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Abstract

:

Enhancing microalgal growth and bioactive compound production is becoming a duty for improving photosynthetic microorganisms. In this study, the growth, carotenoid, and fatty acid profiles of Conticribra weissflogii were studied under four different silicate concentrations and silicate-deficient conditions in an f/2 medium with continuous aeration, light intensity (30 ± 2 µmol m−2 s−1), salinity (25 ± 2‰), pH (8), and temperature (25 ± 2 °C). At the end of the experiment, we observed that a silicate concentration of 120 mg L−1 produced the maximum biomass dry weight (0.86 g L−1), carotenoid content (1.63 µg mL−1), and fucoxanthin content (1.23 mg g−1) in C. weissflogii. The eicosapentaenoic acid (EPA) (11,354.37 µg g−1), docosahexaenoic acid (DHA) (2516.16 µg g−1), gamma-linolenic acid (C18:3n6) (533.51 µg g−1), and arachidonic acid (C20:4n6) (1261.83 µg g−1) contents were significantly higher at Si 120 mg L−1. The results further showed the maximum fatty acid content in C. weissflogii at Si 120 mg L−1. However, the silicate-deficient conditions (Si 0 mg L−1) resulted in higher levels of saturated fatty acids (38,038.62 µg g−1). This study presents a practical approach for the large-scale optimization of biomass, carotenoid, fucoxanthin, and fatty acid production in C. weissflogii for commercial purposes.
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1. Introduction


Diatoms are important primary producers in contemporary oceans and have emerged as major components of global biogenic nutrient cycles because of their ability to recycle carbon, silica, and sulfur [1]. They consist of more than 100,000 different species, making them the most diverse and abundant group of siliceous marine microorganisms [2,3,4]. Due to their complex evolutionary history, diatoms are capable of thriving in a range of environments, from polar regions to upwelling areas [4]. In addition to their ecological importance, the capacity of diatoms to biomineralize silica to create frustules makes them highly biocompatible for use as natural tools in drug delivery and as tailored micro- or nanodevices with a range of therapeutic applications [5]. Diatoms can vary significantly in size and morphology; however, they possess a distinctive outer cell wall (or frustule) composed of biogenic silica [6,7]. Diatoms have large storage vacuoles, allowing for greater nutrient storage within the cell and facilitating cell divisions, even in nutrient-depleted conditions, despite their large surface-to-volume ratio.



Conticribra weissflogii, previously classified as Thalassiosira weissflogii, is a diatom that is easily cultured and has gained extensive interest in the aquaculture and biotechnological industries because of its ability to biosynthesize fucoxanthin and PUFAs in considerable amounts [8,9]. Fucoxanthin, a unique carotenoid with distinctive antioxidant properties, has been shown to possess a wide range of health-promoting effects, including anti-obesity, anti-diabetic, and anti-cancer activities [10].



The production of fucoxanthin and polyunsaturated fatty acids (PUFAs) in microalgae is of considerable interest due to their significant health benefits and industrial applications [11,12]. C. weissflogii, a species of algae, has been studied for its potential to produce these valuable compounds. Although previous studies have focused on optimizing the growth conditions and nutrient concentrations to enhance the yield of fucoxanthin and PUFAs [9,13], the specific role of silicon in this process has not been extensively explored. Diatoms use silicon to construct their cell walls and play a role in the biogeochemical cycling of silicon in the ocean [14]. Silicate is a vital nutrient for the development and growth of diatoms, and its presence is crucial for defining the unique shapes of diatom species through their siliceous cell wall structures. However, a lack of silicate can impede cell growth, alter cell morphology, and affect lipid production in some specific diatom species [15,16]. The present study evaluates the influence of different silicate concentrations on the marine diatom C. weissflogii in terms of growth, carotenoid and fucoxanthin, and fatty acid production in C. weissflogii.




