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Abstract

:

The microalgal strain Scenedesmus rubescens KNUA042 was identified in freshwater in Korea and characterized by evaluating its stress responses in an effort to increase lipid and carotenoid production. Under a two-stage cultivation process, the algal strain that generally exhibits optimal growth at a nitrate (source of nitrogen) concentration of 0.25 g L−1 was challenged to different exogenous stimuli—salinity (S), light intensity (L), combined L and S (LS), and nitrogen deficiency (C)—for 14 days. Lipid production and carotenoid concentration increased in a time-dependent manner under these physicochemical conditions during the culture periods. Lipid accumulation was confirmed by thin layer chromatography, BODIPY staining, and fatty acid composition analysis, which showed no differences in the algal cells tested under all four (C, S, L, and LS) conditions. The quality of biodiesel produced from the biomass of the algal cells met the American Society for Testing and Materials and the European standards. Total carotenoid content was increased in the LS-treated algal cells (6.94 mg L−1) compared with that in the C-, S-, and L-treated algal cells 1.75, 4.15, and 1.32 mg L−1, respectively). Accordingly, the concentration of canthaxanthin and astaxanthin was also maximized in the LS-treated algal cells at 1.73 and 1.11 mg g−1, respectively, whereas lutein showed no differences in the cells analyzed. Conversely, chlorophyll a level was similar among the C-, S-, and LS-treated algal cells, except for the L-treated algal cells. Thus, our results suggested that S. rubescens KNUA042 was capable of producing carotenoid molecules, which led to the maximum values of canthaxanthin and astaxanthin concentrations when exposed to the combined LS condition compared with that observed when exposed to the salinity condition alone. This indicates that the algal strain could be used for the production of high-value products as well as biofuel. Furthermore, this article provides the first evidence of carotenoid production in S. rubescens KNUA042.






Keywords:


Scenedesmus rubescens KNUA042; biofuel; carotenoids; astaxanthin; nitrogen shortage












1. Introduction


Scenedesmus from the order Chlorococcales belongs to the family Scenedesmaceae and is frequently found to be dominant in freshwater bodies such as lakes and rivers. Worldwide, many species of this genus are used for various commercial purposes due to their rapid growth, ease of cultivation and handling, and ability to adapt to harsh environmental conditions [1]. Among them, Scenedesmus sp. has the potential to address the challenge of renewable energy-related problems by making a significant contribution to meeting bioenergy demand, as well as to provide additional environmental benefits [2]. Several reports suggest that over 15,000 compounds, including fatty acids, sterols, phenolic compounds, terpenes, enzymes, polysaccharides, alkaloids, and flavonoids that are sources of new natural products, can be extracted from microalgae, with many potential applications in the field of biotechnology [3,4,5]. For instance, the green microalga S. obliquus has been used as a model organism to produce biofuel (biodiesel and bioethanol) and other industrially important co-products such as β-carotene, omega-3 fatty acids, and glycerol [4]. In particular, carotenoid-mediated antioxidant compounds play important roles against various diseases, including chronic inflammation, atherosclerosis, cancer, cardiovascular disorders, and aging processes. This explains their considerable commercial potential in medicine, food production, and the cosmetics industry [5].



Carotenoids, an essential component of all photosynthetic organisms, constitute a structural group of natural pigments, which are produced as food additives and feed supplements. Recently, the antioxidant properties of carotenoids have been reported. Carotenoids are efficient scavengers of reactive oxygen species (ROS), especially singlet molecular oxygen, and peroxyl radicals, which prevent ROS-mediated lipid peroxidation. Further, they are capable of detoxifying excited triplet states, which play a critical role in the protective effects of photooxidation-induced damage in plants [6]. In addition, carotenoids function synergistically with tocopherol, and this combination is more effective than a single compound in the ROS neutralization process. The dominant carotenoids are α-carotene, β-carotene, lycopene, lutein, zeaxanthin, and cryptoxanthin. The structure of a carotenoid is the key determinant of their physical properties, chemical reactivity, and biological functions. Chemical features unique to each carotenoid are associated with involvement in the molecular microenvironment and biological function.



A discovery that played an important role in antioxidant activity by preventing ROS-induced oxidative damage triggered the synthesis of a new carotenoid structure and the commercial production of these compounds. However, carotenoid production is not restricted to plants, algae, and cyanobacteria, given that some fungi and nonphotosynthetic bacteria can also produce carotenoids, but animals cannot. Microalgae can accumulate carotenoids in up to 14% of the algal biomass; these are classified as primary and secondary carotenoids [6]. Primary carotenoids are critical for photosynthesis, whereas secondary carotenoids that accumulate in the cytoplasmic lipid vesicles function with acquired tolerance to environmental conditions, including a range of abiotic and biotic stresses [7,8]. Haematococcus pluvialis, Chlorella zofingiensis, C. photothecoides, Dunaliella salina, and S. almeriensis are major carotenoid-producing microalgae. Accordingly, microalgae-based biotechnology for the production of these carotenoids is advantageous to several industries, including food, cosmetics, and pharmaceuticals [9,10].



Microalgae have attracted significant attention as a promising sustainable source of lipids and carotenoids and are capable of increasing production under abiotic stresses such as high salinity, light intensity, iron concentration, extreme temperatures, or nutrient limitation [11,12]. For instance, lipid accumulation in Dunaliella sp. and C. vulgaris increased by up to 70% and 21.1%, respectively, under high salinity conditions [13,14,15]. However, stress-based strategies usually influence cell growth in an adverse manner, causing ROS-induced oxidative damage and, eventually, reduced yields of the desired products [11,12]. In order to mitigate these drawbacks, alternative two-stage cultivation (TSC) strategies are used to enable the co-production of lipids and high-value products. In the TSC process, the first stage is dedicated to optimizing the growth conditions for maximum biomass yield, whereas the second stage focuses on increasing the concentration of lipids and carotenoids. This latter step is achieved by creating unfavorable environmental conditions such as nutrient starvation (for example, through nitrogen (N) and phosphorus (P) limitation) or extreme exogenous stimuli. For instance, in biofuel production relying on Isochrysis galbana, the first growth stage occurs under abundant nutrient conditions such as increased algal biomass; then, cells are exposed to low salinity stress, resulting in an increase in the lipid content of up to 47% in the algal strain [16]. Consequently, a means of increasing biomass by TSC was developed to mitigate the negative effects of a stress-based manipulation. However, because TSC involves complex processes, it is important to develop new production strains that are capable of optimal growth under extreme stress conditions. Thus, the most viable strategy is to develop locally adapted algal strains.



In this study, we used modified TSC-dependent physiological responses against abiotic stress using in S. rubescens KNUA042, a novel eukaryotic microalgal strain isolated from freshwater in Korea, for the synchronized production of combined metabolites (i.e., long-chain, fatty-acid-derived lipids and carotenoids) rather than a single metabolite.




2. Materials and Methods


2.1. Isolation and Identification of S. rubescens KNUA042 from Freshwater


Freshwater samples collected in May 2017 from a puddle on Dokdo island (37°14′19.8″ N 131°52′09.3″ E) in Korea were inoculated into 100 mL of BG–11 medium supplemented with 100 μg mL−1 imipenem (JW Pharmaceutical, Seoul, Korea) in 250-mL flasks to obtain an axenic strain and then incubated at 25 °C under cool fluorescent light (approximately 100 µmol m−2 s−1), 16 h light/8 h dark cycle, and 0.2-µm pore antibacterial air filters until algal growth was apparent [17]. Then, the algal biomass from well-grown algal cultures was harvested by centrifugation (6000 rpm, 3 min, 25 °C). The compositions (g L−1) of the BG-11 medium used were as follows: 1.5 sodium nitrate (NaNO3), 0.04 dipotassium phosphate dehydrate·2H2O, 0.075 magnesium sulfate heptahydrate·7H2O, 0.036 calcium chloride·2H2O, 0.006 citric acid, 0.02 sodium carbonate, 0.006 ferric ammonium citrate, 0.001 sodium–ethylenediaminetetraacetic acid, and 1 mL of the trace metal A5. The trace metal A5 solution (g L−1) comprised 2.86 boric acid, 1.81 manganese chloride tetrahydrate, 0.22 zinc sulfate·7H2O, 0.39 sodium molybdate·2H2O, 0.079 copper sulfate pentahydrate, and 0.05 cobalt chloride hexahydrate.



The resulting cell pellets were streaked onto an R2A agar medium (BD Biosciences, San Jose, CA, USA) and incubated under the identical conditions as described above. A single colony was selected and aseptically restreaked onto a fresh R2A agar medium. Then, to obtain an axenic culture, the growth from a single colony was inoculated into BG–11 medium without antibiotics and cultured at 25 °C on an orbital shaker (Vision Scientific Korea, Bucheon, Korea) with shaking at 160 rpm. Cultured cells were harvested by centrifugation at 6000 rpm for 3 min, washed twice with deionized distilled water, observed at 1000 × using a light microscope (Zeiss Axio Imager A2; Carl Zeiss, Göttingen, Germany), and captured by an AxioCam MRc camera equipped with Zen 2.3 software. Microalgae identification at the molecular level included the following. Genomic DNA was isolated from the algal cells using the Qiagen DNeasy Plant Mini kit according to the manufacturer’s instructions (Qiagen, Hilden, Germany). Polymerase chain reaction (PCR) was performed with universal primer sets of 18S rRNA, rbcL, and ITS2 regions, as described previously [18,19]. Purified PCR amplicons were ligated into the pGEM T-Easy vector (Promega, Madison, WI, USA), according to manufacturer’s instructions. The resulting constructs were transformed into Escherichia coli DH5α, amplified, and sequenced. Closely matched sequences of 18S rRNA, rbcL, and ITS2 were confirmed using the NCBI blast and aligned using the MEGA 7.0 software [20].




