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Lipids production of the marine microalga species Nannochloropsis oculata was deeply investigated by
studying under continuous light the effects of different nitrogen starvation strategies in photobioreactors
of various thicknesses. Operating parameters like incident photons flux density (PFD), initial nitrogen
(progressive starvation strategy) or biomass concentrations (sudden starvation strategy) were examined,
with a detailed analysis of their effects on the quality and production kinetics of total (TL) and triglycer-
ides (TG).

In addition to the already known effect of nitrogen starvation to trigger reserve lipids accumulation
(mainly TG), it was demonstrated the relevance of the light received per cell affecting TG content and pro-
ductivities, as well as fatty acids (FA) profiles. With appropriate optimization, N. oculata was confirmed as
an interesting candidate for biodiesel application, with high FA accumulation (up to around 50%DW with
43%DW in TG–FA), high productivity (maximum 3.6 � 10�3 kgTG–FA m�2 d�1) and a TG–FA profile close to
palm oil.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Microalgae are considered as an alternative to vegetable oils
for biodiesel production (Chisti, 2007). Their main advantages
are high biomass surface productivity and high lipids content,
the possibility of consumption of inorganic carbon issued from
industrial flue gas, and production in closed systems (photobiore-
actors – PBR), offering several advantages including an intensified,
controlled production with very low environmental impact (no
fertilizer is released and water can be re-used). However, a lot
of challenges/problems have to be overcome/solved before allow-
ing large-scale microalgae production. For example, it is necessary
to develop competitive and sustainable exploitation systems (Pru-
vost, 2011; Wijffels and Barbosa, 2010), and to select appropriate
ll rights reserved.

; fax: +33 (0)2 40 17 26 18.
Pruvost).
microalgae strain/species combining features affecting in a posi-
tive manner any step of the global process from biomass produc-
tion to lipids extraction and valorization as biofuel (Rodolfi et al.,
2009).

Lipids productivity is obviously a key-aspect but lipids quality
must also be in accordance with the targeted biofuel. To be used
as biodiesel, microalgae lipids fatty acids (FA) need to be esterified
or transesterified (Chisti, 2007). Esterification is an energy con-
suming reaction due to the formation of an ester linkage while
transesterification requires only an exchange of a pre-existent es-
ter linkage. Transesterification is thus the most common process
to produce biodiesel from vegetable oils. An acid or a basic cata-
lyst is needed for reaction completion, basic catalyst leading how-
ever to a less energy consuming process (Chisti, 2007; Vicente
et al., 1998). In both cases, transesterification reaction leads to
free methanol and glycerol releases, implying a further separation
step to recover the new-synthesized fatty acid methyl esters

http://dx.doi.org/10.1016/j.biortech.2012.08.009
mailto:jeremy.pruvost@univ-nantes.fr
http://dx.doi.org/10.1016/j.biortech.2012.08.009
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech
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422 G. Van Vooren et al. / Bioresource Technology 124 (2012) 421–432
(FAMEs) to be used as biofuel. However, lipids composition can
hinder this separation step. Free fatty acids form soaps with the
basic catalyst, and phospholipids and glycolipids act as surfac-
tants. In addition, biodiesel must fulfill specific norms (ASTM D
6751-09 or DIN EN 14214) that limit the presence of free fatty
acids and phosphorus, making actual industrial transesterification
process restricted to a part of total fatty acids (TL–FA), namely
those issued from pure triacylglycerol (TG–FA). But, even in this
case, TG–FA quality is constrained due to the need of a low
sensitivity to oxidation for prolonged storage. This sensitivity is
correlated to the FA unsaturation and especially polyunsaturated
fatty acids (PUFA) which are, in this context, not ideal for biodie-
sel application. For example, DIN EN 14214 norm fixes a limit in
PUFA content to 1% maximum.

Both FA productivity and quality are species dependent on, in a
general manner, marine species being known as having a high
PUFA content (Spolaore et al., 2006). Cultivation conditions are also
known to be highly relevant. Nitrogen starvation is especially well-
known to increase microalgae lipids contents in favour of TG–FA
(Tornabene et al., 1983). Nitrogen starvation can be practically con-
ducted in two ways. Sudden starvation is obtained by re-suspend-
ing after separation previously grown cells in a nitrogen-free
cultivation medium. Progressive starvation consists in inoculation
of microalgae in a medium containing limited nitrogen content,
nitrogen consumption during culture growth leading then to a nat-
ural nitrogen-starvation (please refer to Pruvost et al., 2009, 2011b
for a detailed description). In practice, progressive starvation ap-
pears more suitable, as it does not imply a separation step which
implementation at large-scale would certainly result in a signifi-
cant energy demand. But, as already shown by authors for Neochl-
oris oleoabundans (Pruvost et al., 2009), progressive starvation also
results in a more complex response, as the progressive increase in
biomass concentration also affects light transfer conditions, which
in turns could affect the photosynthetic response and lipids
accumulation.

Aim of the present study is to investigate in details the effects of
nitrogen starvation on an oil-producing marine microalgae Nanno-
chloropsis oculata known for its potential interest in biodiesel pro-
duction (Rodolfi et al., 2009; Sheehan and Dunahay, 1998; Shifrin
and Chilsholm, 1981). For that purpose, N. oculata was cultivated
under continuous light in various PBRs. Both progressive and sud-
den nitrogen starvations protocols were investigated. Character-
ization was conducted on biomass, pigments and FA, with a
detailed analysis of TL–FA and TG–FA production kinetics. Respec-
tive effects of the starvation process (progressive vs. sudden), of
the PBR thickness, of the initial nitrogen level (progressive starva-
tion) or initial biomass (sudden starvation), and of the incident
photons flux density (PFD) were examined.
Table 1
Description of nitrogen starvation experiments.

