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1.1. MICROALGAE AS RENEWABLE LIPID FEEDSTOCK  

The world population and welfare are increasing and therewith the demand of sustainable 
food, feed and fuel sources are increasing (Godfray et al., 2010). Microalgae can be a 
sustainable source for these products (Chisti, 2007; Draaisma et al., 2013; Wijffels and 
Barbosa, 2010). Microalgae are small unicellular photosynthetic organisms which grow 
using (sun)light, carbon dioxide and nutrients. They produce half of the planets’ oxygen, 
making them essential for life on earth (Chapman, 2013). There are many different algae 
species, of which only a small fraction is characterized and cultured (Guiry, 2012). The use 
microalgae has several advantages compared to conventional crops. Microalgae can grow 
using light and carbon dioxide (CO2) and thereby reduce greenhouse gases. They do not 
compete for freshwater as they can grow in salt water or even use wastewater. Besides, 
microalgae can be cultivated on non-arable land and thereby not compete with arable land 
for agriculture. Microalgal areal productivities are much higher compared to conventional 
crops and can produce a wide variety of products; lipids, carbohydrates, proteins and 
pigments, depending on the species used. Due to its capacity to produce many different 
products, microalgae have a wide range of application such as food, aquafeed, biofuels, 
cosmetics and nutraceuticals. All these advantages make microalgae a potential sustainable 
feedstock for a transition into a biobased economy. The production costs, however, need 
to be reduced to achieve an economical feasible process (Ruiz et al., 2016). 

1.2. MICROALGAE NANNOCHLOROPSIS 

The microalga used in this thesis is Nannochloropsis gaditana from the family 
Eustigmataceae. Nannochloropsis species gained large interest due to their ability to 
accumulate large amounts of triacylglycerol (TAG) during nitrogen starvation and are 
natural producers of the omega-3 fatty acid eicosapentaenoic acid (EPA). It has shown high 
lipid yields compared to other microalgal species (Benvenuti et al., 2015; Radakovits et al., 
2012). Nannochloropsis does not accumulate starch and only contain chlorophyll a. The cells 
are small (2-4 µm) and round shaped. It can grow under a wide array of culture conditions 
and has already been cultivated outdoors by several companies (Radakovits et al., 2012). 
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There are seven known species of Nannochloropsis: N. gaditana, N. granulata, N. limnetica, 
N. oceanica, N. oculata, N. salina and N. australis (Fawley et al., 2015). All these are marine 
species, except for the freshwater species N. limnetica. In genetic comparison studies N. 
gaditana and N. salina showed so much similarities that they are suggested to be the same 
species (Starkenburg et al., 2014). In another phylogenetic study, however, N. gaditana and 
N. salina are suggested to be reclassified to Microchloropsis gaditana and Microchloropsis 
salina (Fawley et al., 2015). The genome sequences are available for several of these 
Nannochloropsis species (Corteggiani Carpinelli et al., 2014; Radakovits et al., 2012; Vieler 
et al., 2012; Wang et al., 2014).  

Nannochloropsis gaditana used in this thesis was for the first time described by Lubián, 1982 
and isolated from Cádiz bay in Spain. This is also the origin of its name gaditana meaning 
from Cádiz. The genome sequences for two strains are available; N. gaditana CCMP526 
(Radakovits et al., 2012) and N. gaditana B31 (Corteggiani Carpinelli et al., 2014) which 
enables transcriptome analysis. In addition to the available genome sequences, also genetic 
transformation methods are available (Kilian et al., 2011; Radakovits et al., 2012).  

1.3. MICROALGAE AS LIPID SOURCE 

This thesis focuses on microalgae as a lipid source. Microalgae have the ability to 
accumulate up to 60% lipids of their dry weight (Hu et al., 2008). They accumulate large 
amounts of triacylglycerol (TAG) in lipid bodies when grown under adverse growth 
conditions such as nitrogen starvation and high light intensities. The most commonly 
applied strategy to induce TAG accumulation is nitrogen starvation using a two-phase batch 
process starting with a growth phase followed by nitrogen starvation. TAG consist of a 
glycerol backbone with three esterified fatty acids attached (Figure 1.1A). These fatty acids 
can be saturated and unsaturated fatty acids. Microalgae often accumulate large amounts 
of the saturated and mono-unsaturated fatty acid palmitic acid and palmitoleic acid but 
some species can also produce the polyunsaturated omega-3 fatty acid eicosapentaenoic 
acid (EPA) and accumulate it in both polar lipids and TAG (Figure 1.1B).  
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Figure 1.1. Schematic representation of triacylglycerol (TAG), a glycerol 
backbone with three fatty acids (A) and the omega-3 fatty acid 
eicosapentaenoic acid (EPA) (B).  

TAG accumulation is hypothesized to be used as sink for excess of electrons and carbon to 
prevent photo-oxidative stress. TAG production can prevent damage of the cells by 
regenerating NADPH to NADP+ and can serve as a storage of chloroplast components to be 
readily available upon more favourable growth conditions. During growth conditions EPA is 
mainly present in the membranes. The EPA accumulation in TAG in Nannochloropsis 
increases upon nitrogen starvation (Tonon et al., 2002, Chapters 2 and 3). EPA accumulation 
in TAG is hypothesized to serve as a storage for membrane lipids for quick use upon more 
favourable growth conditions. For Nannochloropsis salina the amount of unsaturated fatty 
acids was inversely correlated with temperature showing its role in membrane fluidity (Van 
Wagenen et al., 2012). In addition, the double bond in the polyunsaturated fatty acids 
(PUFAs), like EPA, can scavenge reactive oxygen species (ROS) (Mühlroth et al., 2013).  

1.4. CULTIVATION SYSTEM 

There are many different type of cultivation systems ranging from Erlenmeyer flasks to 
outdoor photobioreactors. In this research a lab-scale airlift-loop flat panel photobioreactor 
was used (Figure 1.2) where growth conditions such as temperature, pH and light intensity 
are controlled.  
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Figure 1.2. Flat-panel photobioreactor setup used in this thesis. 

1.5. AIM AND THESIS OUTLINE 

This thesis aims to increase understanding on the cellular processes underlying lipid 
accumulation and therewith improve lipid productivity in Nannochloropsis gaditana during 
nitrogen starvation. Lipid production was studied in this species, mainly focussed on 
understanding fatty acid accumulation in triacylglycerol (TAG) and polar membrane lipids 
during nitrogen starvation. Studies were made to elucidate fatty acid translocation between 
TAG and membrane lipids, de novo fatty acid synthesis and on the gene expression levels 
related to these metabolic processes at different time points during nitrogen starvation. 
Due to the commercial potential, focus was put on the polyunsaturated fatty acid EPA. In 
addition, process strategies to improve TAG productivity were developed and tested. 

Several factors, such as light intensity and biomass concentration can influence lipid 
productivity during nitrogen starvation. Figure 1.3 shows a schematic overview of the 
biomass concentrations, light intensities and light regimes used in the different chapters of 
this thesis. Different starting biomass concentrations and light intensities result in different 
biomass-specific photon supply rates.  
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Figure 1.3. Overview experimental conditions of the chapters in this thesis. 
The first column of graphs represent the biomass concentration (Cx) and 
second column of graphs represent the incident light intensity (Iin) and the 
regime supplied.  
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Fatty acids can be present in different fractions within the cell; the polar lipids and TAG. 
The polar lipids mainly consist of membrane lipids. Upon nitrogen starvation, 
Nannochloropsis gaditana produces large amount of TAG. The EPA accumulation in TAG 
increases during nitrogen starvation. It was hypothesized that membrane lipids might be 
translocated into TAG during nitrogen starvation. The origin of the EPA accumulated in 
TAG was, however, never determined. Therefore, the fatty acids accumulation in TAG and 
polar lipids during nitrogen starvation was followed using 13C carbon in Chapter 2. During 
the growth phase, 13C was used as sole carbon source and at the start of nitrogen 
starvation, the carbon source was changed to 12C. The labelled carbon enables to 
distinguish newly produced fatty acids from translocated fatty acids. 

Little is known about the mechnism of translocation of fatty acids from between lipid 
fraction in Chapter 3, therefore the transcriptome of Nannochloropsis gaditana was 
measured during nitrogen starvation. Similar experimental conditions were used as in the 
research using 13C-isotope in Chapter 2 in order to compare experiments and associated 
carbon distribution in the cell (Chapter 2) with gene expression (Chapter 3) and get more 
insight in the metabolic pathways responsible for de novo TAG synthesis and translocation 
of fatty acids. The transcriptome was analysed in different time points during nitrogen 
starvation to study the differences in expression levels of the genes involved in these 
pathways. The translocation of fatty acids between lipid fractions can be done via different 
pathways. One of the enzymes possibly involved in these pathways is phospholipid: 
diacylglycerol acyltransferase (PDAT) which transports fatty acids from the phospholipids to 
diacylglycerol (DAG) to form TAG. Other enzymes which could play a role in the 
translocation of fatty acid are phospholipases which could free fatty acids and thereby be 
translocated. Next to the genes involved in TAG production, the genes involved in de novo 
synthesis of EPA were studied. 

The TAG production rate is dependent on photosynthetic activity. Upon nitrogen starvation 
the photosynthetic activity decreases. Addition of nitrogen has been shown to recover the 
photosystem after nitrogen starvation and increase its photosynthetic efficiency. It was 
hypothesized that light energy was not efficiently used during nitrogen recovery. Therefore, 
a new strategy was used in Chapter 4 to improve TAG productivity during nitrogen 
starvation. Nannochloropsis gaditana was cultivated in a two-phase batch regime with a 
growth phased followed by nitrogen starvation using a light regime with day:night cycle. 
During nitrogen starvation phase, small amount of nitrogen are added during the night to 
improve the photosystem and thereby the TAG productivity without wasting light. 
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The nitrogen starvation is always started at a certain biomass concentration which lead to 
a biomass-specific photon supply rate at a fixed light intensity. The effect on EPA and TAG 
accumulation is unknown and therefore the effect of different biomass-specific photon 
supply rates at the start of nitrogen starvation was studied in Chapter 5. The biomass-
specific photon supply rate was varied by using different biomass concentration at the start 
of the nitrogen starvation phase and keeping the incident light equal.  

In Chapter 6, the results obtained on the EPA and TAG production of Nannochloropsis 
gaditana during nitrogen starvation under different biomass-specific photon supply rates 
and light regimes are compared in order to gain insight in the production. All these results 
were combined and discussed in the general discussion. The EPA accumulation during 
nitrogen starvation was evaluated in both the polar membrane lipids and TAG lipid fraction.  



 

 

 

  

Colour change of the photobioreactor during the first 5 days of nitrogen starvation.  
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ABSTRACT 

The microalga Nannochloropsis gaditana is known for accumulating fatty acids, 
including the commercially interesting eicosapentaenoic acid (EPA) within the polar 
lipids (PL) and triacylglycerol (TAG) lipids. During microalgal growth EPA is mainly 
present in the PL. Upon nitrogen starvation N. gaditana accumulates large amounts 
of TAG in lipid bodies. When expressed per total cell dry weight, the TAG-localized 
EPA increased while the PL-localized EPA decreased, suggesting that EPA is 
translocated from the PL into the TAG lipids during nitrogen starvation. Here, we 
elucidated the origin of EPA in TAG lipid bodies of N. gaditana by firstly growing this 
microalga under optimal growth conditions with 13CO2 as the sole carbon source 
followed by nitrogen starvation with 12CO2 as the sole carbon source. By measuring 
both 12C and 13C fatty acid isotope species in time, the de novo synthesized fatty acids 
and the already present fatty acids can be distinguished. For the first time, we proved 
that actual translocation of EPA from the PL into the TAG fraction occurs during 
nitrogen starvation of N. gaditana. Next to being translocated, EPA was synthesized 
de novo in both PL and TAG during nitrogen starvation. EPA was made by carbon 
reshuffling within the cell as well. EPA was the main fatty acid translocated, 
suggesting that the enzyme responsible for fatty acid translocation has a high 
specificity for EPA.  

Graphical abstract 
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2.1. INTRODUCTION 

Microalgae naturally produce lipids and can serve as a promising alternative lipid 
source for the production of food, feed and chemicals (Draaisma et al., 2013; Wijffels 
and Barbosa, 2010). Nannochloropsis gaditana is a promising marine microalgae 
species due to its ability to accumulate large amounts of triacylglycerol (TAG) 
including the high value omega-3 fatty acid eicosapentaenoic acid (EPA) during 
nitrogen starvation. 

In photosynthetic organisms (e.g. microalgae and plants), fatty acids are present in 
different fractions and location; the polar lipids (PL) are present in membranes and 
the neutral lipids (triacylglycerol or TAGs) in lipid globules. During growth 
polyunsaturated fatty acids (PUFAs) like EPA are mainly located in the PL. Nitrogen 
starvation is known to induce TAG accumulation in lipid bodies in the cytoplasm but 
also degradation of photosynthetic membranes (Simionato et al., 2013). During 
nitrogen starvation many fatty acids are synthesized de novo (Hu et al., 2008; 
Simionato et al., 2013). Next to that, fatty acids can also be translocated between 
lipid fractions. PUFAs are hypothesized to be translocated from the PL to the TAG 
fraction, since during nitrogen starvation its content decreases in the PL and 
increases in TAGs (Hulatt et al., 2017; Remmers et al., 2017b; Simionato et al., 2013). 
Several functions have been proposed for this TAG accumulation during nitrogen 
starvation. One of them is to serve as storage of membrane lipid components which 
later, when cultivation conditions become more favourable, can again be made 
available for the construction of PUFA-rich chloroplast membranes (Khozin-Goldberg 
and Cohen, 2011). Using radiolabelling it has been shown that in Parietochloris incisa 
the PUFA arachidonic acid (C20:4) present in TAGs was used for construction of 
chloroplast membrane lipids upon nitrogen recovery (Khozin-Goldberg et al., 2005).  

The PUFA accumulation into TAG is species and growth phase dependent (Tonon et 
al., 2002). For different Nannochloropsis species, Phaeodactylum tricornutum, 
Thalassiosira pseudonana and Pavlova lutheri EPA accumulation into TAG takes place 
in the stationary phase (Guihéneuf and Stengel, 2013; Hulatt et al., 2017; Remmers 
et al., 2017b; Tonon et al., 2002). In T. pseudonana and P. lutheri also 
docosahexaenoic acid (DHA, C22:6) accumulated into TAG (Tonon et al., 2002). In 
Nannochloropsis the EPA accumulation in TAG correlated with the degradation of 
EPA-containing membrane glycerolipids (Jia et al., 2015; Simionato et al., 2013).  
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In these studies, the overall change in fatty acid accumulation in the cell was 
measured. Based on the fatty acid mass balances within the different lipid fractions, 
it was hypothesized that PUFAs were transferred from the PL fraction into TAG upon 
nitrogen starvation. However, in this way it is not possible to distinguish the 
proposed translocation of intact free fatty acids between the different lipid fractions 
from the alternative possibility of de novo fatty acid synthesis in one lipid fraction 
and simultaneous degradation in another fraction. The actual transfer of intact fatty 
acids released from (chloroplastic) polar membrane lipids into TAGs upon nitrogen 
starvation has never been proven. Detailed knowledge on the mechanisms of carbon 
partitioning during nitrogen starvation is still lacking (Guihéneuf and Stengel, 2013; 
Mühlroth et al., 2013).  

The present study focusses on a better understanding of fatty acid partitioning 
between TAG and PL during nitrogen starvation, with special interest in EPA, using 
13C isotopic labelling of the microalgae Nannochloropsis gaditana. De novo synthesis, 
degradation and translocation of fatty acids between TAG and PL were elucidated in 
this work.  

2.2. MATERIALS AND METHODS 

2.2.1. Microalga, growth medium and pre-cultivation conditions 
The microalgae Nannochloropsis gaditana CCFM-01 (Microalgae Collection of 
Fitoplancton Marino S.L., CCFM) was used. Pre-cultures were maintained in 250 mL 
Erlenmeyer flasks containing 100 mL culture, in an orbital shaker incubator (100 rpm) 
with approximately 100 μmol m-2 s-1 continuous light and 2.5% CO2 enriched air. The 
growth medium was based on (Breuer et al., 2012) and contained: NaCl 445 mM; 
KNO3 33.6 mM; Na2SO4 3.5 mM; MgSO4∙7H2O 3 mM; CaCl2∙2H2O 2.5 mM; K2HPO4 
2.5 mM; NaFeEDTA 28 µM; Na2EDTA∙2H2O 80 µM; MnCl2∙4H2O 19 µM; ZnSO4∙7H2O 
4 µM; CoCl2∙6H2O 1.2 µM; CuSO4∙5H2O 1.3 µM; Na2MoO4∙2H2O 0.1 µM; Biotin 
0.1 µM; vitamin B1 3.3 µM; and vitamin B12 0.1µM. The pH was adjusted with NaOH 
to pH 7.5. During pre-cultivation and maintenance of the cultures in Erlenmeyer 
flasks 100 mM 4-(2-hydroxyethyl)piperazin-1-ethanesulfonic acid (HEPES) was added 
to the culture medium. In nitrogen free medium KNO3 was replaced by 33.5 mM KCl 
to keep equal osmolarity.  
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During growth phase 6 g NaH13CO3 (Sigma Aldrich) dissolved in 100 mL growth 
medium was added to the photobioreactor as carbon source at days 0, 3 and 6. The 
growth medium was filter sterilized (0.22 µm filtered, Minisart, Sartorius Stedim) and 
flushed with nitrogen gas to remove any air left. At the start of the nitrogen 
starvation phase 0.84 g L-1 NaH12CO3 was added to the nitrogen free medium.  

2.2.2. Experimental approach 
In this research, 13C isotopic labelling was used to study the lipid metabolism in 
N. gaditana and be able to distinguish between de novo synthesis, translocation and 
carbon reshuffling during nitrogen starvation. Fatty acid accumulation in the PL and 
TAG fractions in nitrogen starved N. gaditana was followed using 13C isotope 
labelling. First, N. gaditana was cultivated with 13C-bicarbonate as sole carbon source 
in a closed photobioreactor to ensure that all carbon in the biomass consists of 13C 
at the start of the starvation period. Secondly, the nitrogen starvation phase is 
started and the carbon source is changed to 12CO2. The biomass concentration and 
fatty acid profiles in the TAG and PL fractions are measured over time during nitrogen 
starvation. The fatty acids were quantified as their fatty acid methyl esters (FAMEs) 
using gas chromatography coupled to flame ionization detection (GC-FID). Liquid 
chromatography coupled to high resolution mass spectrometry (LC-MS) was used to 
enable distinction between 13C and 12C isotopes. The experiment was performed 
twice as biological duplicate.  

2.2.3. Photobioreactor setup for the growth phase 
The experiment was performed in a batch-operated, heat-sterilized airlift-loop flat 
panel photobioreactor with a light path of 20.7 mm, 1.8 L working volume and 
0.08 m2 surface area (Labfors 5, Infors HT, Switzerland, 2010). During the growth 
phase the photobioreactor was mixed by recirculation of nitrogen gas in an almost 
gas tight photobioreactor to prevent 12CO2 and oxygen from entering the reactor and 
the loss of 13C from the reactor (Figure S2.4). The air that could still enter the reactor 
was estimated to be less than 800 mL air per day based on the off-gas measurements 
after gas recirculation with a mass spectrometer (PRIMA δB process MS, Thermo 
Scientific, USA), which was acceptable due to the low CO2 concentration in air. To 
prevent oxygen inhibition by oxygen accumulation, we increased the gas volume by 
including a 10 L gas tank within the gas recirculation setup. During the growth phase 
the gas was recirculated with a membrane pump, placed inside this gas tank to 
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prevent gas exchange with the air, because membrane pumps always tend to draw 
some ambient air (KNF membrane vacuum pump, type NMS 020B). The nitrogen gas 
recirculation flow supplied for mixing the culture was approximately 1.0 - 1.5 L min-1. 
Prior to starting the experiment, the culture medium in the reactor was flushed with 
nitrogen gas to remove any remaining oxygen and 12CO2. Similar growth was 
observed for cultures in reactors with and without gas recirculation. The pH was 
controlled at 7.5 by on-demand addition of 0.9 M sulphuric acid (5% v:v). The culture 
temperature was maintained at 26 °C by water recirculation through the water 
jacket in contact with the reactor cultivation chamber. The culture was illuminated 
on the culture side of the reactor by 260 LED light with a warm white spectrum 
(450-620 nm). During the growth phase the outgoing light intensity was kept at 
around 30 μmol m-2 s-1 by daily increasing the incident light intensity up to 
636 µmol m2 s-1 on the day before nitrogen starvation was started. The added 
NaH13CO3 was used as sole carbon source during the growth phase. The reactor was 
inoculated at low unlabelled biomass concentration (0.03 g L-1) to ensure that more 
than 98% of cells consisted of 13C when the nitrogen starvation phase was started. 

2.2.4. Photobioreactor setup for nitrogen starvation phase 
After the growth phase the nitrogen starvation was started by centrifuging the 
biomass (800 g for 15 minutes), washing with nitrogen-free growth medium and 
re-suspending the culture with nitrogen-free growth medium to remove the 
remaining nitrate and 13C. The nitrogen starvation phase was started at a biomass 
concentration of 1.3 ± 0.1 g L-1 for the two biological duplicates. During the nitrogen 
starvation phase, a similar reactor setup to the one described above was used, 
except that the gas was not recirculated and 2% 12CO2 in nitrogen gas was used as 
carbon source. The incident light intensity was kept continuously at 636 µmol m2 s-1 
during this phase.  