2.2. Microalgal Cultivation Conditions


Seed cultures of the microalgae were harvested by centrifugation (4000 rpm, 5 min, 25 °C) when optical density reached approximately 1.2 at 680 nm. The algal cell pellets were inoculated in fresh BG–11 medium (adjusted to 100 mL of final volume) supplemented with different concentrations of NaNO3 (0, 25, 50, and 250 mg L−1) as the N source, and cultured at 25 °C on an orbital shaker with shaking at 160 rpm under cool fluorescent light (approximately 100 µmol m−2 s−1 and a 16 h light/8 h dark cycle). The BG-11 medium and aeration conditions were identical to those mentioned above. Following cultivation for 14 days, the algal cells were exposed to abiotic stresses—S (400 mM NaCl), L (1000 μmol m−2 s−1), and combination L and S (LS), and N deficiency(C)—for an additional 14 days.




2.3. Algal Growth Kinetics, Biomass Productivity, and N Consumption


Microalgae growth rates were monitored by measuring optical density (A680) at 2-day intervals for the indicated time using a spectrophotometer (Optimizer 2120 UV spectrophotometer; Mecasys, Daejeon, Korea). Algal biomass productivity was determined by measuring the dry weight using the gravimetric method, as reported previously [21]. Briefly, 10 mL of culture solution was filtered through GE Healthcare GF/C WhatmanTM filter paper (0.7 µm pore size; Thermo Fisher Scientific, Leicestershire, UK) and incubated at 105 °C for 24 h in a drying oven. The dried filters were cooled at 25 °C, and reweighed. Dry weights were calculated by subtracting the filter weight from the total weight. The nitrate concentration of the sample was measured using the HS-NO3(CA) water testing kit (Humas, Daejeon, Korea).




2.4. Characterization of Microalgal Biomass


The harvested biomass was freeze-dried using a freeze dryer (PVTFD20R; Ilshin Lab, Suwon, Korea), pulverized with a mortar and pestle, and sieved through an American Society for Testing and Materials (ASTM) No. 230 mesh (mesh pore size 63 µm). Total lipid content was determined according to the colorimetric sulfo-phosphor-vanillin, as described previously [22]. During proximate analysis, approximately 10 mg of the sample was used to measure the ash content using a thermal analyzer (DTG-60A; Shimadzu, Kyoto, Japan). Alpha-alumina (α-Al2O3) powder (30 mg) was introduced as a reference. During this process, nitrogen (N2) gas was supplied at a rate of 25 mL min−1 to protect the microalgae powder from oxidation, and the samples were heated from 50 to 900 °C at a rate of 10 °C min−1. Thermogravimetric analysis (TGA) was conducted using the TA60 version 2.21 software (Shimadzu). In addition, an ultimate analysis was also conducted to determine the carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) contents using an elemental analyzer (Flash 2000; Thermo Fisher Scientific, Milan, Italy). The oxygen (O) content was calculated by subtracting the contents of ash and CHNS from the total contents. Higher heating value (HHV) was calculated using a formula developed by Given et al. [23].


  HHV   =    {  0.3278 C   +   1.419 H   +   0.09257 S   −   0.1379 O   +   131 N   +   0.637       ( MJ / kg )   }    



(1)








2.5. Thin Layer Chromatography and BODIPY Staining


Lipid extraction was performed using the method developed by Breuer et al. [24]. The extracted crude lipids (approximately 20 μL) were mixed with n-hexane/diethyl ether (3:1, v/v). This mixture was then used for thin-layer chromatography (TLC) analysis (silica gel 60 F254, 10 × 10 cm, 0.25 mm thickness; Merck, Germany). Glyceryl trioleate (0.2 mg) was used as a reference for relative lipid quantitation. Following TLC-based separation, the neutral lipids were reversibly stained using iodine vapor at 37 °C for 10 min. The visualized signal intensity was determined using the ImageJ software. Lipids were stained with the lipophilic fluorescent dye BODIPY 505/515 (4, 4-Difluoro-1, 3, 5, 7-tetramethyl-4-bora-3a, 4a-diaza-s-indacene; InvitrogenTM, Fisher Scientific, Carlsbad, CA, USA) adjusted to a final concentration of 1 mM in 0.1% dimethyl sulfoxide [25]. Images of green BODIPY fluorescence were obtained using an inverted confocal laser scanning microscope (LSM 700; Carz Zeiss, Germany) under excitation with a 488 nm laser line and emission at 505–515 nm using a band-pass filter [25].




2.6. Pigment Analysis


The culture solution (2 mL) was centrifuged at 13,000 rpm for 5 min. The harvested cell pellets were resuspended in 2 mL of absolute ethanol, then extracted in an ice bath using a probe-type sonicator (Branson UltrasonicsTM SonifierTM 450; Fisher Scientific, Ottawa, Ontario, USA). The extracted liquid solution was incubated at 4 °C for 24 h in the dark and centrifuged at 13,000 rpm for 5 min. The cleared supernatant was measured using a UV–VIS spectrophotometer at 470, 649, and 664 nm, as reported previously [26]. The pigment amounts were determined by the following equations:


Chlorophyll a (Chl a) = 13.36A664 − 5.19A649



(2)






Chlorophyll b (Chl b) = 27.43A649 − 8.12A664



(3)






Total carotenoid (Car) = (1000A470 − 2.13 Chl a − 97.63 Chl b)/209



(4)







The extracted crude solution was filtered through a 0.2-μm membrane filter (Minisart® syringe filter, Sartorius Stedim Biotech, Gottingen, Germany). Samples were mixed with high-performance liquid chromatography (HPLC) grade H2O (Daejung, Siheung, Korea). To avoid peak distortion, 40 μL of HPLC grade H2O was added to 200 μL of each sample extract immediately prior to injection [27]. Samples were then analyzed on an Agilent 1260 Infinity HPLC system (Waldbronn, Germany) equipped with a Discovery C18 column (25 cm × 4.6 mm, 5 μm, Supelco, Bellefonte, PA, USA) at 33 °C. Pigment profiles were detected and quantified by measuring absorbance at 440 nm. The mobile phase gradient was programmed as described by Sanz et al. [28] at a constant flow rate of 1 mL min−1, with a mixture of methanol:ammonium acetate (82:18, v:v) used as solvent A, and ethanol as solvent B. For carotenoid analysis, undiluted samples were analyzed with a C30 carotenoid column (25 cm × 4.6 mm, 5 μm, YMC, Kyoto, Japan) at 25 °C. Astaxanthin, lutein, and canthaxanthin were detected and quantified by absorbance at 474 nm. The mobile phase comprised methanol/methyl tert-butyl ether/H2O in the ratio of 81:15:4 (v:v:v) at a constant flow rate of 1 mL min−1 for 45 min. Pigment standards (astaxanthin, canthaxanthin, chlorophyll a, chlorophyll b, lutein, and β-carotene) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pigment content was quantified by calculating the total peak areas of each pigment derived from a calibration curve.




2.7. Fatty acid Analysis


Fatty acid methyl ester (FAME) composition was analyzed using a gas chromatograph mass spectrometer (GC/MS 7890A; Agilent, Santa Clara, CA, USA) equipped with a mass selective detector (5975C; Agilent) and the DB-FFAP column (30 m, 250 μm ID, 0.25 μm film thickness; Agilent). The initial temperature was 50 °C and maintained for 1 min. The temperature was increased to 200 °C at a rate of 10 °C min−1 for 30 min, then increased to 240 °C at a rate of 10 °C min−1, and held for 20 min. The injection volume was 1 μL, with a split ratio of 20:1. Helium gas was supplied at a constant flow rate of 1 mL min−1. For the mass spectrometer parameters, injector and source temperatures were 250 and 230 °C, respectively, and the electron impact mode at an acceleration voltage of 70 eV was used for sample ionization, with an acquisition range of 50–550 mass to charge ratio [29]. Compounds were identified by matching their mass spectra with the Wiley/NBS libraries.




2.8. Assessment of Biodiesel Quality


The quality of biodiesel was determined by assessing the saponification value (SV), iodine value (IV), degree of unsaturation (DU), cetane number (CN), cold filter plugging point (CFPP), oxidation stability (OS), kinematic viscosity (υ), and density (ρ), which were calculated based on the fatty acid composition using the following empirical equations, as reported previously [30,31].


  SV   =     ∑        560   ×   N   M   



(5)






  IV   =     ∑        254   ×   N   ×   D   M   



(6)






  CN   =    (  46.3   +     5458   SV    )    −    (  0.225   ×   IV  )   



(7)






  CFPP   =    (  3.1417   ×   LCSF  )     −   16.477   



(8)






  DU   =    MUFA +     (   2   ×   PUFA   )   



(9)






  OS   =    117.9295 x     +   2.5905     (   0   <   100   )   



(10)






  υ =  − 12.503   +   2.496   ×   ln ( MW )   −   0.178   ×   N   



(11)






  ρ   =     ∑     0.8463   +    4.9 MW     +   0.0118   ×   N   



(12)




D, M, and N represent the number of double bonds, the average molecular mass, and the content (wt%) of each fatty acid, respectively. MUFA and PUFA indicate the content of the monounsaturated fatty acids and polyunsaturated fatty acids, respectively.




2.9. Statistical Analysis


All experiments were performed in triplicate. Data shown are presented as the average of the triplicates, and error bars represent the standard deviation (SD). Statistical analysis was conducted using the SPSS software. Lipid content, biomass, and lipid productivity were statistically tested using one-way analysis of variance (ANOVA) and post-hoc Tukey’s honestly significant difference (HSD) test. p values of < 0.05 were considered statistically significant.





