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A B S T R A C T

Photosynthetic organisms have evolved to use light efficiently by scheduling their cellular processes, such as
growth and cell division, at specific times of the day. During the day, fixed carbon is used for growth and is
partially stored as carbohydrates (e.g., starch). It is commonly assumed that this accumulated starch is essential
for fuelling up cell division at night. To test this hypothesis, this study investigates growth, cell division and
presence of a transitory energy storage (TES) in both the wild-type and starchless mutant strain of Acutodesmus
obliquus under light/dark (LD) cycles and nitrogen replete conditions.

A. obliquus (formerly known as Scenedesmus obliquus) wild-type utilized light 20% more efficiently under LD
regimes compared with continuous light. When exposed to LD regimes, the wild-type scheduled cell division in a
4-hour period starting 2 h before ‘sunset’. Starch acted as the major transitory energy storage (TES) compound: it
was accumulated during the last part of the light period and was consumed throughout the entire dark period.
The slm1 mutant, with a blocked starch synthesis pathway, showed diurnal rhythms in growth and cell division.
However, no other carbohydrates nor triacylglycerols took over the role of TES compound in slm1. Therefore, in
contrast to what is generally acknowledged, this study shows that neither starch nor any other major alternative
TES is required for synchronized growth and cell division in A. obliquus. The starchless mutant did show a
reduced growth and cell division rate compared to the wild-type. Starch, thus, plays a major role in efficient
harnessing of light energy over LD cycles, likely because the ability to accumulate starch enhances biomass
production capacity and accelerates cell division rate in A. obliquus.

1. Introduction

Diurnal cycles of biological activities are ubiquitous and allow many
organisms to anticipate and adapt to changing environmental condi-
tions [1–4]. In plants, it has previously been reported that numerous
endogenous and environmental factors can regulate cell growth, with
the light period being the major agent for entrainment of the diurnal
cycle [4–6]. Nowadays, microalgae receive attention as promising
sustainable sources for both commodity products (e.g., biofuels and
proteins) and high value compounds (e.g., polyunsaturated fatty acids
and pigments). Although some microalgae-derived high-value products
are already commercially available, large scale production is hampered
by high costs of production and downstream processing [7–10]. One
key bottleneck in reducing these costs is to improve biomass growth

and yield [9]. In both terrestrial plants and microalgae, it has been
shown that growth is influenced by the presence of a diurnal energy
storage system like starch, and that a lack of such a system often results
in reduced growth rates [11,12]. Therefore, a thorough understanding
of the role of storage metabolites under diurnal, outdoor conditions
might contribute to commercialization of large-scale microalgal pro-
duction systems [13].

In most photosynthetic organisms, carbon is fixed in storage
compounds (e.g., carbohydrates or lipids) during the light period,
which are subsequently consumed during the dark period to support
different nocturnal metabolic processes [4,14–17]. Specifically for
microalgae, some strains use starch as the primary storage metabolite
[18–22], while others use non-starch carbohydrates (e.g., chrysolami-
narin) or lipids [23–25]. The presence of such transitory energy storage
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(TES) compounds allows efficient use of sunlight under diurnal light/
dark (LD) conditions, as was shown for Neochloris oleoabundans [4]. The
role of TES compounds and the regulation of the cell cycle have been
studied extensively [22,26–30]. Many studies imply that the energy
required for synchronized cell division at night is supplied by TES
compounds. However, the mechanisms for carbon partitioning with
regard to TES remain poorly understood [18,27,31–34].

In recent years, many microalgal strains have been suggested as
promising candidates for the production of food, fuel, or chemicals
[9,35–37]. Among them, Acutodesmus obliquus (formerly known as
Scenedesmus obliquus [38]) is considered as an industrially relevant
strain for food and fuel production [39]. To further improve triacylgly-
cerols (TAG) productivity in A. obliquus, a starchless mutant was
created using random mutagenesis [40]. This mutant showed a 51%
higher TAG yield on light compared to the wild-type (0.144 ± 0.004
in the wild-type to 0.217 ± 0.011 g TAG ∙molph−1 in the starchless
mutant) under batch wise nitrogen starvation, while maintaining its
photosynthetic efficiency [41], showing the potential of blocking the
starch pathway for TAG production. This starchless mutant shows
potential for large scale food and biofuel production. Similar mutations
have been generated in other microalgal strains and have been studied
intensively for biomass productivity, lipid content, carbon partitioning
and photosynthetic efficiency [42–48]. However, the impact of starch
deficiency on synchronized growth and cell division in microalgae
remains unknown.

