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Abstract This study aims to investigate the triacylglycerol
(TAG) productivity of Parachlorella kessleri grown under con-
tinuous illumination and to investigate its metabolism in simu-
lated day/night cycles in order to estimate the feasibility of a
large-scale production in outdoor solar photobioreactors. The
strain was chosen for its ability to accumulate large amounts of
triacylglycerol during nitrogen starvation. Several protocols of
nitrogen starvation were tested in continuous illumination as
well as in simulated day/night cycles. Sudden and progressive
nitrogen starvation conditions have enhanced the TAG concen-
tration and productivity ofP. kessleri reaching up to 48 dry wt%
and 4.4 × 10−3 kg m−2 day−1, respectively. Microalgal cell
metabolism was significantly affected by the day/night illumi-
nation cycles. The energy-rich compounds (TAGs and carbo-
hydrates) were accumulated by P. kessleri during the photope-
riods and partly consumed during the dark to sustain the
microalgae vitality. This TAG oxidation ultimately led to a
26% decrease in TAG productivity in cultures exposed to
day/night cycles compared to ones exposed to continuous illu-
mination of equal 24-h average photon flux density. The results
can dictate the optimal time for harvesting cells for recovering
the largest amount of TAGs.

Keywords Chlorophyceae . Photobioreactors . Nitrogen
starvation . TAG productivity . Day/night cycles . Biodiesel

Introduction

Seeking alternative resources of liquid fuels has become a
pressing issue in the light of fears over depleting natural pe-
troleum reserves and consequently the political and economic
instability due to energy insecurity. In addition, climate
change and its dramatic consequences on human persistence
make this an existential matter. In this context, considerable
research efforts were initiated over the last three decades to
find renewable alternatives to conventional fossil fuels culmi-
nating in numerous research projects aimed to develop cost-
effective biomass-based biofuel production platforms
(Greenwell et al. 2010; Naik et al. 2010; Demirbas, 2011).

Microalgal biomass appears to be a sustainable feedstock
for producing alternative fuels to petroleum owing to their
efficient photosynthetic activity, their fast growth, and there-
fore their large biomass productivity (Chisti, 2007; Elsey et al.
2007; Hu et al. 2008; Li et al. 2008a, b). Moreover, these
photosynthetic microorganisms exhibit higher lipid productiv-
ity with respect to terrestrial plants, due to their metabolism
plasticity, since it is possible to control their metabolism
and enhance their intracellular lipid accumulation by varying
the culture conditions. Recently, the freshwater species
Parachlorella kessleri was determined to be an efficient lipid
producer (Přibyl et al. 2012; Li et al. 2013; Taleb et al. 2016).
This freshwater species was previously named Chlorella
kessleri Fott & Nováková (Huss et al. 1999). However, based
on molecular data, Krienitz et al. (2004) revealed the existence
of two sister genera Chlorella and Parachlorella in the
Chlorellaceae and Trebouxiophyceae. Thus, Chlorella kessleri
was transferred in 2004 to a new genus, Parachlorella, as
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Parachlorella kessleri. In our recent work (Taleb et al. 2016),
P. kessleri UTEX2229 was selected from 15 investigated
microalgae strains, as the best candidate for biodiesel produc-
tion thanks to its high triacylglycerol (TAG) accumulation po-
tential (up to 40% DW), its aptitude to sustain a large biomass
growth rate in nitrogen starvation conditions, and its large areal
TAG productivity (2.7 gTAG m−2 day−1 or 10 tTAG ha−1 year−1).
Moreover, this species has shown great potential for allowing
TAG extraction and recovery from wet biomass leading to sig-
nificant energy savings associated with drying the biomass pri-
or to TAG extraction (Angles et al. 2017). Under favorable
growth conditions, P. kessleri cells contain low amounts of
structural lipids such as glycolipids and phospholipids (1–
10% DW) which are the main constituents of cell membranes.
However, when the growth conditions become unfavorable, for
example, when the cells are subjected to light or nutrient stress,
the culture can accumulate large amounts of energy-rich com-
pounds such as triglycerides and starch. It was also noted that in
nitrogen-limited conditions, P. kessleri initially accumulated
large amounts of starch and subsequently simultaneous lipid
accumulation and starch consumption was initiated
(Brányiková et al. 2011; Fernandes et al. 2013; Mizuno et al.
2013; Takeshita et al. 2014). Oleaginous microalgal strains of-
ten have a lower growth rate than non-oleaginous ones (Hu
et al. 2008); nevertheless, P. kessleri has the ability to maintain
a relatively large growth rate even in nitrogen deprivation con-
ditions resulting in large lipid productivity (Taleb et al. 2016).