3. Results


3.1. Identification of S. rubescens KNUA042


The KNUA042 strain was isolated from axenic algae cultures obtained from a freshwater puddle in a cave in Korea´s eastern Dokdo islands (37°14′19.8″ N 131°52′09.3″ E) (Figure S1A,B). Preliminary morphological analysis showed that the KNUA042 cells were round with a slightly ellipsoid shape and nonmotile with diameters of 6–10 µm. Cytological analysis revealed that the algal KNUA042 strain possessed a chloroplast comprising one pyrenoid that was divided into two cells at the vegetative stage (Figure S1C). Based on these morphological results, the algal KNUA042 was very similar to Scenedesmus rubescens reported by Kessler et al. [32]. AlgaeBase, the primary compilation of algal names list S. rubescens as a synonym of Halochlorella rubescens. Scenedesmus is one of the most common freshwater algae genera; however, the extremely diverse morphologies found within species make its identification difficult. Thus, we used PCR-based molecular analysis for identification. The nucleotide sequences of the 18S rRNA, ITS2, and rbcL genes were obtained and compared with published green algal sequences. BLAST hits for the ITS2 (426 bp), and 18S rRNA (1767 bp) genes shared 99% identity with S. rubescens KMMCC 263 (accession no. JQ315585), and Scenedesmus sp. SM8_2 (accession no. KT778097), respectively (Table S1). In phylogenetic tree analysis using ITS2 and 18S rRNA, KNUA042 belonged to a member of Scenedesmus sp. (Figure S2) and S. rubescens, respectively (Figure S3). Specifically, the 18S rRNA sequence indicated a close relationship with the green algae S. rubescens. Thus, the KNUA042 strain displayed the highest sequence relatedness with the green algae, S. rubescens (100% similarity). The genus Scenedesmus is a member of the family Scenedesmaceae. In nucleotide sequences produced rbcL (1385 bp), the algal strain was searched as Acutodesmus sp. (HQ246361) (Table S1). However, the morphology of the isolated microalgae was very disparate from Acutodesmus sp. Taken together, the KNUA042 strain displayed the highest sequence relatedness with the green algae S. rubescens (100% similarity).




3.2. The Effect of Nitrate on S. rubescens KNUA042


The effect of nitrate concentration on growth was examined by culturing the microalgal S. rubescens KNUA042 strain in BG–11 medium containing various concentrations of NaNO3 (0, 25, 50, and 250 mg L−1) as an N source. Algal cells grown in the medium supplemented with 25 and 50 mg L−1 NaNO3 almost exhausted on the 14th and 23rd days, respectively, after inoculation, whereas the algal cells treated with 250 mg L−1 NaNO3 were consumed approximately 180 mg L−1 under the same culture conditions (Figure S4A). Next, the relationship between N uptake and cell growth was examined by measuring the dry weight and optical density, and a slight difference was noted in the dry weight for all analyzed samples, whereas the optical density showed a promising distinction, with absorbance being the highest for the 50 mg L−1-treated algal cells than that for the other cells (Figure S4B,C). We found a correlation between dry weight and optical density at >97% (Figure S4D). Furthermore, this purpose established a platform for the production of algal biomass-based lipids and carotenoids produced by S. rubescens KNUA042. Thus, to manipulate a mass culture to yield biomass with the desired products, including fatty acid, lipids, and carotenoids, subsequent experiments were performed with 25 mg L−1 NaNO3 rather than that of 50 mg L−1 NaNO3. Figure 1 depicts the growth kinetics, N consumption, and dry weight of the algal KNUA042 cells grown in BG-11 medium supplemented with 25 mg L−1NaNO3. All values analyzed were time-dependent during the culture periods. N consumption was completely depleted on the 14th day of culture, with an optical density and dry weight of 0.939 and 0.35 g L−1, respectively. In the algal cells grown in BG-11 medium supplemented with 50 and 250 mg L−1, the remaining concentration of NaNO3 was 5.66 and 125.64 mg L−1, respectively, during the same culture time (Figure S4A). Thus, potentially the 25 mg L−1-mediated N limitation produced by S. rubescens KNUA042 affected the biochemical pathways of the algal cells and indirectly increased lipid productivity and high-value products.




3.3. Productivity of Lipids and Biomass under Abiotic Stress Plus N Deficiency


Lipid content and biomass productivity were estimated when the algal KNU042 cells were exposed to abiotic stress in the presence of N deficiency. Algal cells were grown in BG-11 medium supplemented with 25 mg L−1 NaNO3 for 14 days at 25 °C under four culture conditions: control without stressor (C; N deficiency), high salinity (S; 400 mM NaCl), high light intensity (L; 1000 µmol m−2 s−1), and combined stress (light intensity and salinity; LS). These cells were then cultured at 25 °C for an additional 14 days. As shown in Figure 2, dry weight increased in a time-dependent manner during the additional culture periods, which corresponded to the changes in lipid content and lipid productivity. Specifically, lipid content and dry weight were higher in the combined LS-treated cells (42.99% ± 0.72% and 1.13 ± 0.05 g L−1, respectively) than in the single-stress-treated cells—C (38.14% ± 0.82% and 0.86 ± 0.01 g L−1, respectively), S (38.47% ± 0.88% and 1.03 ± 0.06 g L−1, respectively), and L (33.62% ± 1.72% and 0.85 ± 0.01 g L−1, respectively) (Figure 2A,B). In addition, the combined LS stress led to maximum biomass productivity (80.71 ± 4.40 mg L−1 d−1) and lipid productivity (34.75 ± 1.64 mg L−1 d−1) on the 14th day of culture. In the C- and L-treated cells, there was no difference in biomass and lipid productivity; furthermore, biomass and lipid productivity in the C- (61.78 ± 0.50 and 23.41 ± 0.15 mg L−1 d−1, respectively) and L-treated cells (60.71 ± 0.01 and 20.21 ± 0.18 mg L−1 d−1, respectively) was lower than that in the S (73.92 ± 4.54 and 28.51 ± 2.01 mg L−1 d−1) and LS-treated cells (80.71 ± 4.04 and 34.76 ± 1.64 mg L−1 d−1, respectively) (Figure 2C). Thus, our results show that maximum lipid productivity is produced under combined conditions in which physicochemical stresses (salinity + light intensity) are coupled N deficiency in S. rubescens KNUA042.




3.4. BODIPY Staining, Cell Size and Triacylglycerol Accumulation at Different Environmental Conditions


Under N deficiency-dependent abiotic conditions, increased lipid productivity and lipid content was observed in S. rubescens KNUA042 cells, as depicted in Figure 2. Based on these results, the staining of neutral lipids from the microalgae was conducted using fluorescent BODIPY dye. From the BODIPY505/515-mediated fluorescent signal intensity, S- and LS-treated algal cells exhibited a granular spatial fluorescence pattern compared with the C- and L-treated algal cells (Figure 3A). In addition, the sizes of the C- and L-treated algal cells were 2-fold smaller than those of the S- and LS-treated cells. The population of C- (3.41 × 106 cells) and L-treated algal cells (2.62 × 106 cells) was greater than that of the S- (1.96 × 106 cells) and LS-treated algal cells (1.97 × 106 cells). In contrast, mass per cell values were greater in the S- (0.52) and LS-treated algal cells (0.57) than in the C- (0.25) and L-treated algal cells (0.32) (Figure 3B). Therefore, cell mass was found to be inversely related to cell population under stress conditions. These results were supported by optical density-based growth kinetics; the growth rate was the highest in the C-treated cells, followed by the L-, S-, and LS-treated cells (Figure S5).



The present study determined triglycerides’ (TAGs) intensity using TLC as in total lipid extracts and found that their intensities were enhanced under specific abiotic stresses—N deficiency, high salinity, high light intensity, and a combination of high light intensity and high salinity—as shown in Figure 3A. TAG content was determined in all algal cells after 4 days of stress exposure (C, S, L, and LS) and TAG accumulation was observed in a time-dependent manner (Figure S6A). The highest signal intensity from TAG content was observed in the 14-day S-treated algal cells, whereas the lowest signal intensity was detected in the 14-day L-treated algal cells (Figure S6B). Thus, our results indicated that high salinity accelerates cell weight and neutral lipid accumulation, including TAGs, whereas high light intensity reduces cell mass and lipid droplets. Furthermore, the combination of high salinity and high light intensity generated the highest cell weight and fluorescence intensity through a synergistic biochemical pathway in contrast to a single stress response.




3.5. Proximate Analysis


Given that the biomass productivity and lipid content of algal cells were increased when exposed to abiotic stress, we performed a proximate analysis to estimate the composition of the algal biomass. The analysis of algal S. rubescens KNUA042 cells was based on three major components of biomass—moisture, volatile matter, and ash (Table 1). We found that the moisture and ash contents gradually decreased in a time-dependent manner under stress conditions. The initial moisture content of all the four-dependent unstressed-cells was approximately 6.3 ± 0.1–6.6 ± 0.2 weight percentage (wt%). When algal cells were challenged by a specific stress for 14 days, their moisture content decreased to 5.1 ± 0.3, 4.9 ± 0.2, 5.7 ± 0.4, and 5.0 ± 0.3 wt% in the C-, S-, L-, and LS-treated cells, respectively. The moisture content of S- and LS-treated algal cells was <5 wt%. Ash contents were initially adjusted to 16.2 ± 0.2–18.2 ± 0.4 wt% and then decreased to 4.6 ± 0.2–6.6 ± 0.2 wt% in the stressed cells after 14 days, with the greatest decrease observed in the S–treated cells (4.6 ± 0.2 wt%). In contrast, the starting value of volatile matter in all algal cells was 75.5 ± 0.5–77.2 ± 0.4 wt% with these values increasing to final values of 88.2 ± 0.1, 90.5 ± 0.0, 87.9 ± 0.4, and 89.2 ± 1.2 wt% in the C-, S-, L-, and LS-treated cells, respectively, at 14 days. Thus, proximate analysis of S. rubescens KNUA042 suggested that it has a low moisture content, high volatile matter, and moderate ash content, potentially making it a promising biomass fuel.




