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Abstract
Commercial production of eicosapentaenoic acid (EPA) from photoautotrophic microalgae like Nannochloropsis oceanica 
requires higher productivity and larger scales to reduce costs. Improving productivity can be achieved by increasing biomass 
concentrations, which creates light gradients in the reactor depending on the culture’s acclimation and the reactor geometry. 
These light gradients affect physiology, lipid synthesis, but also the distribution of fatty acids between lipid classes. In this 
study we evaluated the combined effect of the incident light intensity and light gradient on growth, biochemical composi-
tion, and fatty acid distribution between lipid classes. A total of 13 cultivations were performed in continuous mode using 
three different incident light intensities (200, 670, and 1550 μmol photons m−2 s−1) and four dilution rates (from 0.29 to 
0.75 day−1). Reducing dilution rates resulted in higher biomass concentrations, steeper light gradients, and lower average 
light intensities. Increasing incident light intensity improved biomass productivity from 0.5 to 1.8 g L−1 day−1, while the 
biomass yield on light decreased from 1.05 to 0.44 g mol−1. Lowering average light intensities decreased the triglyceride 
content from 11.1 to 1.5% w/w, and increased the galactolipid content, mainly monogalactosyldiacylglycerol, up from 3.1 
to 5.1% w/w. Total EPA contents did not decrease at low incident light but decreased by 28% at highly saturating light, both 
relative to medium incident light. The EPA content in polar lipids increased at lower average light intensities, and decreased 
in the neutral fraction simultaneously. These results highlight the tight regulation of EPA content between lipid polar and 
neutral fractions under different light regimes.
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Introduction

Microalgae are regarded as a promising feedstock in the 
production of fuels, food, feed, and chemical ingredients 
(Draaisma et al. 2013). Despite the bright prospects, the 

microalgae industry still needs to overcome high produc-
tion costs in addition to relatively small production scales. 
As a result, microalgal products are limited to small mar-
ket niches in the nutraceutical or cosmetic sectors (Enzing 
et al. 2014). Besides other commercially relevant com-
pounds, microalgae produce lipids in high quantities with 
a unique fatty acid composition and distinct degrees of 
desaturation that cannot be found in other plant systems 
(Guschina & Harwood 2006; Hess et al. 2018). Omega-3 
fatty acids (n-3 FAs) comprise a class of monounsaturated 
and polyunsaturated fatty acids (PUFAs) known for their 
involvement in several physiological processes such as 
neuronal development (Dyall & Michael-Titus 2008) or 
modulation of inflammation (Bhatt et al. 2019). Several 
microalgae accumulate high amounts of n-3 FA and their 
lipids could be used as ingredients in diets for fish and 
humans. Additionally, microalgae-derived n-3 FAs hold 
the potential to substitute fish or krill oil, the current 
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sources of n-3 FA of which the use has been questioned 
in the last years (Jenkins et al. 2009; Adarme-Vega et al. 
2012).

Nannochloropsis oceanica is an unicellular marine 
microalgal species, that belongs to the class of the Eustig-
matophyceae. Species from the genus Nannochloropsis can 
inhabit a wide range of environments (freshwater, brackish, 
and marine waters), grow relatively fast, and can accumu-
late high amounts of lipids, especially LC-PUFAs (Griffiths 
& Harrison 2009; Janssen et al. 2018). Additionally, the 
increasing availability of genomic information (Gong et al. 
2020) and genetic tools (Naduthodi et al. 2018) together with 
the large experience in outdoor conditions (Chini Zittelli 
et al. 1999; de Vree et al. 2016) convert this species into an 
interesting single-cell oil platform for food, feed, and fuel 
applications (Al-Hoqani et al. 2017).

Nannochloropsis species are especially well-known for 
accumulating high quantities of the n-3 fatty acid, eicosap-
entaenoic acid (EPA; C20:5). EPA can be found either ester-
ified in phospholipids, betaine lipids, or glycolipids (polar 
fraction), or triacylglycerols (TAG) (neutral fraction). EPA 
localization between the fractions depends on environmental 
stimuli (Janssen, et al. 2019a, b). Based on the differing EPA 
content of neutral and polar lipids, the downstream route 
for the extraction of EPA and possibly the final application 
might differ (Sijtsma & De Swaaf 2004). For example, an 
oil rich in TAG could be of interest for energy and bulk 
chemical applications (Hu et al. 2008), while an oil rich in 
phospholipids and galactolipids would be more suitable for 
nutraceutical, cosmetic, and feed applications (Traversier 
et al. 2018).

In phototrophic eukaryotes, the chloroplast is the orga-
nelle responsible for light absorption and carbon fixa-
tion. Light capture and electron transfer occur throughout 
the cooperative work of photosystems I and II, which in 
eukaryotes are found embedded in the thylakoids. Thylakoid 
membranes are organized in stacked structures (grana) with 
a high presence of PSII or in unstacked structures (stroma 
lamellae) connecting the grana with enriched amounts of 
PSI and ATPases (Staehelin 2003). The organization of 
the thylakoid membranes and photosystems is very malle-
able and sensitive to the light regime (Pribil et al. 2014). 
On the one hand, low light intensities favour an increase 
of photosystems and light-harvesting complexes (LHC) to 
maximize the absorption of light into photochemistry. In 
response, microalgae increase chloroplast membranes, and 
therefore the formation of new stacks of grana. On the other 
hand, light intensities that exceed the light required for pho-
tochemistry lead to the generation of reactive oxygen species 
(ROS) with consequent damage to membranes and growth 
impairment. Cells limit the damage by decreasing the degree 
of grana stacking, redistributing the antenna between PSII 
and PSI, and reorganizing PSII-LHC complexes. Those 

mechanisms ultimately aim to dissipate the excess energy 
and facilitate the repair of damaged PSII (Liu et al. 2019).

The lipid fraction in the thylakoids accounts only for 30% 
of the thylakoid mass (Kirchhoff et al. 2002) and includes 
the galactolipids monogalactosyldiacylglycerol (MGDG; 
15–47%), digalactosyldiacylglycerol (DGDG; 11–20%), 
sulfoquinovosyldiacylglycerol (SQDG; 7–29%), and a minor 
fraction of the phospholipid phosphatidylglycerol (PG; 
2–10%) (Li-Beisson et al. 2019). Despite the low content 
of lipids in the thylakoids, EPA was reported to be highly 
present in the galactolipid fraction and to a lesser extent, in 
phospholipids (Sukenik et al. 1989). Since the light intensity 
can influence the lipid architecture of the chloroplast, it is 
important to gain an understanding of how EPA distribution 
is affected by the light gradient. The FA accumulation and 
composition in Nannochloropsis species have been exten-
sively studied by several authors mainly as a function of the 
incident light intensity (Renaud et al. 1991; Sukenik et al. 
1993; Fabregas et al. 2003). Nevertheless, the distribution of 
the fatty acids, and especially EPA, between lipid classes in 
Nannochloropsis species has been only researched in a few 
studies. Sukenik and co-workers (1989) reported a nega-
tive correlation between the light intensity and the synthesis 
rate of galactolipids while the correlation was positive for 
the synthesis of TAG. Similar observations were reported 
for galactolipids and TAG in subsequent work, with new 
insights into the role of phospholipids (Han et al. 2017) 
and the betaine lipid diacylglyceryltrimethylhomo-serine 
(DGTS) (Alboresi et al. 2016).