2. Results


2.1. Growth and Biomass Concentration of C. weissflogii


The growth of C. weissflogii at different silicate concentrations is shown in Figure 1. After 10 days of incubation, C. weissflogii demonstrated a higher cell density (Figure 1A) and biomass dry weight (Figure 1B) under high silicate concentrations (Si 120 mg L−1 and Si 60 mg L−1) compared to silicate concentrations of Si 0 mg L−1 and 30 mg L−1. The cell density of C. weissflogii under 0 mg L−1, 30 mg L−1, 60 mg L−1, and 120 mg L−1 increased throughout the incubation period. However, the biomass dry weight of C. weissflogii declined suddenly on day 10. Si 120 mg/L showed the maximum cell density (118 × 104 cells mL−1) and dry weight (0.86 g L−1) on days 10 and 8, respectively, which were significantly (p < 0.05) higher compared to the other silicate concentration treatments.




2.2. Carotenoid and Fucoxanthin Contents of C. weissflogii


As shown in Figure 2A, with the exception of Si 0 mg L−1, the maximum carotenoid content of C. weissflogii in all the treatments (Si 30 mg L−1, Si 60 mg L−1, and Si 120 mg L−1) was obtained on day 6, with values of 1.30, 1.44, and 1.63 mg L−1 respectively. Si 0 mg L−1 had the lowest carotenoid content of 1.10 mg L−1 compared to the other silicate concentration treatments on day 6. However, the carotenoid content of C. weissflogii under Si 0 mg L−1 continued to increase until the final day of incubation, whereas the carotenoid content under Si 30 mg L−1 and Si 120 mg L−1 decreased on the final day of incubation. There was no significant difference (p < 0.05) in carotenoid content between all the treatments on the 4th and 8th days of incubation, but there were significant differences on the 2nd and 10th days.



Figure 2B shows the fucoxanthin content of C. weissflogii under various silicate concentrations (Si 0 mgL−1, Si 30 mg L−1, Si 60 mgL−1, and Si 120 mg L−1). With the exception of Si 0 mg L−1, the fucoxanthin content of C. weissflogii decreased only on day 10 in all the silicate treatment groups. However, there was a significant difference (p < 0.05) in fucoxanthin content between all silicate treatments on the 10th day of incubation. Figure 2B shows a decline in the fucoxanthin content of C. weissflogii under Si 0 mg L−1 on days 6 and 10, with values of 0.91 mg g−1 and 0.90 mg g−1, respectively. The results showed that the maximum fucoxanthin content in C. weissflogii at all silicate concentrations was obtained on day 8 of the incubation period. However, Si 120 mg L−1 obtained the highest fucoxanthin content, with a value of 1.23 mg g−1, compared to Si 60 mg L−1, Si 30 mg L−1, and Si 0 mg L−1, with values of 1.08, 1.03, and 0.98 mg g−1, respectively.




2.3. Fatty Acid Profile of C. weissflogii


At the end of the incubation period, the total fatty acid content of C. weissflogii was higher at Si 120 mg L−1 (74,508.02 µg g−1) compared to Si 0 mg L−1, Si 30 mg L−1, and Si 60 mg L−1 (Table 1). The eicosapentaenoic acid (EPA) (C20:5n3) and docosahexaenoic acid (DHA) (C22:6n3) contents were significantly (p < 0.05) higher at Si 120 mg L−1, with values of 11,354.37 and 2516.46 µg g−1, respectively. At 0 mg L−1, the saturated fatty acid content, such as C10:0, C11:0, C12:0, and C14:0, of C. weissflogii was significantly higher than that of the other silicate treatments. The results further showed that the gamma-linolenic acid (C18:3n6) and arachidonic acid (C20:4n6) contents were significantly (p < 0.05) higher at Si 120 mg L−1.




