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Temperature-Dependent Lipid Accumulation in the Polar Marine Microalga Chlamydomonas malina RCC2488
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The exploration of cold-adapted microalgae offers a wide range of biotechnological applications that can be used for human, animal, and environmental benefits in colder climates. Previously, when the polar marine microalga Chlamydomonas malina RCC2488 was cultivated under both nitrogen replete and depleted conditions at 8°C, it accumulated lipids and carbohydrates (up to 32 and 49%, respectively), while protein synthesis decreased (up to 15%). We hypothesized that the cultivation temperature had a more significant impact on lipid accumulation than the nitrogen availability in C. malina. Lipid accumulation was tested at three different temperatures, 4, 8, and 15°C, under nitrogen replete and depleted conditions. At 4°C under the nitrogen replete condition C. malina had the maximal biomass productivity (701.6 mg L–1 day–1). At this condition, protein content was higher than lipids and carbohydrates. The lipid fraction was mainly composed of polyunsaturated fatty acids (PUFA) in the polar lipid portion, achieving the highest PUFA productivity (122.5 mg L–1 day–1). At this temperature, under nitrogen deficiency, the accumulation of carbohydrates and neutral lipids was stimulated. At 8 and 15°C, under both nitrogen replete and depleted conditions, the lipid and carbohydrate content were higher than at 4°C, and the nitrogen stress condition did not affect the algal biochemical composition. These results suggest that C. malina is a polar marine microalga with a favorable growth temperature at 4°C and is stressed at temperatures ≥8°C, which directs the metabolism to the synthesis of lipids and carbohydrates. Nevertheless, C. malina RCC2488 is a microalga suitable for PUFA production at low temperatures with biomass productivities comparable with mesophilic strains.
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INTRODUCTION

In recent years, it has been demonstrated that several microalgal species are efficient for lipid production (Guschina and Harwood, 2006; Da Silva et al., 2009; Harwood and Guschina, 2009; Li-Beisson et al., 2015). Products from microalgal lipids include polyunsaturated fatty acids (PUFA), pigments, antioxidants, and neutral lipids, among others (Grima et al., 1995; Spolaore et al., 2006; Chisti, 2008; Gong et al., 2011; Milledge, 2011; Andruleviciute et al., 2014; Tiwari and Kiran, 2018). Consequently, the processes that have been developed to obtain these compounds usually involve the cultivation of high-lipid content microalgae, or the use of strategies to increase intracellular lipid content (Rodolfi et al., 2009; Pal et al., 2011; He et al., 2015; Hulatt et al., 2017b). Some of these strategies include the control of nutrient availability (carbon, nitrogen, phosphorous and silicate) (Xin et al., 2010; Msanne et al., 2012; Jiang et al., 2014), the manipulation of environmental conditions (pH, salinity, light intensity, and temperature) (Renaud et al., 2002; Converti et al., 2009; Pal et al., 2011; Liu et al., 2012; Draaisma et al., 2013), and genetic and metabolic engineering approaches (Courchesne et al., 2009; Radakovits et al., 2010; Liu and Benning, 2013; Li-Beisson et al., 2015). Nannochloropsis gaditana is a mesophilic microalga which is often used for lipid production and upon nitrogen stress conditions it is increasing the lipid content (Hulatt et al., 2017b). High light intensities (600 μmol photons m–2 s–1) stimulated the lipid accumulation in Chlorella sorokoniana, C. viscosa, C. emersoni, and C. vulgaris (Takeshita et al., 2014). The cold-adapted microalga Koliella antarctica showed PUFA increase under phosphorous depletion (Suzuki et al., 2018). Low temperature cultivation stimulated PUFA synthesis in Scenedesmus sp. (Xin et al., 2011).

In our previous study, the polar microalga Chlamydomonas malina RCC2488 (C. malina hereafter) was tested for lipid accumulation using a nitrogen stress strategy. The growth temperature suggested was 8°C (Schulze et al., 2019) which yielded high biomass and lipid productivities. Interestingly, we observed that under both, nitrogen replete and deplete conditions, C. malina cells accumulated lipids and carbohydrates, while protein synthesis decreased (Morales-Sánchez et al., 2020). It is rather unique for microalgae to accumulate lipids and carbohydrates under nutrient replete conditions. At these conditions, most microalgae cells proliferate and duplicate, biosynthesizing mainly proteins (Guccione et al., 2014; Barka and Blecker, 2016; Bleakley and Hayes, 2017; Hulatt et al., 2017b). We hypothesize that C. malina was in a temperature stress condition at 8°C, since this strain is a polar microalga with an optimum temperature below 8°C (Balzano et al., 2012), which lead to lipids and carbohydrate accumulation. To address this hypothesis, C. malina was cultivated at three different temperatures (4, 8, and 15°C) under nitrogen replete and deplete conditions. Growth kinetics, biomass productivities and macromolecular composition are reported here. Non-polar lipid accumulation in C. malina was monitored in a fluorescence microscope by staining cells with the fluorophore Nile red.



