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In order to determine the impact of photoperiod duration,
Chlorella vulgaris was studied in low cell density batch culture
for seven days. Different photoperiod cycles ranging from min-
utes to seconds intervals were applied and their impact on mi-
croalgae cells growth and chlorophyll a and b contents were
compared against a reference culture that was continuously il-
luminated. The selected photoperiods are typical of those due
to alternance of dark and light zones along the algae trajecto-
ries inside photobioreactors. Throughout this study, all cultures
received the same total amount of photons. When photoperiods
of minutes duration were applied, the cells grew more slowly
(0.052 ± 0.003 h−1) but contained higher average contents of
chlorophyll pigments (0.27 ± 0.03 pg.cell−1) than those cells
grown under continuous illumination (0.062 ± 0.003 h−1 and
0.42 ± 0.08 pg.cell−1, respectively). Cultures exposed to pho-
toperiods of seconds duration grew the fastest (0.072 ± 0.002
h−1) with fewer photosynthetic units (0.61 ± 0.08 pg.cell−1)
than the cells grown with continuous illumination. These re-
sults suggest that light harvesting systems have a higher effi-
ciency with photoperiods of duration in the seconds range.
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1. Introduction
Two different culture methods exist for growing microalgae:
open ponds and closed photobioreactors (1, 2). The former
provides a cost-effective large scale solution but does not sup-
port control over the growth conditions and is prone to con-
tamination. In contrast, the latter is a relatively expensive
method but allows a better control of operating conditions,
including the choice of a single strain (3, 4). Closed photo-
bioreactors are usually associated with high-value biochemi-
cals production (5–7).

Environmental factors such as incubation temperature, nu-
trients content, growth medium salinity, and light not only
affect photosynthesis and cell biomass productivity, but also
influence cellular metabolism and composition (8, 9). The
first three parameters can be optimized relatively easily while
lighting conditions optimisation is more challenging.

From a metabolic perspective, light is the energy source for
microalgae photosynthesis and CO2 in its various forms is the
carbon source. Photosynthesis comprises two steps: lights re-
actions occurring on the nanosecond scale transforming light
energy into chemical energy; and dark reactions, also known
as carbon-fixation reactions, happening on the millisecond

scale and leading to CO2 fixation and production of organic
molecules such as carbohydrates and lipids (10). The latter
is powered by the energy produced during the light reactions.
The absorption of light and the conversion of photon energy
into chemical energy takes place through photosystems II and
I in the thylakoid membrane. Nevertheless, exposure of pho-
tosynthetic organisms to high light intensity may become a
stress factor as it can damage photosystem II reaction cen-
ters due to limitation of electrons transfer process, causing
photoinhibition and the disruption of photosynthesis (11–14).
Therefore, the lighting conditions to which cultures are sub-
mitted are considered to be an important factor in productiv-
ity.

At full industrial scale, light limitation is one of the main
problems in achieving the whole commercial potential of mi-
croalgae (15, 16). Regardless of the culture method, biomass
production is quickly limited in moderately dense photoau-
totrophic cultures due to cellular self-shading (17, 18). This
self-shading combined with the need to supply the cells with
CO2 necessarily imposes photoperiods to the microalgae.

The incident light sent onto the microalgal culture surface
is absorbed along the light path through the culture, result-
ing in a light gradient in the photobioreactor. Adequate mix-
ing can keep the cells in suspension and allow nutrient dis-
tribution. Furthermore, it should shuttle the algal cells be-
tween the light saturating zone near the illuminated surfaces
of the photobioreactor and the dark core of the culture. Thus,
the algal cells experience periodic light-dark cycles. Gener-
ally, these mixing-induced cycles are about several seconds
to minutes long (19), and will depend on the geometry of the
photobioreactor.

