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Abstract

:

Nasturtium (Tropaeolum majus L.), as a medicinal plant, has a high phenolic content in its leaves and flowers. It is often used in salads as a dietary vegetable. Attracting strong demand, it could be a good candidate crop for a plant factory with artificial lighting (PFAL) that can achieve the mass production of high-quality crops with high productivity by regulating environmental conditions such as light. In this study, two experiments were conducted to investigate the effects of continuous lighting (CL) and different daily light integrals (DLIs) under CL on the growth, secondary metabolites, and light use efficiency (LUE) of nasturtium, all of which are essential in the successful cultivation in PFALs. In Experiment 1, two lighting models, the same DLI of 17.3 mol m−2 d−1 but different light periods (24 and 16 h) with different light intensities (200 and 300 µmol m−2 s−1, respectively), were applied to nasturtium. The results showed that leaf production, secondary metabolites, and LUE were higher under the 24-h CL treatment than under the 16-h non-CL treatment. In Experiment 2, three DLI levels (17.3, 25.9, and 34.6 mol m−2 d−1) under the CL condition were applied. The results showed that the growth parameters were positively correlated with the DLI levels under CL. The lowest DLI had the highest LUE. We conclude that the mass production of nasturtium under CL in PFALs is feasible, and the yield increases as DLI increases from 17.3 to 34.6 mol m−2 d−1 under CL without causing physiological stress on plants.
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1. Introduction


Nasturtium (Tropaeolum majus L.) is a medicinal plant, and its leaves and flowers are rich in health-beneficial ingredients such as polyphenols and glucosinolates. The fresh leaves and flowers can be consumed in salads and sandwiches. Nasturtium as a functional herb, just like basil, coriander, and perilla, has great commercial prospects. The demand for nasturtium leaves and flowers increases rapidly, and the technology development for mass production in a plant factory has become particularly important [1].



In a plant factory with artificial lighting (PFAL), lighting control is one of the most important environmental control methods to regulate the production and quality of plants, such as controlling light periods, light intensities, or light spectra. The daily light integral (DLI) is the total amount of light received by plants in 24 h, which is an important index that combines both the light intensity and photoperiod, calculated by multiplying photosynthetic photon flux density (PPFD) by the light period. The DLI is generally proportional to the plant biomass within a certain range. For instance, a positive linear relationship between the DLI and leaf fresh weight (FW) of hydroponic lettuce was observed by increasing the DLI from 6.48 to 17.28 mol m−2 d−1, provided by LED lamps [2]. However, their results also indicated that the leaf FW of lettuce slightly decreased when the DLI increased from 14.40 to 17.28 mol m−2 d−1. A study conducted by Gao et al. [3] showed that the total shoot FW of hydroponic spinach decreased as the DLI increased from 17.3 to 20.2 mol m−2 d−1, provided by LED lamps. Yan et al. [4] showed that excessive DLI cannot improve the accumulation of a plant biomass. Besides, plants can acclimate to enhanced light radiation by increasing the level of secondary metabolites, including phenolic compounds [5]. The total phenolic contents in the shoot of a hydroponic coriander was significantly increased as the DLI increased from 5.76 to 17.28 mol m−2 d−1 under the root zone temperature of 20 ℃ [6]. We assume, therefore, that it is possible, by increasing the level of the DLI within a certain range, to increase the yield and bioactive components of nasturtium leaves.



The same DLI conditions can be generated either by a long light period with a low light intensity level or by a short light period with a high light intensity level. For the accumulation of a plant biomass, extending the photoperiod with a low light intensity level is more effective than increasing the light intensity with a short photoperiod under the same DLI [7]. For instance, under the same DLI of 8.64 mol m−2 d−1, the total FW and the total dry weight (DW) of hydroponic lettuce were heavier for the extended light period of 16 h than for the shorter light period of 12 h by 8.6% and 8.5%, respectively [8]. Weaver and van Iersel [9], who tested four different light periods (12, 15, 18, and 21 h) with the same DLI at 17 mol m−2 d−1 on lettuce grown in a greenhouse, found that the DW of lettuce was positively correlated with the photoperiod, and the highest DW was attained under 21 h. For lettuce and mizuna cultured under the DLI of 16 mol m−2 d−1 provided by white LED in a walk-in growth chamber, the shoot biomass of these crops grown under the photoperiod of 20 h was more than that of 10 h by 16.0% and 18.7%, respectively [10].



Continuous lighting (CL) is a lighting mode that maximizes the light period while minimizing the light intensity at the same DLI. The application of CL in a PFAL is considered an effective method to save the initial investment cost for lighting systems and operating costs for air conditioning and management [11,12,13]. The effects of CL, negative ones (such as leaf chlorosis, accelerated senescence, and development inhibition) on CL-sensitive plants, as well as positive ones (such as breeding acceleration, productivity increase, and quality improvement) on CL-tolerant plants, have both been widely recognized [7,14]. Although several hypotheses have been proposed, the precise mechanisms of these negative and positive effects have not been made clear yet. One of the hypotheses is that the negative effects on sensitive species may be due to the photooxidative damage caused by CL. Plant species with high antioxidant contents, therefore, could mitigate or avoid the injury caused by CL. For instance, under five different photoperiods (12, 14, 16, 20, and 24 h) with a PPFD of 200 µmol m−2 s−1 irradiated by blue LEDs, the highest antioxidant content (chlorogenic acid) of lettuce was obtained under the 24-h treatment, and it was explained that chlorogenic acid protected the plant body from photooxidative damage caused by CL [15]. Compared with 16 h, a greater shoot biomass and antioxidant content without leaf injury in hydroponic lettuce were obtained under 24 h at the same PPFD of 200 µmol m−2 s−1, provided by red and blue LEDs in a plant factory [16].