2.2.5. Offline measurements  
Culture growth was assessed by measuring dry weight of the culture in triplicate 
according to Kliphuis et al. 2012 with the exception that ammonium formate (0.5 M) 
was used to dilute the sample and wash the filter (Kliphuis et al., 2012). The optical 
density was measured in duplicate at wavelengths 750, 680 and 480 nm with UV-
VIS-spectrophotometer (DR 6000, Hach Lange, Germany, light path 10 mm). Cell 
concentration and volume were measured using the Multisizer III (Beckman Coulter 
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Inc., USA) using a 50 µm aperture tube. Samples were diluted in ISOTON II diluent. 
Cell concentration was only measured during one of the duplicate experiments. The 
average dry weight-specific optical cross section (αc in m2 g-1) was measured and 
calculated according to de Mooij et al. 2015 using the absorbance from 400 to 
750 nm with a steps size of 1 nm. The absorbance was measured in UV-VIS/double-
beam spectrophotometer (Shimadzu UV-2600, Japan, light path: 2 mm) equipped 
with integrating sphere (ISR-2600) for samples diluted to an optical density 750 nm 
of 0.3-0.5 (de Mooij et al., 2015). The dry weight-specific optical cross section was 
calculated using the measured dry weight concentration (g L-1). The photosystem II 
(PSII) maximum quantum yield (Fv/Fm) was measured at 455 nm with AquaPen-C 
AP-C 100 (Photon Systems Instruments, Czech Republic) after 15 minutes dark 
adaptation at room temperature. 

2.2.6. Biomass samples 
Biomass samples for fatty acid analysis were taken at day 0, 1, 2, 3, 5, 7, 10 and 14 
from the moment of nitrogen starvation. The biomass samples (approximately 
60 mL) were centrifuged for 5 minutes at 4255 g (Beckman coulter, Allegra X-30R 
centrifuge) and washed twice with ammonium formate (0.5 M). The biomass pellets 
were stored at -20 °C and lyophilized. The measured dry weight was corrected for 
the dry weight of the reddish supernatant left after centrifugation, as this was 
washed away before biomass composition analysis.  

2.2.7. Fatty acid analysis 
The fatty acids within the triacylglycerol (TAG) and polar lipids (PL) were quantified 
with GC-FID according to (Breuer et al., 2012; León-Saiki et al., 2017). In short, lipids 
were extracted from 6-7 mg lyophilized biomass with chloroform: methanol (1:1.25, 
v:v) mixture with 237 µg ml-1 tripentadecanoin (T4257, Sigma Aldrich) and 
170 µg ml-1 1,2-dipentadecanoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium 
salt) (840446P, Avanti Polar Lipids Inc.) as internal standard for the TAG and the PL 
fraction, respectively. The TAG lipids were separated from the PL on SPE silica gel 
cartridge (Sep-Pak Vac 6cc, Waters). TAG was eluted with a solution of 
hexane:diethylether (7:1, v:v) and the PL were eluted with a solution of 
methanol:acetone:hexane (2:2:1, v:v:v). The separated fractions were divided for 
analysis by GC-FID and LC-MS before organic solvents were evaporated.  
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For analysis on the GC-FID the fatty acids were saponified and methylated in 
methanol with 5% H2SO4 at 70 °C for 3 hours. The fatty acids methyl esters (FAMEs) 
obtained were extracted with hexane and quantified on the GC-FID (Agilent 7890) 
(Breuer et al., 2012). The TAG and PL fatty acid contents were calculated by summing 
all fatty acids measured per mg of biomass in each lipid fraction.  

For LC-MS analysis the extracted lipids were saponified without subsequent 
methylation (Bromke et al., 2015). In short, the separated lipids were suspended in 
200 µL of methanol with 6% KOH in MQ (4:1, v:v), incubated for 2 hours at 60 °C and 
cooled to room temperature. 100 µL saturated NaCl was then added and the mixture 
acidified by adding 50 µL of 29% HCl. The samples were thoroughly mixed and 
centrifuged for 30 seconds at 20238 g (Eppendorf centrifuge 5424). The free fatty 
acids were extracted three times with 200 µL chloroform: heptane (1:4, v:v), pooled 
and washed with 200 µL water. The fatty acid fraction was separated and dried by 
evaporation of the solvent and stored at -20 °C until use. Before analysis the dried 
fatty acids were dissolved in ethanol with 0.1% butylhydroxytoluene and sonicated 
for 5 minutes and centrifuged. The samples were analysed by LC-Orbitrap FTMS.  

2.2.8. LC-MS analysis 
Fatty acids present in the saponified lipid fractions were detected by high resolution 
LC-MS using an Acquity UPLC (Waters, Milford, MA, USA) connected to an LTQ-
Orbitrap XL hybrid mass spectrometer (Thermo Fischer Scientific, San Jose, CA, USA). 
A Waters Acquity HSS T3 column (1.8 µm particles; 2.1 x 150 mm) at 55 °C and a 
gradient of 20% acetonitrile in water containing 10 mM ammonium acetate and 0.1% 
formic acid (eluent A) and 10% acetonitrile in isopropanol containing 10 mM 
ammonium acetate and 0.1% formic acid (eluent B) were used to separate the 
compounds. The solvent gradient started with an increase from 35-70% B in 3 min, 
then from 70-85% B in 6 min and finally from 85-90% B in 13 min followed by a 
washing step at 90% B for another 5 min. The flow rate was 200 µl/min. Masses were 
recorded at a resolution of 60,000 in negative electrospray ionization mode and in 
the m/z range of 105-1400. Mass calibration and other settings of the MS were as 
described by Hooft et al. 2012 (Hooft et al., 2012). 

Raw LC-MS data were processed using MetAlign software (Lommen and Kools, 2012) 
for noise estimation, peak picking and alignment of mass features across samples, 
resulting in a large table (peak list) with the relative intensities, expressed as peak 
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heights, of nearly 7,500 mass features in each sample. Mass features corresponding 
to the molecular ions, [M-H]-, of both fully 12C and fully 13C isoforms of fatty acids of 
interest, as well as all possible partially labelled combinations thereof, were 
identified based on their calculated exact masses, allowing a maximum mass 
deviation of 3 ppm. The relative intensities of these molecular ion peaks were used 
for further data analysis.  

Using the correlation of each sample between the peak intensities of the fatty acids 
detected by LC-MS and the quantified fatty acids of the GC-FID, the relative 
LCMS-peak intensities were converted into fatty acid concentrations. 

2.2.9. Calculation time-averaged TAG yield on light 
The time-averaged TAG yield on light (YTAG/ph in gTAG molph-1) was calculated as 
described by Remmers et al., 2017b. The amount of TAG produced over a period was 
divided by the amount of light supplied in that period. The light necessary for 
inoculum production was included in the light supplied, and was calculated from the 
biomass concentration at the start of nitrogen starvation and a theoretical biomass 
yield on light of 1 gx molph-1 (Remmers et al., 2017b). 

2.3. RESULTS AND DISCUSSION 

The fatty acid accumulation in the TAG and PL fraction was studied in 
Nannochloropsis gaditana during nitrogen starvation. A distinction between de novo 
synthesis, translocation and carbon reshuffling was made by measuring 12C and 13C 
fatty acids. The start of nitrogen starvation was considered as time 0. All figures 
represent the average of two independent biological photobioreactor experiments. 
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Figure 2.1. Average dry weight concentration (g L-1) (A), cell 
concentration (cells mL-1) (circles) and diameter (µm) (triangles) from 
one of the duplicate experiments (B), average dry weight-specific 
optical cross section (m2 kg-1) (C) and average PSII maximal quantum 
yield (D) measured over time from the moment of nitrogen 
starvation. Error bars in A, C and D represent the minimum and 
maximum values of two biological reactor experiments (n=2).  
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2.3.1. Biomass production and photosystem activity 
The nitrogen starvation started at a biomass concentration of 1.3 ± 0.1 g L-1. The 
biomass concentration rapidly increased during the first 5 days up to 4.2 ± 0.02 g L-1 
and stabilized at 4.5 ± 0.3 g L-1 at day 14 (Figure 2.1A). During this period the cells 
number increased 3-fold from 2.2 × 108 to 6.6 × 108 cells per mL (Figure 2.1B), 
indication that on average the cells divided 1.5 times after nitrogen starvation until 
day 5. Pal et al., 2011 also observed that cells of Nannochloropsis sp. divide at least 
once during nitrogen starvation (Pal et al., 2011). The average cell diameter 
increased linearly from 3.3 to 3.6 µm with increasing nitrogen starvation time (Figure 
2.1B).  

The dry weight-specific optical cross section rapidly decreased during the first 5 days 
of nitrogen starvation from 176 ± 19 to 29 ± 1.7 m2 kg-1 (Figure 2.1C). The PSII 
maximum quantum yield (Fv/Fm) decreased from 0.67 to 0.40 (Figure 2.1D), 
indicating a reduced photosystem II activity. PSII maximum quantum yield is known 
to decrease during abiotic stress (Young and Beardall, 2003). Our findings are similar 
to a decrease from 0.60 to 0.49 found by Simionato et al. 2013 during 7 days of 
nitrogen starvation (Simionato et al., 2013). The decrease in PSII maximum quantum 
yield, dry weight-specific optical cross section and reduction in biomass productivity 
all point to a decrease in photosynthetic activity during nitrogen starvation.  

2.3.2. Fatty acid analysis using GC-FID 
Neutral triacylglycerol (TAGs) lipids were separated from the polar lipid fraction (PL) 
and the fatty acid composition of both fractions were analysed (as their FAMEs) 
during nitrogen starvation. The PL fraction will mainly consist of membrane lipids. 
The TAG and PL fractions were calculated as the sum of each fatty acids in that 
fraction.  
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Figure 2.2. Average fatty acid content (g gdw-1) (A) and fatty acid concentration 
(g L-1) (B) in TAGs (circles), PL (diamonds) and total lipids (triangles; TAGs + PL). 
The average time-averaged TAG yield on light (gTAG molph-1) (C). Average 
distribution of total EPA over the TAGs (grey bars) and PL (diagonal stripes) 
(D). The average content (g gdw-1) (E) and concentration (g L-1) (F) of EPA in 
both TAGs (circles), PL (diamonds) and total lipids (triangles). All from the 
start of nitrogen starvation. The error bars represent the minimum and 
maximum values of two biological photobioreactor experiments (n=2).  
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The total fatty acid content increased from 18 to 42% of the biomass dry weight in 
14 days of nitrogen starvation (Figure 2.2A). This increase was mainly caused by the 
increase of the TAG fraction. The TAG concentration in the culture also rapidly 
increased 21-fold due to the increase in both TAG content and biomass 
concentration (Figure 2.2B). The maximal time-averaged TAG yield on light (0.14 ± 
0.0004 gTAG molph-1, or 0.18 ± 0.004 gTAG molph-1 when not corrected for the energy 
necessary for inoculum production) was achieved after 1 day of nitrogen starvation 
(Figure 2.2C). The PL content decreased within the first 3 days of nitrogen starvation 
from 0.11 ± 0.01 to 0.04 ± 0.01 g gdw-1. At day 14 of nitrogen starvation 90% of all 
fatty acids were present in the TAG fraction, similar to what was found for 
Nannochloropsis oculata (Tonon et al., 2002). 

During nitrogen starvation the total cell EPA content expressed per total dry weight 
decreased from 0.06 ± 0.01 to 0.04 ± 0.01 gepa gdw-1 while EPA present in the TAG 
fraction increased from 0.01 ± 0.001 to 0.03 ± 0.001 gepa gdw-1. At the same time, EPA 
present expressed per total dry weight in the PL fraction decreased from 0.05 ± 0.006 
to 0.01 ± 0.004 gepa gdw-1 (Figure 2.2E). In this study the total EPA content before 
nitrogen starvation was thus slightly higher compared to 4.3% found in N. gaditana 
and 4.2 - 4.9% in Nannochloropsis sp. (Camacho-Rodríguez et al., 2014; Hulatt et al., 
2017).  

In addition to the decrease in the algal EPA content upon nitrogen starvation, the 
EPA concentration in the bioreactor also changes due to the change in biomass 
concentration: from 82.9 ± 15.7 to 163.3 ± 33.2 mg L-1. This increase thus represents 
de novo synthesis of EPA of 80.2 mg L-1 in total. The EPA concentration expressed per 
reactor volume, present in the TAG fraction increased from 11.4 ± 1.7 to 113.6 ± 10.9 
mg L-1, while in the PL it decreased from 71.5 ± 14.1 to 49.6 ± 22.3 mg L-1 (Figure 
2.2F).  

At the start of nitrogen starvation, 13.8 ± 0.6 % of all EPA was present in the TAGs 
and it increased to 71 ± 7.8 % at day 14 of nitrogen starvation (Figure 2.2D). Similar 
results have been reported for N. oculata, in which 8% of EPA was present in TAG 
during the exponential phase and increased to 68% in the stationary phase (Tonon 
et al., 2002).  

The total EPA in the culture increased during nitrogen starvation, indicating de novo 
synthesis of EPA. Nevertheless, the absolute increase in EPA present in TAG is larger 
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than the absolute increase of EPA in the culture and therefore it could be 
hypothesized that EPA was partially transferred from the PL into TAG.  

2.3.3. Specific analysis of 12C and 13C fatty acids using accurate mass 
LC-MS 
By just measuring the fatty acid contents, no distinction can be made between 
possible de novo synthesis, degradation and translocation of fatty acids between the 
TAG and PL fractions. Therefore, the 13C/ 12C labelling patterns of the fatty acids were 
analysed. Because 13C was the sole carbon source during the growth phase, virtually 
all microalgal carbon consisted of 13C at the moment of nitrogen starvation (t0). 79% 
of all EPA at start of nitrogen starvation consisted only of 13C. During subsequent 
nitrogen starvation 12C was used as carbon source. Consequently, all de novo 
synthesized fatty acids will consist of 12C while fatty acids originating from the growth 
phase will fully consist of 13C. Fatty acids consisting of a mixture of 12C and 13C are 
synthesized by reshuffling 13C-carbon available in the cell at the onset of nitrogen 
starvation combined with 12C-carbon that is subsequently fixed de novo. The recycled 
13C-carbon can originate from existing fatty acids but also from other biomass 
components and free 13CO2 present in the cell prior to starvation.  

At the onset of nitrogen starvation, the largest part of all fatty acids consisted only 
of 13C. Figure 2.3 shows the 13C, 12C and 12C/13C fatty acid concentrations of the four 
most abundant fatty acids, eicosapentaenoic acid (C20:5), palmitic acid (C16:0), 
palmitoleic acid (C16:1) and oleic acid (C18:1) in Nannochloropsis gaditana during 
nitrogen starvation. Upon subsequent nitrogen starvation, palmitic acid, palmitoleic 
acid and oleic acid in the TAG fraction were mainly produced by de novo synthesis 
from 12C sources only (carbon chains consisting of 12C only) and de novo synthesis 
combined with 13C-carbon reshuffling (carbon chain consisting of a mix of 12C and 
13C). In contrast, only small amounts of fatty acids were newly synthesized in the PL 
and mainly originated from de novo synthesis from 12C-carbons only. 
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Figure 2.3. Average fatty acids (mg L-1) consisting of only 13C (green), 
only 12C (blue) and a mix of 12C and 13C (red) at different times during 
nitrogen starvation in PL and TAGs. Eicosapentaenoic acid (C20:5) 
(A), palmitic acid (C16:0) (B), palmitoleic acid (C16:1) (C) and oleic 
acid (C18:1) (D). Error bars represent the minimum and maximum 
values of two biological experiments (n=2). 
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EPA consisting of only 13C decreased in the PL fraction and increased in the TAG 
fraction (Figure 2.3). The absolute EPA decrease in the PL fraction, i.e. 0.04 g L-1, is 
similar to its absolute increase in the TAG fraction, i.e. 0.03 g L-1. This result provide 
evidence for translocation of the complete EPA molecule from PL to TAG, since it is 
unlikely that all 20 carbon atoms of EPA were completely made from recycled 
13C-carbon. Of all the EPA present in TAG after 14 days of nitrogen starvation, 23% 
originated of translocation from PL to TAG. This is the first time showing actual 
translocation of intact EPA from PL into TAG in microalgae. In addition to 
translocation, in both PL and TAG fractions EPA was de novo synthesized from both 
13C-carbon recycled within the nitrogen starved cell and de novo synthesis from 
12C-carbon. In the TAG fraction, after 14 days of nitrogen starvation 21% of all EPA 
was completely made de novo from 12C-carbon, 46% was made from 13C-carbon 
recycled within the cell together with de novo 12C-carbon, 23% originated from 
translocation of intact 13C-EPA and 10% was already present at the start of nitrogen 
starvation. One enzyme which could be responsible for the observed EPA transfer 
into TAG is phospholipid: diacylglycerol acyltransferase (PDAT). This gene has been 
identified in the genome of Nannochloropsis gaditana (Radakovits et al., 2012) and 
it would be interesting to study its transcriptional and protein levels during nitrogen 
starvation. It is interesting to note that mainly EPA was translocated, relative to the 
other fatty acid species, suggesting that the enzyme responsible for the translocation 
has a relative high affinity for EPA as a substrate.  

2.4. CONCLUSIONS 

Using 13C isotope labelling, we provide conclusive evidence for translocation of intact 
EPA carbon chains from the PL into the neutral TAGs upon nitrogen starvation of 
microalgae. Next to translocation, EPA was also synthesized both completely de novo 
and from carbon reshuffling within the cell. In contrast, to EPA, palmitic acid, 
palmitoleic acid and oleic acid were hardly translocated and mainly synthesized de 
novo and from carbon reshuffling, indicating that the enzyme responsible for 
translocation of intact fatty acids has a high affinity towards EPA relative to other 
fatty acids. Future research will focus on elucidating the biochemical pathways active 
in fatty acid translocation and de novo synthesis, in order to gain better insight into 
the regulation of EPA accumulation in nitrogen starved microalgae. This knowledge 
can potentially be used to produce EPA-rich TAG from Nannochloropsis.  
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2.5 Supplement 

 

Figure S2.4. Schematic overview flat panel photobioreactor setup for 
the growth phase. 



 

 

 

 

 

 

 

 

 

 

  

Colour change of time series during lipid extraction.  
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ABSTRACT 

Microalgae can be used as a source of triacylglycerol (TAG) and the omega-3 fatty 
acid eicosapentaenoic acid (EPA). Insight in TAG and EPA production and regulation 
are needed to improve productivity. Nitrogen starvation induces TAG accumulation. 
Previous research showed that during nitrogen starvation in Nannochloropsis 
gaditana, EPA was translocated from the polar lipids to TAG and de novo 
synthesized. Expression levels of genes involved in de novo TAG synthesis pathway 
and fatty acid translocation were measured during the first hours of nitrogen 
starvation and over a longer starvation period. Furthermore, the genes involved in 
fatty acid elongation and desaturation were studied. One phospholipid: 
diacylglycerol acyltransferase (PDAT) gene involved in translocation of fatty acids 
from membrane lipid to TAG was upregulated. In addition, several lipases showed 
increased transcriptional levels, suggesting these enzymes might be responsible for 
translocation of EPA accumulation in TAG. Most desaturases and elongases involved 
in de novo EPA synthesis were downregulated except for Δ9 desaturase was 
upregulated which correlated with the increase in oleic acid. Because there are many 
hypothetical genes, improvements in annotation are needed for a better 
understanding of the pathways.  
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3.1 INTRODUCTION 

Microalgae are a sustainable source of lipids which can be used for food, feed and 
fuel. Fatty acids can accumulate in triacylglycerol (TAG) lipid droplets and in 
membrane lipids. Nannochloropsis gaditana is a microalga known for its large TAG 
accumulation during nitrogen starvation and the production of omega-3 fatty acid 
eicosapentaenoic acid (EPA). The genome of N. gaditana has been sequenced 
(Corteggiani Carpinelli et al., 2014; Radakovits et al., 2012), which enables 
transcriptomic analysis by measuring the expression levels using RNA sequencing 
(RNA-seq). The expression levels give information about the activity of the genes in 
the studied pathways.  

In microalgae TAG can be produced via two pathways; the acyl-CoA dependent 
Kennedy pathway and the acyl-CoA independent pathway. These pathways start 
with the fatty acids synthesis by the fatty acid synthase (FAS) complex. The FAS 
complex produces C16:0, C18:0 and C18:1 fatty acids as acyl-CoA. These can be used 
in the acyl-CoA dependent Kennedy pathway to produce TAG but also be used as 
substrate for polyunsaturated fatty (PUFA) synthesis. An overview of the most 
important steps in the TAG synthesis pathways are given in Figure 3.1. 
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Figure 3.1. Proposed simplified TAG synthesis pathways of 
Nannochloropsis gaditana. GPAT: glycerol-3-phosphate 
acyltransferase, Lyso-PA: lysophosphatidic acid, LPAAT: 
lysophosphatidic acid acyltransferase, PAP: phosphatidic acid 
phosphatase, DGK: diacylglycerol kinase, DAG: diacylglycerol, DGAT: 
diacylglycerol acyltransferase, TAG: triacylglycerol and PDAT: 
phospholipid: diacylglycerol acyltransferase. Adapted from 
(Banerjee et al., 2017; Ma et al., 2016; Radakovits et al., 2012).  

3.1.1. TAG synthesis via acyl-CoA dependent pathway 
The acyl-CoA synthesized by FAS can be transferred to glycerol-3-phosphate by 
glycerol-3-phosphate acyltransferase (GPAT) to yield lysophosphatidic acid (Lyso-
PA). The addition of another acyl chain to Lyso-PA by lysophosphatidic acid 
acyltransferase (LPAAT) produces phosphatidic acid (PA). The dephosphorylation of 
PA by phosphatidic acid phosphatase (PAP) yields diacylglycerol (DAG). The last step 
is the acylation of DAG to triacylglycerol (TAG) by diacylglycerol acyltransferase 
(DGAT). Nannochloropsis has one or two gene copies of the DGAT-1 family and 11 
gene copies of DGAT-2 gene family. With 11 gene copies of DGAT-2 they have the 
highest gene dose of DGAT-2 among known genomes (Alboresi et al., 2016; Wang et 
al., 2014).  
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3.1.2. TAG synthesis by the acyl-CoA independent pathway  
Next to TAG synthesis via the acyl-CoA dependent pathway, TAG can also be 
synthesized by an acyl-CoA independent pathway. In this pathway fatty acids 
originate from the membrane lipids and can be translocated to TAG by for example 
phospholipid: diacylglycerol acyltransferase (PDAT) or lipases. Previous research 
showed that 23% of the EPA accumulated in TAG originated from translocation of 
intact EPA from the polar lipids to the TAG upon nitrogen starvation (Chapter 2). This 
translocation seemed to have a high specificity for EPA, as mainly EPA was 
translocated. 

