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Abstract: Marine microalgae offer a sustainable alternative source for the human diet’s essential 

omega-3-fatty acids, including docosahexaenoic acid (DHA, C22:6) and eicosapentaenoic acid (EPA, 

C20:5). However, none of them can produce DHA and EPA in a nutritionally balanced ratio of 1:1. As 

shown recently, the phototrophic co-cultivation of the golden-brown microalgae Tisochrysis lutea 

(DHA producer) with the green microalgae Microchloropsis salina (EPA producer) can provide micro-

algae biomass with a balanced DHA-to-EPA ratio with increased productivity compared to monocul-

tures. This study evaluates whether other golden-brown (Isochrysis galbana) and green microalgae 

(Nannochloropsis oceanica, Microchloropsis gaditana) can enable the phototrophic batch production of 

omega-3 fatty acids in a nutritionally balanced ratio in co-culture. All co-cultivations applying a phys-

ically dynamic climate simulation of a repeated sunny summer day in Australia in LED-illuminated 

flat-plate gas lift photobioreactors resulted in increased biomass concentrations compared to their re-

spective monocultures, achieving balanced DHA-to-EPA ratios of almost 1:1. Using urea instead of 

nitrate as a nitrogen source increased the EPA content by up to 80% in all co-cultures. Light spectra 

measurements on the light-adverted side of the photobioreactor showed that increased biomass con-

centrations in co-cultures could have been related to enhanced light use due to the utilization of dif-

ferent wavelengths of the two microalgae strains, especially with the use of green light (500–580 nm) 

primarily by golden-brown microalgae (I. galbana) and orange light (600–620 nm) predominantly used 

by green microalgae (N. oceanica). Phototrophic co-cultivation processes thus promise higher areal bi-

omass yields if microalgae are combined with complimentary light-harvesting features. 

Keywords: co-culture; docosahexaenoic acid; eicosapentaenoic acid; Isochrysis galbana; Nannochloropsis 

sp.  

 

1. Introduction 

In recent years, microalgae have become a promising source of pharmaceutical and 

nutraceutical compounds. Marine microalgae, particularly, have demonstrated the ability 

to produce proteins, carotenoids, and lipids, including the long-chain polyunsaturated 

omega-3-fatty acids docosahexaenoic acid (DHA, C22:6) and eicosapentaenoic acid (EPA, 

C20:5) [1,2]. DHA and EPA are bioactive compounds and are beneficial for humans in 

preventing and treating several diseases, such as cardiac, cardiovascular, and inflamma-

tory diseases [3,4]. The recommended daily human intake of DHA and EPA is approx. 

250–500 mg in total. Considering this requirement, 1.4 million tonnes of omega-3 fatty 

acids need to be supplied by aquaculture, fisheries, and other marine sources [5,6]. 

This demand will further increase due to the continuous population growth. Current 

estimates indicate that only 0.8 million tonnes of DHA/EPA are supplied via aquaculture 

annually, resulting in an enormous gap in demand and supply [3]. Additionally, a global 

survey highlighted the substantial deficiency of DHA and EPA worldwide, especially in 
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North America, Europe, and Brazil [7]. Global warming, rising sea levels, and a plateau 

in sustainable fish stocks exacerbated the global supply, emphasizing the need for alter-

native sustainable sources [8,9].  

The phototrophic production of omega-3 fatty acids with marine microalgae pro-

vides an alternative source of DHA and EPA. Further, CO2 capture, a lack of competition 

for arable land, and the use of natural sunlight and saline water are other advantages of-

fered by microalgae processes performed in economically feasible large-scale outdoor 

photobioreactors [10–12]. Promising microalgae strains with high DHA or EPA contents 

are, for example, Isochyrsis galbana, Tisochyrsis lutea, Nannochloropsis sp., and Pavlova sp. 

None of these microalgae can produce omega-3 fatty acids in a nutritionally balanced ratio 

[13–16]. 

The marine microalga Isochrysis galbana is widely used in aquaculture to produce li-

pids, especially the omega-3 fatty acid DHA [17–19]. The golden-brown microalgae be-

longs to Haptophyta and lacks a cell wall. The absence of a cell wall increases the digesti-

bility of fish and thus improves feed applications. It can also reduce energy requirements 

in downstream processing due to the increased extractability of the fatty acids [20,21].  

The marine green microalgae Nannochloropsis sp. belongs to the class of Eustigmato-

phyceae. Many studies observed high lipid accumulation, including the omega-3 fatty 

acid EPA with up to 50 mgEPA gDW−1 [22,23]. Nannochloropsis sp. was already cultivated 

outdoors on a large scale, achieving high cell densities, and this microalgae is accepted as 

a food supplement in many countries [4,24,25].  

Other microorganisms, such as Pythium sp. (oomycete) or brown macroalgae, have 

also lately been shown to be promising alternative EPA producers [26]. Further, the het-

erotrophic production of omega-3 fatty acids with marine microorganisms, such as Schiz-

ochytrium spp. and Cryptecodinium cohnii, results in high PUFA (polyunsaturated fatty 

acid) contents. Lee Chang et al. (2014) [27] reported a total DHA content of up to almost 

70% of total fatty acids with the strain Thraustochytrium sp. using glucose as a carbon 

source. Despite high DHA concentrations in heterotrophic processes, Schizochytrium and 

Cryptecodinium generally lack the production of EPA [9]. In addition, the heterotrophic 

production of omega-3 fatty acids is relatively expensive [8].  

Photoautotrophic microalgae processes would be easily scalable in open photobiore-

actors, making them more economical [28]. High DHA and EPA contents of the biomass, 

along with the simultaneous phototrophic production of these two omega-3 fatty acids, is 

possible by producing either EPA or DHA-enriched microalgae biomass and mixing them 

or through the co-cultivation of suitable EPA and DHA producers. As the recommended 

human intake of DHA and EPA is in a balanced ratio of 1:1, a nutritionally valuable food 

supplement should contain similar amounts of DHA and EPA [29]. The phototrophic co-

cultivation of the golden-brown microalgae T. lutea (DHA producer) with the green mi-

croalgae Microchloropsis salina (EPA producer) was recently studied in a flat-plate gas lift 

photobioreactor with LED illumination. A balanced DHA-to-EPA ratio (26 ± 2 mgDHA gCDW 

and 23 ± 4 mgEPA gCDW) was achieved after a process time of 8 days applying a dynamic 

climate simulation of a repeated summer day in Australia [30]. Furthermore, the biomass 

and DHA areal productivity in co-culture increased by 31% and 33%, respectively, com-

pared to two monocultures of the same microalgae strains.  

