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Abstract
The effect of transesterification methods on the omega-3/6 composition of Phaeodactylum tricornutum was studied. Seven processes with acid, alkali, heterogeneous-catalysts, or indirect methods (namely M1-M7) were performed to determine ALA/LA and DHA/EPA ratios (α-linolenic/linoleic acids and docosahexaenoic/eicosapentaenoic acids, respectively). In general, the fatty acid profile showed higher levels of palmitic (23.95-34.08%), palmitoleic (30.94-35.56%), oleic acids (3.00-7.41%), and EPA (0.5-6.45%). The total unsaturated content was higher with a two-step transesterification (M6, 63.65%). The total fatty acid methyl ester content (FAME) obtained with acid-transesterification (M1) increased by ~21% w/w and ~60% w/w total lipids. ALA/LA ratio was higher when a lipid pre-extraction step was performed prior to acid-catalysis (M4). The transesterification method based on alkali-catalyst (M3, KOH catalyst) enhanced the DHA/EPA ratio significantly at 0.11, but its FAME content was 3.75-fold lower than that obtained with acid-transesterification (M1). Overall, this study shows that direct transesterification with alkali-catalyst (M3) improves the DHA/EPA ratio and the PUFA content obtained from the diatom, and thus increases its value for application in the food industry.
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1. 
Introduction
Microalgae cultivation has gained much interest these days because of the need for renewable resources with the ability to synthesize valuable products such as pigments, carbohydrates, and fatty acids, among other compounds. 1, 2 Phaeodactylum tricornutum, in particular, is a model pennate diatom used for physiological studies and biotechnological food and nutritional applications.3, 4 This diatom is known for its rapid growth and antioxidant capacity owing to fucoxanthin (carotenoid) and/or long-chain polyunsaturated fatty acids (PUFAs). 5-7 P. tricornutum is one of the few microalgae species that can produce high levels of eicosapentaenoic acid (EPA; C20:5n-3), along with low levels of docosahexaenoic acid (DHA; C22:6n-3) and arachidonic acid (ARA; 20:4n-6). 8 This ability is relevant to the biotechnological industry since PUFAs have beneficial human health effects.
 DHA and EPA are essential nutrients that play an important role in infant growth and development, along with adult cardiovascular health. 9, 10 Therefore, several reports demonstrate that a wise consumption of omega-3 polyunsaturated fatty acids such as DHA and EPA is useful for lowering blood triacylglycerol (TAG) levels in people with hypertriglyceridemia and also for maintaining mental and cardiovascular health 11-13. Because of its importance, a DHA/EPA ratio is outlined based on the ideal design of diet for fish larvae, although the optimum ratio varies depending on species. 14, 15 However, there are growing concerns about the role of essential fatty acids in the regulation of animal metabolism. 16-18 An overview of recommended daily dietary intake of DHA/EPA in humans ranges from 0.5 g/day for infants to 1 g/day for adults and patients with coronary heart diseases. 19, 20
Omega-3 fatty acids are synthesized from their precursors, α-linolenic (C18:3n-3; ALA) and linoleic acid (C18:2n-6; LA), which are also present in P. cruentum. ALA and LA are considered essential fatty acids in humans because they cannot be synthesized and must be obtained from the diet. 21 Briefly, Fig. 1 shows the omega-3/6 synthesis pathway where a sequence of desaturation (DES) and elongation (ELO) steps catalyzed by desaturase and elongase enzymes, respectively (Δ-5 and Δ-6) along with fatty acyl-CoA synthetase lead to the formation of longer chain fatty acids. 22, 23 Consumption of food with the optimal omega-3/6 ratio is crucial in maintaining the overall health of the human population 24 since according to previous reports, high LA intake can induce production of proinflammatory cytokines triggered by the release of arachidonic acid (ARA)-derived products. 25-27 At the same time, the conversion of ALA to EPA/DHA can compete with the biosynthesis of EPA and DHA from LA, due to the competitive inhibition of enzymes (Δ-5 DES and Δ-6 DES, see Fig. 1). 28 
[image: ]
Fig. 1. Summary pathways for the biosynthesis of PUFAS present in marine microalgae. Abbreviators: Elongase (ELO), desaturase (DES), omega (ɷ), unsaturation (Δ), long-chain acyl-coenzyme A (CoA) synthetases (LACS), endoplasmic reticulum (ER), fatty acid synthesis (FAS), lysophospholipid acyltransferases (LPLAT), fatty acid synthase (FAS), acyl-CoA:glycerol-3-phosphate acyltransferase (GPAT) and acyl-CoA: lysophosphatidic acyltransferase (LPAAT). Slightly modified routes and described by Guo, et al. 29 and Arao and Yamada. 30

