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Abstract
The microalga Rhodomonas salina is widely used in aquaculture. There is a need for optimization of the growth of the microalgae and its content of essential fatty acids. Here, the fatty acid profile of Rhodomonas in relation to cell density during cultivation in a tubular PBR is investigated. It is expected that cell density is an important factor in controlling productivity and fatty acid content of the microalgae because cell density is important in determining light availability due to the self-shading of the algae. The carbon productivity as a function of cell density is described by a saturation curve. The carbon productivity and the productivity of total fatty acids is lowest at the lowest cell density, and independent of cell density at higher cell densities. The relative contribution of the two poly-unsaturated fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) increases with increasing cell density and saturates at 1 x 106 cells ml-1. We conclude that large-scale production of Rhodomonas in this tubular PBR should take place at cell densities of 1 x 106 cells ml-1, while there are indications for increasing difficulties in maintaining steady state production in this PBR at higher cell densities.
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Introduction 
The marine cryptophyte Rhodomonas salina (Wislouch) D.R.A.Hill & R.Wetherbee is an important feed microalga in aquaculture. This applies to the production of shellfish (Brown et al., 1998; Gagne et al., 2010; Fernandez-Reiriz et al., 2015), other types of invertebrates, such as sea urchins and sea cucumbers (Wolcott & Messing, 2005; Yamamoto et al., 2015; Castilla-Gavilan et al., 2018; Sonnenholzner-Varas et al., 2018), as well as to the production of live feed such as Artemia, rotifers and copepods for the use in marine fish larviculture (Seixas et al., 2009; Guevara et al., 2011; Jepsen et al., 2017). Rhodomonas is well suited for these purposes due to its high content of essential fatty acids and amino acids (Huerlimann et al., 2010; Guevara et al., 2016; Vu et al., 2016), especially its content of the essential polyunsaturated fatty acids docosahexaenoic acid (DHA; C22:6 n-3), eicosapentaenoic acid (EPA; C20:5 n-3) and arachidonic acid (ARA; C20:4 n-6). The content of these fatty acids relative to each other in this microalgae is close to optimal for use in aquaculture (Dalsgaard et al., 2003; Lund et al., 2008; Arndt & Sommer, 2014).
Rhodomonas is, however, considered relatively difficult to cultivate, especially in large-scale facilities (Arndt & Sommer, 2014; Thoisen et al., 2018; Vu et al., 2019). In aquaculture, it is usually cultivated in batch culture in large plastic bags. There are very few examples in the literature of cultivation of Rhodomonas in large photobioreactors (Vu et al., 2019), despite the advantages this form of cultivation would give in term of continuous cultivation, potentials for automation, high production rates and protection against contamination (Eriksen et al., 1998; Mirón et al., 1999; Wang et al., 2012).
Because of this, there is a need for the development of production procedures for Rhodomonas in photobioreactors, including the need for establishment of cultivation conditions, optimizing not only growth of the microalgae, but also their content of essential fatty acids and amino acids. It is known from previous studies that the biochemical profile of Rhodomonas depends on its growth conditions. Nitrogen stress not only lowers the biomass productivity, but also yields a high lipid content, while decreasing the fraction of poly-unsaturated fatty acids, PUFAs (Vu et al., 2016). High irradiances, on the other hand, increase both the biomass productivity and the content of PUFAs, but decrease the content of free amino acids (Vu et al., 2016). Effects of cell density and dilution rate are much less well studied, not least because studies of the production of Rhodomonas in large-scale facilities are scarce. It can, however, be expected that cell density and dilution rate also will affect the biochemical profile of Rhodomonas, albeit in an indirect way through the effect of dilution rate on cell density and of cell density on light availability in the PBR. Available light during cultivation depends not only on external irradiance, but also on internal self-shading among the microalgal cells, which in turn depends on cell density in the photobioreactor. Previous work indicate that self-shading is more important in controlling light availability in a PBR than the external irradiance (Jung et al., 2014; Vu et al., 2019). During steady-state growth, the dilution rate balances specific growth rate, which is an integrated expression of the growth conditions experienced by the microalgae. Generally, specific growth rates are higher at lower densities due to lower self-shading (Chrismadha & Borowitzka, 1994; de Vicose et al., 2012), which could lead to a higher biomass productivity at low densities. However, given the low density of the culture, a number of trade-offs must be considered. One is that the productivity is the product of cell density and specific growth rate (dilution rate), another is that the harvested volume will contain a lower biomass in a larger volume of water, incurring higher costs in terms of wasted inorganic nutrients and higher harvesting costs (Abdelaziz et al., 2013; Ahmad et al., 2014; Abdo et al., 2016; Abo et al., 2019). 
Here, it is hypothesized that the biochemical profile of Rhodomonas during large-scale cultivation depends not only on nutrient availability, light and temperature, as previously described (Huerlimann et al., 2010; Guevara et al., 2016; Vu et al., 2016), but also indirectly on cell density and hence on dilution rate during cultivation. Dilution rate and available light together control cell density, which in turn control light availability through microalgal self-shading. The purpose of this study is to establish relationships between cell density during production in a tubular photobioreactor and the productivity of Rhodomonas, aiming at identifying the optimal cultivation density both in relation to biomass production as well as to the productivity of the essential PUFAs, DHA, EPA and ARA.