MATERIALS AND METHODS


Strain and Culture Conditions

The C. malina RCC2488 (strain Chlamydomonas sp. MALINA FT89.6 PG5, Roscoff Culture Collection, henceforth referred to as C. malina) is a marine microalga isolated from the Beaufort Sea, within the Arctic Ocean (Balzano et al., 2012). The maintenance of the algal stock was made in agar plates containing f/2 medium (Guillard and Ryther, 1962). For all experiments, inocula were prepared in 250 mL shake-flaks containing 100 mL of f/2 medium as detailed earlier (Morales-Sánchez et al., 2020). The preparation of f/2 medium included the use of seawater from the North Atlantic shoreline of Bodø (Norway) with a salinity of approximately 35, which was adjusted to a salinity concentration of 17.5 using distilled water for optimal growth, according to a previous study (Morales-Sánchez et al., 2020). All experiments were conducted in bubble columns photobioreactors (Hulatt et al., 2017a; Morales-Sánchez et al., 2020). The reactors were inoculated with 0.2 g of dry cell weight (DCW) per L (gDCW L–1) and operated at three different temperatures (4, 8, and 15°C). Cells were cultured until mid-exponential phase (5 days) in f/2 medium and 120 μmol photons m–2 s–1 of light intensity. After this period, cells were collected by centrifugation, washed twice and resuspended in f/2 medium with (a) nitrogen replete or (b) nitrogen deplete (here abbreviated to as +N and −N, respectively) conditions for cultivation in the bubble columns. These experiments were maintained at 120 μmol photons m–2 s–1 of light intensity during 3 days. At the end of the experimental period, cells were harvested by centrifugation at 2,000 g for 5 min, washed with 0.5 M ammonium formate, centrifuged again as before and the pellets were stored at −70°C for further analyses. All experiments were carried out in triplicate.



Growth Measurements

The cellular growth was determined based on the dry cell weight (DCW) measurement. A correlation was made between the optical cell density and the dry weight using the equation:
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Where W is the DCW (gDCW L–1) and A750 is the absorbance measured at 750 nm. Culture samples (0.5–1 mL) were collected daily to measure the absorbance at 750 nm in a 1 cm micro-cuvette using a spectrophotometer (Hach-Lange DR3900, Hach, International). The algal DCW was evaluated gravimetrically by filtrating 5–10 mL of culture broth through a pre-dried and pre-weighed 0.45 μm pore size nitrocellulose membrane filter (Merck Milipore, MA, United States). The membrane containing the biomass was washed three times with 0.5 M ammonium formate prior drying in an oven at 60°C for 24 h or until constant weight.



Lipid, Protein, and Carbohydrate Analyses

Organic solvents, such as chloroform and methanol, were used to extract lipids from C. malina. Fatty acid methyl esters (FAMEs) from both, neutral and polar lipids were identified by gas chromatography (GC) following the methodology fully described previously (Breuer et al., 2013; Morales-Sánchez et al., 2020). Solid-phase extraction was used to separate neutral and polar lipids (Hulatt et al., 2017a). Briefly, total lipid extracts were dissolved in 0.5 mL hexane:diethyl ether (7:1 v/v) and loaded onto 6 mL (1 g) silica cartridges (Supelco®). Neutral lipids were first eluted with 10 mL of hexane:diethyl ether (7:1 v/v), then 10 mL of methanol:acetone:hexane (2:2:1 v/v/v) was added to elute the polar lipids. A stream of nitrogen gas was used to dry each lipid fractions. The fatty acyl chains contained in both lipid fractions were derivatized to FAMEs and identified by GC using the methodology previously mentioned (Breuer et al., 2013; Hulatt et al., 2017a; Morales-Sánchez et al., 2020).

Neutral lipids content in C. malina was detected by fluorescence microscopy as previously described (Msanne et al., 2012; Morales-Sánchez et al., 2017). Briefly, C. malina cells were stained with the lipophilic fluorophore Nile Red, incubated at 20°C for 15 min and visualized in a fluorescence microscope (Biorad ZoeTM, CA, United States).