Experiments
number

Nitrogen
deprivation protocol

PFD
(lmole m�2 s�1)

Initial nitrogen (N
or biomass (DWo)

1 Progressive 160 No = 0.99 mM
2 Progressive 160 No = 1.65 mM
3 Progressive 160 No = 2.30 mM
4 Progressive 250 No = 0.99 mM
5 Progressive 250 No = 1.65 mM
6 Progressive 250 No = 2.30 mM
7 Progressive 250 No = 2.96 mM
8 Progressive 250 No = 3.61 mM
9 Progressive 250 No = 0.93 mM
10 Progressive 250 No = 1.65 mM
11 Sudden 250 DWo = 0.23 kg m�

12 Sudden 250 DWo = 0.41 kg m�

13 Sudden 250 DWo = 0.62 kg m�

14 Sudden 250 DWo = 0.76 kg m�
2. Methods

2.1. Strain, PBR and cultures

Nannochloropsis oculata strain and 0.2l filtered seawater were
obtained from Alphabiotech collection (Asserac, France). Seawater
salinity was adjusted at 25 g/l measured with refractometer and
sterilised 25 min at 125 �C. A modified Conway medium with three
fold nitrate and phosphate (noted 3N3S) enrichments was steril-
ised 25 min at 125 �C and added in seawater at 3/1000.

A flat 1 L airlift PBR was used in continuous mode (chemostat)
to produce biomass with constant biochemical composition used
then for all nitrogen starvation experiments (described next). pH
and temperature were automatically regulated at 8.0 by CO2 injec-
tion and 25 �C by ambient air blowing respectively. The incident
light flux qo (or PFD, i.e. photons flux density) was provided by a
set of eight fluorescent white tubes so as to obtain a constant
PFD of 160 lmole m�2 s�1. The dilution rate was D = 0.43 d�1

allowing to obtain a biomass dry weight (DW) concentration in
the harvest of 0.85 kg m�3 (biomass volumetric productivity of
0.365 kg m�3 d�1).

Nitrogen deprivation experiments were conducted in batch
mode in two different PBR types. The first one was similar to the
one used to produce biomass (1 L, flat panel airlift, depth of culture
of 0.03 m) except for the light source which was supplied by a LED
panel to facilitate PFD adjustment (P4 Cool White LED, Seoul Semi-
Conductor, Korea). In order to investigate the effect of PBR thick-
ness (e) and to allow a higher sampling rate, a PBR of higher
volume (130 L, flat panel airlift, depth of culture of 0.055 m) was
used. More details (PBR description, Conway medium composition)
can be found in Pruvost et al. (2011b).

For progressive starvation experiments, PBR was filled with a
mixture of 3N3P Conway medium and nitrogen free Conway med-
ium (–N medium) to reach the requested initial nitrogen concentra-
tion (No). The PBR was then inoculated with 0.06 L of the harvest of
the PBR operated in continuous chemostat mode. For sudden star-
vation experiments, a volume of culture from the PBR in continuous
mode was collected and centrifuged 5 min at 1600 g. Supernatant
was eliminated and replaced by the –N medium. Volume of culture
to be centrifuged was chosen depending on the initial biomass
(DWo) needed for the experiment. In all experiments, medium con-
centration was adjusted and 10 mM of sodium bicarbonate were
added to avoid mineral (except nitrogen when needed) and carbon
limitation respectively. Fourteen experiments were conducted and
four parameters were tested: type of nitrogen deprivation (progres-
sive or sudden), initial nitrogen (progressive deprivation) or bio-
mass concentrations (sudden deprivation), PBR thickness and
PFD. All conditions are summarized in Table 1.
o)
concentrations

PBR
thickness (e)

Beginning of
nitrogen starvation (h)

Experiment
duration (h)

0.03 m 72 168
0.03 m 72 168
0.03 m 72 168
0.03 m 72 168
0.03 m 72 168
0.03 m 72 168
0.03 m 96 288
0.03 m 96 192
0.05 m 64 192
0.05 m 114 288

3 0.03 m 0 96
3 0.03 m 0 96
3 0.03 m 0 120
3 0.03 m 0 144
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2.2. Culture analysis

All analyses were done in triplicate. Algal dry weight (DW) con-
centration was determined by filtration through a pre-dried and
pre-weighed glass-fibre filter (Whatman GF/F). The filter was dried
24 h at 105 �C, cooled in a desiccator and then weighed again.

Pigments content was determined using a spectrophotometric
method as previously described (Pruvost et al., 2011b). Ratio of
absorbance at 480 nm (which is related to carotenoids) and at
665 nm (which is related to chlorophylls) was also measured. As
shown in the study, this revealed to be directly correlated to pig-
ments degradation as a direct effect of nitrogen deprivation (Flynn
et al., 1993).

Nitrate and phosphate concentrations were measured using an-
ionic chromatography (DIONEX-ICS 900 – IonPac equipped with a
AS9HC anionic column and an external ASRS supplied with sulphu-
ric acid 25 mM) and standards. Eluant was a solution of 9 mM Na2-

CO3 with a flow of 0.9 ml/mn at ambient temperature.

2.3. Lipid analysis

Lipids analysis being not trivial, eventually depending on the
species investigated (especially with species like N. occulata having
hard cell wall making lipids extraction difficult), three different
methods were compared prior to investigations, namely (1)
Bligh&Dyer extraction method followed by High Performance-Thin
Layer Chromatography (HP-TLC) analysis, (2) Folch extraction
method followed by Gas Chromatography–Flame Ionization Detec-
tor (GC–FID) analysis, and (3) whole cell analytic (WCA) method
followed by GC–FID analysis. Folch and Bligh&Dyer extraction
methods can be found in Pruvost et al. (2011b) and Siaut et al.
(2011), respectively.

