High-level EPA production from Phaeodactylum tricornutum 
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Abstract 
Phaeodactylum tricornutum is a lipid-rich marine diatom that contains a high level of omega-3 polyunsaturated fatty acids, especially eicosapentaenoic acid (EPA). In an effort to reduce costs for large-scale cultivation of this microalga, we first established a modified BBM medium (0.3 x strength BBM with 90% reduced phosphate content) to replace the traditional F/2 medium. P. tricornutum could grow in extremely low phosphate concentrations (25 µM), without compromising the EPA content. In the presence of sea salts, silicate addition was not necessary for high rate growth, high EPA content or lipid accumulation in this species. Using urea as the sole nitrogen source tended to increase EPA contents (by 24.7%) while not affecting growth performance. The use of sea salts, rather than just sodium chloride led to significantly improved biomass yields (20% increase) and EPA contents (46-52% increase), most likely because it supplied sufficient essential elements such as magnesium. A salinity level of 35 ppt led to significantly higher biomass yields compared to 20 ppt, but salinity had no significant influence on EPA content that reached high average levels of 51.8% of total fatty acids during exponential growth phase at 20 ppt in modified BBM medium with sea salts. 
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1. [bookmark: _gjdgxs][bookmark: _Toc7775392]Introduction
Phaeodactylum tricornutum, as a model marine diatom, has been found in many locations in the world, especially in coastal areas. There are three forms in different strains; oval shape, triradiate and fusiform (Martino et al., 2007). It is widely used as a feedstock in aquaculture, and high-value products in this microalga for human consumption include lipids, proteins and pigments (carotenoids). After induction, lipid content in Phaeodactylum tricornutum can contribute to up to 60% of its dry weight per cell. The major lipids are triacylglycerol (TAG), galactosylacylglycerols, and monogalactosylaylglycerols (Alonso et al., 1998). 
Marine microalgae are natural resources of polyunsaturated fatty acids (PUFAs) production (Fajardo et al., 2007). Compared with fish-originated PUFAs, the use of microalgae for PUFA production has many advantages, including high productivity and sustainability based on their ability to be cultivated without competing for arable land, biodiverse landscapes or freshwater resources. P. tricornutum contains a high level of PUFAs, especially eicosapentaenoic acid (EPA). EPA has previously been reported to account for up to 39% of total fatty acids in P. tricornutum (Fajardo et al., 2007). EPA, which cannot be effectively synthesized by humans, has many health benefits, including cardiovascular health and anti-inflammation properties.
Using genetic modification, could significantly increase PUFAs contents in P. tricornutum (Cui et al., 2019). For example, overexpression of a malonyl CoA-acyl carrier protein transacylase gene could hyper-accumulate PUFAs, with 150% higher levels of arachidonic acid (ARA), 297% higher levels of EPA, and 205% higher docosahexaenoic acid (DHA) contents (Wang et al., 2017). This present study used a non-GM method to induce EPA content in this species by modifying its cultivation conditions, reaching 51.8% of total fatty acids. Former studies have found that when the cells are exposed to high CO2 (0.15%) conditions, EPA content increases by 73% (Wu et al., 2015). The influence of light intensity and temperature on the EPA content have also been studied (Garcia et al., 2005; Qiao et al., 2016). However, most of the former studies used F/2 medium with additional Si to cultivate this species. In this study, 0.3 x strength BBM medium with only 3% of the original phosphate was used to grow the cells. Growth conditions and EPA contents were tested under different treatments, including different salinities, urea, phosphate, and silicate levels. The objective of the present study was to find a non-GM and cost-effective method to grow P. tricornutum with a high level of EPA.
2. Materials and Methods 
2.1. Microalgal strains and cultivation conditions 
Phaeodactylum tricornutum strain CS-29/8 was obtained from The Commonwealth Scientific and Industrial Research Organisation (CSIRO) Australian National Algae Culture Collection and stored in the University of Queensland Algae Culture Collection. The medium used for maintenance was standard F/2 medium plus silica in 35 ppt seawater. In this study, BBM medium was modified to “New BBM” medium adapted to P. tricornutum cultivation. It only contained 30% of the traditional BBM with 90% reduction of the phosphate levels and seawater was used. “New BBM” contained 882 µM NaNO3 , 51 µM CaCl2, 91.2 µM MgSO4, 12.9 µM K2HPO4, 38.7 µM KH2PO4, 128.4 µM EDTA, 414 µM KOH, 13.4 µM FeSO4, 138.6 µM H3BO3, 23 µM ZnSO4, 5.5 µM MnCl2, 3.7 µM MoO3, 4.7 µM CuSO4, and 1.3 µM Co(NO3)2.