Carbohydrate analysis was performed using the phenol-sulfuric acid method (Thompson, 1950) after hydrolysis of the biomass using 1 N HCl to produce reducing sugars.

Protein content was analyzed using the Lowry method (Lowry et al., 1951) after alkaline hydrolysis of the sample with 1 N NaOH.



Calculations

The cellular growth kinetics and productivities were calculated accordingly with a 4-parameter logistic function (Hulatt et al., 2017b), following the next equations:
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Where Cx is the DCW (gDCW L–1) at time t (days), φ1 is the lowest asymptote (minimum Cx), φ2 is the upper asymptote (maximum Cx), φ3 is t at 0.5φ2 (the inflection point) and φ4 is the scale parameter (Hulatt et al., 2017b). Consequently, the productivity was calculated between two time points, accordingly with the next equation (Eq. 3):
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Where Pi is the productivity (gDCW L–1 day–1), Cx,i and Cx,i–1 are the concentrations of the biomass (gDCW L–1) at two time points and ti and ti–1 are the time of cultivation (days). The specific cellular growth rate k (d–1) was therefore derived (Eq. 4):
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The duplication time (tD), which is the time to double the number of cells, was then calculated from the specific growth rate (Eq. 4):
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Statistical Analysis

Shapiro-Wilk test was used to validate the normal distribution of the data, and Brown-Forsythe test was applied to confirm the homogeneity of the variance between treatments. One-way analysis of variance (ANOVA) and post hoc Tukey’s multiple comparison test was applied to each set of experiments in order to determine statistical differences among treatments. P values smaller than 0.05 were considered statistically significant. Details of each test are described in Supplementary Material Statistical Procedures 1.




RESULTS


Effect of Temperature and Nitrogen Availability on the Growth and Productivity of Chlamydomonas malina

Maximal biomass concentration of 5.61 gDCW L–1 and productivity of 701.6 mgDCW L–1 day–1 were found at a temperature cultivation of 4°C, in the nitrogen replete condition (+N, Figures 1A,C, p < 0.05). Chlamydomonas malina cells grew at a duplication time (tD) of 11 h at 4°C, which was 6 and 71 h faster, compared with 8 and 15°C, respectively (p < 0.05). At 15°C, cells showed a linear growth, the biomass productivity decreased significantly about 5 and 4-times compared with 4 and 8°C, respectively (p < 0.05).
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FIGURE 1. Growth kinetics and productivity. Effect of temperature on the growth kinetics and productivities of C. malina under +N (A,C) and –N (B,D) conditions, after 8 days of batch cultivation in bubble-column photobioreactors. Data are presented as means ± SD of three independent experiments. Dotted black lines denote the nitrogen deprivation period. Different lowercase letters indicate a significant difference among means of groups (one-way ANOVA with post hoc Tukey HSD test, p < 0.05).


Under nitrogen deprivation (−N), cell growth was arrested in all treatments compared with +N conditions. After a period of nutrient sufficiency during the first 5 days of cultivation, cells entered to a nitrogen starvation period in which cells grew slower in all temperature tested (Figure 1B). During the 8 days of cultivation at 4°C in the −N treatment, the total cell concentration reached 4.6 gDCW L–1, with an overall productivity of 570 mgDCW L–1 day–1 (Figure 1D). These values represent about 20% decreased compared with the values obtained at +N conditions (p < 0.05). At these conditions, the analysis of the starvation period (3 days) showed that the cell concentration increased only 18% (DCW) in that time, which represents a biomass productivity of 24.5 mgDCW L–1 day–1. At 8°C, cells presented a linear biomass accumulation during the 8 days of cultivation in −N, the biomass concentration and productivity were reduced in about 30% compared to +N conditions (Figures 1B,D; p < 0.05). However, the productivity during the starvation period was 2.5-times higher (62.4 mgDCW L–1, p < 0.05) compared with the productivity at 4°C. At 15°C under −N, biomass concentration and productivity were the lowest of all temperature treatments (Figures 1B,D; p < 0.05). At these conditions (15°C, −N), the overall biomass concentration and productivity during 8 days were 2-times lower than cells maintained at same temperature and +N conditions (p < 0.05). During the starvation period, the biomass concentration increased 26% (DCW), and the productivity was 5.15 gDCW L–1, which was the lowest productivity obtained in this work.