The PDAT enzyme isolated from the microalgae Chlamydomonas reinhardtii showed 
phospholipid and galactolipid diacylglycerol transferase activity, DAG: DAG 
transacylase activity (producing TAG and monoacylglycerol (MAG)) and showed 
lipase activity with broad substrate specificity (Yoon et al., 2012). Therefore, PDAT 
can be responsible for the production of TAG in different ways, including the 
translocation of membrane lipids to TAG. An insertional mutant of PDAT in 
C. reinhardtii showed 25% less TAG accumulation showing the relevance of this 
pathway for TAG synthesis during nitrogen starvation (Boyle et al., 2012).  

Another possible way to translocate fatty acids from membranes to TAG in lipid 
bodies is by lipases which free the fatty acids allowing translocation to TAG. For 
C. reinhardtii and N. oceanica multiple lipases were upregulated upon nitrogen 
starvation (Li et al., 2014; Miller et al., 2010). 

3.1.3. EPA synthesis 
The EPA synthesis starts after the production of palmitic acid (C16:0) and stearic acid 
(C18:0) in FAS. EPA is synthesized by sequential desaturation and elongation steps 
performed by desaturases and elongases, respectively. The proposed EPA 
biosynthesis pathway for Nannochloropsis shows multiple pathways (Figure 3.2).  
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Figure 3.2. Proposed EPA synthesis pathway for Nannochloropsis 
adapted from (Schneider and Roessler, 1994; Vieler et al., 2012). 

After the first desaturation step by Δ9 desaturase oleic acid (C18:1 n-9) is formed. 
The second desaturation step by Δ12 desaturase results in the formation of linoleic 
acid (C18:2 n-6). From linoleic acid two main pathways can be used for EPA synthesis: 
the omega-6 and the omega-3 pathway. Based on the measured intermediate fatty 
acids by Schneider and Roessler 1994, the omega-6 pathways may be predominate 
in Nannochloropsis and is therefore shown with bold arrows (Schneider and 
Roessler, 1994) (Figure 3.2). The produced EPA can be used in TAG synthesis or 
membrane lipids synthesis. One hypothesized role of TAG is to act as reservoir for 
plastid PUFA under stress conditions (Cohen et al., 2000; Khozin-Goldberg et al., 
2005).  

The aim of this research is to get more insight in the TAG and EPA production 
pathways in Nannochloropsis gaditana during nitrogen starvation by analysing 
transcriptomic changes in time. Previous research showed that upon nitrogen 
starvation 23% of EPA present in TAG was intact translocated from the polar lipids in 
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N. gaditana, 21% was de novo synthesized and 46% resulted from synthesis via 
carbon recycled within the cell with newly incorporated carbon (Chapter 2). In this 
research we want to get more insight in the translocation of fatty acid during 
nitrogen starvation and therefore studied the genes involved in the acyl-CoA 
dependent pathway and acyl-CoA independent pathway (PDAT and lipases). In 
addition, since EPA was also shown to be made de novo after nitrogen starvation, 
genes involved in the EPA synthesis were analysed. To be able to compare the 
transcriptome analysis data to the data from previous research where translocation 
was measured via 13C labelling, the same experimental setup was used. N. gaditana 
was grown in two-phase batch cultivation where a growth phase was followed by a 
nitrogen starvation phase. Gene expression was analysed over a short (hours) and a 
longer time period (days), to be able to analyse the immediate transcriptional 
changes at the onset of nitrogen starvation and on a longer time period. The 
transcriptional expression levels during nitrogen starvation were compared to 
nitrogen replete conditions. In addition to transcriptional expression levels the fatty 
acid composition and content in the TAG and polar lipids were measured.  
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3.2. MATERIALS AND METHODS 

3.2.1 Strain, cultivation medium and pre-cultivation 
The microalgae Nannochloropsis gaditana CCFM-01 was obtained from the 
Microalgae Collection of Fitoplancton Marino S.L. Pre-cultivation and growth 
medium used were as described in Chapter 2.2.1. 

3.2.2 Photobioreactor and experimental setup 
The experiments were performed in an aseptic, heat-sterilized, flat-panel, airlift-loop 
photobioreactor (Labfors 5 Lux, Infors HT, Switzerland, 2010) with a reactor depth of 
0.02 m. The experimental setup was used as described in Chapter 2.2.4, with the 
exception that during the growth phase the same experimental setup was used as 
during the nitrogen starvation phase, therefore without gas recirculation. For the 
growth and nitrogen starvation mixing was done by sparging 1 L min-1 of air mixed 
with 2% CO2.  

3.2.3 Offline measurements of the culture and lipid analysis 
The measurements of dry weight and cell concentration were measured daily from 
the start of nitrogen starvation according to Chapter 2.2.5. The lipid analysis and TAG 
yield on light calculations were performed according to Chapter 2.2.7.  

3.2.4 RNA-sequencing 
At 0, 0.1, 0.3, 0.8, 1, 2, 3, 5, 7 and 14 days biomass samples for RNA-sequencing were 
taken. The biomass samples were directly kept on ice and centrifuged for 5 minutes 
(4700 g, 0˚C). The cell pellets were immediately frozen in liquid nitrogen and stored 
at -20˚C. RNA was extracted using Maxwell® 16 LEV simplyRNA Cells Kit following the 
standard protocol. Extracted RNA was tested for quality using an Experion RNA 
Analysis Kit (BIO-RAD). RNA samples were stored at -80˚C and sequenced by 
Novogene (Illumina PE150). 

The genomic annotation (GFF3) and corresponding genomic sequence (FASTA) of 
Nannochloropsis gaditana were converted into a semantic framework using SAPP 
according to the GBOL ontology (Dam et al., 2017; Koehorst et al., 2017). Each 
RNAseq dataset was mapped using the Transcriptomics module using STAR 2.5 as 
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the read mapping software (Dobin et al., 2013). The expression for each gene for all 
conditions were converted into a data frame for differential analysis using DESeq2 
(Love et al., 2014). Iteratively, differential expression for all comparisons between 
the different time points where analysed.  

The Log2fold change (LFC) for each time point in the starvation phase was calculated 
compared to the expression levels at the nitrogen replete phase. A principal 
component analysis (PCA) was performed to compare the biological replicates 
(Figure S3.10). Most replicates of the same time point are closely aligned, showing 
good reproducibility. The samples of day 0.3 were less well aligned, but since only 
duplicates were available, both samples were included.  

Genes were considered significant differentially expressed when the p-value 
adjusted for false positives (padj) was below or equal to 0.05 and minimum of two 
for these time points were upregulated or downregulated LFC of 1.5 to 2, or at least 
one time point was upregulated or downregulated minimal LFC of 2 as described by 
(Li et al., 2014).  
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3.3. RESULTS AND DISCUSSION 

Results on biomass concentration, photosynthetic activity and lipids are shown from 
the start of nitrogen starvation and are the average of two biological 
photobioreactor experiments with the error bars showing the absolute deviation 
between these duplicates.  

3.3.1. Biomass concentration and photosystems 
The biomass concentration rapidly increased from 0.92 ± 0.12 to 4.9 ± 0.36 
g L-1 during 14 days of nitrogen starvation (Figure 3.3A). The cell concentration 
increased from 2.43 ± 0.15 × 108 to 8.23 ± 0.86 × 108 cells mL-1 during this period 
(Figure 3B), meaning that on average cells divided 1.5 times after nitrogen starvation. 
These growth results were similar to those obtained in Chapter 2 (Figure S3.8). 

 

Figure 3.3. Average dry weight concentration (g L-1) (A) and average 
cell concentration (cells mL-1) (B) from the moment of nitrogen 
starvation. The error bars show the absolute deviation between two 
biological photobioreactor experiments (n=2).  

3.3.2. Fatty acid accumulation 
Fatty acid accumulation in TAG and polar lipid fractions was measured during 
nitrogen starvation.  
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Figure 3.4. Average fatty acid content (g gdw-1) (A) and fatty acid 
concentration (g L-1) (B) in TAGs (circles), polar lipids (PL) (diamonds) 
and total lipids (triangles, TAG + PL). The average EPA content (g gdw-1) 
(C) and EPA concentration (g L-1) (D) in TAG (circles), polar lipids 
(diamonds) and total lipids (triangles, TAG + PL). The average 
time-averaged TAG yield on light (gTAG molph-1) including correction 
for energy necessary for inoculum production (E). Time zero 
corresponds to the start of nitrogen starvation. The error bars show 
the absolute deviation between two biological photobioreactor 
experiments (n=2). 
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The TAG content expressed per biomass increased from 0.07 ± 0.02 to 0.31 ± 0.003 
g gdw-1 during the 14 days of nitrogen starvation (Figure 3.4A). The polar lipid content 
expressed per biomass decreased from 0.09 ± 0.001 to 0.04 ± 0.001 g gdw-1 after 14 
days of nitrogen starvation (Figure 4A). The polar lipids mainly consist of membrane 
lipids. The polar lipid species monogalactosyl diacylglycerol (MGDG), digalactosyl 
diacylglycerol (DGDG), phosphatidylcholine (PC), phosphatidylinositol (PI) and 
phosphatidylglycerol (PG) are lipid constituents of photosynthetic membranes and 
have been reported to decrease during nitrogen starvation in Nannochloropsis 
gaditana (Simionato et al., 2013), in accordance with our results.  

The increase in TAG content and biomass concentration resulted in an increase in 
TAG concentration in the reactor from 0.07 ± 0.03 to 1.54 ± 0.13 g L-1 in 14 days of 
nitrogen starvation (Figure 3.4B). In the same period, the polar membrane lipid 
concentration increased from 0.08 ± 0.01 to 0.20 ± 0.01g L-1 (Figure 3.4B). This shows 
that, although the polar lipids expressed per biomass decreased, the total amount 
increased and part of the polar lipids was made de novo during nitrogen starvation.  

The maximal time-averaged TAG yield on light was 0.13 ± 0.01 gTAG molph-1 after 1 
day of nitrogen starvation (0.16 ± 0.02 gTAG molph-1 after 2 days when not corrected 
for energy necessary for inoculum) (Figure 3.4E).  

The EPA content present in the TAG lipid fraction expressed per dry weight increased 
and decreased in the polar lipid fraction resulting in an overall decrease in EPA 
content (Figure 3.4C).  

The EPA concentration present in the TAG and polar lipid fraction increased due to 
the increase in biomass concentration (Figure 3.4D). Resulting in a total increase in 
EPA concentration from 0.043 ± 0.005 to 0.174 ± 0.007 g L-1.  

In general, the largest changes in fatty acids content in TAG and PL, TAG yield and 
EPA content occurred within the first three days of nitrogen starvation. Results for 
fatty acids were similar to previous results under identical conditions (Figure S3.9) 
(Chapter 2). It was proven in that research that under these growth condition EPA 
accumulated in TAG was partly made de novo during nitrogen starvation, as also 
shown here by the increase in EPA concentration in the reactor. On the other hand, 
23 % of the EPA present in TAG was intact translocated from the polar lipid to the 
TAG during nitrogen starvation (Chapter 2). Another fraction of EPA in TAG was made 
from carbon recycled within the cell with newly incorporated carbon (Chapter 2). To 
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study the accumulation pathways involved in TAG accumulation, the expression 
levels of genes involved in the acyl-CoA dependent and independent TAG synthesis 
pathways were analysed. 

3.3.3 Differential expression genes 
From the 10486 genes annotated in the genome 10105 (96%) genes were identified 
in the RNA-sequencing data (Corteggiani Carpinelli et al., 2014). From the identified 
genes, 6946 (68%) genes were significantly differential expressed based on the set 
constraints (Li et al., 2014). Within the differentially expressed genes 2908 (42%) 
were annotated as hypothetical or unknown protein. In this research, we focussed 
on the genes involved in TAG metabolism and EPA synthesis.  

3.3.4. Genes involved in fatty acid synthesis 
Genes involved in the fatty acid biosynthesis showed no major changes in expression, 
even though the lipid cell content increased during nitrogen starvation. The FAS 
complex was mostly downregulated upon nitrogen starvation as previously reported 
for N. gaditana and N. oceanica (Corteggiani Carpinelli et al., 2014; Li et al., 2014). 
Although the pathway was not upregulated, it remained active since de novo fatty 
acid synthesis was shown under these growth conditions (Chapter 2). 

3.3.5. TAG synthesis via acyl-CoA dependent pathway 
Since N. gaditana accumulated TAG upon nitrogen starvation, the expression level 
of the genes involved in the acyl-CoA dependent TAG pathway were analysed 
(Figure 3.5). The log2fold change (LFC) during nitrogen starvation was shown for the 
identified genes involved in this pathway.  
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The first enzyme involved in TAG synthesis via the acyl CoA-dependent pathway is 
glycerol-3-phosphate acyltransferase (GPAT) which produces lysophosphatidic acid 
from glycerol-3-phosphate and acyl-CoA. Three genes identified as GPAT were 
differentially expressed compared to nitrogen replete conditions (Alboresi et al., 
2016; Corteggiani Carpinelli et al., 2014). Two genes (Naga_100019g49 and 
Naga_100562g3) were upregulated and one was downregulated (Naga_100106g21) 
during nitrogen starvation (Figure 3.5). Similar results were found for 
Nannochloropsis oceanica where one GPAT was upregulated and another one was 
downregulated (Li et al., 2014). GPAT (Naga_100106g21) was downregulated 
1.5-fold at 0.8 day and decreased to 2.4-fold from 1.8 days onward. The other GPAT 
gene (Naga_100562g3) was upregulated two-fold from 0.8 day onward. The largest 
increase up to 24-fold was shown in GPAT (Naga_100019g49) which was hardly 
present in nitrogen replete conditions and activated upon nitrogen starvation. 

The next step in TAG synthesis is the formation of phosphatidic acid by 
lysophosphatidic acid acyltransferase (LPAAT). Five identified LPAAT genes (Alboresi 
et al., 2016; Dolch et al., 2017) were differentially expressed (Naga_100002g46, 
Naga_100015g9, Naga_100904g1, Naga_100007g86 and Naga_100501g5). LPAAT 
(Naga_100015g9) was upregulated 1.5 to 2.6-fold consistently from 0.1 day onward 
and another LPAAT gene (Naga_100002g46) was upregulated from day 1.8 onward 
2 to 2.5-fold. On the other hand, LPAAT (Naga_100501g5) was 1.5-fold 
downregulated at 0.3 day and from 3 days onward 2-fold downregulated.  

The following step in the Kennedy pathway is the formation of DAG by phosphatidic 
acid phosphatase (PAP). One of two PAP genes (Naga_100234g7) was 2-fold 
upregulated at the start of nitrogen starvation and 1.5-fold at days 7 and 14. The 
second PAP gene (Naga_100251g9) was downregulated 1.5-fold at 0.3, 7 and 14 days 
of nitrogen starvation. Similar results, have been reported, in N. oceanica where one 
putative PAP gene was downregulated and four other PAP genes were upregulated 
in the first 2 days of nitrogen starvation (Li et al., 2014).  

The reverse reaction, from DAG to phosphatidic acid is catalysed by diacylglycerol 
kinase (DGK). Both identified DGK genes (Naga_100017g47 and Naga_100007g24) 
were upregulated. Upregulation of DGK was also found in the nitrogen-starved green 
microalgae Micractinium pusillum (Y. Li et al., 2012).  
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The last step in TAG synthesis is the conversion of DAG into TAG by diacylglycerol 
acyltransferase (DGAT). This enzyme converts DAG to TAG via an acyl-CoA 
dependent acylation. There are two types of DGAT genes, DGAT-1 and DGAT-2. One 
identified DGAT-1 enzyme (Naga_101968g1) was not significant different expressed. 
On the other hand, six of the identified DGAT-2 genes were significant differential 
expressed (Naga_100343g3, Naga_100010g31, Naga_100251g8, Naga_100030g42, 
Naga_100682g2 and Naga100004g173). One of these genes (Naga_100004g173) 
was annotated as PDAT by Corteggiani Carpinelli et al., 2014 and annotated as 
DGAT2k by (Alboresi et al., 2016). This gene was downregulated approximately two-
fold from 0.8 days of nitrogen starvation onwards. In research by Corteggiani 
Carpinelli et al. 2014, none of the predicted DGAT genes in N. gaditana were 
differentially expressed upon 3 or 6 days of nitrogen starvation (Corteggiani 
Carpinelli et al., 2014). In Nannochloropsis oceanica, however, seven putative DGAT 
genes were upregulated and six others were downregulated under nitrogen 
starvation (Li et al., 2014). For C. reinhardtii two of five DGAT genes were upregulated 
under nitrogen starvation and were suggested to be involved in TAG synthesis (Boyle 
et al., 2012). Overexpression of a DGAT-2 from C. reinhardtii in Nannochloropsis 
showed increased TAG accumulation under phosphorus starvation (Iwai et al., 2015).  

In general, different copies of genes with same function involved in acyl-CoA 
dependent TAG pathway in Nannochloropsis gaditana showed contradictory results 
with one being upregulated and the other one being downregulated. Indicating that 
they might be different localized. This complex regulation of the different expression 
levels for genes with the same functions makes it difficult to draw concrete 
conclusions regarding regulation of TAG production pathway.  

3.3.6. TAG synthesis via acyl-CoA independent pathway 
Translocation of intact EPA from the polar lipids to TAG takes place under the 
conditions used in this work as proven in Chapter 2. In order to unravel the cellular 
mechanisms responsible for translocation, genes involved in acyl-CoA independent 
pathways were analysed. Enzymes possibly involved in this pathway include 
phospholipid: diacylglycerol acyltransferase (PDAT) and lipases (Figure 3.6).  
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Figure 3.6. Log2Fold changes of gene expression levels compared to 
nitrogen replete conditions over time of the identified genes which 
might be involved in TAG synthesis via the acyl-CoA independent 
pathway. PDAT: phospholipid: diacylglycerol acyltransferase. 

t0 t0.1 t0.3 t0.8 t1.8 t2.8 t4.8 t6.8 t13.8 Accession

PDAT (lecithin:cholesterol acyltransferase) Naga_100065g17
PDAT or DGAT2k (Phospholipid-glycerol acyltransferase) Naga_100004g173

Acyl transferase/acyl hydrolase/lysophospholipase Naga_100040g9
Acyl transferase/acyl hydrolase/lysophospholipase Naga_100012g87
Acyl transferase/acyl hydrolase/lysophospholipase Naga_100343g4
Acyl transferase/acyl hydrolase/lysophospholipase Naga_100055g28
Acyl transferase/acyl hydrolase/lysophospholipase Naga_100156g4
Calcium-independent phospholipase a2-gamm Naga_100251g1
Calcium-independent phospholipase a2-gamma Naga_100090g11
Esterase lipase Naga_100016g85
Esterase lipase thioesterase family protein Naga_100147g12
Gdsl esterase lipase Naga_100183g2
Gdsl lipase acylhydrolase family protein Naga_100099g8
Group xv phospholipase a2 Naga_100053g23
Hormone-sensitive lipase Naga_100150g1
Lipase Naga_100241g4
Lipase (putative) Naga_100889g1
Lipase Naga_100011g88
Lipase (family) Naga_100046g19
Lipase (family) Naga_100016g73
Lipase (family) Naga_100718g2
Lipase-like Naga_100530g1
Lipase (domain) Naga_100012g35
Lipase, class 3 Naga_100101g8
Lipase, class 3 Naga_100008g63
Lipase, class 3 Naga_100171g1
Lipase, class 3 Naga_100529g6
Lipase, class 3 Naga_100043g24
Lipase, class 3 Naga_100104g14
Lipase, class 3 Naga_100271g1
Lipase, class 3 Naga_100426g5
TAG lipase Naga_100057g25
TAG lipase Naga_100013g62
TAG lipase Naga_100045g8
TAG lipase- cholesterol esterase Naga_101607g1
Lysophospholipase Naga_100017g25
Lysophospholipase 1 Naga_100436g1
Lysophospholipase-like 1 Naga_100017g37
Phospholipase A2 Naga_100247g4
Phospholipase B Naga_100439g1
Phospholipase d Naga_100454g3
Phospholipase membrane-associated Naga_100007g77
sn1-specific diacylglycerol lipase alpha-like protein Naga_100020g21
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In the sequenced genomes one PDAT gene was annotated (Nga02737) (Radakovits 
et al., 2012) which had the most comparable sequence to Naga_100065g17 which 
was, however, annotated as lecithin:cholesterol acyltransferase (Corteggiani 
Carpinelli et al., 2014). This gene was described as putative PDAT by (Dolch et al., 
2017) and as PDAT by (Alboresi et al., 2016). Another gene (Naga_100004g173) was 
annotated by (Corteggiani Carpinelli et al., 2014) as PDAT but (Alboresi et al., 2016) 
annotated this gene as DGAT2k. The PDAT gene (Naga_100065g17) was upregulated 
upon nitrogen starvation and increased up to 2.4-fold upon nitrogen starvation from 
day 2. This was similar to what was found for Nannochloropsis oceanica were PDAT 
was approximately 50 percent upregulated after two days of nitrogen starvation 
(Li et al., 2014). In Phaeodactylum tricornutum the expression of PDAT also increased 
under nitrogen starvation (Mus et al., 2013). This is also in accordance with the 
measured translocation of EPA from the first day of nitrogen starvation onward 
(Chapter 2). As PDAT was upregulated from the start of nitrogen starvation, 
translocation of membrane lipids might be a result of this enzyme. A knock out of 
PDAT in C. reinhardtii showed a decrease of 25% of TAG at 2 days of nitrogen 
starvation, confirmed a role in nitrogen starvation. PDAT only increased under 
nitrogen starved conditions showing its role during stress conditions (Boyle et al., 
2012). PDAT from C. reinhardtii was shown to have a broad substrate specificity 
(Yoon et al., 2012). In Chapter 2, the translocation was more specific for EPA than 
for other fatty acids. Therefore, it would be interesting to study the substrate 
specificity of PDAT for EPA. The PDAT or DGAT gene (Naga_10004g173) was 
downregulated from 1 day of nitrogen starvation onwards up to 2-fold. In contrast 
to our result, no differential expression of PDAT (Naga_100004g173) in N. gaditana 
was found upon nitrogen starvation (Corteggiani Carpinelli et al., 2014). 

