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Abstract


Microalgae represent a promising raw material for the bioeconomy and biotechnology. One of the key factors regulating their metabolism is light. However, the traditional approach to cultivation, aimed at maximising biomass productivity due to high lighting intensity, contradicts the principles of energy efficiency. In addition, the responses of soil microalgae to the spectral composition of light remain poorly understood, which creates a gap in fundamental knowledge. The Pleurastrum insigne CAMU MZ–Ch4 soil strain is a potent producer of valuable compounds. Physico-chemical and instrumental analysis, including spectrophotometric, chromatographic and gravimetric techniques, were used to determine the productive and biochemical parameters of the strain. It was shown that blue and red light with intensities of 90 and 150 µmol m−2 s−1 are optimal in absolute terms for the growth and CO2 biofixation, green light for the accumulation of pigments and antioxidants, and low-intensity red light is the most energy efficient for the synthesis of lipids and other metabolites. Based on calculations of product-specific energy intensity, it was demonstrated that the “more light = more product” strategy increases metabolite energy intensity. Maximum bioeconomic efficiency (the minimum cost of electricity to produce a unit of a metabolite) is achieved with low intensity of red and blue light.
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1. Introduction


Microalgae are a promising biotechnological resource due to their high productivity, adaptability, and ability to synthesise a wide range of valuable compounds [1]. One of the key factors regulating the growth and metabolism of microalgae is light; the spectral composition, intensity, and other parameters of light are a convenient tool for managing the production of target metabolites [2,3].



Traditionally, the biotechnological approach involves achieving maximum productivity by increasing lighting intensity [4]. However, this approach does not account for the non-linearity of the culture’s light intensity response [5], since beyond the intensity optimum, growth slows down due to photoinhibition, while energy costs continue to rise. Techno-economic analysis shows that energy costs for lighting account for up to 50% of production costs and constitute the main contributor to the production carbon footprint [6,7]. This conflicts with the principles of a sustainable bioeconomy, and the growing carbon footprint negates the fundamental strategy of biotechnology (environmental friendliness). Thus, maximum product output is not equivalent to minimum production cost, and more often than not, it contradicts the principles of ecological friendliness in biotechnology. In conditions where environmental efficiency is becoming a critical parameter, production technologies need to shift from maximum productivity to a strategy for optimising the energy efficiency of the entire process, ensuring a negative or neutral carbon balance [8,9]. In this context, managing the spectral composition of light could be a promising approach to reducing energy consumption while maintaining the high productivity of target compounds. In the long term, this could also provide an additional benefit related to the absorption of carbon dioxide biotechnological applications of microalgae aimed at producing valuable metabolites and absorbing CO2 have recently attracted considerable interest and are actively being investigated [10,11,12,13].



In their studies, Maltsev et al. [2] and Huang et al. [3] reported that many types of microalgae achieve optimal growth under combined illumination with an emphasis on the red and blue spectral regions at intensities in the range of 26–1500 µmol m−2 s−1. It is known that the optimal light level varies depending on the species of microalgae. At the same time, to date, there have been no universal and clear dependencies in the scientific literature between lighting conditions, growth rates, and the biochemical composition of the biomass. The results of various experiments indicate a species-specific reaction to light, and the accumulation of specific valuable metabolite, triggered by certain lighting parameters [2,14,15,16]. Moreover, the vast majority of research focuses on aquatic organisms—freshwater and marine species of microalgae [2,3,14]. Despite active study of the influence of light on aquatic microalgae [2,14], currently, limited information is available regarding the effect of monochromatic light and its intensity on biomass accumulation, lipid, and carotenoid content in a range of microalgae [2,3]. Some studies contain information on the accumulation of α-tocopherol [17], ascorbic acid [18,19], and polyphenolic compounds [18,20] by microalgae in various lighting conditions. At the same time, the responses of soil microalgae—organisms adapted to aphotic (deep soil horizons, caves) or to extreme light conditions (soil surface with high insolation)—remain practically unexplored [21,22]. The soil environment, especially the upper soil horizon, is characterised by significant fluctuations in temperature, humidity, and exposure to high-intensity light, in water conditions these factors are relatively stable [22]. Consequently, soil microalgae have developed a special photophysiological strategy for survival under stress. Their survival in these habitats depends on a number of protective mechanisms, including the accumulation of compounds that protect against ultraviolet radiation [23], the formation of stable life stages such as akinetes or zygospores [24], and the secretion of extracellular substances [25], which create a moistened microenvironment. Moreover, some soil isolates exhibit exceptional resistance to photodamage, enabling active photosynthesis at light levels that are high for aquatic microalgae [26]. This combination of protective and reparative strategies determines a high-stress tolerance strategy in soil strains, rather than the biomass accumulation and growth usually observed in planktonic species, and suggests that they can support vital functions across a wide range of light intensities. This creates a significant knowledge deficit, since the mechanisms of light adaptation and metabolic response in this ecological group may differ fundamentally from those known for aquatic species, especially since the existing data on the effect of monochromatic light on microalgae are often contradictory [2,3,14,16]. This deficit in fundamental knowledge limits the development of resource-saving cultivation technologies for this ecological group, and further underscores the need for research in this direction.



Chlorococcum/Pleurastrum Chodat are one of the largest genera of green algae. Among the Pleurastrum species, there are both aquatic and soil species. The soil species Pleurastrum insigne Chodat 1894 (formerly Chlorococcum oleofaciens) is well-studied at both the ultrastructural and molecular levels. It is characterised by its ability to accumulate large quantities of oils, its great biotechnological potential, and its potential to serve as a model for assessing the effectiveness of changes in cultivation conditions to obtain biomass with a maximum content of valuable metabolites [27,28]. Research data on the Pleurastrum insigne CAMU MZ–Ch4 soil strain indicate its high biotechnological value for lipid, vitamin, and carotenoid production, as well as for carbon dioxide biosequestration [27,28,29].



This work aimed to study the effects of the spectral composition and intensity of monochromatic light on the growth, metabolic profile, CO2 biofixation and metabolites production energy efficiencyof Pleurastrum insigne CAMU MZ–Ch4. Addressing these objectives will help characterise the mechanisms of light regulation of metabolism in a representative soil microalga, lay the foundation for extrapolating the obtained patterns to other organisms in this ecological group, and propose energy-efficient strategies for light-controlled, targeted biotechnological synthesis of valuable compounds, in line with the principles of a sustainable bioeconomy.




2. Materials and Methods


2.1. Microalgal Material


The strain Pleurastrum insigne (formerly Chlorococcum oleofaciens) MZ–Ch4 was isolated from forest litter in the oakwood of the Samara Forest (N 48°39′30.44″, E 35°39′2.17″). The strain was deposited in the Culture and Barcode Collection of Microalgae and Cyanobacteria “Algabank” (WDCM1318) at the K.A. Timiryazev Institute of Plant Physiology RAS and the Collection of Algae at Melitopol State University CAMU (WDCM1158) as perpetually transferred pure cultures. Photos and molecular studies of the strain were presented earlier [30]. The strain is stored at 15.0 ± 2.0 °C in vials illuminated by white diodes at 120 lx with a 16:8 h (light/dark) light cycle in BBM (Table 1) [31]. A culture in the exponential phase was used for the experiments. For this purpose, 10.0 mL Pleurastrum insigne was inoculated in 150.0 mL of fresh BBM. After 5 days of growth, this culture was introduced into experimental media.




2.2. Experimental Design


As reactors, we used flat-bottomed 250 mL flasks with sealed lids and a system that ensures consistent composition of the gas–air mixture in the flask (Figure 1a,b). For this, a sealed cap was used, to which an inlet tube from the compressor was connected via a filter, as well as an outlet tube (also through a filter) to prevent excessive pressure from building up inside the flask.



The Hailea ACO-308 aquarium compressor (Hailea, Chaozhou, China) supplied air for cell culture aeration. The air was delivered through a 4 mm inner-diameter tube at 0.1 L min−1. The air was taken from a constantly ventilated room. The carbon dioxide volume fraction in the air was maintained at 540–557 ppm. The carbon dioxide volume fraction in the air was monitored using an AZ7752 gas analyser (AZ Instrument, Taichung, Taiwan). To prevent bacterial contamination of the culture, we used a bacterial ventilation filter (GSV, Rosignano Solvay, Italy) with a 40 mm diameter (pore size 0.22 µm). The filter was located in the gap between the compressor and the tube and at the reactor outlet. The strain was grown at 23.0 ± 2.0 °C. The light intensity was 26–150 µmol m−2 s−1, and the lighting mode was 16:8 (light/dark) (Figure 1c). The light intensity was measured using the HOPOOCOLOR OHSP-350P lighting analyser (Hangzhou HOPOOCOLOR Light and Colour Technology Co., Ltd., Hangzhou, China). Cell cultures were cultivated with constant shaking at 60 rpm using a KJ-201 BD orbital shaker (Pioway Medical Lab Equipment, Nanjing, China). To assess the growth and biochemical characteristics of the strain, it was grown in Erlenmeyer flasks containing 150.0 mL of BBM, with a volume of 250.0 mL, at 23.0 ± 2.0 °C. The initial cell concentration was 2.89 × 105 cells mL−1. Cell concentrations were measured with a C100 (RWD Life Science, Shenzhen, China).



To set up the experiment, an experimental design was developed, according to which 9 experimental cultivation regimes were formed for the strain (Table 2). The intensities were selected based on the literature data [2], which indicate that they are optimal for the growth of most representatives of green microalgae. The experimental group cultivated at 26 µmol m−2 s−1 was considered the control. The choice as control a low light intensity (26 µmol m−2 s−1) to assess the effect of the spectral composition is due to this value being located on the linear (light-limiting) section of the photosynthetic light curve, where the speed of the process is directly proportional to the number of absorbed photons and light limits the process. While the range of 90–150 µmol m−2 s−1 is often considered as the optimum for growth [2] and corresponds to the zone of light saturation, in which the rate of photosynthesis is limited by the maximum rate of Ru-bisCO carboxylation or the rate of RuBP regeneration, rather than the arrival of photons [32], high light intensities can cause activation of non-photochemical quenching and photoinhibition [32], which negates the effects of changes in spectral composition. Accordingly, cultivation at 26 µmol m−2 s−1 ensures maximum sensitivity of the culture to spectral shifts, whereas in bright light this effect is masked by saturation of the electron transport chain and Rubisco limitation. Thus, using the light-limiting mode as a control paired with the optimum (90–150 µmol m−2 s−1) allows you to compare the effect of the test factor, minimising the influence of competing physiological limitations.



