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Abstract

Lipid production in microalgae is highly dependent on the applied light intensity. However,
for the EPA producing model-diatom Phaeodactylum tricornutum, clear consensus on the
impact of incident light intensity on lipid productivity is still lacking. This study quantifies the
impact of different incident light intensities on the biomass, TAG and EPA yield on light in
nitrogen starved batch cultures of P. tricornutum. The maximum biomass concentration and
maximum TAG and EPA contents were found to be independent of the applied light inten-
sity. The lipid yield on light was reduced at elevated light intensities (>100 pmol m2s™"). The
highest TAG yield on light (112 mg TAG molph'1) was found at the lowest light intensity
tested (60 umol m2s™"), which is still relatively low to values reported in literature for other
algae. Furthermore, mass balance analysis showed that the EPA fraction in TAG may origi-
nate from photosynthetic membrane lipids.

Introduction

Lipid production by phototrophic microalgae is only economically feasible today for high-
value products, such as pigments and w-3-fatty acids [1]. One of the major hurdles for com-
mercial bulk microalgal lipid production is the low lipid yield on light [1-3].

Typically, microalgal lipid production is induced by nitrogen deficiency. When exposed to
nitrogen deficient conditions, some microalgal species can accumulate triacylglycerol (TAG)
up to 30-60% of dry weight [4-6]. However, nitrogen deficiency is often accompanied with
impaired or even fully inactivated photosynthesis [4,7] and therefore results in a reduced TAG
yield on light. For commercial production of TAGs, the TAG yield on light should be
increased.

One of the most advertised microalgae for commercial lipid production is Phaeodactylum
tricornutum. P. tricornutum is a salt-water diatom that is already cultivated at large scale for
aquaculture. This microalgae produces large amounts of eicosapentaenoic acid (EPA; along
chain polyunsaturated fatty acid) and can produce TAG up to 30% of dry weight [4]. It is
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generally acknowledged, however, that high light exposure can severely affect the biomass and
lipid productivity of this diatom [8-12]. However, clear consensus regarding the impact of
light intensity on TAG and EPA productivity in P. tricornutum is still lacking. The aim of this
work is to obtain insight in the relation between incident light intensity and the accumulation
of TAG and EPA under nitrogen starvation.

Material and methods
Strain, medium and precultivation

Phaeodactylum tricornutum SAG1090-1b was obtained from the Culture Collection of Algae
Goettingen University, Germany. Cultures were maintained in 250 mL shake flasks containing
100 mL filter sterilized (pore size 0.2 pum) medium. The medium was designed to reach a bio-
mass concentration of 2.5 g L™ and consisted out of 252 mM NaCl, 16.8 mM KNO3, 3.5 mM
Na,SO,, 5 mM MgSO, 7H,0, 2.4 mM CaCl, 2H,0, 2.5 mM K,HPO,, 10 mM NaHCO;,

28 uM NaFeEDTA, 80 uM Na,EDTA 2H,0, 19 uM MnCl, 4H,0, 4 uM ZnSO, 7H,0, 1.2 uM
CoCl, 6H,0, 1.3 pM CuSO, 5H,0, 0.1 uM Na,MoO, 2H,0, 0.1 uM Biotin, 3.7 pM vitamin
Bl and 0.1 uM vitamin B12. The medium contained 100 mM, 2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid (HEPES) as a pH buffer. Prior to cultivation, the pH was adjusted
with KOH to pH 7.2.

Cultures were maintained in a cultivation chamber at 25°C, orbitally shaken at 120 rpm,
illuminated at an incident light intensity of 40-60 umol m™s™ and a 16:8h light:dark (LD)
cycle under enriched air (2% CO2). Three days prior to the start of the experiment, cultures
were transferred to an orbital shaker incubator with an incident light intensity of 160 umol m’
%57, 16:8h LD cycles and 2.5% CO2 enriched air.