2.3.1. Lipids extraction by the ‘‘whole cell’’ analytic (WCA) method and
GC–FID analysis

Grade solvents were purchased from VWR International. Butyl-
ated hydroxytoluene (BHT), boron trifluoride (BF3, 14% by weight
in methanol), glyceryl triheptadecanoate (TG17:0) and 37 compo-
nents FAME were obtained from Sigma–Aldrich. Glassware was
heated 6 h at 450 �C to prevent from organic pollution.

Three 2 mL-replicates of microalgae culture were sampled in
glass vials and centrifuged 10 mn at 3600 g and 4 �C. Supernatant
was removed and cells were re-suspended in 6 mL of a chloro-
form/methanol mixture (2/1, v/v). To ensure a complete lipid
extraction, vials were sonicated in a water bath and maintained
6 h under agitation.

After adding 0.01% w/w of BHT as antioxidant, total lipid (TL)
extracts were evaporated to dryness, recovered with 1 mL of a
chloroform/methanol mixture (2/1, v/v) and stored at �20 �C un-
der nitrogen before analysis. This WC extraction containing total
lipids (TL) was used for analysing the quantity and the quality of
both TL–FA and TG–FA by GC–FID.

TG were isolated from TL by solid phase extraction (SPE) as fol-
lows. A 100lL aliquot of the 1 mL TL extract was evaporated to
dryness after addition of 10 lg of TG17:0, recovered with 500 lL
and two washing of 250 lL of amylene stabilized chloroform, son-
icated for 30 s, vortexed and deposited at the top of a silica gel
microcolumn (internally produced, 70 mm � 5 mm i.d., silica gel
Kiesegel Merck 70–230 mesh previously heated at 450 �C and
deactivated with 6% water by weight). TG were eluted with 8 mL
of amylene stabilized chloroform and stored at �20 �C under nitro-
gen before further TG–FA identification and quantification by GC.

Before TL–FA and TG–FA GC–FID analysis, both TL and TG were
transesterified. Transesterification reaction was conducted on a
100 lL aliquot of the total lipid extract to which 10 lg of TG17:0
was added as an internal standard, and on the totality of the previ-
ously SPE isolated TG (approximately 8 mL), respectively for TL and
TG. After evaporation to dryness under nitrogen and addition of
1 mL of BF3, fractions were heated 10 mn at 100 �C. After cooling
and adding 1 mL of hexane, the organic phase containing FAME
was washed three times with 1.5 mL of water-saturated hexane.
FAME were then recovered and analysed with a gas chromatograph
(Thermo Focus) equipped with an on-column injector, a TR–FAME
capillary column (Thermo-Fisher) and a flame ionization detector.
FAMEs were identified by their retention time with known stan-
dard mixtures such as the 37-components FAME. FAME quantities
were determined from their respective peaks area to the peak area
of TG17:0 internal standard. Integration and calculation were done
with the software program ChromCard 2.4.1 (Thermo-Fisher).
2.3.2. Quantification of oil content by High Performance-Thin Layer
Chromatography (HP-TLC)

After Bligh&Dyer extraction (Siaut et al., 2011), TG were quan-
tified by densitometry following separation using a HP-TLC ma-
chine (Camag autosampler 5, Camag, Switzerland). A standard
curve of TG17:0 standard was used for quantification. Around
0.5 lg of lipid extracts were loaded onto silica gel 60 F254 plates
by autosampler, then developed using a solvent mixture (hexane/
diethyl ether/acetic acid: 17/3/0.2 v/v/v) and colorized with a mod-
ified CuSO4 reagent [CuSO4 (20 g), methanol (200 mL), H2SO4

(8 mL), H3PO4 (8 mL)] for 6 s followed by heating the plate at
141 �C for 30 min, then scanned with the built-in scanner.

The FA composition was then analysed by GC–FID. FAMEs were
prepared using C17:0 TG–FA as an internal standard, and FAMEs
were then quantified with a GC–FID (Thermo Fisher Scientific) fol-
lowing separation on a polar TR-WAX column
(30 m � 0.25 mm � 0.25 lm; Thermo Fisher Scientific, San Jose,
CA, USA). GC conditions were: split mode injection (1:5) with flame
ionization detector temperature (250 �C); oven temperature pro-
gram (45 �C for 1.5 min, then increasing at 15 �C min�1 to 150 �C,
then again increasing to 240 �C at 6 �C min�1 and holding at this
temperature for 3 min. To quantify the fatty acid composition of tri-
acylglycerol fraction, TG–FA was recovered after separation of the
total lipid extraction on TLC (as mentioned above), and lipids re-
vealed by spraying with a primuline dye (0.005% in 80% acetone)
visualized under UV light. The co-responding TG–FA fraction on
the TLC plate were scrapped off the TLC plate, and packed into a Pas-
teur pipette staffed with glass wool. TG–FA were eluted with a mix-
ture of chloroform/methanol/H2O (5/5/1 v/v/v) followed by final
rinse with hexane. The solvent mixture was kept in a glass tube
with a Teflon-lined screw cap, dried under a stream of N2, and fatty
acid methyl esters (FAMEs) were prepared and quantified.
3. Results and discussion

3.1. Validation of the ‘‘whole cell’’ analytic (WCA) method for FA
quantification

The two most commonly used methods for total lipid content
extraction were described by Bligh and Dyer (1959) and Folch
et al. (1957), both followed by a lipid quantification consisting to
weight a lipid extract. However, extraction can also be followed
by a GC analysis, which is the standard analysis for FA identification
and quantification (Christie, 1989). One major limitation is in the
weighting of extracts that requests significant culture volumes to
be accurate, then it is necessary to limit the sampling rate especially
on small scales systems like laboratory PBR (with volume less than
20 L in general). The WCA method (Meier et al., 2006) limits the
sampling volume to the amount needed for GC analysis.