LED strips were used as light sources, with their density and distribution frequency within the lightproof box arranged to achieve the required light intensity. Additionally, dimmers were used to maintain the necessary PPFD. The LED strips were powered by a Corsair CX 550 ATX power supply with a 550 W output and an 80+ Bronze efficiency rating.




2.3. Growth Assessment and Rate of CO2 Biofixation


The growth was followed for 20 days. Microalgae growth was estimated by measuring dry weight (DW). The measured dry weight is expressed in g L−1.



Biomass productivity (P, g L−1 day−1) was estimated using the following equation:


P (g L−1 day−1) = (x2 − x1) (t2 − t1)−1



(1)




where x2 (g L−1) is the concentration of the biomass at the end of the cultivation time t2 (day), and x1 (g L−1) is the concentration of the biomass at the beginning of the cultivation time t1 (day) [33].



The rate of CO2 biofixation (F, g CO2 L−1 day−1) was calculated for biomass productivity (P) according to the equation [33]:


F (g CO2 L−1 day−1) = 1.88 P



(2)




where P is the productivity of biomass (g L−1 day−1).




2.4. Biochemical Parameters Measured


Detailed analytical procedures for the measurement of chlorophyll a (Chl a), chlorophyll b (Chl b), total carotenoids (including more and less polar fractions), lipids, proteins, ascorbic acid (AscA), phenolic compounds (PhenCs), and α-tocopherol (α-Toc) are described in the Supplementary Materials (Supplement).



2.4.1. Chlorophyll a, b, and Carotenoid Content Measured


The measurements of Chl a, Chl b, Car, MPCar and LPCar were carried out using an extraction-photometric method [34]. The extraction of pigments from microalgae was carried out with 80.0% acetone. The absorption intensity of the pigment extract was analysed on the spectrophotometer Ulab 102 (Ulab, Nanjing, China) at the following wavelengths: 663.4, 646.6 and 440.5 nm, which corresponds to the absorption maximum for Chl a, Chl b and Car. Calculations were carried out according to the following formulas:


Chl a = 12.25 E663,6 − 2.55 E646,6 (µg mL−1)










Chl b = 20.31 E646,6 − 4.91 E663,6 (µg mL−1)










Chl a + b = 17.76 E646.6 + 7.34 E663.6 (µg mL−1)










Car = 4.69 E440.5 − 0.267 Chl a + b (µg mL−1)











Next, we mixed the above acetone extract with 2.5 mL of hexane, stirred, and left in the dark until the phase separation. The upper phase contains less polar compounds dissolved in hexane, and the lower phase contains more polar compounds dissolved in acetone. The lower fraction was collected separately, and optical density measurements were performed at 440.5, which corresponds to the maximum absorption of more polar carotenoids (MPCar). We evaporated the upper hexane fraction in vacuum and dissolved the dry residue with 80% acetone, destroying chlorophyll molecules by adding 50 µL of 12.5% HCl solution. Next, we measured the absorption at 470, which is the main absorption maxima of less polar carotenoids (LPCar.). To calculate the concentrations, we used the equations below:


MPCar = 4.69 E440.5 − 0.267Chl a + b (µg mL−1)










LPCar = (1000 E470 − 4.28 E665.4 − 4.78 E653.4)/164 (µg mL−1)











The content of pigments was expressed in mg g−1 of dry biomass.




2.4.2. Lipids, Protein, Ascorbic Acid, Phenolic Compounds and α-Tocopherol Content Measurement


The determination of the total lipid content was carried out by the gravimetric method. A hexane-propane-2-ol mixture at a volume ratio of 3:2 was used for lipid extraction [35]. The extract was poured into a preweighted sample bottle, and a glass with precipitation was washed twice with hexane. The extracts were combined and evaporated under vacuum at 60 °C. The dry lipid fraction was weighed and expressed in mg g−1 DW.



For protein content determination we used Olson’s protocol [36], which is based on the bicinchoninic method. The calibration curve was constructed according to the standard solution of bovine serum albumin (Thermo Scientific, Waltham, MA, USA). The proteine content was expressed in mg g−1 DW.



The phenolic compound (PhenC) content of the samples was determined according to the Folin–Chocalteu colorimetric method according to a protocol described by Vazquez et al. [37]. The optical density of the solution was then measured at 760 nm on the ULab 102 spectrophotometer. The total phenolic compounds content was quantified with a calibration curve obtained using a standard galic acid solution (Merck, Darmstadt, Germany) in the concentration range of 1 to 20 mg L−1. The concentration is expressed in galic acid equivalents mg at 1.0 g of DW (GAE mg/g−1 DW).



The method of Kampfenkel et al. in the Zuffellato-Ribas et al. modification [38] was used to determine the content of ascorbic acid. The optical density of the solution was then measured using a 525 nm. A calibration curve was used to quantify the optical density (mg g−1 DW). The standard used was a calibration solution made of crystalline ascorbic acid (Supelco, Darmstadt, Germany).



The content of α-tocopherol in biomass was determined by reverse-phase HPLC using a Chromatron-1411 liquid chromatograph (JSC Labtech, Moscow, Russia) with a UV spectrophotometric detector. We described the definition algorithm in detail in our previous work [39]. For the quantitative determination of α-tocopherol, the calibration curve method was used, which was constructed based on the height and area of peaks obtained by chromatography of calibration solutions with a final concentration of 10–100 μg mL−1. Calibration solutions were prepared by diluting a standard solution obtained by diluting α-tocopherol from a Merck kit (Millipore, Billerica, MA, USA) in methanol, with an initial concentration of 1 mg mL−1. The concentration was expressed in μg per g DW.





2.5. LED Electro-Physical Parameters, Bioeconomy Effect Calculation and Control of the Cultivation Media Parameters


To calculate the content of metabolites per unit volume of biomass (Ci), the following formula was used:


Ci (mg L−1) = MDW B



(3)




where MDW is the metabolite content per gram of dry biomass (mg g−1 DW), and B is the culture biomass density (g L−1).



The power consumption (P) was calculated in accordance with Ohm’s law [40] for a circuit section using the formula (for a standard resistive load):


P = U I



(4)




where U is the voltage across the LED strip, V; I is the current consumed by the LED strip, A.



The power consumption, considering the efficiency of the power supply unit (Pη), was calculated using the formula:


Pη (W h−1) = P η−1 0.01



(5)




where P is the power consumed by the LED strip, W; η is the efficiency factor, which, in accordance with the 80+ Bronze certificate for the selected power supply, is 82%; 0.01 is the coefficient for converting percentages to part of a unit.



The power consumed over 20 days of cultivation (Pw) was calculated using the formula:


Pw (kW h−1) = Pη ∑T



(6)




where ∑T is the total illumination time over 20 days under a 16/8 photoperiod, h.



The energy required to obtain 1 g of metabolite (Pg) was calculated using the formula:


Pg (kW h−1 g−1) = Pw (Ci k)−1



(7)




where Pw is the power consumed over 20 days of cultivation, kW h−1; Ci is the substance concentration, g L−1; k—is the conversion factor for converting mg L−1 to g L−1 (103) and µg L−1 to g L−1 (106).



The parameters of the cultivation medium (concentration of dissolved oxygen (O2), hydrogen index (pH), and content of dissolved salts (Salts) in the initial BBM were determined using an AZ-86031 water-quality multimonitor (AZ Instrument, Taiwan).




2.6. Data Analysis


Statistics obtained in the Microsoft Excel version 1903 software using single-factor dispersion analysis (ANOVA) [41]. The reliability of the differences between the indicators was assessed using the Tukey–Kramer post hoc test. Differences at p ≤ 0.05 were considered statistically significant. In all experiments, we used 3 biological and 5 technical replicates.





3. Results


3.1. Biomass and Growth Rate


The growth kinetics of the strain Pleurastrum insigne CAMU MZ–Ch4 demonstrated a clear dependence on the spectral composition and intensity of light (Figure 2).



Cultures of Pleurastrum insigne CAMU MZ–Ch4 reached the stationary phase by day 15 under red and blue light at all intensities tested (26, 90, and 150 µmol m−2 s−1). Under green light, the culture only reached the stationary phase by this time at the 150 µmol m−2 s−1. At lower PPFDs (26 and 90 µmol m−2 s−1), biomass growth continued until day 20.



The lag phase duration varied with the conditions. When exposed to red and blue light with an intensity of 26 µmol m−2 s−1, the duration of the lag phase was 3 days, and at intensities of 90 and 150 µmol m−2 s−1 for only 1 day. When exposed to green light, the lag phase lasted for 5 days at 26 µmol m−2 s−1, 3 days at 90 µmol m−2 s−1, and 1 day at 150 µmol m−2 s−1.



The highest growth rates for red and blue light occurred during the first 1–2 days at high intensities (90 and 150 µmol m−2 s−1), shifting to days 3–5 at 26 µmol m−2 s−1. For green light, the peak growth rate occurred on days 3–5 at intensities of 90 and 150 µmol m−2 s−1, while at 26 µmol m−2 s−1, it remained on the linear segment of the growth curve from day 5 to day 7.



A comparison of biomass accumulation between spectra showed the most significant differences in the red–green and blue–green pairs during the early growth stages (days 3–5), where the difference reached 6.7 to 7.3 times at 26 and 90 µmol m−2 s−1. By day 15, significant differences persisted mainly between green light and the other spectra.




3.2. Biomass Productivity


The biomass productivity of the Pleurastrum insigne CAMU MZ–Ch4 strain varied significantly depending on the spectral composition (red, blue, and green) and light intensity (26, 90, and 150 µmol m−2 s−1) (Figure 3). In all experimental variants, the specific growth rate peaked between days 5 and 10 of cultivation, which corresponds to the exponential growth phase. We recorded the maximum productivity (254.3 ± 20.5 mg L−1 day−1) on day 7 under blue light at an intensity of 150 µmol m−2 s−1. However, this value did not differ statistically from those obtained under red (212.7 ± 16.2 mg L−1 day−1) and green (220.0 ± 24.8 mg L−1 day−1) light at the same intensity.