Photo bioreactor setup and operation

Experiments were performed in aseptic, flat-panel, airlift-loop reactors (Algaemist, Technical
Development Studio, Wageningen University, the Netherlands). The reactor has a working
volume of 400 mL, a light path of 14 mm and an illuminated area of 0.028 m? (Schematic illus-
tration of the reactor design is given in Breuer et al. [9]). Illumination was provided using 6
LED lamps with a warm white light spectrum, (BXRA W1200, Bridgelux, USA, emission spec-
trum given in the S1 Fig) under a 16:8h LD cycle. The incident photon flux density (PFD;,)
was measured with a LI-COR 190-SA 2nt PAR (400-700 nm) quantum sensor (PAR, USA) and
determined as the average over 28 points evenly distributed over the illuminated surface of the
inside of the front glass panel of the reactor. The culture was continuously supplied with sterile
moisturized air at 0.4 L min"". pH was maintained at 7.2 by on-demand sparging of CO, to the
airflow and temperature was kept constant at 20°C. Reactor medium was similar to the precul-
ture medium, with modifications to the amount of KNO; (5 mM instead of 16.8 mM) and
exclusion of HEPES. 5 mM of KNOj is sufficient to reach a biomass concentration of 1.2 g L™
(assuming a cellular nitrogen fraction of 10% per dry weight, measurements not shown). Per
day, a maximum of 2 drops of 1% (v/v) antifoam (Antifoam B, ].T. Baker) were added manu-
ally to the reactor when foaming was visible.

Reactors were heat sterilized (60 min at 121°C) and inoculated at a biomass concentration
of approximately 0.5 g L' of dry weight and grown at an incident light intensity of 100 umol
m s, Once the biomass concentration reached 1 g L™, which was typically three days after
inoculation, the set points for incident light intensity were changed to the desired values (60,
100, 250, 500, or 750 umol m™*s™" incident light intensity). The day at which the light intensity
was changed to the experimental set point was regarded as start of the experiment, and there-
fore referred to as t = 0. Periodically, samples (approximately 20 mL culture volume) were
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taken aseptically and analysed for dry weight concentration, triacylglycerol (TAG) and total
fatty acid (TFA) concentration and composition, dissolved (residual) nitrate Photosystem II
(PSII) maximum quantum yield (F,/F,,) ratio, and absorption cross section. After taking a
sample, the culture volume was restored by adding 0.2 um-filtered reactor medium to ensure
that the pH probe remained submerged. Depending on whether the culture was in N-replete
phase or N-depleted phase, this medium contained either 5 mM KNOj or no nitrogen,
respectively.

Five different incident light intensities were selected that cover both low light and light satu-
ration (light saturation point for P. tricornutum was found at 150-200 pmol m~Zs?t[13-15]).
Three photo bioreactor experiments were conducted in biological duplicate to test reproduc-
ibility[16].

Measurements for dry weight, F,/F,, and dissolved nitrogen were performed in technical
triplicates. Measurements for the light absorption spectrum, lipid content and composition
were performed in technical duplicate.

Biomass analysis

Samples were taken at regular time points to monitor biomass dry weight concentration gravi-
metrically as described by [17]. Light absorption spectrum was measured in a double-beam
spectrophotometer (UV-2600, Shimadzu, Japan) equipped with an integrated sphere (ISR-
2600). The average dry weight-specific optical cross section (o in m* g'') was calculated from
the obtained absorption spectrum as described by [18]. The F,/F,, ratio was measured using
an AquaPen-C AP-C 100 FluorPen fluorometer (Photon Systems Instruments, Czech Repub-
lic) equipped with an orange LED emitter (excitation light 620 nm) as described by [19].

The triacylglycerol (TAG), membrane lipid (ML) and total fatty acid (TFA) content and
fatty acid composition were determined by lipid extraction (chloroform:methanol mixture),
lipid class separation using a silica column, transesterification and subsequently quantified
using gas chromatography (GC-FID) as described by Breuer et al. [9]. The dissolved nitrate
concentration was measured with an AQ2 nutrient analyser (Seal Analytical, USA) as
described by Benvenuti et al. [20].