Effect of Temperature and Nitrogen Availability on the Biochemical Composition of Chlamydomonas malina


Protein

Under +N conditions (Figure 2A), the analysis of protein content was made in the middle of the exponential phase (5th cultivation day). The highest protein content of 41% (mgprotein mgDCW–1) was obtained in cells cultivated at 4°C (p < 0.05). The protein content in the treatments at 8 and 15°C were not significantly different (p > 0.05) between each other with an average of 26.5%.
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FIGURE 2. Protein, carbohydrate and lipid contents. Effect of temperature on the protein (A,B), carbohydrate (C,D), and lipid (E,F) contents of C. malina under +N (A,C,E) and –N (B,D,F) conditions in bubble-column photobioreactors. Samples in the +N condition were taken in the middle exponential growth, and in the –N condition after 3 days of starvation. Data are presented as means ± SD of three independent experiments. Different lowercase letters indicate a significant difference among means of groups (one-way ANOVA with post hoc Tukey HSD test, p < 0.05).


Under −N conditions (Figure 2B), the protein determination was performed after 3 days of nitrogen starvation (8th cultivation day). The protein content among the temperature treatments were not statistically different (p > 0.05), with an average of 16% of protein. However, at this condition, the protein content decreased in all treatments, compared with cells cultivated under +N conditions (p < 0.05). The reduction in protein content was significant at 4°C (25% reduction), and less at 8°C (12%), and at 15°C (8%).



Carbohydrates

Cells cultivated at +N conditions (Figure 2C), during exponential growth, had similar carbohydrate content (p > 0.05), obtaining in average 24.4% (mgCarbohydrate mgDCW–1). However, cells maintained at −N (3 days after mid-exponential growth; Figure 2D) presented higher carbohydrate content compared with cells cultivated in +N conditions (p < 0.05). Highest carbohydrate content was obtained in cells cultivated at 4 and 8°C, obtaining on average 42.3% with no significant differences among them (p > 0.05).



Lipids

Cells maintained at 4°C under +N conditions showed lipid content of 20% (mgLIPID mgDCW–1), which was the lowest value reported in this study. Under these conditions, formation of lipid bodies was not detected by Nile Red fluorescence (Figure 3). However, lipid content in cells cultivated at 8 and 15°C in +N conditions presented an unusual behavior (Figure 2E). At these temperatures, the lipid content was extraordinarily high (30%), with no significant differences between these temperature treatments (p > 0.05). In addition, Nile Red fluorescence indicated high amounts of neutral lipids in cells exposed to 8 and 15°C (Figure 3). In all temperature treatments at +N condition, cells for lipid (as well as for protein and carbohydrate) analysis were taken in the mid-exponential growth phase, ensuring nutrient-sufficient conditions. The lipid content in cells cultivated under −N at 4 and 8°C showed no significant difference (p > 0.05), obtaining up to 31.8% in average (Figure 2F).
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FIGURE 3. Neutral lipid stained with Nile Red. Neutral lipid accumulation in C. malina cells cultivated at 4, 8, and 15°C subjected to +N and –N conditions. Cells at different temperatures were cultured for 2 days in f/2 medium at +N and –N conditions, harvested and stained with Nile Red. Lipid bodies were detected in a fluorescent microscopy in three different filters (bright, red and green). The images shown are representative of typical cells in the samples. Scale bar can be seen in Supplementary Figure 1.


Under −N condition, maximum lipid content was found at 15°C, reaching 40%. At 4°C, the lipid content increased 12% in cells cultivated under −N, compared with cells maintained at +N conditions. At 8°C, the lipid content was not significantly different (p > 0.05) in cells cultivated at +N and −N conditions. The lipid content increased 10% in cells cultivated at 15°C under −N, related to cells grown in +N conditions. Nile Red fluorescence revealed high lipid body formation in cells under −N in all temperatures tested (Figure 3).