By days 15–20, productivity under all light regimes decreased to minimum values, indicating the culture’s transition to the stationary growth phase. Overall, blue and red light provided higher peak productivity values compared to green light at equal intensities.



The optimal intensities of red, blue, and green light for Pleurastrum insigne CAMU MZ–Ch4 differed. An increase in PPFD from 90 to 150 µmol m−2 s−1 did not lead to a significant increase in productivity and, in some cases, even decreased it. This indicated an approach to the threshold of light saturation.



The obtained data confirmed the non-linear nature of the dependence of growth on light conditions and emphasised the need for precise selection of the light spectrum and intensity to maximise biomass yield.




3.3. CO2 Biofixation


The intensity of photosynthetic CO2 fixation by the strain Pleurastrum insigne CAMU MZ–Ch4 demonstrated a pronounced dependence on the spectral composition and intensity of illumination (Figure 4).



During the experiment, the CO2 biofixation rate varied widely—from 3.8 to 478.1 mg CO2 L−1 day−1. The maximum values were recorded at high light intensity (150 µmol m−2 s−1) and were 423.0 ± 29.6 mg CO2 L−1 day−1 for red light, reached on the 5th day of cultivation, and 478.1 ± 23.9 mg CO2 L−1 day for blue light on the 7th day; for green, the peak value of 413.6 ± 41.4 mg CO2 L−1 day−1 was also recorded on the 7th day.



Analysis of the variability of the CO2 absorption rate before reaching the maximum showed that the most stable dynamics is characteristic of a high-intensity red light (150 µmol m−2 s−1), where the values fluctuated in a relatively narrow range (262.9–423.0 mg CO2 L−1 day−1). In contrast, the greatest variability occurred under low-intensity red light (26 µmol m−2 s−1), where the fixation rate spanned two orders of magnitude (3.8–390.6 mg CO2 L−1 day−1). Other light regimes exhibited much smaller fluctuations.



For most conditions, a clear peak in CO2 fixation appeared between days 5 and 10, coinciding with the culture’s active exponential growth phase. By days 15–20, the bio-fixation rate in all variants dropped to minimal or near-zero levels, indicating a transition to the stationary growth phase, where net biomass gain and CO2 uptake slow down.



Low-intensity red light (26 µmol m−2 s−1) produced the most prolonged and pronounced CO2 biofixation peak. With increasing light intensity (90, 150 µmol m−2 s−1), the peak absorption rate increased, but the peak itself became more acute and short-lived. Blue light showed a similar effect to red light on the kinetics of biofixation, but provided one of the highest values of the biofixation rate, especially at high intensity (150 µmol m−2 s−1). Green light consistently resulted in the lowest biofixation rates across all intensities.



The most efficient photosynthetic CO2 fixation occurred under medium and high blue- and red-light intensities (90, 150 µmol m−2 s−1) during exponential growth (days 5–10). Green light was the least effective for stimulating photosynthesis and CO2 biofixation in this strain, which was consistent with its weak absorption by the main photosynthetic pigments. The data confirmed the relationship between the growth rate (biomass productivity) and the rate of CO2 biofixation, since their peaks coincided in time.



To maximise the Pleurastrum insigne CAMU MZ–Ch4 strain sequestration potential of the cultivation under blue or red light with an intensity of 90–150 µmol m−2 s−1, the use of green light for the purpose of fixing CO2 is impractical.




3.4. Chlorophyll a, b, and Carotenoid Content


The photosynthetic apparatus of the strain Pleurastrum insigne CAMU MZ–Ch4 responded differently to changes in PPFD under various spectral light compositions. Under red light at an intensity of 90 µmol m−2 s−1, the Chl a content decreased by 24.3%, and at an intensity of 150 µmol m−2 s−1, it decreased by 17.4% relative to the control (Figure 5a). An increase in the intensity of blue light did not cause significant differences in the content of Chl a relative to intensity 26 µmol m−2 s−1. Exposure to green light with an intensity of 90 µmol m−2 s−1 initiated an increase in concentration by 40%, and at 150 µmol m−2 s−1 by 117.5%, relative to the group cultivated at an intensity of 26 µmol m−2 s−1. At 26 µmol m–2 s−1, the Chl a content under green light exposure was lower, by 1.7 and 2 times, compared to red and blue light, respectively. At 90 µmol m−2 s−1, the significant increase in Chl a concentration under blue light exposure, relative to red and green light, was 32.5% and 22.8%. Exposure to light at an intensity of 150 µmol m−2 s−1 caused a significant increase in Chl a content under green light compared to red light (42%); however, the R-B and B-G pairs showed no significant differences.



Red and blue light at intensities of 90 and 150 µmol m−2 s−1 did not cause significant changes in Chl b content relative to the group cultivated at 26 µmol m−2 s−1 (Figure 5b). In contrast, green light at 90 and 150 µmol m−2 s−1 increased Chl b content by 31% and 89.3%, respectively, compared to biomass grown at 26 µmol m−2 s−1. At the intensity of 26 µmol m−2 s−1, green light resulted in a Chl b content that was significantly lower—by 47.6% and 76.8%—than under red and blue light, respectively. At 90 µmol m−2 s−1, blue light produced a significantly higher Chl b content than red light, by 31.8%.



For Pleurastrum insigne CAMU MZ–Ch4, red light at 90 µmol m−2 s−1 significantly reduced the Car content by 35.2% compared to the group cultivated at 26 µmol m−2 s−1 (Figure 5c). Blue light at intensities 26–90 µmol m−2 s−1 and 26–150 µmol m−2 s−1 did not cause significant changes in Car concentration. The green light initiated an increase in the Car content in the biomass of Pleurastrum insigne CAMU MZ–Ch4 by 50% and 120.8% with an increase in intensity from 26 to 90 µmol m−2 s−1 and from 26 to 150 µmol m−2 s−1, respectively. At the intensity of 26 µmol m−2 s−1, green light led to a significantly lower Car concentration by 53.1% and 52.8% than red and blue light, respectively.



The content of MP Car in the biomass of Pleurastrum insigne CAMU MZ–Ch4 significantly increased under the influence of green light at intensities of 90 and 150 µmol m−2 s−1 by 1.5 and 2 times, respectively, relative to the group cultivated at 26 µmol m−2 s−1 (Figure 5d). Exposure to red and blue light did not cause significant changes with increasing light intensity. At 26 µmol m−2 s−1, the MP Car content under green light exposure was significantly lower compared to red and blue light by 40.1% and 47.5%, respectively. Exposure to light at an intensity of 90 µmol m−2 s−1 did not cause significant differences between R, B, and G. At an intensity of 150 µmol m−2 s−1, green light initiated a significant 35.2% increase in the MP Car content in the biomass of Pleurastrum insigne CAMU MZ–Ch4, relative to red light.



The content of the LP Car fraction in the biomass of Pleurastrum insigne CAMU MZ–Ch4 significantly decreased by 30.2% with an increase in red light intensity from 26 to 90 µmol m−2 s−1 (Figure 5e). Blue light did not cause significant changes in LP Car content with increasing intensity. Green light, however, initiated the accumulation of LP Car at 90 and 150 µmol m−2 s−1, increasing it by 70.3% and 156.8%, respectively, compared to the level at 26 µmol m−2 s−1. At the intensities of 26 and 90 µmol m−2 s−1, green light resulted in LP Car content that was 3.5 and 1.4 times lower than under red light, and 2.8 and 1.5 times lower than under blue light. At the highest intensity of 150 µmol m−2 s−1, the LP Car content showed no significant differences between the red, blue, and green light conditions.



The Car/Chl a ratio increased as the intensity of R, B, and G light increased (Figure 5f). At all intensity values, the Car/Chl a ratio varied in the order R > B > G.




3.5. Lipid Content


The lipid content in the biomass of the strain Pleurastrum insigne CAMU MZ–Ch4 demonstrated a pronounced dependence on the light spectrum and intensity (Figure 6).



Cultivation under red light at an intensity of 26 µmol m−2 s−1 yielded maximum lipid accumulation (360 mg g−1). With an increase in the intensity of red light to 90 and 150 µmol m−2 s−1, the lipid content decreased by 36.9% and 39.4%, respectively. When exposed to blue light with an intensity of 90 µmol m−2 s−1, the lipid content decreased from 264 to 143 mg g−1. When exposed to green light with an intensity of 150 µmol m−2 s−1, the lipid content decreases from 256 to 172 mg g−1.



A comparative analysis of spectra at the same intensity revealed several patterns. At intensity 26 µmol m−2 s−1, red light induced significantly higher lipid content (1.7 and 2 times higher than under blue and green light, respectively). At an intensity of 90 µmol m−2 s−1, the lipid concentration was minimal, 32.5% and 22.8% lower than under red and green light of the same intensity, respectively. At intensity 150 µmol m−2 s−1, the lipid concentration did not depend on the spectral composition of the light.



Thus, low-intensity red light was the most effective for stimulating lipogenesis in this strain. At high intensity, spectral specificity was absent.




3.6. Protein Content


When exposed to blue light with an intensity of 150 µmol m−2 s−1, the protein content increased by 27% relative to the control (Figure 6b). An increase in the intensity of red and green light did not cause significant differences in protein content.



When exposed to blue light with an intensity of 150 µmol m−2 s−1, the protein content was higher by 32.5% and 22.8% relative to exposure to red and green light. At other lighting intensities, the protein content did not differ depending on the spectral composition of the light. In general, the optimal conditions for initiating protein synthesis in the Pleurastrum insigne CAMU MZ–Ch4 strain were blue light at 150 µmol m−2 s−1.




3.7. Ascorbic Acid, Phenolic Compound and α-Tocopherol Content


The ascorbic acid content in the cells varied with the light spectrum and intensity (Figure 7a).



An increase in the intensity of blue light to 90 µmol m−2 s−1 caused a decrease of 21.2%, at 150 µmol m−2 s−1 by 24.8% relative to 26 µmol m−2 s−1. Exposure to green light with an intensity of 90 µmol m−2 s−1 initiated an increase in concentration by 55%, and at 150 µmol m−2 s−1 by 44.8%, relative to the group cultivated at an intensity of 26 µmol m−2 s−1. Green light induced an increase in AscA content by 55% at 90 µmol m−2 s−1 and by 44.8% at 150 µmol m−2 s−1 compared to 26 µmol m−2 s−1.