Nitrogen starvation is the most efficient strategy to trigger
large amounts of neutral lipid accumulation in microalgae
(Tornabene et al. 1983; Hu et al. 2008; Van Vooren et al.
2012; Kandilian et al. 2014; Taleb et al. 2015, 2016). In batch
mode, nitrogen starvation can be performed via two methods:
sudden starvation and progressive starvation. The former is
achieved by separating the cells from a nitrogen-replete cul-
ture medium, and then re-suspending them in a nitrogen-free
medium, whereas the latter is realized by inoculating the cells
in a medium containing limited nitrogen concentration.
Therefore, in progressive nitrogen starvation, microalgae cells
become progressively nitrogen starved through the consump-
tion of the initial nitrogen in the medium (Fernandes et al.
2013). In terms of energy consumption, progressive starvation
technology has the advantage of avoiding the separation step
which can be energy intensive (Pruvost et al. 2009; Van
Vooren et al. 2012).

Light intensity and photoperiod also affect the growth
rate as well as the lipid metabolism of microalgal cells
(Pruvost et al. 2009, 2011; Van Vooren et al. 2012;
Kandilian et al. 2014). Van Vooren et al. (2012) and
Kandilian et al. (2014) have demonstrated that light absorp-
tion rate is a fundamental factor affecting lipid metabolism
and subsequently lipid productivity of microalgae. Their
results showed that fatty acid synthesis pathways were sig-
nificantly enhanced by the combination of two fundamental

parameters: nitrogen concentration in the medium and the
rate of photons absorption by the culture. Thus, for a
given microalgal strain, maximizing TAG production en-
tails the optimization of these two parameters. Note that
light availability in microalgae culture systems mainly
depends on the culture cells density, affecting light atten-
uation in the photobioreactor (PBR), as well as the radia-
tive and optical properties of the strains (Kandilian et al.
2014, 2016).

Many studies have focused on microalgal TAG productiv-
ity in nitrogen-deficient conditions under continuous illumi-
nation (Van Vooren et al. 2012; Kandilian et al. 2014; Taleb
et al. 2015). However, outdoor PBRs are exposed to solar
radiation where the light intensity continuous changes during
the day highly affecting cell physiology, growth, and bio-
chemical composition (Sukenik and Carmeli, 1990;
Fábregas et al. 2002; Khoeyi et al. 2012; Lacour et al. 2012;
Gris et al. 2014). Therefore, it is essential to investigate TAG
production under diurnal light cycles to estimate biodiesel
production more accurately in industrial outdoor solar
microalgae cultures. In diurnal regimes, light periods are char-
acterized by high photosynthetic activity, elevated CO2 fixa-
tion rate, and large biomass productivity (Sukenik and
Carmeli, 1990; Fábregas et al. 2002; Gris et al. 2014).
Moreover, the high rate of photon or energy absorption by
the cells over this period enhances the intracellular accumula-
tion of energy-rich compounds such as carbohydrates and
TAGs. On the other hand, microalgae cells respire during the
dark periods and resort to oxidization of their intracellular
energy-rich compounds to support their growth (Sukenik
and Carmeli, 1990; Fábregas et al. 2002). This typically leads
to the loss of overall biomass productivity compared to the
same culture grown in continuous illumination (Le Borgne
and Pruvost, 2013; Michels et al. 2014).

Furthermore, day/night cycles and the duration of photope-
riod not only affect lipid productivity, but also fatty acid com-
position of the cells (Fábregas et al. 2002; Perez-Pazos and
Femandez-Izquierdo, 2011; Khoeyi et al. 2012). Note that
carbohydrates are also recognized as high-energy storage
compounds and their synthesis is strongly influenced by the
day/night cycles and the photoperiod. In addition, the metab-
olism of these energy-rich compounds under the dark/light
regime is species dependent. Fábregas et al. (2002) reported
that Nannochloropsis strains consume lipids rather than car-
bohydrates during the dark period. Moreover, Brányiková
et al. (2011) and Fernandes et al. (2013) have examined the
effects of light and dark periods on the energy-rich com-
pounds of Chlorella vulgaris in both normal and nutrient lim-
ited cultures. These authors have reported that compared to
control cultures, starved cells did not show a marked decrease
of their energy stores compounds in the dark because their
energy-requiring growth and reproductive processes were
slowed due to nutrient restrictions. However, to the best of
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our knowledge, no study has reported the effects of day/night
cycles and nitrogen starvation on the biochemical composition
and the growth rate of P. kessleri.