2.4. Biomass Productivity and Fucoxanthin Productivity of C. weissflogii


A comparative analysis of the biomass and fucoxanthin productivity was conducted on days 4, 6, 8, and 10 (Figure 3). C. weissflogii showed the maximum biomass and fucoxanthin productivity on the 8th day of the cultivation period for all the silicate treatments (Figure 3C). However, Si 120 mg L−1 produced the maximum biomass productivity (0.081 g L−1 d−1) during the same period.





3. Discussion


This study shows that silicate concentrations have an influence on growth, carotenoid and fucoxanthin, and fatty acid production in C. weissflogii.



Growth was induced over a wide range of silicate concentrations (Si 30 mg L−1 to Si 120 mg L−1). In this study, a silicate concentration of Si 0 mg L−1 led to a low peak in biomass dry weight and cell density on the 10th day of the incubation period. However, the lowest peaks for biomass dry weight (0.58 g L−1) and cell density (67 × 104 cell m L−1) were observed on the 10th and 2nd days of incubation. These results were consistent with those of a previous study [17]. A similar result reported by [14] showed lower growth for the diatom Nitzschia laevis under Si 0 mg L−1. This phenomenon can be attributed to the absence of silicate in the growth medium. According to Umiatun et al. [18], a lack of silicate nutrients may cause improper frustule formation, an inability for cells to withstand osmotic pressure, and other environmental factors. There was a decline in the biomass dry weight of C. weissflogii under all the silicate treatments on the final day of cultivation, indicating that there may have been a decline in silicate in the culture medium towards the end of the cultivation period. Our study showed that silicate concentration had a significant (p < 0.05) effect on the growth and biomass production of C. weissflogii. Furthermore, this study showed that C. weissflogii can tolerate a silicate concentration of 120 mg L−1.



Photosynthesis is a process in which electromagnetic light energy is converted to chemically bound energy in the form of various organic compounds in phototropic cells and organisms. Pigments are chemical structures that play crucial roles in photosynthesis in microalgal cells. The distinctive pigment signature is not limited to photosynthetic pigments but also includes stress-related pigments, such as carotenoids. In marine ecosystems, fucoxanthin is a major carotenoid pigment, constituting about 10% of the total carotenoid content [19,20]. The results indicated that silicate concentration significantly (p < 0.05) affected carotenoid accumulation in C. weissflogii. As shown in Figure 2A, the carotenoid content was higher in the range of 30–120 mg L−1 for silicate concentrations. The maximum carotenoid content in C. weissflogii was achieved at Si 120 mg L−1 (1.63 µg mL−1). A study in [9] also showed that a higher carotenoid content (3.64 mg L−1) was achieved in Chaetoceros sp. at Si 120 mg L−1. In the current study, we observed that the carotenoid content of C. weissflogii increased as the silicate concentration increased. This could be attributed to the upregulation of photosynthetic efficiency due to the increased availability of silicon [21]. Currently, limited information is available on fucoxanthin biosynthesis in diatoms. Studies have shown that fucoxanthin accumulation is influenced by light intensity and is essential for the proper functioning of the light-harvesting complex in photosynthetic systems [22,23].



As illustrated in Figure 2B, fucoxanthin content was substantially enhanced by a sufficient level of silicate (Si 120 mg L−1). The highest content of fucoxanthin obtained was 1.23 mg g−1 at a silicate level of Si 120 mg L−1, followed by levels of Si 60 mg L−1 and Si 30 mg L−1, with values of 1.07 mg g−1 and 1.03 mg g−1, respectively. Our results (Figure 2B) were consistent with those reported by Mao et al. [24] and Yi et al. [25], who found that a high silicate concentration influenced the production of higher fucoxanthin contents in N. laevis and P. tricornutum, respectively. The present study further showed an observable decline in fucoxanthin content for all the treatments on the 10th day of incubation. This is likely due to a depletion of silicate concentration in the culture medium. Our findings were in agreement with those reported by Mao et al. [24], who found that depleted silicon concentration in a culture medium limits fucoxanthin accumulation in the marine diatom Nitzschia laevis. The optimal silicon concentration range for maximizing fucoxanthin content was between Si 60 mg L−1 and Si 120 mg L−1, which showed a positive correlation with biomass dry weight (Figure 1B). Furthermore, Si 120 mg L−1 led to the maximum fucoxanthin productivity (Figure 3) recorded on all the selected days, with the exception of day 2. This study showed that the accumulation of fucoxanthin in C. weissflogii was repressed by silicate deficiency. This was likely due to the association between fucoxanthin content and cell cycle progression.