Materials and methods
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Photobioreactor. 
The cultivation system consisted of a horizontal tubular PBR (forming a closed system) with a total volume of 250 L, constructed from 2x12 transparent tubes (ø: 60 mm inner/64 mm outer, length 2000 mm) that were placed at a horizontal angle of 2,08 degrees (Fig. 1). The tubes were acrylic glass (polymethyl methacrylate, PMMA), connected by opaque bends of polyvinyl chloride (PVC-U). Filtered air (0.3 µm polypropylene DOE filter; van Borselen B.V.) with CO2 addition was supplied into the lowermost tube by an air pump (ALITA, model AL-60SB). This provided an upwards flow of water through the connected tubes into a 77 L dark collection tank (included in the total volume of 250 L), from where the culture entered the lowermost tube again. The airflow was set at 60 L min-1, controlled by the pump, provide at a pressure of 15 kPa. This airflow generated a flow rate of approximately 10 L min-1 of liquid culture, but it must be emphasized that this flow rate is far from constant in a PBR operating with a gas-filled headspace, where the flow is inherently turbulent. The CO2 concentration in the air was continuously adjusted to maintain a constant pH in the growth medium of 8.2 ± 0.3 (see below). The CO2 addition to the air was controlled by feedback from the inserted pH-electrode to maintain this pH. The PBR was operated with a gas-filled headspace in the tubes, taking up approximately 80 – 100 L of the total volume of 250 L. The duration for obtaining a homogenous culture in the PBR after addition of a culture was 2 h and 13 min.  The PBR was located in a controlled climate room at 19 °C and sensors were inserted directly into the PBR in the lowermost tube for measurements of pH, temperature and O2 saturation. The pH and O2 sensors (Mettler Toledo; Easy Sense pH 32 sensor and Easy Sense O2 21 sensor) were connected to a transmitter (Mettler Toledo M 200Easy), connected to a data logger (CR1000, Campbell Scientific). The data logger stored one measurement per minute, which was used to calculate the average pH, temperature, dilution rate and light intensity. The light sources (6x SENMATIC, FL300 grow white LED Fixture, SENMATIC, Søndersø, Denmark) were placed 1 meter in front of the PBR and the intensity was adjusted via the Fionia Lighting Interface Software (SENMATIC, Søndersø, Denmark). A light measuring device (Li-Cor LI-193 Spherical Quantum Sensor), measuring the photosynthetic photon flux fluence rate, was positioned centrally on the sixth lowest tube. Nutrients (f/2 growth medium) and harvested culture were kept in two separate 250 L tanks. Two separate dosing pumps (Grundfos ALLDOS, DDC) controlled inflow of nutrients to the PBR and outflow of culture from the PBR. Nutrients and artificial seawater (ASW) were filtered (1 µm followed by 0.3 µm, Borospun filters) prior to entering the PBR tank. 
Artificial seawater. 
The commercial salt Red Sea Salt (Red Sea Ltd, Houston, USA) was mixed with ion-exchanged water in a 600 L tank to a salinity of approximately 30 and pumped through the filters of the PBR with a water pump (Gardena). When filling the PBR with ASW, a flow meter (Gardena) was connected to the inlet to the filters to measure the total volume of ASW entering the PBR (150 to 170 L). 
Microalga and inoculation of the PBR. 
The cryptophyte Rhodomonas salina (strain K-1487, originally obtained from SCCAP; Scandinavian Culture Collection of Algae & Protozoa) was cultivated in f/2 growth medium (Guillard & Ryther, 1962) without cobalt as described in Thoisen et al. (2018). Cultivation was carried out with addition of growth medium in triple concentration to avoid nutrient limitation. Inoculum cultures for the PBR were cultivated in 5 L glass flasks with aeration (0.2 µm filtered) at a light intensity of 100 µmol m-2 s-1 and a temperature of 19 ˚C in the same climate room as the PBR. 
 Equipment and artificial seawater (ASW) for the inoculum cultures were autoclaved prior to use. Likewise, stock solutions and vitamins for the f/2 growth medium for the inoculum cultures and PBR culture were autoclaved prior to use.
To start production, the PBR was filled with filtered ASW and amounts of nutrients corresponding to the total volume of ASW were added directly into the PBR tank. Following this, 25 to 35 L of dense inoculum culture was poured into the PBR tank. Immediately after inoculation, the irradiance was set to 100 µmol m-2 s-1 to avoid light inhibition of the microalgal cells. After 2 - 3 days, varying between runs, the irradiance was set to the desired value when the culture in the PBR reached a density of approximately 5 x 105 cells ml-1.  Dilution of the PBR (growth medium input and harvest output) was activated 2 - 3 days after inoculation to avoid nutrient limitation and was regulated as needed to maintain the culture at a steady density. 
Experimental conditions and sampling. 
Nominal cell densities, the target cell densities we attempted to achieve during the PBR runs, of  0.5 x 106, 1 x 106 , 1.5 x 106 and 2 x 106 cells ml-1 were cultivated in the PBR at a temperature of 19.0 ± 0.1 ˚C, and pH 8.2 ± 0.3. Two experimental runs were performed at each nominal cell density. Actually achieved average cell densities during the cultivation runs are shown in Table 1. These were measured as described below. Irradiance was set to 100, 200 and 175 µmol m-2 s-1 for nominal cell densities of 0.5 x 106, 1 x 106 and 1.5 x 106 cells ml-1, respectively. For a nominal cell density of 2 x 106 cells ml-1, the irradiance for the first and second run was 200 and 250 µmol m-2 s-1, respectively. The average irradiance inside the PBR was calculated according to 