This work aimed to investigate the production of TAG and
carbohydrates by the freshwater strain P. kessleri grown under
continuous illumination or day/night cycles in nitrogen star-
vation conditions. Two different methods of nitrogen starva-
tion were used and several culture protocols were applied to
batch cultures of P. kessleri under continuous illumination.
The strain was also exposed to simulated day/night cycles that
represent solar conditions in Nantes, France.

Material and methods

Microalgal strain, photobioreactors, and culture medium

Parachlorella kessleri, strain UTEX2229, was obtained from
the culture collection of algae at the University of Texas at
Austin (UTEX). The cells were grown in nitrogen-replete
modified Bold Basal medium (BBM) for nutrient-replete ex-
periments and in nitrogen-free BBM for the nitrogen starva-
tion experiments. The composition of the BBM medium was
previously described by Pruvost et al. (2009). The cells were
cultivated in 1 L airlift-type flat-panel PBR with thickness of
3 cm (specific illuminated area alight = 33 m−1 ) for cultures
grown in batch or continuous mode. The PBR was described
inmore detail in Pruvost et al. (2009) and Pruvost et al. (2011).
The temperature and pH were regulated at 25 °C and 8, by
forced air convection on the back of the PBR and continuous
injection of sterile air with 2 vol.% CO2 at a flow rate of
3 mL min−1 (Taleb et al. 2016). Illumination was provided
on one face of the PBR by a white LED light panel
(NSPW500CS, NICHIA) with adjustable photon flux density
(PFD) allowing the application of different light intensities
and controlled day/night cycles during the cultivation. The
incident PFD was measured over the PAR region at 12 differ-
ent locations on the inside illuminated surface of the PBR
which was made of transparent polymethyl-methacrylate
(PMMA) using a quantum light sensor (LI-250A, LICOR,
USA). Here, the reported incident light intensities represented
the mean value of the PFDs measured at 12 locations.

Cultivation conditions under continuous conditions

Optimal growth conditions

Parachlorella kessleriwas first grown in nitrogen-replete con-
ditions in 1 L airlift-type PBR operating in continuous mode,
with a low dilution rateD = 0.01 h−1, in order to produce seed
biomass having identical physiological state for all the batch
experiments. The continuous culture was exposed to an inci-
dent photon flux density of 250 μmolhν m−2 s−1. Upon

reaching steady-state, some volume of the culture was harvest-
ed and used to supply biomass to inoculate the nitrogen star-
vation experiments.

Nitrogen deprivation conditions

Two sudden and two progressive nitrogen starvation experi-
ments were carried out in batch mode exposed to continuous
light. Cultivation conditions were varied in order to highlight
the effect of light attenuation conditions on lipid metabolism.
For sudden nitrogen starvation experiments, the PBRs were
exposed to an incident PFD of 250 μmolhν m−2 s−1 and two
different initial biomass concentrations were chosen, namely
X0 = 0.2 and X0 = 0.76 kg m−3. To prepare the inoculum, a
given culture volume, depending on the desired initial biomass
concentration of the experiment, was harvested from the con-
tinuous culture and then centrifuged for 5 min at 6000×g.
Afterwards, the supernatant was eliminated and the pellet was
transferred to another PBR containing nitrogen-free medium.
For the two progressive starvation experiments, the initial bio-
mass concentrationX0 and the nitrogen concentration [N]0 were
fixed at 0.05 kg m−3 and 2.3 mM, respectively, while the two
different PFDs tested were 250 and 160 μmolhν m

−2 s−1.

