each of the three respective growth trials. Values presented are the means of three replicates, one from each trial + the
standard error of the means. Different letter groups (A, B, C) represent statistical differences as determined by a two-way ANOVA within each parameter at p<0.05.
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Daily Light Integral (mol m™ d™)

21

Daily Light Integral
Photoperiod
Daily Light Integral*Photoperiod

Photoperiod (h)

16
24
16
24

Height (cm)  Fresh Weight (g)

Collard Greens cv. ‘Vates”
344 £ 02248
3.88 +0.06"
3.09 +0.22°
3.64 £ 0.22°%
0.0888
0.0153
0.7032

20.40 = 1.81%
23.37 £ 2.28*®
22.40 + 229"
24.70 + 2.39%
0.0420
0.0066
0.6248

EUEL (g FW MJ ™)

0.82 £ 0.07"
0.95 + 0.09*
0.60 + 0.06°
0.67 + 0.07¢
<0.0001
0.0061
02994

% Dry Matter

9.87 £ 0.04°
9.98 + 047"
1195 + 0.11*
13.23 + 0.24%
<0.0001
0.0425
0.0757

Height was subsampled at five locations within the tray at the end of each of the three respective growth trials. Values presented are the means of three replicates, one from each trial+ the
standard error of the means. Different letter groups (A, B, C) represent statistical differences as determined by a two-way ANOVA within each parameter at p<0.05.
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Daily Light Integral (mol m™ d”)  Photoperiod (h)  Height (cm) Fresh Weight (g) EUEL (g FW MJ") % Dry Matter

Amaranth cv. ‘Garnet Red’

14 16 432 +0.16"" 647 +0.29¢ 0.26 + 0.01° 7.12 +0.12¢
24 4.65 +0.19* 8.53 + 058" 0.35 + 0.02* 7.38 + 0.255¢
21 16 391 +0.32% 8.90 + 0.59" 0.24 £ 0.02° 7.92 £ 0.17°
24 4.55 = 0.09" 1247 + 0.61% 0.34 £ 0.02* 876 +0.13"
Daily Light Integral 0.0624 <0.0001 0.2441 0.0004
Photoperiod 0.0048 0.0001 0.0001 00111
Daily Light Integral*Photoperiod 0.2126 0.0628 0.5036 0.1062

Height was subsampled at five locations within the tray at the end of each of the three respective growth trials. Values presented are the means of three replicates, one from each trial + the
standard error of the means. Different letter groups (A, B, C) represent statistical differences as determined by a two-way ANOVA within each parameter at p<0.05.
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Treatment (DLI/photoperiod) PPED (umol m™ s™) DLI (mol m™ d™) Photoperiod (h)

14DLI/16h 250.8 + 2.1 145+ 0.1 16
14DLI/24h 166.6 + 2.7 144 0.2 24
21DLI/16h 376.8 + 1.7 21.7 £0.1 16

21DLI/24h 2476 +79 214 £0.7 24
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DPPH
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Total Anthocyanin Content
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(mg C3G g™ DW)

1000 A

800

600 -

400 -

200 A

2500 -

2000 4

1500

1000 -

500 -

600 -

400 A

200

A

I 14DLI/16h
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AAAA

Amaranth

Collard Greens Green Basil Purple Basil

Microgreen

Amaranth:

DLI: p=0.5796; photoperiod:

DLI*photoperiod: p=0.7615
Collard Greens:

DLI: p=0.0836; photoperiod:

DLI*photoperiod: p=0.5707
Green Basil:

DLI: p=0.0001; photoperiod:

DLI*photoperiod: p=0.0116
Purple Basil:

DLI: p=0.9719; photoperiod:

DLI*photoperiod: p=0.6406

Amaranth:

DLI: p=0.9356; photoperiod:

DLI*photoperiod: p=0.2833
Collard Greens:

DLI: p=0.1084; photoperiod:

DLI*photoperiod: p=0.5757
Green Basil:

DLI: p=0.3662; photoperiod:

DLI*photoperiod: p=0.3843
Purple Basil:

DLI: p=0.4666; photoperiod:

DLI*photoperiod: p=0.6265

Amaranth:

DLI: p=0.0589; photoperiod:

DLI*photoperiod: p=0.0649
Collard Greens:

DLI: p=0.8319; photoperiod:

DLI*photoperiod: p=0.3200
Green Basil:

DLI: p=0.5964; photoperiod:

DLI*photoperiod: p=0.9672
Purple Basil:

DLI: p=0.1556; photoperiod:

DLI*photoperiod: p=0.4161

Amaranth:

DLI: p=0.0432; photoperiod:

DLI*photoperiod: p=0.5464
Collard Greens:

DLI: p=0.9072; photoperiod:

DLI*photoperiod: p=0.8945
Green Basil:

DLI: p=0.1123; photoperiod:

DLI*photoperiod: p=0.6229
Purple Basil:

DLI: p=0.7670; photoperiod:

DLI*photoperiod: p=0.4113

p=0.3227

p=0.5442

p=0.2365

p=0.5358

p=0.6302

p=0.8629

p=0.5668

p=0.8374

p=0.1298

p=0.7740

p=0.6295

p=0.8561

p=0.5011

p=0.4987

p=0.1416

p=0.1671
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Chlorophyll a:b Chlorophyll b (mg g™ DW) Chlorophyll a (mg g™ DW)

Carotenoids (mg g™ DW)

12

Amaranth

Collard Greens

Microgreen

Green Basil

I 14DLI/16h
[ 14DLI/24h
I 21DLI/16h
I 21DLI/24h

Purple Basil

Amaranth:

DLI: p=0.8239; photoperiod:
DLI*photoperiod: p=0.6311

Collard Greens:

DLI: p=0.0094; photoperiod:
DLI*photoperiod: p=0.0260

Green Basil:

DLI: p=0.5783; photoperiod:
DLI*photoperiod: p=0.2454

Purple Basil:

DLI: p=0.9346; photoperiod:
DLI*photoperiod: p=0.4906

Amaranth:

DLI: p=0.5485; photoperiod:
DLI*photoperiod: p=0.7356
Collard Greens:

DLI: p=0.0006; photoperiod:
DLI*photoperiod: p=0.0518
Green Basil:

DLI: p=0.3326; photoperiod:
DLI*photoperiod: p=0.6308
Purple Basil:

DLI: p=0.6649; photoperiod:
DLI*photoperiod: p=0.9754

Amaranth:

DLI: p=0.5780; photoperiod:
DLI*photoperiod: p=0.8605

Collard Greens:

DLI: p=0.0084; photoperiod:
DLI*photoperiod: p=0.3115

Green Basil:

DLI: p=0.4439; photoperiod:
DLI*photoperiod: p=0.2255

Purple Basil:

DLI: p=0.6274; photoperiod:
DLI*photoperiod: p=0.7862

Amaranth:

DLI: p=0.4687; photoperiod:
DLI*photoperiod: p=0.8835
Collard Greens:

DLI: p=0.2485; photoperiod:
DLI*photoperiod: p=0.0575
Green Basil:

DLI: p=0.5992; photoperiod:
DLI*photoperiod: p=0.2004
Purple Basil:

DLI: p=0.1079; photoperiod:
DLI*photoperiod: p=0.7794

p=0.0025

p=0.5042

p=0.0124

p=0.0040

p=0.0573

p=0.5091

p=0.0918

p=0.0239

p=0.2919

p=0.0675

p=0.2475

p=0.8513

p=0.0209

p=0.3013

p=0.1516

p=0.0594
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0472
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Adj R?

0.61
0.76
0.70

0.60
0.77
0.73

0.38
0.43
0.48

0.59
0.78
0.71

RMSE

1.28
217
3.90
2.91
0.73
1.35
2.16
1.65
0.25
0.24
0.65
0.47
0.20
0.25
0.48
0.38

NRMSE (%)

17.3
18.4
22.3
222
21.4
19.6
23.3
23.5
34.4
26.0
36.9
37.9
17.9
sl
231
22.6

p-value

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

Model equation

M(L, U) =-5.01 +2.72 L - 0.16L2 + 6.54U
ML, U) =-25.29 + 8.30 L — 0.4412 + (4.54 L —0.38L2)U
M(L, U)=-26.03 +7.62 L —-0.31L2 -73.52 U + (17.18 L - 0.80L2)U

M(L, U) = 2.42 + 39.67 U + (-12.02 L + 0.96L.2)U
ML, U) =-38.38+4.52 L —0.25L° + (2.34 L - 0.15L2)U
M(L, U)=-12.23 +3.80 L - 0.16L.2 -47.53 U + (10.88 L — 0.49L2)U

M(L, U) =0.48 + 0.18LU
M(L, U)=-1.21 + 0.48 L — 0.03L2 + (0.30 L — 0.03L2)U
M(L, U) =-0.44 +0.41 L —-0.02L2 1719 U + (3.92 L - 0.19LA)U

M(L, U) =-3.18 +1.13 L - 0.08L2 + 1.05U
M(L, U) =-1.78 + 0.64 L - 0.03L2 + 0.17LU
M(L, U) =-3.67 +0.99 L —0.04L2 + 0.14LU

TPC, total phenolic content per leaf (mg GAE per leaf); TFC, total flavonoid content per leaf (mg CE per leaf); TAC, total anthocyanin content per leaf (mg C3GE per leaf);

and UAPC, UV-absorbing pigment content per leaf (OD per leaf).

R2, the coefficient of determination; Adj R?, adjusted R2; RMSE, root mean squared error; and NRMSE, normalized RMSE (%).
Integration indicates results in the data set across all growth stages integrated from the models at each growth stage.
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DAT Leaf group UV-B energy yield

TPC (mg GAE kJ~1 day) TFC (mg CE kJ~ day) TAC (mg C3GE kJ~! day) UAPC (0D kJ~! day)
23 2 6.54 ¢ 3.14d 1.05 be 1.05e
3 6.54 ¢ 7.68b 1.53b 1.05e
30 1 13.1b 7.91b 0.89 be 0.87f
2 11.6b 8.70b 0.81 be 1.33d
3 247¢ 6.63 bc 0.23cd 1.86b
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38 8.02A 6.31 A 1.00 A 1.68 A
Leaf group 1 7.40B 439C 0.54B 091C
2 122 A 811 A 1.81A 1.30B
3 3.69C 6.06 B 0.23B 1.83A
Significance
DAT % .
P—
DAT x leaf group

TPC, yield for total phenolic content (mg GAE kJ~1 day); TFC, yield for total flavonoid content (mg CE kJ~1 day); TAC, yield for total anthocyanin content (mg C3GE kJ~1
day); and UAPC, yield for UV-absorbing pigment content (OD kJ~1 day).

Leaf groups were determined according to the order of leaf emergence and their relative growth state (Supplementary Figure 3 and Supplementary Table 1).
Different letters indicate significant differences by two-way or one-way ANOVA and post-hoc test at P < 0.05 for each parameter referring to the “Materials and
Methods” section.

*P «0.05;"P «=0.007.





OPS/images/fpls-13-929672/cross.jpg
3,

i





OPS/images/fpls-13-918170/fpls-13-918170-g006.jpg
TAC per leaf (mg C3GE) o TFC perleaf( Mg CE) w TPC per leaf (mg GAE) »

O

UAPC per leaf (OD)

DAT 30 DAT 38 DAT
301
g S o Control
r%x‘*%* o UVe6h
20+ & A UV12h
10~ __ a > »wiw ~o- Leaf group 1
i g Y ikt MR -0~ Leaf group 2
-o- Leaf group 3
0.
00 02 04 00 02 04 00 02 04
Daily UVR,, per leaf (kJ d ™)
15
10+
5-
.
0-
00 02 04 00 02 04 00 02 04
Daily UVR,, per leaf (kJ d™")
4.
3.
2-
4n e
0.
00 02 04 00 02 04 00 02 04
Daily UVR,; per leaf (kJ d™)
3. |E'_§_1|,'
2- -
0-
00 02 04 00 02 04 00 02 04