Light is usually the limiting factor in phototrophic cul-
tivations. Light does not dissolve in the reactor, such as 
organic substrates, but instead attenuates over the reactor 
depth. Consequently, cells experience a light gradient which 
has large implications for their photosynthetic efficiency and 
growth (Janssen et al. 2001). The nature of this light gradient 
is especially important in outdoor cultivations since high 
growth rates coupled with high biomass concentrations are 
desired to achieve high biomass productivities. The shape of 
the gradient is highly influenced by the biomass concentra-
tion and will determine the integral growth and lipid synthe-
sis rates. For instance, dense cultures will lead to dark zones, 
which could favour the redox turnover of the plastoquinones 
involved in photosynthesis and potentially help in the repair 
of the photodamaged reaction centres (Polle & Melis 1999). 
Experiments with optically thin cultures concluded that 
adequate dynamics of cells between light and dark cycles 
could lead to higher photosynthetic performances (Qiang & 
Richmond 1996; Janssen et al. 2000; Barbosa et al. 2003; 
Olivieri et al. 2015). Independently of the length of the 
dark and photic zones, the characteristics of the light gradi-
ents on the culture can be assessed with the concept of the 
average light intensity (Iav) (Rabe & Benoit 1962; Molina 
Grima et al. 1999). This parameter is important for outdoor 
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operations since it provides information on the light that 
the culture is directly experiencing (Richmond & Hu 2013). 
Several studies have used the Iav to characterize the growth 
kinetics of microalgae (Molina Grima et al. 1999, 1996; 
Koller et al. 2017) to define the optimal light growth con-
ditions (Pfaffinger et al. 2016). Nevertheless, much less is 
known about how Iav and the interplay between Iav and the 
incident light intensity at the culture surface (Iph,0) affects 
biomass growth and synthesis of high-value products such 
as EPA.

In this study we investigated the effect of different inci-
dent light intensities (200, 670, and 1550 μmol photons m−2 
s−1) and light gradients (i.e., biomass concentrations) on the 
growth, lipid, and pigment accumulation of Nannochloropsis 
oceanica. A total of 13 cyclostat experiments were done in 
laboratory-scale flat panel photobioreactors at dilution rates 
ranging from 0.3 to 0.7 day−1. The dilution rate determined 
the biomass concentration which, together with the absorb-
ing and light scattering properties of the culture, generated a 
light gradient of a certain average light intensity. Photosyn-
thetic efficiencies and biomass productivities were assessed 
and intercorrelated to changes in lipids and pigment char-
acteristics. The lipid class composition of the lipid fraction 
and changes in the fatty acyl moieties were evaluated to infer 
the lipid response under different light conditions. Finally, 
the EPA content and its distribution between fractions were 
analysed to gain an understanding of how EPA is modulated 
by the incident light intensity and light gradient.

Materials and Methods

Strain, medium, and pre‑cultivation conditions

Nannochloropsis oceanica was kindly provided by NEC-
TON S.A. (Olhão, Portugal). Pre-cultures were incubated 
in 250 mL shake flasks containing 100 mL of filter-steri-
lised medium (pore size 0.2 µm). The growth medium of 
precultures contained the following composition, adapted 
from NutriBloom Plus (Phytobloom, Olhão, Portugal): 
NaCl 419.2 mM; MgCl2.6H2O 48.2 mM; NaNO3 35.3 mM; 
Na2SO4 22.5 mM; CaCl2.2H2O 5.4 mM; K2SO4 4.9 mM; 
KH2PO4 0.7 mM; Na2EDTA.2H2O 52.8 μM; FeCl3.6H2O 
40.0 μM ZnSO4·7H2O 4.0 μM; MgSO4·7H2O 4.0 μM; 
MnCl2·4H2O 2.0 μM; Na2MoO4.2H2O 0.2 μM; CoCl2.6H2O 
0.2 μM; CuSO4.5H2O 0.2 μM. HEPES was added at a final 
concentration of 20.0 mM and pH was adjusted to 7.5 using 
2.5 M HCl and 2.5 M NaOH solutions. Maintenance cultures 
were incubated in climate-controlled chambers in an orbital 
shaker (90 rpm) at 25 °C and 50 μmol photons m−2 s−1 of 
incident light with a diurnal cycle (L:D) of 16:8. Pre-cultures 
for reactors were incubated in an orbital shaker HT Multi-
tron Pro (Infors HT, Switzerland) at 25 °C, with a rotational 

speed of 120 rpm, light intensity of 150 μmol photons m−2 
s−1 (warm-white LED), a CO2 enriched atmosphere (0.2%), 
and 16:8 h light:dark photoperiod.

The composition of the medium used in the reactors was 
the same except that HEPES was not added. To prevent any 
nutrient limitations, concentrations of NaNO3 and KH2PO4 
were increased to 58.8 and 2.76 mM for the continuous 
experiments at high incident light intensities. Besides, the 
pH of the modified medium was adjusted to 6 to prevent 
nutrient precipitation in the medium during storage.

Experimental set‑up and photobioreactor operation

Experiments were performed in heat-sterilised airlift-loop 
flat panel Labfors 5 photobioreactors (Infors HT, Switzer-
land) operated in cyclostat mode by switching on the dilu-
tion rate during the light period and switching off the dilu-
tion during the dark period. Reactors have a working volume 
of 1.8 L, a depth of 20.7 mm, and an illuminated surface 
area of 0.08 m2. Mixing of the culture was provided with 
air at 0.56 vvm enriched with 2% CO2. Temperature was 
maintained at 25 °C and controlled through a water jacket 
with recirculating water connected to a cryostat. pH was 
maintained at 7.5 ± 0.1 and controlled with the addition of 
base (1 M NaOH) or acid (0.9 M H2SO4). Incident light 
was provided by 260 water-cooled and high-power LEDs 
(28 V, 2.3 W). Light intensity changed in a block form with 
a light period of 16 h of light and 8 h of dark. A condenser 
(4–10 °C) was used to minimise evaporation losses from 
the culture. The medium was continuously fed to the reactor 
with a pre-calibrated pump that was remotely controlled by 
a central PC unit (Infors HT, Switzerland). Reactor dilution 
stopped during the night. The volume in the reactor was kept 
constant by continuously pumping out surplus broth above 
the working volume.

Reactors were operated at three different incident light 
intensities (Iph,0): 200 μmol photons m−2 s−1 (LL), 670 μmol 
photons m−2 s−1 (ML), and 1550 μmol photons m−2 s−1 
(HL). Cultures were inoculated at an optical density (OD750) 
of 0.15–0.20 and operated in batch mode at an initial Iph,0 
of 200 μmol photons m−2 s−1. In the ML and HL experi-
ments, the light was increased stepwise before reaching 
the setpoints of 670 μmol photons m−2 s−1 and 1550 μmol 
photons m−2 s−1. Once dilution of the cultures started, dry 
weight (DW) and absorption cross-section (ax) were used 
as the physiological parameters to assess the stability of the 
culture. Cultures were considered at a steady state when 
DW and ax were constant (less than 10% change) after 3 
complete replacements of the reactor volume. Four dilution 
rates (D) were applied at LL and ML (0.75 day−1, 0.6 day−1, 
0.45 day−1 0.29 day−1) and two dilution rates at HL (0.67 
day−1 and 0.36 day−1). The experiment with the highest Iav 
(1000 μmol photons m−2 s−1) followed a slightly different 
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approach. A turbidostat operation mode was applied to reach 
steady growth at an Iav of 1000 μmol photons m−2 s−1 and 
then switched to cyclostat mode using the same dilution rate 
as reached during the turbidostat phase.