Cultivation conditions under (16:8 h) day/night cycles

Finally, P. kessleri was cultivated in sudden starvation mode
exposed to day/night illumination cycles for 7 days. Figure 1
shows the average annual day/night cycle in Nantes, France,
obtained using the software Meteonorm (Meteonorm,
Meteotest, Switzerland) (Pruvost et al. 2012). It shows that
the day extends over 16 h, while the night duration was 8 h.
During the day, the PFD progressively increases and reaches a
maximum value of 850 μmolhν m

−2 s−1 after 9.25 h and sub-
sequently decreases to zero. The PFD averaged over 24 h was
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Fig. 1 Time evolution of PFD applied to the PBR during the simulated
day/night cycles. This cycle represents the PFD received by a horizontal
PBR during an average day in Nantes, France
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equal to 270 μmolhν m−2 s−1. The culture had an initial bio-
mass concentration X0 equal to 0.2 kg m−3. The PBR was
sampled twice daily on the first, fourth, and seventh days of
the experiment. The cell proteins, carbohydrates, total lipids,
and TAG concentrations were determined after 13.5 h of illu-
mination each day/night cycle, and at the end of the dark
period, i.e., 24 h after the start of the previous illumination
cycle in order to investigate the metabolic alterations that oc-
curred overnight.

Analytical methods

Cell count

Cell concentration was determined by counting the number of
cells under an optical microscope using theMalassez counting
cell. Cell concentration, N, was expressed as the number of
cells per milliliter of culture (cells mL−1).

Kinetics growth determination in nitrogen starvation
conditions

In order to assess the kinetics growth of P. kessleri, the dry
biomass concentration namely X (in kg m−3) of each culture
was monitored every 2 days for duration of 2 weeks for the
nitrogen starvation experiments performed in continuous illu-
mination conditions. Nevertheless, for the sudden nitrogen
starvation experiment in day/night cycles, the biomass con-
centration was measured at the end of the illumination period
(after 13.5 h of illumination), and at the end of the dark period
on the first, fourth, and seventh day of the culture.

To determine X, a given culture volume was filtered
through a pre-dried and pre-weighed glass fiber filter
(Whatman GF/F). The filters were dried again at 105 °C for
24 h, cooled down in a desiccator for 10min and thenweighed
again. The biomass concentration was then calculated from
the filter weight difference after and before the culture filtra-
tion, divided by the filtered volume. Given results are the
arithmetic means of three measurements. Biomass concentra-
tion was used to determine volumetric biomass productivity.
In batch mode, it is defined as the biomass growth over the
culture period BT :̂

rX ¼ X f −X i

T
ð1Þ

Here, Xi and Xf denote the dry biomass concentration at the
beginning and at the end of the culture period, respectively.

Chlorophyll concentration

Chlorophyll was extracted in pure methanol (99.8%) for dura-
tion of 30 min at 44 °C, in the dark to avoid pigments

degradation. Afterward, the extract was centrifuged, and the
optical density of the supernatant was measured at 750, 665,
and 652 nm using anUV–vis spectrophotometer. Subsequently,
the obtained optical density OD665, OD652, and OD750 were
used in Eqs. 2 and 3 according to Ritchie (2006) in order to
estimate the concentrations of chlorophyll a (Chl-a) and chlo-
rophyll b (Chl-b). All extractions were performed in triplicates.

Chl−a½ � mg L−1� �

¼ −8:0962 OD652−OD750ð Þ þ 16:5169 OD665−OD750ð Þ½ �
ð2Þ

Chl−b½ � mg L−1� �

¼ 27:4405 OD652−OD750ð Þ–12:1688 OD665−OD750ð Þ½ �ð3Þ

Lipid extraction and TAG productivity

The total lipids were extracted from the dried biomass with 2:1
(v/v) organic solvent mixture of chloroform: methanol.
Triglycerides were then separated from other lipid classes by
solid-phase extraction (SPE). In continuous illumination, the
nitrogen-starved cultures were sampled every 2 days over
2 weeks of cultivation. On the other hand, the nitrogen-
starved culture exposed to the day/night cycles, was sampled
at the end of the illumination period and at the end of the dark
period of the first, fourth, and seventh day of the experiment.
Total lipids and TAG concentrations were determined by gas
chromatography with a flame ionization detector (GC-FID)
after their transesterification with methanol. The protocol is
described in more detail by Van Vooren et al. (2012).
Volumetric TAG productivity, PTAG (in kg m−3 day−1) was
calculated as the product of the biomass production rate rX
and the TAG concentration by dry weight wTAG. Likewise,
the areal TAG productivity namely STAG (in kg m−2 day−1),
was calculated from the volumetric TAG productivity and the
PBR specific illuminated area by

STAG ¼ PTAG � V
Slight

¼ PTAG

alight
ð4Þ

Here, V (m3) and Slight (m
2), respectively, correspond to the

volume and the illuminated surface area of the PBR while
alight (m

−1) denotes the illuminated specific area.