This study aims to understand the role of starch in synchronized
growth and cell division in A. obliquus wild-type under nitrogen replete
and different diurnal light conditions (continuous and day/night). A
starchless mutant of A. obliquus was used to explore the consequences of
the absence of starch and if there are other compounds, such as TAG,
that can serve as alternative TES under diurnal LD cycles and nitrogen
replete conditions.

2. Materials and methods

2.1. Strains, pre-culture conditions and cultivation medium

Wild-type Acutodesmus obliquus UTEX 393 was obtained from the
Culture Collection of Algae, University of Texas. A. obliquus was
recently reclassified from Scenedesmus obliquus [38]. The starchless
mutant of A. obliquus (slm1) was generated as described by De Jaeger
et al. [40]. Liquid cultures were maintained in a culture chamber with
shaker (25 °C, 100 rpm, air in headspace, continuous illumination at
30–40 μmol·m−2·s−1) in 250 mL Erlenmeyer flasks containing 100 mL
of filter sterilized (pore size 0.2 μm) defined medium, as described in
[49]. Prior to the start of the experiments, cultures were placed in a
shake incubator operating at 23 °C with a light intensity of
180 μmol·m−2·s−1, a 16:8 h (light:dark, LD) block cycle and a head-
space enriched with 2.5% CO2 to reach the desired inoculation cell
density.

2.2. Reactor set-up and experimental conditions

A. obliquus was continuously cultivated in an aseptic flat panel
airlift-loop reactor with a 1.7 L working volume and a 0.02 m light path
(Labfors 5 Lux, Infors HT, Switzerland). Cultures were continuously
sparged with air containing 2% CO2 at 1 L·min−1. The temperature was
controlled at 27.5 °C and the pH was maintained at 7.0 ± 0.1 by
automatic supply of 5% v/v H2SO4. Several drops of a sterile 1% v/v
solution of antifoam (Antifoam B, Baker, The Netherlands) were
manually added to the culture when foam was observed
(0–1 mL ∙day−1). The reactors were illuminated by 260 LED lamps
with a warm white spectrum (450–620 nm) spread evenly on the
reactor's culture side. A black cover was placed on the back of the
reactor to ensure that environmental light could not enter the reactor.
Before inoculation, the incident photon flux density was calibrated and

set at 500 μmol·m−2·s−1. Light was provided either in continuous mode
or in a 16:8 h LD block cycle. After inoculation, the light intensity at the
back side of the culture was continuously measured by a light meter (LI-
250, Licor, USA). All cultivations were turbidostat controlled, which
ensured automatic dilution of the culture with fresh medium when the
light intensity at the back of the reactor dropped below the setpoint
(10 μmol·m−2·s−1). During all the cultivations, cultures were exposed
to light limitation only and nitrogen was continuously measured to
ensure that there was no nitrogen limitation.

The reactor was inoculated to an optical density (OD750) of 0.1.
Duplicate independent experiments were run to check reproducibility.
Systems were operated in batch mode until the light at the back of the
reactor reached the set point. At this moment, the turbidostat control
was started and the system was allowed to reach steady state. Cultures
exposed to diurnal light conditions showed identical repetitive 24 h
oscillations in dilution rate. Therefore, steady state was defined as a
constant biomass concentration and dilution rate for a period of at least
3 residence times. The overflow was collected on ice for 24 h periods
and used determine the 24 h average dilution rate (D24h in day−1, and
biomass composition according to de Winter et al. [50].

