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Increased production of eicosapentaenoic acid by Skeletonema costatum cells after decantation at low temperature
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Coagulation of Skeletonema costatum biomass was induced at alkaline pH in enriched sea-water to concentrate the microalgal suspensions by decantation. Incubation of the concentrated cultures at 15 • C after return at pH 7.5 preserved cell viability and increased the yield of lipid extraction and the 20:5(n-3) fatty acid content of the diatom biomass.

Introduction

Some species of microalgae contain relatively high amounts of polyunsaturated fatty acids (PUFA), especially 20:5(n-3) and 22:6(n-3), having benefit for aquaculture applications [START_REF] Volkman | Fatty acid and lipid composition of 10 species of microalgae used in mariculture[END_REF]. Eicosapentaenoic acid (20:5,n-3) can constitute 20-45% of some microalgal fatty acids [START_REF] Seto | Culture conditions affect eicosapentaenoic acid content of Chlorella minutissima[END_REF][START_REF] Volkman | Fatty acid and lipid composition of 10 species of microalgae used in mariculture[END_REF][START_REF] Thompson | Effects of variation in temperature (II) on the fatty acid composition of eight species of marine phytoplanckton[END_REF]. As the proportion of the unsaturated fatty acids in Chaetoceros gracilis, Chlorella minutissima, Pavlova salina or Nitzschia paleacea increased significantly as the growth temperature decreased [START_REF] Seto | Culture conditions affect eicosapentaenoic acid content of Chlorella minutissima[END_REF][START_REF] Mortensen | Fatty acid and elemental composition of the diatom Chaetoceros gracilis Schutt. Effects of silicate deprivation, temperature and light intensity[END_REF][START_REF] Volkman | Fatty acids from microalgae of the genus Pavlova[END_REF][START_REF] Renaud | Effect of temperature on the growth, total lipid content and fatty acid composition of recently isolated tropical microalgae Isochrysis sp., Nitzschia closterium, Nitzschia paleacea and the commercial species Isochrysis sp. (cloneISO)[END_REF], microalgae were cultivated at low temperatures to induce overproduction of PUFA, to the detriment of biomass productivity [START_REF] Volkman | Fatty acid and lipid composition of 10 species of microalgae used in mariculture[END_REF]. The fatty acids profile of the marine diatom Skeletonema costatum exhibits 20 to 59% of 20:5(n-3) [START_REF] Ackman | Origin of marine fatty acids. I. Analysis of the fatty acids produced by the marine diatom Skeletonema costatum[END_REF][START_REF] Volkman | Fatty acid and lipid composition of 10 species of microalgae used in mariculture[END_REF][START_REF] Blanchemain | Eicosapentaenoic acid content of Skeletonema costatum as a function of growth and irradiance; relation with chlorophyll a content and photosynthetic capacity[END_REF]. However, the influence of low temperature on the fatty acids of this microalga has not been investigated. Moreover, S. costatum biomass production is limited by auto-inhibition [START_REF] Blanchemain | Effect of different organic buffers on the growth of Skeletonema costatum cultures; further evidence for an autoinhibitory effect[END_REF]. Thus, a two-stage process could be applied to produce PUFA in such a microalga: biomass could be first produced at optimal conditions, then PUFA would be accumulated at lower temperatures. Consequently, low temperature treatments appeared unsuitable unless the culture volume could be decreased and the biomass increased. The aim of the present work was to look for process to concentrate S. costatum biomass prior to a temperature treatment.

Materials and methods

Algal cultures conditions

Skeletonema costatum was grown in enriched seawater, at 20 • C and under a continuous irradiance of 150 µmol quanta m -2 s -1 as described in [START_REF] Blanchemain | Eicosapentaenoic acid content of Skeletonema costatum as a function of growth and irradiance; relation with chlorophyll a content and photosynthetic capacity[END_REF]. Cultures in cylindroconical system (v = 0.3 m 3 ) were constantly sparged by sterile air at a flow rate of about 25 l min -1 for agitating and supplying a carbon source.

Incubation and harvesting of preconcentrated cultures

After pH adjustement to 7.5, coagulated cultures were incubated during 4 h at different temperatures in a LSB-Biolafitte 2 l photoreactor, stirred at 200 rpm and aerated at 0.03 l l -1 min -1 . CO 2 supply was coupled to pH regulation with a pH-stat (Level 2, Inceltech).