Total sugar measurement

Total sugar concentration was measured by the phenol–sulfuric
method (Dubois et al. 1956). An appropriate dilution of
microalgae suspension was first made to ensure that its optical
density fit the calibration curve relating optical density to glu-
cose standard concentrationsOD484 = f(glucose); 0.5 mL of the
diluted mixture was then placed in 15-mL tube, and 0.5 mL of
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phenol (50 g L−1) as well as 2.5 mL of sulfuric acid (98%) were
added without touching the tube wall. After 10 min, the tubes
were vortexed for 10 s each and incubated at 35 °C for 30 min.
The sulfuric acid hydrolyzes polysaccharides into monosaccha-
rides such as pentose and hexose that dehydrated and
rearranged into furfural and hydroxymethylfurfural, respective-
ly. These unstable products condensate with the phenol and a
yellow coloration appears as result. The optical densityODwas
then measured at 484 nm, using UV–vis spectrophotometer.
Total sugar concentration was finally determined from the glu-
cose calibration curve.

Protein measurement

The procedure for measuring proteins was followed ac-
cording to Lowry et al. (1951), using bovine serum albu-
min (BSA) as standard. First, microalgae suspension was
diluted with distilled water so that the protein concentra-
tion in the mixture was in the range of 0 and 1000 mg L−1.
To enable protein extraction, the cells were hydrolyzed by
NaOH for 15 min at 95 °C. The mixture was then neutral-
ized by adding HCl and centrifuged for 5 min at 6000×g in
order to remove the cell debris. Afterwards, 0.1 mL of the
hydrolysate was placed in a tube and 1 mL of the reagent
[10 mL (Na2CO3 20 g L

−1, NaOH 0.1 N) + 200 μL (CuSO4

5 g L−1)] added. The tube was then vortexed and after
10 min, 0.1 mL of Folin reagent was added. This was
immediately followed by vortex mixing. After 30 min,
the optical density OD of the samples was measured at
750 nm in a UV–vis spectrophotometer. All samples were
prepared in triplicates and measured.

Statistical analysis

Dry biomass and chlorophylls concentrations, in addition to
total sugars and proteins measurements were performed in
three replicates for all the samples, whereas the cells number
of each sample was counted five times. Given results are the
arithmetic means of the measurements and the error bars cor-
respond to the standard deviation. However, TAG quantifica-
tion measurements were not duplicated due to the PBR vol-
ume and the frequency of sampling.

Results and discussion

Growth kinetics assessment in sudden and progressive
nitrogen starvations

Figure 2 illustrates the biomass and total chlorophyll concen-
tration of P. kessleri in (a) sudden and (b) progressive nitrogen
starvation experiments performed under continuous illumina-
tion. In all cases, the cultures displayed biomass concentration

increase despite the unfavorable conditions of nitrogen limi-
tation. Indeed, Fig. 2a shows that the biomass concentration of
P. kessleri cultures with X0 equal to 0.2 and 0.76 kg m−3

grown in sudden nitrogen starvation conditions increased 14
and 7 times over the 14 days of cultivation, respectively. This
was accompanied by a sharp decrease in cell total chlorophyll
(Chl-a and Chl-b) concentration. Similar observations were
made by Van Vooren et al. (2012) for Nannochloropsis
oculata grown in sudden nitrogen starvation mode in contin-
uously illuminated PBRs. Cells typically reduce their pigment
concentration in response to the presence of large amounts of
illumination. This is a mechanism for cells to prevent
photoinhibition by reducing the amount of light absorbed
(Dubinsky and Stambler, 2000). Indeed, at the end of the
experiment, the culture with initial biomass concentration
X0 = 0.2 kg m−3 contained 18 times lower total chlorophyll
concentration than the culture with X0 = 0.76 kg m−3. These
respectively corresponded to chla + b equal to 124 and
7 pg cell−1. The difference in the total chlorophyll concentra-
tion between the two cultures may be explained by the fact
that the culture with X0 = 0.2 kg m−3 had a larger rate of light
absorption resulting in more pigment degradation. Moreover,
chlorophylls may also act as internal nitrogen storage. Their
degradation in nitrogen starvation conditions may have sup-
plied the cells the necessary nitrogen to sustain their growth.