Calculating yield and productivity

The time averaged volumetric productivity (r,(fo — t)) was calculated by dividing the amount
of formed product (i: biomass, triacylglycerol, EPA) over cultivation time according to Eq 1;

Ci(t) B Ci(tN:U)
t— tN:U

ri(tyo — 1) = (1)
The time averaged yield of TAG on light (Y4c,n(to — t)) on each time point was calculated
by dividing the amount of TAG produced in that period by the amount of light supplied in
that period [21]. In addition, the photon costs for initial biomass production until nitrogen
depletion were incorporated by assuming that this biomass was made with a theoretical net
photosynthetic yield, Yy ,p, of 1g mol,p;
TAG(t) — TAG(ty_,)
YTAG‘ph( ) - Ip-(t—ty—g) + CX_NZI:: : (2)

z Yy ph

In Eq 2, TAG(t) and TAG(ty = o) represent the TAG concentration at time point t and the
moment of nitrogen starvation, respectively. The exact time of nitrogen starvation (ty - o) was
estimated by interpolation of the biomass concentration to 1.2 g L. I is the incident light
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intensity, z is the reactor depth and C, y - ¢ is the biomass concentration at the onset of nitro-
gen starvation.

Results and discussion
Effect of light on biomass growth

The impact of five different light intensities on biomass, TAG and EPA productivity during
nitrogen starvation was assessed in batch-wise operated flat-panel photo bioreactors that were
subjected to 16:8h light:dark (LD) cycles. Results for dry weight, quantum yield and TAG con-
tent are shown in Fig 1.

Sufficient nitrogen was added to reach a biomass concentration of 1.2 g DW L. After that
biomass concentration was reached, all nitrogen was used and the culture was exposed to
nitrogen starvation. The biomass concentration further increased up to 2.2 g L™* of dry weight,
which was due to the accumulation of TAG (Fig 1) and carbohydrates (S1 Table). The maxi-
mum achieved biomass concentration was reached 5 days after nitrogen starvation started,
except for the culture exposed to the lowest light conditions, which reached the maximum bio-
mass 14 days after nitrogen starvation started. The maximum reached biomass concentration
was 2.15+0.1 g L', independent of the supplied light intensity (Fig 1A). Other studies showed
similar findings for the freshwater microalgae Acutodesmus obliquus under nitrogen starvation
[4].

Cultures that are light limited are expected to show an increase in biomass productivity
upon increasing light intensities [9]. However, our results show no differences in productivi-
ties for the cultures exposed to 100 umol m s and higher (Fig 1). This similarity in produc-
tivity might be explained by photo inhibition that occurred from 100 umol m™s* onwards.
As soon as the photosynthetic machinery becomes inhibited, further increasing light
intensity would not enhance the productivity anymore [22]. According to Fig 1B, a strong
decline in F,/F,, was observed (from 0.6 to 0) for cultures exposed to light intensities above
100 umol m™* 5! immediately after nitrogen starvation. A decline in F,/Fy, is generally
acknowledged with reduced photosynthetic efficiency or photo damage [19,23,24]. Geider
etal. [13] presented a light curve for P. tricornutum. Similar to our findings, they reported that
from 100 umol m > s onwards light saturation occurs in P. tricornutum. In addition, Acién
Fernandez et al. [25] performed outdoor growth experiments with P. tricornutum, where the
maximum biomass productivity was reached at average irradiances of 50-150 pmol m™s™
and decreased at light intensities higher than 150 umol m ™ s™'. Altogether, it is likely that in
this work P. tricornutum becomes photo inhibited at light intensities above 100 umol m?s™.

Changes in TAG accumulation, productivity and yields

Independent of incident light intensity, the TAG concentration increased from 0.05 g L™ (3%
of dry weight) under nitrogen replete conditions to ~0.41 g L™ (~25% of dry weight) after pro-
longed nitrogen starvation (Fig 1 and S2 Table). These maximum TAG contents are in agree-
ment with observations from literature (Table 1).

Except for the culture exposed to the lowest light intensity (60 umol m™s™), TAG accumu-
lation did not differ significantly for the tested conditions (Fig 1). The culture exposed to high
incident light intensity (750 umol m > s™") showed a decline in TAG content from day 11
onwards, which might indicate photo damage or even cell death.