Fatty acids can also be liberated from membrane lipids, like phospholipids and 
galactolipids, by lipases and used for TAG synthesis. The differentially expressed 
lipase genes are shown in Figure 3.6.  

Several types of lipases identified showed differential expression. Several 
phospholipases and lysophospholipases were upregulated, suggesting a role during 
nitrogen starvation. The largest upregulation was shown in phospholipid B 
(Naga_100439g1) which was had very low counts at the start and was activated upon 
nitrogen starvation. In P. tricornutum and N. oceanica phospholipases were also 
upregulated during nitrogen starvation (Li et al., 2014; Mus et al., 2013). Other 
phospholipases were, however, clearly downregulated (e.g. Naga_100454g3 and 
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Naga_100247g4). For Chlamydomonas reinhardtii it was shown that a 
galactoglycerolipid lipase was required for TAG accumulation under nitrogen 
starvation (X. Li et al., 2012). No specific galactoglycerollipid lipase was annotated in 
N. gaditana.  

Lipase class 3 are lipases targeting TAG. Several lipases class 3 are upregulated upon 
nitrogen starvation (Naga_100008g63, Naga_100171g1, Naga_100529g6, 
Naga_100043g24 and Naga_100104g14). Two lipases class 3 were downregulated 
(Naga_100271g1 and Naga_100426g5). The upregulation suggests increase in TAG 
degradation, what may decrease TAG production. Therefore, blocking this 
degradation by inhibiting these lipases might be a strategy to increase TAG 
production. The classification of lipases with different substrate specificity is 
however challenging based on sequences (Miller et al., 2010). In C. reinhardtii TAG 
lipases were also upregulated and it was suggested that these might play a role in 
releasing fatty acids from membrane lipids for TAG synthesis (Boyle et al., 2012). 
More research on the specificity of the different lipases is necessary to elucidate the 
specific enzymes. It would be interesting to test whether one of these enzymes 
(PDAT or lipases) would have an increased substrate specificity for EPA since this 
would indicate involvement in the high affinity translocation of EPA as measured in 
Chapter 2.  

3.3.7. Eicosapentaenoic acid (EPA) synthesis 
To study the EPA synthesis during nitrogen starvation, the transcriptomic regulation 
of several elongases and desaturases involved in the EPA synthesis pathway were 
measured in time (Figure 3.7). The end products of de novo fatty acids synthesis: 
palmitic acid, stearic acid or oleic acid produced by the fatty acid synthesis complex, 
are the substrates for EPA synthesis.  
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The first step in the EPA synthesis is the Δ0 elongation of palmitic acid. Several 
elongases have been identified as Δ0 elongases (Naga_100083g23, Naga_100162g5, 
Naga_100162g4, Naga_100004g102, Naga_100017g49 and Naga_100399g1) (Dolch 
et al., 2017). 

The Δ9-desaturases were the only identified desaturase which was clearly 
upregulated (Naga_100027g27, Naga_100013g52 and Naga_100115g11) (Ajjawi et 
al., 2017; Dolch et al., 2017). Δ9-desaturase was also shown to be upregulated in N. 
oceanica and C. reinhardtii during nitrogen starvation (Li et al., 2014; Miller et al., 
2010; Valledor et al., 2014). The increased expression of Δ9-desaturase correlates 
with the increase in oleic acid (C18:1). This upregulation was suggested to have a role 
in prevention of excess reactive oxygen species (Li et al., 2014). The increase in oleic 
acid upon nitrogen starvation was also reported for different Nannochloropsis 
species (Rodolfi et al., 2009; Simionato et al., 2013; Xiao et al., 2013). This suggests 
that EPA synthesis is arrested at oleic acid. Silencing steroyl-ACP desaturase 
(Δ9-desaturase), which converts stearic acid into oleic acid, resulted in an increased 
stearic acid content in TAG (de Jaeger et al., 2017). The abundance of stearoyl-ACP 
desaturase proteins was decreased under initial and long term nitrogen depletion in 
N. oceanica (Dong et al., 2013). The increase in oleic acid might indicate that the next 
desaturation step with Δ12-desaturase is rate limiting. By overexpression of this 
gene, linoleic acid was shown to be further converted to PUFAs resulting in increased 
arachidonic acid in TAG (Kaye et al., 2015). In the present study, the Δ12-desaturase 
(Naga_100092g4) was upregulated during the first 2 days of nitrogen starvation and 
downregulated afterwards. Another identified Δ12-desaturase (Naga_100092g5), 
which was also annotated as monogalactosyldiacylglycerol synthase (MGD) was 
downregulated from day 2 onwards. In C. reinhardtii and Neochloris oleoabundans 
Δ12-desaturase was downregulated during nitrogen starvation (Rismani-Yazdi et al., 
2012; Valledor et al., 2014). The same gene responsible for Δ12 desaturation was 
suggested to also being responsible for the ω3 desaturation of arachidonic acid (ARA) 
to eicosapentaenoic acid (EPA) (Dolch et al., 2017).  

The next step in the ω6 pathway Δ6-desaturase (Naga_100061g21) was upregulated 
at 0.3 day and downregulated from day 5 onwards. The Δ6-desaturase isolated from 
N. oculata was able to desaturate linoleic acid and α-linolenic acid, producing 
γ-linoleic acid and stearidonic acid, so both ω3 and 6 precursors could be used 
(Ma et al., 2011). The following step, Δ6 elongase (Naga_100003g8) was also 
downregulated. The identified Δ5-desaturases (Naga_100273g7 and 
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Naga_100042g12) were downregulated up to 4-fold after 14 days of nitrogen 
starvation. This desaturase was also shown to decrease up to 6.6-fold in C. reinhardtii 
(Boyle et al., 2012). Overexpression of Δ5 desaturase was shown to increase PUFA 
synthesis in P. tricornutum (Peng et al., 2014). The last desaturation step uses ω3 
desaturase or Δ17-desaturase.  

Multiple gene copies of the same enzymes indicate possible different localization. 
Different expression levels make it difficult to identify the exact pathways resulting 
in TAG accumulation. Moreover, enzymes with multiple functions make it difficult to 
determine which function they perform in the pathways. Different genes with the 
same function might operate in different locations. Since a large part (42%) of the 
differently expressed genes are annotated as hypothetical or unknown proteins it is 
possible that important alternative enzymes involved in the studied pathway are 
unknown. Therefore, improvement of the annotation would help to identify more 
genes or additional gene copies involved in the studied pathways. Furthermore, 
more research on the specificity of the enzymes like PDAT or the lipases would 
improve our understanding of the pathways and substrates involved.  

Since transcriptome analysis only gives information about the transcriptional 
regulation and not on the translation into protein synthesis, proteomic analysis of 
the discussed pathways would increase our understanding of the active pathways.  

Another strategy which could be used to identify key genes in TAG accumulation is 
comparative genomics. For example Cabanelas et al., 2016, selected a population 
with increased TAG productivity of Chlorococcum littorale by fluorescence assisted 
cell sorting (FACS). The difference in expression levels of this population compared 
to the parental strain might indicate the genes involved in the higher TAG 
productivity.  
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3.4 CONCLUSIONS 

Transcriptional expression levels of genes involved in TAG and EPA synthesis showed 
a complex regulation. Multiple copies of the genes were identified might indicate 
different localization in the cell. Some of these gene copies involved in the acyl-CoA 
dependent pathway for de novo TAG synthesis were upregulated. The genes which 
might be involved in the translocation of EPA from membrane lipid to TAG were 
PDAT and lipases. PDAT gene and multiple lipases were upregulated suggesting a 
role during nitrogen starvation. Therefore, these enzymes are considered important 
during nitrogen starvation. The EPA synthesis pathway showed upregulation of Δ9 
fatty acid desaturase what yielded an increase in oleic acid. The other identified 
desaturases and elongases involved in this pathway were downregulated during 
nitrogen starvation. Improvements in annotation and enzyme specificity will help 
understanding the pathways involved in TAG synthesis during nitrogen starvation 
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3.5. SUPPLEMENTS 

3.5.1 Dry weight and cell concentration comparison 
Comparison of growth results of these experiments with previously obtained data 
under the same growth conditions (Chapter 2).  

 

Figure S3.8. Average dry weight concentration (g L-1) (A) and average 
cell concentration (cells mL-1) (B) for this experiment (circles) and the 
cell concentration of one experiment of previously data Chapter 2 
(triangles) from the moment of nitrogen starvation. The error bars 
show the absolute deviation between two biological 
photobioreactor experiments (n=2). 
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3.5.2. Fatty acid analysis comparison 
Comparison fatty acid data with previously obtained data under the same growth 
conditions (Chapter 2).  

Figure S3.9. Average fatty acid content (g gdw-1) (A) and fatty acid 
concentration (g L-1) (B) in TAGs (black), polar lipids (PL) (white) and total 
lipids (grey, TAG + PL). The average EPA content (g gdw-1) (C) and EPA 
concentration (g L-1) (D) in TAG (black), polar lipids (white) and total lipids 
(grey, TAG + PL). The average time-averaged TAG yield on light 
(gTAG molph-1) including correction for energy necessary for inoculum 
production (E). In all graphs the circles show the results of these 
experiments and the triangles show the result of previous results (Chapter 
2). All from the start of nitrogen starvation. The error bars show the 
absolute deviation between two biological photobioreactor experiments 
(n=2). 
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3.5.3. PCA plot 
 

 

Figure S3.10. Principle component analysis (PCA) of all RNA 
expression data from all analysed samples to show reproducibility. 
The plot indicates good reproducibility between biological replicates, 
except for t0.3. 
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ABSTRACT  

Microalgae are a sustainable source of lipids. A commonly used strategy for lipid 
accumulation in microalgae is a two-step batch cultivation, with a growth phase 
followed by a nitrogen starvation phase. A problem with this process is the decrease 
in photosynthetic efficiency during the nitrogen starvation phase, which leads to low 
lipid productivities. In this research, a new process strategy was studied with the aim 
to improve lipid productivity of the microalgae Nannochloropsis gaditana. The 
nitrogen concentrations were chosen to assure consumption of most part of the 
nitrogen during the night. An improvement of the photosystem II maximum 
quantum yield and an increase in the dry weight and TAG concentration was 
achieved from day 7 of nitrogen starvation onwards when the culture was fed with 
nitrogen each night compared to a culture without nitrogen addition. Consequently, 
the time-average TAG yield on light was also higher after 7 days of nitrogen 
starvation. However, since the maximal time-averaged triacylglycerol (TAG) yield on 
light was reached after 3 days of nitrogen starvation, the improved photosynthetic 
activity did not lead to an increase of the maximal time-averaged TAG yield on light. 
The culture with nitrogen addition had a higher protein concentration (1.1 compared 
to 0.7 g L-1), showing that the added nitrogen was mainly used for protein 
production. A higher chlorophyll a content (2.0 compared to 0.8 µg mg-1) showed 
improved photosystem and that a small part of nitrogen was used for chlorophyll a. 
Small nightly nitrogen additions during batch cultivation of nitrogen starved 
N. gaditana did result in improvement in photosystem II maximal quantum yield, 
biomass concentration, TAG production and a higher time-averaged maximal TAG 
yield on light, after 7 days of nitrogen starvation. 
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4.1. INTRODUCTION 

Microalgae are a sustainable source of lipids, proteins and carbohydrates for food, 
feed and fuel applications (Wijffels and Barbosa, 2010). Higher lipid productivities, 
however, are required to achieve an economically feasible process (Ruiz et al., 2016). 
The microalgae Nannochloropsis gaditana is used as a model species because of its 
ability to accumulate large amount of lipids (Simionato et al., 2013), the available 
genome sequence and annotation (Corteggiani Carpinelli et al., 2014; Radakovits et 
al., 2012) and being a robust species shown by already being cultivated outdoors 
(San Pedro et al., 2016). The lipids in Nannochloropsis are present in a polar lipid (PL) 
fraction and triacylglycerol (TAG) fraction. One of the often applied strategies to 
induce TAG accumulation is nitrogen starvation (Breuer et al., 2012; Simionato et al., 
2013). TAG accumulation is often applied as a two phase batch system, consisting of 
a growth phase followed by a nitrogen starvation phase, where TAG accumulates. A 
problem faced during nitrogen starvation is the decrease in photosynthetic efficiency 
and biomass productivity leading to low TAG productivities (Benvenuti et al., 2016b; 
Breuer et al., 2012). 

Different process strategies have been investigated to improve photosynthesis 
during nitrogen starvation. One of the cultivation strategies previously applied to 
improve TAG productivity was nitrogen limitation in Neochloris oleoabundans and 
Acutodesmus obliquus. In this strategy limited amount of nitrogen was fed to a 
continuous culture, to sustain cell growth and at the same time induce TAG 
accumulation (Klok et al., 2013; Remmers et al., 2017a). This strategy, however, did 
not increase TAG yield on light compared to a conventional batch cultivation 
followed by nitrogen starvation. Repeated batch cultivations has also been tested 
for TAG production. During this strategy part of the nitrogen starved culture is 
harvested and replaced by fresh cultivation medium containing nitrogen. Due to cell 
growth the nitrogen is depleted, TAG accumulates and at a certain point in 
starvation, part of the culture is harvested again and replaced by fresh medium 
containing nitrogen. For Nannochloropsis sp. it was shown that batch cultivation 
followed by nitrogen starvation led to higher lipid productivities compared to 
repeated batch cultivations (Benvenuti et al., 2016b). It was hypothesized that the 
TAG yield on light was not improved in repeated batch because light energy was not 
used only for TAG accumulation but also for cell regrowth, after replenishing the 
nitrogen starved culture with fresh medium. Previous research also showed that 
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nitrogen starved cultures of the microalgae species Nannochloropsis oceanica, 
Chromochloris zofingiensis and Chlamydomonas reinhardtii can increase their 
photosynthetic efficiency again after nitrogen resupply (Dong et al., 2013; Mulders 
et al., 2014b; Siaut et al., 2011; Valledor et al., 2014). After nitrogen replenishment, 
TAG productivity decreases drastically because TAG is used as energy source for the 
production of biomass and possibly for nitrogen uptake. TAG has been reported to 
be degraded within hours after nitrogen resupply (Siaut et al., 2011; 
Valledor et al., 2014). When nitrogen was resupplied to a dark culture of 
Chlamydomonas reinhardtii, after three days of nitrogen starvation, it first induced 
starch degradation and later TAG degradation to support cell growth (Siaut et al., 
2011). For a mixed culture it was shown that in a repeated batch cultivation the 
storage compound starch, was maximized when ammonium was supplied as 
nitrogen source at the start of the dark period rather than in the light period (Mooij 
et al., 2015).  

In this research a new cultivation strategy was tested to improve the TAG yield on 
light by adding small amounts of nitrogen during each night to a nitrogen starved 
culture. The nitrogen concentrations were chosen to assure consumption of most 
part of the nitrogen during the night. We hypothesized that nitrogen addition during 
the night reduces light loss during the day by maintaining photosynthetic efficiency. 
In this way, the energy available in the light period can be more efficiently used for 
TAG accumulation and lead to an increased TAG yield on light (Benvenuti et al., 
2016b; Mulders et al., 2014b). During nitrogen starvation microalgal cells degrade 
their photosystems. By addition of nitrogen, the cells are not nitrogen starved 
anymore and can direct their energy again to photosynthesis. The added nitrogen 
can be used for de novo protein synthesis and maintain or rebuild the photosystems. 
Energy necessary to assimilate nitrogen during the night could be provided by for 
example carbohydrate storage. A more efficient photosystem can more efficiently 
produce TAG and thus improve TAG yield on light. 
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4.2. MATERIALS AND METHODS 

4.2.1. Strains, pre-cultivation conditions and cultivation medium 
The marine microalgae Nannochloropsis gaditana CCFM-01 was obtained from the 
Microalgae Collection of Fitoplancton Marino S.L.. Pre-cultures were maintained in 
250 mL Erlenmeyer flasks containing 100 mL filter sterilized (pore size 0.2 µm) 
cultivation medium and incubated in an orbital shaker incubator (100 rpm), at 25 °C, 
with air in headspace and an incident light intensity of 30-40 μmol m-2 s-1 with 
18:6 hours light dark cycle. The culture media was based on Breuer et al., 2012 and 
contained: NaCl 445 mM; KNO3 33.6 mM; Na2SO4 3.5 mM; MgSO4∙7H2O 3 mM; 
CaCl2∙2H2O 2.5 mM; K2HPO4 2.5 mM; NaFeEDTA 28 µM; Na2EDTA∙2H2O 80 µM; 
MnCl2∙4H2O 19 µM; ZnSO4∙7H2O 4 µM; CoCl2∙6H2O 1.2 µM; CuSO4∙5H2O 1.3 µM; 
Na2MoO4∙2H2O 0.1 µM; Biotin 0.1 µM; vitamin B1 3.3 µM; vitamin B12 0.1µM; and 
10 mM NaHCO3. The pH was adjusted with NaOH to 7.5. During pre-cultivation in 
Erlenmeyer flasks 100 mM 4-(2-hydroxyethyl)piperazin-1-ethanesulfonic acid 
(HEPES) was added as pH buffer. Prior to inoculation into the photobioreactor the 
cultures were transferred to 100 µmol m-2 s-1 continuous light with 2.5% CO2 
enriched air. During cultivation in the photobioreactor KNO3 was reduced to 
7.02 mM, which is sufficient to reach a biomass concentration of 1.4 g L-1.  

4.2.2. Experimental and reactor setup 
N. gaditana was cultivated in heat-sterilized flat panel photobioreactor with a light 
path of 20.7 mm and a working volume of 1.8 L (Labfors 5 Lux, Infors HT, Switzerland, 
2010). The reactor was kept at 26 °C by a waterjacket. The pH was controlled at 7.5 
by on demand addition of sulphuric acid (2.5% v/v) and at the start of the culture 
sodium hydroxide (1 M). The culture was mixed by filter sterilized air with 2% CO2 
with a flow rate of 1 L min-1. The off gas was cooled in a condenser. The light was 
provided by 260 LED lamps with warm white spectrum (450-620 nm). The incident 
light intensity was measured with a LI-COR 190-SA 2π PAR (400-700 nm) quantum 
sensor (LI-COR, USA). The incident light intensity started at 63 μmol m-2 s-1 and 
increased daily, by keeping the outgoing light intensity 30-40 μmol m-2 s-1, up to 
636 μmol m-2 s-1 and kept constant during the nitrogen starvation period. A day : 
night cycle of 16 : 8 hours was used. The backside of the reactor was covered with a 
black cover to prevent interference of environmental light. The microalgae were 
cultivated in batch mode with two phases; growth phase and nitrogen starvation 
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phase when all nitrogen was consumed. The growth phase was inoculated at 
biomass concentration of 0.1 g L-1. Nitrogen runout at a biomass concentration of 
1.8 g L-1 concentration and this time was considered the start of nitrogen starvation. 
From this moment on nitrogen was added during the night. Nitrogen addition was 
performed by adding a concentrated KNO3 solution (0.29 M) at the start of each night 
(the total volume added was 17 and 23 mL for experiment 1 and 2). The amount of 
added nitrogen was tuned to be mostly consumed at the end of the night. Previously 
experiments showed that the nitrogen uptake rate per amount of biomass decreased 
with increasing time of nitrogen starvation. This knowledge was used to determine 
the amount of nitrogen added. The amounts nitrogen added was decreased over the 
course of the experiment (Table S4.1). The experiment was performed in duplicate 
photobioreactors. The control experiment had an identical setup and process 
conditions but without nitrogen addition in the night. Control experiments were also 
performed in duplicate.  

4.2.3. Offline measurement culture 
The optical density (OD) was measured daily in duplicate at 750, 680 and 480 nm 
using a UV-VIS spectrophotometer (Hack Lange DR-6000, light path 10 mm). The 
OD680 and OD480 were used as an estimate for, respectively, the chlorophyll and 
carotenoid content. To correct for scattering, the OD750 was subtracted and the 
result was divided by the OD750. From these samples the cell number, cell size, 
quantum yield and the dry weight-specific optical cross section were also measured. 
The cell number and size were measured with the Multisizer III (Beckman Coulter) 
using 50 µm aperture tube and after diluting the sample 100 times in ISOTON II 
diluent. The photosystem II (PSII) maximum quantum yield (Fv/Fm) was measured 
after 15 minutes dark adaptation at room temperature (AquaPen-C 100, PSI, Czech 
Republic; excitation light 455 nm, saturating light pulse: 3000 μmol m-2 s-1). Fv/Fm 
ratio was calculated according to Benvenuti et al., 2015. 

The average dry weight-specific optical cross section (αc in m2 g-1) was measured and 
calculated according to de Mooij et al., 2015 using the absorbance from 400 to 
750 nm with a steps size of 1 nm.  

Biomass concentration (Cx in g L-1) was measured from the moment of nitrogen 
starvation by measuring the dry weight of the culture. The dry weight was measured 
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in triplicate as described by Kliphuis et al., 2012 with the exception that 0.5 M 
ammonium formate was used to wash the filters.  