where Iavg is the average irradiance in the PBR, I0 is the incident irradiance at the PBR surface, α is an empirically determined proportionality coefficient (found here to be 3.62 x 10-7 ml cell-1 cm-1), ρ is the culture density (cells ml-1) and L is the length of the optical path (6 cm) (Grima et al., 1996; Molina Grima et al., 1996; Acién Fernández et al., 1997).
The two PBR runs with nominal cell densities of 1.5 x 106 cells ml-1 were used as a basis for the remaining experiments. During these runs, the cell density was kept constant for 8 – 11 days to ensure the stable operation of the PBR. After the conclusion of these runs, the cell density in the PBR was either up- or down-regulated to the desired density, nominally 0.5, 1 or 2 x 106 cells ml-1. The PBR was run for 3 – 5 days during these experiments.
The cell density was determined from replicate samples (n = 3) taken from the PBR tank. Prior to sampling, approximately 500 ml of the PBR culture was allowed to pass through the tap at the bottom of the PBR tank to remove sedimented cells. The optical density (OD) was measured and the density calculated using a constant obtained from a linear regression between OD750 nm (Eppendorf BioSpectrometer) and cell enumeration on a Coulter Counter model 4E (Beckman) using the same methodology as described in Nielsen and Hansen (2019), from where the proportionality factor is also derived:


Carbon content of the cells and carbon productivity is 47.4 pg cell-1, based on data in Berggreen et al. (1988).
Fatty acid analyses were performed on the same samples. The volume removed each day was noted in order to calculate the remaining total volume in the PBR throughout the experimental run. 
The average dilution rate (d-1) for an experimental run was calculated from the total water volume of the PBR and the exchange rate (nutrient input / harvest output, L d-1):