The total amount of light absorbed is kept constant by the
turbidostat control. This means that changes in biomass concentration
in the reactor are possible when light absorbing and scattering proper-
ties of the biomass change (e.g., due to cell division or changes in
pigmentation) over short time intervals. Therefore, growth rate does
not equal the dilution rate over small time intervals (Dt in h−1) during
the day. The time-specific cell division rate (μt in h−1) can be
calculated using a balance for cell counts (Ccells in number of
cells·mL−1) over short time intervals (< 15 min), as shown with Eq.
(1):

dC
dt

D C C= − ⋅ + μ ⋅cells
t cells t cells (1)

Sampling was done every hour for the experiments with a LD cycle.
For all the other experiments, sampling was done every 3 h. Liquid
samples were freshly taken from the reactor and either immediately
used for wet analysis or centrifuged for 5 min at 1200 ×g for
biochemical analysis. For biochemical analysis, the resulting pellet
was transferred to bead beating tubes (Lysing Matrix E; MP Biomedicals
Europe) or glass tubes (for total carbohydrates analysis), freeze dried
overnight and stored at −20 °C until further analysis.

2.3. Wet biomass analysis

2.3.1. Biomass concentration
Optical density was measured at 750 nm (OD750). The dry weight

(DW) concentration was determined by filtrating a known volume of
culture broth over pre-weighted glass fibre filters (Whatman™, GE
Healthcare, UK) and measuring the weight increase of the filters after
drying, as described by Kliphuis et al. [51].

2.4. Biochemical analysis

2.4.1. Total carbohydrate and starch content
Total carbohydrates were extracted and quantified according to

Dubois et al. [52] and Herbert et al. [53]. A phenol-sulphuric acid
solution was added to 5–10 mg freeze dried algae. The absorbance was
measured at 483 nm using glucose monohydrate as standard. Samples
were analysed in duplicate. Starch content was determined using a total
starch kit (Megazyme, Ireland) with modifications as described by de
Jaeger et al. [40] with the difference that 5 mg of freeze dried biomass
was used for the analysis. A known amount of starch was analysed as
positive control and glucose monohydrate was used as standard on each
assay. Starch productivity was calculated using a balance for starch
over short time intervals (Eq. (2)). With the change over 1 or 3 h time
intervals in starch content (dC

dt
starch ), dilution rate (Dt), starch content
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(Cstarch,t) and the starch productivity (rstarch,t):

dC
dt

D C r= − ⋅ +starch
t starch t starch t, , (2)

2.4.2. Lipid analysis
Triacylglycerol (TAG) content, total fatty acid (TFA) content, and

fatty acid composition were determined as described by Breuer et al.
[54] with the following modifications. Lipids were extracted from 5 mg
of lyophilized biomass in the presence of a chloroform:methanol

(1:1.25 v/v) solution containing 180 μg·mL−1 glyceryl trinonadecano-
ate (T4632; Sigma-Aldrich) and 300 μg·mL−1 1,2-dipentadecanoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (sodium salt) (840446, Avanti Po-
lar Lipids Inc) as internal standards. Chloroform and methanol were
evaporated and the lipid extract was dissolved in 1 mL hexane:diethy-
lether (7:1 v/v). The lipid extract was separated in neutral and polar
lipids using a Sep-Pak Vac silica cartridge (6 cm3, 1 g; Waters). Silica
cartridges were prewashed with 10 mL of hexane before loading the
sample onto the column. The neutral lipid fraction, which contains
TAGs, was eluted with 10 mL of hexane:diethylether (7:1 v/v). The

A B

C D

E F

G H

Fig. 1. Daily variation in (A) dilution rate, (B) biomass concentration, (C) cell number, (D) cell division rate, (E) starch content, (F) starch productivity, (G) triacylglycerols (TAG, squares)
and non-starch carbohydrates (NSC, triangles) content, and (H) TAG (circles) and NSC (diamonds) productivity for A. obliquus wild-type under light/dark cycles. Open and closed symbols
represent independent duplicate cultures. The x axis shows hours after ‘sunrise’. Shaded areas indicate the dark period. Error bars show the standard deviation on technical variability
(n = 2). Error bars for starch, TAG and NSC are not shown because they were smaller than 3% compared to the average value.
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polar lipid fraction, which contains mainly membrane lipids, was eluted
with 10 mL of methanol:acetone:hexane (2:2:1 v/v/v). Both extracts
were separately methylated and quantified using gas chromatography
(GC-FID) as described by Breuer et al. [54]. The TFA profile and content
were calculated as the sum of each individual fatty acid in the neutral
and polar lipid fraction.