Regularly, biomass samples were taken, at the start and end of the dark period, to 
determine the biomass composition. The biomass samples were centrifuged 5 
minutes at 4255 g (Beckman coulter Allegra X-30R centrifuge) and washed twice with 
0.5 M ammonium formate, stored at -20 °C and lyophilized. Since, the supernatant 
was reddish turbid and washed away for biomass composition analyses the 
measured dry weight was corrected for the measured dry weight of the supernatant 
after centrifugation on a filter. Samples for nitrate analysis were centrifuged at 
20238 g (Eppendorf centrifuge 5424) for 2 minutes and stored at -20 °C. 

The residual nitrate in the supernatant was measured using AQ2 nutrient analyser 
(Seal Analytical) as described by Benvenuti et al., 2016a. Nitrate was measured after 
addition at start of the night and at the start of the light period. The dry weight 
specific nitrogen addition was calculated by dividing the nitrogen concentration by 
the dry weight concentration. This measurement is only available for one of the 
duplicate experiments.  

Due to limited amount of biomass for sampling in one of the reactors, the dry weight 
concentration and biomass composition data from day 8 to 13, 15 and 16 were 
measurements from only one of the reactors. The optical density at 750 nm and 
photosystem II quantum yield were measured daily for both duplicate 
photobioreactors and showed reproducible results. Therefore, it is likely that the 
duplicate reactors were comparable.  

4.2.4. Biomass composition analyses 
The triacylglycerol (TAG), polar lipid content and fatty acid composition were 
analysed according to Breuer et al., 2012; León-Saiki et al., 2017. Lipids were 
extracted from 6-7 mg lyophilized biomass with chloroform: methanol (1:1.25 v/v) 
mixture with 170 µg mL-1 tripentadecanoin (T4257, Sigma Aldrich) and 170 µg mL-1 
1,2-dipentadecanoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) 
(840446P, Avanti Polar Lipids Inc.) as internal standard for respectively the TAG and 
polar lipid fraction. The TAG lipids were separated from the polar lipids by different 
elution on SPE silica gel cartridge (Sep-Pak Vac 6cc, Waters). The separated lipid 
fractions were methylated and the fatty acid methyl esters (FAMEs) were quantified 
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using gas chromatography (GC-FID). The TAG and polar lipid content was calculated 
by the sum of all fatty acid measured per amount of biomass in that fraction.  

The protein content was analysed in triplicate according to Postma et al., 2015. The 
freeze dried biomass was bead-beated, 3 x 60 s at 6500 rpm with 120 s pause, with 
lysing buffer. The soluble proteins in supernatant were analysed with the DC protein 
assay kid (Bio-Rad, U.S.) using bovine serum albumin (Sigma-Aldrich) as protein 
standard.  

The carbohydrate analysis was performed in triplicate on freeze dried biomass which 
was hydrolysed with HCl (2.5 M) for 3 h at 100 °C. After neutralizing with NaOH (2.5 
M) and diluting the sample, monosaccharides were quantified colorimetric according 
to Dubois et al., 1956, with the exception: that the tubes containing the colour 
reaction were incubated at 35 °C for 30 minutes and the absorbance was measured 
at 483 nm, using D-glucose as standard. 

Chlorophyll a was extracted from the lyophilized biomass according to 
Lamers et al., 2010 with methanol : chloroform (2.5:2, v:v) with BHT (0.1% w:v) by 
beat beating for 8 times 60s with 120 s pause at 2500 rpm. After mixing, sonication 
and washing with Tris : NaCl (50 mM:1 M, pH 7.5) the solvent was evaporated and 
the sample was dissolved in methanol. Chlorophyll a was separated and quantified 
using reversed-phase high-performance liquid chromatography (RP-HPLC) with a UV-
VIS detector (660 nm). HPLC analysis was performed in a Shimadzu system coupled 
with a photo-diode array detector (SPD-M20A) and an Acclaim C30 LC reversed-
phase column (Thermo Scientific) with a column temperature of 30 °C and flow rate 
of 1.5 mL min-1. Three mobile phases were used: A) acetonitrile B) methanol : ethyl 
acetate (1:1 v:v) C) acetic acid in water (200 mM). Gradient method (minutes – %A – 
%B – %C): 0 – 85 – 14.5 – 0.5/ 2 – 85 – 14.5 – 0.5/ 15 – 65 – 34.5 – 0.5/ 25– 65 – 34.5 
– 0.5 and 30 – 85 – 14.5 – 0.5. 

4.2.5. Calculation TAG yield  
The time-averaged TAG yield on light (YTAG/ph in gTAG molph-1) was calculated according 
to Remmers et al., 2017a. The TAG concentration produced from start of nitrogen 
starvation was divided by the volumetric photon supply rate (rph in molph L-1) from 
the start of nitrogen starvation. The volumetric photon supply rate included the light 
necessary for inoculum, calculated from the biomass concentration at the start of 



Nitrogen addition to nitrogen starved Nannochloropsis gaditana 

71 

nitrogen starvation (Cx in g L-1) and assuming a biomass yield on light (Yx/ph) of 
1 gx molph-1. 

4.3. RESULTS AND DISCUSSION 

In this research, Nannochloropsis gaditana was subjected to nitrogen starvation in a 
batch process with a 16:8 hours day:night cycle, in which nitrogen was added at the 
start of each night. Results were compared to a control experiment without nitrogen 
addition and are shown from the start of nitrogen starvation (time 0). The results 
show that almost all (83%) nightly added nitrogen was consumed during the night 
(Figure 2) and the remainder during first hours of the day. Nightly nitrogen addition 
led to higher biomass production from day 7 of nitrogen starvation onwards. This 
was reflected by a higher biomass concentration (Figure 1A), a higher cell number 
(Figure 1B) and a higher PSII maximum quantum yield (Figure 3A). This extra biomass 
consisted of additional protein (main sink for the added nitrogen, Figure 6), 
additional chlorophyll a (minor sink for the added nitrogen, Figure 3B) and most 
importantly additional TAG (Figure 5A). The composition of this additional biomass 
remained constant from day 8 onwards (Figure 4). As a result of the increased TAG 
production from day 8 onwards, the TAG yield on light also increased in that period 
(Figure 5B).  
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4.3.1. Biomass concentration 
 

 

Figure 4.1. Average dry weight concentration (g L-1) (A) and average cell 
concentration (× 108 cells mL-1) (B) from the moment of nitrogen starvation 
for culture with nitrogen addition (squares) and without nitrogen addition 
(triangles). The grey bars represent the night periods. Error bars show 
absolute deviation between the biological duplicate experiments. The dry 
weight measurements on day 8 to 13, 15 and 16 were measurement from one 
of the reactors. The cell number measurements were from one reactor when 
no error bars are shown.  

In general, during nitrogen starvation the biomass concentration increased due to 
lipid accumulation. The nitrogen starvation was started at similar dry weight 
concentration for the cultures with and without nitrogen addition (1.81 ± 0.13 and 
1.96 ± 0.17 g L-1) (Figure 4.1A). The dry weight concentration increased similarly for 
both cultures during the first 6 days. From day 7 onwards the dry weight of the 
culture with nitrogen addition kept increasing, while a constant biomass 
concentration was observed for the control (Figure 1A). The maximum dry weight 
concentrations reached were 6.9 and 4.8 g L-1 for the culture with and without 
nitrogen addition, respectively. The same trend was observed for cell concentration 
(Figure 4.1B). The cell number approximately doubled from the start of the nitrogen 
starvation until day 7, meaning that the cells on average still divided once after the 
start of nitrogen starvation. From day 6 only the cell concentration of the culture 
with nitrogen additions still increased and was thus dividing. 
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Nannochloropsis oculata also showed cell division after nitrogen starvation and 
division of nitrogen over the daughter cells (Flynn et al., 1993). No large differences 
in cell size were found between both cultures (data not shown). In the four initial 
nights (except for the control of day 2) the dry weight concentration decreased 
during the night, providing energy during the night period. No difference in this 
decrease between the culture with and without nitrogen addition was found 
indicating that the energy needed for nitrogen uptake was probably low compared 
to other energy requirements of the cell during the night. From day 5 onwards there 
was a less clear decrease in the dry weight concentration during the nights (Figure 
4.1A). 

4.3.2. Nitrogen addition and consumption  

 

Figure 4.2. Nitrogen concentration (mg L-1) in supernatant after 
nitrogen addition (diamonds), during night (circles), at the end of the 
night (triangles) and at the end of the day (squares). The grey bars 
represent the night period. Graph shows the measurements for one 
of the duplicate experiments.  
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Nitrogen was added daily at the start of the night. The amount of nitrogen added per 
dry weight was decreased over time to facilitate complete take up of nitrogen during 
the night (Figure 4.2, diamonds). On average, 83 ± 4 % of the added nitrogen was 
consumed during the night and about 0.7 ± 0.3 mg L-1 nitrogen (0.2 mg nitrogen per 
gram dry weight) was left in the culture at the end of the night (Figure 4.2, triangles). 
It could be because the nitrate uptake rate was dependent on the nitrate 
concentration. For Chlorella vulgaris it was shown that the nitrate uptake rate 
increased with nitrate concentration in the medium (Jeanfils et al., 1993). Nitrate 
induces expression of genes responsible for nitrogen assimilation (Sanz-Luque et al., 
2015). Another possibility could be that the time exposed to nutrient starvation 
decreased the nitrogen uptake rate. The nitrogen left at the end of the night was 
consumed during the day (Figure 4.2, squares). The total amount of nitrogen added 
was 70 and 96 mg nitrogen in respectively, 14 and 16 nights, for the two duplicate 
experiments. Different amounts were added to keep the amount of nitrogen added 
per dry weight as similar as possible and due to the difference in length of the 
experiment. 

4.3.3. Photosynthetic capacity and pigmentation 

Figure 4.3. Average PSII maximum quantum yield (A) and chlorophyll 
absorbance at 680 nm corrected for scattering (B) for the cultures 
with (squares) and without nitrogen addition (triangles). The error 
bars show the absolute deviation between the averages of the two 
duplicate experiments. 
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The PSII maximum quantum yield rapidly decreased after nitrogen starvation, which 
is attributed to the diminished activity or amount of photosystem II (Simionato et al., 
2013). This decrease of the PSII maximum quantum yield indicates a decrease 
photosynthetic activity. From day 6 the PSII maximum quantum yield stabilized at 
0.5 for the culture with nitrogen addition while the culture without nitrogen addition 
decreased further to 0.35 (Figure 4.3). This indicates that the addition of nitrogen 
during the night led to an improvement of photosystem II. The average dry weight-
specific optical cross section and the carotenoid content, based on absorbance 480 
nm and corrected for scattering, showed no difference for the nitrogen added 
culture and the culture without addition (data not shown). On the contrary, the 
chlorophyll absorbance at 680 nm corrected for scattering showed a small increase 
for the culture with nitrogen addition. This difference in chlorophyll content was 
confirmed by HPLC analysis of chlorophyll a for one of the duplicate experiment. The 
chlorophyll a content before nitrogen starvation was 21 µg mg-1. This decreased to 
2.0 and 0.8 µg mg-1 at day 16 for the cultures with and without nightly nitrogen 
addition, respectively. The chlorophyll a content of the culture with nitrogen 
addition was 2.5 times higher compared to the control without nitrogen addition, 
suggesting improved photosystem pigmentation. Other research has shown that 
nitrogen addition to nitrogen starved cultures could change their physiology back to 
pre-starvation phase, including an increase in pigments and proteins. It can, 
however, not be excluded that the difference in chlorophyll a content was caused by 
photoacclimation (Falkowski and Owens, 1980) due to the difference in biomass 
concentration of the cultures at the end of the nitrogen starvation phase. The same 
incident light intensity with different biomass concentration leads to a different light 
gradient in the photobioreactor. The total amount of chlorophyll a present at day 16 
in the reactor was approximately 15.6 µg in the nitrogen added culture compared to 
4.4 µg for the control culture. Based on the molecular formula of chlorophyll a, the 
nitrogen content is 6.27% w/w. Therefore, 0.7 µg nitrogen was necessary for the 
extra chlorophyll a in the nitrogen added culture. This is a very small part of the total 
amount of nitrogen added during the nights.  
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4.3.4. Biomass composition 

 

Figure 4.4. Biomass composition in g/g dry weight of the cultures 
with nitrogen addition (N add.) and without nitrogen addition 
(Control) at different days. Measured components were TAG, polar 
lipids, proteins and total carbohydrates. Error bars show the absolute 
deviation between the average of the duplicate reactors, except for 
day 9 and 11 which show data of one reactor.  

The biomass composition changed over time when the nitrogen starvation phase 
started. When comparing the culture with and without nitrogen addition, however, 
no clear difference in biomass composition was measured between the cultures 
(Figure 4.4). In general, about 80% of the biomass composition can be measured as 
lipids, carbohydrates and proteins. The remaining (ca. 20%) biomass will consist of 
pigments, ashes, DNA and RNA.  
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4.3.5. Lipid accumulation 

 

Figure 4.5. Average TAG and polar lipid (PL) concentration (g L-1) over 
time for the culture with nitrogen addition in the night (TAG: squares 
and PL: diamonds) and for the control culture without nitrogen 
addition (TAG: triangles and PL: circles) (A). The time-averaged TAG 
yield on light (gTAG molph-1) including a correction for the inoculum 
production for the culture with nitrogen addition (squares) and 
without nitrogen addition (triangles) (B). The error bars show the 
absolute deviation between the averages of the two duplicate 
experiments. The measurements from day 8 until 13, 16 and 16 show 
the results of one of the duplicate photobioreactors.  

Nitrogen starvation is known to induce TAG accumulation. The TAG content 
increased rapidly during the first three days of nitrogen starvation up to 33% of dry 
weight and kept increasing at a slower rate to a stable value of approximately 40% 
of dry weight after 9 days of nitrogen starvation. No difference was found between 
the culture with and without nitrogen addition (Figure 4.4). However, due to the 
higher biomass concentration, the TAG concentration in the reactor with nitrogen 
addition was higher from day 8 onwards (Figure 4.5A). TAG concentration at day 14 
was 2.43 ± 0.14 g L-1 and 1.68 ± 0.09 g L-1 for the cultures with and without nitrogen 
addition, respectively. This shows an increase in TAG accumulation in the culture 
with nitrogen addition. Since the difference in biomass concentration only starts 
after the maximal TAG content was reached, the nightly nitrogen addition did not 
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improve the maximal TAG content. During the first days of nitrogen starvation the 
TAG concentration decreased during the night, but no consistent decrease was 
found. Since no differences in decrease were found between the cultures with and 
without nitrogen addition, it appears that no extra TAG was used for nitrogen 
assimilation.  

The maximum time-averaged TAG yield on light was similar and reached three days 
after nitrogen starvation, 0.13 ± 0.02 g mol ph-1 and 0.12 ± 0.02 g mol ph-1 for the 
culture with and without nitrogen addition (Figure 4.5B) (without correction for 
inoculum production the maximum is 0.18 ± 0.04 g molph-1 after 1 day and 0.19 ± 0.04 
g molph-1 after two days for the culture with and without nitrogen addition). This is 
similar to 0.10 g molph-1 found for Nannochloropsis sp. with a sinusoidal light dark 
cycle with same average daily light flux as used in this study (Benvenuti et al., 2016a). 
From day 8 the time-averaged TAG yield on light was higher for the culture with 
addition of nitrogen. At day 14 the time-averaged TAG yield on light was 0.08 ± 0.007 
g molph-1 and 0.05 ± 0.005 g molph-1 for the culture with and without nitrogen 
addition, respectively. However, since this only takes place many days after the 
maximal TAG yield on light was reached, the maximal time-averaged TAG yield was 
not improved substantially. 

The polar lipid content was 12% at the beginning of the starvation phase and 
decreased to 6% of dry weight during nitrogen starvation. The polar lipid 
concentration was similar for both cultures with and without nitrogen addition 
(Figure 5A).  
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4.3.6. Protein and total carbohydrate concentration 

 

Figure 4.6. Average protein concentration (g L-1) (A) and total 
carbohydrate concentration (g L-1) (B) for culture with nitrogen 
addition (squares) and without (triangles) (averaged from duplicate 
experiments). Error bars show absolute deviation between the 
average of the duplicate experiments except for day 9 and 11 which 
were measurements from one reactor.  

The protein content of the biomass one night after the start of nitrogen starvation 
was 0.48 ± 0.03 and 0.49 ± 0.04 mg mg-1 and it decreased to 0.18 ± 0.005 and 0.17 ± 
0.004 mg mg-1 at day 14, for the culture with and without nitrogen addition, 
respectively (Figure 4.5). The protein concentration in the reactor increased to 1.12 
± 0.07 g L-1 compared to 0.73 ± 0.02 g L-1 for the culture with and without nitrogen 
addition, respectively, at day 14 (Figure 4.6A). This suggests that the consumed 
nitrogen was used for protein production and only a very small fraction was used for 
chlorophyll a synthesis. Proteins involved in photosynthesis have shown to be made 
again after nitrogen resupply in Nannochloropsis oceanica (Dong et al., 2013). It was 
proposed for Dunaliella tertiolecta that the recovery of photosynthesis and 
chlorophyll content were dependent on protein synthesis (Young and Beardall, 
2003). Since, the protein concentration (Figure 6A) was increased and the measured 
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PSII quantum yield was higher for the nitrogen added culture it is likely that proteins 
involved in photosynthesis were made (Meng et al., 2015). 

The total carbohydrate concentration in the reactor increased during the first three 
days from 0.2 to 0.7 g L-1 (Figure 4.6B) and was similar for the culture with and 
without nitrogen addition. So nightly nitrogen addition did not affect the 
carbohydrate accumulation during nitrogen starvation. Nannochloropsis does not 
accumulate starch like Acutodesmus obliquus and Chlorella sp. as storage 
compounds but is assumed to synthesize laminarin and/ or chrysolaminarin 
(Jia et al., 2015).  

4.3.7. Lipid accumulation strategy 
The current strategy based on addition of low amounts of nitrogen during the night 
in nitrogen starved cultures only showed an effect after one week of nitrogen 
starvation. This late effect could be caused by the low amount of nitrogen added. 
Adding more nitrogen might improve the photosynthetic efficiency faster, i.e. shortly 
after the beginning of starvation. But if more nitrogen is added it will probably not 
be consumed during the dark period and a large part will be available during the light 
period and light will then be used for growth instead of lipid accumulation. In 
addition, more TAG degradation will take place in similarity to the nitrogen 
replenished cultures after nitrogen starvation and repeated batch cultures (where 
part of the culture is harvested during starvation and replaced by fresh medium with 
nitrogen) (Benvenuti et al., 2016b; Mulders et al., 2014b). Addition of more nitrogen 
will therefore likely not improve TAG yield on light. In the current study we cannot 
discriminate if the effect is due to the nitrogen addition during the night or due to 
the nitrogen addition in general. To study if the improvement was due to the 
nitrogen addition during the night, or the nitrogen addition in general, similar 
experiments could be performed where the same amount of nitrogen is added 
during the day instead of night. To improve the TAG yield on light it is important to 
keep a high TAG yield for a longer period of time. The nitrogen addition should 
improve the TAG yield earlier than after 8 days of nitrogen starvation.  
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4.4. CONCLUSIONS 

Nitrogen addition to a nitrogen starved batch culture during the night showed an 
improvement on the growth and lipid accumulation of N. gaditana after 7 days of 
nitrogen starvation. Nightly addition of nitrogen improved the photosystem II 
quantum yield after 6 days of nitrogen starvation. The added nitrogen was most 
likely used for protein synthesis. The maximal time-averaged TAG yield on light was 
reached after three days of nitrogen starvation and therefore small nightly nitrogen 
additions did not lead to an increased maximal TAG yield on light. From day 8 
onwards the time-averaged TAG yield was higher in the culture with nitrogen 
addition.  
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4.5. SUPPLEMENT: NITROGEN ADDITIONS 

Table S4.1. Amount of nitrogen added per dry weight (mg g-1) at the 
start of each dark period during the nitrogen starvation period. Data 
shown for one of the duplicate experiments.  

Time nitrogen starvation (days) N added per dry weight (mg g-1)  
(Experiment 1) 

0 1.5 
1 1.4 
2 1.3 
3 1.2 
4 1.5 
5 1.3 
6 1.1 
7 0.9 
8 0.9 
9 0.9 

10 0.8 
11 0.6 
12 0.5 
13 0.4 
14 0.5 
15 0.4 
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ABSTRACT 

Triacylglycerol (TAG) accumulation in the microalgae Nannochloropsis gaditana is 
induced by nitrogen starvation and dependent on the light supplied. We studied 
under simulated outdoor light conditions the effect of supplied light on the TAG yield 
by varying the biomass-specific photon supply rate present at the onset of nitrogen 
starvation. High, intermediate and low average biomass-specific photon supply rates 
(26, 11 and 6 µmol g-1 s-1) were achieved by applying equal incident light intensity to 
different biomass concentrations (1.2, 2.9 and 5.4 g L-1). The intermediate biomass-
specific photon supply rate resulted in the highest time-averaged TAG yield on light; 
0.09 gTAG molph-1. Sub-optimal yields were attributed to photosaturation, 
photoinhibition, light falling through reactor without being absorbed and high 
maintenance requirements. The biomass-specific photon supply rate is important to 
optimize TAG production by microalgae. 
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5.1. INTRODUCTION 

Due to the increasing world population, the demands for food and energy are rising 
the need for alternative, sustainable sources for food-commodities and fuels 
increases (Draaisma et al., 2013). Triacylglycerol (TAG) has a wide range of 
applications and is used in the food- and petrochemical industry. Microalgae can be 
used as sustainable alternative for TAG production. For this, the production process 
should be optimized to be economically feasible and compete with plant-based and 
fossil oils (Wijffels and Barbosa, 2010). Nitrogen starvation is the most applied 
technique for TAG accumulation in microalgae (Hu et al., 2008). Nannochloropsis is 
a marine microalgae species which accumulates large amounts of TAG (up to 54% 
per dry weight) upon nitrogen starvation and produces the omega-3 fatty acid 
eicosapentaenoic acid (EPA) (Benvenuti et al., 2016b; Simionato et al., 2013). 
Nitrogen starvation is often applied in a two phase batch strategy in which the 
microalgae are first grown under non-limiting conditions followed by nitrogen 
starvation to induce TAG accumulation.  