These preconcentrated cultures were maintained under a continuous irradiance of 100 µmol quanta m -2 s -1 , provided by cool-white fluorescent lamps (Mazdafluor blanc-industrie TF, 30 W). Free-cell suspensions and preconcentrated biomass were finally harvested by centrifugation at 2300 g for 30 min.

Determination of coagulation efficiency

The coagulation efficiency was studied in graduated cylinders on samples of free cells suspensions from cultures at the end of logarithmic growth phase. The pH was adjusted by HCl or NaOH (0.5 M) addition. After a 30 min settling, absorbance (A f ) at 750 nm was compared with that of the initial culture (A 0 ). The coagulation efficiency was defined as the ratio: % sedimentation = (A 0 -A f ) × 100/A 0 .

Lipid analysis

Cells were extracted immediately with isopropanol, then up to depletion, according to the [START_REF] Bligh | A rapid method of lipid extraction and purification[END_REF] procedure. The total fatty acids were esterified according to [START_REF] Volkman | Fatty acids from microalgae of the genus Pavlova[END_REF], after saponification with 1 M KOH/ethanol according to [START_REF] Christie | Gas Chromatography and Lipids: A Practical Guide[END_REF]. Aliquots of algal paste were used to determine the biomass dry weight, after washing with ammonium formate (1 M) and drying at 105 • C for 12 h.

Results

Effect of pH on growth parameters of Skeletonema costatum cultures

Without CO 2 supply, S. costatum culture grows exponentially with a maximum specific growth rate of 0.04 (±0.01) h -1 . At the end of the logarithmic growth phase, the cellular population of S. costatum is 1.8 (±0.3) 10 6 cell ml -1 for a pH of 9.6 (±0.2). Regulation of the culture medium pH to 8.0 by CO 2 supply improves the maximum specific growth rate at 0.11 (±0.01) h -1 . This pH regulation has no significant effect on the maximum cellular population. In the late stationnary growth phase, at pH 10.0, partial sedimentation of cellular population is usually observed.

Coagulation process

The sedimentation rate of cells from cultures at the end of the logarithmic growth phase was investigated as a function of pH variations, induced by HCl or NaOH addition. When the pH is reduced to 8.0, cells remain in suspension. By contrast, when it increases up to 10.2, the culture supernatant is gradually cleared, while the cells are harvested by sedimentation (Figure 1).

Without algal cells, an increase in pH from 9.6 up to 10.2 induces a culture medium salts precipitation. Microscopic observations reveal that algae are trapped within the salts precipitate. Indeed, salts content increases of 43 (± 3) in centrifuged biomass to 72 (± 3) in biomass harvested after the pH dependantcoagulation. One of the disadvantage of an incubation at pH 10.2 during 1 h is the biomass color change from brown to green. We have shown that, to preserve the viability of decanted cells, pH has to be adjusted to 7.5. Indeed, cultures of control cells and cultures of cells, that have been treated by coagulationdecantation, have similar growth parameters. Moreover, the salts precipitates of the culture medium are solubilized after pH neutralization: biomass harvested either by this process or only by centrifugation exhibits a similar salts content.

Coagulation and fatty acid composition

The fatty acid composition and the 20:5(n-3) content of S. costatum harvested either by centrifugation or by coagulation-centrifugation are compared (Table 1). The more abundant fatty acids of centrifuged biomass are 14:0, 16:1(n-7), 18:1(n-9) and 20:5(n-3) (Figure 2). No significant difference is observed either in fatty acid composition or in the 20:5(n-3) content of centrifuged or coagulated biomass (Table 1, Figure 2).

Table 2 shows the progress of 20:5(n-3) extraction as a function of algal paste pH. The yield of 20:5(n-3) extraction (as a percent of dry weight) shows a sharp decrease as pH increases. Thus, a return to pH 7.5 is necessary to optimize the 20:5(n-3) extraction from algal biomass harvested by coagulation-decantation.