2.4.3. Protein
The total protein concentration was determined using the colori-

metric assay (Bio-Rad DC protein assay) as described by Postma et al.
[55] with the difference that 10–15 mg of freeze dried biomass was
used for analysis.

2.5. Cell number, diameter and division rate

A. obliquus is characterized by the formation of coenobia [27]. Cells
were separated, but not disintegrated, by sonication for 30 s at 30%
amplitude using a probe sonicator (Sonics vibra-cell, USA). Single cell
presence was verified under the microscope. Cell number and diameter
were determined using a Beckman Coulter Multisizer 3 (Beckman
Coulter Inc., USA). The sonicated culture was diluted 200 times in
Isoton® II diluent solution. Duplicate manual cell counts were done
using a Neubauer improved counting chamber (DHC-N01, C-Chip,
INCYTO, Republic of Korea).

2.6. Biomass yield on light

Biomass yield on light (Yx,ph in gDW·mol photons−1) was calculated
using the daily dilution rate (D24h in day−1), the biomass concentration
in the overflow (Cx,24h in g·L−1) and the volumetric photon supply rate
(rph in mol photons·L−1·day−1) using Eq. (3):

Y D C
r

= ⋅
x ph

h X

ph
,

24

(3)

2.7. Reproducibility and statistical analysis

Biological replicate (n = 2) cultivations were run to check reprodu-
cibility under all experimental conditions. Unless stated differently,
biochemical analysis was performed with technical duplicates (n = 2).
Student's t-test with a significance level of p < 0.05 was used to
support the results and conclusions in this study.

3. Results and discussion

3.1. A. obliquus wild-type shows synchronized growth under LD conditions

To investigate the role of starch as transitory energy storage (TES)
mechanism in synchronized cell division in microalgae, we first
characterized the growth of A. obliquus wild-type under 16 h:8 h
light/dark (LD) cycles. Duplicate reactors were subjected to LD cycles
at an incident light intensity of 500 μmol·m−2·s−1. All cultures were
maintained at a fixed level of absorbed light in turbidostat-operated
reactors, as the outgoing light intensity was measured and controlled at
a predetermined setpoint (10 μmol·m−2·s−1). During the light period,
constant turbidity was maintained by automatically adding fresh
media.

In steady state, the average biomass concentration over 24 h is
constant and the daily dilution rate is equal to the average specific
growth rate over a repetitive 24 h LD period. A. obliquus wild-type
exhibited an average dilution rate (D24h) of 1.12 ± 0.01 day−1.

The time specific dilution rate fluctuates clearly in a cyclic pattern
(Fig. 1A), when calculated over 15 min time intervals. The rate initially
increases and reaches a maximum of 0.11 h−1 after 5 h of light.
Thereafter it decreases to 0 when the dark period starts (16 h after
‘sunrise’). This fluctuating dilution rate pattern repeats itself every 24 h,

indicating a synchronization to LD cycles. The cyclic pattern in dilution
rate is due to variations in growth rate and light absorption (e.g.,
pigmentation or scattering due to alterations in biomass composition)
[21]. The biomass concentration remained constant at
1.25 ± 0.25 g·L−1 (Fig. 1B) and, therefore, biomass productivity is
proportional to the dilution rate.

To explain the change in dilution pattern, we studied the changes in
cell number and diameter throughout the diurnal cycle. During each
cycle, the cell number doubled from 28.4 ± 0.4 million cells·mL−1 to
61 ± 2.8 million cells·mL−1 (Fig. 1C) during the last 2 h of light (14 h
after ‘sunrise’) and the first 2 h of dark (16–17 h after ‘sunrise’). Total
cell number remained stable afterwards until the end of the dark period.
When the dark period was over, the culture was diluted and cells were
washed out of the reactor during the first 12 h of light (Fig. 1C).

By calculating the cell division rate (Fig. 1D) based on dilution rates
and cell numbers, we observed that the cell division rate increased
sharply 2 h before the start of the dark period (14 h after ‘sunrise’) and
decreased to zero approximately 2 h after the dark period started (18 h
after ‘sunrise’). In accordance with this, the cell diameter increased
during the light period (from 3 to 14 h after ‘sunrise’) and thereafter
decreased (from 4.2 to 3.3 μm) due to cell division (Supplementary Fig.
S2). These results show that LD cycles result in synchronization of cell
division in A. obliquus wild-type. Similar results have been described
previously [56,57]. Bongers [57] also found increasing cell volume
during a 14 h light period with a simultaneous decrease in cell number
for continuous cultures. When the dark period started, mature cells
divided within 2 h into new cells and the cell diameter decreased to the
original value.