A comparative analysis of the spectral effect of light showed that at 26 µmol m−2 s−1, the concentration of AscA was significantly higher in blue light relative to red and green light by 24.8% and 34.9%, respectively; at 90 µmol m−2 s−1, the maximum AscA content was in green light (by 78.0% and 28.1% higher than under red and blue lighting, respectively). At 150 µmol m−2 s−1, green light also maintained a significantly higher concentration of AscA compared to red light.



The content of phenolic compounds selectively responded to the spectral conditions (Figure 7b). An increase in the intensity of green light to 90 µmol m−2 s−1 caused a 27.5% increase, at 150 µmol m−2 s−1 by 32.2% relative to 26 µmol m−2 s−1. At 26 µmol m−2 s−1, the content of phenolic compounds decreased when exposed to red and blue light by 19.4% and 16.6%. At 90 µmol m−2 s−1, there was no significant difference between red, blue, and green light. At intensity 150 µmol m−2 s−1, green light caused a considerable increase in phenolic content, by 22% relative to red light.



The α-tocopherol content varied significantly with light spectrum and intensity (Figure 7c). The α-tocopherol content at an intensity of red light 150 µmol m−2 s−1 significantly decreased by 38.7% relative to 26 µmol m−2 s−1 (Figure 7c). An increase in the intensity of blue light to 90 µmol m−2 s−1 caused a 3.2 times increase in α-tocopherol, at 150 µmol m−2 s−1 by 4.3 times relative to 26 µmol m−2 s−1. Exposure to green light with an intensity of 90 µmol m−2 s−1 initiated an increase in the concentration of α-tocopherol by 130%, at 150 µmol m−2 s−1 by 229.2%, relative to the group cultivated at an intensity of 26 µmol m−2 s−1. At 26 µmol m−2 s−1, the α-tocopherol content was significantly higher when exposed to red light by 3.7 and 8.7 times relative to blue and green light. At 90 µmol m−2 s−1, the significant decrease in the concentration of α-tocopherol when exposed to green light, relative to red and blue, was 3.18 and 3.24 times, respectively. At intensity 150 µmol m−2 s−1, green light induced a decrease in α-tocopherol compared to red (by 1.6 times) and blue (by 3.1 times) light.



Thus, low-intensity red light was optimal for α-tocopherol accumulation. Blue and green light exhibited a stimulating effect only at higher intensities.




3.8. Bioeconomy Effect


To recalculate the bioeconomic efficiency of the cultivation parameters, we expressed the data for target metabolite content per unit culture volume (Table 3).



We have calculated the energy consumption of LED strips for each lighting mode (Table 4). The highest power consumption (24.05 Wh−1) was observed for red LED strips at a light intensity of 150 µmol m−2 s−1. With this consumption, the total electricity consumption for 20 days was 7.7 kWh−1. This value exceeded that under green and blue light of equal intensity by 1.72 and 3.03 times, respectively. The minimum energy consumption corresponded to blue LED strips at an intensity of 26 µmol m−2 s−1, which in total provided a power consumption of 0.95 kWh−1 over 20 days, while red and green LED strips consumed 1.4 and 1.3 times more energy at the same intensity.



Based on an analysis of power consumption data for LED light sources and the volumetric concentrations of target metabolites, we calculated the specific energy consumption for their production. The heat map (Table 5) shows the specific energy consumption for metabolite production. The cultivation process under red light at an intensity of 26 µmol m−2 s−1 yielded the minimum energy expenditure (kWh per gram of product) for both lipids and α-tocopherol. Energy costs in this mode were 9% and 38.8% lower than when using blue and green light of the same intensity, respectively. Blue light with an intensity of 26 µmol m−2 s−1 was most energy efficient for the synthesis of Chl a, Chl b, Car, protein, AscA and PhenC. Exposure to blue light of minimal intensity provided the best balance between the accumulation of target metabolites and the energy consumption for their production. Blue light with an intensity of 26 µmol m−2 s−1 provided the most profitable and environmentally friendly approach for the integrated use of biomass. Cultivation under green light was characterised by the highest specific energy consumption at low intensity (26 µmol m−2 s−1). Increasing the intensity of lighting led to a decrease in the energy efficiency of obtaining metabolites. Even when accounting for the average values of metabolite-specific energy intensity, green monochromatic light is not economically rational. The results confirmed that changing the spectrum and intensity of light allows not only redirecting metabolic pathways but also selecting the most economically advantageous conditions for obtaining certain valuable compounds.





4. Discussion


4.1. Biomass Growth and Productivity


For the Pleurastrum insigne CAMU MZ–Ch4 strain, biomass density and growth rate increased with increasing intensity of all monochromatic light types (red, blue, and green) throughout cultivation. The increase in productivity with increasing light intensity is consistent with most studies, but the increase is not unlimited, and as soon as the light intensity reaches a certain threshold, growth slows down due to saturation of the photoabsorption centre and photoinhibition [3]. This limit is quite variable, depending on the strain belonging to a particular taxonomic group, as proved by the example of a large sample of marine and freshwater microalgae, and the optimal intensity ranges from 60 µmol m−2 s−1 to 1500 µmol m−2 s−1 [2,3], with the maximum and minimum characteristic for marine strains Dunaliella salina (Chlorophyta) [42] and Microchloropsis salina (formerly Nannochloropsis salina) (Eustigmatophyceae) [43]. For most strains such as Chromochloris zofingiensis (formerly Chlorella zofingiensis), Chlorella vulgaris, Haematococcus lacustris (formerly Haematococcus pluvialis), Scenedesmus obliquus, Tetradesmus obliquus (formerly Scenedesmus obliquus) (Chlorophyta), the optimum light intensity is 150 µmol m−2 s−1 [3]. Soil strains in this aspect have been less studied. Still, Pleurastrum insigne CAMU MZ–Ch4, like microalgae-hydrobionts, accumulated maximum biomass at 150 µmol m−2 s−1. The strain Scenedesmus acuminatus (formerly Scenedesmus falcatus)KU.B1 had a high growth rate at an increase in light intensity from 100 to 1000 µmol m−2 s−1 [44]. From the point of view of the effect of the spectral composition of light on the final biomass density of the Pleurastrum insigne CAMU strain MZ–Ch4, it corresponded to the behaviour of many previously presented strains. Thus, according to the review [2] and the work of Marchese et al. [15], most strains of Botryococcus braunii, Chlorella vulgaris, Tetradesmus obliquus, Tetraselmis suecica (Chlorophyta), and Limnospira platensis (formerly Arthrospira platensis) (Cyanobacteriophyta), red light provides a higher biomass density relative to blue and green of the same intensity, as well as for Chlorella sp. [45]. However, for some species, Auxenochlorella pyrenoidosa (formerly Chlorella pyrenoidosa), Scenedesmus quadricaud, Tetradesmus obliquus (Chlorophyta), and Diacronema lutheri (Haptophyta), blue provides higher biomass density parameters relative to red and green, and only in the case of Porphyridium purpureum (formerly Porphyridium cruentum) (Rhodophyta) does green provide higher biomass density relative to red and blue, as well as the work of Huang et al. [3]. In the case of Phaeodactylum tricornutum (Bacillariophyta), cultivation of the strain with both red and blue light resulted in the same final biomass density in the culture [46]. Muriellopsis sp. MCH-35 [47], when exposed to red light during 8 cultivation days, also showed increased biomass density relative to blue light. It was also found for this strain that an increase in the intensity of blue light from 80 µmol m−2 s−1 to 350 µmol m−2 s−1 did not cause significant changes in the final biomass concentration; on the contrary, with an increase in the intensity of red light from 80 µmol m−2 s−1 to 350 µmol m−2 s−1, the biomass density increased by 2 to 2.5 times. In the case of Pleurastrum insigne CAMU MZ–Ch4, a significant increase in biomass density was found with an increase in the intensity of blue, red, and green light which is partially consistent with the data for Muriellopsis sp. MCH-35 [47]. Previously, Marchese et al. [15] reported that exposure to red and blue light enhances biomass accumulation, whereas green light has the opposite effect. A general analysis of the above information indicates significant variation in biomass growth characteristics when exposed to monochromatic light of a specific spectral composition, depending on other cultivation conditions.



The productivity parameters of Pleurastrum insigne CAMU MZ–Ch4 biomass varied depending on the spectral composition, intensity, and cultivation time (0.002–0.254 g L−1 day−1). The maximum productivity value was at an illumination intensity of 150 µmol m−2 s−1 for red, blue, and green light on the 7th day. Blue and red light yielded higher productivity values than green light at equal intensities. For comparison, Vadiveloo et al. [48] determined that blue light provided higher productivity values than red light for Nannochloropsis MUR 266 and Nannochloropsis MUR 267 (Eustigmatophyceae). For Nephroselmis sp. (Chlorophyta) [16], the light-stimulating effect varied with intensity. At 3000 lx, green and red light demonstrated productivity three times higher than at blue light. At 8000 lx, productivity is highest for blue light and the lowest for red, green light has an average stimulating effect. At 15,000 lx, the highest productivity of biomass is when exposed to green light, the intermediate value is blue, and the minimum productivity is typical for red light. Peak biomass productivity of Pleurastrum insigne CAMU MZ–Ch4 is in the range corresponding to highly productive representatives of green algae (Dunaliella sp. ABRIINW-SH33, Dunaliella sp. ABRIINW-CH2, Chlorella vulgaris FACHB-31, Auxenochlorella protothecoides—formerly Chlorella protothecoides (Chlorophyta), Spirulina sp. (Cyanobcateriophyta) LEB 18), or exceeds them, even when they are grown in an atmosphere with increased volume fractions of carbon dioxide [49], which makes Pleurastrum insigne CAMU MZ–Ch4 a potent object of biotechnology.