Offline reactor measurements

Samples were always collected exactly 2 h into the light 
period. Samples taken directly from the reactor were used 
to measure optical density, dry weight, absorption cross-
section, and maximum quantum yield (QY). Light on the 
backside of the reactor (Iph,d) was measured with a light 
meter (LI-190SA 2π PAR quantum sensor, LI-COR, USA) 
and averaged over 24 equally distributed points of the reac-
tor surface. The overflow was collected in an empty vessel 
stored in the dark on ice water, starting from the time of 
reactor sampling. The overflow from the reactor was col-
lected for 4 h. The harvested overflow was centrifuged (5 
min, 4000 × g at 4 °C), and the resulting pellet was washed 
twice with ammonium formate (0.5 M) to remove the excess 
salts. After the second washing step, the pellet was frozen at 
-20 °C and subsequently freeze-dried. The lyophilized pellet 
was ground, flushed with N2 gas, and stored at -20 °C until 
further use. At least three samples were collected on differ-
ent days during steady state.

Sample analysis

Dry weight (DW, g L−1) was measured gravimetrically. 
Glass microfiber filters (Whatman GF/F, 55 mm; GE Health-
care, USA) were dried at 100 °C overnight, cooled down to 
room temperature in a desiccator, and weighed. A volume of 
culture containing 2–5 mg of wet biomass was filtered and 
washed with ammonium formate (0.5 M) to remove the salts 
from the culture samples. Filters were dried in the oven for at 
least 24 h, cooled in the desiccator, and weighed. Measure-
ments were done in triplicate.

The maximum quantum yield (QY) of the culture was 
measured with a fluorometer AquaPen AP-C100 (Photon 
Systems Instruments, Czech Republic). Samples with an 
OD750 ranging from 0.2–0.5 were incubated for 10–15 min 
in the dark. A short and highly saturating pulse of blue light 
(455 nm) was used to measure the maximum fluorescence 
(Fm) after measuring the baseline fluorescence without pho-
tosynthetic light (Fo). The efficiency of the photosystems 
was calculated as follows:

The specific absorption cross-section (ax, m2 kg−1) was 
measured by using a UV-2600/2700 spectrophotometer (Shi-
madzu, Japan) equipped with an integrating sphere to correct 

(1)QY =
Fm − Fo

Fm

for light scattering. The absorption spectrum from 400 to 
750 nm of undiluted samples was measured and normalised 
by the path length (2 mm) and dry weight concentration. 
The specific optical cross-section was then normalised by 
the absorbance between 740 and 750, which is considered 
to be residual scattering and averaged from 400 to 700 nm.

Pigment extraction and quantification were performed as 
described by Barten et al. (2021). Briefly, a mixture of 5–10 
mg of freeze-dried biomass with 1.5 mL 0.1% butylhydroxy-
toluene/methanol solution was bead-beaten (3 × 90 s at 5000 
rpm with a 45-s break), centrifuged (3 min, 16,000 rpm) 
and the supernatant was collected in a glass tube. The lipid 
extraction step was repeated 5 more times, each time adding 
a fresh solution of 0.1% butylhydroxytoluene/methanol. For 
detecting canthaxanthin and astaxanthin, the solvents were 
replaced by evaporating the methanol mixture and adding 
acetone or methyl-tert-butyl-ether respectively. Standard 
curves were prepared for analytical standards of chlorophyll 
a, astaxanthin, antheraxanthin, violaxanthin, zeaxanthin, and 
β-carotene (Carotenature, Switzerland). Pigment extracts 
were separated and analysed by High-Performance Liquid 
Chromatography (HPLC) with a Shimadzu (U)HPLC system 
(Nexera X2, Shimadzu, Japan). Detailed operating condi-
tions are as described by Barten et al. (2021). Vaucheriax-
anthin was detected and quantified based on retention times 
and extinction spectra found in literature (Jeffrey et al. 1997; 
Keşan et al. 2016).

Fatty acid (FA) quantification between lipid classes 
started with the disruption of 5–10 mg of freeze-dried bio-
mass for lipid extraction. The extraction was done according 
to Breuer et al. (2013) with the exception that no standard 
was added during the extraction with the chloroform: metha-
nol solution (4:5). From the lipid extract, a representative 
sample of 50 µL was taken to convert the fatty acids into 
methyl esters (FAMEs) by one-hour incubation at 100 °C 
with 3 mL of a solution containing FA standard, 5% H2SO4, 
and methanol. As a FA standard, pentadecanoic acid (CAS 
1002–84-2, Merck, Germany) was added for the FA quan-
tification. The methylation reaction was stopped by adding 
3 mL deionised water and 1 mL hexane. Subsequently, the 
FAMEs in the hexane were analysed by Gas Chromatogra-
phy-Flame Ionisation Detection (GC-FID, 7890B, Agilent 
Technologies, US). From the remaining lipid extract, the 
lipid classes were separated by Thin Layer Chromatography 
(TLC) as described by Gros and Jouhet (2018), with some 
minor modifications. For the TLC analysis, a total of 200 μg 
of total fatty acids (TFAs) from the lipid extract were loaded 
on a pre-coated and preactivated TLC silica plate (105,721, 
Supelco, Germany) and were migrated according to the 
protocol guidelines (Gros & Jouhet 2018). In short, neu-
tral lipids were fractionated by running TLC in one dimen-
sion while polar lipids were fractionated by running TLC in 
two dimensions. The migration solution for neutral lipids 
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separation consisted of hexane: diethyl ether: acetic acid at 
a 70:30:1 ratio. For polar lipids, migration solution for the 
first dimension consisted of chloroform:methanol: deionised 
water at a ratio of 65:25:4. Migration solution for the second 
dimension consisted of chloroform:acetone:methanol: acetic 
acid: deionised water at a ratio of 50:20:10:10:5. After dry-
ing the plates under continuous nitrogen flushing, a solution 
of primuline 0.5% w/v (CAS 8064–84-2, Merck, Germany) 
in 8:2 acetone: deionised water was sprayed onto the silica 
plates. Lipid class spots were identified under a UV inspec-
tion cabinet (CAMAG, The Netherlands) with UV irradia-
tion at 366 nm. The identification of the lipid classes was 
set up in consultation with the Laboratoire de physiologie 
cellulaire et végétale (Grenoble, France), which previously 
characterised the lipidome of Nannochloropsis species using 
GC–MS. The identification of lipid classes on silica plates 
is represented in Fig S2. The FAs in the lipid classes were 
quantified by scraping and collecting the lipid-containing 
silica spots from the TLC plate in a glass tube, methylat-
ing the lipid classes, and measuring the FA content using 
GC-FID. The GC (7890B, Agilent Technologies, USA) was 
operated as described by Breuer et al. (2013) with the excep-
tion that hydrogen was used as the gas carrier. Additionally, 
the total flow rate was adjusted to 44 mL min−1 and the ini-
tial oven temperature was held for 0.23 min, then raised by 
44 °C min−1. The total run time per sample was adjusted to 
25 min. To quantify the GC readings, the relative response 
of a standard mix of fatty acid methyl esters (FAMEs) was 
used. FA contents in biomass were normalised to the initial 
weighted DW. To estimate the FA distribution per lipid class 
(% mol mol−1), the content of each FA in a lipid class was 
normalised to the sum of the total FAs in the lipid class. In 
turn, the lipid class distribution was calculated as the ratio 
of the total FA content found in each lipid class spot over the 
sum of the combined FA contents in all lipid classes, taking 
into account the number of acyl chains per lipid class. While 
overall TFA per sample was quantified for all replicates, the 
lipid class composition was measured for a limited number 
of samples. Lipid class composition was measured for each 
replicate of the reactor runs at the highest and lowest Iav, and 
for single replicates of reactor runs at intermediate Iav. The 
relative shift in lipid class FA distributions, resulting from 
both increased incident and average light conditions, was 
quantified by taking the FA content ratio between the highest 
and lowest Iav for each incident light level.