Daily UVR, per leaf (kJ d™)





OPS/images/fpls-13-918170/fpls-13-918170-g007.jpg
jea) sod odl »

ﬁ
(% 4) )Q "-eiz \} ‘ \\\\ ‘
Q 1 '("t \\ N \\"\‘ '»‘w-\\
T \\\ o
Y i
2% o
= Q)
% Z <
4 S &
A — £02
(> ‘ @ :?
£ O -z
= 0.0 5 \’3'3 -\j

YA

X L
Q‘ PO
vy 47"

'.::“."o@ ‘\,
s R

" 23DAT [ 30DAT [ 38 DAT






OPS/images/fpls-13-918170/fpls-13-918170-g008.jpg
Estimated TPC (mg GAE g-' DM)

Estimated TFC (mg CE g-!' DM)

20

15

Measured or estimated TPC (mg GAE g-' DM)

o

Measured or estimated TFC (mg CE g-' DM)

301

201

10-

30

20 -

10-

30-

201

10-

30 -

20 1

10 -

20 -

15-

10

20

19+

10-

(&)

23 DAT =

-t-
- s 3 3 ? ? ® & Measured TPC
1 Estimated TPC

30 DAT

s
**¥$$éé4,f

38 DAT

T:;L%#é éé*+¢%

4 6 8 10 12 14 16
Leaf order

23 DAT

Py % ¢ Measured TFC
& 4a ° £ Estimated TFC

30 DAT

et

38 DAT

*:i*ééé é é*té

4 6 8 10 12 14 16 18
Leaf order





OPS/images/fpls.2022.1045239/fpls-13-1045239-g007.jpg
“I'otal phenolic concentration
(mg GAE/g FW)

(¢}

Flavonoid concentration
(mg catechin/g FW)

28

22

o

=}

04

3.00

Ind
@
=3

g
=}
S

o
S

Q
=3

o
o
3

0.00

4th leaf

—oe— control

Dark
>

F I
0 025 05 1 2 5 8 12 16 24 48 72
Time points after start of treatment (h)
—e— control 4th leaf
---<--- 100 ppb

Dark
«—
F -
0 025 05 1 2 5 8 12 16 24 48 72

Time points after start of treatment (h)

B 100

0.80

0.60

Antioxidant capacity
(mM TEAC/g FW)
)
5

0.20

D o12

o
=)

0.08

0.06

2
o
14

Anthocyanin concentration
o
9
N

(ug cyanidin-3-glucoside/g FW)

o
=)
=3

4th leaf

*k

Dark

0

-—
F s el
025 05 1 2 5 8 12 16 24 48 72
Time points after start of treatment (h)
—e— control 4th leaf
---¢--- 100 ppb b

Dark
«—>

0

025 0.5 1 2 5 8 12 16
Time points after start of treatment (h)

24





OPS/images/fpls.2022.1045239/fpls-13-1045239-g006.jpg
A 24 3rd leaf B 140 [ —o—control 3rd leaf

—o— control i
Pl
- 100 ppb 1.20 i
*
g 8 2100
B g g 0.80
5 T o
2 So
g2 12 29
so § 5 0.60
= °

S S
S S = 040
20 06 EE
= °
sE Dark 0.20 Dark
= -« «—>
S o0 I - 0.00 -

0 025 05 1 2 5 8 12 16 24 48 72 0 025 05° 1 2 5 8 12 16 24 48 72

Time points after start of treatment (h) Time points after start of treatment (h)
C 400 [ —o—contal 3rd leaf D 025 - —o—contral 3rd leaf
350 | @100 ppb ---@--- 100 ppb

o
N
S

f

o
=)
5}

[

@

3
e
o

Flavonoid concentration
(mg catechin/g FW)
= N
o 9
3 8

Anthocyanin concentration
(ug cyanidin-3-glucoside/g FW)
o
3

1.00
0.05
0.50 Dark
e
0.00 /A 0.00
0 025 05 1 2 5 8 12 16 24 48 2 0 025 05 1 2 5 8 12 16 24 48 72

Time points after start of treatment (h) Time points after start of treatment (h)





OPS/images/fpls.2022.1045239/fpls-13-1045239-g005.jpg
Relative expression
(Log2 Ratio)

3 Relative expression
(Log2 Ratio) (Log2 Ratio)

Relative expression

Relative expression
(Log2 Ratio)

A PAL —oe— control
3.0 - 200 ppb

2.0
1.0
0.0
-1.0

Can —oe— control
5 - 200 ppb

(Log2 Ratio)

Relative expression

e Time points after start of treatment (h)

Time points after start of treatment (h)

F3H —o— control
- @ 200 ppb

CCHS —oe— control
6 @ 200 ppb

: -]
> -8
0.25 0'5U 1 i 5 !tﬁ 24
2 g™

il 8
] T 025 05 1 i

o=~ ws»o O

S o
B8 16 24

(Log2 Ratio)

Relative expression

Time points after start of treatment (h) Time points after start of treatment (h)

EFLS —oe— control F DFR —6— control
@ 200 ppb

20 e @-- 200 ppb 1
15
1.0
05
0.0
05
1.0
15
20

o N A O ® O

(Log2 Ratio)

U
025 05 1 2
Time points after start of treatment (h) Time points after start of treatment (h)
GUFGT

Relative expression

N

—6— control

Time points after start of treatment (h)





OPS/images/fpls.2022.1045239/fpls-13-1045239-g004.jpg
Relative expression
(Log2 Ratio)

-1.2

C
15

Relative expression
(Log2 Ratio) (Log2 Ratio)

Relative expression

Relative expression
(Log2 Ratio)

—&— control
@100 ppb

o
5 § 12 16 24

Time points after start of treatment (h)

CHS

—o— control
<@ 100 ppb

Time points after start of treatment (h)

—6— control
@ 100 ppb

L Dark
+—>

Time points after start of treatment (h)

UFGT —e— control
- <@ 100 ppb

Dark

Time points after start of treatment (h)