The TAG yield on light is directly proportional to areal productivity and is therefore also
strongly related to investment and variable production costs. The maximum time-averaged
TAG yield on light is often used as indicator to determine optimal harvest moments [7]. Our
study shows that large differences were observed in the maximum time-averaged TAG yield
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Fig 1. Impact of five different incident light intensities on (A) the biomass concentration, (B) F,/F, ratio and (C) the TAG content over
time. Light was supplied at intensities of 60 umol m2s™ (blue circles), 100 ymol m2s™" (red squares), 250 ymol m?2 s™' (green triangles), 500 ymol
m2s™ (black circles) and 750 ymol m2 s™' (open diamonds). Sufficient nitrogen was added to reach biomass concentrations of 1.2 g L™, thereafter

cells were exposed to nitrogen starvation. Average values of duplicate reactor runs are shown, except for the cultures exposed to 250 and 750 pmol
m2s™ (n=1). Error bars indicate the standard deviation of both cultures from the average value.

https://doi.org/10.1371/journal.pone.0175630.9001

on light among the different tested incident light intensities (Fig 2). Of all tested conditions,
the cultures exposed to low light (60 pmol m™ s™') reached the highest maximum TAG yield
on light (112 mg TAG mol,;, ). Increasing the incident light intensity only resulted in lower
TAG yields on light: 96 mg TAG mol,,” for the culture exposed to 100 pmol m s and
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Table 1. Comparison of the maximum TAG and total fatty acid content obtained in this study to literature values. *TAG contents were estimated
from the total fatty acid content, assuming 8% of membrane lipids per dry weight.

TAG content Total fatty acid content Strain Reference
(% dry weight) (% dry weight)
25 31 P. tricornutum This study
22* 30 P. tricornutum [4]
20* 28 P. tricornutum [26]
26* 34 P. tricornutum [27]

https://doi.org/10.1371/journal.pone.0175630.t001

36-48 mg TAG mol,;, " for cultures exposed to even higher light intensities. In comparison
with other studies (Table 2), P. tricornutum shows relative low TAG yields on light compared
to other strains at similar or higher incident light intensities.

Sustained biomass productivity upon nitrogen starvation is a key selection parameter for
efficient TAG production. As shown in Fig 1A, P. tricornutum only showed a 2-2.2-fold bio-
mass increase upon nitrogen starvation. Other oleaginous green microalgae (e.g. Acutodesmus
obliquus, Chlorella zofingiensis) showed a 6-8 fold increase in biomass upon nitrogen starva-
tion [4,5,19]. High photon to TAG conversion yields are only possible when light energy is effi-
ciently used to fix carbon (e.g. measured as biomass productivity) and when the majority of
fixed carbon is channelled towards storage lipids (e.g. TAG content). Literature reports that
diatoms are specifically known to mobilize alternative electron transport (AET) pathways, that
can eradicate up to 50% of the electrons released by PS IT [28-30]. Also, increased Non-
Photochemical Quenching (NPQ) rates were found for P. tricornutum when exposed to
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Fig 2. Time averaged TAG yield on light for five different incident light intensities over time. Incident
light intensities of 60 pmol m2s™ (blue circles), 100 umol m2 s (red squares), 250 ymol m2s™ (green
triangles), 500 ymol m2s™ (black circles) and 750 umol m2 s (open diamonds). Sufficient nitrogen was
added to reach biomass concentrations of 1.2 g L™, thereafter cells were exposed to nitrogen starvation. Error
bars indicate the standard deviation of both cultures from the average value.

https://doi.org/10.1371/journal.pone.0175630.9002
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Table 2. Comparison of the maximum time-averaged TAG yield on light obtained in this study to literature values. CL: continuous light, LD16:8: light
dark cycles with 16h of light followed by 8h of darkness. ' was calculated by assuming that the total lipid fraction existed for 90% out of TAG. 2 Assumed that
42% (J/J) of the total irradiance has a wavelength in the photosynthetic active radiation spectrum with an energy content of 0.217 MJ molph'1 3 Light was sup-
plied with a sinus function with a solar noon at 1500 umol m2 s™' and a daily averaged light intensity of 636 umol m2s™". % the calculated range is depends on
initial biomass concentration at the moment of nitrogen deprivation and includes measurement errors. ° calculation includes the costs for inoculum production

(assuming 1 g biomass molph'1).