Differences in the productivity of Pleurastrum insigne CAMU MZ–Ch4 when exposed to R, B, and G light may be a complex reaction involving regulation at the level of photoreceptors, stress responses, and energy redistribution. Green light goes beyond the optimal absorption range and is a stress signal, probably caused by a lack of illumination. Its effect probably activates specific photoreceptors that activate the accumulation of secondary carotenoids and other cytoprotectors in microalgae cells [2,17]. On the contrary, red and blue light are effectively absorbed by photosystems and ensure carbon dioxide fixation and high biomass productivity [2,3,50,51]. In addition, differences in the production of new Pleurastrum insigne CAMU MZ–Ch4 biomass are also observed between these spectra, even at identical intensities. This may be due to the different effects of red and blue light on the cell cycle, where blue promotes the transition from G1 phase to S phase, and red promotes the transition from S phase to G2 phase [50], which may underlie differences in biomass accumulation established for the strain under study. Complex signalling networks play a key role in this regulation, in which photoreceptors such as phototropin and possibly others interact with transcription factors that control the expression of photoprotection and carbon metabolism genes [52]. In addition, regulation at the photoreceptor level usually occurs very quickly. Accordingly, differences in biomass productivity when exposed to light of different spectral composition, established as early as the 2nd day of Pleurastrum insigne CAMU MZ-Ch4 cultivation, primarily indicate this regulatory mechanism. Therefore, the differences established for Pleurastrum insigne CAMU MZ-Ch4 are the result of the regulation of light metabolism, where green light activates the cell’s defence mechanisms against stress, reducing biomass productivity, while red and blue light, on the contrary, increase its productivity.




4.2. Chlorophyll a, b, and Carotenoid Content


Light quality represents a fundamental abiotic factor regulating the growth and development of photosynthetic organisms [53,54]. Light is a crucial source for plant photosynthesis and autotrophic growth. Chl a and Chl b are the main pigments of the light-harvesting complex with maximum absorption in the red and blue ranges, which determines the high potential of red and blue light as a source of photosynthetic energy [55].



The spectral composition and light intensity differ in the content of photosynthetic pigments and in the efficiency of photosynthesis among microalgal representatives [56,57,58]. Zhao et al. [58], using Dunaliella salina as an example, found that blue and red light increase photosynthetic efficiency. The rate of light absorption by chlorophylls in algal cells is higher when exposed to blue and red light than to green light, which is associated with a decrease in light energy dissipation and an increase in the photochemical efficiency of chlorophyll. Li et al. [59] also found that Dunaliella salina MACC/C43 cells absorb more photons in the blue part of the spectrum than in the red. When the efficiency of photosynthesis changes, the quantitative composition of pigments and the structure of the photosynthetic apparatus may change. Previously, Songserm et al. [44] and Hotos et al. [60] established an increase in the concentration of Chl a and Chl b for Scenedesmus acuminatus and Dunaliella salina with an increase in light intensity in the range of 100–1000 and 40–160 µmol m−2 s−1, respectively. In another study, Chauhan et al. [56], using the example of Micractinium pusillum (Chlorophyta), found that a change in the intensity of white light from 50 to 350 µmol m−2 s−1 causes an increase in the concentration of total chlorophyll and a further increase to 650 µmol m−2 s−1 already reduces it. As previously established by Songserm and co-authors [44] for Scenedesmus acuminatus KU.B1, such a decrease is associated with a reduction in photosynthetic efficiency when the light intensity exceeds a certain value.



Monochromatic light, unlike full-spectrum light, has a more specific effect. Thus, for Pleurastrum insigne CAMU MZ–Ch4, we found a significant increase in the concentration of Chl a and Chl b only as the PPFD of green light increased. Such a mechanism may be a compensatory response, similar to rearrangements in response to a lack of illumination, since green light falls outside the absorption peaks of the primary photosynthetic pigments. In addition, the nature of the chlorophyll ratio in the biomass of Pleurastrum insigne CAMU MZ–Ch4 changed at different intensities of monochromatic light of various types (R, B, G). The Chl a and Chl b content was higher when exposed to green light, which is comparable to the results for Dunaliella salina cultivated at 8000 lx light intensity R, B, G [60]. Similarly, Dunaliella salina, when cultivated at a light intensity of 40 µmol m−2 s−1, had the highest content of Chl a and Chl b when exposed to blue light, and the lowest content of green light [58], which is comparable to our results for Pleurastrum insigne CAMU MZ–Ch4 cultivated at 26 µmol m−2 s−1. Although Hamouda et al. [45] established that for Chlorella sp. at a light intensity of 35 µmol m−2 s−1, the content of Chl a and Chl b is maximal when exposed to red light, and minimal under blue light. The same patterns Nezhad and Mansouri [57] established for Dunaliella salina, Li et al. [59] established for Dunaliella salina MACC/C43 (120 µmol m−2 s−1) and Dong et al. [46] established for Phaeodactylum tricornutum (65 µmol m−2 s−1), but the latter is a diatom with other photosynthetic pigments.



The carotenoid content of Pleurastrum insigne CAMU MZ–Ch4 also varied depending on the intensity and spectral composition of the light. Carotenoids perform several key functions in microalgal cells, including ensuring photoabsorption, photoprotection, and energy transfer, as well as providing antioxidant protection [61]. Accordingly, the quantitative and qualitative composition of carotenoids in a microalgal cell varies depending on the characteristics of the lighting source [14]. Previously, some researchers reported an increase in the carotenogenic effect of several strains (Micractinium pusillum, Scenedesmus acuminatus, and Dunaliella salina) as the intensity of white light increased [44,56,60]. The effect of monochromatic (red, blue, and green) light in the intensity ranges from 3000 to 15,000 lx also causes an increase in the carotenoid content in the biomass of Nephroselmis sp. [16]. On the contrary, Diaz-MacAdoo et al. [47] note a decrease in the carotenoid content in the biomass of Muriellopsis sp. by 37.5% and 33.3% for blue and red light, respectively, with an increase in intensity from 80 to 350 µmol m−2 s−1.



Monochromatic red and blue light at 26 µmol m−2 s−1 have a comparable carotenogenic effect, which is higher than green light in the biomass of Pleurastrum insigne CAMU MZ–Ch4. A similar effect of light exposure was established by Hamouda et al. [45] for Chlorella sp. at 35 µmol m−2 s−1, and by Zhao et al. [58] for Dunaliella salina at 40 µmol m−2 s−1. Previously, Zhao et al. [58] noted that at low intensity of blue and red light, Dunaliella salina has a strongly reduced expression of the LUT5 and ABA2 genes responsible for β-carotene degradation, and Li et al. [59], using the example of Dunaliella salina HG-01, found that when exposed to red and blue light with an intensity of 50 µmol m−2 s−1 the transcripts involved in carotenoid metabolism are activated, which enhances their biosynthesis. As a result, there are no significant changes in the concentration of β-carotene between exposure to blue and red light, which is consistent with our data for Pleurastrum insigne CAMU MZ–Ch4 at 26 µmol m−2 s−1. However, low-intensity green light probably increases gene expression in Pleurastrum insigne CAMU MZ–Ch4 aimed at β-carotene degradation, leading to a decrease in the total amount of carotenoids in the LP Car fraction, which contains β-carotene. Also, when the intensity increases to 90 µmol m−2 s−1 in the biomass of Pleurastrum insigne CAMU MZ–Ch4, the carotenogenic effect shifts towards blue light, as in the case of Dunaliella salina [57]. Also, for the Pleurastrum insigne CAMU MZ–Ch4 strain, we observed a carotenogenic effect of green light at 150 µmol m−2 s−1, similar to that of the Chlorella sp. but at an intensity of 35 µmol m−2 s−1 [45]. In other studies, Li et al. [59] found increased carotenoid content in Dunaliella salina biomass cultivation when exposed to red light relative to blue.



Analysing the above data, it becomes clear that the qualitative and quantitative composition of photosynthetic pigments follows specific patterns within a relatively narrow range of light intensity. In the case of monochromatic light, for most microalgae, it is the intensity that has a more pronounced effect on the nature of the accumulation of pigments in the photosynthetic apparatus than its spectral composition. However, the variety of units of measurement for concentrations, conditions, modes and duration of cultivation, variations in light intensity, ecological groups, and strains does not allow us to unambiguously establish the patterns of accumulation of photosynthetic pigments depending on the intensity and composition of the spectrum.




4.3. CO2—Biofixation


The Pleurastrum insigne CAMU strain MZ–Ch4 provided peak CO2 absorption rates at maximum illumination intensity. The strain had the maximum CO2 absorption intensity when exposed to red light; CO2 biofixation when exposed to blue and green light was significantly lower. Increased absorption of carbon dioxide when exposed to red light is consistent with a general increase in biomass growth, which Li et al. [62] associate with the activation of specific photoreceptors by red light, and Wongsnansilp and Khamcharoen [55] with an increase in carbonic anhydrase activity under the influence of red light.



The rate of CO2 fixation for representatives of green microalgae is 120–1100 mg·L−1·day−1 [49]. This indicator for Pleurastrum insigne CAMU MZ–Ch4 in our experiment corresponds to these indicators. For comparison, Chlorella vulgaris demonstrates record values (up to 6240 mg·L−1·day−1), but only with a CO2-enriched (2–6.5% by volume) gas mixture and with an optimal nutrient composition [49]. At the same time, the CO2 fixation rate of the studied strain is more than four times higher than that reported for Cc. littorale (82 mg CO2 L−1 day−1) under similar conditions [63].



The rate of CO2 utilisation depends on the type of algae, cultivation conditions, including CO2 concentration, temperature, pH, and, particularly, the light regime [49,63,64]. Our data also indicate the dependence of CO2 uptake on the spectral composition of light. Thus, the optima of monochromatic illumination for Pleurastrum insigne CAMU MZ–Ch4 identified by us will ensure an increase in the efficiency of biological carbon capture technologies when using this strain in biotechnology.




4.4. Lipid Content


The issue of initiation or inhibition of lipogenesis in microalgal cells with a change in light intensity remains controversial. The content of lipids and the direction of their transformation vary greatly depending on the range of intensity, spectral composition of light, cultivation mode, as well as on the specific features of microalgae [2,14]. As noted by Li et al. [65], the induction of lipid biosynthesis can occur in response to both increases and decreases in light intensity, which creates a certain contradiction.