Fatty acids (FAs) are the primary constituents of lipids within algal cells, serve as vital energy sources for algae during periods of stress, and play crucial roles in various physiological processes [9]. Si 120 mg L−1 resulted in the maximum TFA (Table 1) content, along with the maximum cell density and biomass dry weight (Figure 1). Valuable products, such as EPA and DHA, were significantly higher in parallel with biomass dry weight at high silicate concentrations (Si 120 mg L−1). FA is important for both human and animal nutrition because of its essential roles. [26,27,28]. These results were consistent with those of previous studies, which revealed that the EPA and DHA contents of C. weissflogii were 15.2% and 3.4%, respectively, under a silicate concentration of Si 120 mg/L compared with other silicate treatment groups. According to previous studies, the EPA and DHA contents of marine diatoms such as S. costatum and C. calcitrans range from 6% to 23.5% and 1.41 to 4% FA for S. costatum [29,30,31,32] and 5 to 26.3% and 0.7 to 2.3% FA for C. calcitrans [33,34,35,36,37], respectively. A positive correlation was observed between gamma-linolenic acid (C18:3n6), arachidonic acid (C20:4n6), and biomass dry weight. The C18:3n6 and C20:4n6 contents of C. weissflogii were significantly higher (p < 0.05) at Si 120 mg L−1. Linolenic acid can be converted to eicosapentaenoic acid and docosahexaenoic acid (DHA), which have been demonstrated to offer a range of protective benefits against various health conditions, including cardiovascular, neurological, osteoporotic, and inflammatory disorders [38].




4. Materials and Methods


4.1. Algal Strain and Culture Conditions


The microalgal strain, C. weissflogii, was obtained from the Algae Resource Development and Aquaculture Ecological Restoration Laboratory at Guangdong Ocean University, China. C. weissflogii was maintained in modified F/2 medium (NaNO3 (75 mg L−1), KH2PO4 (5 mg L−1), Na2SiO3-9H2O (20 mg L−1), F/2 trace element solution (1 mL), and F/2 vitamin solution (1 mL), with measurements given per liter of double-distilled water). The F/2 trace element solution comprised Na2EDTA·2H2O (4360 mg), FeC6H5O7 (3150 mg), MnCl2·4H2O (180 mg L−1), ZnSO4·4H2O (22 mg L−1), CuSO4·5H2O (9.8 mg L−1), Na2MoO4·2H2O (6.3 mg L−1), and CoCl2·6H2O (10 mg L−1), with measurements given per liter of distilled water. The F/2 vitamin solution was formulated with Biotin (0.5 mg L−1), Vitamin B12 (0.5 mg L−1), and Vitamin B1 (100 mg) (per liter of double-distilled water). The depleted f/2 culture medium was prepared by varying the initial concentrations of silicate, Na2SiO3·9H2O (Xilong Scientific Co., Ltd., Shantou, China; CAS No.: 13517-24-3, Analytical Reagent)




4.2. Experimental Setup


The cells from primary cultures were collected and concentrated by centrifugation (3000 rpm, 2 min), and the supernatant was removed. The collected cells were inoculated in a glass culture column (5 cm inner diameter, 60 cm high) in a Si-depleted f/2 culture medium (700 mL) with an inoculum density of about 6 × 105 cells mL−1. Four Si concentration gradients were set at 0, 30, 60, and 120 mg L−1. The experiment was performed in triplicate under growth conditions depending on light intensity (30 ± 2 µmol m−2 s−1), salinity (25 ± 2‰), pH (8), and temperature (25 ± 2 °C) with a continuous supply of filtered air (aeration) for 10 days, as described in our previous study [39]. Samples were collected every other day to measure algal cell density, cell dry weight, carotenoid content, and fucoxanthin content.