Several studies have been conduced on the impact of
light/dark cycles variation on microalgal response. In a pi-
oneering approach (20), enhancement factors of photosyn-
thesis were determined as a function of light pulses and dark
periods duration. The results pointed out that intermittent
light, i.e. short light flashes separated by dark periods, would
allow to increase the efficiency of light utilization. More re-
cent studies led to the conclusion that these short periodic
light/dark cycles are beneficial to algal growth (21–23). It
is, however, necessary to distinguish between the fluctuating
light regime and the flashing light regime. In the first case,
frequencies generally range in the order of an hour to 10 Hz
(24) whereas flashing light regimes refer to higher frequen-
cies (above 100 Hz).
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Composition Concentration (mg/L)

Solution A NaNO3 750
CaCl2, 2H2O 25
MgSO4, 7H2O 75
FeEDTA 20

Solution B K2HPO4 75
KH2PO4 175
NaCl 20

Solution C H3BO3 2.86
MnCl2, 4H2O 1.81
ZnSO4, 7H2O 0.22
CuSO4, 7H2O 0.08
MoO3 85% 0.036
CoSO4, 7H2O 0.09

Table 1. Composition of the B3N medium

The aim of the study is to determine the effect of dif-
ferent photoperiod durations on the microalgae growth un-
der emulated photobioreactor conditions. To do so, pho-
toautotrophic cultures of C. vulgaris were grown at differ-
ent photoperiods over 7 day-long experiments prior to sig-
nificant auto-shadowing. Throughout the entire experiments,
the cultures were never exposed to complete darkness to pre-
vent metabolism of internal carbon and energy reserves from
taking place (25). Therefore, the light intensity in the ex-
periments ranged from 350 µmol quanta.m−2.s−1 to only 80
µmol quanta.m−2.s−1. The applied photoperiod cycles var-
ied from the minute to the second range. The cell concen-
tration was measured twice daily and the chlorophyll a and b
contents were determined at the end of each experiment.

2. Materials and Methods

2 1. Strain and culture medium
C. vulgaris (SAG 12A) was obtained from the culture
collection at Göttingen University (SAG).
The cells were grown in modified B3N medium which
composition is detailed in Table 1. The modified B3N
medium is made from three solutions providing different
minerals elements to prevent nutrient limitation (26). These
solutions were prepared beforehand and stored at 4°C in the
dark.

2 2. Culture procedure
The C. vulgaris inoculum (preculture) was grown in modi-
fied B3N medium for 7 days in shake-flask culture at 25°C
before being used to inoculate the experimental cultures. An
orbiting platform at 150 rpm was used for the preparation of
the inoculum and the experiments themselves.

The experimental cultures (50 mL B3N medium in 250
mL total volume) were inoculated using the preculture and
subsequently incubated as described above for seven days.
The initial cell densities were set at 5 × 105 cells/mL.

For each photoperiod, six replicates of microalgae cultures
were performed. A seventh flask containing blank culture
medium was added as control. Experiments lasted for 7 days

150 rpm

1

2

3

Fig. 1. Experimental set-up. (1) Microalgae culture flasks placed on a tray, (2)
Orbital shaker agitating the flasks, (3) Lighting LED panel.

to avoid culture overgrowth that would induce mutual shad-
ing (27).

2 3. Experimental setup

C. vulgaris was grown as described above in shake-flask pho-
tobioreactors.

The lighting differed from that used for the preparation of
the inocula (147 µmol quanta.m−2.s−1). The experimental
cultures were alternatively illuminated with light provided by
a LEDs panel positioned above them (40 cm). The flasks
were incubated in a photoperiod chamber at 20°C (Figure
1) preventing penetration of external light and ensuring that
LEDs act as the sole light source.

2 4. Illumination and photoperiod protocol

In a preliminary phase of this work, C. vulgaris cultures were
exposed to continuous illumination of various intensities. A
light intensity of 215 µmol quanta.m−2.s−1 at the surface
of the cultures was determined to be high enough to pro-
mote growth and low enough to avoid excessive photodam-
age. The results under a continuous lighting of 215 µmol
quanta.m−2.s−1 were used as a reference for the following
tests.
Then, the microalgal cells were exposed to intermittent light
cycles of equal light and dark intervals (Figure 2). The
bright period corresponds to a maximal intensity of 350 µmol
quanta.m−2.s−1 and the dark periods to about one five of the
brightness of the maximal intensity, i.e. an intensity of 80
µmol quanta.m−2.s−1. The different light cycles were con-
duced with an equal average total light intensity, similar to
the reference test (Table 2).