On the one hand, increasing the intensity of white light often leads to lipid accumulation. Many scientists have described the effects of lipid accumulation with increasing light intensity in the following strains: Chlorella sp. [66], Micractinium pusillum (Chlorophyta) [56], Chlorella sp. and Nannochloropsis sp. (Eustigmatophyceae) [67], as well as Limnospira maxima (Cyanobacteriophyta) [68]. The accumulation of lipids during increased light flux is associated with the accumulation of lipophilic cytoprotectors in fats capable of inactivating ROS, shielding the light-harvesting complex, protecting it from photodamage [69], as well as accumulating excess energy in the form of lipids to protect the cell from photochemical damage [47].



On the other hand, data demonstrate the opposite trend. For the same species, Diacronema lutheri and Chlorella sp., other studies have recorded a decrease in lipid content under high light intensities [66,67]. Presumably, such an inversion is associated with exceeding a species-specific intensity threshold, which triggers photoinhibition and leads to a general suppression of metabolism, including lipid biosynthesis [64,70].



The accumulation of lipids at low light intensity is associated with the cell’s response to the low availability of an energy source for autotrophic metabolism. This reaction is accompanied by a restructuring of cellular metabolism to optimise energy supply and accumulation of high-energy compounds [65,71,72]. We also observed this phenomenon for Pleurastrum insigne CAMU MZ–Ch4, in which the lipid content was maximal at an intensity of 26 µmol m−2 s−1, which is consistent with data for other species such as Dunaliella tertiolecta (Chlorophyta) and Thalassiosira gravida (formerly Thalassiosira rotula) (Bacillariophyta) [73].



However, as the intensity of monochromatic light increases, the regulation of lipogenesis by light exhibits a complex, spectrally dependent pattern. In our study of Pleurastrum insigne CAMU MZ–Ch4, lipid content decreased under the influence of blue and red light at 90 µmol m−2 s−1, as well as green light at 150 µmol m−2 s−1, compared to the low-intensity variant. The decrease in lipid content is likely associated with exceeding the species-specific threshold of light intensity, which triggers processes of metabolic inhibition, including lipid biosynthesis [64,70]. At the same time, at high intensity, blue light, on the contrary, stimulated lipogenesis in Pleurastrum insigne CAMU MZ–Ch4, which may be due to the mechanism of dissipating excess blue light energy through the activation of lipid biosynthesis [47]. A similar reaction was observed in Chlamydomonas reinhardtii (Chlorophyta) exposed to red–orange and blue light [65].



According to the literature, lipid content varies significantly with the spectral composition of the light. For example, unlike Pleurastrum insigne CAMU MZ–Ch4 in the biomass of Nephroselmis sp. (Chlorophyta), blue light increases the lipid content [16], but only in a specific range of intensity. At the same time, green light elicits a similar response in these strains, in which lipid concentration decreases with increasing light intensity. Green light with an intensity of 150 µmol m−2 s−1 demonstrates a lipogenic effect compared to red and blue light for the Pleurastrum insigne CAMU strain MZ–Ch4, which corresponds to the reaction of Chlorella sp. effects of monochromatic light of various spectral compositions [45]. Possible reasons for such variability are species-specific, spectrally sensitive regulation of key enzymes of lipid metabolism [65] and the indirect effect of light through changes in nutrient assimilation, biosynthesis of signalling molecules, and CO2 fixation kinetics [62]. The latter is confirmed by the work of Kim et al. [66], in which increasing light intensity led to a decrease in lipid content at both low (0.04% v/v) and high (3% v/v) CO2 concentrations in Chlorella sp. At the same time, studies demonstrate opposite or other patterns. For example, Chlorella vulgaris and Nannochloropsis sp. blue light had a more pronounced lipogenic effect compared to red [48], while in Pleurastrum insigne, the effect of blue light under similar conditions was either comparable to red or lower, and for Tetradesmus obliquus at an intensity of 150 µmol m−2 s−1, differences in lipid content under the influence of red, blue, and green light were statistically insignificant (21.7–24.7%) [74].



Thus, the accumulation of lipids in microalgae in response to light is determined by a complex interaction of its intensity, spectral composition, and specific features of metabolic pathways, which emphasises the lack of a universal pattern.



Our data on Pleurastrum insigne CAMU MZ–Ch4 confirm that, at the same intensity but different spectral composition, light exerts a differential effect on lipid accumulation. However, a comparative analysis of the literature reveals both similarities and significant differences in the responses of different species. Therefore, spectrally dependent lipogenesis in microalgae does not follow a single rule. The observed interspecific differences are probably due to the taxonomic specificity of photoreceptor systems and to differences in the regulation of metabolic pathways involved in lipid synthesis.



The comparative analysis shows that the studied Pleurastrum insigne CAMU strain MZ–Ch4 demonstrates a high biotechnological potential. When cultured under low-intensity red light, this strain exhibits a high lipid content (up to 35%), comparable to or superior to other strains reported in the literature subjected to similar light manipulations [14]. This ability to efficiently perform lipogenesis in conditions of low energy consumption makes Pleurastrum insigne CAMU MZ–Ch4 a promising object for the development of sustainable biotechnologies that meet the principles of bioeconomic: the production of valuable products with minimal energy consumption and reduction in the carbon footprint.




4.5. Protein Content


Changes in the content of the main cellular components, lipids and proteins, in response to light conditions reflect the redistribution of resources between structural, energy, and functional pools. In the vast majority of cultivation scenarios, full-spectrum light causes a decrease in protein content with increasing light intensity, which has been established for several strains as follows: Limnospira maxima (600–1000 µmol m−2 s−1), Chlorella vulgaris (600–800 µmol m−2 s−1) [68], Chlorella sp. (50–900 µmol m−2 s−1) [66], and Micractinium pusillum (50–650 µmol m−2 s−1) [56].



However, when using monochromatic light, this observation is less unambiguous and species-specific. For example, in Nephroselmis sp., red, blue, and green light increased protein content with increasing intensity [16]. In contrast, Rivkin [73] found the opposite trend for Dunaliella tertiolecta (Chlorophyta) and Thalassiosira gravida (Bacillariophyta).



At an intensity of 150 µmol m−2 s−1, blue light enhanced proteinogenesis in Pleurastrum insigne CAMU strain MZ–Ch4, like Chlamydomonas reinhardtii [65] and Nephroselmis sp. [16]. Red light did not cause significant changes in protein content across the studied intensity range, including in Chlamydomonas reinhardtii [65]. In contrast to the data of Abomohra et al. [74] and Nezhad and Mansouri [57], green light, unlike blue light, did not have a proteinogenic effect in the biomass of the Pleurastrum insigne CAMU MZ–Ch4 strain.



The observed metabolic rearrangements are probably associated with light acclimation, during which the photosynthetic apparatus is optimised (including the synthesis of specific pigments and reaction centre proteins) for specific spectral conditions [65].



It should be noted that, within the framework of the present study, no direct correlation was found between the increase in biomass density and protein accumulation in the strain Pleurastrum insigne CAMU MZ–Ch4. This result is consistent with the observations of Nagappan and Kumar [75], who also did not find a correlation between protein content and biomass during the cultivation of Dunaliella tertiolecta, Dunaliella salina, Mychonastes homosphaera (formerly Chlorella minutissima), and Desmodesmus sp. MCC34 (Chlorophyta); however, they did establish a pronounced positive correlation between this parameter and carbohydrate content. This phenomenon may indicate a shift in metabolic fluxes towards the synthesis of alternative storage compounds, primarily polysaccharides, which is particularly characteristic of representatives of the division Chlorophyta [76]. This assumption is consistent with the fact that the standard BBM is initially nitrogen-limited (0.04 g L−1), and further depletion of this element likely occurs during culture growth. Under nitrogen deficiency conditions, protein biosynthesis becomes impossible, whereas metabolic pathways aimed at producing more energy-favourable compounds from available substrates (CO2) are activated [76]. Similar observations were made by Nagappan and Kumar [75], who demonstrated that nitrogen limitation in the medium can increase the polysaccharide content in biomass by up to 1.5 times, with their absolute content reaching up to 30% of dry weight. This effect is also likely observed for the studied strain Pleurastrum insigne CAMU MZ–Ch4. Furthermore, it is known that increased light intensity, as well as exposure to the blue and red spectral ranges, induce the biosynthesis of polysaccharides [76]. This fact may serve as an additional explanation for the absence of a direct correlation between biomass density growth and protein content: as light intensity increases, the nitrogen available for protein synthesis becomes depleted, while excess carbon is channelled into reserve carbohydrates rather than into nitrogen-containing compounds. Thus, the metabolic mechanisms underlying species-specific and spectrum-dependent shifts in the balance of lipids and proteins require further in-depth research to identify universal principles and taxonomic features of regulation.




4.6. Ascorbic Acid, Phenolic Compound and α-Tocopherol Content


Information on the effect of monochromatic light on the content of vitamins and vitamin-like substances is practically absent. At the same time, information on the effect of white light on the vitamin content in microalgal cells is also limited to a few separate and rather phylogenetically scattered studies [17,18,19,20]. Vitamins in microalgal cells more often perform protective functions; ascorbic acid (vitamin C), α-tocopherol (vitamin E), and phenolic compounds (vitamin P) scavenge ROS [77]. Thus, α-tocopherol (vitamin E) is a fat-soluble compound that accumulates in the thylakoid membranes of microalgae. α-Tocopherol is produced by photosynthesis and acts as an antioxidant, donating a hydrogen atom and an electron to a free radical [39]. Ascorbic acid is a water-soluble compound synthesised by plants that exhibits antioxidant properties [78,79]. Ascorbic acid is a key antioxidant that provides photosynthetic processes by neutralising chloroplast hydrogen peroxide synthesised in the Mehler reaction [80]. Phenolic compounds also act as a tool to counteract free radicals by terminating the sequence of chain reactions in lipid peroxidation [44].