3.6. Ultimate Analysis


The C, N, H, O, and S contents were determined in ash biomass. Table 1 shows the C, H, N, and S proportions in ash biomass from the unstressed and stressed algal cells. No differences were found in the initial C (42.2 ± 0.2–42.9 ± 0.3 wt%), H (6.3 ± 0.1–6.4 ± 0.3 wt%), N (6.6 ± 0.1 wt%), S (0.5 ± 0.0 wt%), and O (25.9 ± 0.2 wt%) contents of algal cells prior to stress exposure. However, these values changed in a time-dependent manner during the 14-day stress treatment, although no substantial differences were observed in any algal cells tested initially (C-, S-, L-, and LS-treated cells). The C and H contents increased at 53.1 ± 0.1–55.1 ± 0.4 wt% and 8.1 ± 0.0–8.4 ± 0.1 wt%, respectively, while the N and S contents were decreased at 2.9 ± 0.0–3.2 ± 0.1 wt% and approximately 0.3 ± 0.0 wt%, respectively (Table 1). In contrast, the O content remained unchanged regardless of the abiotic stress applied and accounted for approximately 25.9 ± 0.2 wt% of the unstressed cells and 24.1 ± 0.5–26.3 ± 0.4 wt% of the stressed cells. Furthermore, the changes in C content amounted to an increase of 28.1%, 27.5%, 24.3%, and 28.4% in the C-, S-, L-, and LS-treated cells, respectively, relative to the unstressed cells. HHV also increased by up to 28.2%−34.6% in a time-dependent manner during stress exposure, with no differences found in the four algal cells tested. The initial HHV was [33,34] 20.0 ± 0.0–20.2 ± 0.2 MJ kg−1, whereas the final HHV was 25.9 ± 0.0–27.2 ± 0.3 MJ kg−1. The highest and lowest HHVs were observed in the LS- and L-treated cells, respectively.




3.7. Analysis of the Fatty Acid Composition to Abiotic Stress


To estimate the quality of microalgal fatty acids in TSCs following abiotic stress and N deficiency, we performed a GC-MS analysis of the fatty acids and identified C16:0 (palmitic acid), C18:1 (oleic acid), and C18:3 (linolenic acid), which together accounted for over 80% of the relative composition of fatty acids, as the major compounds (Figure 4A). The composition of C16:0 was adjusted at 15.91%−18.95% of the initial value and then increased time-dependently by 20.97%−29.05% during the 14-day stress exposure; this was highlighted in the L-treated algal cells (29.05%) and the LS-, C-, and S-treated algal cells. Initially, the composition of C18:1 was approximately 13% of the starting compositions, with accumulation resulting in an increase of 39.14%−46.40% under the equivalent final conditions. Microalgae accumulate lipids for long-term energy storage under unfavorable conditions, including the induction of oleic acid (C18:1) as part of the fatty acid composition, which is known to be typical during N starvation [35]. The values of lipid content in order were 46.40%, 44.20%, 42.24%, and 39.14% in the S-, C-, LS-, and L-treated algal cells, respectively. In contrast, the relative composition of C18:3 decreased over the experimental period to 39.16%−44.41% of the initial values, with final compositions, in experimental order being C- (12.11%), S- (12.60%), LS- (13.76%), and the L-treated algal cells (17.07%). Overall, prior to abiotic stress treatment, no differences were found in saturated-fatty acid (SFA), monounsaturated-fatty acid (MUFA), or polyunsaturated fatty acid (PUFA) composition in the algal cells (C-, S-, L-, and LS-treated cells); initially, the relative compositions of these fatty acid groups accounted for 16.21%−16.52%, 10.79%−12.12%, and 54.06%−54.58%, respectively (Figure 4B). Upon stress treatment, the content of SFA and MUFA accelerated in a time-dependent manner in the all algal cells, whereas that of PUFA decreased gradually for 14 days under the same conditions. The highest SFA content was observed in the L-treated cells (32.33%) compared with that in the C- (26.08%), S- (23.15%), and LS-treated cells (27.60%), respectively, while the maximum MUFA content was identified in the S-treated cells (49.60%) compared with that in the C- (46.37%), L- (39.77%), and the LS-treated cells (43.91%). However, there was a slight difference in the PUFA content in the algal cells tested. The PUFA content in the C-, S-, L-, and the LS-treated cells was 27.54%, 27.72%, 27.88%, and 28.48%, respectively. Therefore, our findings indicated that algal S. rubescens KNUA042 cells have high SFA (C16:0) and MUFA (C16:1) contents and low PUFA (C18:3) content and can thus be a candidate for biodiesel production.




3.8. Biodiesel Quality Assessment


Given that fatty acid composition varied by N-deficiency-dependent high salinity, high light intensity, and combined light intensity and salinity, the theoretical fuel properties of the biodiesel quality were estimated using the ASTM and EN standard for biodiesel production. Table 2 shows the key criteria for estimating the biodiesel parameters, including the SV, CN, iodine value (IV), DU, CFPP, kinematic viscosity (υ), density (ρ), and OS. The theoretical properties of the algal biodiesel were found to be within the ASTM D6751 (USA) and EN 14214 (European Unit) standards, and no differences were found in the biodiesel quality parameters. The quality properties of the biodiesel in the algal biomass exposed to abiotic stress for 14 days were low density (ρ; 0.88 g cm−3), low kinematic viscosity (υ; 4.1 mm2 s−1), high CN (54.1–54.7), high OS (7.7–8.8 h), CFPP (−7.2 °C−3.6 °C) and IV (102.2–106.6 g I2 (100 g)−1 fat). Additionally, the values of SV and DU were 188.8–194.1 mg KOH g−1 and 96–104, respectively, in all the C-, S-, L- and LS-treated algal cells (Table 2); the initial values for all the C-, S-, L-, and LS-treated algal cells tested were adjusted to 161.4–164.3 mg KOH g−1 of SV, 163.1–165.6 [g I2 (100 g)−1 fat] of IV, 33.4–33.5 of CN, 119–121 of DU, −10.2 °C−10.3 °C of CFPP, 5.6 h of OS, 3.4 mm2 s−1 of υ, and 0.89 g cm−3 of ρ. Taken together, our results indicated that the microalgal oil extracted from S. rubescens KNUA042, especially the stressed cells, would transfer to biodiesel in the form of lower emissions, good combustion, good cold flow properties at low temperatures, and an excellent OS.




3.9. Pigment Analysis


Total carotenoid content was examined under salinity, light intensity, and combined salinity and light intensity in the presence of N deficiency. In the phenotype-based analysis, LS-treated algal cells resulted in a complete color shift from green to orange after 14 days of stress treatment. In terms of color intensity, the L-treated algal cells exhibited a mild color change, but it was less intense than that exhibited by the LS-treated cells. The C- and S-treated algal cells slightly faded from green under the same culture conditions (Figure 5A and Figure S7). S. rubescens KNUA042 cells were healthy during the cultivation periods, although there was a difference in each cell condition between the stressors (Figure 5B). However, the S. obliquus KNUA017 and KNUA025 cells that were used as reference exhibited a relatively poor survival rate under the same conditions as the KNUA042 cells (Figure S8A–C, lower panel). These results suggested that S. rubescens KNUA042 has a better intrinsic stress tolerance compared with other Scenedesmus sp. and that the algal strain has other promising biochemical characteristics such as those involving metabolites.



Total chlorophyll a and carotenoid contents were analyzed in the algal cells exposed to abiotic stress treatments. The initial total chlorophyll a content in the algal cells was approximately 3.44 ± 0.05–3.60 ± 0.34 mg L−1. Over the first 4 days of the experiment, the chlorophyll a content in stressed cells increased to 4.59 ± 0.04–6.73 ± 0.68 mg L−1 but then decreased gradually to 0.92–4.52 ± 0.97 mg L−1 over the remaining days of the trial. Following the 14-day stress treatment, the highest chlorophyll a content was 4.52 ± 0.97 mg L−1 recorded in the S-treated cells, while the lowest chlorophyll a content was 0.92 mg L−1 recorded in the L-treated cells. In the C- and LS-treated algal cells, chlorophyll a contents were 3.05 ± 0.01 and 3.29 ± 0.11 mg L−1, respectively (Figure 5C). Next, the total carotenoid content increased over time under the same conditions. The starting value for the algal cells was 0.97 ± 0.01–1.01 ± 0.05 mg L−1 and then the values after C, S, L, and LS treatment for 14 days were 1.75 ± 0.06, 4.15 ± 0.82, 1.32 ± 0.02, and 6.94 ± 0.06 mg L−1, respectively. During stress exposure, the highest value was observed in the LS-treated cells (6.94 ± 0.06 mg L−1), whereas the lowest value was detected in the L-treated cells (1.32 ± 0.02 mg L−1). Although the concentration in L-treated cells was lower than that in the other algal cells, the maximum value was identified at 2.49 ± 0.12 mg L−1 in the L-treated cells for 14 days (Figure 5D). As a result, the ratio of carotenoids to chlorophyll was augmented in a time-dependent manner and maximized to the stressed algal cells for 14 days. The best ratio was 1.50 ± 0.01, identified in the LS-treated cells, whereas the minimum ratio was 0.39 ± 0.04 identified for the C-treated cells. The ratio of the S- and L-treated cells was 0.69 ± 0.01 and 0.94 ± 0.01, respectively (Figure 5E). Our results showed that S. rubescens KNUA042 was capable of producing bioactive pigment compounds, of which two were particularly promising: chlorophyll and carotenoids.



