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Microalgae are considered as a promising feedstock for the production of valuable fatty acids. In this study, individual fatty acid profiles during the growth period of Chlorella vulgaris were investigated. The results showed that the quantity and the type of fatty acids changed with varying rates during the growth of microalgal cells. Interchanging the fatty acid profiles may provide some metabolic information as a complementary method to radiolabeling studies. For C. vulgaris, two unsaturated fatty acids, oleic and linoleic acids, were the major components. Constant concentration of palmitic and oleic acids shows that they may serve as precursors for longer-chain fatty acids. Higher concentration of palmitic rather than palmitoleic acid (about 16 to 34 times depending on the cultivation day) shows that palmitic acid production rate is higher than its conversion rate to longer-chain fatty acids. In fact, palmitoleic acid might have been partly converted to oleic and linoleic acids. The fatty acid content variations during the growth period are not linear and can be fitted to a Sigmoidal model with R2 value higher than 0.98 and low RMSD values (except for oleic and palmitic acid).
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1 Introduction

Microalgae can be defined as photosynthetic microorganisms with unicellular or multicellular structures (Jalilian et al., 2020). These microorganisms attracted scientific attention due to their high growth rate and biomass productivities, and adaptability in a broad spectrum of climate conditions (Paliwal and Jutur, 2021; Rafa et al., 2021). Moreover, large-scale microalgae cultivation would be more economically feasible with integration of microalgae-based CO2 fixation, wastewater treatment, concurrent processing of high value-added products, and biofuel production (Molazadeh et al., 2019a; Singh et al., 2020). A variety of algal species exist in different ecosystems, both aquatic and terrestrial (Elegbede et al., 2017). In different environmental conditions, microalgae produce a wide range of high-value products such as proteins, lipids, pigments, and carbohydrates (Lari et al., 2016; Ram et al., 2019). Algal lipids are one of the important commercial compounds that can be used in various industries such as biofuels (Borowitzka and Moheimani, 2013), and pharmaceutical and nutritional products (Caporgno and Mathys, 2018; Xue et al., 2020). Regarding the algal biodiversity, their lipid content can reach up to 70% of dry biomass under optimized culture conditions (Paliwal et al., 2017). Furthermore, the lipid profile variation is as diverse as the algal biodiversity. The lipid molecules generally occur in two forms, polar and non-polar. In non-polar lipids, fatty acids (FAs) are attached to an uncharged head group such as glycerol (Xue et al., 2020). It is worth mentioning that some types of neutral lipids such as hydrocarbons, sterols, ketones, and pigments (carotenes and chlorophylls) do not include any FA groups. The polar lipid molecules are formed by bonding the FAs to a charged group. For instance, bonding FAs to the glycerol–phosphate complex produces a polar phospholipid molecule that is a major component of cell membranes (Lordan et al., 2017). The FAs usually range from 12 to 22 carbon atoms in length, which can be either saturated or unsaturated (Kabir et al., 2020). The length of carbon chain determines the FA properties (Lim et al., 2021). Some FAs are pharmacologically important especially omega 3 (O-3) and omega 6 (O-6) series such as eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), arachidonic acid (AA), and linoleic acid (LA) (Patel et al., 2022). Both O-3 and O-6 polyunsaturated FAs are believed to have several beneficial effects on cardiovascular diseases (Mata et al., 2010). In fact, consumption of O-3 and O-6 can decrease the total concentration of cholesterol in plasma (Hooper et al., 2018; Djuricic and Calder, 2021). Using O-3 and O-6 FAs during pregnancy has beneficial effects on fetal growth specifically for the central nervous system and cognitive function (Shrestha et al., 2020). Furthermore, essential FA deficiency also increases skin inflammations and prolongs wound treatment (Balić et al., 2020; Bilal et al., 2021). There are some FAs with no major medical applications and can be used in biodiesel production. Biodiesel is a methyl or ethyl ester derivative of FAs. The different types of FAs affect the biodiesel quality (Mondal et al., 2021). Some researchers advice algal lipid with high content of oleic and palmitic acids for biodiesel production (Amit and Ghosh, 2018) and some others recommend algal lipid with a mixture of saturated and unsaturated FAs (Talebi et al., 2014).