3.2. Biomass composition of A. obliquus wild-type fluctuates throughout
diurnal light/dark cycles

In order to further study the role of transitory energy storage (TES)
compounds on synchronized cell division, we examined the diurnal
changes in biomass composition at 1 h intervals. When A. obliquus was
grown under diurnal LD cycles, it was observed that starch metabolism
was tightly synchronized to LD cycles (Fig. 1E). Starch was accumulated
during the second half of the light period and consumed throughout the
entire dark period. Starch started accumulating 7 h after ‘sunrise’,
simultaneous with a decrease in biomass productivity, and reached its
maximum content of 0.20 g·gDW−1 at the end of the light period. In the
last hours of light, the change in biomass productivity was solely caused
by starch accumulation. Therefore, the biomass productivity was equal
to the starch productivity. Overnight losses in biomass and starch are
similar (Supplementary Table 2). This supports the hypothesis that
starch is respired overnight, as also observed in other diurnal studies on
photosynthetic organisms [58]. Interestingly, although starch is con-
sumed throughout the entire dark period, complete degradation was
only observed 3 h after ‘sunrise’.

Based on the diurnal accumulation and consumption, starch seems
to act as the TES compound in A. obliquus wild-type. Previous work
suggested that other storage metabolites such as triacylglycerols (TAG)
or non-starch carbohydrates (NSC) could also act as TES [21,32].
However, these metabolite concentrations remained stable throughout
the LD cycle (Fig. 1). The NSC fraction, which is defined as the total
carbohydrate content minus the starch content, was stable at approxi-
mately 0.20 g·gDW−1. In addition, the TAG content was lower than
0.01 g·gDW−1 (Fig. 1G) and did not change throughout the diurnal
cycle. As a consequence, both the NSC and TAG productivity followed
the diurnal trend of biomass production rate (Fig. 1H). This observation
suggests that starch acts as the sole TES compound, while the rate of
NSC and TAG only fluctuates as a result of the production of functional
biomass. We conclude that solely starch is used as the TES compound in
A. obliquus wild-type.
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3.3. Continuous illumination abolishes synchronized growth in A. obliquus
wild-type

To further study the impact of LD cycles on cell physiology, we also
cultivated A. obliquus wild-type under continuous light conditions.
Here, as with the LD cycles, the biomass concentration remained stable
due to turbidostat control (Supplementary Fig. 3A). In contrast to the
cultures exposed to LD cycles, no cyclic diurnal behaviour was observed
in the cultures adapted to continuous light. All measured parameters
were constant over time: total carbohydrates 0.33 g/gDW, proteins
0.47 g·gDW−1, TAG 0.002 g·gDW−1 and a dilution rate of
1.54 ± 0.03 day−1 (Supplementary Fig. 3C). In addition, no apparent
fluctuations in the biomass productivity and composition (protein, total
carbohydrates, and TAG content) were observed (Supplementary
Fig. 3E and G). This indicates that A. obliquus does not synchronize
its cell division under constant light conditions. Similar observations
have been reported in terrestrial plants, where transcripts involved in
starch metabolism were tightly light regulated; when plants were
placed in dark conditions the oscillations diminished almost immedi-
ately [59,60]. In addition, also no growth rhythms were found in maize
(Zea mays), rice (Oryza sativa) [61], and the microalga N. oleoabundans
[4] when grown under constant light conditions.