To quantify how the pigment content changed by N deficiency-dependent salinity and high light intensity, crude pigment extracts of algal cells were exposed to stress for 14 days and examined using HPLC. Among the identified pigments, the major compounds were chlorophyll a, astaxanthin, canthaxanthin, and lutein. As shown in Figure 6, lutein and chlorophyll a content decreased in a time-dependent manner under all stress conditions. The initial concentration of chlorophyll a in unstressed algal cells was 12.03 ± 0.38–15.22 ± 0.68 mg g−1, whereas the final (14 day culture) concentrations in the C-, S-, L-, and LS-treated algal cells decreased to 4.34 ± 0.72, 4.28 ± 0.26, 1.13 ± 0.05, and 3.68 ± 0.01 mg g−1, respectively. Among these treatments, the lowest value was observed in the L-treated algal cells (Figure 6A). The lutein content in the algal cells were adjusted to 2.09 ± 0.01–2.59 ± 0.33 mg g−1 of the starting concentration and was decreased to 0.79–1.98 ± 0.29 mg g−1 under stress conditions for 14 days. The lowest concentration (0.79 ± 0.01 mg g−1) was also observed in the L-treated cells and the highest concentration (1.98 ± 0.29 mg g−1) was detected in the S-treated cells; the concentration in the C- and LS-treated cells was 1.36 and 1.76 ± 0.08 mg g−1, respectively (Figure 6B).



Regarding the secondary carotenoids, the concentrations of canthaxanthin and astaxanthin were also quantified in the stress-treated algal cells. While canthaxanthin was not detected in unstressed cells, its concentration in stressed algal cells was 0.21 ± 0.01–1.73 ± 0.01 mg g−1. In the C-treated cells, canthaxanthin was only recorded in the algal biomass exposed to N deficiency for the full 14 days, and its concentration was 0.40 ± 0.01 mg g−1. Concentrations increased gradually with time, from 0 mg g−1 in the S-, L-, and LS-untreated algal cells at 0 days to 1.52 ± 0.20, 0.21 ± 0.01, and 1.73 ± 0.01 mg g−1 in the S-, L-, and LS-treated cells at 14 days, respectively (Figure 6C). At 14 days, the LS-treated algal cells had the highest molecular concentration of canthaxanthin, which was 4.32-fold, 1.13-fold, and 8.23-fold greater than that in the C-, S-, and L-treated cells, respectively. In addition to canthaxanthin concentration, the astaxanthin concentration was also measured under the same conditions. The pattern of astaxanthin accumulation was similar to that of canthaxanthin. The astaxanthin molecule had not been identified in the unstressed algal cells for 0 days; however, astaxanthin had accumulated in a time-dependent manner in the stressed algal cells, except for the N-deficient cells. Astaxanthin was detected in the N-deficient cells following stress treatment for 14 days at 0.05 mg g−1. Conversely, the astaxanthin content in the S-, L-, and LS-treated algal cells after 14 days was increased by 0.58 ± 0.01, 0.19 ± 0.04, and 1.11 ± 0.11 mg g−1, respectively. The astaxanthin content in the LS-treated algal cells showed that the highlighted value (1.11 ± 0.11 mg g−1) was 22.20-fold, 1.91-fold, and 5.84-fold higher than that in the C-, S-, and L-treated algal cells, respectively (Figure 6D). Overall, the concentrations of canthaxanthin and astaxanthin were in the order of the LS-, S-, C, and L-treated algal cells. Hence, as shown in our results, the TSC system transferring from the N-abundant conditions to the N-deficient conditions was introduced in the presence of high light intensity to enhance biomass and carotenoid production. These trials could be a vital consideration toward building a future cultivation operation.





4. Discussion


4.1. Morphological and Molecular Characteristics of S. rubescens KNUA042


Preliminary morphological analysis showed that the KNUA042 cells were nonmotile, with a round and slightly ellipsoid shape and diameters of 6 to 10 µm. Cytological analysis revealed that the algal KNUA042 cells possessed a chloroplast containing one pyrenoid that was divided into two cells at the vegetative stage (Figure S1C). In phylogenetic tree analysis using ITS2 and 18S rRNA, KNUA042 was shown to belong to a member of Scenedesmus sp. (Figure S2) and to S. rubescens (Figure S3). Ultimately, the 18S rRNA sequence confirmed that the highest sequence relatedness was found with the green algae S. rubescens.



Currently, there are approximately 74 taxonomically accepted species of Scenedesmus, of which the three major groups are Acutodesmus, Desmodesmus, and Scenedesmus [36]. Acutodesmus is characterized as having acute cell poles, whereas Desmodesmus and Scenedesmus have obtuse or truncated cell poles [36]. Furthermore, Scenedesmus could be divided into two subgenera—the non-spiny Scenedesmus and the spiny Desmodesmus. Scenedesmus either exist as unicells or as coenobia comprising four or eight cells inside a parental mother wall. Various coenobial architectures have been reported, including linear, costulatoid, irregular, alternating, or datylococcoid patterns [36]. Considering what all of the results revealed in terms of morphology, such as the coenobia and multiple nucleotide sequences, our results suggested that this algal strain was related to S. rubescence and was thus termed S. rubescence KNUA042.




4.2. Nutrient Consumption of S. rubescens KNUA042


The optical density data showed a striking difference, with the highest absorbance values being recorded for the 50 mg L−1-treated algal cells (Figure S4). According to previous reports, of S. rubescens-like microalgae, algae grown in BG-11 medium and treated with 7–10 mM NaNO3 produced the highest biomass content compared to that observed with other treatments [37]. In the case of D. salina, growth and biomass productivity were directly related to the N levels, with the highest biomass concentrations shown to occur under 0.05 mM or 5 mM N regimes, 495 mg L−1 and 1409 mg L−1, respectively [38]. Similarly, our results indicated that the algal KNUA042 cells demonstrated optimal growth when the cells were subjected to approximately 50 mg L−1 NaNO3. In a study of batch cultures of green and blue-green algae, elevated N levels led to an increase in biomass, protein, and chlorophyll contents, whereas lower N levels resulted in the accumulation of total lipids, especially neutral lipids such as TAGs [39]. Thus, to manipulate mass culture to yield biomass with the desired products, including different lipid-derived compounds such as carotenoids, subsequent experiments were performed with an NaNO3 of 25 mg L−1 rather than that of 50 mg L−1.



For algal KNUA042 cells grown in BG-11 medium treated with 25 mg L−1 NaNO3, growth kinetics, N consumption, and dry weight were all to shown to increase over time during the culture periods (Figure 1). Under these conditions, most of the N was consumed by the 14th day of culturing, at which point the optical density and dry weight were 0.939 and 0.35 g L−1, respectively. For algal cells grown in BG-11 medium supplemented with 50 and 250 mg L−1, the remaining concentration of NaNO3 was 5.66 and 125.64 mg L−1, respectively, at the end of the same culture period (Figure S4A). Essential inorganic nutrients such as N and P have critical effects on the growth, reproduction and metabolism of microalgae. Nutrient limitation is an applied and remarkable strategy used to change and regulate the algal cell cycle and its physiological response is related to the metabolism of lipids and their by-products, such as carotenoids [40]. Nutrient deficiency induced undesirable performance in the algal cells but promoted lipid production. When algal cells were subjected to N stress conditions, the microalgae steadily decreased their rate of cell division and their active biosynthesis of desired products. The effects of N limitation on different algal strains used to explore and optimize various output parameters have been demonstrated in many studies. In particular, N starvation triggered lipid accumulation, especially TAGs, in microalgae such as Scenedesmus sp. [40,41,42,43,44]. In general, an inverse relationship has been reported between lipid and nutrient concentrations [43].




4.3. Lipid and Biomass Productivity under Abiotic Stress in the Presence of N Deficiency


In general, lipids in the microalgae were highly accumulated by applying stressors such as N depletion, light intensity, temperature, high salinity, and heavy metals [45]. Based on these facts, lipid content and biomass productivity were estimated when the algal KNU042 cells were exposed to abiotic stress in the presence of N deficiency. As shown in Figure 2, dry weight increased in a time-dependent manner during the additional culture periods, which corresponded to the lipid content and lipid productivity. The lipid content and dry weight were the highest in the LS-stressed cells compared to those in the single stress-treated cells (Figure 2A,B). In the C- or L-treated cells, there was no difference in biomass and lipid productivity, and the productivity values of these cells were lower than those of S- and LS-treated cells (Figure 2C). In S. rubescens KNUA042, high light intensity (1000 µmol m−2 s−1; L) appeared to induce cellular damage, whereas salinity stress (400 mM NaCl; S) caused an adaptive response to the unfavorable conditions via the activation of an array of cell rescue systems because the dry weight and biomass productivity of the S-treated algal cells increased 1.2-fold than those of the C- and L-treated cells. Accordingly, LS-treated algal cells enhanced the acquired tolerance by minimizing cellular damage via a salt-mediated gene expression program, which led to the highest productivity of lipids and biomass.



Recent research has shown that numerous algal species produce and accumulate lipids, particularly TAG, under N-limited mixotrophic conditions [40]. However, our results suggest that N-limited autotrophic conditions, coupled with elevated salinity and light intensity, could have a positive effect on the biosynthesis of desired output products by controlling the biochemical pathways in the algal KNU042 cells. Firstly, under N-limited conditions (C) alone, the lipid content of the S. rubescens KNUA042 cells was 38.14% ± 0.82%, whereas a previous study has demonstrated that Chlorella sp. cells grown in N-deficient medium exhibited a maximum lipid content of 36.7% [46]. These results are similar to the maximum yield of 41% obtained for Scenedesmus sp. SP–1 grown in culture media supplemented with 130 mg L−1 NaNO3 [47]. The lipid content in the S. rubescens KNUA042 cells in our study was higher than the moderate lipid content of 10%–39% obtained from other Scenedesmus species [48].