Validation of the WCA method was done on two strains (Chla-
mydomonas reinhardtii and N. oculata) by comparing with the two

jaypr
Rectangle 
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other methods previously described (Folch extraction combined to
GC–FID, Bligh&Dyer combined to HP-TLC). Because extraction abil-
ity is an important aspect of the protocol, a first comparison was
made in terms of extraction yields. Compared to Folch and
Bligh&Dyer protocols, WCA method gave results superior of 20%
and 16%, respectively in terms of extracted TL–FA. Extracts were
then analysed and FA profiles were found similar (results not
shown). WCA method was thus considered validated and used
for this study (small sampling volume enabling high sampling rate
in PBR experiments, high yield of TL extraction on N. oculata). It
must be noticed that WCA method suffers from sensitivity to pol-
lution due to the small quantities involved (200 lg lipids), and it
must thus be applied with care. Neutral lipids using SPE separa-
tions also request attention regarding the chloroform stabilizer.
Usual chloroform stabilizer is ethanol at 0.5–1% but the polarity
of ethanol hinders the separation of neutral lipids on silica. Amyl-
ene which is neutral has to be chosen as stabilizer but because of
its instability and light sensitivity, bad storage conditions can af-
fect directly lipids measurements.
3.2. Effect of nitrogen deprivation on growth and pigments evolutions

A typical result of sudden starvation is given in Fig. 1a. It is char-
acterized by one typical growth phase, with more than a threefold
increase of DW concentration in 96 h of cultivation and a simulta-
neous chlorophyll concentration decrease at the beginning of
experiments. Progressive starvation (Fig. 1b) leads to two distinct
phases, with (i) a standard growth characterized by an increase
in chlorophyll and DW concentrations until total consumption of
nitrogen source which occurs in first 100 h, followed by (ii) a typ-
ical response to nitrogen starvation, with chlorophyll content de-
crease and lowered DW concentration increase. It must be
noticed that those features were already observed in Pruvost
et al. (2009) for the freshwater species Neochloris oleoabundans.

The decrease of chlorophyll content during nitrogen starvation
is often explained by the role of chlorophyll as internal nitrogen
storage. Photoadaptation process (Josrgensen, 1969) can also be in-
volved, as a direct result of nitrogen starvation which reduces and
stops cell division, limiting thus the electrons demand (Goericke
and Welschmeyer, 1992). Whatever the case, as already discussed
by authors (Pruvost et al., 2009, 2011b), the decrease in chlorophyll
content during nitrogen starvation should also certainly have a
negative impact on TG-synthesis as it reduces photons absorption
and thus photosynthetic activity.

In contrary to chlorophyll content, carotenoids content stays al-
most constant during starvation. This allows introducing a simple
indicator of nitrogen starvation effect on cells defined by the ratio
of absorbances at 480 and 665 nm which are proportional to carot-
enoïds (Strickland and Parsons, 1968) and chlorophyll (Ritchie,
2006) contents, respectively. This ratio is named in the following
‘‘stress factor’’. In standard growth conditions, a value around
0.55–0.60 is observed for N. oculata, with an increase to more than
2 in nitrogen starvation conditions. If all experiments are com-
Table 2
Summary of results obtained for the different experiments: final biomass concentration (
biomass contents (DW–TL), maximal TG–FA surface productivities (STG).

Experiment No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

DW (kg m�3) 0.95 1.20 1.47 1.13 1.41 1.73
TG–FA (kg m�3) 0.39 0.44 0.62 0.41 0.44 0.55
(TG–FA)/DW (%) 40.6 36.7 41.9 36.2 31.3 31.6
(Non TG–FA)/DW (%) 12.1 13.6 12.8 13.5 21.4 17.7
(LT–FA)/DW (%) 52.7 50.3 54.7 49.8 52.7 49.3
(DW–TL)/DW (%) 44.9 48.0 48.4 48.4 45.8 49.6
STG (10�3 kgTG–FA m�2 d�1) 1.7 2.3 2.6 2.6 2.4 2.9
pared (data not shown), higher values are obtained when dimin-
ishing initial nitrogen (Exp. 4, 5, 6, 7) or DW concentration (Exp.
11, 12, 13, 14), when lowering PBR thickness (Exp. 5, 10) or
increasing PFD (Exp. 1, 2, 4, 5). As shown later, all those conditions
lead to FA accumulation. Obviously, an increase in the stress factor
does not guarantee FA accumulation, as chlorophyll to carotenoids
ratio is also subjected to change in illumination conditions (photo-
acclimation process). But, because of the significant effect of nitro-
gen starvation on both chlorophyll decrease and FA accumulation,
the ‘‘stress factor’’ can be regarded as a useful practical indicator to
monitor culture evolution during nitrogen starvation, by relating a
direct and relevant primary effect of a successful nitrogen starva-
tion, which is pigments modification. It must be noticed that chlo-
rophyll content per DW could also be used but this has two
drawbacks: an important sampling for DW concentration mea-
surement and a time delay to obtain the DW concentration (drying
period around 12–24 h).
3.3. TG–FA accumulation and role of light transfer conditions

It is well-known that nitrogen starvation trigger FA accumula-
tion (Tornabene et al., 1983). Biodiesel application requests
however to distinguish TG–FA from other TL–FA (named ‘‘Non
TG–FA’’ in the following, here defined as the difference between
TL–FA and TG–FA). The final contents of TL–FA, TG–FA and ‘‘Non
TG–FA’’ concentrations are given in Table 2. Except for cases with
high nitrogen concentration, high initial biomass or high PBR thick-
ness (Exp.7, 8, 9, 10, 13 and 14), TL–FA final contents are nearly
constant (49–53%) whatever starvation protocols. TG–FA final con-
tent was found however more sensitive to starvation protocol, with
values ranged from 31% to 43%. As a direct consequence of FA accu-
mulation, composition of microalgae is deeply modified. Table 2
presents biomass without its FA content (represented by the differ-
ence between DW and TL–FA concentrations). Values are ranged
from 33% to 76%, emphasizing great modifications in biochemical
composition of algae. This was already observed in Pruvost et al.
(2011b), nitrogen starvation resulting in an increase in total sugar
contents and a decrease in protein content (not measured here).