The types of produced FAs depend on the lipid metabolism of microalgae. Lipid metabolism usually has been studied using radiolabeled carbon sources such as 14CO2 and [14C]acetate (Harris and James, 1965a). The carbon sources can be incorporated into all types of FAs. However, 14CO2 can be incorporated into other components such as sugar and glycerol, which make it difficult to elucidate the metabolism. Acyl-glycerol was derived from de novo synthesis by acylation of glycerol 3-phosphate. Acetyl-CoA carboxylase (ACC) and a type II (dissociable) FA synthetase are two key enzymes involved in de novo fatty-acid synthesis (Nakamura and Li-Beisson, 2016). The final product of de novo synthesis is palmitic and stearic acids (Blasio and Balzano, 2021). Longer-chain FAs (LCFAs) can be produced by elongase enzymes that insert an ethyl group into the carbon chain (Qiu et al., 2020). Desaturase enzyme introduces double bonds in situations depending on the carbon chain length (Howling et al., 1968). Elongation and desaturation of carbon chains can be carried out in more than one way; therefore; the mechanism of the lipid conversion and the metabolism are very diverse and heterogeneous. Analysis of FA profiles during the growth period of algae may be regarded as a complementary method for evaluating the metabolism.

This work reports on the concentration, production rate, and the productivities of individual FAs in order to shed light on the metabolic pathways of the conversion of shorter-chain FAs to longer-chain FAs. Here, we determine the changes of FA profiles of Chlorella vulgaris in 5-day intervals at 5 growth periods. In the current literature, most articles report total FA productivities (Del Río et al., 2017; Kim et al., 2017; Park et al., 2018; Shen et al., 2020; Kim et al., 2021) and fewer articles report on individual FA productivities (Aussant et al., 2018; Ju et al., 2019; Thoisen et al., 2020) and specific rates of individual FA production as searched on Scopus, Web of Science, Science Direct, and Reaxys search engines. The novelty of this work is in the establishment of a correlation between algae biomass growth rate and the rate of individual FAME production. Furthermore individual FA concentrations in 5-day intervals were fitted to two kinetic models, Sigmoidal and Logarithmic, to find the changes in the trend of each FAs.



2 Methods and Materials


2.1 Cultivation of Chlorella vulgaris

C. vulgaris (ATCC ® 30821™) was cultivated in 2-L Erlenmeyer flasks with 1 L of BG11 culture medium (Rippka et al., 1979) mixed by way of air bubbling at the bottom of flask, at 25 ± 2°C, under a light intensity of 35 μmol photon m-2 s-1 with a 16:8 h light:dark photoperiod. The light intensity in some parts of the world is low especially in winter; we decided to evaluate the algae growth using a lower light intensity in order to understand the possibility of algae growth in parts of the world with low sunshine. The BG11 medium was composed of (per liter of distilled water) 1.50 g NaNO3, 20.0 mg Na2CO3, 36.0 mg CaCl2·2H2O, 7.5 mg MgSO4·7H2O, 6.0 mg (NH4)5[Fe (C6H4O7)2] (ferric ammonium citrate), 6.0 mg C3H5O(COOH)3 (citric acid), 1.0 mg EDTA, 40.0 mg K2HPO4.2H2O, and 1 ml of the trace elements stock solution. The trace elements stock solution contained 494.0 mg L−1 Co(NO3)2·6H2O, 79.0 mg L−1 CuSO4·5H2O, 39.0 mg L−1 NaMoO4·2H2O, 222.0 mg L−1 ZnSO4·7H2O, 1.810 g L−1 MnCl2·4H2O, and 2.860 g L−1 H3BO3. Sampling was performed at days 5, 10, 15, 20, and 25 of cultivation. The microalgae biomass was lyophilized (Buchi B-191, Switzerland) to make sure that the accuracy of FAME analysis is high enough.



2.2 Microalgae Growth

Trend for algal growth and biomass production were monitored using dry cell weight. In order to obtain total algal biomass in the culture media, 20.00 ± 0.03 ml of suspension were oven dried at 70°C for 24 h.