These facts make P. tricornutum species the ideal candidate for possible biotechnological evaluations, particularly involving PUFA production. 5-7 
Transesterification reaction between glycerides (microalgal oils) and alcohol (methanol or ethanol) in the presence of a catalyst results in the production of fatty acid methyl esters (FAMEs) with glycerol as the by-product. 31, 32 The catalyst can be an alkali, acid, or even an enzyme (heterogenous catalyst) and its selection could in turn, produce variability in the fatty acid profile obtained. 33-35 Consequently, getting the profiles of extracted unsaturated fatty acids and DHA/EPA ratios to be adequate for specific applications, namely food, depends not only on the growth conditions of specific microalgal strains but also on the chemical factors determining the extraction process. 6, 36-38  In this regard, the selection of a suitable transesterification method becomes crucial to obtain a targeted fatty acid profile for biotechnological applications. 
Thus, this study aims at determining the most effective transesterification reaction among seven independent methods described previously, using different catalyst forms (alkali or acid) to upgrade the unsaturated fatty acids profile and ALA/LA and DHA/EPA ratios of P. tricornutum for food applications. 

2. Experimental
2.1. Material
Phaeodactylum tricornutum was provided by the microalgal collection department in “Laboratorio Microalgas y Compuestos Bioactivos” (Universidad de Antofagasta, Chile) and cultured under controlled conditions. Sterilized and filtered (through 1 µm pore size filters), local seawater was used to prepare the culture medium, which was supplemented with f/2 salts, silicates, and vitamins as described by Guillard and Ryther. 39  The biomass was harvested in the exponential growth phase and then lyophilized in the freeze-drying system (Labconco Freezone 2.5 L Benchtop Freeze Dry System, USA) for this study. Sulfuric acid (H2SO4), potassium hydroxide (KOH), and potassium carbonate (K2CO3) were used as acid or alkali catalysts (analytical grade reagents). Methanol (MeOH), chloroform (CHCl3), and n-hexane of chromatographic quality were used as extraction solvents (Sigma-Aldrich). Mixed FAME standard solutions (FAME Mix C4-C24, Supelco Analytical) and an internal standard (Nu-Check Pre, Inc., Elysian, MN, USA) were used for fatty acid identification.
2.2. Lipid analysis
Lipids were extracted as described by Axelsson and Gentili 40 using 20 mg of freeze-dried samples of P. tricornutum with chloroform: methanol (2:1, v/v) as the solvent. The extracted lipids were quantified gravimetrically in triplicate (n = 3). 
2.3. Transesterification methods
The extraction of fatty acid methyl esters (FAMEs) was carried out through seven independent methods (using alkaline or acid catalysts), as shown in Fig. 2. 
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Fig. 2 Experimental design using P. tricornutum to obtain FAME. M1–M7 are the abbreviations of seven independent transesterification methods used in the study, as described in Material and Methods section (p < 0.05; n = 3).