Under identical light intensities, low biomass concentration results in a high biomass-
specific photon supply rate and a high biomass concentration results in a low 
biomass-specific photon supply rate. Light supply rate is important as it affects the 
photosynthetic rate and thereby the biomass and TAG yields. In outdoor cultivation, 
for a given cultivation system and light intensity, the biomass-specific photon supply 
rate can be changed by changing the biomass concentration inside the reactor. 
Biomass concentration dictates the light gradient inside the photobioreactor and, at 
a fixed light intensity, also the biomass-specific photon supply rate. There are 
different processes which influence the photosystems and photosynthetic rates: 
photosaturation, photoinhibition and photoacclimation. When suboptimal 
biomass-specific photon supply rates are used, these processes can lead to 
suboptimal TAG yields (Figure 5.1).  
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Figure 5.1. Schematic overview of different biomass-specific photon 
supply rates and the processes expected to influence the TAG yield. 
The size of the hammer represents the volumetric maintenance 
energy requirement.  

One of these process is photosaturation. At light intensities higher than the 
photosynthetic processing capacity, photosynthesis is saturated and the excess 
energy is dissipated as heat, thereby decreasing photosynthetic efficiency (Gordon 
and Polle, 2007). Another process is photoinhibition, which is the process where 
excess of photons elicit formation of oxygen radicals (ROS) which damage key 
proteins in the photosynthetic machinery and thereby decrease photosynthetic 
efficiency and thus increase photosaturation (Nikolaou et al., 2016). Microalgae can 
also adapt their pigmentation dependent on the light intensity received through 
photoacclimation and thereby adapt their photosynthetic efficiency (Nikolaou et al., 
2016).  

In addition to the processes affecting the photosystems and photosynthetic 
efficiency, TAG yield on light will also be affected by the metabolic processes 
downstream of light absorption; TAG yield decreases when absorbed light energy is 
used for other processes than TAG production. For instance, light energy is necessary 
for cell maintenance, which are non-growth related processes. The volumetric 
energy requirement for cell maintenance is dependent on the biomass concentration 
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(Kliphuis et al., 2010). When there is not enough light energy supplied for 
maintenance, cells need to degrade storage products such as TAG to generate energy 
to maintain themselves, leading to a lower TAG yield. Another factor contributing to 
a low TAG yield on light, but now under high biomass-specific photon supply rates, 
is the loss of light that goes through the reactor without being absorbed. 

Previous outdoor studies showed that the amount of biomass at the start of nitrogen 
starvation affected TAG yield on light for Chlorella zofingiensis (Feng et al., 2011; 
Zemke et al., 2013). Increasing initial biomass concentration showed increased lipid 
productivity for the biomass concentrations tested (0.02, 0.15, 0.35 and 0.5 g L-1) 
with a reactor depth of 17 cm at varying outdoor light conditions (Feng et al., 2011). 
In lab-scale experiments, no significant effect of biomass-specific photon supply rate 
at the start of nitrogen starvation on the overall TAG production for Chlorella 
zofingiensis was found between the tested biomass-specific photon absorption rates 
4.7, 3.5 and 2.9 µmol g-1 s-1 using continuous light conditions (Mulders et al., 2014a). 
For Nannochloropsis oculata a maximum TAG productivity under continuous light 
conditions was found at 13 µmol g-1 s-1 (Kandilian et al., 2014).  

In this research, the effect of the biomass-specific photon supply rate on TAG yield 
in Nannochloropsis gaditana during nitrogen starvation was studied at lab-scale 
under simulated outdoor light conditions. Simulated outdoor light conditions were 
used at lab-scale to be more representative of outdoors conditions. The different 
biomass-specific photon supply rates were set by applying equal light intensities to 
different biomass concentrations present at the moment of nitrogen starvation. The 
outdoor light intensity was simulated using a half-sinus incident light intensity curve 
with a peak at noon of 1500 µmol m-2 s-1 and a day : night cycle of 16 : 8 hours. The 
average initial biomass-specific photon supply rates were; 26, 11 and 6 µmol gdw-1 s-1 
at the start of nitrogen starvation. This required initial biomass concentrations of 1.2, 
3.0 and 5.4 g L-1. It was hypothesized that there is an optimal biomass concentration 
and thus biomass-specific photon supply rate at the start of nitrogen starvation 
where the TAG yield on light is maximal. Besides TAG, the omega-3 fatty acid 
eicosapentaenoic acid (EPA) was studied in more depth. EPA is a fatty acid present 
in the photosynthetic membranes and TAG, and therefore differences are expected 
at different biomass-specific photon supply rates. 
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5.2. MATERIALS AND METHODS 

5.2.1. Strains, cultivation medium and pre-culture conditions  
The microalgae Nannochloropsis gaditana CCFM-01 was obtained from the 
Microalgae Collection of Fitoplancton Marino S.L.. Pre-cultures of N. gaditana were 
kept in 250 mL Erlenmeyer flasks with 100 mL culture, incubated at 25 °C in an orbital 
shaker incubator (125 rpm). The cultures were maintained at low light conditions 
(30-40 μmol m-2 s-1), in a 16 : 8 hours day : night cycle. A week before inoculation, 
the microalgae were transferred to continuous high light conditions (118 μmol 
m-2 s-1) with air enriched with 2.5% CO2 for inoculum production. The growth medium 
was based on (Breuer et al., 2012) and contained: NaCl 445 mM; KNO3 33.6 mM; 
Na2SO4 3.5 mM; MgSO4∙7H2O 3 mM; CaCl2∙2H2O 2.5 mM; K2HPO4 2.5 mM; NaFeEDTA 
28 µM; Na2EDTA∙2H2O 80 µM; MnCl2∙4H2O 19 µM; ZnSO4∙7H2O 4 µM; CoCl2∙6H2O 1.2 
µM; CuSO4∙5H2O 1.3 µM; Na2MoO4∙2H2O 0.1 µM; Biotin 0.1 µM; vitamin B1 3.3 µM; 
vitamin B12 0.1 µM; and 10 mM NaHCO3. For nitrogen depleted growth medium 
KNO3 was replaced with 33.6 mM KCl to keep equal osmolarity. Since the nitrate and 
phosphate concentration in the medium was high enough for a biomass 
concentration of approximately 5 g L-1 extra nitrate and phosphate were added 
before it became limited during the growth phase. For the intermediate 
concentration (2.9 g L-1) 2.8 g KNO3 was added at day 7 of the growth phase. For the 
high biomass concentration (5.4 g L-1) 2.6 g KNO3 was added at day 7 and 4.8 g KNO3 
and 0.6 g K2HPO4 were added at day 13 of the growth phase. During pre-cultivation 
in Erlenmeyer flasks 100 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 
(HEPES) was added as pH buffer. The pH of the growth media was adjusted to pH 7.5 
and filter sterilized prior to use (pore size, 0.2 µm). 

5.2.2 Photobioreactor and experimental setup 
Experiments were performed in an aseptic, heat-sterilized, flat-panel, airlift-loop 
photobioreactor (Labfors 5 Lux, Infors HT, Switzerland, 2010) with a working volume 
of 1.8 L and a reactor depth of 20.7 mm. Mixing was provided by aeration of the 
culture with 1 L min-1 filtered air mixed with 2% CO2. The pH was maintained at 7.5 
by on-demand addition of 2.5% (v/v) sulphuric acid. Temperature was controlled at 
26 °C by recirculation of water through a water jacket in direct contact with the 
cultivation chamber at the back of the reactor and connected to a cryostat. The 
incident light intensity was controlled and provided by 260 high power LED lights 
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(28V, 600 Watt) at the culture side of the reactor. The reactor chamber was isolated 
to prevent interference of ambient light. Nannochloropsis gaditana was grown in a 
two-step batch process using growth phase followed by nitrogen starvation to 
induce TAG accumulation. In the growth phase, microalgae were inoculated at 
biomass concentration 0.09 - 0.12 g L-1 in nitrogen replete medium. After growth the 
cells were harvested by centrifugation (800 g, 25 minutes) and washed with nitrogen 
deplete medium to remove the residual nitrogen and re-inoculated in nitrogen 
depleted medium, starting the nitrogen starvation phase. The microalgae were 
grown up 2.6, 5.0 and 7.4 g L-1 and diluted back to 1.2, 2.9 and 5.4 g L-1, respectively, 
at the beginning of the nitrogen starvation phase. The dilutions were kept as small 
as possible to prevent a large change in biomass-specific photon supply rate after 
washing and starting the nitrogen starvation of the culture.  

During the growth phase the microalgae were subjected to a 16:8h day:night cycle 
with constant light intensity during the day (block light cycle). The light intensity was 
increased stepwise keeping the outgoing light around 30-40 μmol m-2 s-1. Once a light 
intensity of 636 μmol m-2 s-1 was reached, the block light cycle was changed into a 
sinusoidal light cycle (Equation 1) during the day as used by (Benvenuti et al., 2016a) 
simulating a summer day in the Netherlands. During the night, 16 to 24 hours after 
sunrise, no light was supplied. The light was maintained equal throughout the rest 
of the experiment. This light regime was maintained for at least 1 day during the 
growth phase before cells were centrifuged to start the nitrogen starvation phase. 

𝐼(𝑡) = 𝐼𝑚𝑎𝑥 ∗ sin (
𝑡

𝑃 ∗ 𝜋
) 

 
(Eq. 5.1) 

Equation 5.1. shows the sinusoidal light cycle applied during the day with I (t) 
(μmol m-2 s-1) the light intensity at time t (in hours); t is the number of hours after 
sunrise; Imax is the light intensity at solar noon (1500 μmol m-2 s-1); P is the duration 
of the light period (16 hours). By setting different biomass concentrations at the start 
of nitrogen starvation the biomass-specific photon supply rate was set. The lowest 
biomass concentration has the highest biomass-specific photon supply rate. The 
biomass-specific photon supply rate was calculated by dividing the average light 
intensity supplied over the light period by the biomass concentration at the start of 
the nitrogen starvation phase. The initial biomass concentrations and corresponding 
average biomass-specific photon supply rates at the moment of nitrogen starvation 
are shown in Table 5.1.  
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 Table 5.1. Biomass concentration at start of nitrogen starvation and 
the corresponding average biomass-specific photon supply rate.  

Biomass-specific 
photon supply 

rate 

Biomass concentration 
at start of nitrogen 

starvation 
(g L-1) 

 

Average biomass-
specific photon supply 

rate  
(µmolph gdw

-1 s-1) 

High (■) 1.2 26 
Intermediate (▲) 2.9 11 

Low (♦) 5.4 6 

5.2.3. Offline measurements 
During the experiment, daily samples were taken from the photobioreactor to 
monitor the growth and photosynthetic activity of the microalgal biomass. The 
optical density (OD) was measured at 750 nm using a UV-VIS spectrophotometer 
(Hach Lange DR-6000, light path 1 cm). The dry weight was measured in triplicate by 
filtering (Whatman, 55 mm) and drying of biomass samples overnight at 100 °C as 
described by (Kliphuis et al., 2012) with the exception that ammonium formate 
(0.5 M) was used for dilution and washing. Since the supernatant was turbid reddish 
after centrifugation the dry weight of the supernatant was subtracted from the dry 
weight and also used for the other analyses. The cell concentration was measured in 
duplicate with the Multisizer II (Beckman Coulter) using a 50 μm aperture tube. 
Isotone II diluent was used to dilute the samples before measuring.  

The photosystem II (PSII) maximal quantum yield (Fv/Fm) was measured by the 
chlorophyll a fluorescence at 455 nm using a fluorometer (AquaPen-C AP-C100, 
Photon Systems Instruments, Czech Republic) and calculated according to 
(Benvenuti et al., 2015). Samples were diluted to OD750 0.3 and dark-adapted for 15 
minutes at room temperature before measurement. 

The dry weight-specific optical cross section was measured using a 
spectrophotometer (Shimadzu UV-2600, Japan), equipped with an integrating 
sphere, to measure light absorption between 400-750 nm. The dry weight-specific 
optical cross section (m2 kg-1) was calculated according to (de Mooij et al., 2015). 
Samples were diluted to approximately OD 750 of 0.3 prior to measurement and 
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transferred in cuvettes (100.099-OS, Hellma Germany; light path: 2 mm). To 
calculate the volumetric optical cross section, the dry weight-specific optical cross 
section was multiplied with the dry weight concentration in the photobioreactor. 

5.2.4. Fatty acid analysis 
Biomass samples were centrifuged, washed twice with ammonium formate (0.5 M), 
stored at -20 °C and lyophilized. Lipids were extracted, separated and quantified 
according to (Breuer et al., 2012; León-Saiki et al., 2017). In short, cells were 
disrupted using a beat beater and lipids were extracted using a mixture of 
chloroform:methanol (1:1.25, v:v) with tripentadecanoin (T4257, Sigma Aldrich) and 
1,2-Dipentadecanoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)] (sodium salt) 
(840446P, Avanti Polar Lipids Inc.) as internal standard for the TAG and polar 
membrane lipid fraction, respectively. The TAGs were separated from the polar 
membrane lipids by solid phase extraction (Sep-Pak Vac 6cc, Waters) using different 
eluents. The fatty acids were methylated by incubation with methanol with 5% H2SO4 

for 3 hours at 70 °C and extracted with hexane. The fatty acid methyl esters were 
identified and quantified using gas chromatography (GC-FID) (Breuer et al., 2012). 
The total TAG and polar membrane lipid content was calculated as a sum of the 
individual fatty acids of these fractions. 

5.2.5 Calculation time-averaged TAG yield on light 
The time-averaged TAG yield on light was calculated according to Remmers et al., 
2017a. The TAG produced over a certain time period was divided by the light 
supplied during that period. This light included the light necessary for inoculum 
production, using a theoretical biomass yield on light of 1 g molph-1. It is important to 
consider the energy necessary for inoculum production especially when using high 
starting biomass concentrations. 

5.3. RESULTS AND DISCUSSION 

The nitrogen starvation experiments were performed at high (26 µmolph gdw-1 s-1), 
intermediate (11 µmolph gdw-1 s-1) and low (6 µmolph gdw-1 s-1) biomass-specific photon 
supply rates by using a low (1.2 g L-1), intermediate (2.9 g L-1) and high (5.4 g L-1) 
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biomass concentrations at the start of nitrogen starvation, respectively. All results 
are shown from the start of nitrogen starvation.  

5.3.1. Biomass concentration 
From the onset of nitrogen starvation, biomass concentration was measured by dry 
weight (g L-1) and cell concentration (cells mL-1) (Figure 5.2).  

 

Figure 5.2. Dry weight concentration (g L-1) (A) and cell concentration 

(cells mL-1) (B) for high (■), intermediate (▲) and low (♦) 
biomass-specific photon supply rate at the start of nitrogen 
starvation (time = 0). The error bars show the standard deviation of 
triplicate dry weight measurements and the absolute deviation of 
duplicate measurements for the cell concentration.  

The biomass production rates were on average 0.3, 0.8 and 0.5 gdw L-1 day-1 for high, 
intermediate and low initial biomass-specific photon supply rates, respectively, 
during the first 5 days of nitrogen starvation (Figure 5.2A). Showing the highest 
biomass production rate for the intermediate biomass-specific photon supply rate. 

Similar to the dry weight results, the intermediate biomass-specific photon supply 
rate showed the highest increase in cell concentration and thus most cell division 
during the first 5 days of nitrogen starvation (Figure 5.2B).  
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5.3.2. Lipid accumulation 
 

 

Figure 5.3. TAG content expressed per dry biomass (gTAG gdw-1) (A), 
TAG concentration (gTAG L-1) (B), polar lipid content expressed per dry 
biomass (gPL gdw-1) (C) and the time-averaged TAG yield on light (gTAG 

molph-1) (D) for high (■), intermediate (▲) and low (♦) 
biomass-specific photon supply rates at the start of nitrogen 
starvation (time = 0). 

The TAG content at the intermediate biomass-specific photon supply rate increased 
faster compared to high biomass-specific photon supply rate during the first 5 days 
of nitrogen starvation (0.05 gTAG gdw-1 day-1 compared to 0.03 gTAG gdw-1 day-1) 
(Figure 5.3A). For the low biomass-specific photon supply rate the TAG content 
increased slower (0.01 gTAG gdw-1 day-1).  
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Similar to the increase in TAG content, the TAG concentration in the reactor 
increased the fastest for the intermediate biomass-specific photon supply rate and 
reached the highest TAG concentration (Figure 5.3B). The average TAG production 
rates were 0.12, 0.33 and 0.08 g L-1 day-1 over the first 5 days of nitrogen starvation 
for high, intermediate and low biomass-specific photon supply rates.  

The polar lipid content was 0.09, 0.12 and 0.18 g gdw-1 for the high, intermediate and 
low biomass-specific photon supply rates at the start of nitrogen starvation 
(Figure 3C). Showing the highest polar lipid content for the lowest biomass-specific 
photon supply rate.  

The maximal time-averaged TAG yield on light was 0.05; 0.09 and 0.02 gTAG molph-1 
(values not corrected for inoculum production are: 0.07; 0.12 and 0.03 gTAG molph-1) 
for high, intermediate and low biomass-specific photon supply rates (Figure 5.3D). 
These maximal time-averaged TAG yield on light were achieved after 2, 5 and 4 days 
of nitrogen starvation for the high, intermediate and low biomass-specific photon 
supply rates, respectively. The highest time-averaged TAG yield on light (0.09 gTAG 
molph-1) was achieved at the intermediate initial biomass-specific photon supply rate 
(11 µmolph gdw-1 s-1). This maximal time-averaged TAG yield on light was similar to 
0.10 gTAG molph-1 achieved for Nannochloropsis sp. cultivated under the same 
sinusoidal day night light regime using a biomass-specific photon supply rate of 16 
µmolph gdw-1 s-1 (Benvenuti et al., 2016a). This is biomass-specific photon supply rate 
between the high and intermediate biomass-specific photon supply rates used in this 
study (26 and 11 µmolph gdw-1 s-1). Our results are in line with the maximal TAG 
productivity which was achieved for Nannochloropsis oculata at a biomass-specific 
supply rate of 13 µmol g-1 s-1 under continuous light conditions (Kandilian et al., 
2014). On the contrary, Mulders et al. 2014a found no difference in TAG yield on light 
for Chlorella zofingiensis within the tested range of biomass-specific photon 
absorption rates (2.9, 3.5 and 4.7 µmol g-1 s-1) under continuous light. In the present 
study, however, a broader biomass-specific photon supply rate range (6, 11 and 26 
µmol gdw-1 s-1) and simulated outdoor light conditions were used. Therefore, sub-
optimal yields for both lower and higher biomass-specific photon supply rates could 
be measured. 
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5.3.3. Photosynthetic capacity 

Nitrogen starved Nannochloropsis gaditana relies on photosynthesis to support de 
novo TAG synthesis (Simionato et al., 2013). Therefore, the photosystem II (PSII) 
maximum quantum yield and the dry weight-specific optical cross section were 
measured (Figure 5.4).  

 

Figure 5.4. Photosystem II maximal quantum yield (A) and dry 
weight-specific optical cross section (m2 kg-1) (B) for high (■), 

intermediate (▲) and low (♦) biomass-specific photon supply rate at 
the start of nitrogen starvation (time = 0). 

The photosystem II (PSII) maximal quantum yield decreased for all cultures during 
nitrogen starvation (Figure 5.4A). This was similar to results found for 
Nannochloropsis oceanica during nitrogen starvation (Dong et al., 2013; Meng et al., 
2015) and indicated a reduced photosynthetic efficiency. At the start of nitrogen 
starvation the PSII maximal quantum yield was similar for the intermediate and high 
biomass-specific photon supply rates (between 0.64 and 0.67) and lower for the low 
biomass-specific photon supply rate (0.54).  

The PSII maximal quantum yield decreased similarly for the low and intermediate 
biomass-specific photon supply rate. The high biomass-specific supply rate, 
however, decreased faster indicating more degradation or damage to PSII causing 
decrease in photosynthetic efficiency (Figure 4A). 
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The intermediate biomass-specific photon supply rate resulted in the highest time-
averaged TAG yield on light because the highest photosynthetic efficiency was 
maintained and all light supplied to the culture was absorbed resulting in a more 
efficient use of energy for TAG production. Furthermore, the biomass concentration 
was low enough to keep the energy required for maintenance relatively low 
compared to the culture with high biomass concentration (low biomass-specific 
photon supply rate). 

The high biomass-specific photon supply rate resulted in lower TAG yield on light 
compared to the intermediate biomass-specific photon supply rate. This suboptimal 
yield could be caused by several phenomena. Firstly, the fast decrease in PSII 
maximal quantum yield can probably be attributed to photoinhibition (Han et al., 
2000; Rubio et al., 2003). Photoinhibition is a process in which excess of photons 
damage key proteins in the photosynthetic machinery resulting in lower 
photosynthetic efficiency causing suboptimal TAG yield on light. At high biomass-
specific photon supply rate can result in the largest excess of photons. Secondly, at 
the higher biomass-specific photon supply rate photosaturation can occur in a larger 
part of the reactor compared to the lower biomass-specific photon absorption rates 
and therefore dissipating more excess energy as heat. Thirdly, part of the supplied 
incident light fell through the reactor and was not absorbed by the microalgae and 
could not be used for TAG production. Approximately 8% of the incident light fell 
through the reactor at the peak light intensity (1500 µmol m-2 s-1) at the first day, 
without being used by the culture. At low and intermediate biomass-specific photon 
supply rates all supplied light was absorbed.  

