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A B S T R A C T

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 gTAGmolph−1. Sub-optimal yields were attributed to photosaturation, pho-
toinhibition, 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.

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 [1]. Triacylglycerol (TAG) has a wide
range of applications and is used in the food- and petrochemical in-
dustry. 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 [2].
Nitrogen starvation is the most applied technique for TAG accumulation
in microalgae [3]. 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 eicosa-
pentaenoic acid (EPA) [4,5]. 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 bio-
mass-specific photon supply rate. There are different processes which
influence the photosystems and photosynthetic rates: photosaturation,
photoinhibition and photoacclimation. When suboptimal biomass-spe-
cific photon supply rates are used, these processes can lead to sub-
optimal TAG yields (Fig. 1).

One of these processes is photosaturation. At light intensities higher
than the photosynthetic processing capacity, photosynthesis is satu-
rated and the excess energy is dissipated as heat, thereby decreasing
photosynthetic efficiency [6]. 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 ma-
chinery and thereby decrease photosynthetic efficiency and thus in-
crease photosaturation [7]. Microalgae can also adapt their pigmenta-
tion dependent on the light intensity received through
photoacclimation and thereby adapt their photosynthetic efficiency [7].

In addition to the processes affecting the photosystems and
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photosynthetic efficiency, TAG yield on light will also be affected by the
metabolic processes downstream of light absorption; TAG yield de-
creases when absorbed light energy is used for other processes than
TAG production. For instance, light energy is necessary for cell main-
tenance, which are non-growth related processes (e.g. turnover of cel-
lular materials or maintain concentration gradients across cell mem-
branes) [8,9]. The volumetric energy requirement for cell maintenance
is dependent on the biomass concentration [10]. When there is not
enough light energy supplied for maintenance, cells need to degrade
storage products such as TAG to generate energy to maintain them-
selves, 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 [11,12]. 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 [11]. 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 [13]. For
Nannochloropsis oculata a maximum TAG productivity under continuous
light conditions was found at 13 μmol g−1 s−1 [14].

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 dif-
ferent biomass concentrations present at the moment of nitrogen star-
vation. 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 h. 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 mem-
branes and TAG, and therefore differences are expected at different
biomass-specific photon supply rates.

2. Materials and methods

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-cultures
of N. gaditana were kept in 250mL Erlenmeyer flasks with 100mL
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 h day:night cycle. A week before in-
oculation, the microalgae were transferred to continuous high light
conditions (118 μmolm−2 s−1) with air enriched with 2.5% CO2 for
inoculum production. The growth medium was based on [15] and
contained: NaCl 445mM; KNO3 33.6 mM; Na2SO4 3.5mM;
MgSO4·7H2O 3mM; 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 10mM
NaHCO3. For nitrogen depleted growth medium KNO3 was replaced
with 33.6mM 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 Erlen-
meyer flasks 100mM 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).

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 20.7mm. Mixing was provided by aeration of the culture with
1 Lmin−1

filtered air mixed with 2% CO2. The pH was maintained at

Fig. 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 requirements.
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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 (28 V, 600W) at the culture
side of the reactor. The reactor chamber was isolated to prevent in-
terference of ambient light. Nannochloropsis gaditana was grown in a
two-step batch process using growth phase followed by nitrogen star-
vation 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 centrifuga-
tion (800 g, 25min) and washed with nitrogen deplete medium to re-
move 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 16:8 h
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 μmolm−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 during the day as used by [16] simulating a
summer day in the Netherlands. The equation: I(t)= Imax ∗ sin (t / P ∗ π)
shows the sinusoidal light cycle applied during the day with I (t) (in
μmolm−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 h).
During the night, 16 to 24 h 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. By
setting different biomass concentrations at the start of nitrogen star-
vation 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 di-
viding 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 1.

2.3. Offline measurements

During the experiment, daily samples were taken from the photo-
bioreactor 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, 55mm) and drying of biomass samples overnight at 100 °C
as described by [17] 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 ana-
lyses. The cell concentration was measured in duplicate with the Mul-
tisizer 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 fluo-
rometer (AquaPen-C AP-C100, Photon Systems Instruments, Czech
Republic) and calculated according to [18]. Samples were diluted to
OD750 0.3 and dark-adapted for 15min at room temperature before
measurement.

The dry weight-specific optical cross section was measured using a
spectrophotometer (Shimadzu UV-2600, Japan), equipped with an in-
tegrating sphere, to measure light absorption between 400 and 750 nm.
The dry weight specific optical cross section (m2 kg−1) was calculated
according to [19]. Samples were diluted to approximately OD 750 of
0.3 prior to measurement and 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 multi-
plied with the dry weight concentration in the photobioreactor.