Secondly, salt stress has been known to cause osmotic pressure within the algal cells, generating a stress response that modifies their metabolism and causes accumulation of lipids and antioxidants (β-carotene and astaxanthin) and reduction of biomass [49,50]. As a result, microalgae adapted to these new conditions significantly increase their total lipid content, as well as their lipid composition [40]. The lipid content in the S. rubescens KNUA042 cells challenged with 400 mM NaCl was 38.47% ± 0.88%. Experiments with Chlamydomonas mexicana and S. obliquus grown in culture media with a range of different supplemental salt concentrations have shown that 25 mM NaCl produced maximum lipid content (37% and 34%, respectively) [51]. C. vulgaris and A. obliquus also produced their maximum lipid contents (49% and 43%, respectively) when the cells were treated with 400 mM NaCl [45]. Although results regarding the effects of NaCl on microalgae are scarce and conflicting, our results showed that higher salinity could improve the lipid production of S. rubescens KNUA042 cells.



Thirdly, light intensity is one of the most important parameters determining the development of microalgae and their production of biomass and lipids [40]. Biomass productivity and lipid content of S. rubescens KNUA042 cells were 60.71 ± 0.01 mg L−1 d−1 and 20.21 ± 0.18 mg L−1 d−1, respectively, under the high light intensity condition (1000 µmol m−2 s−1). Extremely high light intensity causes unfavorable growth and stress responses such as photoinhibition and photooxidation in algal cells. These conditions affect the lipid content negatively by causing lipid peroxidation [40]. In order to mitigate these unfavorable conditions, the algal cells accumulate neutral lipids and antioxidants (β-carotene and astaxanthin), while reducing polar lipids and biomass [52]. S. rubescens KNUA042 cells exposed to elevated light intensity treatment (L) of 1000 µmol m−2 s−1 showed decreased lipid content compared with the C- and S-treated cells. Identifying the optimum range of light intensity means that creating a higher lipid production for this strain is therefore an important priority, but this has yet to be elucidated.



Finally, a combination of L+S was trialed, and the maximum productivity of biomass (80.71 ± 4.04 mg L−1 d−1) and lipids (34.75 ± 1.64 mg L−1 d−1) as well as the maximum lipid content (42.99 ± 0.72%) were shown to have increased by up to 30.64%, 71.94%, and 27.87%, respectively, compared to the results for either of these treatments alone. In addition, in comparison to the combined effects of N limitation (130 mg L−1 NaNO3), high salinity (343 mM NaCl), and high light intensity (200 µmol m−2 s−1) on Scenedesmus sp. in a similar study, lipid productivity and lipid content of S. rubescens KNUA042 cells in the present study were higher [47]. Similarly, in H. pluvialis, combinations of three stress factors (high light intensity + salinity, high light intensity + iron, or salinity + iron) also produced a sustained increase in by-products. Moreover, another study found that the highest production of biomass was obtained when all the three factors (high light intensity, salt, and iron) were applied simultaneously [53]. Taken together, these results showed the possibility of accelerating the maximum lipid productivity by providing a combination of physico-chemical stresses (salinity + light intensity) coupled to N deficiency in S. rubescens KNUA042 cells.




4.4. Lipid Accumulation as a Biofuel Feedstock


As shown in Figure 3, BODIPY dyes were very effective in determining the fluorescence intensity of the S- and LS-treated algal cells. While Nile red displayed a lower fluorescence with higher salinity, which suggested a shift in the peak emission and retardation of the dye transfer into the lipid droplets. Thus, this result provided a limitation to determining Nile red fluorescence under hypersaline conditions [54]. Salt stress seemed to accelerate high accumulation of lipid content by increasing the cell size and cell mass of S. rubescens KNUA042 cells (Figure 3); however, this phenomenon was not observed under light stress. Some studies have shown that salt-stressed microalgae caused morphological changes such as cytoplasmic vacuolization, extreme deformation of the mitochondria, and ultrastructural changes in the Golgi and ER [55]. For instance, the algal Parachlorella kessleri cells, when exposed to salt stress, increased in cell size and lipid droplet content [56]. Thus, our results indicated that high salinity accelerated the cell weight and lipid accumulation, whereas light intensity reduced cell mass and lipid droplets. Furthermore, a combination of salinity and high light intensity generated the highest cell weight and fluorescence intensity via operating a synergistic biochemical pathway rather than a single stress response.



The highest signal intensity for TAG content was observed in the 14-day S-treated algal cells, whereas the lowest intensity was detected in the L-treated algal cells (Figure S6B). During the process of photosynthesis and stress response, nonpolar lipid TAG is stored in microalgae cells, playing a fundamental role in energy storage [57]. Thus, TAG is considered a valuable by-product due to its important commercial value [40,58]. The results of the present study support the idea that the accumulation of TAGs can be influenced under specific conditions such as nutrient starvation or high-stress environments [40]. In addition, to its function in energy storage, the TAG produced in this way could be used to conduct other biological activities [59]. Thus, our results show that the production of TAG in algal S. rubescens KNUA042 cells can be increased are at different environmental stress levels and suggested that this is important for energy storage against abiotic stress too, since the accumulated TAG could be used to construct cellular membranes or to produce the cell rescue biomolecules.




4.5. Proximate and Ultimate Analysis


When the algal cells were challenged to a specific stress for 14 days, the moisture content gradually decreased in a time-dependent manner; the values were 5.1 ± 0.3, 4.9 ± 0.2, 5.7 ± 0.4, and 5.0 ± 0.3 wt%, respectively, in the C-, S-, L-, and LS-treated cells. In particular, the moisture content of the S- and LS-treated algal cells was <5 wt% (Table 1). Low moisture content was important for the preservation of nutritional integrity, because the presence of lipid water could increase the microbial activity and deterioration of the food products [60]. In this regard, our results suggested that the by-products of the S- and LS-treated algal cells could have a potential application in the food industry based on moisture alone, whereas the biomass of the C- and L-treated cells might be effective for biodiesel production.



The ash content of all algal cells decreased from 16.2 ± 0.2–18.2 ± 0.4 wt% at day 0 to 4.6 ± 0.2–6.6 ± 0.2 wt% under the stress conditions at 14 days, with the largest decline observed in the S-treated cells (Table 1). Generally, lower ash content has been found in green microalgae (14.3 ± 0.1 wt%) [61]. In contrast, volatile matter increased from 75.5 ± 0.5–77.2 ± 0.4 wt% at the start of the experiment to 87.9 ± 0.4–90.5 ± 0.0 wt% in the C-, S-, L-, and LS-treated cells at 14 days (Table 1). Among the microalgal groups, green microalgae have been shown to be composed of more volatile matter than brown microalgae, as the latter possess a much greater ash content (43.4 ± 0.2 wt%) [62]. For example, volatile matter content in Spirulina platensis, C. vulgaris, and Nannochloropsis oculata has been recorded at 82.3 wt%, 84.3 wt%, and 67.45 wt%, respectively [62]. Reportedly, a high volatile matter content (>80%) in microalgal biomass is advantageous for biofuel production [33]. Given that the proximate analysis of S. rubescens KNUA042 indicated that it is characterized by low moisture content, high volatile matter, and moderate ash content, the study supports its potential as a biomass fuel. Table 1 shows the C, H, N, and O proportion of ash biomass from the unstressed and stressed algal cells.



No differences were found in any of the measured content values of algal cells prior to stress exposure; however, the values changed in a time-dependent manner during the 14-day stress treatment, although a promising difference was not observed in all of the algal cells tested (C-, S-, L-, and LS-treated cells). Following the stress treatments at 14-days, C and H content was about 54.12 and 8.22 wt%, respectively. In addition, HHV, as calculated based on Given’s equation for microalgal biomass was 20.1 MJ kg−1 calories before stress treatment, which is higher than the cellulosic biomass of approximately 18.6 MJ kg−1 [63]. On the 14th day of stress treatment, LS biomass had the highest calorific value (27.2 MJ kg−1), which is approximately 36% higher than that of the untreated microalgae biomass (approximately 20 MJ kg−1) (Table 1). Considering the high content of C and H, the algae could be an advantageous as a feedstock in biofuel production [33]. The results of the present study clearly showed that the stressed algal S. rubescens KNUA042 cells showed potential for use in biodiesel production, especially the LS-treated cells.




4.6. Fatty acid Profiling


The results of the present study show that the fatty acids C16: 0, C18: 1, and C18:3 were potentially suitable for biodiesel production (Figure 4), as reported previously [64]. Among these, C18:1 is an important indicator of biodiesel quality and provides great stability [65]. Another study has shown that C18:1 content increases at the expense of C16:0 or C18:3 under N starvation conditions in Parietochloris incise [66] and S. rubescens-like microalgae [67]. Following the 14-day stress treatment in the present study, the C16:4 and C18:3 content in the algal cells had decreased on average by 2.52% and 13.89%, respectively (Figure 4). According to the EN standard for biodiesel (EN 14214), the proportion of linolenic acid (C18:3) should not be >12% [68]. Assessments of the fatty acids in crude oil extracts from microalgae indicate that the content of fatty acid (C16:4) in the present algal strain, those with ≥4 double bonds, make it a good source stock for biodiesel production [68].