2.3 Lipid Extraction

Before extraction, grinding was performed on the lyophilized algal biomass to disrupt the cell walls (Zheng et al., 2011). Microscopic observation using an optical microscope (BH-2, Olympus, Japan) was used to confirm the cell wall disruption. After addition of 2 ml of methanol and 1 ml of hexane to 10.00 ± 0.01 mg of dried biomass, the samples were mixed by vortexing for 1 min. Subsequently, water was added and the suspension was centrifuged at 4,000 rpm for 10 min. The organic phase containing lipids was transferred to pre-weighed vials (Moradi-Kheibari et al., 2017). The procedure was performed in triplicate to achieve a comprehensive extraction. Then, the solvents were evaporated in an oven at 55°C for 24 h and lipid yields were calculated. Drying the lipid under nitrogen stream will cause the residual solvent to remain in the lipid content, and consequently bias the total lipid content. Therefore, to improve the accuracy in total lipid calculation, drying of lipid was performed using oven drying.



2.4 In Situ Transesterification and FAME Analysis

Transesterification reactions were performed by adding 500 μl of 2% v/v H2SO4 in methanol to 5.00 ± 0.01 mg of the lyophilized biomass harvested in 5-day intervals. The change in the production of individual FAME is negligible on a daily basis; therefore, we have performed the FAME analysis every 5 days. To make sure that the accuracy of FAME analysis is high enough, the biomass was lyophilized. Before transesterification, the cell wall disruption was confirmed by microscopic observations. The solution was then shaken at 240 rpm for 4 h at 60°C. The samples were cooled down to room temperature (22 ± 1°C) and 300 μl of hexane was added into the reaction vial and vortexed (XB982, Asda, UK) for 30 s. The phase separation was achieved by the addition of 600 μl of a 1% w/v NaCl and centrifuging the suspension at 3,000 rpm for 5 min (Sorvall RC 5C Plus, Newtown, CT). Finally, the hexane containing FAME was injected onto a GC-FID (Agilent 6890, Santa Clara, USA) instrument for FAME profiling.

An Hp88 capillary column (Agilent, Santa Clara, USA) (100 m, 0.25 mm I.D., film thickness 0.2 μm) was used to achieve reproducible separation. When the 30-m-long capillary column was used, the resolution of the 37-component FAME mixture was not acceptable. The chosen carrier gas was helium at a constant flow rate of 1.5 ml/min with a split ratio of 20:1. The amount of sample injected was 1 μl. The oven temperature program was 140°C for 5 min, rising to 240°C at 4°C/min, then held at 240°C for 5 min. Injector and detector temperatures were 260°C. Applied temperature programing (the inset in Figure 1) and an example chromatogram of FAMEs yielded from C. vulgaris is shown in Figure 1. A mix of 37-component FAME standard, Cat. No. 47885-U (Supelco, Bellefonte, USA) was injected with different dilutions and a calibration curve was constructed. For the algae biomass, after in situ transesterification and extraction of FAME, the GC-FID analysis was performed, and after retention time matching, the peak areas were used to calculate the amount of each FAMEs from the calibration curve.




Figure 1 | Temperature programing (inset) and GC-FID chromatogram of C. vulgaris on the 25th day of cultivation to obtain the GC-FID profiling of FAs.





2.5 Total Lipid Yield, Productivities, and Specific Rates of Individual FAME Production

Total lipid yield (Y%), productivities (P), and specific production rate of individual FAs (R) were calculated by equations 1, 2, and 3, respectively.



 

 

Where N1 and N2 are the concentration of components (g/L) at time t1 (day) and t2 (day), respectively.



2.6 Kinetics of FAME production

Two non-linear mathematical models, namely, Logarithm and Sigmoidal models, were fitted to predict the FAME production by C. vulgaris using Sigmaplot 10.0. The experimental data are referred to the FA contents of C. vulgaris at different days of cultivation. Kinetics is the study of the rate of a process under controlled parameters. There are multiple variables influencing the growth rate of microalgae. Some parameters, such as light intensity, should follow a cycle of on:off, and this will hinder the possibility of algae kinetics study. We sampled microalgae for biomass measurement every fifth day. During these 5-day intervals, the average of 10 on:off cycles of light intensities is considered as a controlled parameter.

In summary, by prolonging the sampling rate, we have been able to have a preliminary assessment of overall kinetics of algae biomass and its correlation with the overall rate of individual FAME production.

The Logarithm model is a two-parameter model whereas the Sigmoidal model is a three-parameter model as shown below:

 

 

The parameters of t and C0 in Eq. 4 and a, b, and t0 in Eq. 5 will be determined by the models. The determination of these parameters would propose the kinetics of FAME production.