M1 was performed according to Lamers, et al. 41 M2 and M3 included independent acid and alkali transesterification reactions, respectively, and were as described by Rahman, et al. 42 M4 and M5 followed the method of Sung and Han 43, where in M4 was performed by pre-extraction of lipids followed by acid transesterification, and M5 was performed on the biomass directly using an alkaline heterogeneous catalyst such as K2CO3. M6 was performed using a two-step transesterification reaction, where the first step was the acid process, and the second step was the alkaline process, according to Rahman, et al. 42  Finally, M7 was carried out according to  ISO-5508. 44  In general, the reaction mixture was prepared by adding 10–50 mg freeze-dried biomass of P. tricornutum (with biomass: solvent ratio of 1:30) and 10 ppm of the internal standard with continuous agitation. Then, the flasks were washed with 3 mL hexane and Milli-Q water until the solution turns neutral, and the mixture was separated into two layers by centrifugation (360 g, 10 min). The upper oil layer (FAMEs diluted in hexane) was separated and washed with Milli-Q water to analyze and quantify using gas chromatography (Shimadzu 2010 GC-FID, Tokyo, Japan). 
2.4. Fatty acid analysis by gas chromatography (GC-FID)
A Shimadzu 2010-gas chromatography system equipped with a flame ionization detector (FID) and a split/splitless injector was used to analyze FAME composition. In all cases, samples (1 L) were injected into a capillary column RESTEK (30 m, 0.32 mm i.d., 0.25 µm film thickness). The injector temperature was maintained at 250 °C in split mode with a split ratio of 1:20, and nitrogen was used as the carrier gas at a constant flow rate of 1.25 mL/min. The oven temperature was programmed initially at 80 °C for 5 min, increased to 165 °C at 4 °C/min for 2 min, and then increased again to 180 °C at 2 °C/min for 5 min. It was heated at a rate of 2 °C/min to 200 °C for 2 min followed by 4 °C/min to 230 °C for 2 min and was finally maintained at that temperature for 2 min reaching 250 °C at 2 °C/min. The detector temperature was maintained at 280 °C. Individual FAMEs were identified by comparing their retention times with those of mixed FAME standards (FAME Mix C4-C24, Supelco Analytical) and quantified by comparing their peak area with those of mixed FAME standards and an internal standard (tripentadecanoin ~10 ppm/sample, Nu-Check Pre, Inc., Elysian, MN, USA). Finally, FAME content was calculated as a percentage in relation to freeze-dried biomass (% wt.) and total lipids (% w/w) of P. tricornutum. 
2.5. Statistical analysis
To investigate the statistical differences between fatty acid profiles, ALA/LA, and DHA/EPA ratios of P. tricornutum, the means of different methods were obtained in triplicate (n = 3). Then, Analysis of Variance (ANOVA) followed by Duncan’s Multiple Range Test (MRT) was applied as a post hoc test to measure the specific differences between means values. Analyses were performed with Statgraphics Centurion XVIII (Stat Point Technologies, Inc., Warrenton, VA, USA) software. 