3.4. The starchless mutant A. obliquus slm1 shows synchronized growth

It is often hypothesized that starch accumulation in plants acts as
overflow metabolism during the light period and as a transitory carbon
storage to fuel physiological processes (such as scheduled cell division)
during the dark period [4,12,62,63]. In A. obliquus wild-type, we
showed that starch acts as the sole transitory energy storage (TES)
molecule under nitrogen replete conditions (Fig. 1E and G). The starch
and TAG biosynthesis pathways are competing for carbon precursors
[64]. Thus, it was hypothesized that when the pathway to starch
synthesis is blocked, the carbon and energy flux was automatically
redirected towards TAG. As TAG could also be used as diurnal TES
compound in other microalgae [25], we hypothesized that these
starchless mutants could potentially use TAG as the TES compound.
To test this hypothesis, we examined growth characteristics of A.
obliquus starchless mutant slm1 [40] under continuous light and diurnal
light/dark (LD) cycles. Slm1 is not capable of producing starch due to a
mutation in the small subunit of ADP-glucose pyrophosphorylase [65],
a regulatory enzyme responsible for the first committed step in starch
biosynthesis (i.e. synthesis of ADP-Glucose from ATP and D-Glucose-1-
phosphate).

When slm1 was subjected to a 16:8 h LD cycle, an average dilution
rate of 0.90 ± 0.01 day−1 was found. Dilution rate patterns of slm1
were similar to those observed for the wild-type (Fig. 2A) but absolute
values were approximately 20% lower (Fig. 2A). As for the wild-type,
biomass concentration remained constant over a 24 h cycle (Fig. 2B);
therefore, biomass productivity is proportional to dilution rate. Also
here, the biomass productivity of the slm1 were approximately 20%
lower compared to the wild-type under LD cycles.

As for the wild-type, the slm1 was also grown under continuous
light. However, under continuous light the dilution rate was even lower
for slm1 when compared to the wild-type (1.03 ± 0.06 day−1 for slm1
compared with 1.50 ± 0.10 day−1 for the wild-type, Supplementary
Fig. 3D). Similar reduced growth rates were also observed for starchless
mutants of Chlamydomonas reinhardtii [66].

To obtain insight into the scheduling of cell division and possible
interaction with an alternative TES, we also studied cell diameter and
division rate throughout a 24 h LD cycle (with 16 h of light, followed by
8 h of darkness). As shown in Fig. 2C and D, A. obliquus slm1 shows
cyclic behaviour in cell division rate and cell diameter (data available
in Supplementary Fig. S2) throughout the LD cycle. During each cycle,
cell number doubled from 22.0 ± 0.7 million cells·mL−1 to
41.4 ± 0.5 million cells·mL−1 (Fig. 2C). Cell division started 2 h

before the dark period (14 h after ‘sunrise’) as for the wild-type.
However, while for the wild-type cell division was confined to a 4-h
period, the mutant continued cell division until the end of the dark
period. Subsequently cell division stopped and the cell number
decreased during the light period due to dilution of the culture. In
accordance with this, average cell diameter increased from 3.8 to
5.1 μm during the light period (Supplementary Fig. S2) and decreased
due to cell division afterwards (from 14 h after ‘sunrise’). Interestingly,
the mutant slm1 and the wild-type show different subpopulation
patterns in cell diameter. The wild-type shows three subpopulations,
while the mutant is more uniform. We do not know the cause for this.
However, it can be seen that in the case of the wild-type all three
subpopulations increase in size during the day and decrease in size due
to division in the night (Supplementary Fig. S2). Based on our results,
we can therefore conclude that starch is not necessary for synchronized
cell division. However, presence of starch seems to enhance the rate of
cell division and seems to confine it to a shorter time period.

Many studies speculate on the need for a TES compound to support
cell division and maintenance during the night. To determine if other
energy dense molecules (TAG or non-starch carbohydrates) could act as
TES, we also analysed the biomass composition with intervals of 1 h.
TAG content remained below the detection limit (Fig. 2E). Although the
non-starch carbohydrate content was slightly higher in the starchless
mutant (22% versus 27% for the wild-type and starchless mutant,
respectively), there was no diurnal pattern observed under either LD
cycles or continuous light (Fig. 2E and Supplementary Fig. 3F). There-
fore, in contrast to our expectations, these findings indicate that neither
TAG nor any alternative carbohydrates (Fig. 2E) are used in slm1 to
replace starch as TES agent.