2.6.1 Statistical Analysis of FAME Production Kinetics

Coefficient of determination (R2), root mean square deviation (RMSD), and graph of experimental data versus predicted values of FAMEs can be used as statistical indicators to evaluate the reliability of the kinetics models.

The R2, , and RMSD can be calculated using the following equations (Lam et al., 2017):

 

 

 

Where n refers to the number of experimental observations, yexp and ycal refer to the FAME concentration yield from experimental data and from calculation, respectively, and  refers to the average values of yexp.





3 Results and Discussion


3.1 Biomass and Total Lipid Analysis

During 25 days of batch culture, the biomass concentration, lipid content, and biomass and lipid productivities of C. vulgaris were determined and are depicted in Figure 2. As shown in Figure 2A, biomass concentration reaches 1,166 ± 9 mg L-1 after 25 days, which is approximately equal to the amount reported by Chen et al. (2021).




Figure 2 | Biomass concentration and biomass productivity (A), and lipid content and lipid productivities (B) of C. vulgaris as a function of time. Top and right axes belong to the scatter plots and bottom and left axes belong to the bar charts.



The productivities were calculated in 5-day intervals to evaluate variations in these intervals. Biomass productivity, related to the growth rate, approached its maximum value at 15- to 20-day intervals (106 mg L−1 day−1). The lipid content after 15 days reached a constant value (19%). The results shown in Figures 2A, B indicate that lipid productivity has similar trend with the biomass productivity. This means that lipid productivity achieves its maximum in the 15- to 20-day interval (1.7 mg L−1 day−1). Lipid exponential growth rate starts from 5 to 10 days. This is usually when the nutrients have been depleted. This observation was reported in our group and elsewhere. For example, Taziki et al. (2015) reported that NO3- ion concentration depleted from 1,000 to 270 mg/L in 6 days. In another report, Molazadeh et al. (2019b) reported that nitrogen and phosphorus were significantly removed by C. vulgaris in 10 days.

High lipid productivity may not necessarily correlate with high lipid content (Griffiths and Harrison, 2009). In fact, both biomass productivity and lipid content should be considered. Although lipid productivity and lipid content are important, the lipid profiles determine the quality of lipid for biodiesel production and for usage on animal feedstock.



3.2 GC-FID Analysis of Fatty Acid Methyl Esters

FA compositions are determined by the analysis of methyl esters of FAs using gas chromatography with a flame ionization detector (GC-FID). The FA profile is a determining factor to incorporate algal lipid quality into biofuels or biotechnological applications. Microalgal lipids usually have FAs with 16 and 18 carbon chain lengths (Pushpakumari Kudahettige et al., 2018). Figure 3 shows 10 important FAME components of C. vulgaris sampled in 5 different 5-day intervals of growth period. These components can be categorized into 3 groups: high (higher than 1,500 mg per 100 g of dried biomass), intermediate (500 to 1,500 mg per 100 g of dried biomass), and low concentration (under 500 mg per 100 g of dried biomass). As depicted in Figure 3, C18:2n6c (linoleic acid) and C18:1n9c (oleic acid) are the dominant FAs with high concentration, which accounted for approximately 50% of total FA. C20:1 (cis-11-eicosenoic acid) and C16:0 (palmitic acid) are categorized as the intermediate concentration FAs and the other FAs fall into the low concentration category. These results are in agreement with the previous study (Hempel et al., 2012). The major saturated, monounsaturated and polyunsaturated FAs were C16:0 (palmitic acid), C18:1n9c (oleic acid), and C18:2n6c (linoleic acid), respectively. Trienoic FAs were not observed in this algae species. Furthermore, we observed no conversion of 16 and 18 carbon precursors to long-chain FAs with higher than 22 carbon chain length. Both total concentrations and the profiles of FAs have changed during the algal growth. Total FAME concentration at 5, 10, 15, 20, and 25 days are 4.58, 6.03, 7.71, 9.39, and 9.62 mg per 100 g of dried biomass, respectively. Although total lipid yield remains constant after the 15th day of cultivation, the total FA concentrations reached a constant value after the 20th day at the expense of consuming shorter-chain FAs to produce longer-chain FAs. Therefore, the best harvesting time to yield more total FAs is the 20th day of cultivation. Analyses of FA profiles in different days are very important but the literature usually has reported on the total lipids (Park et al., 2019; Lakshmikandan et al., 2020; Brindhadevi et al., 2021) or FA profile in 1 day of cultivation (Del Río et al., 2017; Kim et al., 2017; Shen et al., 2020), which does not provide any additional data about the metabolism.