Fatty acids.
Samples for comparing fatty acid composition between experimental conditions were filtered through 0.2 µm filters (WhatmanTM GF/C), which were placed in pre-combusted Pyrex glass vials and stored at -80 ˚C until further analysis. Extraction was done by a chloroform : methanol mixture followed by a trans esterification of the lipids by acetyl chloride in methanol, and the fatty acid methyl esters were analyzed by gas chromatography mass spectrometry (GCMS) as described in Drillet et al. (2006) but with minor adjustments. Each sample was added 2 ml chloroform, 1 ml methanol and 20 µL of the internal standard C23-methylester at a concentration of 1000 µg ml-1, and extracted at -20 ˚C for 24 h. The liquid from each sample was then transferred to a clean GC vial and the chloroform: methanol solvent was evaporated by placing the GC vials in an aluminum block at 60°C and applying a flow of nitrogen into the opening of the GC vials. Then, 1 ml of a reagent solution composed of toluene, methanol and acetyl chloride (66 ml : 85 ml : 15 ml) was added to each GC vial. The vials were capped and heated for 2 h at 95°C in an aluminum block. Hereafter, the GC vials were uncapped and added 500 µL of 5% (w) NaHCO3 that had been deoxygenated by bubbling with nitrogen for 2 h. The two phases present in the GC vial were mixed and separated using a glass Pasteur pipette (250 mm). The upper phase was transferred to a new GC vial. The original GC vial was added 500 µL heptane, the two phases were mixed and separated, and the upper phase was transferred to the new GC vial containing the previous upper phase. The step with heptane was then repeated. The content in the new GC vials was evaporated by placing the GC vials in an aluminum block at 60°C and applying a flow of nitrogen into the opening of the GC vials. The GC vials were removed from the aluminum block and added 0.5 ml chloroform. The GC vials were capped and stored at -80°C until analysis on GCMS. The content of fatty acids was integrated and calculated in the program MSD ChemStation (E.02.02.1431, Agilent Technologies, Inc.).
Statistical methods.
	Changes in cell density over time during steady state growth and the relationship between irradiance and carbon productivity were analyzed using least squares regression analysis (Sokal & Rohlf, 1995), including evaluation of whether the slope of the resulting line was significantly different from zero (Sokal & Rohlf, 1995).
	The relationships between cell density (x) and the productivity of carbon and fatty acids (y) were analyzed by fitting a hyperbolic function and evaluating the resulting coefficients of determination (R2 – values). The modified hyperbola III from the software package SIGMAPLOT 14.0 was used, where a = ymax; b = ymax – ymin, ymax and ymin being the maximum and minimum values of the dependent variable, y, whether carbon productivity, productivity of total fatty acids or productivity of individual fatty acids, respectively. The two parameters c and d are dimensionless parameters determining the shape of the saturation curve:

 
	Fatty acid contents were subjected to one-way ANOVA with cell density as the fixed factor. Tukey tests were subsequently used to compare individual means across significantly different levels of cell density where relevant. Data were tested for homogeneity of variance (Cochran’s test) and normal distribution (Kolmogorov-Smirnoff goodness-of-fit test) before being analyzed by ANOVA (Sokal & Rohlf, 1995). All tests were carried out using the software package SYSTAT v. 13 with α = 0.05.