As a medicinal plant, nasturtium contains a higher antioxidant concentration than ordinary leafy vegetables, such as lettuce [17] and spinach [18]. We assume, therefore, that more plant biomass and the accumulation of bioactive compounds of nasturtium plants can be achieved by applying CL, compared with shorter lighting durations under the same DLI. The LED lighting is ideal in controlling the light environment for the purpose of increasing the yield and nutrient contents of crops. However, the electricity cost the lighting entails accounts for 70–80% of the total electricity consumption of the crop production in PFALs [19] (pp. 7–33). It is necessary to improve concomitantly the light use efficiency (LUE) by adopting appropriate light environment management methods. The purpose of this study was to investigate the effects of CL and different DLIs on the growth of nasturtium, its nutrient contents, and the LUE in growing the plant, with a view toward providing indispensable information for the effective management of light conditions for nasturtium production in PFALs.




2. Materials and Methods


2.1. Treatments and Growth Conditions


Two experiments were conducted in this study.



In Experiment 1, seedlings were propagated by cutting propagation. The apical buds taken from 50-day-old parental plants were used as cuttings. Thirty-two cuttings were planted in a hydroponic container (L × W × H: 65 × 42 × 10 cm3) and filled with 20-L nutrient solution (Otsuka hydroponic composition, as described by Xu et al. 2021) for rooting. Air pumps were used to pump air into the nutrient solution which was adjusted to the electrical conductivity (EC) at 1.0 ± 0.1 dS m−1 and pH at 6.5 ± 0.1. The light intensity and light period were 200 µmol m−2 s−1 in PPFD and 14 h per day, respectively. The light was provided by white LED lamps (Suri-g, Otsuka, Japan; the light spectrum is shown in Figure 1). The light intensity was measured at the surface of the cultivation panels using a light meter (LI 250A, LI-190R; Li-Cor Inc., Lincoln, NE, USA).



Two weeks after planting, uniform seedlings were transplanted to a deep-flow technique hydroponic system, adjusting the nutrient solution to EC at 2.0 ± 0.1 dS m−1 and pH at 6.5 ± 0.1. The initial planting density was 21.5 plants m−2. Two treatments were performed on the seedlings: a 16-h light period under the PPFD of 300 µmol m−2 s−1 and 24-h light period under the PPFD of 200 µmol m−2 s−1 (hereafter: T16-300 and T24-200, respectively) at the same DLI level of 17.3 mol m−2 d−1 for 3 weeks (Table 1). The LED lamps and the measurements of the light intensity were the same as described for the cutting propagation. During the entire cultivation period, plants were grown under an ambient CO2 concentration. The air temperature and relative humidity (RH%) were maintained at 21 °C and 50–80%, respectively. Plant spacing was adjusted for at 7 and 14 days after treatment (DAT) to make the plant density during the 1st, 2nd, and 3rd weeks 21.5, 16.7, and 11.1 plants m−2, respectively.



In Experiment 2, uniform seedlings, propagated in the same way as in Experiment 1, were transplanted two weeks after planting to the same hydroponic system as in Experiment 1, with an initial planting density of 16.7 plants m−2. The seedlings were grown under continuous lighting (CL) throughout a three-week period with 3 different DLI treatments: 17.3, 25.9, and 34.6 mol m−2 d−1 (Table 1). These three DLI treatments were created by three different PPFD levels: 200, 300, and 400 µmol m−2 s−1 (denoted hereafter as CL-200, CL-300, and CL-400, respectively). The LED lamps and light intensity measurements were the same as in Experiment 1. During the entire cultivation period, all plants were grown under the same CO2, air temperature, and RH% conditions as in Experiment 1. Plant spacing was adjusted for at 7 and 14 DAT to make the plant density during the 1st, 2nd, and 3rd weeks 16.7, 11.1, and 5.6 plants m−2, respectively. This change in plant density was based on the results of Experiment 1. This issue shall be discussed later in the Discussion section.




2.2. Measurement


2.2.1. Growth Parameters


In Experiment 1, at 7, 14, and 21 DAT, six plants were sampled in each treatment to evaluate the growth properties. The total shoot FW, leaf FW, root FW, leaf area, and leaf number were measured. The shoot and root samples were placed in an oven (80 °C) for 1 week to determine the shoot dry weight (DW), leaf DW, and root DW. The leaf area per plant (m2/plant) was determined by using a Li-3000 leaf area meter (Li-Cor, Lincoln, NE, USA). In Experiment 2, at 7, 14, and 21 DAT, eight plants were sampled in each treatment to measure the same eight growth parameters in the same manner as for Experiment 1.



The relative growth rate (RGR) was calculated from the shoot DW as RGR = [ln(Wi)-ln(W0)]/(i-0), where Wi and W0 are the DW of the shoot biomass of nasturtium at i days after the treatment and at the start of the treatment, respectively. The leaf area index (LAI, m2/m2) was calculated as LAI = leaf area per plant × number of plants per m2. The relationship between the RGR and LAI was examined by means of the simple regression analysis.




2.2.2. Chlorophyll Fluorescence Characteristics


Chlorophyll fluorescence parameters were measured with an open gas exchange system (LI-6400XT, Li-Cor, Inc., Lincoln, NE, USA) and an integrated fluorescence chamber head (LI-6400-40XT, Li-Cor, Inc., Lincoln, NE, USA).



In Experiment 1, the chlorophyll fluorescence parameters of nasturtium leaves from six plants per treatment were measured at 21 DAT. After darkening the plants for 30 min, using a leaf clip on the leaf, the minimal fluorescence in the dark-adapted state (Fmin) was recorded, and a saturating pulse of radiation (>7000 μmol m−2 s−1) was given for 0.8 s to determine the maximal fluorescence in the dark-adapted state (Fmax). The maximum quantum yield of the PSII primary photochemistry (Fv/Fmax) was calculated as (Fmax−Fmin)/Fmax. The Fv/Fmax is a sensitive stress indicator; if the value of this ratio is equal to or higher than 0.8 for a plant, it indicates that the plant is not suffering from light stress [20,21].