Microalgae accumulate omega-3 fatty acids mainly under nitrogen-replete condi-

tions in their exponential growth phase, as PUFAs are part of their cell membranes, and 

their formation is crucial for cell growth [31,32]. Increasing biomass growth through im-

proved process conditions may thus enhance DHA and EPA contents in phototrophic mi-

croalgae cultivation processes. 

Environmental factors, such as light, temperature, pH, salinity, CO2-availability, and 

nutrients, impact microalgae growth [33]. Nitrogen accounts for 4–8% of the dry weight 

of microalgae and is crucial for synthesizing proteins, chlorophyll, energy transfer mole-

cules, and genetic material [34]. Typical nitrogen sources for microalgae cultivation are 

nitrate, ammonium, and urea, while nitrate is the conventional nitrogen source because it 
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is the most stable compound in oxidized aqueous environments [35]. Nevertheless, in-

creased biomass formation by microalgae has been associated with the use of urea [36,37]. 

Schädler et al. (2020) [38] observed increased phototrophic biomass productivity with M. 

salina in high-density phototrophic microalgae processes with water recycling using urea 

instead of potassium nitrate, preventing microalgae growth inhibition due to K+ ion accu-

mulation. In addition, urea and ammonia are much cheaper than nitrate, possibly reduc-

ing the overall cost of large-scale microalgae processes. 

This study evaluates whether the previously described simultaneous production of 

DHA and EPA with a phototrophic co-cultivation process involving the golden-brown 

microalgae T. lutea with the green microalgae M. salina could be transferred to other com-

binations of golden-brown and green marine microalgae strains, resulting in the same ad-

vantages regarding their biomass growth and omega-3 fatty acid production. Addition-

ally, we investigated the effect of the nitrogen source urea on biomass and omega-3 fatty 

acid production.  

We studied the phototrophic mono- and co-cultivation of the golden-brown microal-

gae I. galbana (DHA producer) and the green microalgae M. salina, employing different 

nitrogen sources (nitrate and urea). Further, we used I. galbana as the DHA-producing 

strain and co-cultivated it with two other EPA-producing green microalgae strains from 

the genus Nannochloropsis sp. (N. oceanica and M. gaditana). To explore the potential scala-

bility of these processes to larger outdoor conditions, we applied a dynamic climate sim-

ulation of a repeated summer day in Australia (day–night cycles of incident light (PAR) 

and temperature) for all batch processes performed in flat-plate gas lift photobioreactors 

with LED illumination. 

To test the hypothesis of increased biomass growth in co-culture due to improved 

light utilization, we measured the remaining light spectra on the light-adverted side of 

the flat-plate gas lift photobioreactor at different process times and biomass concentra-

tions, both in monoculture and co-culture. The collected data aim to elucidate which mi-

croalgae strain utilizes which wavelengths preferentially to identify differences observed 

in both mono- and co-cultures. 

2. Materials and Methods 

2.1. Microalgae Strains, Seed Culture Maintenance, and Media Composition 

The golden-brown marine microalgae Isochrysis galbana CL153180 was obtained from 

the Carolina Biological Supply Company (Burlington, NJ, USA) and served as a DHA pro-

ducer. For EPA production, the marine green microalgae strain Microchloropsis salina SAG 

40.85 was purchased from the Culture Collection of Algae at the University of Göttingen 

(Göttingen, Germany), while Nannochloropsis oceanica CCAP849/10 and Microchlorosis 

gaditana CCAP849/5 were obtained from the Culture Collection of Algae and Protozoa 

from the Scottish Association for Marine Science (Argyll, UK). Microalgae strains were 

maintained in 100 mL sterile Erlenmeyer shaking flasks under laboratory light and room 

temperature. Sterile f/2 media with adapted nitrogen (400 mg L−1) and phosphorus (18 mg 

L−1) concentrations were used for strain maintenance, seed cultures, and batch processes 

in flat-plate gas-lift photobioreactors. Na2H2PO4‧2H2O served as the phosphorus source, 

while NaNO3 or urea was the nitrogen source. Artificial seawater with the following com-

position was used to prepare f/2 media: NaCl (25 g L−1), MgCl2 (5.2 g L−1), NaSO4 (4.09 g 

L−1), CaCl2 (1.16 g L−1), KCl (0.695 g L−1), NaHCO3 (0.201 g L−1), KBr (0.101 g L−1), H3BO3 

(0.027 g L−1) and NaF (0.003 g L−1) (“Sea Salt” ASTM D 1141-98, Lake Products Company, 

Florissant, MO, USA). 
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2.2. Pre-Cultures and Process Conditions 

Pre-cultures were conducted in 250 mL bubble column reactors using a modified In-

fors incubator system (Infors, Bottmingen, Switzerland) at a constant temperature of 25 

°C and a continuous light irradiance of 83 ± 17 µmol m−2 s−1 [39]. A constant gassing rate 

of 12 L h−1 with 2% CO2 (v/v) enabled the culture mixing and carbon dioxide supply. 

Reaching an OD750 of approximately 2–3 (late exponential phase), the cultures were used 

to inoculate the flat-plate gas-lift photobioreactors, achieving an inoculation OD750 of 0.2. 

Sterilized 1.8 L flat plate gas-lift photobioreactors (Labfors Lux 5, Infors HT, Bottmingen, 

Switzerland) equipped with 260 high-performance LEDs with a characteristic spectrum 

in the visible range of light (400–800 nm) and an illuminated surface area of 0.9 m−2 were 

used for all described batch processes. A temperature chamber attached to the light-

averted side of the PBR ensured temperature control. The light pathway of the reactors 

was 20 mm. Optical sensors (Easyferm Plus ARC and VisiFerm DO ECS 120 H0, Hamilton 

Germany GmbH, Hoechst, Germany) permitted pH and dissolved oxygen measurements. 

Mixing was provided by a constant gassing rate of 2 L min−1, and a constant pH 8.0 was 

achieved by the controlled addition of CO2 (0–10% (v/v)) when the value exceeded pH 8.2. 

Due to previously obtained results, an inoculation ratio of 1:3 (DHA-producing strains 

versus EPA-producing strains) was chosen for all co-cultures [30]. Media for the batch 

processes contained either 1.8 g L−1 NO3 or 0.85 g L−1 urea as a nitrogen source. As previ-

ously described, a daily repeated physically dynamic climate simulation of a sunny sum-

mer day in Australia was applied for all batch processes [30]. The chosen target climate 

was 19 January 2018, in Newcastle, Australia, with a maximal temperature of 30 °C and a 

maximal incident phototrophic photon flux density (PPFD) of 2000 µmol m−2 s−1 (mean 

PPFD of 879 µmol m−2 s−1). This particular geographical location has been selected, because 

the eastern coast of Australia offers a suitable climate for algae growth, characterized by 

high solar irradiation and a constant daytime temperature of around 30 °C. All conducted 

co-cultivations are summarized in Table 1.  