Rates and reactor calculations

The dilution rate (D, day−1) was calculated based on the 
total volume of the reactor and the overflow volume col-
lected after 24 h as follows:

where Vharvest (L) is the overflow volume harvested after 1 
day and Vr (L) is the working volume of the reactor. The 
average light intensity (Iav) was calculated by integrating the 
light path over the depth of the reactor as follows:

where d is the total depth of the light path (m), Iph,0 is the 
incident light intensity (µmol photons m−2 s−1), ε stands for 
the light attenuation coefficient (m2 L−1) and z stands for the 
length at any point of the reactor depth (m). The light attenu-
ation coefficient was calculated by Lambert–Beer’s law:

where Iph,d stands for the light measured on the rear of 
the reactor (µmol photons m−2 s−1). The Iph,d values were 
adjusted to account for light divergence and reflection losses 
in the water jacket by incorporating a correction factor, Iblank/
Iph,0. In this context, Iblank represents the light intensity meas-
ured at the rear of the reactor when only medium is present, 
and Iph,0 represents the light intensity measured after the first 
glass plate from the perspective of the light source. Correc-
tion factors used in this study varied between 0.80—0.86, 
depending on the reactor vessel.

The biomass-specific photon absorption rate (qph,abs, mmol 
gDW

−1 h−1) was calculated as follows:

The volumetric biomass productivity (rx, mg L−1 day−1) 
and light absorption rate (rph,abs mol L−1 day−1) are defined as

where 16 stands for the number of hours of light per day. 
The observed yield of biomass on light (Yxph, g mol−1) is 
defined as

The illuminated fraction (Є) was calculated based on the 
reactor depth zc where light intensity equals the compensa-
tion point of photosynthesis the Iph,c:

(2)D =

Vharvest

1d

Vr

(3)Iav =
1

d
⋅ ∫

d

0

Iph,0 ⋅ e
(−�⋅z)

⋅ dz =
Iph,0

� ⋅ d
⋅

(

1 − e(−�⋅d)
)

(4)
� =

ln
(

Iph,0

Iph,d

)

d

(5)qph,abs =
(Iph,0 − Iph,d)

Cxd

(6)rx = DCx

(7)rph,abs =

(

Iph,0 − Iph,d

d

)

⋅ 16

(8)Yxph =
rx

rph,abs
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calculated compensation point Iph,c was 4.0 μmol photons 
m−2 s−1 based on the specific light requirement of 3.5 mmol 
gDW

−1 h−1 obtained by Barten et al. (2022) and an ax of 
250 m2 kg−1. Parameter S is a correction factor accounting 
for light scattering and was obtained individually for each 
steady state condition according to:

Statistical analysis

Each steady state was analysed with descriptive statistics by 
calculating the mean and the standard deviation of three rep-
licates. Analysis of variance (ANOVA) was used to assess 
the significance of changes in biomass yields, productivities, 
and lipid contents at different average light intensities with 
a confidence level of 95%. Homoscedasticity of the differ-
ent groups was assessed by applying Levene’s test with a 
confidence level of 95%. The significance of changes in FA 
composition between different incident light conditions was 
assessed with the post-hoc Tukey’s range test with a confi-
dence level of 95%. Propagation of error was also applied 
when arithmetic operations were involved. Statistical treat-
ments were carried out using R (R Core Team), and data was 
visualised with Matlab (The MathWorks, Inc.).

Results and Discussion

Incident light and average light intensity affect 
growth

The average light intensity (Iav) represents the spatial aver-
age light intensity received by the culture. The Iav is there-
fore dependent on the incident light, the depth of the reactor, 
the biomass concentration, and the absorbing and scatter-
ing properties of the algal cells. In this study, the dilution 
rate (D) was used to vary the biomass concentration and 
therefore to obtain different light gradients across the reac-
tor depth. Applying varying light gradients in addition to 
varying incident light intensities (Iph,0) resulted in a range 
of Iav values that could be used to study how algal growth 
and lipid accumulation were affected by the Iav and how 
both could be controlled by the dilution rate. We applied the 
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incident light intensities of 200 μmol photons m−2 s−1 (LL), 
670 μmol photons m−2 s−1 (ML), and 1550 μmol photons 
m−2 s−1 (HL), representing sub-saturating, saturating, and 
over-saturating light conditions respectively. LL and ML 
were selected based on previous studies where saturating 
light intensities of 210 and 538 μmol photons m−2 s−1 were 
found at low and high light conditions, respectively (Suke-
nik 1991; Fisher et al. 1996; Pfaffinger et al. 2016). The HL 
intensity was selected based on representative incident light 
intensities found in outdoor conditions in Algarve (Fig S3, 
Table S1.A, Table S1.B). A range of four dilution rates (D) 
was set. The highest D was chosen to be 0.81 day−1, based 
on the highest observed growth rate in reactor cultivations 
of Nannochloropsis spp. (Sukenik 1991) while the lowest D 
was chosen to be 0.29 day−1.

With decreasing D at LL, ML, and HL, the biomass dry 
weight (DW) increased from 0.50 to 1.77 g L−1, 1.60 to 
3.78 g L−1, and 2.75 to 4.41 g L−1, respectively (Fig. 1A). 
The increase in biomass concentrations with rising Iph,0 set-
tings suggests that light was a limiting factor over the range 
of D conditions studied. Nevertheless, the increase in bio-
mass DW from LL to ML was less prominent when Iph,0 was 
increased to HL, indicating an inhibitory effect on growth. 
As expected, the increase in biomass concentrations led to a 
decrease in Iav. This decrease occurred with each incremen-
tal reduction in dilution rate (Fig. 1B). The Iav decreased 
from 115 to 41 μmol photons m−2 s−1 at LL, while for ML 
and HL, the Iav decreased from 245 to 78 μmol photons m−2 
s−1 and 457 to 175 μmol photons m−2 s−1, respectively. The 
decrease in Iav over the biomass concentration becomes 
sharper when moving to increased incident light intensity, as 
seen by comparing the HL curve to LL and ML in Fig. 1B.

Due to the more than probable photoinhibitory effect at 
high light saturating conditions, the experiment was repeated 
at an average light intensity (Iav) of 957 μmol photons m−2 
s−1 following a slightly different approach. First, a turbi-
dostat setup (HL-tbstat) was used to reach an Iav close to 
1000 μmol photons m−2 s−1 at HL, validating the ability of 
N. oceanica to grow at highly light-saturating conditions. 
Then, the culture was maintained in cyclostat mode, similar 
to the LL and ML experiments. The biomass concentration 
and D resulting from the turbidostat were 0.84 g L−1 and 
0.58 day−1, respectively. A comparison between the HL-
tbstat dataset with other HL datasets shows a deviation from 
the trend of the increasing biomass concentrations with 
increasing Iph,0, which is a possible effect of photoinhibi-
tion at HL. At high Iav, light is absorbed in excess due to 
an increased light supply rate (Table S2). The incapacity to 
safely dissipate the excitation energy from the photosystems 
led to photoinhibition of the PSII and a reduction in growth. 
This was confirmed by a low QY (0.44) which deviated nota-
bly from the other experimental conditions (Table S2). In 
the reactor runs at LL, ML, and HL, the QY decreased from 
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0.69, 0.67, and 0.66 at the lowest Iav to 0.67, 0.60, and 0.61 
at the highest Iav (Table S2). When comparing this decrease 
in QY with the HL-tbstat findings, we can conclude that 
growth was minimally affected in LL, ML, and HL condi-
tions and photoinhibition effects were negligible at the range 
of Iav tested.

