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One important point in human space exploration is the reliable air, water and food
production for the space crew, less dependent fromcargo supply. Bioregenerative
life support systems aim to overcome this challenge. The life support program
MELiSSA of the European Space Agency uses the cyanobacterium Limnospira
indica for air revitalization and food production. In the Space flight experiments
ArtEMISS-B and -C, L. indica is tested on the International Space Station. In this
study we elucidate which conditions are most favorable for cell propagation from
inoculum to a full culture in space to enable a high final biomass concentration,
with high pigment composition for an efficient bioprocess. We found that lower
light intensities (36–75 µmol photons m-2 s-1) show higher maximum biomass
densities and higher pigment contents than cultures grown above 100 µmol
photons m-2 s-1. 36 μmol photons m-2 s-1 resulted in maximum biomass
concentrations of 3.36 ± 0.15 g L-1 (23 °C), while cultures grown at 140 µmol
photons m-2 s-1 only achieved concentrations of 0.82 ± 0.10 g L-1 (25°C) (−75.8%).
Colder temperatures (21°C–25°C) showed a negative effect on the pigment
content. At 36 µmol photons m-2 s-1, a temperature of 30°C gave a
phycocyanin concentration of 0.122 ± 0.014 g g DW-1 and 23°C resulted in
0.030 ± 0.003 g g DW-1 (−75.4%). In conclusion, a low light intensity
(36–80 µmol photons m-2 s-1) in combination with warm temperature
(30°C–34°C) is optimal to obtain cultures with high pigment contents and high
biomass concentrations in a batch culture.
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1 Introduction

Edible cyanobacteria are promising organisms for life support systems in space. The
MELiSSA loop, a life support system initiated by the European Space Agency (ESA) in 1988
(Lasseur et al., 2010) aims to recycle the wastes of space travelers (e.g., feces, urine and CO2)
to produce new edible biomass, potable water and oxygen (O2) for space craft crews. The IVa
compartment of MELiSSA aims at biological air revitalization and food production via a
photobioreactor (PBR) containing photosynthetic, blue-green pigmented cyanobacterium L.
indica PCC8005 (Poughon et al., 2020). Limnospira indica PCC8005 was formerly classified
as part of theArthrospira genus (Nowicka-Krawczyk et al., 2019). In a commercial context, L.
indica is one of the strains sold under the name spirulina. Spirulina as a product has already
been consumed by humans in equatorial Africa and Mexico for a long time (Ciferri, 1983;
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Barnett et al., 2005). Nowadays, the food industry sells spirulina as a
supplement and so-called superfood because of its high protein and
antioxidant content (Prasanna et al., 2010; Ma et al., 2019). The
edible cyanobacterium Limnospira indica, likewise other species that
are sold under the term Spirulina, contains protein of high quality,
minerals, vitamins as well as pigments (Farag et al., 2015; Furmaniak
et al., 2017). Benefits of the use of L. indica as a food source for space
travelers include its high radiation resistance (up to 6,400 Gy,
gamma-rays) (Badri et al., 2015; Yadav et al., 2019; Yadav et al.,
2021) and its high content of bioactive compounds with health
beneficial effects (e.g., anti-inflammatory effects) (Wu et al., 2016;
Segers et al., 2022). An overview of the benefits of Spirulina for Space
applications has recently been published (Fais et al., 2022a).

Before bioreactors for life support systems can be made
operational in space, it is of utmost importance to understand
the bioprocesses thoroughly, allowing predictive modelling and
reliable processes and reactor control. Especially in the future,
when the MEliSSA loop is used to supply the crew of a space
craft, parameters to detect changes in culture health must be
available to avert failure of the system. In the ArtEMISS B and
-C precursor Space flight experiments, L. indica is cultivated in
4 parallel photobioreactors designed for microgravity conditions
and controlled by light-limiting conditions, meaning that the light
intensity is the parameter by which the production of oxygen and
biomass is controlled. The start-up of the bioreactor in space
includes a revival of the dormant inoculum (in dark and cold)
and propagation in batch mode, in axenic conditions and under
continuous illumination. The oxygen and biomass productivity in
PBRs is strongly dependent on the geometry of the culturing flask,
the light intensity and the efficient oxygen removal (Cornet and
Dussap, 2009). Therefore, depending on the experimental set-up,
varying biomass and oxygen productivities are reported in literature.
For example, Farges et al. (2009) reported a biomass productivity of
0.077 g L-1 d-1 for 33 µmol photons m-2 s-1 in an 1.2 L bench scale
membrane bioreactor; while Garcia-Gragera et al. (2021) obtained
already a maximum biomass productivity of 0.58 g L-1 d-1 for
932 µmol photons m-2 s-1 and a maximum oxygen productivity of
1.19 mmol L-1 h-1 in the larger intensified 90 L cylindrical airlift
bioreactor at theMELiSSA pilot plant in Barcelona. In the ArtEMISS
project, mini-sized PBRs which are adapted to spaceflight conditions
are used. These PBRs are flat cylindrical reactors, equipped with
1 side illumination by LEDs, and work with a small liquid volume
(60 mL) and relatively low light flux (45–80 µmol photons m-2 s-1,
33 °C). Low light intensities are used to accommodate for more
difficult gas liquid separation under microgravity in space and to
prevent oxygen bubble formation in the liquid. Gas release from
liquid is challenging under microgravity, as the buoyancy force is
absent and it is fully depending on diffusion and technically forced
convection over the membrane (Antar et al., 2006). Additionally,
low light intensities promote slower growth and allow longer
exposure to Space (e.g., cosmic radiation, microgravity) while
demanding low amounts of feed resources. The CO2 feed as
growth limiting factor is excluded in this ArtC pilot experiment
as it is not extracted from the cabin air, but provided in abundance as
dissolved bicarbonate in the liquid medium feed. The challenges of
CO2 gas to liquid transfer from cabin air in microgravity in space,
will be address in a next ISS flight experiment of the MELiSSA team,
called BIORAT, using a different flight hardware design including a