Table 1. Summary of all conducted co-cultivations. 

Co-Cultivations  
Nitrogen 

Source 
Inoculation Ratio 

I. galbana and  

M. salina 

Nitrate 1:3 

Urea 1:3 

I. galbana and  

N. oceanica 

Nitrate 1:3 

Urea 1:3 

I. galbana and  

M. gaditana 

Nitrate 1:3 

Urea 1:3 

2.3. Flow Cytometry for Cell Ratio Measurements 

The autofluorescence of microalgae facilitated the distinction between the golden-

brown microalgae I. galbana and the applied green microalgae strains in co-culture. A flow 

cytometer (BD FACS Melody Cell Sorter; BD Biosciences, San Jose, CA, USA) was used to 

determine individual cell counts. Data analysis was carried out using BD FACSChorusTM 

software (BD Bioscience). An event rate of 1000 events per second was set. The fluores-

cence intensity of the microalga I. galbana was increased compared to the green microalgae 

strains when cell samples were excited by a red laser at 640 nm, with emission measure-

ments taken using the 660/10 nm bandpass, allowing for the separation of the two micro-

algae strains in co-culture. Plotted histograms displayed the cell counts vs the fluorescence 

intensity in a bi-exponential manner. A specific linear correlation factor between cell 

counts and the OD750 was established before every co-culture experiment by manually 

mixing samples with different ratio combinations of both strains characterized by their 

OD750. The samples were diluted with 25 g L−1 NaCL to obtain an OD750 of 0.2.  
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2.4. Spectra and Photon Flux Density Measurements  

To determine the use of the wavelengths within the photosynthetically active radia-

tion (PAR) range during a process, light spectra measurements (400–700 nm) on the light-

adverted side of the flat-plate gas lift photobioreactor were taken five times a day at dif-

ferent light irradiances and biomass concentrations using a miniature spectrometer 

(Flame, Ocean Optics, Ostfildern, Germany). For comparison, the light spectra of the LEDs 

on the light-adverted side of the reactor were also obtained when the reactor was filled 

only with media. The relative absorbance intensity was calculated due to changing light 

irradiance due to the climate simulation. The low observed intensity within a specific 

wavelength range was correlated with the strain’s high utilization of those wavelengths 

and vice versa. 

2.5. Determination of Urea and Nitrate  

The nitrate concentration was measured using a calorimetric enzyme assay (Ni-

trite/Nitrate colorimetric method, Roche Diagnostics GmbH, Penzberg, Germany). After 

1 mL of the sample was centrifuged at 14,000 rpm for 2 min, the resulting supernatant was 

diluted with doubled-distilled water to obtain a final concentration in the 0.05–0.3 g L−1 

range. The photometric measurement of the nitrate concentration relied on the enzyme 

nitrate reductase, which enables the reduction of nitrate to nitrite.  

The urea concentration of the supernatant of the sample (14,000 rmp, 2 min) was de-

termined photometrically using a urea/ammonium assay (Urea/ammonia, r-biopharm, 

Darmstadt, Germany) depending on a coupled enzymatic reaction involving urease and 

glutamate dehydrogenase.  

2.6. Determination of Optical Density, Cell Dry Weight, and Salinity 

The microalgae suspension’s optical density (OD750) was measured in triplicate using 

a UV-Vis spectrometer (Genesys 10 UV-Vis, Thermo Fisher, Waltham, MA, USA). Dis-

tilled water with 25 g L−1 NaCl served as a blank.  

The cell dry weight concentration was determined in triplicate via gravimetric anal-

ysis. A defined volume of the microalgae culture was loaded onto a pre-dried and 

weighed glass microfiber filter (GF/C, Whatman, GE Healthcare, Buckinghamshire, UK). 

Filters were then rinsed with distilled water, dried at 80 °C for 48 h to ensure mass stabil-

ity, and reweighed. The weight difference between the loaded and unloaded filters was 

utilized to calculate the cell dry weight concentration. 

Salinity (ppt) was measured using a refractometer (Hanna Instruments, Deutschland 

GmbH, Vöhringen, Germany). 

2.7. Lipid Transesterification and GC Analysis 

For the determination of DHA and EPA, 5 mg of pure microalgae biomass, which 

had been subjected to lyophilization at −50 °C and 0.12 mbar for 48 h (Lyophilizer Alpha 

1–2 LD plus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Ger-

many), was transferred to analysis vials. The exact amount weighed may vary due to dif-

ferent biomass concentrations and the salinity. As previously described, an adapted ex-

traction and transesterification protocol was conducted [40]. Gas chromatography (GC-

2010, Shimadzu, Kyoto, Japan) with a fused silica FAMEWAX column (Restek GmbH, Bad 

Homburg, Germany) was used for fatty acid methyl ester (FAME) separation. Settings 

regarding the gas chromatography method have already been described [30]. A marine 

oil mix (Marine Oil FAME Mix, C14:0 to C24:1, Restek, Bad Homburg, Germany) served 

as an external standard for peak identification, while C12-triacylglyceride (Sigma-Aldrich, 

St Louis, MI, USA) was used as an internal standard. The DHA and EPA contents were 

determined by relating the fatty acid concentration obtained by calculating the ratio of the 

peak area to the total peak area to the actual cell dry weight concentration.  
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3. Results and Discussion 

3.1. Effect of Nitrogen Source on Growth and Omega-3-Fatty Acid Production by I. galbana and 

M. salina in Monoculture  

First, we investigated the influence of two different types of nitrogen sources (nitrate 

and urea) on biomass growth and omega-3 fatty acid production in phototrophic batch 

processes of monocultures of I. galbana and M. salina using flat-plate gas-lift photobiore-

actors (Figure 1). A nitrogen concentration of 400 mg L−1 was used. The dynamic climate 

simulation of a repeated sunny summer day in Australia (day–night cycles of incident 

light and temperature) was applied in all batch processes. After eight days, the photo-

trophic batch process with I. galbana using nitrate resulted in a maximal cell dry weight 

concentration (CDW) of 4.0 g L−1 and a constant DHA content of 39 ± 1 mgDHA gCDW−1. The 

sustained DHA production was accompanied by the total consumption of the initially 

supplied nitrate. Since growth kinetics and DHA production by I. galbana were consistent 

with the literature, we only conducted the monoculture batch processes once [19,41,42]. 

The use of urea in the phototrophic batch process with I. galbana led to the stationary 

growth phase after a process time of only 5.7 days, resulting in a constant cell dry weight 

concentration of 2.2 ± 0.1 g L−1 and a DHA content of up to 29 mgDHA gCDW. A urea concen-

tration of 0.15 g L−1 remained in the medium. Hence, using the same amount of nitrogen, 

the biomass concentration of I. galbana was doubled using nitrate as a nitrogen source. 