4.3. Determination of Cell Density and Biomass Concentration


First, 5 mL samples were taken, and the cell density of C. weissflogii was determined using a Blood Counting Plate (25 mm × 16 mm) under an Olympus BX53 fluorescence microscope after the cells were stained with Lugol’s iodine solution [40]. Microalgal cells were centrifuged at 5000 rpm for 3 min and washed twice with distilled water. The sample was then filtered through pre-dried and pre-weighed (M1) filter paper (Whatman GF/C) and dehydrated overnight at 80 °C in a vacuum oven. The total mass was measured and recorded as M2. Dry weight (DW, g L−1) was determined using the following equation:


  D W =     M   2   −   M   1     ×   10   3   / 10  



(1)







The biomass productivity (BP, g L−1 d−1) was calculated using the following equation:


  B P =     D W   t   −   D W   0     / t  



(2)




where DWt and DW0 are the dry weights on day t and day 0, respectively.




4.4. Carotenoid and Fucoxanthin Extraction and Analysis


The carotenoid content of C. weissflogii was analyzed after extraction with 95% ethanol (w/v). Briefly, 10 mL of the suspension was filtered, freeze-dried at −20 °C for 12 h, and suspended in ethanol for 4 h in the dark. The suspensions were centrifuged at 5000 rpm for 10 min, and the pigment content of the supernatant was spectrophotometrically measured at 480, 510, and 750 nm. The carotenoid content was calculated using a previously described equation [41].


  P   C a r o t e n o i d s   = 7.6 ×       A   480   −   A   750     − 1.49 ×     A   510   −   A   750        



(3)




where A is the absorbance.



Fucoxanthin was extracted as previously described [9]. C. weissflogii (80 mL) was centrifuged at 5000 rpm for 10 min at 4 °C, and the biomass was freeze-dried for 2 days. The freeze-dried biomass was grinded into powder, added to absolute ethanol (1 g:40 mL), and extracted twice for 1 h at 60 °C in the dark. After extraction, the algal solution was centrifuged at 5000 rpm for 10 min, and the supernatant was collected and measured using an ultraviolet spectrophotometer. The optical density of the supernatant was determined at 445 nm (D445), and the fucoxanthin content was calculated according to the following formula [42]:


  C =   1000 ×   A   445   × N × V   /     A   ′   × M × 100    



(4)




where C is the fucoxanthin content (mg g−1), D445 is the optical density of fucoxanthin at 445 nm, N is the dilution factor, V is the volume of the crude extract, A′ is the theoretical absorption value of the solute with a volume fraction of 1% in a cuvette with a long path length of 1 cm (1600), and M is the mass of the sample to be measured [39].



The fucoxanthin productivity (FP, mg g−1 d−1) was calculated using the following equation:


  F P =     C   t   −   C   0     / t  



(5)




where Ct and C0 are the fucoxanthin contents on day t and day 0, respectively.