Increasing the Iph,0 resulted in an increase in biomass pro-
ductivity (rx) with a concomitant decrease in biomass yield 
on light (Yxph; Fig. 1C and D, Table S3). In addition, a spe-
cific Iav could be observed where rx and Yxph were optimal 
for each incident light intensity. The optimal rx and Yxph 
were found at a higher Iav value when incidental light inten-
sities were increased. Similar observations were described 
in chemostat experiments with Arthrospira platensis, where 
optimal rx increased as biomass concentrations and inciden-
tal light intensities increased (Qiang & Richmond 1996). 

Increasing the biomass concentration in the reactor modu-
lates the light gradient and therefore the light intensity per-
ceived by the culture. When the local light intensity falls 
below the compensation light setpoint (Iph,c), dark zones 
appear in the reactor where respiratory processes predomi-
nate. The optimal productivity is found when the reactor 
operates with an outgoing light intensity (Iph,d) equal to the 
specific Iph,c of the microalga (Takache et al. 2010; Janssen 
2016). Dedicated experiments with Nannochloropsis spp. 
at low and light limiting conditions found a maintenance 
requirement of 3.53 mmol gDW

−1 h−1 (Barten et al. 2022) 
and therefore an Iph,c of 4 µmol photons m−2 s−1. Assuming 
the ax at low light conditions is 250 m2 kg−1 (described in the 
next section), our study confirms an Iph,c of 4 µmol photons 
m−2 s−1. Based on this Iph,c and the measured Iph,d (Table S2) 
values, our experiments only contained dark zones at the 

Fig. 1   (A) Biomass DW (g L−1) of N. oceanica cyclostat experiments 
run at dilution rates ranging from 0.29 to 0.81 day−1 for the incident 
light intensities (Iph,0)at 200 μmol photons m−2 s−1 (LL; red; circles), 
670 μmol photons m−2 s−1 (ML; blue; diamonds) and 1550 μmol pho-
tons m−2 s−1 (HL green; triangles). (B) Average light intensity (Iav; 
μmol photons m−2 s−1) at each biomass DW and Iph,0 tested (C) Bio-

mass productivity (mg L−1 day−1) and (D) biomass yield on light (g 
mol−1) at each Iav and Iph,0. The turbidostat experiment (HL-tbstat; 
white; square) was differentiated from the cyclostat experiments. 
Error bars indicate the standard deviation of 3 replicates at steady 
state collected on different days. Lines in graph A and B are added to 
support visualization
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lowest D of all light conditions, and at the second lowest D 
in the ML condition. A dark zone can be defined through the 
illuminated fraction (Є), which accounts for the fraction of 
photic zones over the reactor depth. We found an Є of 0.78 
and 0.87 for the duplicates at LL, 0.88 and 0.62 for the two 
dilution rates at ML, and 0.69 for the HL. Consequently, the 
biomass productivity decreased by 11% and 23% for the LL, 
4% (D of 0.43), and 12% (D of 0.29) for the ML, and 16% 
for the HL, compared to the optimal productivities found in 
each condition. Except for one of the replicates at LL, our 
results are in agreement with previous results indicating that 
a 15% reduction in the Є simply decreased the rx by 10% 
(Takache et al. 2010).

On the contrary, decreasing the cell concentration at 
higher Iph,0 exposes cells to increased over-saturating light 
conditions in the photic zone. As a result, more energy from 
light absorption is dissipated as heat instead of being chan-
neled into photochemistry, and therefore lower Yxph values 
are reached. This hypothesis supports the lower optimal Yxph 

observed at higher incident light intensities. The decrease in 
yield was especially severe in the HL-turbidostat setup, due 
to the high Iav of the experiment. Under those conditions, 
the Yxph decreased by 64% compared to the optimal Yxph 
found at HL. The Yxph decreased less (15%) at an increased 
biomass concentration, despite the occurrence of dark zones. 
Overall, our results support previous theoretical and experi-
mental observations (Qiang & Richmond 1996; Olivieri 
et al. 2015; Pfaffinger et al. 2016; Loomba et al. 2021) that 
increasing the biomass concentration alleviates growth-
impairing effects at over-saturating incident light conditions.

Effect of incident light and light gradients 
on photosynthetic absorption and pigment 
composition

Cells adjust their pigmentation and absorption capacity to 
the light regime that they experience. Given this acclima-
tion property, we can measure the specific absorption cross 

Fig. 2   (A) Averaged specific absorption cross section (m2 kg−1), 
chlorophyll a content (mg gDW

−1), Violaxanthin content (mg gDW
−1) 

and Violaxanthin-to-chlorophyll a ratio (mol mol−1) as a function 
of the Iav at LL (red; circles), ML (blue; diamonds) and HL (green; 

triangles). Error bars indicate the standard deviation of 3 replicates 
collected on different days during steady state cultivation. The turbi-
dostat experiment (HL-tbstat; white; square) is indicated separately 
from the cyclostat experiments
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section (ax) to gain insight into how cells respond to different 
incident and average light intensities (Fig 2A). A decrease 
in ax was observed as Iav increased under each incident light 
condition, reflecting the culture’s adaptation to high light 
conditions. When moving from the lowest Iav to the highest 
Iav settings, the cyclostat cultures adjusted by reducing the 
ax by 40%, 51%, and 37% at LL, ML, and HL respectively. 
An even larger decrease in ax (65%) was measured for the 
HL-turbidostat experiment compared to the lowest HL Iav 
setting, as a result of the photoinhibition induced at this 
extreme light condition.

Alterations in the ax are caused by a re-organisation of 
the antenna complexes in the thylakoid membranes. Pho-
tosystems in Nannochloropsis species contain chlorophyll 
a (Chl a) and lack chlorophyll b and c. Additionally, light-
harvesting complexes contain unusual contents of violaxan-
thin (Viol) and vaucheriaxanthin structured in violaxanthin-
chlorophyll protein (VCP) complexes (Lubián et al. 2000; 
Basso et al. 2014). The xanthophylls Viol and vaucheriax-
anthin can be converted to antheraxanthin and zeaxanthin 
at photosaturating and photoinhibiting conditions, which 
protect the photosynthetic apparatus through quenching. 
Thus, Chl a and Viol contents were measured together with 
other minor carotenoids found in N. oceanica (Fig 2B and 
C; Table S4) to assess the underlying effects of the light 
regime on photoprotection. Similar to the ax, both Chl a 
and Viol content decreased with increasing Iav and Iph,0. The 
Chl a content decreased 42%, 62%, and 45% from the low-
est to the highest Iav at LL, ML, and HL respectively for 
the cyclostat experiments, while Viol decreased 41%, 48%, 
and 30%. When comparing the HL-tbstat experiment with 
the HL cyclostat experiment at the lowest Iav, the decrease 
was 85% and 71% for Chl a and Viol, indicating the stress 
to which cells were subjected. The ratio of Viol to Chl a 
was calculated to evaluate photosaturation or photoinhibi-
tion effects (Fig 2D). Except for the replicate experiment, 
the ratio Viol/Chl a did not change at LL indicating that 
cultures experienced little photosaturation effects under 
this condition. However, at ML and HL, the ratio was not 
only higher than at LL but also increased with the Iav. The 
increasing Viol/Chl a ratios support the activation of pho-
toprotective mechanisms to dissipate the excess absorbed 
energy as heat (Liu et al. 2019). At HL and Iav 976 μmol 
photons m−2 s−1 the ratio was the highest (0.85) indicating a 
strong photoinhibitory effect. Besides the low QY (0.44), the 
content of zeaxanthin was also the highest observed (0.38 
mg gDW