Figure 2b shows that in both progressive nitrogen starvation
cultures the total chlorophyll concentration increased until the
nitrate added to the medium was consumed. Then, the sharp
decrease in total chlorophyll concentration was similar to that
observed in the sudden starvation cultures. On the other hand,
biomass concentration increased 54-fold fromX0 = 0.05 kgm

−3

at the beginning of the experiment to X = 2.7 kg m−3 after
11 days for both experiments. The two cultures displayed sim-
ilar biomass growth despite the facts that they were exposed to
two different PFDs. In contrast, the culture exposed to
250 μmolhνm

−2 s−1 had lower pigment concentration than that
exposed to 160 μmolhν m−2 s−1 after 11 days of cultivation.
This may be due to cells’ synthesis of chlorophyll in order to
maximize their ability to absorb light in a well-known process
called photoadaptation as described by Falkowski and LaRoche
(1991), Hu et al. (2008), and Finazzi et al. (2010).

Investigation of TAG production in sudden
and progressive nitrogen starvations

Figure 3 shows the TAG concentration and areal TAG pro-
ductivity STAG for the four nitrogen starvation experi-
ments. In general, the cells accumulated large amounts of
TAG during both sudden and progressive nitrogen starva-
tion cultures reaching a maximum TAG concentration of
48 and 46% by dry mass in sudden and progressive nitro-
gen starvation cultures, respectively.

J Appl Phycol (2018) 30:761–772 765
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Figure 3a, b, respectively, show the temporal evolution of
TAG concentration and TAG productivity of P. kessleri during
the sudden nitrogen starvation experiments. They illustrate
that TAG accumulation was directly initiated after transferring
the cells to nitrogen-free medium. Moreover, the TAG accu-
mulation rate was largest during the first 7 days of the exper-
iment. The cultures with X0 = 0.2 and 0.76 kg m−3 featured
maximum TAG concentration of 45.6 and 37.6% DW after
2 weeks of cultivation. The larger maximum TAG concen-
tration of the culture with X0 = 0.2 kg m−3 may be attributed
to the larger rate of energy absorption of the culture com-
pared to the one with initial biomass concentration of
0.76 kg m−3. These results highlight the fundamental ef-
fects of light on P. kessleri lipid metabolism and TAG

accumulation and agree with observations by Van Vooren
et al. (2012) and analysis by Kandilian et al. (2014) for the
marine eustigmatophyceae Na. oculata, where dilute
microalgae suspensions accumulated larger concentration of
TAGs compared to dense suspensions grown in identical con-
ditions. Similar observations were reported by Brányiková
et al. (2011) for C. vulgaris. Moreover, Fig. 3b shows that
the cu l tu r e wi th in i t i a l b iomass concen t ra t ion
X0 = 0.76 kg m−3 featured areal TAG productivity of
4.4 × 10−3 kgTAG m−2 day−1 which was 63% larger than that
of the culture with X0 = 0.2 kg m−3. Note that despite the
larger TAG concentration of the latter culture, it featured
smaller TAG productivity due to its smaller biomass con-
centration (Fig. 3a).
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Figure 3c, d, respectively, show the temporal evolution of
TAG concentration and TAG productivity of P. kessleri during
the progressive nitrogen starvation experiments. It illustrates
that the intracellular TAG accumulation in cells began 3 days
after inoculating the PBRs. The cells consumed the initial ni-
trogen added to the medium during this period. Once the cells
were starved of nitrogen, TAG productivity sharply increased.
In addition, the culture exposed to 160 μmolhν.m

−2.s−1 had
larger intracellular TAG concentration and subsequently fea-
tured larger areal TAG productivity than the culture exposed
to 250 μmolhν.m

−2.s−1 despite the fact that both cultures fea-
tured identical initial biomass and nitrogen concentration.
These respectively corresponded to 48.4% and 36.7% by dry
weight on the eleventh day of the experiment equaling to max-
imum areal TAG productivity of 3.7 × 10−3 kgTAG m−2 day−1

and 2.7 kgTAG m−2 day−1, respectively. The higher productivity
of the culture exposed to 160 μmolhν m

−2 s−1 can be explained
by its higher chlorophyll concentration. The latter led to a larger
absorption cross section of the cells and therefore a larger rate of
photon absorption ultimately leading to its larger TAG accumu-
lation and productivity (Kandilian et al. 2014). Nevertheless,

the cells’ regulation of their pigment concentration in re-
sponse to the illumination conditions and the rate of light
absorption may be strain dependent. Indeed, Van Vooren
et al. (2012) grew N. oculata in identical conditions to that
reported here and showed that TAG concentration of the
cells increased with increasing light intensity. The latter is
contradictory to the results obtained here with P. kessleri.
Future studies can perform detailed light transfer analysis
to quantitatively determine each culture’s rate of photon
absorption as demonstrated by Kandilian et al. (2014) for
N. oculata.