The results on the influence of light spectrum and intensity on the accumulation of α-tocopherol in the studied strain Pleurastrum insigne CAMU MZ–Ch4 are consistent with the known species-specificity of this process, identified for other microalgae. For Pleurastrum insigne CAMU MZ–Ch4, an increase in the intensity of red light from 26 to 150 µmol m−2 s−1 significantly reduced the α-tocopherol content. At the same time, exposure to blue and green light stimulated α-tocopherol synthesis, with higher light intensity increasing the effect. This may be due to the fact that α-tocopherol is an effective neutralizer of ROS [77], while blue light with high photon energy stimulates ROS production. Accordingly, the increased content of α-tocopherol under high-intensity blue illumination appears to reflect a protective mechanism aimed at ROS detoxification and the maintenance of cellular homeostasis. In one study, the authors noted that the strains Nannochloropsis oceanica (Eustigmatophyceae) NIVA 2/03 and Rhodomonas salina (Cryptophyceae) also efficiently synthesised α-tocopherol under green light [17].



Moreover, the peak concentrations of α-tocopherol achieved in the experiment with monochromatic light (219.4–255.3 µg g−1 DW) correspond to the previously established concentration range for Pleurastrum insigne CAMU MZ–Ch4 (65–680 µg g−1 DW) under white light illumination and are typical for green microalgae in general [27,28,80].



The spectral characteristics and light intensity had a significant effect on the content of ascorbic acid and phenolic compounds in the cells of the Pleurastrum insigne CAMU strain MZ–Ch4. An increase in the intensity of blue and red light, unlike green, caused a decrease in the concentration of AscA. The content of PhenC increased only with higher green-light intensity. Thus, exposure to blue light on diatom Skeletonema marinoi (Bacillariophyta) CCMP 2092 biomass caused an increase in AscA concentration with an increase in intensity from 150 to 500 µmol m−2 s−1, followed by a decrease at 800 µmol m−2 s−1 [18]. These differences are due to differences in the utilisation of blue light, which, in turn, may be related to the different photoabsorption activity of another predominant type of carotenoid and chlorophylls, responsible for light absorption in the blue–green part of the spectrum, in diatoms compared to Chlorophyta. The dynamics of PheC under the influence of blue light in the Pleurastrum insigne CAMU strain MZ–Ch4 also differed from those in Skeletonema marinoi and Scenedesmus acuminatus. The content of PheC in the same Skeletonema marinoi CCMP 2092 increased with an increase in blue-light intensity from 150 µmol m−2 s−1 to 300 µmol m−2 s−1, followed by a decrease and stabilisation at 500 µmol m−2 s−1 and 800 µmol m−2 s−1 [18]. For Scenedesmus acuminatus KU.B1, concentrations of phenolic compounds decreased with increasing blue-light intensity from 100 to 500 and 1000 µmol m−2 s−1 [44]. In our study, increasing the intensity of blue light did not cause changes in the content of phenolic compounds in the biomass of Pleurastrum insigne CAMU MZ–Ch4.



A comparative analysis of the effects of the spectral composition of light showed that at an intensity of 26 µmol m−2 s−1, the AscA content in the biomass of Pleurastrum insigne CAMU MZ–Ch4 is higher when exposed to blue light relative to red. At an intensity of 90 µmol m−2 s−1 and 150 µmol m−2 s−1, green light had a more pronounced stimulating effect of AscA accumulation in the biomass of Pleurastrum insigne CAMU MZ–Ch4 relative to blue and red light. For phenolic compounds, the dependence of concentration on the spectrum for Pleurastrum insigne CAMU MZ–Ch4 also changed with intensity as follows: at low intensity, green light was the least effective; at a high intensity, green light stimulated the accumulation of PheC relative to red light. The absence of differences between red and blue light in the accumulation of PheC in the studied Pleurastrum insigne CAMU strain MZ–Ch4 is consistent with the data for the green alga Coelastrella sp. BGV, in whose biomass the content of polyphenolic compounds under the influence of blue and blue–red light at 150 µmol m−2 s−1 did not differ [20]. Smerilli et al. [18] noted that blue light at an intensity of 300 µmol m−2 s−1 increased the concentration of phenolic compounds relative to red light in the diatom Skeletonema marinoi CCMP 2092. Similarly, in the case of the diatoms Chaetoceros muelleri and Thalassiosira weissflogii, cultivation in a reactor made of blue plastic initiated an increase in the content of phenolic compounds relative to a reactor made of colourless glass, with intensities of 87 and 114 µmol m−2 s−1, respectively [81]. This increase may be related to the activation of cryptochrome-dependent biosynthetic pathways sensitive to blue light [82]. The concentrations of AscA and PheC established for the studied strain are in the middle of the range typical for microalgae: AscA—0.06–18.79 mg g−1 [27,80], PheC—0.2–58.1 GAE mg g−1.



In general, the accumulation of key antioxidants (α-tocopherol, AscA, and PheC) in the biomass of the microalga Pleurastrum insigne CAMU MZ–Ch4 is a complex process, dependent on the spectral composition and intensity of light, with the observed patterns being distinctly species-specific. The obtained data demonstrate both similarities with the responses of other microalgae and unique responses. The interaction of the “spectrum-intensity” factors determines the nonlinear dynamics of metabolite accumulation, which underscores the importance of precise optimisation of light conditions for targeted biosynthesis. The identified features, such as the effectiveness of green light for the accumulation of AscA and PheC at elevated intensities, as well as the lack of response of PheC to blue light, expand the understanding of the regulation of antioxidant systems in green microalgae and point to the involvement of species-specific photoreceptor systems and signal transduction mechanisms. Overall, the results of the work indicate a significant potential for managing the light regime as a tool for the directed regulation of the antioxidant profile of Pleurastrum insigne CAMU MZ–Ch4 biomass.




4.7. Bioeconomic Effect


Traditionally, the profitability assessment of biotechnological processes using microalgae strains is based on parameters such as growth rate, biomass accumulation, and the concentration of the target metabolite [83]. Approaches to optimising the light regime often follow the same logic: increasing light intensity usually leads to higher productivity, final culture density, and stimulates the synthesis of protective compounds (which are often the target products) [4].



However, this strategy does not account for fundamental differences, such as the cultural response to increased lighting intensity. While the accumulation of the target product can increase linearly or exponentially, the relationship between the growth rate and the final biomass yield is nonlinear. As techno-economic analyses show, this creates a conflict between operational efficiency at the cultivation stage and the overall economic and environmental efficiency of the process, as energy consumption for lighting becomes a dominant cost item and a source of carbon footprint [6,9]. It is known that the greatest environmental impact and cost in biotechnological production are associated with the cultivation stage, especially with energy supply [7], when cultivating microalgae in photobioreactors, electricity costs can account for up to 50% of total expenses [6]. In this case, the high energy intensity of the biotechnological process can offset the environmental benefits of production. Therefore, to achieve sustainability, strategies aimed at optimising the energy efficiency of light use, rather than simply increasing its intensity, are necessary [8].



In this regard, an alternative strategy—cultivation at moderate, energy-saving light intensities—may prove to be more economically and environmentally justified. Accordingly, biotechnological approaches in each specific case, for each strain or target product, require a systematic technical and economic analysis that shifts the focus from increasing the yield of the target product or biomass to optimising the entire production process [8,84].



To determine the most economically and environmentally beneficial cultivation regimes for the Pleurastrum insigne CAMU MZ–Ch4 strain, we applied the criterion of specific energy intensity of production, expressed in kWh−1 of electricity consumed per gram of the target metabolite obtained. This approach aligns with the concept proposed by Wijffels and Barbosa [84], according to which the key performance indicator of a biotechnological process should not be volumetric productivity, but energy efficiency.



The results of the analysis revealed a clear pattern: the highest bioeconomic efficiency (lowest specific energy consumption) for the majority of the studied metabolites of Pleurastrum insigne CAMU MZ–Ch4 corresponded to the minimum illumination intensity in the experiment (26 µmol m−2 s−1). At the same time, we established the spectral specificity of optimal conditions: for the accumulation of lipids and alpha-tocopherol, cultivation under low-intensity red light was the most effective. A blue light of the same intensity ensured maximum energy efficiency in obtaining Chl a, Chl b, Car, lipids, protein, and AscA. Comparative analysis showed that blue light was characterised by the highest, and green light by the lowest, efficiency in converting electrical energy (via light) into the yield of the target product.



Yes, according to the heat map, the energy costs for obtaining a unit of metabolite are high, but this is related to the laboratory scale of the process, which involves low initial biomass concentrations and culture medium volumes that limit the achievement of higher final biomass densities and the accumulation of final products in them.



In general, the obtained data clearly demonstrate that to ensure the bioeconomic efficiency of microalgae-based production, a compromise between productivity and energy consumption is necessary, which is confirmed by our research and the conclusions of Slegers et al. [9] regarding the existence of an optimal, rather than maximal, light intensity for minimising cost. Such approaches can significantly reduce total electricity costs on an industrial scale.





5. Conclusions


The results of the study demonstrate a complex dependence of the productive and biochemical parameters of the microalgal strain Pleurastrum insigne CAMU MZ–Ch4 on the spectral composition and intensity of illumination. We have established that there is no universal lighting mode that simultaneously ensures high productivity of biomass and target metabolites. Certain lighting conditions are necessary to obtain a certain metabolite. Using the example of Pleurastrum insigne CAMU MZ–Ch4, it was shown that exposure to blue and red light with intensities of 90 and 150 µmol m−2 s−1 is optimal for biomass accumulation and CO2 biofixation. At the same time, cultivation of the strain under red illumination of 26 µmol m−2 s−1 is the most energy efficient for lipid production. The accumulation of pigments, AscA, PhenC, and α-tocopherol is most effective when exposed to green light with an intensity of 150 µmol m−2 s−1, and the accumulation of protein when exposed to blue light of the same intensity.



Based on data on the specific energy intensity of metabolic products for Pleurastrum insigne CAMU MZ–Ch4, we have demonstrated that the concept of “more light = more biomass = more product” leads to an increase in energy costs against the background of a decrease in the efficiency of the biotechnological process. Based on the data obtained, as an alternative, we propose a strategy for evaluating the optimisation of the energy efficiency of obtaining a product by calculating its specific energy intensity using this approach for the Pleurastrum insigne CAMU MZ–Ch4 strain, we demonstrated that maximum bioeconomic efficiency is achieved at low blue- and red-light intensity.