Results
	The nominal cell densities we attempted to achieve during the total of eight runs of the PBR in this study were 0.5 x 106, 1.0 x 106 1.5 x 106 and 2.0 x 106 cells ml-1 respectively, but obviously obtaining exactly these numbers of cells were not possible. The actual average cell densities achieved during steady-state growth were 467,000 – 500,000 cells ml-1, 990,000 – 1,044,000 cells ml-1, 1,044,000 – 1,455,000 cells ml-1 and 1,840,000 – 2,385,000 cells ml-1, respectively (Table 1). Possible trends in changes in cell densities over time were analyzed using least squares linear regression (Fig. 2). None of these showed any significant changes in cell densities over time during steady state (slopes of lines not statistically different from zero, p > 0.05, Fig. 1). During the runs, it was attempted to maintain similar average irradiances within the PBR by varying the incident irradiance from 100 – 250 µmol m-2 s-1 (Table 1). This resulted in average irradiances within the PBR of 48 – 82 µmol m-2 s-1 (Table 1). Despite this variation in average irradiances within the PBR, no effects on productivity, measured as carbon productivity, as a consequence of available light within the range in irradiances, used here, could be seen (Fig. 3). This was analyzed using least squares linear regression. The slope of the resulting regression line was not statistically different from zero (p > 0.05, Fig. 3).
	The dilution rates achieved in this study varied from 0.17 – 0.52 d-1. Carbon productivities varied from 0.950 – 5.200 g C d-1 (Table 1), with the lowest values achieved at the two lowest cell densities (Fig. 3), while carbon productivities saturated at approximately 1.0 x 106 cells ml-1 and showed no further increase at higher cell densities (Fig. 4).
	The content of total fatty acids (TFA) varied from 10.7 pg cell-1 at the highest cell density to 13.1 pg cell-1 at the lowest cell density (Table 2). ANOVA followed by a Tukey test showed that the cell TFA content was significantly higher at the lowest cell density than at the two higher cell densities (ANOVA, p < 0.0001, Table 3) where the TFA contents did not differ significantly from each other (ANOVA, p > 0.05). The TFA productivity showed a clear saturating pattern (Fig. 5, R2 = 0.802) with the lowest productivities at the lowest cell densities and productivities saturating at approximately 1 x 106 cells ml-1 (Fig. 5). 
	The cell content of EPA varied from 9.9 % of TFA at the lowest cell density to 12.9 % of TFA at the highest (Table 2). The ANOVA and Tukey tests showed a statistically significant increase in the proportion of EPA in TFA with cell density (ANOVA, p < 0.0001, Table 3) across the three density levels. As for TFA, EPA content showed a statistically significant saturation relationship to cell density (Fig. 5, R2 = 0.778) with the lowest productivities at the lowest cell density and saturating at approximately 1.0 x 106 cells ml-1 (Fig. 5).
	The cell content of DHA varied from 8.1 % of TFA at the lowest cell density to 9.1 % of TFA at the highest (Table 2). ANOVA followed by a Tukey test showed that the proportion of DHA in TFA was significantly lower at the lowest cell density than at the two higher cell densities (ANOVA, p = 0.001, Table 3) where the proportions of DHA in TFA did not differ significantly from each other (ANOVA, p > 0.05). As for TFA, DHA productivities showed a statistically significant saturation relationship to cell density (Fig. 5, R2 = 0.788) with the lowest productivities at the lowest cell density and saturating at approximately 1.0 x 106 cells ml-1 (Fig. 5).
	The cell content of ARA evinced a non-significant variation between 0.61 % of TFA to 0.70 % of TFA (ANOVA p > 0.05, Table 2, Table 3). When considering the productivities of ARA, this still showed a statistically significant saturating pattern (Fig. 5, R2 = 0.736) with the lowest productivities at the lowest cell densities, and saturating at approximately 1.0 x 106 cells ml-1 (Fig. 5).