C. vulgaris was exposed to seven different illumination
regimes: 0.5 second, 1 second, 2 seconds, 60 seconds, and
120 seconds. The total light received by all cultures during
the seven days of incubation was always the same.

In a reference experiment, C. vulgaris cultures were ex-
posed to continuous illumination at 215 µmol at the surface
of the cultures in an attempt to prevent photodamage during
the early stages of cultures development.
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3.1 Biomass production

Cycle duration (s) Light phase duration (s) ×
Light intensity (µmol

quanta.m−2.s−1)

Dark phase duration (s) ×
Light intensity (µmol

quanta.m−2.s−1)

Average light intensity over a
cycle (µmol quanta.m−2.s−1)

1 0.5 × 350 0.5 × 80 215
2 1 × 350 1 × 80 215
4 2 × 350 2 × 80 215

120 60 × 350 60 × 80 215
240 120 × 350 120 × 80 215

Continuous - - 215

Table 2. Experimental conditions
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Fig. 2. Schematic diagram of continuous light and different periods of fluctuating
light with an equal average intensity

2 5. Cell growth measurements
Cell growth was followed on a continual basis (1 mL sample
collected twice per day) by following the absorbance of the
culture at 800 nm and the enumeration of the cell concentra-
tion (Beckman Coulter Multisizer 4). The samples were al-
ways diluted to the same concentration (A800 of 0.2-0.4) be-
fore the cell count so that the same concentration of cells was
always presented to the Coulter counter. Cell counts were
performed in triplicate on the same sample and the standard
deviation was used as an indication of the error in the enu-
meration method.

After seven days of incubation, the cultures were harvested
and dry weights biomass concentration of the cultures were
determined by the following method. The wet biomass was
separated from the supernatant by centrifugation at 6738 g for
10 minutes at 2°C. The pellet was washed with the same vol-
ume of distilled water. In order to wash the pellet, it was re-
suspended and subjected to centrifugation. This process was
repeated twice and the pellet was dried at 105°C overnight.

2 6. Chlorophyll content determination
Chlorophyll a and b were quantified using a spectrophoto-
metric method (28–31).
Approximately 15 mL of fresh algal culture was centrifuged
(10 minutes, 6738 g, 2°C). The pellet was then frozen at -
18°C overnight and lyophilized. About 1 mg of powder was
weight precisely, mixed with water and centrifuged (10 min-
utes, 15294 g, 8°C). The pellet was then mixed with a so-
lution composed of 85% methanol and 15% water with 1.5

mmol/L of sodium dithionite. The mixture was placed in a
water bath protected from light and heated at 40°C for 32
minutes. Finally, the pellet was separated by centrifugation
(10 minutes, 15294 g, 8°C) in order to remove the cell debris
whilst keeping the total chlorophyll in the supernatant. The
supernatant absorbance was determined at 650 and 664 nm
wavelengths corresponding to absorption maxima of chloro-
phyll b and chlorophyll a, respectively. The absorbance mea-
surements were performed against 85% methanol as a blank.
Chlorophyll a and b concentrations were calculated in mg/L
(Eq. 1 and 2) (32):

Chl a = 16.41A664 −8.09A650 (1)

Chl b = 30.82A650 −12.57A664 (2)

3. Results
In order to evaluate the impact of photoperiod duration on
C. vulgaris growth rate and photosynthetic pigments content,
the experiments were performed in six replicates. The results
are expressed as the average obtained from the six parallel
cultures with their respective standard deviations.

At the end of each culture, the final cell concentration
reached 2.2 × 107 cells/mL . Over the course of all the exper-
iments, the average cell size remained constant at about 3.8
µm.