−1; Table S4). Zeaxanthin and antheraxanthin are 
xanthophylls derived from the de-epoxidation of violaxan-
thin by violaxanthin de-epoxidase (VDE) when there is an 
excess of light. They are involved in the photoprotection of 
the photosystems by quenching the excess of the absorbed 
light and scavenging ROS. Zeaxanthin specifically contrib-
utes to the non-photochemical quenching with the activation 

of the energy-dependent quenching qE or the irreversible 
quenching qZ (Dall’Osto et al. 2012; Liu et al. 2019).

Interestingly, the ax was higher at similar Iav and increas-
ing Iph,0, suggesting the light gradient positively affects the 
ax. For instance, the ax was 226 and 161 m2 kg−1 at similar 
Iav values of 174 and 156 μmol photons m−2 s−1, at HL and 
ML, respectively. As previously explained, the illuminated 
fraction shifts as Iav is kept stable and Iph,0 varies. The occur-
rence of dark zones at similar Iav and increasing Iph,0 cor-
responds with increasing biomass concentrations, limiting 
the available light for growth. To maximise light capture, ax 
and QY are increased (from 0.63 to 0.66) with a concomitant 
twofold decrease in the Yxph (0.72 to 0.37). Similar pigmen-
tation effects were observed with Dunaliella tertiolecta in 
L/D flashing cycles, where a higher ax at saturating incident 
light intensities also did not translate into an improvement 
in photosynthetic efficiency (Janssen et al. 2001).

The decrease in Yxph can be mainly explained by the cost 
of a high ax at a steep light gradient. First of all, photoaccli-
mation is an energy-demanding process involving the syn-
thesis of membrane proteins and pigments including their 
post-assembly into photosynthetic complexes. Expanding 
the cell membrane surface, and thus the absorption area, 
consumes energy that could otherwise be used for growth 
purposes. Secondly, the steep light gradient requires high 
levels of energy dissipation. Non-photochemical quenching 
is activated at even moderately high incident light intensi-
ties. At HL, the light gradient was steeper than at ML indi-
cating that a notable reactor volume was at high-saturating 
light conditions. Therefore, the experiment at HL combined 
regions with light below the Iph,c where respiration is fre-
quent, with regions with high light conditions where non-
photochemical quenching is likely to occur. The activation of 
different forms of energy dissipation can severely influence 
productivity despite the cultures being acclimated to high 
light (de Mooij et al. 2017). In steep light gradient condi-
tions, a high ax is undesirable since it accentuates the over-
saturation effects experienced at high incident light intensi-
ties. Overall, although increasing the biomass concentration 
at high Iph,0 could be a beneficial strategy to achieve high 
productivities, it results in an unfavourable acclimation that 
results in lower photosynthetic efficiencies.

Effect of incident light and light gradients on polar 
and neutral lipid contents

Light triggers changes in both the content of lipid classes 
and the FA composition (Simionato et al. 2011; Alboresi 
et al. 2016). The effect of the light regime has been exten-
sively studied in optically thin cultures, but the effect 
derived from the light gradient originating from dense 
cultures has been less investigated, especially in long-term 
acclimated cultures. Our study shows a linear increase of 
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TFA content with the average light intensity, from 11 to 
15% w/w and 12 to 18% w/w at LL and ML, respectively 
(Fig S4). At HL, a similar linear increase is seen up to 
15.5% w/w TFA, which stagnated at 16% at Iav greater than 
456 μmol photons m−2 s−1. In such light conditions, lipid 
production is inhibited, as evidenced by the lower dilu-
tion rate and the reduced TFA content found at 976 μmol 
photons m−2 s−1 compared to 448 μmol photons m−2 s−1 
(Fig S4). It was previously reported that lipid synthesis is 
down-regulated in the chloroplast under highly saturating 
light conditions (Alboresi et al. 2016).

Total lipids can be classified into polar and neutral 
lipids. Polar lipids in Nannochloropsis comprise phospho-
lipids, glycolipids, and betaine lipids, while neutral lipids 
comprise triacylglycerols (TAG), diacylglycerols (DAG), 
and free fatty acids (FFA). At very low Iav, and for the 
different Iph,0, 60–80% of the FAs were allocated to the 
polar fraction (Fig 3A and B). At LL, ML, and HL, the 
polar lipids decreased at increasing Iav from 9.0 to 6.5% 
w/w, 8.5 to 6.5% w/w, and 8.3 to 5.3% w/w, respectively. 
The decrease in polar lipids is mainly due to a decrease in 
glycolipids while no change in phospholipids and betaine 
lipids was observed (Fig 3C, D, E; Fig S5). Glycolipids, 
including monogalactosyldiacylglycerol (MGDG), diga-
lactosyldiacylglycerol (DGDG), and sulfoquinovosyldia-
cylglycerol (SQDG), constitute the most abundant lipid 
classes in plants due to their high presence in the plastid 
membranes and their relevance in photosynthesis (Sukenik 
1991). Glycolipids decreased from 5.1 to 3.1% w/w at LL 
and ML, and from 4.5 to 2.1% w/w at HL, thus indicat-
ing a photoinhibition effect both at high Iph,0 and Iav. The 
decrease in glycolipids is in agreement with the decrease 
in specific absorption cross-section and pigmentation con-
tent, as described above. From the glycolipids, MGDG 
showed the most considerable decrease at high Iav (2.6 to 
1.1% w/w, 2.5 to 1.3% w/w, and 2.1 to 0.5% w/w at LL, 
ML, and HL, respectively), followed by DGDG (1.4 to 
1.3% w/w, 1.4 to 1.2% w/w and 1.3 to 1% w/w at LL, ML, 
and HL, respectively) and SQDG (1.0 to 0.7, 1.0 to 0.8 and 
1.1 to 0.7 w/w at LL, ML, and HL, respectively) (Fig S5).

From the phospholipids, only phosphatidylglycerol (PG) 
showed a significant decrease at high Iav at ML and HL 
from 0.7 to 0.5% w/w and HL 0.8 to 0.5% w/w, respectively 
(Fig S5). TAG was the lipid class that showed the biggest 
change from low to high Iav. At LL, the content increased 
from 2.2 to 7.3% w/w, whereas at ML and HL it increased 
from 3.1 to 11.1% w/w and 3.4 to 10.2% w/w, respectively. 
DAG and FFA were also measured and their contents 
increased approximately from 0.2 to 0.4% w/w (Fig S5). 
Nevertheless, the analytical error of the TLC separation 
for these two lipid classes was shown to be very high (Fig-
ure S1). The high deviation found by the method could lead 

to the appearance of outliers, such as the ones found at ML 
(FigS5).