The lower TAG yield on light for the low biomass-specific photon supply rate, on the 
other hand, was probably caused by the relative high volumetric maintenance 
energy requirement due to high biomass concentration, assuming a constant 
maintenance energy per biomass for all different biomass concentrations. This 
energy is not available for TAG production and can therefore lead to a lower TAG 
yield on light. High biomass concentrations necessary for low biomass-specific supply 
rate also have a higher energy requirement for inoculum production which has a 
negative effect on overall TAG yield on light. In addition, the culture with low 
biomass-specific photon supply rate showed a reduced photosynthetic quantum 
yield at the start of nitrogen starvation, which can result in lower TAG yields on light.  
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The different biomass-specific photon supply rates also influence the dry weight-
specific optical cross section (Figure 5.4B). Microalgae can adapt their pigmentation 
dependent on the light received by photoacclimation. At high biomass-specific 
photon supply rates (low biomass concentration) the pigmentation decreases and at 
low biomass-specific photon supply rates (high biomass concentration) the 
pigmentation increases (Meneghesso et al. 2016). The effect of photoacclimation 
during the growth phase was shown by the dry weight-specific optical cross section 
at the start of the nitrogen starvation phase. The biomass-specific optical cross 
section for the high biomass-specific photon supply rates was lower (116 m2 kg-1) 
compared to the low and intermediate biomass-specific photon supply rates (275 
and 281 m2 kg-1).  

During nitrogen starvation phase, the dry weight-specific optical cross section 
decreased for all cultures (Figure 5.4B). The volumetric optical cross section (m2 L-1) 
(Figure S5.6, supplements) was, however, stable for the low and intermediate 
biomass-specific photon supply rates and increased slightly for at high biomass-
specific photon supply rate. The decrease in dry weight-specific optical cross section 
is therefore caused by the increased of non-absorbing biomass like TAG and thus 
thereby decreasing optical cross section per biomass. The small increase in 
volumetric optical cross section for the low biomass-specific photon supply rate was 
probably due to the increase in biomass concentration and thereby increased 
pigmentation by photoacclimation.  

Photoacclimation most likely results in an increase of photosynthetic membranes. At 
low biomass-specific photon supply rate the highest dry weight-specific optical cross 
section results in the highest membranes and thus highest polar lipids at the start of 
the nitrogen starvation phase (Figure 5.3C).  
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Figure 5.5. EPA content in TAG (A) and polar membrane lipids (PL) (B) 
expressed per dry biomass (g gdw-1) and EPA concentration in TAG (C) 
and PL (D) fraction (g L-1) from the start of nitrogen starvation for high 

(■), intermediate (▲) and low (♦) biomass-specific photon supply 
rate at the start of nitrogen starvation (time = 0). 

EPA is one of the main fatty acids present in the polar lipid fraction. EPA content 
expressed per dry weight in the polar lipid fraction shows the same pattern as the 
total polar lipid content expressed per dry weight for the different biomass-specific 
photon supply rates used (Figure 5.5). The EPA content in the polar lipid was the 
highest at low biomass-specific photon supply rate at start of nitrogen starvation 
probably due to photoacclimation. Interestingly, the EPA content in TAG expressed 
per dry weight was similar at start of nitrogen starvation for all biomass-specific 
photon supply rates used and increased faster for the high and intermediate 
biomass-specific photon supply rate. The average EPA production in both TAG and 
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polar lipid fraction over the first 12 days of nitrogen starvation was 4.9, 20.9 and 16.4 
mg L-1 day-1 for the high, intermediate and low biomass-specific photon supply rates, 
respectively. The average EPA production rate was highest at the intermediate 
biomass-specific due to the increase of EPA in TAG. EPA production during nitrogen 
starvation is thus dependent on the initial biomass-specific photon supply rate used.  

5.4 CONCLUSIONS 

The biomass-specific photon supply rate is an important parameter to optimize TAG 
yield on light during nitrogen starvation. Different biomass-specific photon supply 
rates were obtained by using different biomass concentration at equal simulated 
outdoor incident light intensities, at the start of nitrogen starvation. The highest TAG 
yield was obtained at intermediate biomass-specific photon supply rate due to 
highest photosynthetic capacity and all supplied light was absorbed. Sub-optimal 
yield at high biomass-specific photon supply rate was attributed to non-absorbed 
light, photosaturation and photoinhibition. Oppositely, sub-optimal yield at low 
biomass-specific photon supply rate was attributed to high maintenance 
requirements.  
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5.5. SUPPLEMENT 

 

Figure S5.6. Volumetric optical cross section (m2 L-1) from the start of 

nitrogen starvation for high (■), intermediate (▲) and low (♦) 
concentration at the start of nitrogen starvation (time = 0).  
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ABSTRACT 

The microalga Nannochloropsis gaditana is a natural producer of triacylglycerol 
(TAG) and the omega-3 fatty acid eicosapentaenoic acid (EPA). TAG accumulation is 
induced by nitrogen starvation. The biomass-specific photon supply rate used has an 
effect on EPA and TAG accumulation during nitrogen starvation as well as, on the 
localization of EPA accumulation. Clear differences in TAG yield on light are found for 
different biomass-specific photon supply rates and light regimes. De novo EPA 
synthesis or translocation of EPA between lipid fractions might be limiting for EPA 
accumulation in TAG. Further studies are needed to fully understand EPA 
accumulation in TAG during nitrogen starvation. To elucidate the function of EPA in 
TAG nitrogen recovery experiments are suggested. Overexpression of genes involved 
in de novo EPA synthesis and translocation are proposed to elucidate the exact 
metabolic routes involved in these processes during nitrogen starvation. Showing 
several future opportunities to increase EPA accumulation. 
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6.1. INTRODUCTION 

Microalgae are known for their ability to produce large amounts of lipids and they 
are the primary producers of the omega-3 fatty acid eicosapentaenoic acid (EPA), 
However, this fatty acid is present in small concentration in the cells, up to 4.3% EPA 
on dry weight basis in Nannochloropsis gaditana (Ma et al., 2016). Higher values are 
required to make this process competitive. 

Nannochloropsis gaditana is a microalga species known for its capacity to 
accumulate large amounts of triacylglycerol (TAG) and to produce EPA. One of the 
most used strategies to induce TAG accumulation is nitrogen starvation. This strategy 
is often applied as a two-phase batch cultivation, starting with a growth phase 
followed by nitrogen starvation, in which TAG is produced de novo and by conversion 
of membrane lipids (Hu et al., 2008). The acyl-CoA dependent pathway is used for de 
novo synthesis of TAG (Liu and Benning, 2013) and polar membrane lipids can be 
converted to TAG via the acyl-CoA independent pathway. In general, TAG contains 
higher amounts of saturated fatty acids and membranes contain higher amounts of 
polyunsaturated fatty acids (PUFAs), like EPA (Mühlroth et al., 2013). During nitrogen 
starvation, however, EPA accumulation in TAG increases (Remmers et al., 2017a; 
Tonon et al., 2002) Chapters 2, 3 and 5. It is hypothesized that PUFAs are stored in 
TAG during nitrogen starvation to allow for rapid incorporation in plastid membranes 
upon more favourable growth conditions. In Chapter 2 translocation of intact EPA 
from the polar lipids to TAG was proven using labelled carbon. We have shown that 
in addition to translocation, EPA is de novo synthesized during nitrogen starvation.  

To be able to increase EPA concentration in TAG, a better understanding of the 
accumulation mechanisms and its regulation are necessary (Schüler et al., 2017) 
alongside knowledge on the impact of cultivation condition. In research by 
Mulder et al. 2014a different biomass-specific photon supply rates were tested for 
Chromochloris zofingiensis showing no large differences in TAG yield on light. Despite 
light being the most important and often limiting substrate in microalgae 
photosynthetic processes, the effect of biomass-specific photon supply rates on TAG 
and EPA accumulation during nitrogen starvation for Nannochloropsis gaditana was 
unknown. 

Different chapters in this thesis describe experiments using various light intensities 
and initial biomass concentrations, resulting in various initial average biomass-



Chapter 6 

108 

specific photon supply rates. In addition, the light regime (day:night cycle and 
continuous light) was varied. In Chapter 5, it was shown that the biomass-specific 
photon supply rate influenced TAG and EPA accumulation. The effect of a wide range 
of conditions on EPA and TAG accumulation during nitrogen starvation can bring 
more insight on the mechanisms involved and allow identification of limiting steps 
on TAG and EPA accumulation and ultimately its improvement.  

6.2. Light regime and specific photon supply rate 

In this thesis, Nannochloropsis gaditana was always grown in the same airlift-loop 
flat-panel photobioreactor with a reactor depth of 20.7 mm with identical 
temperature (26 °C) and pH (7.5). The incident light intensity, light regime and initial 
biomass concentration were varied resulting in different initial average biomass-
specific photon supply rates. Figure 6.1 shows the average biomass-specific photon 
supply rate at the start of nitrogen starvation for the different experiments. Fatty 
acid accumulation in TAG and polar lipids was measured in all experiments. 

The average incident light intensity used was the same for all chapters except for 
Chapter 4 (Figure 6.1). The biomass-specific photon supply rate of Chapters 5 and 2 
were similar; 26 µmol gdw-1 s-1 and 24 µmol gdw-1 s-1, respectively, but the light regime 
was different. In Chapter 5 light was supplied as a day:night cycle in a half sinus 
function instead of continuous. In Chapter 4 nitrogen was added during the night.  
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Figure 6.1. Overview experimental conditions used in the different 
experiments of this thesis; light regime, average light intensity per 
day (µmol m-2 s-1) and biomass concentration (g L-1) at the onset of 
nitrogen starvation with their respective average initial biomass-
specific photon supply rates (µmol gdw-1 s-1) at the start of nitrogen 
starvation.  
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6.3. TRIACYLGLYCEROL (TAG) 

6.3.1. Time-averaged TAG yield on light 
The maximal time-averaged TAG yield on light reached for the different biomass-
specific photon supply rates during nitrogen starvation is shown in Figure 6.2. The 
maximal time-averaged TAG yields on light changes over time are shown in Figure 
S6.6 for the different experiments. 

 

Figure 6.2. Maximal time-averaged TAG yield on light (gTAG molph-1) 
reached in the experiments at the initial averaged biomass-specific 
photon supply rates as shown in Figure 6.1. The light regime used: 
continuous (circles), sinus (triangles) and block (diamonds).  

The highest maximal time-averaged TAG yield on light was reached at a biomass 
specific photon supply rate between 19 to 24 µmol gdw-1 s-1, in which light intensity 
was constant and provided continuously or as day:night cycle (Figure 6.2, circles and 
diamonds). The TAG yields on light achieved under sinus light (Figure 6.2, triangles) 
were lower compared to the other experiments. Even though similar biomass-
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specific photon supply rates were used (24 and 26 µmol gdw-1 s-1) the maximal time-
averaged TAG yield on light achieved was different, 0.18 compared to 
0.07 gTAG molph-1 for continuous and sinus light conditions, respectively. Besides the 
biomass-specific photon supply rate, the light regime also influences TAG yield. The 
lower yield for the sinus light conditions might be the result of a high peak in light 
intensity (1500 µmol m-2 s-1) which can cause photosaturation and photoinhibition, 
resulting in energy waste as heat and damage of the photosystem, and loss of light 
going through the reactor without being absorbed (Chapter 5). It should be noted 
that the TAG content for the sinus light conditions was higher at the start of nitrogen 
starvation compared to continuous light (0.13 compared to 0.08 gTAG gdw-1). This 
indicates that stress was experienced before nitrogen starvation in this culture, 
probably as result of the high peak in light intensities.  

Since in the experiment with constant light intensity applied as day:night cycle a 
lower average light intensity was used, no conclusive statement can be made on the 
effect of constant light intensity applies as day:night cycle compared to continuous 
light or sinus light. To distinguish the effect of a lower biomass-specific photon supply 
rate from the effect of the day:night light regime an experiment with the same 
biomass-specific photon supply rate as provided with continuous light 
(24 µmol gdw-1 s-1) should be used and the nitrogen starvation should be started by 
washing the culture. This higher biomass-specific photon supply rate can be achieved 
by keeping the same incident light intensity and lowering the initial biomass 
concentration or by keeping the same initial biomass concentration and increase the 
incident light intensity.  

The achieved maximal time-averaged TAG yields on light were compared to other 
microalgal species using different biomass-specific photon supply rates and light 
regimes (Figure 6.3). The growth conditions; initial biomass concentration, light 
intensity, light regime and the resulting biomass-specific photon supply rates for the 
different species with their references are given in Table S6.1.  
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Figure 6.3. Maximal time-average TAG yield on light comparison for 
various microalgal species under various initial biomass-specific 
photon supply rates. The light regime used: continuous (circles), 
sinus (triangles) and block (diamonds). The yield for Chromochloris 
zofingiensis was calculated based on absorbed light. Details of the 
calculated biomass-specific photon supply rates from different 
studies are shown in Table S6.1.  

No clear trend was found in the maximal time-averaged TAG yields on light for 
different microalgal species subjected to different biomass-specific photon supply 
rates at the onset of nitrogen starvation. The TAG yield on light during nitrogen 
starvation is not only dependent on the biomass-specific photon supply rate and light 
regime used but also on the microalgal species used. This should be considered for 
TAG optimization. The sorted population of Chlorococcum littorale showed the 
highest maximal time-averaged TAG yield on light indicating that cell sorting can be 
an interesting approach also for Nannochloropsis gaditana to improve TAG yield 
(Cabanelas et al. 2016).  
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6.3.2. TAG content 
The TAG content expressed per dry weight was measured at the start of the nitrogen 
starvation and after 14 days of nitrogen starvation for all different biomass-specific 
photon supply rates and light regimes used (Figure 6.4A).  

 

Figure 6.4. TAG (A) and polar lipid (B) content (gTAG gdw-1) at the start 
of nitrogen starvation (triangles) and after 14 days (12 days for 26 
µmol gdw-1 s-1) of nitrogen starvation (circles) for the different average 
biomass-specific photon supply rates (µmol gdw-1 s-1) at the onset of 
nitrogen starvation.  

The highest TAG contents expressed per dry weight (0.41 gTAG gdw-1) was reached for 
19 µmol gdw-1 s-1 but similar maximal TAG contents were reached for most biomass-
specific photon supply rates. This suggests that there might be a limit in the amount 
of TAG that can be accumulated in the cell. A minimum cell volume might be 
necessary for basic cell functioning resulting in a maximum volume of TAG which can 
accumulate. There is no current knowledge on this, but it might be an important 
factor to consider to increase lipid productivity, alongside with how it is determined 
which maximum cell diameter that can be obtained. If there is a maximal volume in 
the cell for TAG accumulation it can be advantageous having cell division in the first 
days after nitrogen starvation, or having a (mutant) strain which can produce TAG 
without impairing growth (Ajjawi et al., 2017). Other possibilities are selecting for 
larger cells with a relative lower minimum required cell volume for basic cell 
functioning or selecting cells with higher TAG productivity (Cabanelas et al. 2016). 
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Nannochloropsis gaditana still divided on average 1.5 times in the first days after 
nitrogen starvation. 

A much lower TAG content (0.19 gTAG gdw-1) and consequently a lower TAG yield on 
light was reached with a biomass-specific light supply rate of 6 µmol gdw-1 s-1. Due to 
a low biomass-specific photon supply rate there might be insufficient energy to 
induce large TAG accumulation. This can be caused by a low incident light intensity 
or by high volumetric maintenance energy requirements due to the high biomass 
concentration. To study whether energy is indeed limiting, extra energy could be 
added during the nitrogen starvation phase by increasing light intensity. If this results 
in increased TAG accumulation, light was limiting.  

6.4. POLAR LIPIDS  

TAG can be synthetized de novo and via conversion of membrane lipids, which 
consist mainly of polar lipids. Therefore, the effect of light conditions on polar lipid 
content was as well studied (Figure 6.4B). In all cultures the polar lipid content 
expressed per dry weight decreased from the moment of nitrogen starvation. The 
polar lipid contents at the start of the nitrogen starvation phase were negatively 
correlated with the biomass-specific photon supply rate; the lowest biomass-specific 
photon supply rate resulted in the highest polar lipid content. This is probably the 
result of photoacclimation, the process in which the photosystem increases and 
possibly polar membrane lipids, due to the low light conditions (Chapter 5). The polar 
lipids decreased less than the increase in TAG, indicating part of the TAG was made 
de novo. 

6.5. EICOSAPENTAENOIC ACID (EPA)  

The fatty acid EPA accumulates both in the polar lipids in the membranes and in TAG 
lipid bodies. Figure 6.5 shows the EPA contents expressed per dry weights in both 
lipid fractions at the start and after 14 days of nitrogen starvation. The change of the 
EPA content expressed per dry weight in TAG, polar lipids and in total lipids (TAG + 
PL) for all days during nitrogen starvation is shown in Figure S6.7.  
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Figure 6.5. EPA content in TAG and polar lipids (PL) expressed as 
percentage of dry weight and the EPA percentage of the total fatty 
acids (TFA) for the different initial biomass-specific photon supply 
rates and light regimes. Results are shown at the start of the nitrogen 
starvation phase (N+) and after 14 days of nitrogen starvation (12 
days for 26 µmol gdw-1 s-1) (N-).  

The highest EPA content was reached with the lowest biomass-specific photon 
supply rate at the onset of nitrogen starvation. This high EPA content was mainly due 
to the EPA present in polar lipids. At low biomass-specific photon supply rates, more 
membranes are formed as a result of photoacclimation leading to higher polar lipids 
and consequently EPA contents in the cell. The high EPA content at the start of the 
nitrogen starvation phase is interesting for EPA production, however, it should be 
noted that the growth phase took much longer compared to other experiments (21 
days compared 7 to 11 days), to obtain a high biomass concentration.  

The total EPA content expressed per dry weight decreased slightly in most 
experiments during nitrogen starvation. But as a result of the increased biomass 
concentration the total EPA concentration in the reactor increased (Figure S6.8). This 
shows that part of the EPA has to be produced de novo during nitrogen starvation as 
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confirmed with labelling study in Chapter 2. In all experiments the EPA percentage 
of total fatty acids (TFA) decreased during nitrogen starvation due to the faster 
increase of other fatty acids in TAG, mainly palmitic acid and palmitoleic acid.  

The distribution of EPA in the cell showed that EPA content in TAG was similar for all 
cultures at the start of nitrogen starvation (Figure 6.5, N+ bars). During nitrogen 
starvation the EPA content in TAG increased and after 14 days of nitrogen starvation 
a large fraction of all EPA in the cell was present in the TAG lipid fraction. For most 
conditions the fraction of all EPA in the cell, present in TAG was 60 to 70%, except 
for the cultures with the lowest biomass-specific photon supply rates (sinus light 11 
and 6 µmol gdw-1 s-1) which were 50% and 25%, respectively (Figure S6.9). One 
possible strategy to increase the amount of EPA in the cell during nitrogen starvation, 
is by increasing the amount of EPA accumulated in TAG since it can accumulate up 
to large contents. 

A better understanding of the function of EPA accumulation can help finding targets 
to increase its accumulation. It is hypothesized that EPA accumulation in TAG acts as 
storage for membrane components to be rapidly used upon better growth 
conditions. In Parietochloris incisa, a radiolabelling study showed that arachidonic 
acid present in TAG was used for chloroplast membrane lipid upon nitrogen recovery 
(Khozin-Goldberg et al., 2005). To conclude whether EPA is stored in TAG by 
Nannochloropsis gaditana during nitrogen starvation for membrane synthesis upon 
nitrogen recovery, labelling experiment similar to Chapter 2 should be done. An 
initial growth phase should be done followed by nitrogen starvation with labelled 
carbon (13C) and concluded by a third phase in which nitrogen is re-supplied and the 
carbon source is changed to 12C carbon. The newly synthesized fatty acids or 
translocated fatty acids from TAG to the membranes during recovery phase can in 
be distinguished by measuring the 12C and 13C fatty acids. This will provide an answer 
to the hypothesis that TAG acts as a storage for plastid material during nitrogen 
starvation.  

In Chapter 2, it was shown that 23% of the EPA accumulated in TAG was intact 
translocated from the polar lipids during nitrogen starvation and 21% of the EPA 
accumulated in TAG was completely made de novo. Since de novo synthesis, 
translocation and carbon cycling cannot be distinguished from only fatty acids data, 
no conclusions can be drawn on its distribution under different biomass-specific 
photon supply rates. Both translocation and de novo synthesis are important for EPA 
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accumulation in TAG. Possible limiting factors for accumulation of EPA in TAG, such 
as EPA content in membranes at the start of nitrogen starvation, de novo synthesis 
and translocation, will be discussed. 

The amount of EPA in polar lipids could be a limiting factor determining translocation 
into TAG. The lowest biomass-specific photon absorption rate had, however, the 
highest EPA and polar lipid content, but the lowest amount of EPA present in TAG. 
Suggesting, that the EPA accumulation in TAG is not limited by the amount of EPA 
present in the polar lipids. The culture with lowest biomass-specific photon supply 
rate has the lowest TAG content. Therefore, EPA accumulation in TAG might be 
correlated to TAG content and productivity.  

Another hypothesis, for limited EPA accumulation in TAG could be the maximal 
amount of EPA that can accumulate in TAG without steric hindrance. In an 
engineered yeast Yarrowia lipolytica EPA accumulation up to 55% of total fatty acids 
in TAG was achieved (Xue et al., 2013), while in our work the maximum was 42% in 
TAG. Therefore, it is not likely that this limited the amount of EPA accumulated in 
TAG. In Trachydiscus minutus, a species from the same class as Nannochloropsis, also 
TAG containing three EPA acyl groups were found (Řezanka et al., 2011).  