In Experiment 2, the values of Fmin and Fmax of the dark-adapted (30 min) fully expanded leaves from eight plants per treatment were measured at 6 and 20 DAT. The Fv/Fmax was calculated in the same way as in Experiment 1. After determining the Fmin and Fmax, the same leaves were illuminated with an actinic light for 30 min to record the steady-state fluorescence in the light (Fs). For leaves treated under CL-200, CL-300, and CL-400, the actinic light intensity was set up at 200, 300, and 400, respectively. Following this irradiation, a saturation flash (>7000 μmol m−2 s−1) was given for 0.8 s to determine the maximal fluorescence yields in the light-adapted state (Fmax’). After the flash, the actinic radiation was turned off, and a far-red radiation was given to record the minimal fluorescence yield in the light (Fmin’).



The effective quantum yield of PSII (PhiPSII) and the coefficient of photochemical quenching (qP) and nonphotochemical quenching (qN) [22] were calculated as follows:


PhiPSII = (Fmax’ − Fs)/Fmax’










qP = (Fmax’− Fs)/(Fmax’− Fmin’)










qN = (Fmax− Fmax’)/(Fmax− Fmin’)












2.2.3. Antioxidant Activity (1,1-Diphenyl-2-picrylhydrazyl Assay)


At 7, 14, and 21 DAT, the plant leaves from each treatment were sampled and stored at −60 °C for the subsequent analyses (n = 6 in Experiment 1 and n = 8 in Experiment 2).



A frozen leaf sample, 0.5 g each, was homogenized with 5 mL of 80% (v/v) methanol in an ice bath for 1 min. The homogenate was centrifuged at 4 °C at 10,000× g for 30 min. The supernatant was transferred, together with 80% methanol, to a graduated cylinder to make up 6 mL of solution. A well-mixed solution of 1.5 mL was transferred to an EP tube and then stored at −20 °C until further analysis.



The spectrophotometric analysis, described by Nguyen et al. [6], was used to determine the scavenging activity of the 1,1-diphenyl-2-picrydrazyl (DPPH) radicals of the nasturtium leaves. Each sample extract of 50 µL and the standard (Trolox) were added to 2 mL of methanol DPPH solution (80 µM). Each of the mixtures was incubated in the dark for 30 min at room temperature. The absorbance of each mixture was read at 517 nm using a spectrophotometer (ASV11D, As One, Corp., Osaka, Japan). The standard curve was prepared with different concentrations of Trolox solution (0, 100, 200, 300, 400, 500, 600, 700, 800, and 900 µM). The Trolox standard curve equation (R2 = 0.99) was used to determine the DPPH radical-scavenging activity of each sample solution. The results were expressed as milligrams of Trolox equivalent (TE) per gram of FW (mg TE/g FW).




2.2.4. Total Phenolic Content


The leaf extract was prepared as described in Section 2.2.3. The total phenolic content (TPC) of the nasturtium leaf was determined using the Folin–Ciocalteu colorimetric assay described by Nguyen et al. [6]. Each sample extract of 0.25 mL and the standard (gallic acid) was added to 1.25 mL of 10% Folin–Ciocalteu reagent to be neutralized by 1 mL of 7.5% sodium carbonate solution. Each of the mixtures was incubated for 1 h at room temperature. The absorbance of each mixture was measured at 765 nm using a spectrophotometer. The standard curve was prepared with different concentrations of gallic acid (0, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.25, and 0.3 mg/mL). The gallic acid standard curve equation (R2 = 0.99) was used to determine the TPC of each sample solution. The results were expressed as milligrams of gallic acid equivalents (GAE) per gram of FW (mg GAE/g FW).




2.2.5. Light Use Efficiency


The light use efficiency (LUE) was determined as follows: LUE = d/PAR, where d is the rate of increase of the nasturtium leaf dry mass per plant (g m−2 h−1), and PAR is the photosynthetically active radiation received at the plant community surface (MJ m−2 h−1). In Experiment 1, the PAR was the same for the two lighting treatments: T16-300 and T24-200: 0.1519 MJ m−2 h−1. In Experiment 2, the PAR was 0.1519, 0.2278, and 0.3038 MJ m−2 h−1 for CL-200, CL-300, and CL-400, respectively. The energy of the photons was calculated according to Planck’s equation based on the light spectrum. The energy of 1-mol photons was calculated as E = L·h·c/λ, where L is the number of 1-mol photons (6.02 × 1023), h is the Planck constant (6.6262 × 10−34 J s), c is the speed of light (2.9979 × 108 m s−1), and λ is the wavelength.




2.2.6. Statistical Analyses


ANOVA, two-group mean comparison (by t-test), multiple mean comparison (by Tukey’s method), and linear regression were the statistical analyses applied for the data obtained from the two experiments conducted in this study. The critical significance level of p = 0.05 was adopted for the statistical tests in these analyses. Whenever possible, the probability of the test statistics was made explicit numerically or by using the following signs: 1*, 2*, 3*, 4*, 5*, …, indicating p < 0.05, p < 0.01, p < 0.001, p < 1.0 × 10−4, p < 1.0 × 10−5, …, respectively. SPSS statistical software (IBM SPSS Statistics, Version 19.0. Armonk, NY, USA: IBM Corp.) was used for all the statistical analyses in this study.