The acclimation process to high or low light conditions 
not only involves changes in the pigmentation but also in 
the lipid class composition. MGDG is a galactolipid whose 
conical shape facilitates the formation of non-bilayer struc-
tures namely hexagonal (HII) phase or cubic phase, while 
DGDG and SQDG are lipid species with a cylindrical shape 
that facilitate the formation of bilayers or lamellar phases. 
While lamellar phases have a structural role, HII phases 
are very relevant for certain enzymatic activities such as 
the de- epoxidation of violaxanthin (Jouhet 2013; Seiwert 
et al. 2018). Under low light conditions, in which maximal 
absorption area is required, the thylakoid surface is increased 
owing to the formation of grana stacks. MGDG facilitates 
stack formation by inducing intrinsic curvatures within the 
lamellar bilayer structure. The degree of grana stacking can 
be assessed by the MGDG: DGDG ratio. A high ratio indi-
cates a high degree of membrane stacking while a low ratio 
indicates a high predominance of lamellar structures (Demé 
et al. 2014). Our results show that the MGDG: DGDG ratio 
decreased from 1.7 to a minimal value of 0.7, indicating 
changes from hexagonal to lamellar structures when moving 
from lower to higher average light intensities.

Previous studies in Nannochloropsis species showed that 
MGDG and TAG were the main lipid classes changing in 
content under different light conditions (Sukenik et al. 1989; 
Alboresi et al. 2016; Han et al. 2017). However, there is 
less consistency in the literature on how light conditions 
affect the other lipid classes. A clear example is the lipid 
class diacylglyceryltrimethylhomo-serine (DGTS), which 
responded differently under various light conditions. A more 
than twofold increase in the DGTS content was observed in 
Nannochloropsis gaditana when grown under 10 compared 
to 1000 μmol photons m−2 s−1 (Alboresi et al. 2016). In a 
different study, the DGTS content decreased almost twofold 
in Nannochloropsis oceanica when grown in 50 compared 
to 200 μmol photons m−2 s−1 (Han et al. 2017). DGTS is a 
betaine lipid highly present in microalgae, in comparison to 
higher plants, and far less studied compared to other polar 
lipid classes due to its late discovery (Brown & Elovson 
1974; Canãvate et al. 2016). It is located in the endoplasmic 
reticulum and plays a pivotal role as a substitute for phos-
phatidylcholine (PC) under phosphate starvation (Mühlroth 
et al. 2017) and adaptation to cold temperatures (Murakami 
et al. 2018). Contrary to observations from Alboresi et al. 
(2016), in our study DGTS content remained relatively con-
stant and only decreased when photoinhibition became pre-
sent at highly saturating light conditions.

Similar to DGTS, both PC and PG were previously shown 
to decrease by twofold when moving Nannochloropsis spe-
cies from low to high light conditions (Alboresi et al. 2016; 
Han et al. 2017). In our work, both PC and PG maximally 
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decreased by 1.58- and 1.28-fold, respectively, across all 
light conditions.

This divergence between previous work and our studies 
could lie in the variations in experimental setup, analysis 
methodology, or even in differences between genera. Previ-
ous studies cultivated Nannochloropsis in batch conditions, 

therefore the differences in PG and PC decrease might be 
due to differences between long-term and short-term accli-
mated cultures. Even differences in genera could explain 
these deviations, since N. gaditana was recently reclassified 
as Microchloropsis gaditana (Fawley et al. 2015). Another 
divergence with literature could lie in the methodologies 

Fig. 3   Distribution of TFA between (A) polar (PL) and (B) neutral 
(NL) fractions over average light intensity at LL (red circles), ML 
(blue diamonds) and HL (green triangles). FA content (% w/w) in (C) 

glycolipids, (D) phospholipids, (E) the betaine lipid DGTS, and (F) 
triacylglycerols. Error bars indicate the standard deviation of 3 differ-
ent replicates at steady state collected on different days
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used for lipid class analysis. TLC fractionation was com-
monly used in the past for unveiling the lipid profile of 
microalgae whereas now technologies involving mass spec-
trometry (MS) are gaining relevance (Da Costa et al. 2016). 
MS allows for precise detection of lipid classes in very small 
quantities compared to TLC methods, as well as a detailed 
assessment at a molecular level of the different lipid classes. 
More specifically, information regarding the positioning and 
number of fatty acyl chains, the degree of desaturation, and 
the carbon number for the different species present for each 
lipid class is obtained by MS methods. However, the use of 
MS methods generally requires extensive optimisation of 
the operational conditions including the use of the proper 
standards (Gros & Jouhet 2018). Overall, lipidomics data at 
varying light conditions is still scarce in the microalgal field, 
but it is expected to increase in the coming years due to the 
continuous improvement of analytical techniques and the 
potential of microalgal lipid classes as bioactive compounds.

FA composition of lipid classes is affected 
by both incident and average light intensity.

The FA composition of the lipid classes changes along light 
gradients and ingoing light intensities. The changes in the 
FA composition of each lipid class at the different incident 
light intensities are represented in Fig. 4 as a heatmap. The 
heatmap shows the ratio between the highest Iav (HIav) and 
lowest Iav (LIav) per FA. For the HL condition, the FA com-
position obtained in the HL-tbstat experiment was used as 
HIav. The absolute changes in percentages are also included 
in Fig S6. The method was sensitive to less frequent lipids 
classes, and therefore we only evaluated the most abun-
dant ones including MGDG, DGDG, DGTS, TAG, PE, PC, 
and PG. From all FA’s, the most substantial changes were 
observed in the major FAs palmitic acid (C16:0), palmitoleic 
acid (C16:1), arachidonic acid (C20:4), and eicosapentae-
noic acid (C20:5, EPA).Similar shifts in these C16 and C20 
FAs have been reported in previous studies (Sukenik et al. 
1989; Alboresi et al. 2016; Han et al. 2017). Saturated fatty 
acids (SFAs) were constant or increased at high Iav. The 
most significant increase of SFA was shown at high Iav in 
DGTS over all Iph,0 conditions, while TAG and PC showed 
an attenuated SFA increase at higher Iph,0. Monounsaturated 
fatty acid (MUFA) contents remained unchanged or were 
generally lower at higher Iav for most lipid classes, except 
for PG which increased in MUFA. The observed increase for 
PG was mainly due to C16:1, which was found to be higher 
for all the different incident light conditions. The increase 
of the trans isoform of C16:1 in PG under high light condi-
tions has been reported as a photoprotective mechanism to 
stabilise the trimerization of the LHC of the PSII (Dubertret 
et al. 2002).

Polyunsaturated fatty acid contents (PUFAs) decreased 
at high Iav for all lipid classes. An exception was formed 
by DGDG, where PUFA significantly increased mainly 
owing to the increased EPA content. The slight increase of 
EPA-enriched DGDG species in the thylakoid membranes 
supports the photoprotective role of EPA under stress light 
conditions (Alboresi et al. 2016). Despite no significant 
increase in PUFAs in the PC class was observed, a shift was 
seen in C18 species. Linolenic acid (C18:3) was significantly 
higher at high Iav while linoleic acid (C18:2) was signifi-
cantly lower. Moreover, the PE lipid class showed increased 
EPA contents at high Iav at the expense of the PUFAs C20:4 
and C18:2, with a significant increase especially at HL. The 
lipid class PC is known as a pool for the desaturation of C18 
FA and the class PE is recognised as the desaturation pool 
of C20 FA (Schneider & Roessler 1994; Han et al. 2017). 
Our results indicate an intensification in FA desaturation at 
high average light intensities, possibly to fulfil the demand 
for desaturated species at highly saturating light conditions.