The results of this work also confirm the high taxonomic specificity of the light regulation of microalgal metabolism, and for the first time, data on the effect of monochromatic light on the biochemical parameters of soil microalgae are presented. In general, considering our data and data available in the literature, this paper substantiates the need for a transition to intelligent, adaptive, and economically balanced cultivation strategies in which the light regime is selected for a specific target molecule, with the criterion of minimum specific energy intensity.
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Figure 1. Flasks with biomass (a,b), and measurement of the spectral composition parameters of light under experimental conditions (c). Note: the parameters are given for groups cultivated under a photosynthetic photon flux density (PPFD) intensity of 26 ± 2 µmol m−2 s−1. 
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Figure 2. Flasks containing biomass of Pleurastrum insigne CAMU MZ–Ch4 arranged in order of increasing monochromatic light intensity (a); biomass concentration under exposure to monochromatic light of different intensities (b). Note. Hereinafter, the letters R, B, and G represent red, blue, and green light, respectively, whereas the numerical subscripts (26, 90, and 150) specify the corresponding PPFD values (µmol m−2 s−1) (M ± SD, n = 5). 
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Figure 3. Biomass productivity of Pleurastrum insigne CAMU MZ–Ch4 under the influence of monochromatic light of varying intensity. Note: (M ± SD, n = 5). 
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Figure 4. CO2 biofixation by Pleurastrum insigne CAMU MZ–Ch4 biomass under the influence of monochromatic light of varying intensities. 
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Figure 5. Content of Chl a (a), Chl b (b), Car (c), Car/Chl a (d), MPCar (e), LPCar (f) in the biomass of Pleurastrum insigne CAMU MZ–Ch4 under the influence of monochromatic light of different intensities on the 20th day of cultivation. Note. Here and in Figure 6 and Figure 7, the presence of a letter above the column of the diagram indicates that there are significant differences from the corresponding group. The difference is significant between groups at the level of p < 0.05. The groups are designated as follows: r—R26, b—B26, g—G26, R—R90, B—B90, G—G90 (M ± SD; n = 5). 
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Figure 6. Content of lipids (a) and protein (b) in the biomass of Pleurastrum insigne CAMU MZ–Ch4 under the influence of monochromatic light of different intensities on the 20th day of cultivation. 






Figure 6. Content of lipids (a) and protein (b) in the biomass of Pleurastrum insigne CAMU MZ–Ch4 under the influence of monochromatic light of different intensities on the 20th day of cultivation.



[image: Phycology 06 00085 g006]







[image: Phycology 06 00085 g007] 





Figure 7. Content of AscA (a), PhenC (b), and α-tocopherol (c) in the biomass of Pleurastrum insigne CAMU MZ–Ch4 under exposure to monochromatic light of varying intensity on the 20th day of cultivation. Note: (M ± SD, n = 5). 
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Table 1. Composition of the Bold’s Basal Medium (BBM) used in the experiment.
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Stock

	
Substance

	
Concentration,

g L−1

	
Amount Added to Medium,

mL L−1






	
1

	
KH2PO4

	
17.5

	
10 mL




	
2

	
CaCl2·2H2O

	
25

	
1 mL




	
3

	
MgSO4·7H2O

	
75

	
1 mL




	
4

	
NaNO3

	
125

	
1 mL




	
5

	
K2HPO4

	
75

	
1 mL




	
6

	
NaCl

	
25

	
1 mL




	
7

	
Na2EDTA·2H2O

	
10

	
1 mL




	
KOH

	
6.2




	
8

	
FeSO4·7H2O

	
4.98

	
1 mL




	
10

	
H3BO3

	
11.5

	
0.7 mL




	
11 *

	
MnCl2·4H2O

	
1.81

	
1 mL




	
ZnSO4·7H2O

	
0.222




	
Na2MoO4·2H2O

	
0.390




	
CuSO4·5H2O

	
0.079




	
Co(NO3)2·6H2O

	
0.0494




	
H3BO3

	
5.72








Note. *—trace elements solution (for concentrations, see table above).













 





Table 2. Lighting parameters for the experimental groups.
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	Group
	PPFD, µmol m−2 s−1
	Colour (Wavelength, nm)





	R26
	26
	Red (631.9 ± 2)



	R90
	90
	Red (631.9 ± 2)



	R150
	150
	Red (631.9 ± 2)



	B26
	26
	Blue (455 ± 2)



	B90
	90
	Blue (455 ± 2)



	B150
	150
	Blue (455 ± 2)



	G26
	26
	Green (521.4 ± 2)



	G90
	90
	Green (521.4 ± 2)



	G150
	150
	Green (521.4 ± 2)










 





Table 3. The yield of valuable metabolites per litre of biomass (Ci, mg L−1) (M ± SD, n = 3).






Table 3. The yield of valuable metabolites per litre of biomass (Ci, mg L−1) (M ± SD, n = 3).

















	
	R26
	R90
	R150
	B26
	B90
	B150
	G26
	G90
	G150





	Chl a
	6 ± 0.5
	5.9 ± 0.4
	8 ± 0.6
	6.2 ± 0.6
	7.2 ± 0.3
	8.7 ± 0.6
	2.8 ± 0.3
	5.4 ± 0.4
	9.2 ± 0.8



	Chl b
	2.5 ± 0.3
	2.6 ± 0.3
	3.5 ± 0.4
	2.7 ± 0.3
	3.1 ± 0.3
	3.6 ± 0.3
	1.3 ± 0.1
	2.4 ± 0.2
	4.1 ± 0.3



	Car
	3.1 ± 0.2
	3 ± 0.3
	4.2 ± 0.4
	2.7 ± 0.2
	3.3 ± 0.3
	4.2 ± 0.2
	1.2 ± 0.1
	2.4 ± 0.2
	4.1 ± 0.4



	MPCar
	1.6 ± 0.1
	1.8 ± 0.2
	2.3 ± 0.1
	1.6 ± 0.1
	1.9 ± 0.2
	2.5 ± 0.2
	0.8 ± 0.1
	1.5 ± 0.1
	2.5 ± 0.2



	LPCar
	1.3 ± 0.1
	1.2 ± 0.1
	1.6 ± 0.1
	0.9 ± 0.1
	1.1 ± 0.1
	1.5 ± 0.1
	0.3 ± 0.1
	0.7 ± 0.1
	1.2 ± 0.1



	Lipids
	360 ± 12.0
	295.1 ± 11.7
	348.8 ± 17.6
	237.6 ± 19.8
	171.6 ± 15.6
	324 ± 27
	204.8 ± 25.6
	257.4 ± 23.1
	223.6 ± 18.2



	Protein
	221.6 ± 10.8
	306.3 ± 23.5
	336.8 ± 22.9
	206.6 ± 20.6
	292.3 ± 25
	437.4 ± 35.1
	152.7 ± 11.3
	268.1 ± 24
	303.4 ± 28.6



	α-Toc
	0.219 ± 0.022
	0.241 ± 0.028
	0.215 ± 0.026
	0.054 ± 0.006
	0.226.2 ± 0.034
	0.383 ± 0.0375
	0.02 ± 0.005
	0.064 ± 0.008
	0.108 ± 0.011



	AscA
	6.7 ± 0.4
	6.6 ± 0.3
	10.3 ± 0.6
	8 ± 0.4
	8.4 ± 0.5
	10.1 ± 0.7
	4.6 ± 0.3
	9.9 ± 0.8
	10.9 ± 0.7



	PhenC,
	4.4 ± 0.3
	5 ± 0.4
	6.2 ± 0.2
	3.9 ± 0.2
	5 ± 0.5
	6.1 ± 0.7
	2.9 ± 0.4
	5 ± 0.3
	6.1 ± 0.3










 





Table 4. Electrophysical and power parameters of the LED strip power supply circuit, as well as electricity consumed over 20 days under a 16/8 photoperiod.
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	Group
	PPFD, µmol m−2 s−1
	U, V
	I, A
	P, W
	Pη, Wh−1
	∑T, h
	Pw, kWh−1





	R26
	26
	11.6
	0.29
	3.36
	4.1
	320
	1.31



	R90
	90
	11.6
	1.08
	12.53
	15.28
	320
	4.89



	R150
	150
	11.6
	1.7
	19.72
	24.05
	320
	7.7



	B26
	26
	11.6
	0.21
	2.44
	2.98
	320
	0.95



	B90
	90
	11.6
	0.36
	4.18
	5.1
	320
	1.63



	B150
	150
	11.6
	0.56
	6.5
	7.93
	320
	2.54



	G26
	26
	11.6
	0.27
	3.13
	3.82
	320
	1.22



	G90
	90
	11.6
	0.62
	7.19
	8.77
	320
	2.81



	G150
	150
	11.6
	0.99
	11.48
	14
	320
	4.48










 





Table 5. A heat map showing the specific energy intensity of producing a gram of metabolite under monochromatic illumination of varying intensities.






Table 5. A heat map showing the specific energy intensity of producing a gram of metabolite under monochromatic illumination of varying intensities.

















	
	R26
	R90
	R150
	B26
	B90
	B150
	G26
	G90
	G150





	Chl a, kW h−1 g−1
	178.3
	676.4
	792.0
	125.6
	184.5
	238.3
	353.7
	425.1
	399.7



	Chl b, kW h−1 g−1
	433.5
	1557.7
	1809.2
	292.1
	427.1
	585.1
	745.2
	950.7
	888.6



	Car, kW h−1 g−1
	350.2
	1358.7
	1505.3
	284.4
	402.4
	495.2
	869.4
	968.4
	888.6



	Lipids, kW h−1 g−1
	3.0
	13.6
	18.1
	3.3
	7.8
	6.4
	4.9
	8.9
	16.4



	Protein, kW h−1 g−1
	4.9
	13.1
	18.7
	3.8
	4.6
	4.8
	6.6
	8.6
	12.1



	α-Tocopherol, kW h−1 g−1
	4900.6
	16,618.0
	29,345.2
	14,556.3
	5913.4
	5431.5
	49,486.2
	35,938.8
	33,923.7



	AscA, kW h−1 g−1
	160.5
	610.8
	613.4
	97.4
	158.8
	207.0
	215.9
	232.7
	336.4



	PhenC, kW h−1 g−1
	242.7
	801.1
	1019.1
	202.7
	269.2
	340.7
	350.7
	459.7
	598.7







Note. The green colour gradient along the horizontal line indicates increasing energy intensity (kW h−1 g−1) for the production of the target metabolite.
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