Abiotic stress treatments (L, S, and LS) resulted in high accumulations of both SFA and MUFA, whereas the level of PUFA decreased in the algal KNU042 cells following accumulation of neutral lipids, such as C18:3n3 (Figure 4). The accumulation of SFA and MUFA coupled with the reduction of PUFA, has been previously reported under high L and S stress [69]. For instance, C. zofingiensis accumulated a large amount of C18:1 under high light conditions, while the level of PUFA C16:3 declined by approximately 50% [70]. Similarly, in Scenedesmus obtusus, the concentration of C18:1 was shown to increase from 17.8% to 39.4% under high salinity conditions [71]. In agreement with the results of the current study, low light intensity is known to increase PUFA content; while high light intensity results in a greater accumulation of SFA and MUFA [72]. Work on the Monoraphidium sp. also supports the current findings, since a combination of temperature and high light intensity was found to benefit lipid production, especially of the desired neutral lipids such as TAG and the fatty acids C16:0 and C18:1, which were further promoted under combined stress conditions [73]. Therefore, our findings, which show that algal S. rubescens KNUA042 cells are high in SFA (C16:0) and MUFA (C16:1) but low in PUFA (C18:3), suggest that this strain is a candidate for biodiesel production.




4.7. Biodiesel Quality Estimation as a Biofuel Feedstock


Although most of the parameters matched ASTM D6751 and the EN 14214 standard, the values of SV, CN, CFPP OS, and υ in the algal cells increased under C-, S-, L-, and the LS-treated conditions, whereas the values of IV decreased under the same conditions. Specifically, the CN parameter, which is the main indicator of diesel fuel combustibility, was satisfied via the algal cells exposed to abiotic stress for 7 days (49.6–53.4) or more (54.1–54.7); however, this was not the case for the unstressed cells (Table 2). In the estimated properties for algal biodiesel, SV, IV, CN, DU, and the CFPP value of Scenedesmus spp. was 152.99 mg KOH g−1, 99.57 (g I2 (100 g)−1 fat), 59.57, 86.86, and −6.91 °C, respectively [74]. Except for CN, all values for S. rubescens KNUA042 analyzed were similar to those of Scenedesmus sp. There was a direct relationship between the DU and the CN, IV, SV, CFPP, CN, SV, and the length of the fatty acid chains. In other words, the higher the length of the fatty acid chains, the larger the CN and SV will be [74]. In addition, the higher the DU and polyunsaturation, the larger the IV, and the lower the CFPP values will be S. rubescens KNUA042 cells displayed the lowest PUFA under stressed conditions, compared to the unstressed cells. Such a fatty acid profile resulted in a lower DU value (Table 2). The SFA, MUFA, and PUFA contents of the stressed algal cells were 27.29 ± 3.83%, 44.91 ± 4.14%, and 27.88 ± 0.53%, respectively (Figure 4). The general standards used for biodiesel production prefer crude oil extract with a high proportion of SFAs and MUFAs, since these fatty acids were important for increasing the energy yield and providing the superior oxidative stability of biodiesel. Taken together, our results indicated that the microalgal oil extracted from the S. rubescens KNUA042, especially the stressed cells, would transfer to biodiesel in the form of lower emissions, good combustion, good cold flow properties at low temperatures, and an excellent OS.




4.8. Pigment Analysis


Under stress conditions, S. rubescens KNUA042 cells exhibited highly elevated SFA (C16:0) and MUFA (C18:1) content, whereas PUFA, such as C16:4 and C18:3 belonging to polar lipids, content was decreased (Figure 4). Increases in and accumulation of the neutral lipids C16:0 and C18:1 are closely related to secondary metabolite production [69]. Based on these results, total carotenoid content was examined under N-deficiency-dependent salinity and high light intensity. The total concentration of chlorophyll a decreased gradually to 0.92–4.52 ± 0.97 mg L−1 in the stressed algal cells (C, S, L, and LS) during the cultivation periods (Figure 5C and Figure 6A), whereas the total carotenoid content increased with time under the same conditions. (Figure 5D). As a result, the ratio of carotenoids/chlorophyll was augmented in a time-dependent manner and peaked in the stressed algal cells at 14 days. Among the 14-day ratios, the best value was 1.50 ± 0.01 observed in the LS-treated cells, whereas the minimum ratio was 0.39 ± 0.04 recorded in the C-treated cells. The ratios in the S- and L-treated cells were 0.69 ± 0.01 and 0.94 ± 0.01, respectively (Figure 5E). The carotenoid/chlorophyll ratio is a stress indicator and can show that lipid synthesis has been induced, and in the case of an augmented ratio, it can also be a marker of physiological stress in microalga under poor environmental conditions [66,75]. Our results showed that S. rubescens KNUA042 was capable of producing bioactive pigment compounds, two of which were particularly promising chlorophyll and carotenoids.



Among the identified pigments, the major compounds were astaxanthin, canthaxanthin, and lutein. Lutein content in stressed algal cells decreased over time from 2.09 ± 0.01–2.59 ± 0.33 mg g−1 to 0.79–1.98 ± 0.29 mg g−1. The lowest value was observed in the L-treated cells, while the highest was detected in the S-treated cells (Figure 6B). Currently, temperature is the only factor known to enhance the production of lutein, while even the temperature effect on carotenoid production is not well-established [72]. Our results showed that high salinity enhances the biosynthesis of lutein under N-limited condition and that high light intensity coupled with high salinity can enhance the metabolic pathway of these compounds. This benefit of combined stresses was clearly observed in the contrasting concentrations of lutein in the L-treated algal cells, which had the lowest value among the stress treatments.



The concentrations of canthaxanthin and astaxanthin increased gradually with time during the culture periods. Canthaxanthin was not detected in the unstressed cells but increased in concentration to 0.21 ± 0.01–1.73 ± 0.01 mg g−1 in the stressed algal cells. The molecular concentration of canthaxanthin reached its highest value in the LS-treated algal cells compared with that observed in the C-, S-, and L-treated cells (Figure 6C). The pattern of astaxanthin accumulation was similar to that of canthaxanthin. The astaxanthin molecule was not identified in the unstressed algal cells at 0 days; however, it accumulated in a time-dependent manner in the stressed algal cells, with the exception of the N-limited cells. The maximum astaxanthin content was reached in LS-treated algal cells (Figure 6D). Overall, concentrations of canthaxanthin and astaxanthin, from highest to lowest, were recorded in the LS-, S-, C-, and the L-treated algal cells. Microalgae can generate high production levels of carotenoids when under conditions of stress, including high salinity, high light intensity, or nutrient limitation such as N [45]. The absence or low levels of N activate rapid and effective physiological responses, which further enhance secondary biosynthetic pathways in the green algae [72]. Hence, as shown in our results, the TSC system that transfers cultivation from an initial N-abundant condition to an N-deficient condition introduced in the presence of high light intensity, is capable of enhancing biomass and carotenoid production. These trials may be a vital step toward building future cultivation operations.



As shown in Figure 6, high salinity is likely the most successful at inducing overproduction of carotenoids (β-carotene and astaxanthin) and lutein in a number of species; however, the effect of salinity on carotenoid production is complex [72]. Similar to salinity, high light intensity is an environmental factor that greatly affects microalgal metabolism, including photosynthesis, cell composition, and metabolic pathways, and these conditions affect the economic efficiency of the algae cultivation process [76]. In most algal species, high light intensity enhances the concentration of astaxanthin and lutein [72]. However, unlike that observed in other microalgae, high light intensity produced only a moderate accumulation of lutein, canthaxanthin, and astaxanthin in algal cells of the S. rubescens KNUA042 cultured for 14 days. Compared with that observed for the other stress treatments, these were among the lowest levels (Figure 6). Excess light intensity is known as an important factor in ROS production in microalgae, causing both photoinhibition and photooxidation [72]. Thus, a high accumulation of ROS usually influences cell growth in an adverse way, with the additional effects decreasing the yield of desired products and total biomass [52]. Conversely, a combination of unfavorable stress factors might result in enhanced accumulation of carotenoids from the algal biomass. These results may be, at least partially, explained by the TSC concept. Cultivation of the algal strain S. rubescens KNUA042 under a combination of high salinity and N deficiency conditions could further enhance the production of carotenoids such as astaxanthin, canthaxanthin, and lutein relative to TSC cultivation under single stress (only N deficiency) (Figure 6). In Scenedesmus sp., the combination of N-deficiency-dependent light intensity and high salinity seems to increase the production of astaxanthin and canthaxanthin [47]. Coupling several environmental stresses in a single culture condition could become a novel strategy for improving high-value metabolite production; however, the dependency of metabolic pathways on stress type in various algal strains is a complicated development and one that is not yet well-understood [72].



Taken together, our results suggested that an N-deficiency-dependent combination of salinity and high light intensity could be capable of improving the high accumulation of valuable by-products such as canthaxanthin and astaxanthin rather than that of lutein when the algal cells of S. rubescens KNUA042 were cultured for 14 days and indicated that lutein production would be effective when the algal cells were challenged to N deficiency alone or high salinity coupled to high light intensity for 7 days. Furthermore, the obtained results showed that the desired products included lutein, canthaxanthin, and astaxanthin obtained by culture methods such as harvesting point and a stress-dependent mode.