4.5. FAME Test and GC Analysis


Fatty acids were converted to fatty acid methyl esters (FAMEs) according to a method described in a previous study [43]. Specifically, 0.1 g of wet microalgal biomass was hydrolyzed and then methyl-esterified with 2 mL of acetyl chloride (100%) in 20 mL of methanol solution at 90 °C while stirring at 500 rpm. The samples were then filtered using 90 mm Whatman filter paper and washed with 10 mL of methanol after direct transesterification. A rotary evaporator (IKA RV 10 digital; Guangzhou, China) was used to evaporate methanol, and the sample was manually shaken for 5 min after the addition of hexane (10 mL). Hexane was evaporated to remove the hexane layer. The recovered FAMEs were analyzed using a Perkin Elmer Clarus 680 gas chromatograph (GC) equipped with a Perkin Elmer Clarus 680 flame ionization detector (FID) (PerkinElmer; Shelton, CT, USA) and Thermo Scientific TG-Polar column, (Thermo Scientific; Shanghai, China. The oven temperature was initially set to 50 °C for 5 min, raised to 260 °C at a rate of 7 °C min−1, and maintained at 260 °C for 5 min. The temperature of the injector and detector was 260 °C, and helium was used as the carrier gas. The FAME peaks in the samples were identified by comparing their retention times with those of the standards (Supelco TM 37 component FAME mix, Sigma-Aldrich, St. Louis, MI, USA). Data processing: fatty acid components were identified by comparing retention times with fatty acid methyl ester standards and quantified using the area normalization method.



The content of each fatty acid in the sample is calculated according to Equation (6):


    X   i   =      A   i   ×   m     s   i     ×   F   T   G   i   −   F A   i         A     S   i     × m    × 100  



(6)




where Xi (g/100 g) is the content of each fatty acid in the sample; Ai is the peak area of each fatty acid methyl ester in the sample measurement solution;     m     s   i       (mg) is the quality of the standards contained in the standard working solution with the fatty acid triglyceride absorbed;     F     F G   i   −   F A   i       is the conversion coefficient for the conversion of each fatty acid triglyceride to fatty acid;     A     s   i       is the peak area of each fatty acid in the standard measuring solution; m (mg) is the weighing quality of the sample; and 100 is a coefficient that converts the content to the content per 100 g of sample.




4.6. Statistical Analysis


One-way ANOVA with Duncan’s test (post hoc) was used to conduct statistical analyses using the SPSS for Windows statistical software package (IBM SPSS v26.0; San Diego, CA, USA). The significance level was set at p < 0.05, and the results are expressed as the mean ± SD.





5. Conclusions


In this study, the effects of different silicate concentrations (0–120 mg L−1) on the cell growth, carotenoid and fucoxanthin synthesis, and fatty acid profiles of C. weissflogii were studied. These results revealed that C. weissflogii can tolerate silicon concentrations ranging up to 120 mg L−1, which can effectively promote cell growth and biomass production, as well as the production of carotenoids, fucoxanthins, and fatty acids. The impact of silicate concentration on the production of fucoxanthin, EPA, and DHA, as well as other valuable products, in C. weissflogii represents an intriguing area of research with implications in the aquaculture, food, and pharmaceutical industries.
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Figure 1. Changes in cell density (A) and biomass concentration (B) of C. weissflogii at silicate concentrations of 0, 30, 60, and 120 mg L−1 (mean ± SD, n = 3). Different alphabets indicate significant differences between groups (p < 0.05). 
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Figure 2. Changes in carotenoid (A) and fucoxanthin (B) content of C. weissflogii at different levels of silicate (mean ± SD, n = 3). Different alphabets indicate significant differences between groups (p < 0.05). 
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Figure 3. Biomass (purple) and fucoxanthin (yellow) productivity on day 4 (A), day 6 (B), day 8 (C), and day 10 (D). If the error bars are not visible, they are smaller than the symbol. 
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Table 1. Fatty acid composition and content (µg g−1) of C. weissflogii at silicate concentrations of 0, 30, 60, and 120 mg L−1 at the end of the culture period. Values (mean ± SD; n = 3) in the same row having a common superscript are not significantly different (p < 0.05).
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	Fatty Acids
	0 mg/L
	30 mg/L
	60 mg/L
	120 mg/L