2.2. Growth conditions analysis
The growth conditions were measured using the optical density (OD) value at 750 nm using a spectrophotometer (UV-1800, Shimadzu, Japan). The cell number was calculated by using the linear regression equation: y = 205.39x - 12.266 (R2=0.9990), where Y is cell number (105) and X is the value at OD750.
2.3. Nutrients analysis
For nitrate and phosphate measurements, API Nutrient testing kits were used according to the protocol (Adarme-Vega et al., 2014). The linear regression equation for the nitrate test is: y = 576.3x – 8.217 (R2=0.9996), where Y is nitrate concentration (µM) and X is the value at OD545. And the linear regression equation for the phosphate test is: y = 37.772x – 0.1772 (R2=0.9996), where Y is phosphate concentration (µM) and X is the value at OD690.
2.4. Fatty acids analysis
For fatty acid methyl ester synthesis, 10 mg of freeze-dried P. tricornutum biomass was added to an 8 mL-vial, mixed with 100 μL recovery standard (heneicosanoic acid, 1 mg/mL) and 2 mL 5% (v/v) acetyl chloride in methanol. Then, the vials were incubated at 90°C for 1 h. After the vials were cooled down to room temperature, 2 mL isooctane and 2 mL 0.9% NaCl solution were added, followed by vigorous mixing (vortexing) and centrifugation at 250 x g for 1 min. Then, 90 µL of the isooctane layer was transferred to a 250 µL glass insert, and 10 μL of internal standard was added (nonadecanoic acid dissolved in isooctane, 1 mg/mL). 
For Gas Chromatography–Mass Spectrometry (GC-MS) analysis, a previously-published procedure  was adhered to (Ma et al., 2018) with the injection port temperature set to 230°C. The mass range scanned was from 45 to 400 m/z. The oven temperature program was as follows: (1) initial temperature maintained at 70°C for 1 min, (2) increase to 170°C at 30 °C/min, and (3) increase to 230°C at 3°C/min for a total runtime of 24.33 min. The fatty acids were then identified and quantified using a Supelco® 37-component FAME mix standard (Sigma-Aldrich, USA) and verified using the NIST14 library. 
2.5. Statistical analyses
Student’s t-tests were used to test for statistically significant differences between treated algal cultures and their controls.

[bookmark: _Toc7775405]3. Results and Discussion
3.1. Formulation of a farm-friendly growth medium for P. tricornutum
The nitrogen source and quantity are crucial for rapid algae growth as N is a major constituent of nucleic acids and proteins. It had been reported for P. tricornutum, that when the initial nitrogen level decreased from 12.35 mg/L to 1.24 mg/L, the growth rate reduced by 31.6%, but when the initial N level increased from 12.35 mg/L to 49.4 mg/L, there were no big differences (Qiao et al., 2016). F/2 medium is a commonly-used medium for marine algae, and the initial nitrogen level in F/2 medium is 12.35 mg/L. BBM medium is a widely-used medium for freshwater microalgae that can be composed using agricultural fertilizers, and it contains 41.18 mg/L nitrogen. Previous studies used expensive F/2 medium for the cultivation of P. tricornutum, that would not be practical for larger scale applications. Hence, F/2 medium and 0.3 x strength BBM medium were tested and directly compared in this study. Both media were provided with the same initial nitrogen levels (882 µM N). The transition from F/2 to BBM took 3 days as cells adapted to a new environment. The cell culture density in 0.3 x BBM medium was comparable and on average 15% higher than that in F/2 medium on day 9 (Figure 1A). Phosphate was depleted on day 4 in F/2 medium, however, in 0.3 x BBM medium, the phosphate levels remained high even on day 9 (Figure 1B). F/2 medium contains 3.48 mg/L phosphate, and 0.3 x BBM medium contains 49.4 mg/L phosphate. Thus, 0.3 x BBM with only 10% of the original phosphate level was used in this study and named “New BBM”. Traditional BBM medium contains 1,721 µM phosphate, while New BBM only contains 51.6 µM phosphate, which comprises only 3% (final concentration) of the traditional BBM medium. Both media led to similar pH increases during the cultivation period of this study due to the photosynthetic activity which consumed environmental CO2 (Figure 1C), but as cultures continue to grow the surplus phosphate buffer may be advantageous to prevent growth inhibition due to pH increases.    