B C4H

e o =
o «u o

-0.5

(Log2 Ratio)

-1.0

Relative expression

-1.5

o

e 9O @ =
o » o b

—oe— control
@100 ppb

Time points after start of treatment (h)

—6— control
« @ 100 ppb

(Log2 Ratio)

Relative expression
S
»

-0.8

F DFR

3.2

(Log2 Ratio)
e o o = N
o © o S

Relative expression
o

Time points after start of treatment (h)

—6— control
..... @ 100 ppb

Dark

Time points after start of treatment (h)





OPS/images/fpls.2022.1045239/fpls-13-1045239-g003.jpg
[100 ppb for 1 days] ' [200 ppb for 1 days]

Ozone treatment Ozone treatment





OPS/images/fpls.2022.1045239/fpls-13-1045239-g002.jpg
Shoot fresh weight (g)

100 O Control 100 1 oControl T***
£100 ppb £200 ppb 1
go |-IPP : go PP
6.0 | = £ 60 f T =
g = 2 T
- = g o el
40 T = £ 40 = = =
Ty = 3 = = =
2 ===y
20 t = 520 | H = = =
=
= =1 = = 2] | — = =
0.0 L , . = 0.0 L A .
0 24 48 72 0 24 48 72
Time points after start of treatment (h) Time points after start of treatment (h)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Advanced technologies for energy saving, plant quality control and mechanization development in plant factory



		Editorial: Advanced technologies for energy saving, plant quality control and mechanization development in plant factory



		Plant quality control



		Computer vision and plant phenotype



		Economic feasibility



		Author contributions



		Acknowledgments



		Conflict of interest









		Prediction of Phenolic Contents Based on Ultraviolet-B Radiation in Three-Dimensional Structure of Kale Leaves



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Materials and Experimental Conditions



		Three-Dimensional-Scanning to Optical Simulation for Radiation Interception Analysis



		Growth Characteristics



		Phenolic Content, Antioxidant Capacity, and Photosynthetic Pigment Content



		Sample Preparation



		Total Phenolic Content and Total Flavonoid Content



		Total Anthocyanin Content and UV-Absorbing Pigment Content



		Antioxidant Capacity



		Photosynthetic Pigment Content









		Multiple Regression Model and Ultraviolet-B Yield



		Statistical Analysis









		RESULTS



		Ultraviolet-B Radiation Interception According to Leaf Group and Growth Stage



		Age-Dependent Changes in Phenolic Content According to Ultraviolet-B Radiation



		Prediction Models of Phenolic Content Based on Ultraviolet-B Radiation Interception and Leaf Order According to Growth Stage



		Ultraviolet-B Energy Yields for Phenolic Content With Growth Stage









		DISCUSSION



		Narrowband Ultraviolet-B Radiation on Plants



		Effect of Ultraviolet-B Radiation on Phenolic Content in Plants



		Ultraviolet-B Radiation Interception on Plant Structures



		Predicting Models of Phenolic Content in Three-Dimensional Plant Structures



		Application to Phenolic Production in the Food System









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Technological Advancements and Economics in Plant Production Systems: How to Retrofit?



		INTRODUCTION



		RETROFITTING IN PLANT PRODUCTION SYSTEMS



		PROBLEM FORMULATION



		Expenditures in Retrofitting a Plant Production System



		Initial Cost of Investment



		Energy Consumption Cost



		Replacement and Maintenance Cost



		Total Expenditure in Retrofitting a Plant Production System









		The Net Profit Derived From Retrofitting a Plant Production System



		Net Profit From Improved Productivity



		Net Profit From Savings in the Cost of Labor









		Optimization Model



		Objective 1: Expenditure for Retrofitting a Plant Production System



		Objective 2: Net Profit From Retrofitting a Plant Production System



		Constraints in Carrying Out Retrofits



		Selection of Sensors and Network Controller for Retrofitting



		Selection of Layouts for Retrofitting















		The Search Algorithm Used in This Study



		Experimental Design and Data Used in the Simulation



		Computation of Impact of Automation on Labor









		SIMULATION RESULTS AND DISCUSSION



		Measures, Cost of Expenditure, and Profit for Retrofitting Case 1 Plant Production Systems



		Measures, Cost of Expenditure, and Profit for Retrofitting Case 2 Plant Production Systems



		Measures, Cost of Expenditure, and Profit for Retrofitting Case 3 Plant Production Systems



		Impact of Labor Cost and Productivity on Return in Investment in Retrofitting















		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		A short-term cooling of root-zone temperature increases bioactive compounds in baby leaf Amaranthus tricolor L.



		Introduction



		Materials and methods



		Plant material and cultivation condition



		Root-zone temperature treatments



		Yield, leaf water content, and leaf morphology



		Biochemicals determination



		Chlorophyll and carotenoid concentrations



		Betalain concentration



		Anthocyanin concentration



		Total phenolic and flavonoid concentrations



		Total antioxidant capacity



		Ascorbic acid concentration









		Statistical analysis









		Results



		The optimization of RZT and treatment period



		The establishment of RZTs integration regime









		Discussion



		Growth and photosynthesis-related pigments



		Bioactive compounds



		Effect of cooling root-zone temperature integration









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Acknowledgments



		Supplementary materials









		Automatic monitoring of lettuce fresh weight by multi-modal fusion based deep learning



		Introduction



		Materials and methods



		Dataset



		Data preprocessing and augmentation









		Multi-modal fusion model



		System pipeline for the model



		Leaf segmentation network



		Geometric traits extraction



		Multi-branch regression network









		Experimental design and implementation









		Results and discussion



		Analysis of the distribution of the lettuce dataset



		Evaluation of leaf segmentation and geometric traits



		Fresh weight estimation results



		Model performance across different varieties









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		Effects of light quality on growth, nutritional characteristics, and antioxidant properties of winter wheat seedlings (Triticum aestivum L.)