Discussion
During large-scale production of microalgae in a PBR, the productivities of e.g. PUFAs, is a function of cell density, specific growth rate, which equals dilution rate under steady state conditions, as well as the concentration of PUFAs in the microalgal biomass. The relationship between cell density and specific growth rate or dilution rate is inverse, so that the specific growth rate declines with increasing cell density, especially due to light limitation caused by self-shading in the microalgal culture (Richmond, 2004).
In this study, we operated a tubular PBR at constant cell density and dilution rate for 3 – 11 days at four different cell densities, from 0.5 x 106 to 2.0 x 106 cells ml-1. Under these conditions, it is not possible to maintain the irradiance within the PBR constant. We maintained an irradiance within the PBR at approximately 50 – 80 µmol m-2 s-1 and found that Rhodomonas showed no signs of its carbon productivity being related to irradiance within this range despite that it has previously been found that in small-scale experiments Rhodomonas is light limited at irradiances below some 60 µmol m-2 s-1 (Vu et al., 2016). The apparent discrepancy may be because our calculated estimates of available light in the PBR are minimum estimates as the PBR was operating with a gas-filled headspace and the calculation assumes a completely filled PBR. Calculating the available light in a partially gas-filled PBR is, however, not straightforward as the liquid is moving turbulently. 
The carbon productivity as a function of cell density could in this study be described by a saturation curve. At the highest cell densities, a lower specific growth rate was compensated for by the higher cell densities, thus keeping carbon productivity constant. The concentration of total fatty acids, TFA, in the microalgal biomass declined with increasing cell density in this study. The relative contribution of the two poly-unsaturated fatty acids EPA and DHA increased with increasing cell density, while the relative contribution of the third poly-unsaturated fatty acid, ARA, did not vary as a consequence of increasing cell density. The variation in the biomass content of both TFA and the individual PUFAs is, however, relatively small, so TFA as well as the three individuals PUFAs evince the same type of saturation curve as a function of increasing cell density as seen for the carbon biomass productivity. The productivity of fatty acids is lowest at the lowest cell densities, where the higher specific growth rate does not compensate for the low cell density, and higher, and constant, at the three highest cell densities, where the product of cell density and specific growth rate is more or less constant. In the present study, cultivation was carried out with addition of growth medium in triple dose to avoid nutrient limitation as Vu et al. (2016) demonstrated that Rhodomonas has a more suitable biochemical profile for aquaculture when cultivated in excess of nutrients. The ratio of DHA/EPA in Rhodomonas in the present study of 0.6 to 0.7 is within the range of what has previously been reported for Rhodomonas with ratios from 0.5 to 1.5 (Dunstan et al., 2005; Pleissner et al., 2012; Guevara et al., 2016; Vu et al., 2016). Contrary, the ratio of EPA/ARA is high compared to other studies (4 to 13.2 versus the present values of 14.1 to 21.5) (Dunstan et al., 2005; Guevara et al., 2016). Literature on the effect of density on fatty acids is limited and ambiguous. A study by Lu et al. (2001) reported a density effect on TFA at 88 µmol m-2 s-1 but not at a lower irradiance (44 µmol m-2 s-1) for the eustigmatophyte Monodus subterraneus, while  Chrismadha and Borowitzka (1994) reported small and unclear effects for the diatom Phaeodactylum tricornutum. 
The results of the present study indicate that large-scale production of Rhodomonas in our PBR should take place at cell densities of 1.0 x 106 cells ml-1. At lower cell densities, the biomass productivity as well as the productivity of PUFAs, crucial for the nutritional value of this microalga in aquaculture, will be lower, while there are indications for increasing difficulties in maintaining steady state production in the PBR at the higher cell density of 2 million cells ml-1 (Fig. 2). The results achieved here can be expected to be valid for PBRs of a design similar to ours, e.g. operating with a gas-filled headspace. These PBRs are becoming more and more common, especially due to the advantages of not having to consider de-gassing of the culture (Waycott, 2020). During these production conditions, the biomass productivity of Rhodomonas as well as its contents of essential PUFAs are lower than what has been reported in the literature when Rhodomonas is grown under optimal small-scale conditions in a 1.5 L bubble column PBR and in bottle experiments in the laboratory (Eriksen et al., 1998; Vu et al., 2016). Under these conditions, maximum specific growth rates of about 0.75 d-1 have been found. This is to be expected when scaling up production of microalgae due to the larger volumes and greater significance of limiting factors such as self-shading (Richmond, 2004).
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Table 1
Data from the eight runs of the PBR. Nominal cell density: The cell density we attempted to maintain in the PBR (cells ml-1). Average cell density: Actual average cell density during the run (cells ml-1). Incident irradiance: Irradiance (PAR) measured at the surface of the PBR (µmol m-2 s-1). Average irradiance in PBR: Average irradiance (PAR) in the PBR calculated as described in the Materials and Methods – section (µmol m-2 s-1). It must be noted that these values are minimum estimates of available irradiance as the calculation assumes a full PBR, while it was in effect operated with an air-filled headspace. Dilution rate: Number of times per day the volume of the PBR was replenished with fresh growth medium (d-1). Productivity: Average productivity of carbon ( g C d-1), total fatty acids (mg TFA d-1), arachidonic acid (mg ARA d-1), eicosapentaenoic acid (mg EPA d-1), and docosahexaenoic acid (mg DHA d-1) during the runs.
	Nominal cell density
	Average cell density
	Incident irradiance
	Average irradiance in PBR
	Dilution rate
	Productivity

	
	
	
	