The P. kessleri strain used in this study featured larger TAG
concentration than the N. oculata strain grown by Van Vooren
et al. (2012) in identical conditions. Moreover, P. kessleri had
a larger biomass growth rate in nitrogen starvation conditions
and subsequently featured 30% larger maximum areal TAG
productivity compared to N. oculata (Table 1). Thus,
P. kessleriUTEX2229 appears as a more attractive option than
N. oculata for industrial biodiesel production. Nevertheless, to
determine the feasibility of a large-scale production using
P. kessleri UTEX2229, it is necessary to investigate its TAG
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production in day/night cycles, i.e., in conditions more repre-
sentative of outdoor solar production conditions.

Investigation of the strain’s behavior in day/night cycles

Effects of day/night cycles on growth and cell metabolism

Figures 4 and 5, respectively, show the biomass concentration
and the biochemical composition of P. kessleri grown in sud-
den nitrogen starvation and under day/night illumination cy-
cles. These figures illustrate the growth alteration along with
dynamics variation of the cell metabolism in response to light
fluctuations.

Figure 4a illustrates the increase in biomass concentration
of the culture from 0.2 to 1.34 kg m−3 during 192 h of culti-
vation in day/night illumination cycles. The biomass concen-
tration decreased at the end of the night period corresponding
to days one, four, and seven of the batch culture. The culture
respectively lost 15, 8, and 4% of its biomass concentration
during night period on these days. The results were in accor-
dance with observation by Le Borgne and Pruvost (2013)
regarding biomass loss during dark periods. Note that the loss
of biomass concentration during the night did not coincide
with decrease in cell concentration. In fact, Fig. 4b shows a
slight increase in cell concentration during the dark periods on
the first and seventh day of cultivation. This may be explained
by the fact that cell division occurred at the beginning of the
dark period (Sukenik and Carmeli 1990; Fábregas et al. 2002).
However, the loss of dry biomass concentration during the

night might be due to the consumption of carbohydrates and
TAG that were accumulated by the cells during the light peri-
od. Figure 5 shows that the cells’ total sugar and TAG con-
centration, respectively, decreased from 15.7 and 7.2 to 12.1
and 5.7 pg cell−1 on the fourth day of starvation. These
corresponded to the consumption of 23 and 21% of the total
sugar and TAG accumulated during the light period. Similar
behavior was observed on the seventh day of cultivation
where the intracellular content of total sugar decreased by
19% from 15 to 12.5 pg cell−1 and the TAG concentration
by 19% from 11.6 to 9.3 pg cell−1. These results demonstrate
that P. kessleri did not show preferential consumption of one
type of carbon reserve to sustain its growth in the absence of
light. Moreover, the loss of TAG during the dark period was
also accompanied by a slight increase in the total lipids con-
centration. This increase was larger on the fourth day of nitro-
gen starvation. These observations may indicate that during
the dark periods, structural polar lipids were synthesized from
TAG remobilization and not from de novo fatty acids synthe-
sis pathways. Finally, intracellular protein concentration did
not significantly change during the dark periods. However, the
total protein concentration decreased from 16 pg cell−1 at
the beginning of the experiment to less than 3 pg cell−1 on
the fourth day of nitrogen starvation. This decrease was
accompanied by simultaneous increase of both carbohy-
drate and lipid concentrations. The degradation of these
nitrogenous compounds in response to nitrogen starvation
resulted in significant change in the C/N ratio of the cells
(Geider and La Roche 2002). In general, both low and high

Table 1 Comparison of P. kessleri TAG content and areal TAG productivity to N. oculata Alphabiotech data reported by Van Vooren et al. (2012) in
the same nitrogen starvation conditions

tbcolw60ptStrain tbcolw60ptCulture
system

tbcolw60ptNitrogen
starvation
method

tbcolw52ptMaximum
total
lipids content
(% DW)

Maximum
TAG
content (%
DW)