5. Conclusions


Our results showed that N deficiency-dependent high salinity coupled to high light intensity in the TSC process minimized cellular damage and improved the enhanced production of lipids-derived biofuel materials (including C16:0 (palmitic acid), C18:1 (oleic acid) and C18:3 (linolenic acid)) and high-value products (such as carotenoids). In addition, under stress conditions, the algal strain accumulated β-carotene, astaxanthin isomers with lutein and canthaxanthin. Furthermore, our study provided the first evidence of the sequential co-production of carotenoids as well as biofuel feedstock in the S. rubescens KNUA042 strain by controlling stress type and culture method.
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Figure 1. Nitrate–N concentration, optical density, and dry weight of S. rubescens cultures under light at 100 μmol m−2 s−1 at 25 °C from day 0 to day 30. Each measurement indicates mean ± SD of triplicates. 
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Figure 2. (A) Lipid content and (B) dry weight of S. rubescens culture cells under different stress conditions from day 0 to day 14. (C) Comparison of biomass, lipid productivity, and lipid content obtained from S. rubescens KNUA042 grown under different stress conditions on the final day of cultivation. Values were presented as the mean ± SD of triplicates. Significant differences compared with each other were analyzed by one-way ANOVA, post-hoc tests, and Tukey’s HSD test (* p < 0.05, ** p < 0.01, *** p < 0.005, respectively). C, control (N deficiency); S, salinity (400 mM); L, high light intensity (1000 μmol m−2 s−1); LS, combined stimulation (light intensity + salinity). 
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[image: Sustainability 12 05445 g002]







[image: Sustainability 12 05445 g003 550] 





Figure 3. (A) Confocal microscopy images of BODIPY505/515-stained S. rubescens KNUA042 cells under different stress conditions at days 0 and 14 of culture, with scale bar shown directly in each image. (B) Comparison of cell number and mass per cell under different stress conditions on the final day of cultivation. C, control (N deficiency); S, salinity (400 mM); L, high light intensity (1000 μmol m−2 s−1); LS, combined stimulation (light intensity + salinity). 
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Figure 4. Fatty acid profiles of S. rubescens KNUA042 under different stress conditions at 0, 7, and 14 days. (A) Relative composition of total fatty acids; (B) relative composition of saturated (SFA), monounsaturated (MUFA), and polyunsaturated fatty acids (PUFA). C, control (N deficiency); S, salinity (400 mM); L, high light intensity (1000 μmol m−2 s−1); LS, combined stimulation (light intensity + salinity). 
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Figure 5. (A) Changes in culture color of S. rubescens KNUA042 cells during culture under stress conditions at 0, 7, and 14 days. (B) Spotting assay on BG–11 solid cultivation of S. rubescens KNUA042 after stress treatment from 14 days. Time course of chlorophyll a content (C), total carotenoid content (D), and carotenoid/chlorophyll ratio (E) under different stress conditions. C, control (N deficiency); S, salinity (400 mM); L, high light intensity (1000 μmol m−2 s−1); LS, combined stimulation (light intensity + salinity). 






Figure 5. (A) Changes in culture color of S. rubescens KNUA042 cells during culture under stress conditions at 0, 7, and 14 days. (B) Spotting assay on BG–11 solid cultivation of S. rubescens KNUA042 after stress treatment from 14 days. Time course of chlorophyll a content (C), total carotenoid content (D), and carotenoid/chlorophyll ratio (E) under different stress conditions. C, control (N deficiency); S, salinity (400 mM); L, high light intensity (1000 μmol m−2 s−1); LS, combined stimulation (light intensity + salinity).



[image: Sustainability 12 05445 g005]







[image: Sustainability 12 05445 g006 550] 





Figure 6. Pigment contents of (A) chlorophyll a, (B) lutein, (C) canthaxanthin, and (D) astaxanthin in the culture of S. rubescens under stress conditions at 0, 7, and 14 days, as determined by HPLC. C, control (N deficiency); S, salinity (400 mM); L, high light intensity (1000 μmol m−2 s−1); LS, combined stimulation (light intensity + salinity). 
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Table 1. Proximate and ultimate analysis of S. rubescens KNUA042 under different stress conditions at 0, 7, and 14 days.
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0 Day

	
7 Day

	
14 Day




	

	
C

	
S

	
L

	
LS

	
C

	
S

	
L

	
LS

	
C

	
S

	
L

	
LS






	
Proximate analysis (wt %)




	
Moisture

	
6.6 ± 0.2

	
6.3 ± 0.1

	
6.5 ± 0.1

	
6.4 ± 0.1

	
6.6 ± 0.5

	
5.7 ± 0.1

	
7.0 ± 0.1

	
6.2 ± 0.0

	
5.1 ± 0.3

	
4.9 ± 0.2

	
5.7 ± 0.4

	
5.0 ± 0.3




	
Volatile matter

	
77.2 ± 0.4

	
75.5 ± 0.5

	
75.6 ± 0.4

	
75.9 ± 0.4

	
84.5 ± 0.3

	
87.5 ± 0.7

	
84.1 ± 0.4

	
85.8 ± 0.3

	
88.2 ± 0.1

	
90.5 ± 0.0

	
87.9 ± 0.4

	
89.2 ± 1.2




	
Ash

	
16.2 ± 0.2

	
18.2 ± 0.4

	
17.9 ± 0.6

	
17.7 ± 0.6

	
9.0 ± 0.2

	
6.8 ± 0.7

	
8.9 ± 0.4

	
8.0 ± 0.2

	
6.6 ± 0.2

	
4.6 ± 0.2

	
6.4 ± 0.8

	
5.8 ± 0.9




	
Ultimate analysis (wt %)




	
Carbon (C)

	
42.2 ± 0.2

	
42.5 ± 0.4

	
42.7 ± 0.5

	
42.9 ± 0.3

	
48.0 ± 0.7

	
49.5 ± 0.3

	
47.4 ± 0.2

	
49.7 ± 0.2

	
54.1 ± 0.2

	
54.2 ± 0.1

	
53.1 ± 0.1

	
55.1 ± 0.4




	
Hydrogen (H)

	
6.4 ± 0.1

	
6.3 ± 0.1

	
6.4 ± 0.1

	
6.4 ± 0.1

	
7.3 ± 0.1

	
7.4 ± 0.0

	
7.2 ± 0.1

	
7.5 ± 0.0

	
8.2 ± 0.0

	
8.2 ± 0.0

	
8.1 ± 0.0

	
8.4 ± 0.1




	
Nitrogen (N)

	
6.6 ± 0.1

	
6.6 ± 0.0

	
6.6 ± 0.2

	
6.6 ± 0.0

	
4.2 ± 0.1

	
4.6 ± 0.0

	
4.1 ± 0.0

	
4.1 ± 0.0

	
3.0 ± 0.1

	
3.1 ± 0.0

	
3.2 ± 0.1

	
2.9 ± 0.0




	
Sulfur (S)

	
0.5 ± 0.0

	
0.5 ± 0.0

	
0.5 ± 0.0

	
0.5 ± 0.0

	
0.4 ± 0.0

	
0.4 ± 0.0

	
0.4 ± 0.0

	
0.4 ± 0.0

	
0.3 ± 0.0

	
0.3 ± 0.0

	
0.3 ± 0.0

	
0.3 ± 0.0




	
Oxygen (O) (by difference)

	
25.9 ± 0.2

	
25.9 ± 0.2

	
25.9 ± 0.2

	
25.9 ± 0.2

	
27.1 ± 0.1

	
28.7 ± 0.1

	
28.9 ± 0.0

	
25.9 ± 0.2

	
24.1 ± 0.5

	
24.7 ± 0.1

	
26.3 ± 0.4

	
25.2 ± 0.2




	
HHV (MJ/kg)

	
20.0 ± 0.0

	
20.1 ± 0.3

	
20.2 ± 0.2

	
20.2 ± 0.2

	
23.0 ± 0.4

	
23.5 ± 0.1

	
22.4 ± 0.2

	
24.0 ± 0.1

	
26.7 ± 0.2

	
26.7 ± 0.1

	
25.9 ± 0.0

	
27.2 ± 0.3








C, control (N deficiency); S, salinity (400 mM); L, high light intensity (1000 μmol m−2 s−1); LS, combined stimulation (light intensity + salinity); HHV, higher heating value.
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Table 2. Theoretical properties of a biodiesel produced from S. rubescens KNUA042 under different stress conditions at 0, 7, and 14 days according to ASTM and European standards.
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0 Day

	
7 Day

	
14 Day

	
EN 14214

	
ASTM D6751




	

	
C

	
S

	
L

	
LS

	
C

	
S

	
L

	
LS

	
C

	
S

	
L

	
LS






	
SV

	
162.2

	
164.3

	
161.4

	
162.4

	
183.8

	
188.6

	
188.5

	
191.8

	
188.8

	
191.3

	
191.7

	
194.1

	

	




	
IV

	
164.4

	
165.6

	
163.1

	
164.5

	
118.9

	
124.5

	
112.1

	
108.4

	
103.6

	
106.6

	
102.2

	
105.3

	
≤120

	




	
CN

	
33.4

	
33.5

	
33.5

	
33.4

	
50.0

	
49.6

	
51.7

	
53.4

	
54.4

	
54.1

	
54.7

	
54.4

	
≥51

	
≥47




	
DU

	
120

	
121

	
119

	
120

	
110

	
115

	
101

	
104

	
101

	
104

	
96

	
101

	

	




	
CFPP

	
–10.2

	
–10.3

	
–10.2

	
–10.2

	
–5.7

	
–7.8

	
–4.3

	
–6.2

	
–5.4

	
–7.2

	
–3.6

	
–5.9

	
≤5/≤–20

	




	
OS

	
5.6

	
5.6

	
5.6

	
5.6

	
7.2

	
7.3

	
7.0

	
7.7

	
8.6

	
8.8

	
7.7

	
8.2

	
≥6

	
≥3




	
υ

	
3.4

	
3.4

	
3.4

	
3.4

	
4.0

	
4.0

	
4.0

	
4.1

	
4.1

	
4.1

	
4.1

	
4.1

	
3.5–5.0

	
1.9–6.0




	
ρ

	
0.89

	
0.89

	
0.89

	
0.89

	
0.88

	
0.88

	
0.88

	
0.88

	
0.88

	
0.88

	
0.88

	
0.88

	
0.86–0.90

	
0.82–0.90








SV: Saponification value (mg KOH g−1), IV: Iodine value (g I2 100 g−1 fat), CN: Cetane number, DU: Degree of unsaturation, CFPP: Cold filter plugging point (°C), OS: Oxidation stability (110 °C) h, υ: Kinematic viscosity (mm2 s−1), ρ: Density (15 °C) g cm–3. C, control (N deficiency); S, salinity (400 mM); L, high light intensity (1000 μmol m−2 s−1); LS, combined stimulation (light intensity + salinity).
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