		Introduction



		Materials and methods



		Light treatments



		Cultivation conditions



		Growth characteristics



		Sampling



		Determination of soluble sugar and protein contents



		Determinations of malondialdehyde, glutathione, and ascorbic acid contents



		Determination of total flavonoids, triterpenes, and polyphenols contents



		Determination of antioxidant activities



		Antioxidant enzymes activities



		Statistical analysis









		Results



		Growth characteristics



		Soluble sugar and soluble protein



		Total flavonoids, triterpenes, and polyphenols



		Lipid peroxidation and antioxidants



		Antioxidant enzymes



		Antioxidant capacity



		Comprehensive effects of light qualities on plant growth, nutrition, and antioxidant properties









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References









		Effects of light-emitting diode spectral combinations on growth and quality of pea sprouts under long photoperiod



		Introduction



		Materials and methods



		Experimental design



		Plant growth condition



		Measurement of growth characteristics



		Antioxidant capacity



		Nutrition parameters



		Statistical analysis









		Results



		Effects of light spectral combinations on growth characteristics of pea sprouts



		Effects of different light quality combinations on antioxidant capacity of pea sprouts



		Effects of different light quality combinations on yield and quality of pea sprouts



		Principal component analysis of indicators of pea sprouts under different light quality combinations



		Correlation analysis between R: B ratio and various indicators of pea sprouts









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References









		Economies of scale in constructing plant factories with artificial lighting and the economic viability of crop production



		Introduction



		Materials and methods



		Methods



		Economies of scale



		The breakeven minimum scale of PFALs



		Crops to be examined









		Data requirements and data collection









		Results



		Estimation of economies of scale in PFAL construction



		PFAL construction cost



		Economies of scale









		The economically viable minimum scale of PFALs



		Crop performance in PFALs and other assumptions



		PFALs’ breakeven minimum scales



		Lettuce



		Strawberries















		Sensitivity tests









		Discussions



		Economies of scale in PFAL construction



		Economically viable crops in PFAL production



		Vulnerability in crop production in PFALs



		PFALs’ optimum scale?









		Conclusion



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		Continuous lighting can improve yield and reduce energy costs while increasing or maintaining nutritional contents of microgreens



		1 Introduction



		2 Materials and methods



		2.1 Plant materials and lighting treatments



		2.2 Growth measurements



		2.3 Photosynthetic pigment analysis



		2.4 Antioxidant assays



		2.4.1 DPPH (2,2-diphenyl-1-picrylhydrazyl) assay



		2.4.2 FRAP (ferric reducing antioxidant power) assay



		2.4.3 Total phenolic content



		2.4.4 Total anthocyanin









		2.5 Electricity Cost Calculation



		2.6 Statistics









		3 Results



		3.1 Plant growth and yield



		3.2 Photosynthetic pigments



		3.3 Antioxidants









		4 Discussion



		4.1 Continuous lighting and microgreen growth



		4.2 Maintaining nutritional content during CL production



		4.3 Continuous lighting can improve yield and lower electricity cost









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		CO2 enrichment in greenhouse production: Towards a sustainable approach



		Introduction



		Effects of CO2 enrichment on greenhouse crops



		Current CO2 enrichment technologies



		Atmosphere ventilation



		Compressed CO2



		Carbonaceous fuel burning



		Chemical reaction



		Compost fermentation









		Control strategies of CO2 enrichment



		Spatial distribution



		Period setting



		Concentration control









		Directions for future CO2 enrichment



		Agro-industrial symbiosis system (AIS)



		Interdisciplinary-application of carbon capture and utilization (CCU)



		Optimization of CO2 assimilation in C3 crops via biotechnologies









		Outlook



		Author contributions



		Funding



		Conflict of interest



		References









		Using leaf spectroscopy and pigment estimation to monitor indoor grown lettuce dynamic response to spectral light intensity



		1 Introduction



		1.1 Semi- and fully- controlled environment agriculture for predictable crop yield and quality



		1.2 Controlled light stress application to enhance morphological and nutritional plant quality



		1.3 Detection of changes in leaf biochemistry to monitor plant performance and quality









		2 Materials and methods



		2.1 Experimental design



		2.2 Plant growth conditions and light treatments



		2.3 Plant measurements



		2.3.1 Measurements of leaf optical properties



		2.3.2 Estimation of leaf pigments from leaf reflectance and transmittance



		2.3.3 Extraction and quantification of leaf pigments



		2.3.4 Measurements of chlorophyll a fluorescence









		2.4 Plant growth



		2.5 Data processing and statistics









		3 Results



		3.1 Leaf pigments



		3.1.1 Leaf pigment content



		3.1.2 Leaf pigment estimation



		3.1.3 Correlation between estimated and quantified leaf pigments









		3.2 Chlorophyll a fluorescence



		3.3 Plant growth









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Conflict of interest



		References









		Ozone control as a novel method to improve health-promoting bioactive compounds in red leaf lettuce (Lactuca sativa L.)



		Introduction



		Materials and methods



		Plant materials and environmental conditions



		Ozone treatment









		Determination of total phenolics, antioxidant capacity, total flavonoids and anthocyanin



		Hydrogen peroxide (H2O2) determination



		Gene expression quantification



		Statistical analysis









		Results



		Growth and morphology of red leaf lettuce



		Gene expression of phenylpropanoid and flavonoid biosynthetic pathway



		Total phenolics, antioxidant capacity, anthocyanin, and total flavonoid



		Hydrogen peroxide









		Discussion



		Effect of ozone concentration on growth



		Gene expression of phenylpropanoid and flavonoid pathways



		Changes in bioactive compounds in relation to ozone concentrations according to leaf age



		Relationship between ROS and bioactive compounds in red leaf lettuce plants









		Conclusions



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Response of photomorphogenesis and photosynthetic properties of sweet pepper seedlings exposed to mixed red and blue light



		Introduction



		Materials and methods



		Plant material and climate conditions



		Light treatments



		Measurements of plant morphological parameters



		Photosynthetic pigment concentration measurement



		Gas exchange parameters measurement



		Chlorophyll a fluorescence parameters measurement



		Root vigor measurement



		Statistical analysis









		Results



		Plant morphology and biomass accumulation



		Photosynthetic pigment content



		Gas exchange and chlorophyll a fluorescence parameters



		Root vigor









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		References









		Performance evaluation of a novel adjustable lampshade-type reflector (ALR) in indoor farming practice using choy sum (Brassica rapa var. parachinensis)