3 1. Biomass production
Dry weight values of C. vulgaris after seven days of culture
under different light treatments are presented in Figure 3. Un-
der continuous illumination, C. vulgaris reached 0.52 ± 0.01
g/L of dry biomass. The dry weight increased with the light
frequency reaching the highest value of 0.619 ± 0.002 g/L
for a 0.5-second photoperiod.
In all experiements, the dry weight content was below 1 g/L,
which means that the cultures were optically non-dense. The
experiments were carried out in order to maintain low cell
density in the culture throughout the experiment duration to
insure an homogeneous light field. Thus, as mutual shading
was negligible, each cell was exposed to the same amount of
light.

3 2. Growth rate
Figure 4 displays the growth rates of C. vulgaris under the
different light conditions.
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Fig. 3. Dry weight under different photoperiods after 7 days of culture; data shown
as mean ± SD (n = 6)
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Fig. 4. Growth rate under different photoperiods after 7 days of culture; data shown
as mean ± SD (n = 6)

Under continuous illumination, the value of the specific
growth rate (µ) was 0.062 ± 0.003 h−1.
Regarding the photoperiod of minutes duration, i.e. under
light periods of 60 and 120 seconds, specific growth rates
presented values lower than that found under continuous illu-
mination. The lowest value was reached for a light exposure
time of 120 seconds (0.048 ± 0.005 h−1).

For the photoperiod of the order of a second, C. vulgaris
showed specific growth rates higher than that observed under
continuous illumination. The highest value reached was
0.072 ± 0.002 h−1 for a light exposure time of 0.5 second.

3 3. Chlorophyll content and photosynthesis enhance-
ment

Chlorophyll a and b contents under different lighting condi-
tions are depicted in Figure 5.

The chlorophyll contents per cell are given in Figure 5
(top). Under continuous illumination, it was 0.42 ± 0.08
pg.cell−1. Regarding the fluctuating light conditions, for
photoperiods of the order of a minute, the chlorophyll con-
tent was higher than the one under continuous illumination
with the highest content of 0.61 ± 0.08 pg.cell−1 reached for
the light exposure time of 60 seconds. As for photoperiods
of the order of a second, the chlorophyll content was lower
than that observed under continuous light. The lowest value
was obtained for a light exposure time of 0.5 second (0.24 ±
0.02 pg.cell−1).

Focusing on the chlorophyll a and the chlorophyll b
individual contents, different patterns are observed (Figure 5
(bottom)). Under continuous illumination, the chlorophyll a
and chlorophyll b contents were nearly at the same level. At
the end of the experiment, C. vulgaris cells contained 0.22
± 0.04 pg.cell−1 and 0.20 ± 0.03 pg.cell−1 of chlorophyll
a and chlorophyll b, respectively. Regarding photoperiods
of the order of a minute, the chlorophyll a content was
higher than the one obtained under continuous illumination,
reaching the maximum value of 0.48 ± 0.07 pg.cell−1 for
the light photoperiod of 60 seconds. Conversely, for the
same light exposure conditions, the chlorophyll b content is
lower than the one obtained under continuous illumination.
Cell reached the lowest value of 0.12 ± 0.02 pg.cell−1 for
the light photoperiod of 120 seconds. As for photoperiods
below 60 seconds, the chlorophyll a content is relatively
the same as the one observed under continuous light (0.22
± 0.04 pg.cell−1). As regards the chlorophyll b content,
for the same light exposure conditions, the same trend as
for photoperiods above 60 seconds is observed. Indeed, the
chlorophyll b content is lower than that under continuous
illumination, reaching the lowest value of 0.064 ± 0.003
pg.cell−1 for the light photoperiod of 0.5 second.

Developing the analysis of the above results further, a pho-
tosynthetic yield was calculated by dividing the growth rate
by the number of photosynthetic units contained in each cell
(Figure 6). This yield could give information about the pho-
tosynthesis efficiency by dividing the biomass production by
the harvested energy.