Figure 3 | TThe growth curve of eight important FAME components of C. vulgaris.



Comparing the composition and the content of individual FAs in different days shows that the rates of change in mg of FAs per 100 g of dried biomass are different for almost all FAs (Figure 3). As shown in Figure 3, with increasing the growth time, long-chain FA content increases as well. Generally speaking, shorter-chain FAs act as a precursor for longer-chain FA synthesis (Harwood and Guschina, 2009; Blasio and Balzano, 2021). C16:0 (palmitic acid) and C18:0 (Stearic acid) are two FAs produced from de novo synthesis. The concentration of palmitic (about 1,000 mg per 100 g dried biomass) is much higher than stearic acid (approximately 40 mg per 100 g of dried biomass). A precursor–product relationship between stearic and oleic acids is demonstrated (Harris and James, 1965a). Low concentration and a decreasing trend of stearic acid corroborate the conversion of stearic to oleic acid. There is no major change in C18:1n9c (oleic acid) and C16:0 (palmitic acid) content while C18:2n6c (linoleic acid) changed from 713 to 2,599 (mg per 100 g of dried biomass). This significant change (364%) could be rationalized by hypothesizing that the shorter-chain FAs such as oleic and palmitic acid are converted to longer-chain FAs such as C20:1 (Guschina and Harwood, 2006; Harwood and Guschina, 2009). Oleic and palmitoleic acid are synthesized by desaturation of stearic acid and palmitic acid at the Δ9-position by desaturase enzyme. Howling et al. (1968) showed that the major conversion to dienoic acids was found with C18 precursor and had double bond particularly in the 9,12 positions to yield oleic and linoleic acids. Due to the aerobic nature of this enzyme, it requires molecular oxygen that is provided by the aeration (Harris and James, 1965b). Palmitoleic acid (C16:1) was in low concentration, which may indicate that it was consumed to produce oleic acid by an elongase enzyme. According to the previous radiolabeling studies (Harris and James, 1965a; Harris and James, 1965b) on C. vulgaris under aerobic condition, oleic acid is directly converted to linoleic acid. In this study, the concentration of linoleic acid increased from 713 to 2,599 mg per 100 g of dried biomass while the concentrations of the palmitic and oleic acid remained constant at approximately 1,000 and 2,000 mg per 100 g of dried biomass, respectively. We did not use organic carbon sources for algal cultivation. Therefore, according to the literature, unsaturated FAs such as oleic and linoleic acids are dominant when no organic carbon sources were used (Harris and James, 1965a). Addition of carbohydrate to the culture media results in elongation of carbon chain rather than desaturation (Harris and James, 1965a). As shown in Figure 3, cis configuration is much more dominant in FA profiles. For instance, oleic acid and linoleic acids reached 22.35% and 26.98% of total FAs on the 25th day of cultivation, i.e., almost 50% of total lipid is made of only these two FAs on day 25 of the growth period. This may be due to the stereospecific nature of desaturation. In fact, FA desaturase introduces a double bond into the FA chain mostly with cis configuration (Nakamura and Li-Beisson, 2016). Cis isomers have lower melting points and viscosities as compared with trans isomers, which is due to the low stacking ability of FA molecules. The lower melting point of cis isomers makes them more favorable for human consumption (Adu-Mensah et al., 2019). Furthermore, for production of high-quality biodiesel, the viscosity is an important parameter that should be low enough for biodiesel to flow well in engines (Bari et al., 2020; Hoang, 2021).

Specific rate of individual FAME production (R) is an intensive parameter, i.e., it does not depend on the concentration of FAME components. The FAMEs with higher   (Eq. 3) ratios have a higher R value, which indicate higher changes in the concentration of the FAME component with time. Calculation of this parameter helps metabolic studies. In fact, the components with a low R value are consumed for the production of longer-chain FAs. This parameter was calculated in 5-day intervals. As shown in Figure 4A, at the start of the growth period (5–10 days), R has the highest values. It decreases with time so that the value reaches the minimum at 20- to 25-day intervals. Oleic and palmitic acid have the lowest R value in the 5- to 10-day interval. It can be concluded that FAME components with a lower R value such as oleic acid (C18:1n9c) and palmitic acid (C16:0) are involved in the production of long-chain FAs.