Species

Phaeodactylum tricornutum

Acutodesmus obliquus
Acutodesmus obliquus

Acutodesmus obliquus sim1

Acutodesmus obliquus

Acutodesmus obliquus sim1

Clorella zofingiensis
Chlorella vulgaris
Chlorococcum litrorale

Chlorococcum litrorale, S5 sorted population

Neochloris oleoabundans
Nannochloropsis oculata
Nannochloropsis sp.
Nannochloropsis sp.

https://doi.org/10.1371/journal.pone.0175630.t002

TAGyield onlight | Incident lightintensity | Operational strategy Reference
(g mol™) (umol m2s™)
0.12 60 Batch, LD16:8 This study
0.24,0.13, 0.09, 0.04 200, 500, 800, 1500 Batch, CL [9]
0.15 500 Batch, CL [39]
0.22 500 Batch, CL [39]
0.16 500 Batch, LD16:8 Remmers et al. (submitted)
0.20 500 Batch, LD16:8 Remmers et al. (submitted)
0.32 245 Batch, CL [5]
0.16' 6152 Batch, outdoor [40]
0.16 636> Batch, sinosidial LD 16:8 [41]
0.32 636> Batch, sinosidial LD 16:8 [41]
0.16 218 Batch, CL [6]
0.17-0.25* 250 Batch, CL [42]
0.10 636° Batch, sinosidial LD 16:8 [20]
0.14° 636 Batch, CL [7]

increased light intensities [31-33]. Both processes are known to protect the cells from photo
inhibition but to also result in inherent productivity losses. For P. tricornutum, these mecha-
nisms might explain the reduced photosynthetic efficiency compared to other microalgae
under low light nitrogen starvation.

Considering the abovementioned light sensitivity of P. tricornutum during nitrogen starva-
tion, precautions should be taken to prevent the culture from extensive photo inhibition when
working in high irradiance conditions [34]. Examples are to increase the culture cell density to
create a dark zone in which the photo inhibitory damage can be repaired [35,36] or to execute
strain improvement for reduced antenna size [37,38].

FA composition

The fatty acid composition of TAG and membrane lipids (ML) did not substantially change
over time nor with incident light intensity (the complete fatty acid composition of both frac-
tions during the time-course of the experiments can be found in Table 3). The most abundant
fatty acids in TAG were found to be C16:1 (44% of total TAG fatty acids) and C16:0 (30% of
total TAG fatty acids). Only a small fraction of C20:5 (EPA) was found in the TAG pool (6-
10% of total TAG fatty acids). The membrane lipid fraction was primarily comprised of C16:0
(20% of total ML fatty acids), C16:1 (25-30% of total ML fatty acids) and C20:5 (25-30% of
total ML fatty acids) (Table 3). Literature reports similar fatty acid profiles in P. tricornutum
[4,43-45]. As a consequence of TAG accumulation (Fig 1) and the lower EPA content of TAG
compared to membrane lipids, the EPA fraction of the total fatty acid pool in the biomass
dropped from 25% to 9% of the total fatty acids (S3 Table). Because the biomass productivity
declined at the onset of nitrogen depletion, EPA productivity was highest (6-12 mg L"'day ")
under nitrogen replete growth conditions.
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Table 3. Average fatty acid composition of P. tricornutumin the TAG and ML lipid fraction for five different light intensities: 60, 100, 250, 500 and
750 pmol m2s™. Values are averaged over the entire time course of the experiment (n = 7). Standard deviations are shown between brackets.

% of fatty acids in TAG fraction % of fatty acids in ML fraction

60 100 250 500 750 60 100 250 500 750

C14:0 5.1 5 5.5 5.2 5.8 6.5 5.7 5.5 6.4 6
(0.7) (0.5) (0.9) (0.5) (0.4) (0.3) (0.7) (0.8) (0.4) (1.2)
C16:0 24.8 26.3 31.8 29.8 25 19.1 21.2 25.7 26.3 31.1
(3.6) (4.5) (1.4) (3.7) (0.4) (3.3) (3.7) (5.6) (7.9) (8.5)
C16:1 40.4 44.8 43.1 42 49.1 26.4 26.5 26.6 25.8 21.8
(5.1) (3.2) (3.1) (5.5) (3.4) (2.3) (2.1) (2.2) (1.5) (4.3)

C16:2 0.7 1.3 1.9 0.7 21 3 25 1.2 1.7 1.2
(0.5) (1.3) (0.4) (0.3) (3.1) (1.1) (1.9) (0.6) (1) (0.5)