Under continuous illumination, the photosynthesis yield
was 0.15 h−1/(pg.cell−1). At photoperiods of 60 seconds
and above, this yield was 0.6 times lower that the one under
continuous illumination. The lowest value reached 0.09
h−1/(pg.cell−1) was observed with photoperiods of 60 and
120 seconds. It means that photosynthesis is less efficient
at these photoperiods since a lower amount of biomass is
produced per photosynthetic units. For short photoperiods,
the photosynthetic yield is 1.7 to 1.9 times higher than the
one obtained under continuous illumination. Furthermore, it
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3.4 Confirming photodamages

General trend of the chlorophyll content
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Fig. 5. Chlorophyll a and b content under different photoperiods after 7 days of
culture; data shown as mean ± SD (n = 6)

further increases with short time of light exposures, reaching
the highest value of 0.29 h−1/(pg.cell−1) for a 0.5 second-
photoperiod. These results indicate that photosynthesis is
more efficient that under continuous illumination.

3 4. Confirming photodamages

The above results suggest photodamage as a valid explana-
tion for the observed trends in terms of both growth rate
and chlorophyll contents. In order to assess for their induc-
tion, an experiment at maximal light intensity of 350 µmol
quanta.m−2.s−1 was performed. The results indicate a 17%
lower growth rate when exposed to the highest light intensity.
The chlorophyll a content is also affected by the increased
light intensity. Under maximal light intensity, it is 16% lower
than the one under 215 µmol quanta.m−2.s−1. In addition,
no significant changes were observed for the chlorophyll b
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Fig. 6. Photosynthetic efficiency under different photoperiods after 7 days of culture

content, leading to an increased chlorophyll ratio (b over a)
under the highest illumination. It indicates an increased rel-
ative content of photoprotective pigments when exposed to
350 µmol quanta.m−2.s−1. These results highlight the pres-
ence of photodamage induced by the high intensity lighting
used in this work.

4. Discussion
From these results, two distinct patterns emerge (Fig. 5 top
and bottom). The first one, from 0.5 to 2 seconds cycles, ex-
hibits higher culture growth rate and lower cell chlorophyll b
content than continuous illumination. The second one, from
1 and 2 minutes cycles, shows lower culture growth rate, sig-
nificantly higher cell chlorophyll a content and lower chloro-
phyll b content than continuous illumination.

Keeping in mind that from a metabolic perspective, cells
must maintain a balance between the energy derived from the
light reactions in the chloroplast and the amount of energy
used during carbon fixation and other processes. Changes
in environmental conditions, and in particular in light condi-
tions, upset this balance requiring microalgae to adapt.

The first pattern could be explained by a photoprotection
process. Even though, intense light can damage the photo-
synthetic apparatus, short exposure durations are too brief to
severely harm it. Indeed, when exposure to high light inten-
sity is short, i.e. the exposure time does not exceed a few
seconds, the excess of captured light energy is sent to the
xanthophyll cycle and dissipated through heat (33). This cy-
cle is used to eliminate short terms light energy surplus which
interfere with the electron flow between the two photosys-
tems. An overexposure to light leads to the emergence of a
proton gradient across the thylakoid membrane which acidi-
fies the thylakoid lumen. Under these conditions, violaxan-
thin normally found in the photosynthetic membranes is con-
verted into antheraxanthin and zeaxanthin, which are unable
to transfer their energy directly to the photosystem. Hence,
this trapped energy is then dissipated as heat release as part of
Non-Photochemical Quenching (NPQ) mechanism. As these
photoprotective pigments are sufficiently effective to manage
the excess of light for short time of exposure to light, the cell
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does not need to produce high amount of photoprotecting pig-
ment explaining the low chlorophyll b content.

Hence the first set of conditions are favorable to culture
growth in two ways:

• they decrease the amount of energy that has to be di-
verted to photosynthetic units reparation, redirecting
this energy toward cell growth,

• they lower the need to produce chlorophyll b which
acts as a photoprotecting pigment. By reducing the
production of chlorophyll b, these conditions free even
more energy and metabolites for cell growth.