Depending on starvation conditions, different kinetics of FA
accumulations were found. TG–FA synthesis (Fig. 2) was delayed
in progressive starvation because of the progressive shift in cell
metabolism, with initial nitrogen concentration determining the
duration of the first standard growth phase which therefore delays
starvation appearance then triggering the TG–FA synthesis. In sud-
den starvation, TG–FA synthesis started at the beginning of exper-
iments (Fig. 2) as standard growth was not allowed.

Interestingly, all of the obtained results indicate a direct influ-
ence of the light received per cell on lipid accumulation. This as-
pect was mentioned by authors in their previous studies (Pruvost
et al., 2009) but not clearly demonstrated. For sudden starvation
(Exp. 11, 12, 13, 14), maximum TG–FA content (Table 2) was found
around 43% for low initial biomass (0.23 and 0.41 kg m�3) and
around 14% for higher initial biomass (0.62 and 0.76 kg m�3). For
DW), final FA (TL–FA, TG–FA, Non TG–FA) concentrations and contents, final residual

No. 7 No. 8 No. 9 No. 10 No. 11 No. 12 No. 13 No. 14

2.01 2.01 0.6 0.91 0.95 1.46 2.18 2.66
0.64 0.56 0.15 0.24 0.41 0.62 0.31 0.39

31.9 27.9 25.3 26.0 43.2 42.5 14.3 14.7
0.0 5.3 34.0 13.3 7.0 8.6 10.8 4.6

31.2 33.2 59.3 39.3 50.2 51.0 25.1 19.3
68.3 66.2 38.2 60.3 37.0 33.5 69.1 76.0

2.1 2.1 1.1 1.3 2.6 3.6 1.6 1.4
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Fig. 1. Typical time evolution of biomass and chlorophyll concentrations during sudden (a, Experiments no. 11 and 12) and progressive (b, Experiments no. 9 and 10) nitrogen
starvation.
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progressive starvation with same PBR thickness and PFD (Exp. 4, 5,
6, 7, 8), TG–FA content was comprised between 31 and 36% for the
five lower initial nitrogen concentrations (0.99–2.96 mM) and 28%
for the higher one (3.61 mM). Because in progressive starvation the
initial nitrogen concentration fixes the increase in biomass concen-
tration before starvation occurs, those results emphasize the role of
light attenuation conditions on TG–FA synthesis. Both protocols
were found here in accordance. For the progressive one, the TG–
FA lowest content was obtained for the highest initial nitrogen
concentration (3.61 mM). Considering 10% nitrogen content in N.
oculata, 3.61 mM of nitrogen would allow a biomass synthesis of
0.5 kg m�3. This is an intermediate value between the 0.41 and
0.62 kg m�3, for which TG–FA synthesis was found also low in
the case of sudden deprivation. In the opposite, for all experiments,
the highest TG–FA content was always obtained when the lowest
biomass concentration was achieved in starvation conditions. This
is confirmed when considering the effect of PBR thickness, TG–FA
content decreasing when increasing PBR thickness (Fig. 3). Because
an increase in PBR thickness also increases light attenuation, this
emphasises the need to provide sufficient light per cell in addition
to nitrogen starvation condition.

The relevance in FA accumulation of the light received per cell
in addition to nitrogen starvation is obviously not surprising, as
FA accumulation is promoted when stopping cells division but also
requests light energy for FA photosynthesis. This has however sev-
eral consequences and especially from the practical point of view,
as the light received per cell is the result of several aspects that are
not easy to control. Light attenuation conditions are indeed af-
fected by the PBR geometry (e.g. PBR thickness) but also biomass
concentration (related to initial nitrogen concentration in progres-
sive starvation) and pigments composition (strongly modified dur-
ing nitrogen starvation). Obviously, PFD also affects directly light
received per cell. It would be interesting in this regards to deeper
investigate its specific influence, PFD values investigated here
being comprised in a limited range of variation (160–
250 lmole m�2 s�1). As for example, TG–FA content was found to
slightly decrease from 40.6% to 36.2% when increasing PFD. In first
instance, this could be stated as a disagreement with previous re-
marks. But it should be noticed that higher light intensity results
also in a higher DW biomass concentration (0.95–1.13 kg m�3),
affecting thus the light transfer conditions here in a negative
way. This means once again that TG–FA synthesis cannot be disso-
ciated from biomass production as it affects light transfer
conditions.

The relevance of light transfer conditions in growth kinetics of
photosynthetic microorganisms is well-known and authors have
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Fig. 2. Time evolution of TG–FA concentrations (a) and TG–FA contents (b) during sudden (Experiments no. 11 and 12) and progressive (Experiments no. 6 and 7) nitrogen
starvation.