Furthermore, the cells consumed the total initially supplied nitrate, while the urea usage 

was only 80%. Regardless of the nitrogen source, the DHA production was observed to 

be growth-related under nitrogen-replete conditions.  

Growth-related DHA production was already observed with the marine golden-

brown microalgae T. lutea under the same process conditions as nitrate [30]. No clear trend 

is reported in the literature regarding the results of using different nitrogen sources with 

golden-brown microalgae strains. Liu et al. (2013) [43] found similar maximal DHA con-

tents of 17 mg gDW−1 and similar phototrophic growth when using either nitrate or urea as 

a nitrogen source (200 mg L−1 N) in 100 mL glass bubble photobioreactors with a continu-

ous light illumination of 60 µmol m−2 s−1 employing the same I. galbana strain. Fidalgo et 

al. (1998) [44] demonstrated an increased growth rate and higher DHA content with urea 

as a nitrogen source for I. galbana TISO. The cells were cultured in a controlled incubator 

with a 12:12 h light–dark circle at 115 µmol m−2 s−1 and a constant temperature of 18 °C.  

After eight days, the phototrophic batch process with M. salina using urea yielded an 

increased cell dry weight concentration (5.3 g L−1 instead of 3.2 g L−1) compared to the 

process with nitrate as a nitrogen source (Figure 1). The initially supplied urea was con-

sumed after 6.7 days. Despite further biomass growth in the batch process utilizing urea, 

the process was stopped after 8 days because the nitrogen source had already been fully 

consumed. Comparing both batch processes with different nitrogen sources, the nitrogen 

usage was 100% with urea, while only 37% of the nitrate was used after eight days. Despite 

the increased growth rate while using urea, the EPA content was decreased by 30% com-

pared to the phototrophic batch process with nitrate. 

A higher cell dry weight concentration using urea instead of nitrate has already been 

shown with M. salina in open thin layer cascade photobioreactors applying a dynamic 

climate simulation of a sunny summer day in Almeria, Spain [38]. Further, urea as a ni-

trogen source yielded the highest cell density of M. salina, comparing five different types 

of nitrogen sources using open 30 L aquaria and natural sunlight. In this study, the EPA 

percentage of all fatty acids was also decreased with urea as a nitrogen source [36]. Fur-

ther, batch processes with M. salina in flat-plate gas-lift photobioreactors applying a very 

similar climate simulation (south of Spain) were conducted, and comparable results re-

garding growth kinetics and EPA production were obtained. Regarding this and the con-

sistency of the data with the literature [22], we only conducted the batch processes once.  
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Figure 1. Phototrophic batch processes with I. galbana (left, brown) and M. salina (right, green) in 

flat-plate gas-lift photobioreactors applying physically simulated climate conditions in monocul-

tures. Batch processes with two different nitrogen sources are shown: nitrate (filled grey circles) and 

urea (filled grey squares). All performed monoculture batch processes were conducted once. (A) 

Cell dry weight concentration, (B) nitrogen source concentration, (C) DHA (brown) or EPA (green) 

concentration, and (D) DHA (brown) or EPA (green) content of total cell dry weight. The batch 

processes were operated at a working volume of 1.8 L, pH 8.0, and an initial nitrogen concentration 

of 400 mg L−1 (1.8 g L−1 nitrate or 0.85 g L−1 urea). The initial cell density of the monocultures was an 
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OD750 of 0.2. The dynamic climate simulation’s incident phototrophic photon flux density (PPFD) is 

shown as the grey shaded area. 

3.2. Effect of Nitrogen Source on Growth and Omega-3-Fatty Acid Production by I. galbana and 

M. salina in Co-Culture 

Nitrate use increased the DHA or EPA content of I. galbana and M. salina in photo-

trophic monocultures compared to urea as a nitrogen source. To obtain DHA- and EPA-

enriched biomass, a phototrophic co-cultivation process of both microalgae strains was 

conducted using nitrate as a nitrogen source and applying the same process conditions as 

in the monocultures (Figure 2). An inoculation ratio of 1:3 (I. galbana versus M. salina) was 

chosen due to the differences in growth rates observed in monocultures (Figure 1). 

Figure 2 shows the biomass concentration and the DHA and EPA production with 

the co-cultivation process as a function of the process time. A maximum CDW concentra-

tion of 4.8 ± 0.2 g L−1 was achieved after eight days in the phototrophic co-culture process 

(Figure 2). The golden-brown microalgae I. galbana reached a 3.0 ± 0.3 g L−1 cell dry weight 

and entered the stationary growth phase when the initially supplied nitrate was con-

sumed on day seven. The green microalgae M. salina remained in the linear growth phase 

until day eight, reaching a cell dry weight concentration of 1.9 ± 0 g L−1. The total omega-

3-fatty acid concentration was 155.7 mg L−1 (85.5 ± 11 mg L−1 DHA and 70.2 ± 1 mg L−1 

EPA) after a process time of 8 days resulting in 20 ± 2 mgDHA gCDW−1 and 16 ± 1 mgEPA gCDW−1. 

Further biomass growth of M. salina after nitrogen depletion did not increase the EPA 

content.  

The comparison of the phototrophic co-cultivation process with the two individual 

monocultures shows an increased biomass concentration by 33 ± 4% at day eight based on 

the same illuminated reactor surface (1:1 mixing of the two monocultures compared to the 

co-culture). After 8 days, the initially supplied nitrate was consumed, leading us to select 

this process time for comparing mono- and co-culture processes. The DHA concentration 

and DHA content in co-culture remained unchanged within the estimation error com-

pared to a mixture of the monocultures (Table 2). In contrast, the EPA concentration and 

EPA content in co-cultures were significantly lower in co-culture compared to the 1:1 mix-

ture of the monocultures. Compared to the monocultures, an increase in biomass concen-

tration in co-culture has already been observed in phototrophic batch processes with the 

golden-brown microalgae T. lutea and M. salina [30]. 

The improved growth of I. galbana in co-culture despite an unfavorable inoculation 

ratio of 1:3 (I. galbana versus M. salina) led to a dominance of the golden-brown microalgae 

strain in the photobioreactor and a reduced EPA content compared to the mixture of the 

two monocultures. The phototrophic growth of M. salina was improved in monoculture 

with urea as a nitrogen source (Figure 1). Therefore, another co-cultivation process was 

performed with I. galbana and M. salina using urea as a nitrogen source. For the con-

sistency of the results, the same inoculation ratio of 1:3 (I. galbana versus M. salina) was 

chosen.  