	
	C
	TFA
	ARA
	EPA
	DHA

	500,000
	466,735
	100
	63
	0.30
	0.954
	264.2
	1.85
	26.29
	21.26

	500,000
	499,543
	100
	61
	0.42
	1.511
	418.4
	2.93
	41.63
	33.66

	1,000,000
	990,344
	200
	82
	0.52
	3.897
	935.3
	5.67
	108.93
	80.24

	1,000,000
	1,044,315
	200
	79
	0.52
	4.119
	988.5
	6.00
	115.13
	84.80

	1,500,000
	1,454,980
	175
	53
	0.33
	3.882
	n/a
	n/a
	n/a
	n/a

	1,500,000
	1,527,799
	175
	51
	0.37
	4.546
	n/a
	n/a
	n/a
	n/a

	2,000,000
	2,384,809
	250
	48
	0.17
	2.847
	641.4
	3.96
	83.00
	58.32

	2,000,000
	1,839,823
	200
	49
	0.40
	5.204
	1,172.6
	7.25
	151.73
	106.61






Table 2. The cell content of total fatty acids (TFA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and arachidonic acid (ARA) in Rhodomonas salina as well as the ratio of DHA/EPA and EPA/ARA. Nominal cell density is given as cells ml-1, TFA as pg cell-1. EPA, DHA and ARA are % of TFA. Data are given as mean ± 1 SD.
	Nominal cell density
	TFA
	EPA 
	DHA 
	ARA
	DHA/EPA
	EPA/ARA

	500,000
	13.1 ± 0.9
	9.9 ± 0.2
	8.1 ± 0.3
	0.70 ± 0.07
	0.8
	14.1

	1,000,000
	11.4 ± 0.7
	11.7 ± 0.4
	8.6 ± 0.3
	0.61 ± 0.08
	0.7
	19.2

	2,000,000
	10.7 ± 0.4
	12.9 ± 0.3
	9.1 ± 0.3
	0.61 ± 0.03
	0.7
	21.1





Table 3
Results of one-way ANOVA testing the effect of cell density on total fatty acids (TFA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and arachidonic acid (ARA) in Rhodomonas salina in this study.

	Variable
	Source of variation
	SS
	df
	MS
	F ratio
	p

	TFA
	Cell density
	24.383
	2
	12.192
	21.590
	< 0.0001

	
	Error
	11.294
	20
	0.565
	
	

	EPA
	Cell density
	34.635
	2
	17.317
	58.683
	< 0.0001

	
	Error
	5.902
	20
	0.295
	
	

	DHA
	Cell density
	4.229
	2
	2.115
	9.715
	0.001

	
	Error
	4.354
	20
	0.218
	
	

	ARA
	Cell density
	0.046
	2
	0.023
	3.469
	0.051

	
	Error
	0.132
	20
	0.007
	
	




Figure legends
Figure 1. Schematic overview of the construction of the PBR used in this study. Two different views of the PBR are included: From the side, including a schematic overview of air inlet, growth medium dosing and harvest pump and tank; from the top, including the placement of the LED light panel.
Figure 2. Development in cell density during the eight experiments (runs of the PBR). Circles: nominal cell density 0.5 x 106 cells ml-1, squares: nominal cell density 1.0 x 106 cells ml-1, triangles: nominal cell density 1.5 x 106 cells ml-1, diamonds: nominal cell density 2.0 x 106 cells ml-1. The straight lines are least squares regression lines, added to illustrate the trend in cell density during the PBR run. None of the regression lines has slopes that are statistically significantly different from 0, so no trend in cell density can be detected during any of the PBR runs.
Figure 3. The relationship between carbon productivity of the PBR and calculated average irradiance inside the PBR. The dotted line represent the least squares linear regression of this relationship. The slope of the line is not statistically significantly different from 0.
Figure 4. The relationship between cell density and carbon productivity from the eight PBR runs. The line represent the fitted hyperbolic function. The coefficient of determination was R2 = 0.802.
Figure 5. The relationship between cell density and total fatty acids (TFA, panel A), as well as the three fatty acids arachidonic acid (ARA, circles), eicosapentaenoic acid (EPA, triangles) and docosahexaenoic acid (DHA, squares) (panel B). The lines represent the fitted hyperbolic function. The coefficients of determination are as follows: TFA: R2 = 0.767, ARA: R2 = 0.736, EPA: R2 = 0.778, DHA: R2 = 0.788.
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