Fatty Acid Content and Profiles

Under +N conditions, the major lipid content was found in the polar lipid fraction for cells maintained at 4°C, and in the TAG fraction for cells at 8 and 15°C. The saturated fatty acid content (SFA) in the polar fraction was higher in cells at 15°C (34.4 mg g–1; p < 0.05), but in the TAG fraction, the SFA content had no significant differences among all temperature treatments (Figure 4A). Cells at 4°C had increased monounsaturated fatty acid (MUFA) in the polar fraction (115.5 mg g–1) but decreased in the TAG fraction (11.4 mg g–1). Contrary to cells at 4°C, cells at higher temperatures had decreased MUFA content in the polar fraction and increased in the TAG fraction. Highest PUFA content was found in cells cultivated at 4°C in the polar fraction (122.5 mg g–1, p < 0.05) and cells cultivated at 8 and 15°C in the TAG fraction (122 and 80 mg g–1, respectively).
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FIGURE 4. FAMEs content and profile. Effect of temperature on the FAMEs content and profile of total fatty acids (TFA) and fatty acids in triacylglycerols (TAG) contained in C. malina under the +N (A,C) and the –N (B,D) conditions in tubular photobioreactors. Samples in the +N condition were taken in the middle exponential growth, and in the –N condition after 3 days of starvation. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; TAG, triacylglycerols. Data are presented as means ± SD of three independent experiments. Statistical comparison was performed individually for each component and each class of fatty acid (polar, TAGs, SFA, MUFA, PUFA, and sum) among the treatments.


Cells maintained under −N in all temperatures accumulated preferentially TAG as the major lipid content (Figure 4B). In the polar fraction, the SFA content was similar in all treatments. The MUFA content was significantly higher in cells cultivated at 15°C (4-times; p < 0.05) compared to cells maintained at lower temperatures. The opposite effect was observed for the PUFA content, cells at lower temperature had significantly higher content (3-times; p < 0.05) compared with cells at 15°C. In the TAG fraction, the SFA content was higher in cells at 15°C (3-times; p < 0.05). The same effect observed in the polar fraction was also noted in the TAG fraction for the MUFA and PUFA content. The MUFA content was higher in cells at 15°C (2-times; p < 0.05), but the PUFA content was higher in cells at 4 and 8°C (1.5-times; p < 0.05). The highest PUFA productivity under −N conditions was found at 4°C (79.7 mg L–1 day–1; p < 0.05).

Under +N conditions at 4°C, cells mainly synthesized PUFA, such as hexadecatetraenoic acid (C16:4n-3) and α-linolenic acid (C18:3n-3), and the MUFA oleic acid (C18:1n-9) in the polar fraction (Figure 4C). Cells maintained at 8°C synthesized the same fatty acid classes than at 4°C, but they were found mainly in the TAG fraction. At 15°C, the major fatty acid types were MUFA in both fractions, like palmitoleic acid (C16:1n-7), C18:1n-9 and vaccenic acid (C18:1n-7). Saturated fatty acids such as palmitic acid (C16:0) and stearic acid (C18:0) were found in cells cultivated at 15°C in higher proportion (p < 0.05) than in cells at lower temperatures. Under −N conditions (Figure 4D), TAG fraction contained the majority of lipids in all treatments. In general, SFA such as C16:0 and C18:0, and MUFA like C18:1n-9 and C18:1n-7 were found abundantly in cells cultivated at 15°C. At lower temperatures (4 and 8°C), C18:1n-9 and C18:3n-3 were mainly found.





DISCUSSION

Most microalgal species are able to grow and accomplish photosynthesis over a wide range of temperatures, with optimal conditions between 20 and 25°C (Li, 1980; Ras et al., 2013). These species are called mesophilics and their metabolism responds to the exponential (Q10) or the Arrhenius equation, in which it is stated that below optimal growth temperatures, an increase in the temperature has a positive effect on photosynthesis and growth (Ahlgren, 1987; Ras et al., 2013).

On the other hand, there are some microalgae found in the polar and cold regions known as psychrophiles, which have optimum growth temperatures at or below 15°C (Morgan-Kiss et al., 2006). These microalgae have experienced a strong and persistent selection and have evolved to develop a wide range of physiological adaptations that allow them to thrive at temperatures close to or below freezing (Morgan-Kiss et al., 2006; Hulatt et al., 2017a). The strain C. malina RCC2488 is a psychrophilic alga isolated from the Beufourt Sea within the Arctic Ocean (Balzano et al., 2012). This microalga has its highest growth rate and biomass productivity at low temperatures (4°C). Microalgae should invariably reduce its metabolic rate at cold conditions (Hulatt et al., 2017a), but as demonstrated by C. malina in this study and other cold-adapted algal strains (Lyon and Mock, 2014; Cao et al., 2016; Hulatt et al., 2017a; Suzuki et al., 2018), this is not applicable to microalgae found living in polar or cold environments. At temperatures exceeding the optimum, a decrease in the microalgal growth rate can be observed as a response to heat stress, which can affect the metabolism thereby inhibiting growth (Ras et al., 2013).