After eight days of cultivation, the phototrophic co-cultivation process with urea 

reached a total cell dry weight concentration of 5.2 g L−1 (Figure 2). The initial supplied 

urea was already consumed after a cultivation period of six days, causing the stationary 

growth phase of I. galbana with a CDW concentration of 2.0 ± 0.1 g L−1. The green microal-

gae M. salina reached a constant cell dry weight concentration of 3.2 ± 0.2 g L−1 at a culti-

vation time of 7.6 days. Urea deficiency resulted in a constant DHA content of 22 ± 1 mgDHA 

gCDW−1. The EPA content remained unchanged throughout the process with 24 ± 1 mgEPA g 

CDW−1. Stable EPA content with urea as a nitrogen source over the whole process time has 

already been observed in the phototrophic monoculture with M. salina (Figure 1). 



Fermentation 2024, 10, 220 9 of 20 
 

 

 

Figure 2. Phototrophic batch processes with I. galbana (brown) and M. salina (green) in co-cultures 

with an inoculation ratio of 1:3 in flat-plate gas-lift photobioreactors applying physically simulated 

climate conditions. Flow cytometry allowed for the distinction between the two microalgae strains. 

The results of batch processes with two different nitrogen sources are shown: nitrate (filled circles) 

and urea (filled squares). The batch process with nitrate was performed twice (min–max values are 

shown), and the batch process with urea was performed once. (A) Total cell dry weight concentra-

tion, (B) nitrogen source concentration, (C) cell dry weight concentration of I. galbana, (D) cell dry 

weight concentration of M. salina, (E) DHA concentration, (F) EPA concentration, (G) DHA content, 

and (H) EPA content of total cell dry weight. The batch processes were operated at a working vol-

ume of 1.8 L, pH 8.0, and an initial nitrogen supply of 400 mg L−1 (1.8 g L−1 nitrate and 0.85 g L−1 

urea). The initial cell density was an OD750 of 0.2. The dynamic climate simulation’s incident photo-

trophic photon flux density (PPFD) is shown as the grey shaded area. 
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Table 2. Comparison of photoautotrophic monocultures of the DHA-producing golden-brown mi-

croalgae I. galbana and the EPA-producing green microalgae M. salina with the co-cultivation of the 

two microalgae at a harvest time after eight days (consumption of initially supplied nitrate in co-

culture) relative to the illuminated surface of the flat plate gas-lift photobioreactors using nitrate as 

a nitrogen source. 

t = 8 d I. galbana M. salina Co-Culture Co-Culture 

CDW, g L−1 4.0 3.2 4.8 ± 0.2 +33 ± 4% 

DHA, mg L−1 77.5 - 85.5 ± 11 +10 ± 13%  

DHA, mgDHA gCDW−1 20 - 18 ± 3 - 

EPA, mg L−1 - 82.5 70.2 ± 1 −15 ± 1% 

EPA, mgEPA gCDW−1 - 20.5 15 ± 0 −27 ± 0% 

Compared to the co-cultivation process of both marine microalgae strains with ni-

trate as a nitrogen source, urea resulted in an increased DHA content of the biomass by 

22% and an enhanced EPA content by 63%, reaching a similar total biomass concentration 

(4.8 ± 0.2 g L−1, and 5.0 g L−1, respectively) after a process time of 8 days. A balanced DHA-

to-EPA ratio of 0.9 was measured in the microalgae biomass. Thus, urea favored the DHA 

and EPA production in co-culture.  

Conversion of the consumed nitrogen source in ammonia is necessary to form cellu-

lar compounds. Microalgae can easily assimilate urea via hydrolysis with urease. On the 

contrary, nitrate must be reduced to ammonium by nitrate reductase and nitrite reductase. 

Hence, the utilization of nitrate demands metabolic energy, making it bioenergetically less 

favorable when compared to reduced nitrogen sources, such as ammonia salts or urea 

[35,45,46]. High amounts of ammonia can also be toxic for microalgae by inhibiting 

growth. Unionized ammonia can freely diffuse through lipid membranes and inhibit pho-

tosynthesis. Many green microalgae can bind ammonia by containing detoxifying en-

zymes [47,48]. The toxicity levels of ammonia depend on the microalgae strain [49]. 

In monoculture, the CDW concentration of I. galbana was reduced by 82% using urea 

instead of nitrate (Figure 1). This resulted in a decreased DHA content compared to the 

process with nitrate, suggesting that the high amounts of ammonia, due to the hydrolysis 

of urea, inhibited growth and limited DHA production. Despite similar CDW concentra-

tions of I. galbana in mono- and co-culture (1.9 g L−1 and 2.2 g L−1), the production of DHA 

in the co-culture process with M. salina was surprisingly increased by a factor of 3.7 com-

pared to its respective monoculture, resulting in an enhanced DHA content (22 mgDHA 

gCDW−1) (Table 2). In monoculture, M. salina achieved a 65% higher biomass concentration 

using urea instead of nitrate. In the co-culture with urea, the biomass concentration was 

also increased by 66% compared to nitrate, resulting in an enhanced EPA content. The 

increased DHA production by I. galbana in co-culture may be caused by M. salina assimi-

lating the ammonia, thereby preventing the accumulation of excessive ammonia in the 

medium. 

An additional phototrophic batch process with I. galbana and M. salina in co-culture 

using ammonia chloride as the nitrogen source (400 mg L−1 nitrogen) led to decreasing 

CDW concentrations of the I. galbana cells in less than 24 h, while the biomass concentra-

tion of M. salina was still increasing. This observation substantiates our hypothesis. As the 

pH in the batch cultivations was set to pH 8.0 and the pKA of ammonia is 9.25, during the 

cultivation, a fraction of ammonia was present in the unionized form, which probably led 

to the death of I. galbana, whereas M. salina was able to detoxify the ammonia [49,50]. 

A comparison of two monocultures of I. galbana and M. salina with one co-culture 

using urea and regarding the same illuminated reactor surface (1:1 mixing of the two mon-

ocultures compared to the co-culture) revealed clear advantages with the co-culture: the 

biomass concentration was increased by 33%, the DHA content by 57%, and the EPA con-

tent by 23% (Table 3).  
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Table 3. Comparison of photoautotrophic monocultures of the DHA-producing golden-brown mi-

croalgae I. galbana and the EPA-producing green microalgae M. salina with a co-cultivation of the 

two microalgae at a harvest time of eight days (consumption of initially supplied urea in co-culture) 

relative to the illuminated surface of the flat plate gas-lift photobioreactors using urea as a nitrogen 

source. 

t = 8 d I. galbana M. salina Co-Culture Co-Culture 

CDW, g L−1 2.2 5.3 5.0 +33% 

DHA, mg L−1 31 - 114 +3.7-fold 

DHA, mgDHA gCDW−1 14 - 22 +57% 

EPA, mg L−1 - 96.0 129 +34% 

EPA, mgEPA gCDW−1 - 19.5 24 +23% 

The green microalgae strain M. salina is a suitable EPA producer in phototrophic co-

cultivation processes with golden-brown microalgae to obtain EPA- and DHA-enriched 

microalgae biomass. Co-cultivations with T. lutea [30] or I. galbana resulted in an increased 

biomass concentration in the co-culture, achieving a balanced ratio of DHA to EPA. Sub-

sequently, our focus shifted towards validating the co-cultivation concept of combining 

green and golden-brown microalgae involving the DHA-producing golden-brown micro-

algae I. galbana paired with other EPA-producing green microalgae strains. Other prom-

ising EPA producers include microalgae strains from the genus Nannochloropsis, such as 

Nannochloropsis oceanica or Microchloropsis gaditana [4]. 