3. Results


3.1. Plant Growth in Experiment 1


The growth characteristics of nasturtium plants grown under different light periods in Experiment 1 are summarized in Figure 2. The biomass—above-ground, as well as root—increased as the plant growth progressed, though the growth pattern was contrasted between the above-ground and the root. The growth rate of the above-ground biomass increased almost linearly during the cultivation period (Figure 2a–e), whereas that of the root accelerated from the second week to the third week (Figure 2f). More importantly, during the earlier growth stages of the first and the second weeks, the mean levels of the growth parameters were unanimously higher for T24-200 than for T16-300, with all the mean differences that were statistically significant, while, at the end of the third week, there was no significant mean differences found for all the growth parameters, except for the dry masses of the leaves and shoots. Even for these two growth parameters, the rate of the difference between T16-300 and T24-200 decreased substantially, from 30–40% at 7 DAT to 18–20% at 21 DAT (Figure 2 and Supplementary Table S1 for the numerical data).



The LUE of the nasturtium cultivation was significantly higher under T24 than under T16 at 7, 14, and 21 DAT (Figure 3).




3.2. Light Stress Indicator, Antioxidant Capacity, and Total Phenolic Content in the Leaves of Nasturtium in Experiment 1


Although the Fv/Fmax of nasturtium in Experiment 1 was significantly higher under T16-300 than under T24-200 at 14 and 21 DAT (Table 2), the levels of this yield were over 0.8 for both light period treatments and for both growth stages. This means that there was no light stress for the leaves under continuous lighting [20,21].



For each light period treatment, the antioxidant capacity of nasturtium decreased significantly from the second to the third growth stage, and for each growth stage, it was significantly higher under T24 than under T16 (Table 2). For each light period treatment, the TPC tended to increase, but no difference was statistically detected between the second and the third growth stages. For the second and third growth stages, the TPC tended to be higher under T24 than under T16, but that difference was statistically significant only at the second growth stage, not at the third growth stage.



For each light period treatment, the RGR of nasturtium decreased significantly from the first and second to the third growth stage, and for each growth stage, it was significantly higher under T24 than under T16 (Table 2). For each light period treatment, the LAI of nasturtium increased significantly from the first to the second and from the second to the third growth stage. For the earlier growth stages, the LAI was significantly higher under T24 than under T16, but the difference disappeared by the end of the third growth stage.




3.3. Plant Growth in Experiment 2


The growth characteristics of nasturtium plants grown under different light intensities in Experiment 2 are summarized in Figure 4 (Supplementary Table S2 for the numerical data). The growth parameters measured in this experiment altogether discerned a pattern of plant growth for the growth period of three weeks after planting: The plants grew better under higher light intensities than under lower ones. At the earlier growth stage of the first week after planting, no significant mean differences were found for all the growth parameters, except for the leaf DW (Figure 4b) and the shoot DW (Figure 4e), similar to the second week after planting, except in addition to the leaf FW (Figure 4a). At the end of the third week, the mean levels of the growth parameters were unanimously higher for CL-400 than for CL-300 and CL-200, with all the mean differences that were statistically significant, except for the leaf number. Additionally clear at the end of the third growth stage was a highly significant linear relationship between the DLI and the biomass of nasturtium plants (Figure 5). For both the shoot and root, the DW increased linearly as the DLI, expressed by the light intensity, increased.



Contrasting with the biomass, the LUE of the nasturtium cultivation was significantly higher under CL-200 than under CL-300 and CL-400 at 21 DAT (Figure 6).




3.4. Antioxidant Capacity and Total Phenolic Content in the Leaves of Nasturtium in Experiment 2


Changes in the light intensity under continuous lighting did not give any significant changes in the antioxidant capacity and total phenolic content of nasturtium throughout the three growth stages (Table 3).



For each light intensity treatment, the RGR of nasturtium decreased significantly from the first and the second to the third growth stage, and for each growth stage, significant differences were observed among the treatments (Table 3). For each light intensity treatment, the LAI of nasturtium increased significantly from the first to the second and, further, to the third growth stage. For each growth stage, the mean levels of the LAI were significantly different only at the third growth stage but not at the first and second growth stages.




3.5. Chlorophyll Fluorescence Characteristics of Nasturtium in Experiment 2


No significant differences among the light intensity treatments were observed for the Fv/Fmax (Figure 7a). Except for this parameter, for the other parameters related to the chlorophyll fluorescence characteristics, two different patterns of response to the increase in light intensity were clearly discerned. One was a positive response, in that the parameters increased as light intensity increased, and the other was a negative response, in that the parameters decreased as the light intensity increased. Nonphotochemical quenching (qN) belonged to the positive response group (Figure 7d), and the quantum yield of the PSII electron transport (PhiPS2) and the coefficient of photochemical quenching (qP) belonged to the negative response group (Figure 7b,c).



It should be noted that, as far as the means were concerned, the parameters of those in the positive response group increased, and those in the negative response group decreased, from CL-200 to CL-400, regardless of the growth stage. There were cases in which the mean differences between CL-200 and CL-300 or between CL-300 and CL-400 were not statistically significant. If the comparison was between CL-200 and CL-400, however, the mean differences were all statistically significant, with the only exception for qP at 6 DAT.




3.6. Relationship between RGR and LAI in Experiment 1 and Experiment 2


Both Experiment 1 and Experiment 2 revealed a clear linear relationship between the RGR and LAI (Supplementary Figure S1). For both experiments, the slope coefficient of the regression line decreased as the growth stage progressed, but at the same growth stage, the differences in the slope coefficients between or among the lighting treatments tended to not be large (statistically verified, though the results are not shown). With these variations, however, the linearity of the LAI–RGR relationship was significant for all the cases.