STAGmax

(10−3 kg m−2 day−1)

Biomass
productivity
(kg m−3 day−1)

References

P. kessleri
UTEX2229

Airlift PBR (1 L) Sudden starvation 41.5b–65a 38b–46a 2.7a–4.4b 0.28a–0.45b Present
study

N. oculata
Alphabiotech

Airlift PBR (1 L) Sudden starvation 19b–50a 14.7b–43a 1.4b–2.6a 0.18a–0.31b (Van
Vooren
et al.
2012)

P. kessleri
UTEX2229

Airlift PBR (1 L) Progressive
starvation

45c–55d 37c–48d 2.7c–3.7d 0.3c, d Present
study

N. oculata
Alphabiotech

Airlift PBR (1 L) Progressive
starvation

48d–50c 32d–42c 2.6d–2.9c 0.2d–0.24c (Van
Vooren
et al.
2012)

aX0 = 0.2 kg m−3

bX0 = 0.76 kg m−3

cPFD = 250 μmolhv m
−2 s−1

dPFD = 160 μmolhv m
−2 s−1

ePFD = 500 μmolhv m
−2 s−1
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C/N ratios increase the synthesis of C storage compounds.
Here, the degradation of proteins in nitrogen-limited con-
ditions increased the C/N ratio and consequently promot-
ing the synthesis of lipids and carbohydrate as a carbon
storage mechanism in the excess of carbon supply (Chen
and Johns 1991; Li et al. 2008a, b).

Effects of day/night cycles on TAG accumulation
and productivity

Figure 6 shows the TAG concentration and areal TAG produc-
tivity of P. kessleri over 7 days of cultivation in sudden nitrogen
starvation conditions under both continuous illumination and
day/night cycles. Here, the incident photon flux density aver-
aged over 24 h was equal (PFD ≈ 270 μmolhν m

−2 s−1) across
the experiments and the culture conditions were identical in
both cases. The continuously illuminated P. kessleri cells accu-
mulated a larger concentration of TAG and subsequently
displayed larger TAG productivity. This may be explained by
the long duration of photoperiods in the case of continuously
illuminated cultures. Figure 6a shows that TAG concentration
in both cases increased from 5.2% to respectively reach

maximum TAG concentration of 35 and 40% after 7 days of
cultivation for day/night cycles and continuous illumination
experiments corresponding to maximum areal TAG productiv-
ity of 1.9 and 2.7 × 10−3 kg m−2 day−1 (Fig. 6b).

Finally, the culture exposed to day/night illumination cycles
featured 26% lower overall TAG productivity compared to the
culture exposed to continuous illumination of equal mean pho-
ton flux density. This was due to the consumption of TAGs and
sugars during the dark periods in order to sustain the cells.

Conclusion

A deep relationship between culture conditions in PBR and
the TAG productivity of P. kessleri was demonstrated in this
study. Nitrogen concentration in the medium and light absorp-
tion rate per cell were found to highly affect the microalgae
cell metabolism. TAG concentration of P. kessleri cultures
increased up to eight times in both sudden and progressive
nitrogen starvation conditions compared to normal growth
conditions in PBRs exposed to continuous illumination.
The strain’s large TAG concentration (up to 48% DW)
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along with a large biomass growth rate in nitrogen starva-
tion conditions led to 4.4 ×10−3 kg m−2 day−1 areal TAG

productivity, equivalent to an annual productivity of 16.4 tons
of TAG per hectare.
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Cell metabolism and particularly intracellular lipid and car-
bohydrates pools were affected by the exposure of the culture
to day/night illumination cycles. TAG and carbohydrates were
accumulated by the cell during the illumination period and
partly consumed during the dark period to generate the re-
quired energy to sustain the cells. Unlike other strains,
P. kessleri did not show a preference for consuming sugars
or TAG during the dark periods. Indeed, equal amounts of
sugars and TAG were consumed by the cells during the dark
periods to sustain their vitality. Moreover, TAG productivity
was 26% smaller in cultures exposed to day/night illumination
cycles compared to continuously illuminated cultures due to
TAG consumption during the dark periods. The results pre-
sented here are encouraging for the cultivation of P. kessleri in
outdoor solar PBRs. Future studies should investigate the ef-
fects of temperature fluctuations on lipid metabolism and
TAG productivity to estimate more accurately biodiesel pro-
duction in outdoor P. kessleri cultures.
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