426 G. Van Vooren et al. / Bioresource Technology 124 (2012) 421–432
shown recently their direct impact on biomass productivity (Tak-
ache et al., 2010) or, more specifically, hydrogen production which
was obtained on Chlamydomonas reinhardtii with sulphur depriva-
tion protocol (Degrenne et al., 2011; Fouchard et al., 2009). In both
cases, theoretical approaches introducing radiative transfer model-
ling revealed especially interesting. It allows linking evolution of
light transfer conditions and their impact on the photosynthetic
growth. When combined to a nutrient starvation modelling which
also affects growth (like sulphur or nitrogen deprivation for hydro-
gen and lipids production respectively), this could serve in the opti-
mization of culture protocols, the respective roles of each parameter
(light received per cell, nutrient limitation) on biological responses
being then represented (assuming appropriate models to be estab-
lished). Photosynthetic hydrogen production modelling was for
example used to define progressive sulphur deprivation protocols.
Initial sulphur concentration and PFD were defined in order to opti-
mize in two successive steps biomass and starch accumulation fol-
lowed by anoxic conditions to induce hydrogen release.
Methodology is thus almost similar to the present case of triggering
FA accumulation with nitrogen deprivation. The combined effects of
nutrient starvation and light transfer conditions on biomass growth
and cells metabolism (starch or FA accumulation) are indeed
encountered in both lipids and hydrogen inducing protocols. Main
differences are (i) anoxic conditions which are obviously not re-
quired for FA accumulation, (ii) the sulphur effect on PSII activity
reduction not involved in FA accumulation, and (iii) the strong effect
of nitrogen starvation on pigments degradation in FA accumulation
that progressively modifies light transfer conditions during starva-
tion (sulphur deprivation has a negligible influence in this regards).
All of those features could be considered with a slight modification
of already developed models. Experimental results obtained in this
study will be of high interest for that purpose.

3.4. Fatty acids and biodiesel requirements

TG–FA profiles are given in Table 3a. Under normal physiologi-
cal culture conditions, TG–FA are in low proportions (around 2–3%
of DW) and have a simple composition with C16:0 and C16:1n-7
accounting each for about 45% of total TG–FA mass. This results
in an unsaturation degree of TG–FA around 0.5. For conditions
leading to an important TG–FA accumulation (nitrogen starvation,
high light received per cell), TG–FA composition was found rather
constant whatever protocols (progressive or sudden nitrogen star-
vation), with a composition and unsaturation degree almost simi-
lar to the one obtained in standard growth conditions. Typical TG–
FA profile evolutions are given in Fig. 4 for each starvation protocol.
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Fig. 3. Effect of PBR thickness and initial nitrogen concentration in progressive nitrogen starvation (Experiments no. 4, 5, 9, 10) on TG–FA accumulation (a: TG–FA
concentrations; b: TG–FA biomass contents).

Table 3
Typical FA compositions obtained under standard culture conditions (a) and after
nitrogen starvation (b) leading to non-optimized conditions of high light received per
cell (high initial nitrogen concentration, Experiments no. 7 and 8).

C14:0 C16:0 C16:1n-7 C20:5n-3 Misc.

(a)
TL–FA (%) 7 26 29 28 10
TG–FA (%) 45 45 10

C16:0 C16:1n-7 C18:1n-9 C18:2n-6 C18:3n-3 Misc.

(b)
TL–FA (%) 35 21 21 5.5 5.5 12
TG–FA (%) 36 22 22 5 5 10
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Main differences compared to standard growth were an important
decrease of C16:1n-7 (45% to around 30%) and an increase of
C18:1n-9 in slight proportions (3% to around 8%). Compared to
higher plants, TG–FA from N. oculata revealed to be more saturated
than TG–FA from rapeseed, soybean or sunflower, but almost sim-
ilar to palm oil (C16:0 46.4%–C18:1 41.2% (Aranda et al., 2008)).
Regarding biodiesel application, this would result in a higher freez-
ing point and a higher stability to oxidation but high PUFA content
(1.7–3.5% for only C20:4n-6 and C20:5n-3) would however de-
crease significantly that stability.
As shown in previous sections, some experiments leading to
nitrogen starvation but with low light received per cell (high
absorption) resulted in intermediate or low FA accumulation.
This is case for example when applying too high initial nitrogen
concentration in progressive starvation. In addition to a lower
TG–FA content as discussed previously, corresponding profiles
were found rather different with decrease of C16:0 and C16:1 n-
7 and increase of C18:1 n-9, C18:2n-6 and C18:3n-3 (Table 3b).
This could indicate (i) a partial FA maturation compared to suc-
cessful starvation or (ii) differences in TG–FA metabolic pathways
due for example to the different light received per cell. Analysis
are here insufficient to conclude but regarding biodiesel applica-
tion, it has to be mentioned a slight modification of the unsatura-
tion level (here not in the favour of biodiesel norms). This also
again illustrates the need to control culture conditions to optimise
both quantity and quality of TG–FA.

3.5. Total and non TG fatty acids evolutions

Under normal physiological culture conditions, TL–FA which rep-
resent between 8 to 12% of DW are mainly C16:1n-7, C20:5n-3,
C16:0 and C14:0 (Table 3). This FA composition led to an unsatura-
tion degree comprised between 1.8 and 2.1. As TG–FA content is
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low, most of these FA are membranes constituents. During nitrogen
starvation, modification of TL–FA composition is mainly the conse-
quence of TG–FA high increase but also, in a lesser extent, of ‘‘Non
TG–FA’’ composition modifications. During nitrogen starvation, pro-
portion of C20:5n-3 in ‘‘Non TG–FA’’ decreases whereas those of
C16:0 and C18:1n-9 increase, C16:1n-7 proportion staying constant
(Fig. 4). As a result, ‘‘Non TG–FA’’ profile tends towards TG–FA pro-
file. Consequently, unsaturation degree of ‘‘Non TG–FA’’ shows a
marked decrease, with minimal values reaching 0.8–1.6.