3.5. A starch knockdown reduces energy conversion efficiency

During photosynthesis, light energy is converted into chemical
energy. This energy is subsequently used to produce biomass. Under
LD cycles, the presence of a TES, such as starch, can improve the light-
to-biomass conversion efficiency during nitrogen replete growth
[18–25]. To elaborate on this, we calculated the biomass yield on light
(Eq. (2)). A. obliquus wild-type uses light more efficiently under LD
cycles compared to continuous light (Fig. 3), as it produces approxi-
mately 20% more biomass per mole photon absorbed when grown
under LD cycles (0.98 ± 0.00 g·mol−1 photons for continuous light
compared to 1.18 ± 0.03 g·mol−1 photons for LD cycles). In contrast,
the slm1 showed similar biomass yields on light for both continuous
and LD conditions (0.72 ± 0.04 g·mol−1 photons for continuous light
compared to 0.80 ± 0.04 g·mol−1 photons for LD cycles). As the
biomass composition was different for the two strains under the
different light regimes, we corrected for the actual energy harnessed
in the biomass (section 2.6). Similar trends as for biomass yield on light
were found for the energy conversion efficiencies under the different
light regimes (Supplementary File 1). We can therefore conclude that A.
obliquus wild-type is able to retain more of the supplied energy in
biomass under LD cycles compared to continuous light conditions and
less energy is dissipated.

The benefit observed for the wild-type under LD cycles as compared
to continuous light is lost for the starchless mutant slm1. We, thus,
conclude that starch plays a role in efficient harnessing of light energy.
Possibly, this is because the accumulation of starch allows the algae to
fix extra light energy during the day. In addition, starch could supply
energy and carbon and electrons for processes at night that prepare the
algae for efficient light harvesting, or reduce photo damage, at the start
of the day. This statement is supported by the increased dilution rate of
the wild-type immediately after switching on the light (Fig. 1A).

Also, when comparing the two strains, we showed that the starch-
less mutant has reduced energy conversion efficiencies under both
continuous and LD conditions compared to the wild-type
(Supplementary File 1) under nitrogen replete conditions.
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Interestingly, under nitrogen starvation and continuous light, Breuer
et al. [41] observed that the mutant slm1 has a similar energy
conversion efficiency compared with the wild-type. Nitrogen starvation
is often concomitant with arrest of cell growth. Apparently the
capability to accumulate starch only gives an advantage with respect
to energy efficiency in growing algae. More research is needed to
develop a better understanding in role of starch and the limitations in
metabolism under diurnal LD cycles. Eventually, this knowledge may
support new strategies to overcome the reduced photosynthetic effi-
ciencies in for example starch less mutants.

4. Conclusions

A. obliquus synchronizes to LD cycles. In this study we found diurnal
cyclic behaviour in growth rate, cell division and starch content for A.
obliquus wild-type. Our results show that starch acts as the only major

transitory energy storage (TES) metabolite during LD cycles for A.
obliquus. By accumulating starch during the day and respiring it during
the night, the wild-type maximizes its overall light energy conversion
efficiency.

When starch synthesis is blocked, as in the starchless mutant slm1,
we also observed diurnal rhythms in growth and cell division. Storage
compounds, however, did not show diurnal changes. This indicates that
none of the measured metabolites (TAG and carbohydrates) took over
the role of starch as a TES compound. Transient storage of energy is,
therefore, not required for synchronized cell division and growth. The
starchless mutant did show a reduced growth rate compared to the
wild-type, as well as an increased time necessary to perform cell
division. It is, therefore, possible that the presence and nightly
respiration/degradation of starch enhances the rate of cell division.

In addition, the lack of a TES resulted in a lower energy conversion
efficiency compared to the wild-type. Therefore, by removing the

A B

C D

E F

Fig. 2. Daily variation in (A) dilution rate, (B) biomass concentration, (C) cell number, (D) cell division rate, (E) carbohydrates (CHO, diamonds) and triacylglycerols (TAG, circle) content
(E), and (F) CHO (diamond) and TAG (circle) productivity for A. obliquus slm1 under light/dark cycles. Open and closed symbols represent independent duplicate cultures. The x axis
indices hours after ‘sunrise’. Shaded areas indicate the night period for the LD cultures. Error bars show the standard deviation of technical replicates (n = 2).
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pathway for starch synthesis, the benefit of LD cycles in energy
conversion efficiency is lost. A deeper insight into the role of starch
in light harnessing efficiency is required to fully benefit from the LD
cycles.
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