		Highlights



		Introduction



		Materials and methods



		Adjustable lampshade-type reflector



		Simulation of the combined effects of included angle and reflective board width of ALR using TracePro software



		Measurement of distribution maps of environmental factors under the selected included angles of ALR



		Leafy vegetable cultivation



		Determination of biomass and morphological parameters



		Determination of photosynthetic efficiency



		Determination of pigments



		Sample preparation for antioxidant-related analyses



		Determination of total phenolic content



		Determination of 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity



		Statistical analysis









		Results and discussion



		Optimal combination of included angle and reflective board width of ALR by simulation approach



		Comparison between the distribution of environmental factors on the cultivation shelf with and without ALR application



		Effect of ALR application on the growth and morphology of choy sum seedling



		Effect of ALR application on the pigments of choy sum shoot



		Effect of ALR application on total phenolic contents and the antioxidant capacity of choy sum shoot









		Conclusion



		Nomenclature



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		References























OPS/images/fpls.2022.1045239/fpls-13-1045239-g001.jpg
@ alr pump

e —— = co. » control signal
2

S ] conio — airflow
; device
sensor V CO
White LED lamps 4—|z| 2 84aS
P D<] cylinder

Solenoid Flow
valve meter

— Tunnel for
% u e dilution

Ozone
decomposer
Ozone
| \ Ozone
| meter generator
Dehumidifier

Growth chamber





OPS/images/fpls.2022.1045239/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.1044976/table3.jpg
Treatments Fresh weight (g) (g/head) Dry weight (g) (g/head)

Cultivar Aquino, CVy

160B15 11.14 + 0.64° 0.63 + 0.03"
160B40 10.18 £ 0.28" 049 + 0.05°
240B15 24.89 + 2.24° 1.16 + 0.09°
240B40 23.08 + 1.85% 1.07 + 0.07°
Cultivar Barlach, CV,

160B15 1472 £ 1.14° 0.83 + 0.06°
160B40 13.53 £ 0.51° 077 +0.02°
240B15 25.83 + 1.98° 117 £ 0.07*
240B40 22.95 + 1.98° 1.07 + 0.08"

Values are reported as mean + standard error. Different letters within columns indicate significant treatment differences at P < 0.05, as determined by Fisher’s least significant difference
(LSD) test, with a > b > c. Light spectral treatments were applied at two PEDs of 160 and 240 umol m™ s™". Tested factors were PED, blue percentage and their interactions. Only PED was
significant at p < 0.001.
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Parameter Formula Description

QY, @PSIT (Fa_Lss - F,_Lss)/Fy_Lss* Steady state Quantum Yield
Rfd (Fp - F,_Lss)/F,_Lss* Lichtenberger vitality index
qE (Fym_D3 - Fy_Lss)/Fy_D3* Energy-dependent quenching

*where Fy;_Lss is the steady-state maximum fluorescence in light, F,_Lss is the steady-state fluorescence in light, F, is the peak fluorescence during the initial phase of the Kautsky effect,
Fy_D3 is the instantaneous maximum fluorescence during dark relaxation.
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Treatment code Waveband percentage PED, pmol m? s™

White [Green:Red:FR] Blue
160WB15 75 [40:29:16] 15 160
160WB40 60 [35:16:9] 40 160
240WB15 75 [40:29:16] 15 240
240WB40 60 [35:16:9] 40 240

Blue (400-480 nm, with peaks at 420 & 450 nm), Green (481-599 nm), Red (600-669 nm), FR (670-780 nm).
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Enrichment
technology

Compressed CO,
injection
Injection &
Ventilation

Biogas burning

Mixing baking soda
with acid

Composting

Principle

Physical
diffusion

Physical
diffusion
Chemical
reaction
Chemical
reaction
Biological
activity

Crops

Lettuce
Cucumber

Rose

Tomato

Treatment/control Production eftects
of CO, enrichment

700/400 + 20 mol mol* Higher growth rates;
Enhanced antioxidant capacity

400-500/285-300 mol mol™ average throughout ~ Increased fruit biomass;
the day slightly effect on leaf area index
800~2500 mol mol!/ Enhanced fresh mass of cut flowers
normal atmosphere

Mostly mentioned in reviews

800-900 mol mol ™'/ Increased nutritional and sensory
not mentioned quality
of fruits

References

Pérez-Lopez et al., 2015
Sanchez-Guerrero et al.,
2005

Jaffrin et al., 2003

Syed and Hachem, 2019

Zhang et al,, 2014
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Factor Category Size 1 Size 2 Size 3 Size 4 Size 5

Cost IOEC CMR Ip IL Cost IOEC CMR |Ip IL Cost IOEC CMR |Ip IL Cost IOEC CMR |Ip IL Cost IOEC CMR |Ip IL