4. Discussion


4.1. Effects of CL on the Growth and LUE of Hydroponic Nasturtium under the Same DLI


In Experiment 1, under the same DLI (17.28 mol m−2 d−1), the dry mass of the nasturtium plant was significantly enhanced by extending the light period from 16 to 24 h, rather than increasing the light intensity from 200 to 300 µmol m−2 s−1 (Figure 2). A similar trend has been reported in several leafy vegetables, such as lettuce and mizuna [8,9,10]. It is reported that, under the same DLI, the plant growth could be better with a longer photoperiod and lower PPFDs, because the photosynthetic efficiency would be driven higher under such a lighting environment than otherwise [9]. It is also reported that CL usually causes leaf damage in CL-sensitive plants [23,24]. This study found that nasturtium grown under CL (T24-200) attained a heavier plant biomass and faster RGR compared to the plant grown under 16 h (T16-300) (Figure 2 and Table 2), without causing any physiological leaf injuries (Fv/Fmax > 0.8; Table 2). Nasturtium could be a CL-tolerant crop, which makes it an ideal candidate crop for PFAL production. The LUE of nasturtium was significantly higher under T24-200 than under T16-300 for all the growth stages tested (Figure 3). CL can therefore effectively promote the production of nasturtium in PFALs while improving the LUE. CL is a feasible technology in PFAL production to increase the nasturtium yield, as well as to enhance the energy efficiency.




4.2. Effects of CL on the Growth and LUE of Hydroponic Nasturtium under Different DLIs


Experiment 2 showed that the growth characteristics of hydroponic nasturtium were significantly affected by the DLI (Figure 4). The biomass of nasturtium was significantly increased by increasing the DLI from 17.3 to 34.6 mol m−2 d−1 under CL. We found that the positive linear relationships between the shoot and root biomass and DLI were all highly significant at the last stage of plant growth (Figure 5).



Such linear relationships were obtained between the fresh and dry mass of shoots of green butterhead lettuce and the DLI from 6.9 to 15.6 mol m−2 d−1, provided by LED lamps (R2 = 0.89 and 0.85, respectively) [25]. Dou et al. [26] found such linear relationships for the shoot FW and DW of sweet basil with a DLI from 9.3 to 17.8 mol m−2 d−1 (R2 = 0.79 and 0.77, respectively), though the highest shoot FW and DW were obtained at 16.5 mol m−2 d−1 instead of 17.8 mol m−2 d−1. Their study, together with other studies [2,3], indicated that the DLI displays positive effects on the plant growth within a certain range, beyond which range an excessive DLI could inhibit the plant growth. In the present study, however, the nasturtium biomass increased for the DLI range from 17.3 to 34.6 mol m−2 d−1, and the highest biomass of the shoots, leaves, and roots was obtained at 34.6 mol m−2 d−1 (Figure 4 and Figure 5). Compared with leafy vegetables, such as lettuce or basil, nasturtium seemed to have more tolerance not only for a longer light period, as found in Experiment 1, but, also, for much higher amounts of light, as found in Experiment 2.



These results indicate that there is still room to raise the DLI for enhancing the yield of nasturtium grown under CL. A further study is needed to identify the level of DLI beyond when the DLI becomes a growth inhibitive factor. The LUE of nasturtium was significantly higher under lower DLIs (17.3 and 25.9 mol m−2 d−1 for 14 DAT and 17.3 mol m−2 d−1 for 21 DAT) than under higher DLIs (34.9 mol m−2 d−1 for 14 and 21 DAT) (Figure 6). It is suggested that a lower DLI could increase the LUE of nasturtium, especially during the later growth stage of the plant. These results could be explained by qN, which was significantly lower under the lower DLI than that under the higher ones at 20 DAT (Figure 7d). Compared with the lower DLIs (CL-200), nasturtium under higher DLIs (CL-300 and CL-400) dissipated most of the absorbed light energy in the form of heat rather than use it for photochemistry.




4.3. Effects of CL on the Tolerance of Hydroponic Nasturtium under the Same and Different DLIs


As we explained before, CL, not to mention CL with a high light intensity, could induce adverse effects on plants caused by excess light energy. The chlorophyll fluorescence parameters can reflect the light absorption, transfer, dissipation, and distribution abilities in the photosystem II (PS II) of plants. Therefore, these parameters are the most reliable and widely used indexes to evaluate the photosynthesis ability and abiotic stress response of plants [27].



In Experiment 1, the values of Fv/Fmax of nasturtium grown under T24-200, as well as under T16-300, were higher than 0.8 at 21 DAT (Table 2), which indicated that the nasturtium plants were not subjected to light stress under CL in Experiment 1.



A reversible photo inhibition caused by light stress was observed in Experiment 2 (Figure 7). At 6 DAT, the values of Fv/Fmax of the nasturtium plants under all treatments were lower than 0.8, indicating that plants were suffering from light stress. At this early growth stage, the Fv/Fmax and PhiPS2 decreased as the light intensity increased from 200 to 400, suggesting a greater degree of photoinhibition for higher light intensities. The decline in the Fv/Fmax was indicative of photodamaged PSII due to a decrease in the proportion of open PSII reaction centers (qP). Additionally, the decrease in PhiPS2 could be attributed to both the decrease in the proportion of open PSII reaction centers (lower qP) and the increase in light energy dissipated in the form of heat (larger qN).



At 20 DAT, an elevation of the Fv/Fmax to over 0.8 for all the DLI treatments and the diminished among-treatment differences for the Fv/Fmax were observed, which implies that the photoinhibition was recovered at 20 DAT. The elevation of the Fv/Fmax could be explained by the increase in qP, which allowed for more absorbed energy to be used for photochemistry rather than dissipated in the form of heat (qN). As a result, the quantum yield of the PSII electron transport (PhiPS2) was improved. The diminished differences in the Fv/Fmax among the treatments could be explained by the lager differences in the qP and qN. The levels of qP under CL-300 and CL-400 were lower than those under CL-200, whereas it was symmetrically the other way around for the levels of qN (Figure 7). These results indicated that, under high light intensities, the photosynthetic apparatus was protected from light stress by the greater ability of the nasturtium plants to dissipate the excess excitation energy as heat.