3. Results and Discussion
3.1. Fatty acid profile 
The effect of each of the seven different transesterification methods on the P. tricornutum FA profile is shown in Table 1 and expressed as the percentage of relative abundance of total fatty acids (Insert Table 1 near here). Firstly, M6 (two-step transesterification process), the only method where both acid and alkaline catalysts were used in each one of the steps, produced the highest unsaturated fatty acid content in the diatom extracts, when compared to the other transesterification methods (51.08% MUFAs and 14.42% PUFAs, monounsaturated and polyunsaturated fatty acids). M6 especially stood out in oleic (5.05%), linoleic (LA, 4.01%), α-linolenic (ALA, 2.07%) and eicosapentaenoic (EPA) acid content (6.45% of total fatty acids, FA).  Secondly, the acid transesterification methods such as M1 and M2 gave rise to similar FA profiles in P. tricornutum, with higher EPA content in extracts obtained by M1 and higher docosahexaenoic (DHA) content in those obtained by M2 (6.05% and 0.32% FA, respectively). Both ALA (omega-3) and LA (omega-6) fatty acids are essential for humans and must be obtained through their daily diet 21; microalgae are valuable natural sources of these essential fatty acids. 20, 45, 46 However, the presence of ALA was minimum in both M1 and M2 acid transesterification methods (n.d., (not detected) equal to area ≤10–3) when compared to LA (from 2.92 to 4.42% FA). It is important to remark that the main difference between M1 and M2 methods was the percentage of acid catalyst used. Catalyst concentration is an important factor directly influencing the yield of FAMEs. 47 Macías-Sánchez, et al. 48 studied the potential of Nannochloropsis gaditana as a source of biodiesel by direct transesterification method utilizing three different catalyst concentrations, including, 2.5, 5, and 10.5% of acetyl chloride and obtained maximum yields under 5% catalyst. 
The alkali-based transesterification with methanol was also tested. The procedures of M3 and M7 were performed with different KOH concentrations and temperatures, while M5 was performed with K2CO3. In all cases, the PUFA profiles of P. tricornutum were similar with higher EPA content being obtained in the M3 and M7 methods (4.72 and 4.77 FA, respectively). Moreover, M7 had the highest percentage of oleic acid (7.41% FA), and M3 had the highest yield of DHA (0.52% FA). On the other hand, M5 had a more varied profile, as can be seen from the chromatogram in Fig. 3. Finally, M4 (pre-extraction of lipids followed by acid transesterification) led to less abundant PUFA profile for all extracts, and only oleic acid and ALA content (3.45% and 2.19% FA, respectively) could be highlighted. 
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Fig. 3. General chromatogram of fatty acids present in P. tricornutum under alkali method denominated M5.
According to reports, the best transesterification methods for microalgal oils involve sodium hydroxide or potassium hydroxide as the alkaline catalysts. The most commonly used acid catalysts include sulfuric acid, hydrochloric acid, or sulfuric acid derivatives. Heterogeneous catalysts are also known as metal oxides or carbonates and result in methoxide formation. 49-51 Studies report that alkali-catalyzed transesterification is faster than acid-catalyzed transesterification, and it is also less corrosive and cost-effective from an industrial point of view. 50, 52, 53 However, it is known that the alkali catalyst can react with free fatty acids present in the microalgal oils provoking soap formation. Moreover, it can also inhibit the efficiency of separation of glycerol from methyl esters, thus lowering the transesterification yield. 54 In general, our results showed improved levels of PUFAs, especially EPA, in P. tricornutum under acid and two-step transesterification reactions (M1 and M6, respectively). 
Fig. 4 shows the FAME content of P. tricornutum, which was calculated in relation to biomass (% wt) and total lipids (% w/w) in the seven transesterification methods. Average total lipid content of about 35% was reached in all extracts of P. tricornutum. 
[image: ]Fig. 4. Total FAME content corresponding to total lipids (% w/w total lipids) or biomass (% wt) of P. tricornutum from seven independent transesterification methods (p < 0.05; n = 3).
Accordingly, method M1 yielded the highest content of FAMEs in P. tricornutum, with ~21% wt. and ~60% w/w of the total biomass and total lipids, respectively. Below M1 yield, the alkali methods M3 and M5 gave rise to FAME contents of 5.65% wt and 16.20% w/w of the total lipids and 5.22% wt. and 14.90% w/w of the total lipids, respectively. The acid method M2 resulted in the lowest FAME content (0.62% wt. and 1.76% w/w of the total lipids). 
Conversely, these results differ from several other reports that describe that alkaline catalysis has higher conversion levels of triglycerides to their corresponding methyl esters with shorter reaction times. 55, 56 The results in this paper show improved FAME content for acid transesterification when compared to previous reports. Typically, acid-catalyzed transesterification is more tolerant toward free fatty acids or water presence and catalyzes both esterification and transesterification reactions at the same time. 57, 58.Nevertheless, the results obtained with methods M1 and M2 show significant variations with different proportions of H2SO4 being used as the only difference between both processes. The difference in yield obtained is probably because a high concentration of the catalyst is always required in acid transesterification to achieve high FAME yields. 59, 60
3.2. ALA/LA ratio in Phaeodactylum tricornutum 
The significance of the α-linolenic to the linoleic acid ratio (ALA/LA ratio) in the diatom extracts is worth analyzing and discussing. According to the data shown in Table 1, the presence of ALA in the extracts obtained by employing the M1, M2, and M7 transesterification methods was negligible (not detected, n.d. area ≤10–3). Conversely, an abundance of LA ranging from 2.92% to 4.92% of the total fatty acid content was found in the extracts. Thus, the methods M1, M2, and M7 lead to very low ALA/LA ratios. On the contrary, the methods M3, M4, M5, and M6 present ALA/LA ratios that differ widely from those previously commented. Mainly, the ratio fluctuates from 7.5 for method M3 to a very high value for method M4 (LA not determined).
Interestingly, M4, consisting of a lipid pre-extraction step followed by acid catalysis, is highly selective for α-linolenic extraction concerning LA. The differential selectivity of the method used for ALA and LA acids enables the production of P. tricornutum extracts enriched in either one of these fatty acids. However, as discussed above, the method produces selective extraction of ALA, which is suitable to stimulate the biochemical synthesis of EPA and DHA in humans, while limiting the presence of LA in the extracts, thereby preventing the organisms from having reduced n-3 long-chain PUFA levels.
[bookmark: _gjdgxs]The above-commented selectivity may directly influence the food applications in the diatom extracts. Linolenic acid tends to occur at much lower levels in the diet and the tissues of the body when compared to linoleic acid. 61  As seen in Fig. 1, ALA can undergo successive desaturation and elongation reactions to biosynthesize the polyunsaturated fatty acids EPA and DHA while LA competes with ALA (18:3n-3) for such endogenous conversion to EPA and DHA. 28, 61  In addition, LA also inhibits the incorporation of DHA and EPA into tissues leading to low levels of n-3 long-chain PUFAs 62, which is of crucial importance during pregnancy and infancy. Accordingly, the use of transesterification methods to produce ALA-enriched, LA free extracts can be of value for producing food-grade supplements aimed to balance the biochemical needs for ALA in humans.
3.3. DHA/EPA ratio in Phaeodactylum tricornutum 
       The DHA/EPA ratio in P. tricornutum was also examined using seven independent transesterification methods. Anew, Table 1 shows the results of the application of Duncan’s MRT. Our data revealed that the M3 method (using the alkali catalyst KOH (0.75% w/v)) was the best transesterification method with a DHA/EPA ratio of ~0.11 in P. tricornutum and was significantly different from the rest. It was followed by M2 (acid process) and M6 (two-step transesterification) methods with the DHA/EPA ratio ranging between 0.07–0.05. Although M2 had an improved DHA/EPA ratio, it was not consistent with regard to FAME content (Fig. 3). Qiao, et al. 4 calculated the DHA/EPA ratio in P. tricornutum under different culture conditions and obtained lower values than our results with a range between ~0.03–0.06. It was found that temperature was the factor that improved the ratio. This ratio is relevant in the aquaculture field because its proportion plays a significant role in considering sources for preparing feed formulation for the fast-growing stages of fish. 63 
It is also necessary to obtain microalgae culture with a moderate DHA/EPA ratio because they are the initial food for larvae and are required for improving their growth, nonspecific immunity and disease resistance. 16, 64 DHA is an essential structural component of the neural tissues, such as the brain and eyes, and is also a significant component of polar lipids. 65 At the same time, EPA is more relevant as a precursor for the synthesis of bioactive compounds that help the effects of DHA, such as the hormone eicosanoids. 14, 66 This ratio is also relevant in human health for controlling hypertriglyceridemia, where the food supplement should yield a DHA/EPA ratio of 0.7:1. 67 Also, specific aquaculture reports show that the dietary requirement of DHA/EPA ratios in marine fish has been reported to range from 0.5 to 2.0, according to NRC. 68 These results clearly demonstrate the variation of the DHA/EPA ratio obtained with different transesterification methods. These results may be useful for the production of aquaculture feed or supplements rich in PUFAs and DHA/EPA ratios as optimization previously for the transesterification method. 