(USD) (UsD) (USD) (USD) (USD)
Network A 1800 200 100 2 0.9 3600 200 100 4 1.8 5400 210 100 6 2.7 7200 220 100 8 3.6 9000 230 100 10 4.5
controller
AN 1260 140 60 1 0.5 2520 280 90 2 i 3780 420 120 3 1.5 5040 560 120 4 2 6300 700 150 5 25
Temperature/ A 300 20 100 2 0.001 600 40 150 4 0.002 900 60 200 6 0.003 1200 80 200 8 0.004 1500 100 250 10 0.005
humidity
AN 210 14 60 1 0.001 420 28 90 2 0.002 630 42 120 3 0.003 840 56 120 4 0.004 1050 70 150 5 0.005
CO2 A 345 20 100 2 0.001 690 40 150 4 0.002 1035 60 200 6 0.003 1380 80 200 8 0.004 1725 100 250 10 0.005
AN 2415 14 60 1 0.001 483 28 90 2 0002 7245 42 120 3 0.008 966 56 120 4 0.004 12075 70 150 5 0.005
EC A 320 20 100 1 0.001 640 40 150 2 0.002 960 60 200 3 0.003 1280 80 200 4 0.004 1600 100 250 5 0.005
AN 224 14 60 0.5 0.001 448 28 90 i 0.002 672 42 120 1.5 0.003 896 56 120 2 0.004 1120 70 180 2.8 0008
Solar radiation A 420 20 100 2 0.001 840 40 150 4 0.002 1260 60 200 6 0.003 1680 80 200 8 0.004 2100 100 250 10 0.005
AN 294 14 60 1 0.001 588 28 90 2 0.002 882 42 120 3 0.003 1176 56 120 4 0.004 1470 70 180 5 0.005
Air pressure A 62 20 100 1 0.001 124 40 150 2 0.002 186 60 200 3 0.003 248 80 200 4 0004 310 100 250 5 0.005
AN 434 14 60 0.5 0.001 86.8 28 90 i 0.002 130.2 42 120 1.5 0003 1736 b6 120 2 0.004 217 70 180 248 0006
Plant weight A 50 20 100 1 0.001 100 40 150 2 0.002 150 60 200 3 0.008 200 80 200 4 0.004 250 100 250 5 0006
AN 35 14 60 0.5 0.001 70 28 90 i 0.002 105 42 120 1.5 0.003 140 56 120 2 0.004 175 70 1800 2.6 0.006
External A 2000 200 100 1 0.001 4000 400 150 2 0.002 6000 600 200 3 0.008 8000 800 200 4 0.004 10000 1000 250 5 0.005
weather station
AN 1400 140 60 0.5 0.001 2800 280 90 i 0.002 4200 420 120 1.5 0.003 5600 560 120 2 0.004 7000 700 150 2.5 0.005
Layout F 50000 O 10000 O 0.5 100000 O 15000 O 1 150000 O 20000 O 1.5 200000 O 20000 O 2 280000 0 28000 O 25
H 25000 O 600 0 0.1 50000 O 900 0 02 78000 © 1200 0 0.3 100000 O 1200 0 0.4 125000 O 1500 0 0.5
Spraying robot 30000 1200 6000 1 0.95 60000 2400 9000 2 1.9 90000 3600 12000 3 2.85 120000 4800 12000 4 3.8 150000 6000 15000 5 4.75
R 10000 840 3600 0.5 0.95 20000 1680 5400 i 1.9 30000 2520 7200 1.5 2.85 40000 3360 7200 2 3.8 50000 4200 9000 2.5 4.75
Harvesting 30000 1200 6000 0.01 0.95 60000 2400 9000 0.02 1.9 90000 3600 12000 0.08 2.85 120000 4800 12000 0.04 3.8 150000 6000 15000 0.05 4.75
robot
R 10000 840 3600 0.005 0.95 20000 1680 5400 0.01 1.9 30000 2520 7200 0.015 2.85 40000 3360 7200 0.02 3.8 50000 4200 9000 0.025 4.75
Transportation 15000 1200 3000 0.01 0.95 30000 2400 4500 0.02 1.9 45000 3600 6000 0.03 2.85 60000 4800 6000 0.04 3.8 75000 6000 7500 0.05 4.75
robot

A, digital; AN, analogue; F, floor; H, hanging; M, mobile; R, rail;, IOEC, impact on electricity consumption; CMR, cost of maintenance and replacement; IR, impact on production; IL, impact on labor. Source: Ubn (2021).
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Factors Category (s)

Robot Human
Beginner Average Experienced

Platform 4.7 2 2 2
movement/
Movement to fruit
location
Fruit localization/ 3.7 10 10 10
identification
Obstacle 3.0 1 1 1
localization
Visual 4.0 10 7.5 5
servoing/harvesting
decision making
Detach fruit 2.2 2 1.5 1
Put fruit in the 7.8 5 4 3
container
Working time (per 20 4 6 8
h/day)
Success rate (%) 95 Uncertain Uncertain Uncertain

Cost of purchase 110,000 Not applicable Not applicable Not applicable
(USD)

Lifespan (years) 7 Not applicable  Not applicable Not applicable
Salvage cost 15,714 Not applicable Not applicable Not applicable
(Purchase cost/

lifespan), USD
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Gene symbol
ACT

PAL

C4H

CHS

F3H

FLS

DFR

UFGT

Gene name

Actin

Phenylalanin ammonia-lyase

Cinnamic acid 4-hydroxylase

Chalcone synthase

Flavanone 3-hydroxylase

Flavonol synthase

Dihydroflavonol 4-reductase

Flavonoid 3-O-
glucosyltransferase

Forward
Reverse

Forward
Reverse

Forward
Reverse

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Forward
Reverse

Primer sequence (5 - 3’)

TGGTAGGTATGGGCCAGAAA
GTCATCCCAGTTGCTCACAA

AAGGGAAGCCGGAGTTTAC
GGAAACGTCGATCAATGG
GGAGTCGATTGGCACAGAGCT
GGCGCATTTCAGTTGATTGTTC
GGAGGTGGGGCTAACTTTTC
GAGCTCCACCTGGTCCAATA
CTACTCAAGGTGGCCCGATA
AATGTGAGATCGGGTTGAGG
GGTTTGGCCACCTTCTGCTAAG
TCTTCACCACCCAACCCT
GACAGTGAACGTGCACGGAA
CCTTTGTTGCTTCAAATGCTGCT

AAGAGACCAGAACCCCGTTT
AGCTCCAATGCTCTCCGATA

Product length (bp)
113
286
198
169
210
182
152

203
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Treatment Leaf FW () Leaf DW(g)  LWC (%)

25/20°C (control) 119£0.07 0.19£0.01 84.80£123
20T5 106001 0.16£0.02 85.14:£088
20T10 104£0.02" 0.17£0.01 85.25£1.03
5720 107£0.06" 0.16£0.02 85454118
10T20 109+0.02" 0.18£0.02 8318143
Significant s NS NS

NS indicates no satistical significance.

indard error of four biological replicates. Means within columns were
compared using Tukey’ honestly significant difference (HSD). Different letters indicate
significant differences within column. The asterisks indicate the significance level
(**p<0.01).