A similar reversible photo inhibition case was observed in lettuce, where 25-day-old lettuce plants were treated under CL with three different light intensities (100, 200, and 300 µmol m−2 s−1) for 12 days [28]. In this case, the lettuce plants were suffering from photoinhibition under 200 and 300 µmol m−2 s−1 at 6 DAT, demonstrated by the lower values of the Fv/Fmax, PhiPS2, and qP and the higher value of qN compared to the values under 100 µmol m−2 s−1, and the plant recovered from this photoinhibition at 12 DAT, as manifested by the increases in the Fv/Fmax, PhiPS2, and qP.




4.4. Effects of DLI and CL on Antioxidants of Hydroponic Nasturtium


Plants can acclimate to enhanced light radiation by improving their antioxidant capacity [5]. This has been well-described in several crops, such as sweet potatoes [29] and lettuce [30].



In Experiment 1, compared with the 16-h light period, the TPC in nasturtium leaves was higher under CL at 14 DAT, but there was no significant difference at 21 DAT, and the antioxidant capacity was higher at both 14 and 21 DAT under CL (Table 2). A study reported that CL continuously increased the accumulation of carbohydrate and nicotinamide adenine dinucleotide hydrogen phosphate (NADPH) in plant leaves. An excessive NADPH accumulation in the chloroplast stroma eventually induces the synthesis of a superoxide anion radical (O2−). In order to protect the photosynthetic apparatus against oxygen damage, plants synthesize antioxidants (such as phenolic compounds) to scavenge O2− [28].



In Experiment 2, the levels of antioxidant capacity and TPC were higher at the earlier growth stage (week 1) than at the later growth stages (weeks 2 and 3), whereas there were no significant differences among the different DLI treatments at the same growth stage (Table 3). The former observation could be understood, as the young seedlings at the first growth stage need time to acclimate to CL. The latter observation suggests that CL under these levels of DLI does not create any extra harmful stress on the growth of nasturtium plants.



Thus, CL, compared with shorter light periods, could be a feasible way to improve the quality of nasturtium while not causing photosynthetic damage.




4.5. Plant Spacing and Effects of LAI on the RGR and LUE of Hydroponic Nasturtium


Under CL, the RGR for the same treatment were similar in the first 2 weeks of plant growth in both experiments (Table 2 and Table 3). It decreased in the third week in both experiments. The rate of decrease was higher, however, in Experiment 1 than in Experiment 2. Compared with the second week, the RGR decreased by 20% in Experiment 1, whereas it decreased by 11–13% in Experiment 2. This difference manifested as contrasting growth patterns of the leaves and aboveground biomass of nasturtium plants between the experiments: a liner growth pattern for the former (Figure 2) and an accelerated-growth pattern for the latter (Figure 4).



This difference could be attributed to the differences in plant spacing in the two experiments. In PFALs that are destined to pursue the efficiency in space (as well as light) utilization as high as possible, it is of vital importance to adjust plant spacing in the course of plant growth from the seedling (nursery) stage to the stage ready to harvest so as to ensure the best growth conditions for attaining the highest possible space utilization efficiency [31,32]. In the case of lettuce production, transplanting or respacing is usually carried out twice or three times, using the projected leaf area to determine the optimal timing and plant density [33,34].



In Experiment 1, all the growth parameters per m2 related to the aboveground biomass showed clear growth deceleration in the last growth stage (Supplementary Figure S2a–e), which indicated the plant density applied for week 3 was too high. The plant density in Experiment 2 was therefore reduced so that the deceleration of the growth parameters per m2 in the last growth stage was reduced or turned into growth acceleration (Supplementary Figure S3a–e). Especially, in week 3, the plant spacing with a lower plant density in Experiment 2 (5.6 against 11.1 plants m−2 in Experiment 1) accelerated the rate of leaf area expansion (239% against 78%), which resulted in a larger rate of increase in the LAI (69% against 19%). Both of our experiments revealed a clear linear relationship between the RGR and LAI (Supplementary Figure S1), which suggests the following causal chains: plant spacing influenced the LAI to further influence the RGR. By adjusting the LAI, therefore, the RGR could be fine-tuned. The critical threshold of the LAI is left for further study.



Under the CL condition, the LUE was larger in Experiment 1 than in Experiment 2, regardless of the growth stage (Figure 3 and Figure 6). This was due most likely to the differences in plant densities between the two experiments—that is, the higher plant density at each stage led to a higher LUE. In the later growth stages from week 2 to week 3, the LUE declined significantly in Experiment 1 while it declined only slightly in Experiment 2, without any significant differences. This suggests that there may be an optimal plant density at which a stable LUE was maintained in the later stages in Experiment 1. In addition, at the seedling stage, the LUE in both experiments was relatively low, indicating that higher plant densities could be used in the early stage (week 1) for improving the LUE.



Beccafichi et al. [35], cultivating lettuce with different plant densities in open fields, reported that the LUE was not affected by the plant density, even though the maximum ground cover rate reached 100%. This may be because the plants in the field received a much higher DLI than the one used in the present experiment. There have been some studies, however, which reported that the LUE of Pak choi and cotton were significantly affected by the plant density [36,37,38]. This indicates that LUE could be optimized by keeping the plant density appropriately at a certain level.



Generally, with a higher plant density, the planting area tends to be covered by plants faster, and accordingly, it reaches the optimal LAI faster. As plants grow, the supply of assimilates increases with the increase in leaf area, and the optimal LUE can be reached earlier. The plant density should be adjusted when the yield does not continue to increase with the increasing LAI. Improvement of the energy use efficiency and space use efficiency in plant factories is of essential importance. It is an urgent research agenda to study the optimal balance among the LAI, RGR, and LUE under CL conditions.





5. Conclusions


Nasturtium is a functional herbal plant of great commercial prospects. In this study, we investigated the feasibility of continuous lighting (CL) on the cultivation of hydroponic nasturtium in a PFAL and examined the effects of CL with different daily light integrals (DLIs) on the growth and secondary metabolites of the plant.