	C8:0
	61.19 ± 0.01
	57.31 ± 0.24
	Not detected
	Not detected



	C10:0
	329.16 ± 0.27 d
	36.28 ± 0.27 a
	113.25 ± 0.26 c
	51.34 ± 0.28 b



	C11:0
	171.59 ± 0.14 d
	162.44 ± 0.03 c
	125.16 ± 0.44 b
	114.85 ± 0.15 a



	C12:0
	103.60 ± 0.53 d
	84.76 ± 0.02 c
	51.15 ± 0.24 b
	33.04 ± 0.44 a



	C14:0
	8101.76 ± 0.32 d
	7850.14 ± 0.50 c
	1047.63 ± 0.36 a
	7479.86 ± 0.61 b



	C14:1n5
	177.12 ± 0.31 c
	153.97 ± 0.33 b
	Not detected
	134.68 ± 0.60 a



	C15:0
	1244.84 ± 0.53 c
	1040.50 ± 1.05 b
	149.05 ± 0.38 a
	1378.94 ± 0.78 d



	C16:0
	25,928.18 ± 0.2 c
	22,521.40 ± 0.80 b
	28,236.66 ± 1.37 d
	20,984.98 ± 0.19 a



	C16:1n7
	20,985.50 ± 1.57 a
	26,213.11 ± 1.07 c
	30,546.97 ± 0.38 d
	24,523.56 ± 1.03 b



	C18:0
	456.18 ± 0.59 a
	546.27 ± 0.76 d
	436.51 ± 0.82 a
	470.26 ± 0.64 c



	C18:1n9c
	1093.79 ± 1.01 d
	730.35 ± 0.75 c
	63.73 ± 0.56 a
	643.58 ± 1.20 b



	C18:2n6c
	366.31 ± 1.50 a
	778.82 ± 0.70 c
	556.34 ± 1.40 b
	953.53 ± 1.0 d



	C18:3n6
	115.56 ± 0.11 a
	390.11 ± 0.64 c
	362.94 ± 0.59 b
	533.51 ± 0.45 d



	C18:3n3
	208.35 ± 0.21 c
	155.63 ± 0.45 b
	35.46 ± 0.47 a
	221.29 ± 1.02 d



	C20:0
	16.48 ± 0.89 c
	11.50 ± 0.34 b
	11.95 ± 0.45 a
	84.37 ± 0.58 d



	C20:2
	155.92 ± 0.21 d
	39.98 ± 0.36 b
	24.93 ± 0.34 a
	89.82 ± 0.59 c



	C20:3n6
	31.78 ± 0.64 a
	94.93 ± 0.53 c
	76.19 ± 0.35 b
	155.17 ± 0.68 d



	C20:4n6
	221.13 ± 1.20 b
	982.72 ± 0.22 c
	22.74 ± 1.04 a
	1261.83 ± 0.21 d



	C20:3n3
	191.68 ± 0.11 d
	154.65 ± 0.05 c
	23.02 ± 0.58 a
	80.04 ± 0.15 b



	C20:5n3
	8121.98 ± 0.20 c
	7903.84 ± 0.23 b
	6944.49 ± 0.85 a
	11,354.37 ± 0.21 d



	C22:0
	149.10 ± 0.1 b
	169.58 ± 0.74 d
	31.93 ± 0.26 a
	156.16 ± 0.24 c



	C22:6n3
	2124.03 ± 0.24 c
	1767.99 ± 0.17 a
	1995.96 ± 0.57 b
	2516.46 ± 0.30 d



	C23:0
	332.63 ± 0.49 c
	242.86 ± 0.30 a
	261.96 ± 0.12 b
	376.97 ± 0.25 d



	C24:0
	811.28 ± 0.78 c
	786.57 ± 0.48 b
	680.98 ± 0.28 a
	907.18 ± 0.37 d



	SFA
	38,038.62
	33,752.47
	31,408.19
	32,414.92



	UFA
	34,249.33
	39,912.37
	41,089.28
	42,938.10



	TFA
	72,288.95
	73,664.84
	71,797.47
	74,508.02







Note: SFA; saturated fatty acid; UFA; unsaturated fatty acid; TFA; total fatty acid.
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