The desaturated products C20:5 (EPA) and C20:4 from 
PE can be converted further into DAG, which in turn serves 
as a precursor for the synthesis of plastidial lipids such as 
MGDG. In addition to PE, DGTS has been suggested to 
have a similar role in the synthesis of EPA, functioning as 
a storage depot of EPA for polar lipids (Han et al. 2017; 
Murakami et al. 2018). The role of a PUFA storage reserve 
has usually been associated with TAG under conditions such 
as nitrogen starvation (Solovchenko 2012; Janssen, et al. 
2019a, b). In our studies, both DGTS and TAG showed a 
decrease of a fraction of EPA under high Iav compared to low 
Iav conditions. DGTS showed an EPA decrease in all Iph,0 
conditions whereas TAG only showed EPA increase at LL 
and ML. Similar patterns were observed for C20:4, C18:2, 
and C18:0 (stearic acid) for both lipid classes. The almost 
identical profile for the abovementioned FAs could indicate 
a similar role of both lipid classes under light-saturating 
conditions.

EPA content and distribution change 
with the incident and average light intensity

The polyunsaturated EPA can be located both in membrane 
lipids or in TAG, and the localization strongly depends on 
the culture conditions (Sukenik et al. 1989; Janssen et al. 
2018). As shown by the lipid class analysis, shifts in lipid 
class contents and their fatty acid distributions result in shift-
ing EPA contents of the biomass. 

Figure 5A shows that the EPA content had a maximal 
relative decrease of 28% from the highest content reported 
at LL and Iav of 59 μmol photons m−2 s−1 (3.7% w/w) to 
the lowest content reported at HL and Iav of 976 μmol pho-
tons m−2 s−1 (2.8% w/w). The light gradient did not change 
the EPA content significantly at LL but did significantly 
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decrease EPA content at ML and HL. At LL, the EPA con-
tent remained constant at 3.4% w/w. However, at higher Iph,0 
in ML and HL, the total EPA content decreased respectively 
from 3.6 to 3.1% w/w (ANOVA, p < 0.01), and 3.4 to 2.8% 
w/w (ANOVA, p < 0.01) from the lowest to the highest Iav.

Besides affecting the total EPA content of the biomass, 
the Iav also influenced EPA distribution between polar 
and neutral fractions (Fig 5B). EPA in the polar fraction 
decreased from 3.0% w/w at the lowest applied Iav to 2.6, 
2.5, and 2.0% w/w at the highest Iav at LL, ML, and HL 
respectively. Simultaneously, EPA in the neutral fraction 

increased from 0.4 to 0.9, 0.8, and 1.1% w/w in the respec-
tive incident light conditions. The decrease of EPA in the 
polar fraction at high Iav is mainly explained by the decrease 
in the MGDG content, whereas the EPA increase in the neu-
tral fraction mirrors the increase in TAG. Both changes in 
lipid class contents resulted in an overall decrease in EPA on 
a total lipid basis (Fig S7). Under all applied light conditions 
in this study, the highest percentage of EPA in the total lipid 
fraction was attained at the lowest Iav at the LL conditions 
(27–30%) decreasing with increasing Iav for each Iph,0 set-
ting (17–23%).

Fig. 4   Heatmap of the main lipid classes (MGDG, DGDG, DGTS, 
TAG, PE, PG, PC) describing the ratio of change of FA from high 
average light intensity (HIav) compared to low average light intensity 
(LIav) at LL, ML and HL ingoing light intensities. FAs that were not 

detected both at HIav and LIav are coloured grey. Asterisks indicate a 
significant change with a p-value lower than 0.05 between HIav and 
LIav (n = 3, except for PE, in which one replicate was detected as an 
outlier and therefore omitted from this analysis)
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Moreover, EPA productivities at increasing Iav were cal-
culated (Fig 5C). Similar to biomass productivity, EPA pro-
ductivity also increased depending on both the Iph,0 and the 
Iav. The optimal EPA productivity coincided with the Iav that 
resulted in an optimal biomass productivity. This finding 
supports previous observations that optimal conditions for 
EPA production are found at optimal conditions for biomass 
production (Sukenik 1991; Zou et al. 2000; Camacho-Rod-
ríguez et al. 2014).

Although the effect of incident light on lipid and EPA 
has been thoroughly studied in microalgae, the interaction 
between the incident light and different biomass concentra-
tions on lipids has received less attention. Our study shows 
that the EPA content was affected by the average light inten-
sity, mainly when the Iph,0 was higher than 200 µmol pho-
tons m−2 s−1. While several studies on optically thin cultures 
of Nannochloropsis proved a decreasing effect on the EPA 
content at higher ingoing irradiances (Sukenik et al. 1989; 
Sukenik 1991; Fabregas et al., 20,030, other similar stud-
ies showed only a limited effect (Chini Zittelli et al. 1999; 
Pal et al. 2011; Camacho-Rodríguez et al. 2014). Alterna-
tively, a study by Zou and Richmond 2000) on ultradense 
cultures of N. oculata found that both incident and average 
light intensity negatively affected the EPA content, with the 
latter light gradient factor being more relevant. According 

to our results, the EPA content was significantly affected by 
increasing Iav, especially in conditions of increased photo-
saturation. The lowest EPA content was observed at an Iav 
of 976 µmol photons m−2 s−1, where photoinhibition was 
shown to occur. Therefore, modulating the biomass concen-
tration at variable incident light intensities can be used to 
influence the accumulation and especially the distribution 
of EPA in the polar and neutral fractions.

Conclusions

Increasing biomass concentrations in the reactor is a useful 
tool for coping with high incident light conditions and for 
achieving high biomass productivities. Nevertheless, light 
gradients covering light-limiting conditions and highly 
saturating conditions result in an inadequate acclimation 
response. In terms of lipids, triacylglycerols and plastidial 
lipids underwent the biggest changes both at high and low 
average light intensities. At the physiological level, changes 
in polar lipids affected the light absorption and the activa-
tion of non-photochemical quenching processes such as 
the violaxanthin cycle. The content of EPA was unaffected 
by the light regime at low incident light intensities while 
it decreased at higher average light intensities due to the 

Fig. 5   (A) EPA content (% w/w), (B) distribution of EPA between 
polar and neutral fractions, and (C) EPA productivity (mg L−1 day−1) 
over the average light intensity (µmol photons m−2 s−1) at LL ( red 
circles), ML (blue diamonds) and HL (green triangles). Squared data 
points represent a separate experiment done in turbidostat. Black and 

white markings were used to distinguish between the polar and the 
neutral fraction. Error bars represent the standard deviation of three 
replicates. Graph lines in A and C are derived from a linear and poly-
nomial model, while in B only connects the data points to help visu-
alisation
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increased photosaturation. EPA, which was mainly present 
in the polar fraction at low average light intensities, was 
reduced at high average light intensities due to a decrease in 
plastidial lipids. A relative decrease of 28% in EPA content 
was observed when moving from an average light intensity 
of 59 to 976 μmol photons m−2 s−1. The tight control in 
maintaining this polyunsaturated fatty acid between all the 
polar lipids classes denotes an indispensable role in coping 
with high incident light conditions.
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