Temperature-dependent production of eicosapentaenoic acid

The eicosapentaenoic acid production is studied according to a two-stage process. Cultures of S. costatum are previously pre-concentrated by coagulation and Table 1. Effect of harvesting methods and low temperature treatments on the 20:5(n-3) content of S. costatum biomass before and after incubation at 15 • C; means ± SD (n = 4). Table 2. Effect of the pH of S. costatum biomass on the extraction of 20:5(n-3), expressed as mg g -1 of dry weight or percent of total fatty acids; means ± SD (n = 4). pH 20:5(n-3) 20:5(n-3) (mg g -1 of dry weight) (% of total fatty acids) 6 7 . 8± 2.1 20.5 ± 2.5 7 12.5 ± 2.2 23.0 ± 3.0 8 10.9 ± 1.1 25.5 ± 2.4 9 4 . 6± 0.5 22.0 ± 2.1 10.2 2.8 ± 0.5 14.7 ± 1.5 acidified at pH 7.5. These cells suspensions are incubated at 15, 22 or 28 • C during 4 h. Only the incubation at 15 • C induces a significant increase in the 20:5(n-3) content related to the dry weight. The 20:5(n-3) proportion, related to the total fatty acids, presents no significant difference in cells incubated at 15 • C during either 4 or 15 h (Table 1). By contrast, when 20:5(n-3) content is related to dry weight, we clearly observe a sharp increase with the incubation duration (Table 1). Indeed, after a 15 h incubation at low temperature, the 20:5(n-3) content of coagulated biomass increases up to 19 mg g -1 of dry weight. This value represents about 1.8 times that of freshly harvested biomass.

Discussion

Diatom cells such as S. costatum can be trapped by salts precipitates, which are induced by increasing the pH of the culture medium up to 10.2. This property has been applied to a coagulation-decantation process of S. costatum cultures. To prevent biomass greening and viability loss, the supernatant has to be discarded and the algal paste pH adjusted to 7.5 within 1 h after the induction of decantation. The return to neutral pH results in an efficient lipid recovery. The same finding, about effect of the pH on lipid extraction from algal biomass was already described by [START_REF] Dubinsky | Increase of lipid yields from some algae by acid extraction[END_REF]. Moreover, our results show that the coagulation-decantation process has no significant effect on the biomass fatty acid composition. The present data agree with previous fatty acid profiles of S. costatum [START_REF] Ackman | Origin of marine fatty acids. I. Analysis of the fatty acids produced by the marine diatom Skeletonema costatum[END_REF][START_REF] Volkman | Fatty acid and lipid composition of 10 species of microalgae used in mariculture[END_REF].

According to different studies, temperature seems to be a determining environmental factor for the control of the microalgae PUFA content. Contradictory data are available on the effect of temperature on fatty acid composition. [START_REF] Yongmanitchai | Growth and omega-3 fatty acid production by Phaeodactylum tricornutum under different culture conditions[END_REF] found a negative effect of low temperatures on the culture growth and 20:5(n-3) content of an another diatom, Phaeodactylum tricornutum. By contrast, [START_REF] Seto | Culture conditions affect eicosapentaenoic acid content of Chlorella minutissima[END_REF] and [START_REF] Thompson | Effects of variation in temperature (II) on the fatty acid composition of eight species of marine phytoplanckton[END_REF] concluded to an inverse relationship between temperature and the PUFA proportions of different microalgae. These last authors suggested that, for some microalgae, the increase in the unsaturation degree could be a response rather to a low specific growth rate induced by low temperature, than to the low temperature per se. In the present study, the growth inhibition seems to be explained by the increase of shelf-shading due to the concentration of microalgal suspensions. Indeed, there is no significant growth of the biomass during 15 h incubations neither at 15 or 22 • C. The increase in 20:5(n-3) content of S. costatum at 15 • C seems to be related to the decrease of either temperature or photon flux density. The ability of S. costatum to produce EPA only at low temperatures, when growth rates are low, is a disadvantage from a classical process point a view.

The major conclusion of this study is that a process, consisting in microalgae concentration by coagulation-decantation followed by incubation at low temperatures, appears to be efficient to produce 20:5(n-3). Scale-up is under investigation in order to turn this process to an economically attractive project.
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 1 Fig. 1. Percent of biomass sedimentation as a function of the pH of S. costatum suspensions measured after 30 min of decantation, means ± SD (n = 5) (100% corresponds to culture medium without cells).
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 2 Fig. 2. Fatty acid composition of S. costatum biomass as a function of harvesting methods, means ± SD (n = 4). , centrifugation; , coagulation sedimentation centrifugation.

  process + incubation (15 h at 15 • C) 19 ± 2 29.2 ± 3.1
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