4. Conclusions
In this report, we studied the fatty acid profile and omega-3/6 ratios using seven acid/alkali transesterification methods with P. tricornutum diatom as the reference biomass. Our results show the influence of the transesterification method selected, as well as other environmental factors such as growth phase, nutrient source, salinity, or temperature on the fatty acid composition and content of microalgae. Specifically, the two-step transesterification method (M6, with acid and alkaline process) improved the composition of unsaturated fatty acids (51.08% MUFAs and 14.42% PUFAs). The acid transesterification (M1) method was also found to enhance the fatty acid content. In the case of ALA/LA and DHA/EPA ratio of P. tricornutum, a higher value was found in the alkaline M3 process when compared to others. Thus, P. tricornutum showed fatty acid profile rich in MUFA and PUFA (mainly omega-3) with important applications in the human health care and aquaculture industry. Thereupon, the selection of the transesterification method enhanced the fatty acid composition slightly in P. tricornutum. Finally, ALA/LA and DHA/EPA ratios are also relevant to the study because their utility is proven for the production of aquaculture feeds or food supplements, taking into account the transesterification methods.
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Table 1. Fatty acid profile of P. tricornutum obtained from seven independent transesterification methods. Each value means the ratio between the integration area of a given fatty acid peak with respect to the integration area of all peaks obtained by GC-FID, in percentage (p < 0.05; n = 3; SD ≤ 5%). 
	Fatty acids (FA)
	Transesterification methods