3.3. Phototrophic Co-Culture of I. galbana and N. oceanica Using Nitrate or Urea 

The general concept of the co-cultivation of a DHA- and an EPA-producing strain 

should be proven with other microalgae strains. Therefore, a phototrophic batch process 

was performed with I. galbana as a DHA producer and N. oceanica as an EPA producer 

with nitrate by applying the same process conditions (n = 2). In addition, the same inocu-

lation ratio of 1:3 (I. galbana versus N. oceanica) was chosen. Figure 3 shows the dynamics 

of the biomass concentration and the DHA and EPA of the co-cultivation process. An ad-

ditional phototrophic batch process with N. oceanica was conducted with nitrate using the 

same process conditions as the previously described monocultures.  

In co-culture, total consumption of the initially supplied nitrate was observed after a 

process time of 6.7 days, resulting in a constant biomass concentration of 4.5 ± 0.2 g L−1 

(Figure 3).  

I. galbana entered its stationary growth phase already after a process time of 5.7 days 

at a CDW concentration of 2.1 ± 0.2 g L−1. Despite nitrate depletion, the marginal growth 

of N. oceanica was observed, reaching a maximal cell dry weight concentration of 2.7 ± 0.5 

g L−1 on day 9. Due to the declining biomass concentration of I. galbana, the phototrophic 

batch process was finished after nine days.  

Regarding the omega-3-fatty acid production at a process time of 8 days, a balanced 

DHA-to-EPA ratio of 1:1 (20 ± 1 mgDHA gCDW−1 and 22 ± 4 mgEPA gCDW−1) was achieved.  

The comparison of the two monocultures (1:1 mixture) with the co-culture based on 

the same illuminated reactor surface showed an increased biomass concentration of 18% 

± 4% in co-culture and similar DHA content (Table 4). In monoculture, N. oceanica pro-

duced high amounts of EPA (maximal EPA content: 57 mgEPA gCDW−1). The EPA content of 

the microalgae biomass in co-culture seems to be reduced by 22 ± 20%, but the estimation 

error is high. Nevertheless, the phototrophic co-culture process led to higher biomass con-

centrations with a balanced DHA-to-EPA ratio of 1:1.  

Chen et al. (2018) [32] also reported a high EPA content of 41.4 mgEPA gCDW−1 with N. 

oceanica CY2 and NaNO3 as a nitrogen source using 5 L plastic bags at a constant temper-

ature of 25 °C and an aeration with 2% CO2. Meng et al. (2015) [51] showed an EPA content 

of 52.3 mgEPA gCDW−1 with N. oceanica IMET1 using 500 mL glass bubble column reactors at 

a constant temperature of 25 °C and a 14:10 h day–night light cycle.  
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Figure 3. Phototrophic batch processes with I. galbana (brown) and N. oceanica (green) in co-cultures 

with an inoculation ratio of 1:3 in flat-plate gas-lift photobioreactors applying physically simulated 

climate conditions. Flow cytometry allowed for the distinction between the two microalgae strains. 

The results of batch processes with two different nitrogen sources are shown: nitrate (filled circles) 

and urea (filled squares). The batch process with nitrate was performed twice (min–max values are 

shown), and the batch process with urea was performed once. (A) Total cell dry weight concentra-

tion, (B) nitrogen source concentration, (C) cell dry weight concentration of I. galbana, (D) cell dry 

weight concentration of N. oceanica, (E) DHA concentration, (F) EPA concentration, (G) DHA con-

tent, and (H) EPA content of total cell dry weight. The batch processes were operated at a working 

volume of 1.8 L, pH 8.0, and an initial nitrogen supply of 400 mg L−1 (1.8 g L−1 nitrate and 0.85 g L−1 

urea). The initial cell density was OD750 of 0.2. The dynamic climate simulation’s incident photo-

trophic photon flux density (PPFD) is shown as the grey shaded area. 
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Table 4. Comparison of photoautotrophic monocultures of the DHA-producing golden-brown mi-

croalgae I. galbana and the EPA-producing green microalgae N. oceanica with a co-cultivation of the 

two microalgae at a harvest time of eight days (consumption of initially supplied nitrate in co-cul-

ture) relative to the illuminated surface of the flat plate gas-lift photobioreactors using nitrate as a 

nitrogen source. 

t = 8 d I. galbana N. oceanica Co-Culture Co-Culture 

CDW, g L−1 4.0 5.0 4.7 ± 0.2 +18 ± 4% 

DHA, mg L−1 77.5 - 92 ± 8 +19 ± 9% 

DHA, mgDHA 

gCDW−1 
20 - 20 ± 1 - 

EPA, mg L−1 - 128 93 ± 16 −27 ± 17% 

EPA, mgEPA gCDW−1 - 25.5 20 ± 4 −22 ± 20% 

The biomass growth and EPA production of N. oceanica in co-culture were similar to 

those of M. salina in the co-culture process with T. lutea [30]. After a process time of 8 days, 

a higher biomass concentration of 4.7 ± 0.2 g L−1 was achieved compared to the co-cultiva-

tion process with T. lutea and M. salina (4.2 ± 0.3 g L−1).  

The same phototrophic co-cultivation process with an inoculation ratio of 1:3 (I. gal-

bana versus N. oceanica) was performed in flat-plate gas-lift photobioreactors substituting 

nitrate with urea (Figure 3). A constant biomass concentration of 5.1 ± 0.1 g L−1 CDW was 

achieved after a process time of 6.7 days. Under urea-replete conditions, I. galbana reached 

a maximal cell dry weight concentration of 1.8 g L−1, followed by a decline to 1.3 ± 0.1 g 

L−1. N. oceanica reached a maximal CDW concentration of 4.4 g L−1 on day 9. A constant 

DHA content of 10 ± 1 mgDHA gCDW−1 was measured, while the average EPA content over 

the whole process time was 34 mgEPA gCDW−1. An increase in DHA productivity, as was 

observed in the phototrophic co-culture process of I. galbana and M. salina, was not meas-

ured with I. galbana and N. oceanica. Nevertheless, the use of urea enhanced the EPA con-

tent of the microalgae biomass by 80% compared with the co-culture applying nitrate as 

the nitrogen source. Furthermore, more biomass was produced with urea.  