Figure 4 | Specific rate of individual FA production (A) and productivity of individual FAs (B) of C. vulgaris as a function of time.



FAME productivity (P) is directly related to the concentration of FAME components. This means that it is an extensive property, i.e., it depends on the biomass. Therefore, the components with higher concentration like oleic acid and linoleic acid have higher FAME productivities as compared to the other components. The productivity of FAs was influenced by the lipid productivity. This parameter was calculated in 5-day intervals to evaluate the variation of algal cells’ ability for FAME production in different time intervals. As depicted in Figure 4B, P values reach the maximum of 3.4 mg L−1 day−1 at the 15- to 20-day interval for linoleic acid. Comparing Figures 2 and 4 shows a correlation between the individual FAME production rate and the algal growth phases. The FA content and FAME productivity in addition to the lipid productivity are good indicators for industrial applications of this microalgae strain for biodiesel production.



3.3 Kinetics Study

Mathematical models are necessary to represent the complexity of molecular processes or the dynamics of metabolite production (Hasdemir et al., 2014; Saa and Nielsen, 2016). Metabolic pathways are highly sophisticated and, therefore, metabolic engineering strategies are often best described with metabolic models (Strutz et al., 2019). Moreover, using kinetic models, metabolite concentrations can be predicted as a function of time (Costello and Martin, 2018).

Two kinetic models were applied to predict the FAME production after in situ transesterification of C. vulgaris and the experimental values were used to validate the models. Experimental analysis of FAME is costly and time-consuming and it needs large sample volumes. Therefore, modeling of FAME production could save both time and capital.

Table 1 shows R2, RMSD (Eq. 6 and Eq. 8), and the constant values for two mathematical models (Eq. 4 and Eq. 5), which describe the FAME production kinetics of C. vulgaris.


Table 1 | Sigmoidal and logarithmic kinetics models for the prediction of FAME produced by C. vulgaris.



The coefficient of determination (R2) was applied as an indicator to demonstrate the preciseness of models for fitting the experimental data. The highest accuracy of a model is achieved when R2 is equal to one. RMSDs are usually applied to compare the accuracy of different models. A model with smaller RMSD represents more accuracy than a model with larger values. For most FAMEs (except for oleic and palmitic acid), Sigmoidal models gives a better fit (R2 > 0.98) and lower RMSD in comparison with the Logarithmic model. Figures 5A, B show the predicted results in comparison with the experimental values for Logarithmic and Sigmoidal models, respectively. It can be concluded that the Sigmoidal model shows great predictability for FAMEs production using C. vulgaris.




Figure 5 | Comparison of experimental versus predicted values of important FAME components for (A) Sigmoidal and (B) Logarithmic models. Lines represent the predicted values and symbols represent the experimental values.






4 Conclusions

Most researchers focus on the total lipid and/or FA profiling of microalgae. In this work, we have reported on determining FA profile and specific production rates of individual FAs in different days. Constant or low specific growth production rate of a FA such as stearic and palmitic acid indicate their role as precursors for longer-chain fatty acids. Saturated and long-chain fatty acids can be obtained by desaturase and elongase enzymes. Due to the stereospecific characterization of desaturase enzymes, cis configuration such as oleic and linoleic acids are more dominant. The growth rates of individual fatty acids were fitted using two models, and it was confirmed that the Sigmoidal model provides a better fit for all fatty acids except for oleic and palmitic acid. Total lipid yield remained constant after the 15th day of cultivation, whereas the total FA concentrations reached a plateau after the 20th day. We concluded that lower-chain FAs act as precursors to produce longer-chain FAs. FA profiles in different days were compared to calculate the rate of individual FAs production for the growth period. Although the literature usually reports on the total lipid or FA profile in 1 day of cultivation, to the best of our knowledge, this is the first report focusing on the specific rates of individual FAs.

In this study, the concentration of linoleic acid increased from 713 to 2,599 mg per 100 g of dried biomass while concentrations of the palmitic and oleic acid remained constant at approximately 1,000 and 2,000 mg per 100 g of dried biomass, respectively. Our results show that oleic acid and palmitic acid have the lowest R value in the 5- to 10-day interval. We concluded that FAME components with lower R values such as oleic acid (C18:1n9c) and palmitic acid (C16:0) are involved in the production of long-chain FAs. The higher-concentration FAMEs such as oleic acid and linoleic acid have higher productivities.
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