The translocation of EPA might be limited by the enzymes involved in translocation. 
Two type of enzymes were suggested to be involved in transport of fatty acids from 
membranes to TAG; phospholipid: diacylglycerol transferase (PDAT) and lipases. 
Transcriptomic analyses showed upregulation of one of the PDAT and several lipases 
(Chapter 3). Knock-out studies of these enzymes can provide more insight in their 
effect on the EPA accumulation in TAG during nitrogen starvation and allow 
specifying the enzyme(s) which are most important for translocation of EPA. 
Overexpression of these enzymes might increase translocation of EPA into TAG. 
Measuring expression levels of PDAT and lipases under conditions with increased or 
decreased EPA accumulation in TAG might also give indication on the specific genes 
responsible for translocation.  

Furthermore, it would be interesting to study the substrate specificity of for example 
acyltransferases, since EPA seems to be translocated with higher affinity compared 
to other fatty acids (Chapter 2).  

Finally, de novo synthesis can be rate limiting for EPA accumulation in TAG. The 
enzymes responsible for de novo EPA synthesis (e.g. elongases and desaturases) 
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were mostly downregulated and might be rate-limiting in this process. Since oleic 
acid accumulation increased during nitrogen starvation, the elongases and 
desaturases used in the following steps of EPA synthesis are interesting targets for 
overexpression. If overexpression increases de novo synthesis of EPA, measuring the 
localization of EPA in TAG or polar lipids will help understand EPA accumulation in 
TAG during nitrogen starvation. 

6.6. CONCLUSIONS 

Most light regimes and biomass-specific photon supply rates at the onset of nitrogen 
starvation result in similar high TAG contents. The EPA content was highest at lowest 
biomass-specific photon supply rate mainly due to its presence in the polar lipids 
which are mostly located in the membranes. During nitrogen starvation, EPA 
accumulation in TAG was lower at the low biomass-specific photon supply rates 
which had the highest EPA content in polar lipids. This suggests that the amount of 
EPA in polar lipids is not limiting for the EPA accumulation in TAG. More research is 
necessary to understand the mechanisms and regulations involved in EPA 
accumulation during nitrogen starvation and its localization in the polar lipids and 
TAG. It is suggested to study the function of EPA in TAG using a nitrogen recovery 
experiment using labelled carbon (13C). One of the possibilities to increase the EPA 
accumulation during nitrogen starvation is increase the amount accumulating in 
TAG. Knock out studies of PDAT and lipases genes can indicate which enzyme(s) are 
responsible for the translocation of EPA. These genes are possible targets for 
overexpression to increase the translocation of EPA into TAG. Next to increased 
translocation, de novo synthesis could be increased by the overexpression of 
elongases and desaturases involved in the EPA synthesis pathway. This shows that 
there are several future opportunities to study and increase EPA accumulation.  
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6.7. SUPPLEMENTS  

 

Figure S6.6. Time-averaged TAG yield on light (gTAG molph-1) for the 
different biomass-specific photon supply rates and light regimes 
from the moment of nitrogen starvation. 
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Figure S6.7. EPA content expressed per biomass (gEPA gdw-1) in total 
lipids (TAG + PL) (A), in TAG (B) and polar lipids (PL) (C) for the 
different biomass-specific photon supply rates and light regimes 
from the moment of nitrogen starvation. 
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Figure S6.8. Total EPA concentration (g L-1) measured in the 
photobioreactor for the different biomass-specific photon supply 
rates and light regimes from the moment of nitrogen starvation. 
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Figure S6.9. The percentage of all EPA in the cell which is present in 
TAG lipid fraction for the different biomass-specific photon supply 
rates and light regimes



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Colour change of Nannochloropsis in Erlenmeyer flasks when grown under 
different growth conditions. 
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SUMMARY 

Microalgae are unicellular photosynthetic microorganisms, which can convert light, 
carbon dioxide and nutrients into multiple products like lipids, proteins and 
pigments. Even though they are a sustainable source of lipids, higher lipid yields are 
required to turn the production into an economical feasible process. This thesis 
focusses on understanding the cellular mechanisms underlying lipid accumulation 
and developing a process with improved lipid production. 

Nannochloropsis gaditana is a microalga known for its lipid accumulation. Upon 
nitrogen starvation it can accumulate up to 41% triacylglycerol (TAG) of its dry 
weight. In addition, it also produces the commercially interesting omega-3 fatty acid 
eicosapentaenoic acid (EPA). There are two main lipid fractions in which fatty acids 
accumulate; the polar lipids (PL) and triacylglycerol (TAG) lipids.  

During microalgal growth EPA is mainly present in the PL. During nitrogen starvation 
N. gaditana accumulates large amounts of TAG in lipid bodies. When expressed per 
total cell dry weight, the TAG-localized EPA increases during nitrogen starvation 
while the PL-localized EPA decreases, suggesting that EPA is translocated from the 
PL into the TAG lipids during nitrogen starvation. In Chapter 2, the origin of EPA in 
TAG lipid bodies of N. gaditana was elucidated using labelled carbon (13C). 
N. gaditana was first grown under optimal growth conditions with 13CO2 as the sole 
carbon source followed by nitrogen starvation with 12CO2 as the sole carbon source. 
By measuring both 12C and 13C fatty acid isotope species in time, de novo synthesized 
fatty acids and the already present fatty acids were distinguished. For the first time, 
translocation of EPA from the PL into the TAG fraction during nitrogen starvation was 
proven. Next to being translocated, EPA was synthesized de novo in both PL and TAG 
during nitrogen starvation. EPA was made by carbon reshuffling within the cell as 
well. EPA was the main fatty acid translocated, suggesting that the enzyme 
responsible for fatty acid translocation has a high specificity for EPA.  

To study the pathways involved in de novo synthesis of TAG and EPA and 
translocation of EPA the expression levels of the involved genes were measured in 
Chapter 3. The same experimental conditions as Chapter 2 were used to allow 
comparison of gene expression levels with the results in which translocation and 
de novo synthesis was measured during nitrogen starvation. The expression levels of 
involved genes were analysed during the first hours of nitrogen starvation and over 
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a longer nitrogen starvation period (14 days). Genes which might be involved in fatty 
acid translocation are phospholipid: diacylglycerol acyltransferase (PDAT) and 
lipases. One of the gene copies of PDAT and several lipases showed increased 
transcriptional levels, suggesting these enzymes might be responsible for 
translocation of EPA accumulation in TAG. The genes involved in de novo synthesis 
of EPA were several fatty acid elongases and desaturases. Most desaturases and 
elongases involved in de novo EPA synthesis were downregulated except the Δ9 
desaturase, which was upregulated. This upregulation correlated with the increase 
in oleic acid. The genes involved in the TAG pathways showed complex regulation of 
expression levels. There are many hypothetical genes and therefore improvements 
in annotation are required to improve understanding of these pathways.  

In addition to strain improvement, optimized process strategies can also lead to 
increased TAG productivity. Therefore, a new TAG production strategy was tested in 
Chapter 4. One of the most common strategies for TAG accumulation in microalgae 
is a two-step batch cultivation, which consists of a growth phase followed by 
nitrogen starvation. During nitrogen starvation the photosynthetic efficiency 
decreases leading to low lipid productivities. Previous studies have shown that 
addition of nitrogen to a nitrogen starved culture led to a higher photosynthetic 
efficiency compared to nitrogen starved conditions. The lipid yield did however not 
improve, which was hypothesized to be due to light energy used for improving the 
photosystems and could not be used for lipid accumulation. To improve both 
photosynthetic efficiency and lipid productivity, in Chapter 4 small amounts of 
nitrogen were added in the night during 14 days of nitrogen starvation. Nitrogen was 
added during the night, to allow recovery and avoid light energy being used for 
growth. Daily nitrogen concentrations were chosen to assure consumption of most 
part of the nitrogen during the night. Addition of nitrogen led to an improvement of 
the photosystem II maximum quantum yield and an increase in the dry weight and 
TAG concentration was achieved from day 7 of nitrogen starvation onwards 
compared to a culture without nitrogen addition. The maximal time-averaged 
triacylglycerol (TAG) yield on light was reached after 3 days of nitrogen starvation. 
Therefore, the improved photosynthetic activity achieved from day 7 onwards did 
not lead to an increase of the maximal time-averaged TAG yield on light. The nitrogen 
added was mainly used for protein production as shown by the higher protein 
concentration in the culture where nitrogen was added.  
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Cultivation conditions, such as light intensity, used during nitrogen starvation can 
have a large impact on TAG accumulation. Therefore, the effect of the biomass-
specific photon supply rate at the start of the nitrogen starvation phase was studied 
in Chapter 5. Outdoor light conditions were simulated and were kept constant for all 
experiments. The biomass-specific photon supply rate was varied by changing the 
biomass concentration at the onset of nitrogen starvation. High, intermediate and 
low average biomass-specific photon supply rates (26, 11 and 6 µmol g-1 s-1) were 
achieved by applying equal incident light intensity to different biomass 
concentrations (1.2, 2.9 and 5.4 g L-1). The highest time-averaged TAG yield on light 
was found for the intermediate biomass-specific photon supply rate. Sub-optimal 
yields at high biomass-specific supply rates were attributed to photosaturation, 
photoinhibition and light falling through the reactor without being absorbed. At low 
biomass-specific photon supply rate sub-optimal yields were attributed to high 
volumetric maintenance requirements. The lowest biomass-specific photon supply 
rate resulted in highest biomass-specific optical cross section and polar lipids. The 
biomass-specific photon supply rate is an important parameter for optimization of 
TAG production by microalgae. 

In Chapter 6, all results of previous chapters were compared and discussed. Since 
the biomass-specific photon supply rates had a large impact the TAG yield on light in 
Chapter 5 the different biomass-specific photon supply rates used in all chapters 
were compared. In addition to the biomass-specific photon supply rates also the light 
regimes in which light is supplied influenced the TAG yield on light. Simulated 
outdoor light condition resulted in a lower TAG yield on light. The localization of the 
EPA accumulation was measured in TAG and polar lipids. The lowest biomass-specific 
photon supply rate showed highest EPA content expressed per biomass, which were 
mainly present in polar lipids. Upon nitrogen starvation less EPA accumulated in TAG 
compared to the higher biomass-specific photon supply rates. Possible limitation in 
EPA accumulation are discussed and future research perspectives are given focussing 
on de novo synthesis and translocation of EPA. 
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SAMENVATTING 

Microalgen zijn eencellige fotosynthetische micro-organismen, die licht, 
koolstofdioxide en voedingsstoffen kunnen omzetten in meerdere producten zoals 
lipiden, eiwitten en pigmenten. Algen zijn ze een duurzame bron voor lipiden. Om 
de lipideproductie met microalgen economisch rendabel te maken zijn er hogere 
lipideopbrengsten nodig. Dit proefschrift richt zich op het inzichtelijk maken van de 
cellulaire mechanismen die ten grondslag liggen aan die lipideproductie en het 
ontwikkelen van een proces waarin de lipideproductie wordt verbeterd.  

Nannochloropsis gaditana is een microalgensoort die bekend staat om de ophoping 
van lipiden in de vorm van triacylglycerol (TAG). Deze ophoping wordt meer door 
zogenoemde stresscondities, bijvoorbeeld het weghalen van de voedingstof stikstof. 
Na deze stikstofuithongering kan het opgehoopte TAG-gehalte oplopen tot wel 41% 
van het drooggewicht. Daarnaast produceert N. gaditana ook het commercieel 
interessante omega-3 vetzuur eicosapentaeenzuur (EPA). Vetzuren kunnen zicht in 
microalgaen ophopen in twee belangrijke lipidefracties, te weten de polaire lipiden 
(PL) en triacylglycerol (TAG). 

Tijdens het groeien van de microalgen is het vetzuur EPA is voornamelijk aanwezig 
in de PL. Tijdens stikstofuithongering hoopt N. gaditana grote hoeveelheden TAG op 
in lipidebolletjes. De hoeveelheid EPA, uitgedrukt per droog gewicht, die tijdens 
stikstofuithongering aanwezig is in TAG neemt toe, terwijl de hoeveelheid EPA 
aanwezig in PL afneemt. Dit doet vermoeden dat EPA wordt verplaatst van de PL 
naar de TAG-lipiden tijdens stikstofuithongering. In Hoofdstuk 2 werd de oorsprong 
van EPA in lipidebolletjes van N. gaditana gemeten met behulp van gelabelde 
koolstof (13C). N. gaditana werd eerst gekweekt onder optimale groeicondities met 
13CO2 als de enige koolstofbron, gevolgd door stikstofuithongering met 12CO2 als de 
enige koolstofbron. Door in de tijd zowel de 12C- als 13C-vetzuurisotopen te meten, 
konden compleet nieuw gesynthetiseerde vetzuren worden onderscheiden van de 
reeds aanwezige vetzuren. Voor het eerst was de verplaatsing van EPA uit de PL in 
de TAG-fractie tijdens stikstofuithongering gemeten. Naast dat het verplaatsen werd 
EPA tijdens stikstofuithongering compleet nieuw gesynthetiseerd in zowel PL als 
TAG. EPA werd daarnaast ook gemaakt door koolstofherschikking binnen de cel. EPA 
was het belangrijkste verplaatste vetzuur, hetgeen doet vermoeden dat het enzym 
dat verantwoordelijk is voor verplaatsing van vetzuren een hoge specificiteit heeft 
voor EPA. 
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Om de metabole routes te bestuderen die betrokken zijn bij de synthese van TAG en 
EPA en verplaatsen van EPA werd de expressie van de betrokken genen gemeten in 
Hoofdstuk 3. Door dezelfde experimentele omstandigheden te gebruiken als 
Hoofdstuk 2, konden de gen-expressieniveaus vergeleken worden met de resultaten 
waar verplaatsing en nieuwe synthesis van vetzuren werd gemeten gedurende 
stikstofuithongering. De expressieniveaus van de betrokken genen werden 
geanalyseerd gedurende de eerste uren en gedurende een langere periode van 
stikstofuithongering (14 dagen). Genen die mogelijk betrokken zijn bij verplaatsing 
van vetzuren zijn fosfolipiden diacylglycerol acyltransferase (PDAT) en lipasen. Een 
van de genkopieën van PDAT en verschillende lipasen vertoonden verhoogde 
expressies, wat zou kunnen duiden op het feit dat deze enzymen verantwoordelijk 
zijn voor de verplaatsing van EPA naar TAG. De genen die betrokken zijn bij synthese 
van nieuwe EPA zijn verschillende vetzuurelongasen en desaturasen. De meeste 
desaturasen en elongasen, die waren betrokken bij nieuwe EPA-synthese hadden 
lagere expressie niveaus. Dat gold niet voor de ∆9-desaturase, die juist een 
verhoogde expressie had. Deze verhoogde expressie correleerde met de toename 
van oliezuur. De expressie van de genen die waren betrokken bij de productie van 
TAG vertoonden een complexe regulatie. Er zijn veel hypothetische genen aanwezig 
in het genoom en daarom zijn verbeteringen in gen-annotatie vereist om het begrip 
van deze routes te verbeteren. 

Naast stamverbetering kunnen geoptimaliseerde processtrategieën ook leiden tot 
verhoogde TAG-productiviteit. Hoofdstuk 4 beschrijft de test en resultaten van een 
nieuwe TAG-productiestrategie. Een van de meest voorkomende strategieën voor 
TAG-ophoping in microalgen is een twee-staps-batch-cultivatiestrategie, die bestaat 
uit een groeifase gevolgd door stikstofuithongering. Tijdens stikstofuithongering 
neemt de fotosynthetische efficiëntie af, wat leidt tot een lagere lipideproductiviteit. 
Eerdere studies hebben aangetoond dat toevoeging van stikstof aan een 
stikstofuitgehongerde cultuur leidt tot een hogere fotosynthetische efficiëntie in 
vergelijking met de situatie waarin geen stikstof werd toegevoegd. De 
lipideopbrengst verbeterde echter niet. Men veronderstelde dat dit was te wijten 
aan het feit dat de lichtenergie die werd gebruikt vooral het fotosysteem ten goede 
kwam en niet de lipideproductie. Om zowel de fotosynthetische efficiëntie als de 
lipideproductiviteit te verbeteren, werden in Hoofdstuk 4 gedurende 14 
aaneengesloten nachten van stikstofuithongering kleine hoeveelheden stikstof. De 
stikstof werd 's nachts toegevoegd om herstel van fotosysteem mogelijk te maken 
en te voorkomen dat lichtenergie gebruikt werd voor groei. De dagelijks 



Samenvatting 

147 

toegevoegde stikstofconcentraties werden zo gekozen dat het grootste gedeelte van 
de stikstof tijdens de nacht werd geconsumeerd. Vergeleken met een kweek zonder 
stikstoftoevoeging leidde toevoeging van stikstof vanaf dag zeven van de 
stikstofuithongering tot een verbetering van de activiteit van het fotosysteem en ook 
tot een toename van het drooggewicht en TAG-concentratie. De maximale over tijd 
gemiddelde opbrengst aan triacylglycerol (TAG) op licht werd bereikt na drie dagen 
stikstofuithongering. Daarom leidde de verbeterde fotosynthetische activiteit die 
vanaf dag zeven werd bereikt niet tot een toename van de maximale over tijd 
gemiddelde TAG-opbrengst op licht. De toegevoegde stikstof werd voornamelijk 
gebruikt voor de productie van eiwitten, zoals blijkt uit de hogere eiwitconcentraties 
in de kweek waar stikstof werd toegevoegd. 

Kweekomstandigheden, zoals de lichtintensiteit, die worden gebruikt tijdens de 
stikstofuithongering, kunnen van grote invloed zijn op de TAG-productie. Daarom 
werd het effect van de biomassa-specifieke lichttoevoersnelheid aan het begin van 
de stikstofuithongering bestudeerd in Hoofdstuk 5. De buitenlichtomstandigheden 
werden gesimuleerd en constant gehouden voor alle experimenten. De biomassa-
specifieke lichttoevoersnelheid werd gevarieerd door de biomassaconcentratie aan 
het begin van stikstofuithongering te veranderen. Hoge, gemiddelde en lage 
gemiddelde biomassa-specifieke lichttoevoersnelheden (26, 11 en 6 μmol g-1 s-1) 
werden bereikt door het toepassen van gelijke invallende lichtintensiteit op 
verschillende biomassa concentraties (1,2, 2,9 en 5,4 g L-1). De hoogste over de tijd 
gemiddelde TAG-opbrengst op licht werd gevonden voor de gemiddelde biomassa-
specifieke lichttoevoersnelheid. Suboptimale opbrengsten bij een hoge biomassa-
specifieke lichttoevoersnelheid werd toegeschreven aan verzadiging en inhibitie van 
het fotosysteem en doordat licht door de reactor viel zonder te worden opgenomen. 
Bij een lage biomassa-specifieke lichttoevoersnelheid werden suboptimale 
opbrengsten toegeschreven aan grote hoeveelheid energie die nodig is voor het 
onderhoud van de cellen. De laagste biomassa-specifieke licht toevoersnelheid 
resulteerde in de hoogste biomassa-specifieke absorptie-oppervlakte en polaire 
lipiden. De biomassa-specifieke lichttoevoersnelheid is dus een belangrijke 
parameter voor optimalisatie van TAG-productie door microalgen. 

In hoofdstuk 6 werden alle resultaten van eerdere hoofdstukken vergeleken en 
besproken. Omdat de biomassa-specifieke lichttoevoersnelheden een grote impact 
bleken te hebben op de TAG-opbrengst op licht (zie Hoofdstuk 5), werden de 
verschillende voor biomassa-specifieke lichttoevoersnelheden in alle hoofdstukken 
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vergeleken. Naast de biomassa-specifieke lichttoevoersnelheid beïnvloedt ook het 
lichtregimes waarin licht wordt aangevoerd de TAG-opbrengst op licht. 
Gesimuleerde buitenlicht omstandigheden resulteerden in een lagere TAG-
opbrengst op licht. De lokalisatie van de EPA werd gemeten in TAG en polaire lipiden. 
De laagste biomassa-specifieke licht toevoersnelheid resulteerde in het hoogste EPA-
gehalte uitgedrukt per biomassa, welke voornamelijk aanwezig waren in polaire 
lipiden. Na stikstofuithongering accumuleerde EPA minder in TAG in vergelijking met 
de hogere biomassa-specifieke licht toevoersnelheden. Mogelijke beperkingen in 
EPA-accumulatie en toekomstige onderzoeksperspectieven worden gegeven met de 
nadruk op de novo synthese en translocatie van EPA. 
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NOMENCLATURE 

αc   Dry weight-specific optical cross section 
Ci   Concentration of component i 
CL   Continuous light 
DAG    Diacylglycerol 
DGAT    Diacylglycerol acyltransferase 
DGDG    Digalactosyl diacylglycerol 
DGK    Diacylglycerol kinase 
DW   Dry weight 
EPA   Eicosapentaenoic acid 
FAS   Fatty acid synthase 
FACS   Fluorescent active cell sorting 
FFA   Free fatty acid 
Fv/Fm   Photosystem II maximum quantum yield 
GPAT   Glycerol-3-phosphate acyltransferase 
LFC   Log2fold change 
LPAAT    Lysophosphatidic acid acyltransferase  
Lyso-PA   Lysophosphatidic acid 
MAG    Monoacylglycerol 
MGDG    Monogalactosyl diacylglycerol  
Molph   Mol photon 
N   Nitrogen 
OD   Optical density 
PCA   Principle component analysis 
PL   Polar lipid 
PS II   Photosystem II 
PUFA   Polyunsaturated fatty acid 
TAG   Triacylglycerol 
TFA   total fatty acids 
PA    Phosphatidic acid 
PAP    Phosphatidic acid phosphatase 
PC    Phosphatidylcholine 
PDAT    Phospholipid: diacylglycerol acyltransferase  
PG    Phosphatidylglycerol 
PI    Phosphatidylinositol 
ROS   Reactive oxygen species 
rph    volumetric photon supply rate (molph L-1 day-1)  
YTAG/ph   Time-averaged TAG yield on light (gTAG molph-1) 
Yx,ph   Biomass yield on light (gx molph-1)
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