3.4. Phototrophic Co-Cultivation of I. galbana and M. gaditana Using Nitrate or Urea 

Another co-cultivation process using I. galbana as a DHA producer and M. gaditana 

as an EPA producer was conducted in flat-plate gas-lift photobioreactors applying the 

same process conditions as before (Figure 4). Nitrate and urea were tested as nitrogen 

sources. 

After a cultivation time of 8 days, a cell dry weight concentration of 4.6 g L−1 was 

measured with nitrate as a nitrogen source. The initially supplied nitrate was consumed 

after six days, leading to the stationary growth phase of I. galbana with a CDW concentra-

tion of 2.7 ± 0.4 g L−1. On day ten, the biomass concentration of I. galbana declined. M. 

gaditana reached its maximal cell dry weight concentration on day 11 (2.6 g L−1 CDW). On 

day eight, 64% (w/w) of the microalgae in the reactor were I. galbana. Nevertheless, the 

dominance of the golden-brown microalgae strain did not result in an unbalanced DHA-

to-EPA ratio (25 mgDHA gCDW−1 and 23 mgEPA gCDW−1). The comparison of the co-culture with 

a 1:1 mixture of the two monocultures resulted in an enhanced biomass growth of 15%, 

an increased DHA content of 25%, and similar EPA production (Table 5). The photo-

trophic co-culture of I. galbana and M. gaditana using urea as a nitrogen source resulted in 

a non-balanced ratio of DHA to EPA with seven times more EPA than DHA (5 mgDHA 

gCDW−1 and 35 mgEPA gCDW−1, respectively) (Figure 4). After eight days, a high biomass con-

centration of 5.8 g L−1 CDW was reached. Ren et al. (2014)[37] reported an increased 

growth rate of the marine microalgae Nannochloropsis gaditana replacing nitrate with urea 

in f/2 media in 1 L Erlenmeyer flasks at a constant temperature of 24 °C and a light inten-

sity of 220 µmol m−2 s−1. 
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Figure 4. Phototrophic batch processes with I. galbana (brown) and M. gaditana (green) in co-cultures 

with an inoculation ratio of 1:3 in flat-plate gas-lift photobioreactors applying physically simulated 

climate conditions. Flow cytometry allowed for the distinction between the two microalgae strains. 

The batch processes using nitrate and urea were performed once. The results of batch processes with 

two different nitrogen sources are shown: nitrate (filled circles) and urea (filled squares). (A) Total 

cell dry weight concentration, (B) nitrogen source concentration, (C) cell dry weight concentration 

of I. galbana, (D) cell dry weight concentration of M. gaditana, (E) DHA concentration, (F) EPA con-

centration, (G) DHA content, and (H) EPA content of total cell dry weight. The batch processes were 

operated at a working volume of 1.8 L, pH 8.0, and an initial nitrogen supply of 400 mg L−1 (1.8 g L−1 

nitrate and 0.85 g L−1 urea). The initial cell density was OD750 of 0.2. The dynamic climate simulation’s 

incident phototrophic photon flux density (PPFD) is shown as the grey shaded area. 
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Table 5. Comparison of photoautotrophic monocultures of the DHA-producing golden-brown mi-

croalgae I. galbana and the EPA-producing green microalgae M. gaditana with co-cultivation of the 

two microalgae at a harvest time of eight days (consumption of initially supplied nitrate in co-cul-

ture) relative to the illuminated surface of the flat plate gas-lift photobioreactors using nitrate as a 

nitrogen source. 

t = 8 d I. galbana M. gaditana Co-Culture Co-Culture 

CDW, g L−1 4.0 4.6 4.6 +15% 

DHA, mg L−1 77.5 - 116 +49% 

DHA, mgDHA 

gCDW−1 
20 - 25 +25% 

EPA, mg L−1 - 122 107 −12% 

EPA, mgEPA gCDW−1 - 25 23 −8% 

3.5. Comparison of Phototrophic Co-Culture Processes with Golden-Brown Microalgae (DHA 

Producer) and Green Microalgae (EPA Producer)  

In this study, we showed the simultaneous production of DHA and EPA by co-cul-

turing I. galbana as a DHA-producing microalgae strain with varying green EPA-produc-

ing microalgae strains (M. salina, N. oceanica, and M. gaditana) applying a physically sim-

ulated climate simulation of a sunny summer day in Australia in flat-plate gas lift photo-

bioreactors with LED illumination. The results are summarized in Table 6.  

All co-cultivation processes achieved high total cell dry weight concentrations of 

around 5 g L−1. Furthermore, all co-culture processes led to an increase in biomass produc-

tivity compared to their monocultures.  

Using urea enhanced the biomass concentration in all batch processes due to the 

higher biomass productivity of the EPA-producing green microalgae strain. Higher bio-

mass concentrations in phototrophic batch processes with Nannochloropsis strains using 

urea compared to nitrate are consistent with results reported in the literature [24,36]. 

Previously, we showed a phototrophic co-cultivation process with the golden-brown 

microalgae T. lutea and the green microalgae M. salina, achieving DHA and EPA contents 

in the biomass in a balanced ratio (26 ± 2 mgDHA gCDW and 23 ± 4 mgEPA gCDW). Combining 

the golden-brown microalgae I. galbana with either M. salina (urea) or M. gaditana (nitrate) 

showed similar high DHA and EPA contents in the biomass at increased biomass concen-

trations (marked in grey in Table 6). Using urea resulted in highly increased EPA contents 

using I. galbana with either M. salina, N. oceanica, or M. gaditana of 22%, 80%, and 52%, 

respectively. 

Table 6. Comparison of cell dry weight concentrations and DHA and EPA contents in the biomass 

of the co-cultivation processes flat plate gas-lift photobioreactors at a harvest time of eight days. 