‘‘Non TG–FA’’ concentration increases during both progressive
and sudden nitrogen starvations (Fig 5), but in a lesser extent than
TG–FA, with a content comprised between 5.7% and 20% of the DW
(to be compared to 14–43% for TG–FA). An exception occurs in
experience 9 with a ‘‘Non TG–FA’’ content of 34%. This experiment
show also a low chlorophyll concentration associated with a low
biomass concentration and a high PBR thickness (0.055 m). This
could indicate that TG–FA synthesis pathway was able to start
but was then stopped before TG–FA significant accumulation,
due to a too low light received per cell. This tends to be confirmed
in experiment 10 (same thickness and PFD, but initial nitrogen
concentration was increased from 0.93 to 1.65 mM). Starvation
and ‘‘Non TG–FA’’ synthesis occur, but cells do not receive enough
light for significant TG–FA synthesis. This conclusion has however
to be considered with attention as FA analysis do not allow here
separating glycolipids and phospholipids, both being measured
simultaneously as ‘‘Non TG–FA’’. A full lipidomic analysis would
provide here more detailed information.

3.6. TG–FA productivity

This is obvious that TG–FA productivity is a key-criterion for
biodiesel production. Increasing TG–FA content does not necessar-
Fig. 4. Time evolutions of TG–FA (up) and ‘‘non TG–FA’’ (down) profiles during progressiv
ily results in high TG–FA productivity because of the simultaneous
decrease in kinetics induced by nitrogen starvation. As the final
goal is to achieve solar outdoor production, productivity was here
calculated in terms of areal productivity based on the illuminated
surface. For a flat panel PBR, TG–FA areal productivity is then ob-
tained from:
STG ¼
½TG�T � ½TG�To

T � To
� V r

S
¼
½TG�T � ½TG�To

T � To
� e ð1Þ

[TG]T is the concentration of TG–FA at time T, e the PBR thick-
ness, Vr the culture volume and S the PBR illuminated surface
(Vr = S e). To represents the beginning of production. Because in
progressive starvation, biomass growth and lipids accumulation
are conducted in the same operating stage, To is trivially defined
as the beginning of cultivation (PBR inoculation). In sudden starva-
tion, the time to obtain the initial biomass concentration which is
applied at the beginning of sudden starvation experiment has to be
added. This was here calculated using biomass productivity of the
continuous PBR used to obtain biomass for starvation experiments
(0.35 g d�1). For example, to obtain the initial DW biomass concen-
tration DWo = 0.23 kg m�3 in Exp.11, a continuous production dur-
ing 0.65 day was necessary.

Comparing sudden and progressive starvation protocols leads to
interesting conclusions. In sudden starvation (Fig. 6a), productivity
is found almost constant with time, higher initial biomass concen-
trations resulting in lower productivities (Exp.13 and 14). Maxi-
mum productivity is obtained for an intermediate initial biomass
(DWo = 0.41 kg m�3, Exp.12). PFD being the same, this again
emphasizes the effect on productivity of the light received per cell
which affects TG–FA synthesis, resulting in an optimum of initial
DW concentration to be found. Same conclusion can be drawn
e (left, Experiment no. 6) and sudden (right, Experiment no. 12) nitrogen starvations.
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for progressive starvation (Fig. 6b), but with initial nitrogen con-
centration NO as the operating parameter. Because initial nitrogen
directly affects the DW concentration evolution during the exper-
iment, and thus light transfer conditions, there is an optimum ini-
tial nitrogen concentration (No = 2.3 mM, Exp.6) leading to a
maximal value of TG–FA productivity. As another consequence,
the time to achieve maximum TG–FA productivity for a given pro-
duction increases also with increasing initial nitrogen concentra-
tion, because of the longer initial growth phase then induced. It
must be noticed both starvation protocols results are in accor-
dance. Because of the low culture volume (1 L) limiting sampling
rate, the DW biomass concentration was not measured for progres-
sive starvation. But considering 10% nitrogen content in N. oculata,
2.3 mM of nitrogen would allow theoretically a maximum DW
biomass synthesis of 0.32 kg m�3, which is close to the biomass
leading to maximum productivity in case of sudden starvation
(DWo = 0.42 kg m�3).

Maximum TG–FA productivities STG are compared in Table 2 for
all experiments. The need of a compromise in the DW biomass con-
centration during nitrogen starvation is here emphasized. In sud-
den starvation, the highest TG–FA productivity (3.6 � 10�3 kgTG–
Fig. 5. Time evolution of Non TG–FA concentrations for progressive (a, Experiments no
FA m�2 d�1) is obtained in Exp.12 for an intermediate biomass con-
centration (DW = 1.46 kg m�3) for which a TG–FA accumulation of
42.5% is reached. A highest TG–FA accumulation is achieved in
Exp.11 (43.2%) but for a lower biomass concentration
(DW = 0.95 kg m�3), resulting in lower productivity (2.6 � 10�3-

kgTG–FA m�2 d�1). Exp.13 and 14 result in higher biomass concen-
trations (DW > 2 kg m�3) but with significantly reduced TG–FA
contents (around 14–15%). Corresponding TG–FA productivity
(around 1.5 � 10�3kgTG–FA m�2 d�1) is then found more than 2-fold
below the maximal observed.

Progressive starvation experiments again confirm the effect of
the light received per cell in TG–FA accumulation. The maximum
TG–FA productivity is obtained in Exp.6 (2.9 � 10�3kgTG–FA m�2 d�1)
with a TG–FA content of 31.6% and a maximal DW biomass
concentration of 1.7 kg m�3. By achieving a lower DW concentration
as in Exp.3, a higher TG–FA content is observed, close to the maximal
value reported in sudden starvation (41.9%). The resulting TG–FA
is however found slightly lower than in Exp.6 (2.6 � 10�3kgTG–FA

m�2 d�1 vs. 2.9 � 10�3kgTG–FA m�2 d�1), emphasizing again the
particular role of DW concentration in the process. For a given
TG–FA content, DW concentration should have been maximized to
. 4, 5, 6, 7, 8) and sudden nitrogen starvation (b, Experiments no. 11, 12, 13, 14).
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increase TG–FA production in the PBR. However, increasing DW
concentration reveals here to have a negative effect on TG–FA accu-
mulation in cells (lower light received per cell). This clearly makes
light received per cell a key parameter of the process, in addition
to nitrogen starvation.