Our experiments verified that the CL treatment (24 h per day lighting) against the 16 h per day lighting treatment at the same DLI of 17.3 mol m−2 d−1 enhanced the leaf and shoot dry weights, antioxidant capacity, and total phenolic contents in the leaves and light use efficiency (LUE) without causing any physiological stress on the plants and that, under the CL conditions for the DLI, which ranged from 17.3 to 34.6 mol m−2 d−1, the biomass of the leaves, shoots, and roots increased linearly as the DLI increased.



We conclude that CL with no dark period is a feasible and beneficial technology for the mass and high-quality production of nasturtium in PFALs and that an increase in the DLI under CL increases the nasturtium biomass linearly up to the light intensity of 400 μmol m−2 s−1. The effects of a DLI higher than this level on nasturtium plants needs to be studied in the future.
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Figure 1. Spectral distribution of the LED lamp used in the experiments. 
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Figure 2. Leaf fresh (a) and dry weight (b), leaf numbers (c), leaf area (d), shoot dry weight (e), and root dry weight (f) of nasturtium grown under T16-300 and T24-200 at 7, 14, and 21 days after treatment. Values are the means ± SE (n = 6). Asterisks indicate significant differences between the treatments (1*, p < 0.05; 2*, p < 0.01; 3*, p < 0.001, and 4*, p < 0.0001), determined by the t-test. Plant density during the 1st, 2nd, and 3rd weeks was 21.5, 16.7, and 11.1 plants m−2, respectively. 
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Figure 3. Light use efficiencies (LUE) in the leaf dry masses of nasturtium grown under T16-300 and T24-200 measured at 7, 14, and 21 days after treatment. Values are the means ± SE (n = 6). The asterisk sign indicates significant differences between the treatments (1*, p < 0.05 and 2*, p < 0.01), determined by the t-test. 
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Figure 4. Leaf fresh (a) and dry weight (b), leaf numbers (c), leaf area (d), shoot dry weight (e), and root dry weight (f) of nasturtium grown under CL-200, CL-300, and CL-400 at 7, 14, and 21 days after treatment. CL-200, CL-300, and CL-400 represent the light period of 24 h per day with a light intensity at 200, 300, and 400 µmol m−2 s−1, respectively. Values are the means ± SE (n = 8). Different alphabet letters indicate significant differences between the treatments, the signs, 1*, 2*, 3*, 4*, or 5* put after the alphabet ‘a’ at the largest mean for each parameter and each ‘days after treatment’, indicating that the probability of the ANOVA (the multiple mean comparison by Tukey) was p < 0.05, p < 0.01, p < 0.001, p < 1.0 × 10−4, or p < 1.0 × 10−5, respectively. The plant density during the 1st, 2nd, and 3rd weeks was 16.7, 11.1, and 5.6 plants m−2, respectively. 
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Figure 5. Relationship between the biomass (shoot and root dry weight) of the nasturtium plant (y) and the daily light integral (DLI; in terms of the light intensity) (x) at the last stage of plant growth (21 DAT). Each dot shows the mean ± SE (n = 8), and the R2 and the probability of the regression estimation are estimated using the raw data (n = 24). 
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Figure 6. Light use efficiencies (LUE) of nasturtium grown under CL-200, CL-300, and CL-400 at 7, 14, and 21 days after treatment. Values are the means ± SE (n = 8). Different alphabet letters indicate significant differences between the treatments, the signs 2* put after the alphabet ‘a’ at the largest mean for each ‘days after treatment’, indicating that the probability of the ANOVA (the multiple mean comparison by Tukey) was p < 0.01. 






Figure 6. Light use efficiencies (LUE) of nasturtium grown under CL-200, CL-300, and CL-400 at 7, 14, and 21 days after treatment. Values are the means ± SE (n = 8). Different alphabet letters indicate significant differences between the treatments, the signs 2* put after the alphabet ‘a’ at the largest mean for each ‘days after treatment’, indicating that the probability of the ANOVA (the multiple mean comparison by Tukey) was p < 0.01.
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Figure 7. The maximum quantum yield of the PSII primary photochemistry (Fv/Fmax) (a), quantum yield of the PSII electron transport (PhiPS2) (b), and the coefficients of photochemical quenching (qP) (c) and nonphotochemical quenching (qN) (d) of nasturtium grown under CL-200, CL-300, and CL-400 at 6 and 20 days after treatment in Experiment 2. CL-200, CL-300, and CL-400 represent the light period of 24 h per day with a light intensity at 200, 300, and 400 µmol m-2 s−1, respectively. Values are the means ± SE (n = 8). Different alphabet letters indicate significant differences between the treatments, the signs, 2*, 3*, or 4* put after the alphabet ‘a’ at the largest mean for each parameter and each ‘days after treatment’, indicating that the probability of the ANOVA (the multiple mean comparison by Tukey) was p < 0.01, p < 0.001, or p < 1.0 × 10−4, respectively. 
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Table 1. Two lighting treatments for the same level of the daily light integral (DLI) created by different combinations of light intensity and the light period in Experiment 1, and three lighting treatments for different levels of the DLI created by different light intensities under the condition of continuous lighting (CL) in Experiment 2.
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Experiment

	
Treatment

Symbols

	
Light Intensity

(µmol m−2 s−1)

	
Light Period

(h d−1)

	
DLI

(mol m−2 d−1)






	
1

	
T16-300

	
300

	
16

	
17.3




	
T24-200

	
200

	
24




	
2

	
CL-200

	
200

	
24

	
17.3




	
CL-300

	
300

	
24

	
25.9




	
CL-400

	
400

	
24

	
34.6








Note: DLI (mol m−2 d−1) = PPFD (µmol m−2 s−1) × light period (h/d) × 3600 (s/h)/106.
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Table 2. The Fv/Fmax, secondary metabolites, relative growth rate (RGR), and leaf area index (LAI) of the nasturtium plants grown under different light periods, but with the same daily light integral (DLI), at 7, 14, and 21 DAT in Experiment 1.
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Parameter