C16:3 1.1 1.3 1.2 0.9 1.4 5.2 4.3 3.7 4.1 3.4
(0.5) (0.8) (0.6) (0.3) (0.7) (2.3) (1.7) (1.9) (2.5) (2.3)

C18:0 1.8 1.7 1.6 1.4 15 2.4 3.6 5.2 3.4 7.6
(0.2) (0.3) (0.5) (0.2) (0.5) (1) (1.5) (2.8) (1.3) (5.3)

Cc18:1 5.8 5.7 5.1 4.2 4.6 2.7 3.8 4.1 4 4.5
(1.2) (1.4) (1.1) (0.6) (1.1) (1.1) (2.4) (1.7) (1.7) (1.6)

C18:2w6 1.4 1.3 1.3 1.1 1.3 2 1.4 2.2 2 2
(0.3) (0.3) (0.2) (0.3) (0.2) (0.6) (0.4) (0.8) (0.8) (1.1)

C18:3w3 6.7 3.3 2.8 5.6 2.7 1.5 1.5 1.7 1.3 1.5
(4.3) (2.4) (0.6) (5.4) (0.6) (0.4) (0.6) (0.5) (0.3) (0.8)

C20:3'(n3 0.9 0.4 0.1 1.7 0.4 5.8 5.7 3.8 3.7 3
(0.8) (0.3) (0.1) (4) (0.8) (1.7) (2.7) (1.3) (0.7) (2.1)

C20:5’(n3 7.8 71 6.7 7.4 7.2 25.5 23.8 20.3 21.3 18

(1.4) (1.4) (0.8) (1) (1.1) (5.7) (7) (5.5) (7.1) (8.9)
https://doi.org/10.1371/journal.pone.0175630.t003

EPA incorporation in membrane lipids and triacylglycerol

Fig 3 shows the EPA concentration per litre culture with respect to the TAG en membrane
lipid fraction. Apart from a small increase until day 5, neither a substantial net synthesis nor
breakdown of EPA upon N starvation is observed. However, the distribution of EPA over
TAG and membrane lipids changes over time. Upon nitrogen depletion, a substantial increase
in EPA distribution towards TAG can be observed. Simultaneously, we observed a decrease in
EPA that was bound to membrane lipids. Therefore, we hypothesize that the EPA found in
TAG under nitrogen starvation could partially be derived from EPA-containing membrane
lipids that were restructured upon nitrogen depletion. Similar observations have been made
for Nannochloropsis oceanica [46], Nannochloropsis oculata and Pavlova lutheri [47].

For many species, nitrogen depletion results in an inherent degradation of photosynthetic
membrane lipids with simultaneous accumulation of TAG. Part of the fatty acids originating
from membrane lipids could thus be used as fatty acyl donors for TAG synthesis under nutri-
ent deprivation (Fig 3). However, detailed knowledge on the mechanisms behind carbon parti-
tioning in microalgae under nitrogen deprivation is still lacking [47-51] and further research
using "’C labelling should confirm these observations. To further improve EPA productivity
by means of metabolic engineering or process development [52], it is crucial to understand the
regulation of EPA towards different lipids classes (e.g. TAG or structural membrane lipids)
under different environmental conditions.
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Fig 3. EPA concentration in both TAG and ML lipids over time at an incident light intensity of
100 ymol m2 s™'. The moment of nitrogen starvation is indicated with a dashed line.

https://doi.org/10.1371/journal.pone.0175630.9003

Conclusion

Elevated light intensities (>100 umol m ™ s™") reduce the photosynthetic efficiency and the
TAG yield on light during nitrogen starvation, likely caused by photo inhibition. Compared to
other microalgae strains, relative low TAG yields on light were observed for P. tricornutum as
the maximum yield was only 112 mg TAG mol,;, " (at 60 pmol m™s™). TAG contents were
similar for all light intensities tested (i.e. 25% of dry weight). Further analysis on the fatty acid
composition revealed that the TAG fraction of P. tricornutum contains 6-10% of EPA. Mass
balance analysis revealed this EPA fraction may originate partly from photosynthetic mem-
brane lipids that were restructured after nitrogen depletion.
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