Microalgae adapted to cold environments might be stressed at temperatures above the optimum. This stress may be reflected on its macromolecular composition, as in the case of C. malina which synthesized high lipid and carbohydrate content at 8 and 15°C, even under nutrient replete conditions (+N). This phenomenon is unusual and remarkable since normally microalgal cells respond to nutrient sufficiency conditions by synthesizing the cellular building blocks proteins (Morales-Sánchez et al., 2013), as observed in C. malina cultivated at 4°C. However, at 8 and 15°C, in both +N and −N conditions, the protein content was lower compared to the high lipid and carbohydrate content, suggesting a stress condition caused by temperature. Therefore, nitrogen stress did not cause an effect on the biochemical composition of the cells at 8 and 15°C, but it caused the usual phenomenon of lipid accumulation at 4°C under nitrogen deprivation (−N), as observed in many mesophilic algae in nitrogen-deprived cultivations (Pruvost et al., 2009; Lv et al., 2010; Work et al., 2010; Msanne et al., 2012; Li-Beisson et al., 2013; Liu and Benning, 2013; Çakmak et al., 2014). Also, at higher temperatures (8 and 15°C), cells mainly synthesized neutral lipids (TAG), probably as a consequence of stress. However, cells cultivated at 4°C and +N conditions mainly synthesized PUFA in the polar fraction (cellular membrane). The reason is that PUFA are essential to keep the fluidity of the membrane at low temperatures (D’Amico et al., 2006; Morgan-Kiss et al., 2008). Especially, polyunsaturated and short-chain length fatty acids, such as C16:4n-3 which was found in high concentrations in C. malina. This C16:4n-3 acyl group is nearly exclusively present in monogalactosyldiacylglycerol (MGDG) –the most abundant membrane lipid in Chlamydomonas chloroplast– and is known to be a significant contributor in the transition from liquid-crystalline to gel phase (Dolhi et al., 2013; Li-Beisson et al., 2013; Liu and Benning, 2013). It is hypothesized that the availability of C16:4n-3 affects the total amount of the prevalent MGDG molecular species that contains C18:3n-3 in the sn-1 and C16:4n-3 in the sn-2 position of the glycerol backbone (Liu and Benning, 2013). It is still unknown why C16:4n-3 is primarily present in MGDG and how its abundance is regulated in this membrane galactolipid. Therefore, it has been suggested that loss-of-function studies with mutants entirely lacking (or decreased amounts) 16:4n-3 could be interesting to possibly answer what are the specific roles of this molecular species of MGDG in the photosynthetic membrane (Liu and Benning, 2013). Similar to our findings, the same classes of fatty acids were found in the polar microalga and closest C. malina relative, UWO 241 (Morgan-Kiss et al., 2002). Cells of C. malina cultivated at 4°C responded in a similar way to other algal species when they were cultivated at +N conditions by stimulating the synthesis of proteins, and to −N conditions by accumulating lipids and carbohydrates, and reducing nitrogen-rich compounds like proteins (Siaut et al., 2011; Msanne et al., 2012; Morales-Sánchez et al., 2013; Schmollinger et al., 2014; Zhu et al., 2016). Also, under −N, the lipid fraction was mainly composed of TAG.

Our results indicate that C. malina can be highly productive at low temperatures, making it a potential candidate for biomass, carbohydrate and polyunsaturated lipids production in cold environments. Table 1 present a comparison of biomass productivity of several mesophilic and polar/cold-adapted microalgae, including C. malina at best growth conditions. As observed, C. malina productivity is comparable with mesophilic microalgae and high productive polar/cold-adapted microalgae.


TABLE 1. Analysis of biomass productivities.
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CONCLUSION

Polar C. malina is a marine microalga that can be stressed at temperatures ≥8°C. As a consequence, high accumulation of carbohydrates and lipids can be stimulated. Particularly, the lipid fraction was predominantly composed of TAG with a high PUFA productivity of 122 mg L–1 day–1. At these temperatures, nitrogen stress did not have an effect on the algal biochemical composition. At 4°C, under +N conditions, C. malina synthesized mainly proteins and the lipid portion was primarily found in the polar fraction with high PUFA content (122.5 mg L–1 day–1). At this temperature, −N stimulated the synthesis of lipids but arresting the cell growth and protein synthesis. Nevertheless, the PUFA productivity was high as well, reaching up to 79.7 mg L–1 day–1. Under −N, carbohydrate content increased between 32 and 44% in all temperature tested. Neutral lipids increased at 15°C, reaching the highest content of this study (44% DCW). The polar microalga C. malina has high potential for carbohydrates, lipids and PUFA production in cold climates, with biomass productivities comparable with mesophilic microalgae.
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