 
Nitrogen 

Source 

CDW,  

g L−1 

CDW- 

Golden-Brown 

Microalgae, 

g L−1 

CDW- 

Green MICRO-

ALGAE, 

g L−1 

DHA, 

mgDHA gCDW−1 

EPA, 

mgEPA gCDW−1 

I. galbana and 

M. salina 

Nitrate 4.8 ± 0.2 2.9 ± 0.2 1.8 ± 0 18 ± 3 15 ± 0 

Urea 5.3 1.9 3.4 22 24 

I. galbana and  

N. oceanica 

Nitrate 4.7 ± 0.2 2.1 ± 0.6 2.6 ± 0.5 20 ± 1 20 ± 4 

Urea 5.1 1.3 3.8 11 36 

I. galbana and 

M. gaditana 

Nitrate 4.6 2.8 1.8 25 23 

Urea 5.8 2.1 3.7 5 35 

T. lutea and  

M. salina [29]  
Nitrate 4.2 ± 0.3 2.1 ± 0.1 2.0 ± 0.3 26 ± 2 23 ± 4 
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3.6. Enhanced Light Utilization in Co-Cultures of Golden-Brown and Green Microalgae 

All phototrophic co-cultivation batch processes showed increased biomass growth 

compared to their monocultures. We suggested that this increase is due to enhanced light 

utilization using different wavelengths of the two phylogenetically different microalgae 

strains. To substantiate this hypothesis, light spectra measurements (relative intensity in 

the range of 400–700 nm) on the light-adverted side of the flat-plate gas lift photobioreac-

tor at different biomass concentrations and process times were performed to obtain more 

information about the use of wavelengths in monocultures and co-cultures. A reduced 

absorption intensity in specific wavelength ranges was used as an indicator of the high 

absorption of these wavelengths by the microalgae and, therefore, a high light utilization. 

The spectra of the LEDs (PAR) measured on the light-adverted side of the photobioreactor 

solely filled with medium is shown as a reference (black line). Due to variations in the 

biomass concentration and light irradiance, the relative intensity is displayed. Figure 5 

shows the results of the light spectra measurements during the co-cultivation of I. galbana 

and N. oceanica as an example. Similar results have been obtained with the other co-culti-

vations.  

 

Figure 5. Light spectra measurements on the light-adverted side of the flat-plate gas-lift photobio-

reactor at different process times and biomass concentrations. The light measurements were always 

taken at the same location in the reactor (in the middle of the reactor). (A) Comparison of the meas-

ured spectra of I. galbana (brown) in monoculture, N. oceanica (green) in monoculture, and a co-

culture of I. galbana and N. oceanica (grey) at an average biomass concentration of 1.1 ± 0.2 g L−1 and 

an incident PPFD of 2000 µmol m−2 s−1. (B) Spectra of the co-culture of I. galbana and N. oceanica at 

different biomass concentrations and the same incident PPFD of 2000 µmol m−2 s−1. (C) Spectra of 

the monoculture of I. galbana at different biomass concentrations and the same incident PPFD of 

2000 µmol m−2 s−1. (D) Spectra of the monoculture of N. oceanica at different biomass concentrations 

and the same incident PPFD of 2000 µmol m−2 s−1. 
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Figure 5A shows the light spectra obtained from I. galbana and N. oceanica in mono-

culture and co-culture at the same biomass concentration of 1.1 ± 0.2 g L−1 CDW and the 

same incident photon flux density of 2000 µmol m−2 s−1. I. galbana indicated enhanced light 

absorption within the wavelengths from 500 to 580 nm compared to N. oceanica. Within 

this range, the co-culture showed an absorption intensity falling between the two mono-

cultures. In the 600–620 nm wavelength range, N. oceanica showed increased light absorp-

tion, while I. galbana did not use these wavelengths. In co-cultivation, the use of this wave-

length range resembled that of I. galbana in monoculture. Dark red light (wavelength 640 

nm) was observed to be used by the microalgae I. galbana. In this range, N. oceanica in 

monoculture and the co-culture process showed a decreased absorption intensity (=low 

use). In summary, the light spectra measurement revealed a clear difference in the wave-

length use of the two microalgae strains in monoculture, especially for green, orange, and 

dark red light. The co-culture spectra showed characteristics of both spectra obtained in 

monocultures. Hence, we suggest the utilization of complementary wavelengths of light 

in co-cultivation, potentially leading to increased light absorption and improved biomass 

yields. 

The golden-brown microalgae T. lutea, a marine microalgae strain with high genetic 

similarity to the strain I. galbana used in this study, as well as the microalgae strain Iso-

chyrsis aff galbana, are known for their high content of the carotenoid fucoxanthin [21,52–

54]. Fucoxanthin, chlorophyll a/c, and proteins form a complex called FCP in the thylakoid 

membrane [55]. Bound in a complex, the fucoxanthin absorption spectrum is extended 

from 450–540 nm in solution to 390–580 nm [56]. The high fucoxanthin content of the mi-

croalgae I. galbana compared to N. oceanica may explain the decreased absorption intensity 

of these wavelengths (500–580 nm) and, therefore, the enhanced use of the PAR in this 

range in monoculture. The use of green light by the strain Isochyrsis galbana has already 

been shown in literature; Li and Liu (2020) [57] reported an increase in the photosynthetic 

efficiency by using green light, indicating that green light promoted the photosynthesis of 

the strain Isochrysis galbana.  

Figure 5B–D shows the light utilization with increasing biomass concentrations at 

varying process times of I. galbana in monoculture, of N. oceanica in monoculture, and of I. 

galbana and N. oceanica in co-culture (light spectra measurements at the highest incident 

light irradiation of 2000 µmol m−2 s−1). In both monocultures and the co-culture, there was 

no detection of blue (400–500 nm) or dark red light (680–700 nm) on the light-averted side 

of the photobioreactor when the biomass concentration exceeded 1 g L−1 CDW. Both mi-

croalgae strains prefer these wavelengths. 

This preferred use of blue (400–500 nm) and red light (from 650 nm) has already been 

observed by Keeling (2013) [58] based on their pigment content. Further, the most signif-

icant differences in light use with increasing biomass concentrations were found in the 

absorption of green light (500–580 nm) (primarily by I. galbana) and orange light (600–620 

nm) predominantly used by N. oceanica).  

4. Conclusions 

The photoautotrophic co-cultivation of golden-brown microalgae (DHA-producer) 

and green microalgae (EPA producer) to provide microalgae biomass with these omega-

3 fatty acids simultaneously and in a balanced ratio is beneficial as more biomass can be 

produced per illuminated area compared to monocultures of these microalgae, most prob-

ably due to a complimentary and, therefore, enhanced light utilization in co-culture. This 

has been shown, so far, for varying combinations of golden-brown microalgae (T. lutea, I. 

galbana) and green microalgae (M. salina, N. oceanica, M. gaditana). Furthermore, the choice 

of the nitrogen source is important. Using more cost-efficient urea as a nitrogen source 

increased the DHA and EPA content of the biomass in the phototrophic co-culture process 

with I. galbana and M. salina by 22% and 63%, respectively, compared to the co-culture 

process with nitrate. Using urea also enhanced EPA content in the co-cultivation process 

of I. galbana with either N. oceanica or M. gaditana. Phototrophic co-cultivation processes 
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appear to be a promising approach to achieve higher areal biomass yields if microalgae 

are combined with complimentary light-harvesting features. This opens the door to more 

efficient microalgae biomass production with an increased content of complementary bi-

oactive compounds for feed and food applications. 
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