3.2. Phosphate and EPA content
It has been reported that diatoms can survive under low phosphate conditions, but they grow much slower than under normal conditions (Egge, 1998) and the phosphate depletion leads to cell cycle arrest at the point near the cell division (Chauton et al., 2013). In addition, under phosphate starvation conditions, P. tricornutum could accumulate lipid (Valenzuela et al., 2012). We hypothesized that P starvation will increase lipid contents, but that higher phosphate levels may increase EPA during rapid growth phases as it would be needed in higher amounts for polar lipids during membrane biogenesis.  In this experiment, 4.94 mg/L and 2.47 mg/L phosphate were used for growth condition tests as well as the analysis of fatty acids. For the growth test, there were no big differences between each phosphate levels. This result indicates that P. tricornutum could keep growing even under very low phosphate conditions (25 µM) (Figure 2A). Figure 2B shows the total fatty acid contents of P. tricornutum grown at different phosphate levels on day 4 and day 6, the first day of nitrogen starvation and the first day in the early stationary growth phase, respectively. There were no significant differences between each phosphate level. But fatty acid contents on day 6 were 43.7% higher than those on day 4, which confirms the ability of P. tricornutum to accumulate lipids under nutrient starvation conditions. However, there were no significant differences in EPA content per dry biomass on day 4 and day 6 under different phosphate levels (Figure 2C). This result also confirms that under nutrient starvation conditions, the increase of saturated fatty acids and monounsaturated fatty acids accounts for the majority of the total fatty acids. As shown in Figure 2D, the proportion of EPA (C20:5) decreased during phosphate starvation as well as with the supply of higher phosphate levels. These results suggest that high phosphate levels are not required for high EPA contents and that P. tricornutum can grow at a very low phosphate level (25 µM), which does not negatively affect EPA content. It has been reported that the green alga Neochloris oleoabundans can survive under complete nitrate and phosphate depletion conditions (Wang & Lan, 2011). Phosphate limitation leads to larger cells with fewer cell numbers for P. tricornutum and lipids start to accumulate when the cultures contain approximately half of the initial phosphate levels (Valenzuela et al., 2012). In line with former reports, this study confirmed that fatty acids contents also accumulate under reduced phosphate levels conditions. Although a reduced percentage of EPA in total fatty acids was observed, the EPA content in reduced phosphate medium was almost the same as in the control.
3.3. Si and EPA content
Previous research has found that siliceous frustules cannot be observed in fusiform or triradiate cells, nor in oval cells grown in the medium absence of silicic acid (Martino et al., 2007). The majority morphotype of the strains used in this experiment was fusiform, which means silica may not be necessary and could be already present in sufficient quantities from the seawater added.  However, different strains may have different properties. In this study, P. tricornutum grew in New BBM medium (in seawater) with or without supplementation of sodium silicate (15 mg/L). Samples were collected on day 4 and day 6, followed by total fatty acid and EPA content analysis. Figure 3A shows the growth performance of P. tricornutum cultures in different media with or without silica supplementation. Just as expected, silica did not affect the growth of P. tricornutum, especially as nearly all cells represented as fusiforms. Interestingly, EPA content per dry biomass in New BBM medium without Si on day 6 was 20% higher than that in New BBM medium containing Si (P<0.05; Figure 3C). However, the EPA composition of total fatty acids in both media was almost the same (Figure 3D). These results indicate that silica did neither affect the growth conditions of P. tricornutum nor its composition of total fatty acids, suggesting that its supplementation is not needed if New BBM with sea salts or seawater is used.