	
	M1
	M2
	M3
	M4
	M5
	M6
	M7

	C16:0, Palmitic
	34.08 ±1.60 e
	23.95 ±0.95 a
	32.71 ±1.50 d
	30.22 ±1.34 c
	32.59 ±1.23 d
	27.57 ±1.20 b
	33.91 ±1.52 e

	C16:1, Palmitoleic
	34.81 ±1.56 c
	33.08 ±1.02 b
	35.56 ±1.59 d
	32.80 ±1.60 b
	33.00 ±1.30 b
	36.24 ±1.65 e
	30.94 ±1.23 a

	C18:0, Stearic
	0.62 ±0.07 ab
	0.71 ±0.02 b
	0.79 ±0.02 c
	3.45 ±0.12 f
	1.75 ±0.07 d
	0.53 ±0.01 a
	3.08 ±0.08 e

	C18:1, Oleic
	3.20 ±0.12 a
	4.20 ±0.18 b
	4.72 ±0.12 c
	n.d.
	5.64 ±0.19 d
	5.05 ±0.20 d
	7.41 ±0.25 e

	C18:2-n6, LA
	4.42 ±0.13 d
	2.92 ±0.12 a
	3.34 ±0.13 b
	n.d.
	3.44 ±0.11 c
	4.01 ±0.15 d
	3.46 ±0.11 bc

	C18:3-n3, ALA
	n.d.
	n.d.
	0.25 ±0.01 a
	2.19 ±0.08 c
	0.72 ±0.03 b
	2.07 ±0.08 c
	n.d.

	C20:5-n3, EPA
	6.05 ±0.25 f
	4.51 ±0.21 c
	4.72 ±0.22 d
	0.50 ±0.01 a
	2.86 ±0.07 b
	6.45 ±0.28 g
	4.77 ±0.21 e

	C22:6-n3, DHA
	0.14 ±0.01 b
	0.32 ±0.01 c
	0.52 ±0.02 e
	0.01 ±0.00 a
	0.01 ±0.00 a
	0.36 ±0.01 d
	0.01 ±0.00 a

	Others
	16.68 ±0.70 c
	30.31 ±1.47 d
	17.39 ±0.76 b
	30.85 ±1.24 d
	20.01 ±0.54 c
	17.71 ±0.69 b
	16.43 ±0.75 a

	% SFA
	36.35
	36.41
	34.86
	35.78
	36.48
	34.49
	39.42

	% MUFA
	38.50
	38.32
	42.02
	36.66
	40.81
	51.08
	40.04

	% PUFA
	25.15
	25.27
	23.12
	27.55
	22.70
	14.42
	20.53

	ALA/LA ratio
	≤ 10–3
	≤ 10–3
	7.5·10–2
	≥ 10+3
	2.1·10–1
	5.2·10–1
	≤ 10–3

	DHA/EPA ratio
	0.02 ±10–3 b
	0.07 ±8·10–3 d
	0.11 ±2·10–3 e
	0.03 ±4·10–3b
	0.004 ±5· 10–4 a
	0.06 ±3·10–3c
	0.003 ±4·10–4 a


Note: All values were SD ≤ 5%. Abbreviators: Methylation (M), Fatty acids (FA), Linoleic (LA), Linolenic (ALA), Eicosapentaenoic (EPA), Docosahexaenoic (DHA), Saturated Fatty acids (SFA),  Monounsaturated Fatty acids (MUFA), Polyunsaturated fatty acids (PUFA), non-detected (n.d.; area ≤10–3). They were obtained, taking into account all fatty acids integrated (included others profile). Values with a different letter are significantly different (p < 0.05). All results are the average of three independent experiments (n = 3) and are presented as mean ±standard deviation. 
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