2.4. Fatty acid analysis

Biomass samples were centrifuged, washed twice with ammonium
formate (0.5M), stored at −20 °C and lyophilized. Lipids were ex-
tracted, separated and quantified according to [15,20]. 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‑[Pho-
spho‑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 h at 70 °C and extracted with hexane. The fatty
acid methyl esters were identified and quantified using gas chromato-
graphy (GC-FID) [15]. The total TAG and polar membrane lipid content
was calculated as a sum of the individual fatty acids of these fractions.

2.5. Calculation time-averaged TAG yield on light

The time-averaged TAG yield on light was calculated according to
[21]. 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 gmolph−1. It is important to consider the energy necessary for in-
oculum production especially when using high starting biomass con-
centrations.

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) biomass
concentrations at the start of nitrogen starvation, respectively. All re-
sults are shown from the start of nitrogen starvation.

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)
(Fig. 2).

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-spe-
cific photon supply rates, respectively, during the first 5 days of

Table 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
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nitrogen starvation (Fig. 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
(Fig. 2B).

3.2. Lipid accumulation

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) (Fig. 3A).

For the low biomass-specific photon supply rate the TAG content in-
creased slower (0.01 gTAG gdw−1 day−1).

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
(Fig. 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 (Fig. 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

Fig. 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.

Fig. 3. TAG content expressed per dry
biomass (gTAG gdw−1) (A), TAG con-
centration (gTAG L−1) (B), polar lipid
content expressed per dry biomass
(gPL gdw−1) (C) and the time-averaged
TAG yield on light (gTAGmolph−1) (D)
for high (■), intermediate ( ) and low
( ) biomass-specific photon supply
rates at the start of nitrogen starvation
(time= 0).
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0.02 gTAGmolph−1 (values not corrected for inoculum production are:
0.07; 0.12 and 0.03 gTAGmolph−1) for high, intermediate and low bio-
mass-specific photon supply rates (Fig. 3D). These maximal time-aver-
aged 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 gTAGmolph−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 gTAGmolph−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 [16]. 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 Nan-
nochloropsis oculata at a biomass-specific supply rate of 13 μmol g−1 s−1

under continuous light conditions [14]. On the contrary, [13] 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, how-
ever, 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-spe-
cific photon supply rates could be measured.

3.3. Photosynthetic capacity

Nitrogen starved Nannochloropsis gaditana relies on photosynthesis
to support de novo TAG synthesis [5]. Therefore, the photosystem II
(PSII) maximum quantum yield and the dry weight-specific optical
cross section were measured (Fig. 4).

The photosystem II (PSII) maximal quantum yield decreased for all
cultures during nitrogen starvation (Fig. 4A). This was similar to results
found for Nannochloropsis oceanica during nitrogen starvation [22,23]
and indicated a reduced photosynthetic efficiency. At the start of ni-
trogen 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 de-
gradation or damage to PSII causing decrease in photosynthetic effi-
ciency (Fig. 4A).

The intermediate biomass-specific photon supply rate resulted in
the highest time-averaged TAG yield on light because the highest
photosystem II maximum quantum yield 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 phe-
nomena. Firstly, the fast decrease in PSII maximal quantum yield can
probably be attributed to photoinhibition, [24,25]. Photoinhibition is a
process in which excess of photons damage key proteins in the photo-
synthetic 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 starva-
tion, which can result in lower TAG yields on light.

The different biomass-specific photon supply rates also influence the
dry weight-specific optical cross section (Fig. 4B). Microalgae can adapt
their pigmentation dependent on the light received by photoacclima-
tion. At high biomass-specific photon supply rates (low biomass con-
centration) the pigmentation decreases and at low biomass-specific
photon supply rates (high biomass concentration) the pigmentation
increases [26]. 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
(116m2 kg−1) compared to the low and intermediate biomass-specific
photon supply rates (275 and 281m2 kg−1).

Fig. 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).
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During nitrogen starvation phase, the dry weight-specific optical
cross section decreased for all cultures (Fig. 4B). The volumetric optical
cross section (m2 L−1) was, however, stable for the low and inter-
mediate 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 photo-
synthetic 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 (Fig. 3C).

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
(Fig. 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 ex-
pressed per dry weight in TAG 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 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 on the initial
biomass-specific photon supply rate used.

4. Conclusion

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 in-
tensities, 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 at-
tributed 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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