3.7. Practical biodiesel production: optimisation of light transfer
conditions and sudden vs. progressive starvation protocol

Our results have emphasized the need to provide a high amount
of light received per cell in addition to nitrogen starvation in order
to trigger significant TG–FA accumulation. The light received per
cell is fully dependent on incident PFD, biomass optical properties
and concentration, and PBR geometry (especially its depth of cul-
ture). All of these features can be controlled and optimised using
radiative transfer modelling but, in a general manner, increasing
the light received per cell implies to work at low biomass concen-
tration and/or with low culture depth to decrease shading and light
attenuation effect. Algae optical properties will be here also espe-
cially relevant. Light transmission can also be increased by
Fig. 6. Time evolution of TG–FA productivities for sudden (a, Experiments no. 11, 1
decreasing light harvesting complex in cells (‘‘small antennae mu-
tants’’). Regarding this last possibility, it must however be noticed
that pigment degradation is already one of the major effect of
nitrogen starvation. Although the interest of small antennae mu-
tants was already proven regarding light transmission, its interest
in terms of lipids production remains to be checked (the interest on
biomass production only which implies full light absorption is not
obvious, see Pruvost et al., 2011a for example).

The need to apply nitrogen starvation makes interesting the
two-step process, in which biomass is first produced in optimal
cultivation conditions (growing stage) before it is sent in a specific
system where nitrogen starvation occurs (oil-producing stage).
This solution was discussed in numerous studies (see for example
Rodolfi et al., 2009). Our results tend to emphasize the additional
role of the light received per cell which has to be high. This can
be achieved in different ways. For example, culture dilution can
be applied before entering the oil-producing stage. It must be no-
ticed this would be also beneficial regarding the decrease in nitro-
gen concentration. Such solution was proved for example efficient
in the case of hydrogen production induces by sulphur deprivation
2, 13, 14) and progressive nitrogen starvation (b, Experiments no. 4, 5, 6, 7, 8).
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(Laurinavichene et al., 2002). But other strategies can be applied,
such as a higher sunlight collection in the cultivation system used
for the oil-producing stage, or a different culture depth to decrease
light attenuation effect. Whatever the case, this is obvious that the
role of the light received per cell could have several consequences
for practical application, and it remains thus to be more
investigated.

In our study, we investigated both sudden and progressive star-
vation protocols. Regarding practical application, the progressive
starvation protocol should have to be promoted. The application
at industrial large scale of sudden starvation will indeed be more
costly, because of the need of an extra harvesting step and more la-
bour intensive operations to re-suspend cells in a medium de-
prived in nitrogen. In our studies, lower TAG productivities were
however achieved for progressive starvation protocol. This is not
surprising as, in sudden starvation protocol, biomass concentration
is set at the beginning of the experiment and remains then almost
constant, making easier optimisation of the process (especially
with respect to light received per cell). In progressive starvation,
all parameters evolve with time and interact in a complex manner.

It must however be noticed that higher productivities for pro-
gressive starvation protocol could certainly be expected than the
ones reported in this study. This was for example proven that high
TG–FA content could be achieved. Although the finding of opti-
mised conditions will be certainly complex, it could thus be ex-
pected that their fine tuning could allow optimising both TG–FA
and DW biomass concentration accumulation to maximize TG–FA
productivity.

Obviously, our lab-scale conditions are far from the ones
encountered in large scale outdoor application. Solar conditions
will make especially PFD highly variable. The influence of day-night
cycles for example is a problem on its own. As investigated by
authors but only for biomass production, outdoor production re-
sults in a transient behaviour of the cultivation system, fully linked
to PFD time evolution (Pruvost et al., 2011a, 2012). Regarding our
results achieved in continuous light which emphasized the rele-
vance of the light received per cell on lipids accumulation during
nitrogen starvation, this is obvious that the optimisation in day-
night cycles will be more complex, especially in the context of pro-
gressive starvation which appears as the sole reasonable strategy
that could be applied in full scale. This reinforces the need of further
investigating progressive starvation protocol although it would be
more complex in terms of representation and optimisation. Model-
ling would be here certainly of primary interest. As it was shown in
sulphur deprivation and hydrogen production (Degrenne et al.,
2011), modelling approach was found useful for the optimisation
of strongly interrelated and time evolving parameters (considering
in addition that biomass, TG–FA and pigments, which affect light
received per cell, have certainly different dynamics, making more
difficult their respective optimisation). This could serve as a basis
to define advanced control strategies dedicated to oil-producing
protocols that could be then implemented at large outdoor scale.
4. Conclusion

In addition to the marked effects of nitrogen starvation, light re-
ceived per cell was found to deeply affect TG–FA synthesis. Up to a
2-fold increase in productivity was found with appropriate condi-
tions, with maximal productivities of 3.6 � 10�3kgTG–FA m�2 d�1

and 2.8 � 10�3kgTG–FA m�2 d�1 for sudden or progressive starva-
tion respectively (PFD of 250 lmole m�2 s�1). This was found also
beneficial to TG–FA profile although PUFA presence would impair
biodiesel stability.

Future studies will develop modeling approaches for a com-
bined optimization of nitrogen deprivation and light received per
cell. This appears indeed as a prerequisite for outdoor optimization
because of the dynamic regime then induced by day/night cycles.
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