	
Unit

	
DAT

	
Treatment z

	
Difference

(%) y

	
T-Test x

p-Value




	
T16-300

	
T24-200






	
Fv/Fmax

	
(ratio)

	
14

	
0.828

	
a

	
0.836

	
a

	
1.0

	
0.234




	
21

	
0.841

	
a

	
0.820

	
a

	
−2.6

	
0.020




	
Antioxidant capacity

	
(mg TE

g−1 leaf FW)

	
14

	
1.654

	
a2*

	
2.316

	
a1*

	
40

	
5 × 10−5




	
21

	
1.356

	
b

	
2.003

	
b

	
48

	
3 × 10−4




	
Total phenolic content

	
(mg GAE

g−1 leaf FW)

	
14

	
2.041

	
a

	
2.251

	
a

	
10

	
0.040




	
21

	
2.081

	
a

	
2.396

	
a

	
15

	
0.056




	
RGR

	
(g g−1 day)

	
7

	
0.20

	
a

	
0.24

	
a3*

	
19

	
0.015




	
14

	
0.22

	
a3*

	
0.24

	
a

	
11

	
6 × 10−4




	
21

	
0.18

	
b

	
0.19

	
b

	
5

	
0.038




	
LAI

	
(m2 m−2)

	
7

	
0.75

	
c

	
1.16

	
c

	
55

	
0.014




	
14

	
4.64

	
b

	
5.83

	
b

	
26

	
0.007




	
21

	
6.47

	
a9*

	
6.93

	
a9*

	
7

	
0.422








z For the treatment, T16-300 represents the light period of 16 h per day, with a light intensity at 300 µmol m−2 s−1. T24-200 represents the light period of 24 h per day, with a light intensity at 200 µmol m−2 s−1. For each treatment and for each growth parameter, the numbers followed vertically (column-wise comparison) by different alphabet letters are statistically different, and the order of magnitude corresponds to the order of the alphabet, i.e., a > b > c. The signs, 1*, 2*, 3*, or 9*, put after the alphabet ‘a’ at the largest mean for each parameter and each treatment, indicate that the probability of the t-test (for the top three parameters) or of the ANOVA (the multiple comparison by Tukey for the RGR and LAI) is p < 0.05, p < 0.01, p < 0.001, or p < 1.0 × 10−10, respectively. y The rate of the difference between T24-20 and T16-300, i.e., ((T24–T16)/T16) *100. x Double-sided t-test with unequal variances for the mean difference between the two light period treatments (row-wise comparison). The p-values that are less than p = 0.05 are shown in bold letters.
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Table 3. Secondary metabolites and relative growth rate (RGR) and leaf area index (LAI) of nasturtium plants grown under continuous lighting (CL) with three different daily light integrals (DLIs) at 7, 14, and 21 days after treatment (DAT) in Experiment 2.
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Parameter

	
Unit

	
DAT

	
Treatment z

	
Rate of Change (%)

	
ANOVA

p-Value y




	
CL-200

	
CL-300

	
CL-400

	
CL300/

CL200

	
CL400/

CL300






	
Antioxidant capacity

	
(mg TE/

g FW)

	
7

	
4.9

	
a1*

	
5.1

	
a

	
5.8

	
a3*

	
6

	
13

	
0.198




	
14

	
3.6

	
ab

	
3.8

	
a

	
3.6

	
b

	
6

	
−5

	
0.952




	
21

	
3.2

	
b

	
3.8

	
a

	
2.9

	
b

	
19

	
−24

	
0.137




	
Total phenolic content

	
(mg GA/

g FW)

	
7

	
3.1

	
a

	
3.2

	
a

	
3.5

	
a3*

	
2

	
9

	
0.256




	
14

	
2.7

	
a

	
2.6

	
a

	
2.5

	
b

	
-3

	
−4

	
0.840




	
21

	
2.5

	
a

	
2.8

	
a

	
2.5

	
b

	
12

	
−13

	
0.252




	
RGR

of shoot DW

	
(g/g d)

	
7

	
0.26

	
a

	
0.28

	
a

	
0.32

	
a1*

	
8

	
13

	
0.027




	
14

	
0.27

	
a2*

	
0.29

	
a2*

	
0.28

	
ab

	
8

	
−1

	
0.035




	
21

	
0.24

	
b

	
0.25

	
b

	
0.26

	
b

	
4

	
5

	
6 × 10−6




	
LAI

	
(m2 m−2)

	
7

	
0.29

	
c

	
0.30

	
c

	
0.36

	
c

	
3

	
20

	
0.333




	
14

	
1.81

	
b

	
2.14

	
b

	
1.91

	
b

	
18

	
−11

	
0.239




	
21

	
3.06

	
a14*

	
3.25

	
a10*

	
4.12

	
a12*

	
6

	
27

	
0.001








z For the treatment, CL-200, CL-300, and CL-400 represent the light period of 24 h per day with the light intensity of 200, 300, and 400 µmol m−2 s−1, respectively. For each treatment and for each parameter, numbers followed vertically (column-wise comparison) by different alphabet letters are statistically not different from each other (1* indicates the probability of ANOVA (the multiple comparison by Tukey) is 1* p < 0.05, 2* p < 0.01, 10* p < 1.0 × 10−11, 12* p < 1.0 × 10−13, and 14* p < 1.0 × 10−15), and the order of magnitude corresponds to the order of alphabet, i.e., a > b > c. y The p-values for the ANOVA of the multiple mean comparison among the three CL treatments by Tukey’s method applied to each row (row-wise comparison). The probabilities that are less than p = 0.05 are shown in bold letters.
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