Such mechanisms explain why for 0.5 to 2 seconds cycles,
chlorophyll b content remains lower than under continuous
illumination while the growth rate is higher. These results
are in agreement with the litterature. Several studies reported
that fast alternations between light and dark phase from less
than 40 µseconds to 1 second greatly enhance photosynthetic
efficiency (20, 34). Moreover, the findings of Grobbelaar et
al. indicate that light/dark cycles with exposure times lower
than 1 second contribute to an enhancement of photosynthetic
rates and light utilisation efficiencies (35).

The second pattern can be seen as much more unfavorable
in terms of algal growth. When extending light/dark cycles
duration, that is cycles longer than 1 minute, cells could be
subject to more damage as xanthophyll cycle is saturated and
cannot handle the excess of light on its own. Yet another
adaptation mechanism must be established. Furthermore, the
light stress imposed in our study case does not seem to be
long enough to trigger a proper adaptation. Indeed, cell pig-
ment adaption can be observed throughout a day, with an
hour scale response time (36). In our case, under continu-
ous illumination, cells have enough time to adapt to - and
protect themselves from - lighting conditions by producing
protective chlorophyll b. It is not the case for cells growing
under minutes long cycles. Such conditions affect negatively
growth in two ways:

• An increase in the amount of energy that has to be
diverted to photosynthetic units repair, reducing the
amount of energy available for cell growth,

• An increase in cells energy harvesting by increasing
the number of photosynthetic units as indicated by the
higher chlorophyll a content. This process could divert
metabolites and energy from cell growth.

These results are consistent with those found in the littera-
ture. Keren et al. (? ) showed the presence of a plateau
for the damage rate. This latter is reached for an interval be-
tween the flashes of about a minute. Moreover, Graham et
al. (24) found that fluctuating light regimes ranging from 10
seconds to 100 seconds have non-beneficial effects leading
to severely hampered growth. Indeed, long-term photoaccli-
mation (hours) occures when short-term responses are insuf-
ficient for coping with the changes in light intensity. Accli-
matation (production of protective chlorophyll b, in our case)

requires extensive changes in enzymatic activity and gene ex-
pression that lead to alterations in the concentration of pho-
tosynthetic complexes and thus, changes in antenna compo-
sition (37).

Such mechanisms could explain why for 1 to 2 minutes
cycles, chlorophyll a content is higher than under continuous
illumination, while chlorophyll b content is not high enough
to protect the photosynthetic unit (higher than 0.5 to 2 sec-
onds case, lower than continuous light reference). Yet this
adaptation strategy is far from optimal as it does not allow
for the culture to achieve growth equivalent to the one under
continuous illumination. These light/dark cycles of minute
duration represent a lighting regime where the cells are stuck
into a zone between photoprotection (seconds) and photoac-
climation (hours).

Finally, this reasoning could be further substantiate by
photosystem I and II, and xanthophyll cycle pigments
concentration analyses.

5. Conclusion
The aim of this study was to highlight the impact of the
light/dark cycle duration on microalgal growth and chloro-
phyll a and b contents. To do so, C. vulgaris cells were ex-
posed to different intermittent light cycles of equal light and
dark intervals ranging from 0.5 second to 120 seconds. Cul-
tures under continuous illumination were used as a reference.
Regardless of the light cycle applied, the same amount of
photons lit the cultures.

The results demonstrate that the different fluctuating light
periods have a significant impact on the key growth parame-
ters monitored. Under photoperiods above one minute, cells
show lower growth rates and higher photosynthetic pigments
production than those performed under continuous illumina-
tion. Compared with cells grown under continuous illumina-
tion, under photoperiods of shorter than 60 seconds, cultures
exhibit higher growth kinetics with lower photosynthetic pig-
ments.

This behaviour suggests that light harvesting systems have
a much higher efficiency under second scale photoperiod.
From an engineering perspective, these findings could help
scaling up photobioreactors. Increasing the size of a pho-
tobioreactor modifies its hydrodynamics, usually increasing
the period in which cells alternate between light/dark cycles.
The design of a photobiorector should take into account that
these cycles should not exceed the order of seconds as to not
hinder cell growth.
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