3.4. Urea and EPA content
Urea was used as the pure nitrogen source (to replace NaNO3) in this study as it is readily available and also the cheapest form of mineral N fertilizer for farming. The initial nitrogen concentrations of urea-based New BBM was adjusted to the same amount of New BBM. The effect of urea on EPA production as well as total fatty acids content was tested by using GC-MS. For the growth conditions test (Figure 4A), the cell culture number of both medium formulations tested (New BBM and New BBM with urea) showed no big differences. This means P. tricornutum can indeed use urea as the sole nitrogen source and maintain rapid growth. Samples were collected on day 4 and day 6 for fatty acid profiling. Day 4 was the first day of nitrogen starvation and day 6 was in the early stationary phase. Total fatty acids content increased by 32.8% (P>0.05) and 60.5% (P<0.05) from day 4 to day 6 in both media, respectively (Figure 4B). P. tricornutum cultivated in urea-containing medium contained significantly (P<0.05) more fatty acids (32.4% more) than the medium without urea. The increase in lipids in the presence of urea may be attributable to the additional supply of organic carbon from urea. Interestingly, the EPA content also tended to increase from day 4 to day 6 (Figure 4C), and EPA contents on day 6 were also 24.7% higher on average when grown with urea as the sole N source, albeit not significant (P>0.05). This might be explained by the overall increase of total fatty acids in the presence of urea (Figure 4B) and the trend to induce EPA by urea (Figure 4D). As in previous studies (Yang et al., 2013; Yang et al., 2014), after nutrient depletion the proportion of EPA decreased, however, the proportion of C16:0 and C16:1 increased with the overall increase of total fatty acids by 32.4%. It has been found that P. tricornutum contains a urease-encoding gene, and urease can break urea into NH4+ and inorganic carbon (Solomon et al., 2010). Urea is hard to measure in the medium and overdosing to toxic levels can be an issue during algae farming. However, a previous study also found that P. tricornutum could keep growing under high urea concentrations (0.01 M), even at high cell culture densities (Garcia et al., 2005). High cell culture densities may be promoted by the consumption of inorganic carbon, which is produced by the breakdown of urea (Guzmán-Murillo et al., 2007).
3.5. Salinity and EPA content
A previous report has shown that P. tricornutum could survive under different salinity levels, with growth-permitting salinity ranging from 5 ppt to 70 ppt. Under both hyper- and hyposaline conditions, growth rates declined as well as pigments (Kräbs & Büchel, 2011). As a marine diatom, 25 ppt-35 ppt provide the best growth conditions, while 20 ppt resulted in 5% growth inhibition, 15 ppt showed 10% growth inhibition, and 10 ppt led to 40% growth inhibition (Osborn & Hook, 2013). This might be explained by the decrease of photosynthetic activity under extremely high or low salinities (Liang et al., 2014). In the present study, different concentrations of sea salt (0 ppt, 10 ppt, 20 ppt, 30 ppt, 35 ppt, 40 ppt, and 45 ppt) were tested in New BBM medium as well as different concentrations of NaCl (0 ppt, 10 ppt, 20 ppt, and 35 ppt). 
Figures 5A and 5B show the cell number of cultures grown under different sea salt salinities; 35 ppt salinity provided the best growth on day 6 with biomass about 26% higher (P<0.05) than that grown in 20 ppt. The growth increase was higher than in a previous report where a 5% growth increase was found for P. tricornutum grown with 35 ppt rather than 20 ppt (Osborn & Hook, 2013). However, no significant differences were observed between 30 ppt to 45 ppt. As sea salt is typically more expensive than NaCl, we also compared the growth conditions between sea salt and pure sodium chloride conditions (Figure 5C). However, it was clear that P. tricornutum grew better in the sea salt environment (about 20% higher (P<0.05) than under NaCl conditions at 35 ppt). Sea salt contains several mineral elements that could be required in larger amounts for the growth of this species, such as magnesium. New BBM only contains 91.2 µM Mg and we noticed that a high concentration of 57.8 mM Mg was required for growth if NaCl, rather than sea salts, is used for cultivation (data not shown). Measurable nitrate was depleted on day 4 in 35 ppt sea salt-supplemented BBM, while it took 5 days under 20 ppt sea salt conditions (Figure 5D). As for the phosphate content, because New BBM medium was used in this experiment, it took 3 days to completely consume the phosphate in the medium under 35 ppt and 20 ppt conditions (Figure 5E). The influence of salinity on the fatty acids profile of this species was tested (Figure 6A). Samples were collected on day 4 and day 6 after inoculation; day 4 was the first day of nitrogen starvation and day 6 was in the early stationary growth phase. Previous studies found that the proportion of EPA content of the total fatty acids remained the same (approximately 32%) in salinities ranging from 35 ppt condition to 15 ppt conditions on day 7, however, their total fatty acids content decreased to 22% dry biomass (Qiao et al., 2016). In the present study, there was a slight trend (P>0.05) for decreased EPA content per dry biomass from 35 ppt to 20 ppt (Figure 6A), which is consistent with data from Qiao et al. (2016) who also found a decrease in EPA contents for cultures in 20 ppt compared to 35 ppt. The percentage of EPA of total fatty acids significantly (P<0.05) decreased from day 4 to day 6 which can mostly be attributed to the increase of saturated and monounsaturated fatty acids, most likely in the form of TAGs for storage rather than polar lipids that are required for membrane during rapid cell divisions. The accumulation of other fatty acids after nitrogen starvation of P. tricornutum has been observed previously (Yang et al., 2014; Yang et al., 2013). Figure 6B compares the composition of total fatty acids of P. tricornutum grown at different salinities on day 4 and day 6, which confirmed that the proportion of saturated fatty acids and monounsaturated fatty acids (C16:0 and C16:1) increased, but the proportion of EPA (C20:5) decreased. The influence of salinity on fatty acid composition seems very little; however, the EPA composition of P. tricornutum grown under sea salt conditions was significantly (P<0.05) higher than that of cells grown under sodium chloride conditions, 46% higher on day 4 and 52% higher on day 6.