Data are mean
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Treatment  Chlconc. Car conc. Bet conc.
(mgg™'DW)  (mgg”' DW)  (mgg™' DW)

25/20°C (control) 9.71£0.90 241015 251+035"
20T5 7.44£0.83 248+0.28 395+0.54"
20T10 7.55+1.01 249%0.70 3.94£0.56"
5T20 8.08+1.04 251049 4.21£0.19"
10T20 7.78£0.97 25340.31 3.81+0.35"
Significant NS NS -

Data are mean & standard eror of four biolo
compared using Tukey’s HSD. Different leters indicate significant differences within
colum. The asterisks indicate the significance level (+*p <0.01). NS indicates no
statistical significance. DW, dry weight.

cal replicates. Means within columns were
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Treatment Ant conc.' Phl conc.” Flv conc.? TAC* Asc conc.

(mgg™' DW) (mgg™' DW) (mgg™' DW) (mMg™' DW) (mgg™ DW)
25/20°C (control) 8.11+0.58" 11.53+0.58° 4.101021° 8.33£0.97° 6.78+0.40°
20T5 13.15£1.15* 1549+ 1.13* 13.13£0.93" 1345+0.95" 9.90+0.38"
20T10 13.14£1.58" 16.68+0.80" 12.00£0.99" 1551£1.22* 11.05£0.71*
5T20 12.61£0.87" 16.34£0.83" 1245£1.22* 14.09 £ 1.08" 11.70£0.84"
10T20 1115 1.04" 14.40+0.83" 11.06£0.94* 11.85£0.57" 9.55+0.51"

gificant

‘Anthocyanin concentrations are expressed as cyanidin-3-glucoside equivalents.
otal phenolic concentrations are expressed as gallic acid equivalents.

“Total flavonoid concentrations are expressed as rutin equivalents.

fotal antioxidant capacity is expressed as Trolox equivalents.

Data are mean  standard error of four biological replicates. Means within columns were compared using Tukey’s HSD. Different lettrs indicate significant differences within column.
The asterisks indicate the significance level (*#p<0.01). NS indicates no statistical significance. DW, dry weight.
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Condition® Included  Width  Highest Within 10% SD of Within 15% SD of

angle (cm light light intensity distribution light intensity distribution
intensity " . .
[umol/ Area  Percentage Average ligh Area  Percentage Average ligh
(mZs)] (cm?) (%) inten (cm?) (%) intensi

[umol/(m*:s)] [mol/(
(1) 90° 10 253 3,406 473 228 4369 60.7 215
@ 75° 10 253 3,407 47.3 ‘ 228 4370 60.7 215
(3) 60° 10 253 3,409 474 228 4371 60.7 215
(4) 45° 10 254 3426 476 229 4,858 67.5 216
(5) 350 10 253 4763 66.2 228 5476 76.1 215
(6) 34° 10 253 4,801 66.7 228 5,480 76.1 | 215
) 33° 10 253 4817 66.9 228 5,481 76.1 215
(8) 32° 10 253 4,830 67.1 228 5,496 76.3 215
©) 31° 10 256 43808 66.8 230 5,481 76.1 218
(10) 30° 10 256 14,694 652 230 5,365 745 218
(11) 29° 10 263 4,598 63.9 237 5349 743 224
(12) 28° 10 265 4472 621 239 5277 733 225
(13) 75 10 269 4347 60.4 242 5210 724 229
(14) 26° 10 273 4275 59.4 246 5,185 720 232
(15) 250 10 276 4,173 58.0 248 5,142 714 235
(16) 24° 10 279 4,044 56.2 251 5,049 70.1 237
(17) 23° 10 280 3938 547 257 4,997 69.4 238
(18) 15° 10 308 2,823 392 277 4,827 67.0 262
(19) 0° 10 320 4,108 57.1 288 14439 617 272
(20) 308 13 253 4,922 68.4 228 5,565 77.3 215
(21) 308 12 253 [ 4,895 68.0 228 5,533 76.9 215
(22) 308 11 253 ‘ 4,875 67.7 228 5,520 76.7 215
(23) 378 9 253 4785 66.5 228 5,440 75.6 215
(29 320 8 253 4751 66.0 228 5417 752 215

(25) 328 7 253 4,697 65.2 228 5385 | 748 215 ‘

(26) 320 6 253 1,626 643 228 5,327 74.0 215 ‘

*Table background in yellow, green, and pink colors stands for the sketchy screening for the optimal range of the included angle, the fine screenings for the exact included angle, and the optimal
combination of the included angle and the reflective board width, respectively.

"The available total shelf area for cultivation is 7,200 cm”.

SD, standard deviation. Bold fonts in the table meant the selected included angle and reflective board width under within 10% SD and 15% SD of light intensity distribution, respectively.
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Parameters guration
Size of the lambertian diffuser board acting as the upper shelf of indoor farm racks (IFR) for installation of the simulated LED light tubes [length (mm) x 1,200 x 450
width (mm)]

Size of the absorber board acting as the lower shelf of IFR [length (mm) x width (mm)] 1,200 x 600
Distance between the lambertian diffuser board and the absorber board (mm) 120

Size of the long-side reflective board [length (mm) x width (mm)] 1,130 x 100
Size of the short-side reflective board [length (mm) x width (mm)] 444 x 100

Parameters for the reflective board and LED light source information

Scatter ABg
Absorptance 20%
Specular reflectance 80%

Number of simulated LED light tubes 5

Distance between two simulated LED light tubes (mm) 110

Number of simulated LED chips in per tube 96

Distance between two simulated LED chips in per tube (mm) 117

Type of simulated LED chip 5,730

Size of simulated LED chip (length (mm) x width (mm) x height (mm)] 57x3.0x09

Parameters for simulated LED chip

Emission type Flux
Units Photometric
Angular distribution Lambertian
Flux (lumens) 27
Average wavelength (nm) 555

Simulated rays for per LED chip 2,000
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