[bookmark: _Toc7775408]Day 4 was the first day of nutrient starvation, and if the goal is to continue growing this species, nutrients should be added every 4 days. After nutrient starvation, lipids accumulated as measured by total fatty acid analyses. As nutrient starvation did not majorly influence the EPA content per dry biomass, it would be advisable to maintain P. tricornutum in active growth phase with regular nutrient repletion. EPA levels in P. tricornutum had previously been reported to reach 39% of total fatty acids (Fajardo et al., 2007). High average EPA levels of 51.8% and 48.7% of total fatty acids were achieved in New BBM with sea salt at 20 ppt and 35 ppt, respectively (Figure 6B), but 35 ppt is preferable as it led to the best biomass yields (Figure 5A). Following this study, future work may focus on testing these media formulations at farm-scale cultivation of P. tricornutum where further adjustments may be required.

4. Conclusions
This study used New BBM medium that can be composed of agricultural fertilizers to cultivate P. tricornutum in an effort to replace the traditional, more expensive F/2 medium. Using urea as the sole nitrogen source showed a trend to increased EPA levels by 24.7% without affecting the growth conditions; however, lower phosphate levels and additional silica could not induce EPA and did not affect growth conditions. It is recommended to use New BBM supplemented with urea for farm-scale cultivation of P. tricornutum for high-level EPA production. 35 ppt is the recommended salinity concentration for the growth of this microalga, and the use of sea salt is recommended where average EPA contents up to 51.8% of total fatty acids were achieved.
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[bookmark: _GoBack]Figure captions
Fig. 1. Growth comparison of P. tricornutum between F/2 medium and 0.3 x strength BBM medium. A, cell count of P. tricornutum in F/2 medium and 0.3 x BBM medium (30% BBM); B, residual phosphate in both media; C, pH values in both media. Shown are mean values ± SD of three separately grown cultures.
Fig. 2. The impact of low phosphate level on total fatty acids of P. tricornutum. Graphs show (A) cell count, (B) total fatty acids content, (C) fatty acid profile, and (D) total fatty acid composition of P. tricornutum grown in New BBM medium at normal of (5%) reduced phosphate levels on day 4 and day 6. Shown are mean values ± SD of three separately grown cultures.
Fig. 3. The impact of additional silicate on total fatty acids of P. tricornutum. Graphs show (A) cell count, (B) total fatty acids content, (C) fatty acid profile, and (D) total fatty acid composition of P. tricornutum grown in New BBM medium with and without silica supplementation on day 4 and day 6. Shown are mean values ± SD of three separately grown cultures.
Fig. 4. The impact of urea on total fatty acid biosynthesis in P. tricornutum. Graphs show (A) cell count, (B) total fatty acids content, (C) fatty acid profile, and (D) total fatty acid composition of P. tricornutum grown in New BBM medium with and without urea supplementation on day 4 and day 6. Shown are mean values ± SD of three separately grown cultures.
Fig. 5. Growth conditions and EPA content of P. tricornutum at different salinity levels. A-C, cell count of P. tricornutum at different salinity levels; D, residual nitrate after growth in media with different sea salt salinity levels; E, residual phosphate after growth at different sea salt salinity levels. Shown are mean values ± SD of three separately grown cultures.
Fig. 6. Fatty acid profiles of P. tricornutum in different salinity levels on day 4 and day 6. A, fatty acids content per biomass of P. tricornutum in different salinity levels on day 4 and day 6; B, total fatty acids composition of P. tricornutum on day 4 and day 6. Shown are mean values ± SD of three separately grown cultures.