gas exchange module and also a biomass harvesting module
(Lasseur, 2008).

In the ArtEMISS B space flight experiment (ArtB) on the ISS in
2017, 4 consecutive repeated-batch cultures (90% harvest) were
grown inside the PBRs at 35 µmol photons m-2 s-1 for 4 weeks.
This experiment was the first one to allow online recording and
transmission of the oxygen and biomass production rate on board
the International Space station (ISS). It could be shown that the
developed predictive model for bioprocess and bioreactor control
via light limitation was still applicable for cultures in Space
(Poughon et al., 2020). A follow-up experiment operating the
bioreactor with continuous feeding and different light intensities
between 45 and 80 µmol photons m-2 s-1 to grow L. indica
PCC8005 in turbidostatic modus is scheduled to fly to the ISS in
2023 (ArtC) (Lasseur and Mergeay, 2021). Therefore, in ArtC the
scalability of the bioprocess in response to increasing light intensities
will be assessed.

Not only the biomass and oxygen production are of high importance
for the use of L. indica in life support systems, but also the biomass
composition and the resulting nutritive value. Cyanobacteria have large
protein pigment complexes, called phycobilisomes, that function as
photon harvesting antenna on their membranes. To secure a stable
nutritive value (e.g., protein, glycogen and pigment content), growth
conditions like medium composition, light intensity, temperature and
culture density need to be defined and monitored carefully.

It is known that temperature and light conditions have an impact on
revival and oxygen and biomass production kinetics and biomass
composition (Moore et al., 1995; Ravelonandro et al., 2008; Garcia-
Gragera et al., 2021). Our study focusses on conditions relevant for PBR
systems for space applications like moderate temperatures between 21°C
and 34°C and low light intensities (i.e. 36, 45, 75 and 140 µmol photons
m-2 s-1) which cause a light limiting growth and are usually used to secure
stable and slow growth in space environments. Additionally, to a detailed
growth analysis, we assessed the pigment and glycogen contents to get an
overview of the nutritive value. The detailed understanding of the
adaptions of the cultures and their mechanisms is important to
secure a reliable photobioreactor and to find solutions for heating or
light problems that might come up in future life support systems.
Therefore, the goal of this study was to provide ground reference
values for several important parameters of specifically selected strain
P3 of L. indica PCC8005 to use as comparison in future MELiSSA
experiments such as ArtEMISS C. We present data on the impact of
different factors such as light flux intensity, in combination with low and
high temperature, on the growth, photosynthetic activity and molecular
composition of L. indica PCC8005 for application in space. The
combination of low light and warm temperature are not common
conditions used in Earth cultures or bioreactors but aimed for in
space, and an in-depth growth analysis of this space relevant strain is
essential to assess the validity of the currently available general data for
this specific strain.

2 Materials and methods

2.1 Bacterial strain and culture conditions

In our laboratory collection we obtained multiple morphotypes
of L. indica strain PCC8005 over the years of continuous cultivation
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in an incubator in continuous shaking and stable illumination
(~35 µmol photons m-2 s-1, 24/7) and temperature (~30°C). The
morphotypes differ in, for example, morphology, floating/
sedimentation behavior, growth rate, and radiation resistance
(Yadav et al., 2019). The culture that was used in the present
study is called P3, and forms long (~700 µm on average, up to
1.5 mm), thin (~6 µm) and straight trichomes (Figure 1). This strain
was chosen as a good candidate for the use in Space PBRs because its
straight shape makes it well-adapted to low light and in addition, it
does not easily clump or form biofilms on the gas PTFE membrane
under the selected test conditions, and it is easy to keep in a well
homogenized suspension by shaking or stirring, and easy to harvest
by filtration or centrifugation as it does not float but sediments.

The cyanobacterium Limnospira indica strain
PCC8005 subculture P3 was grown in Zarrouk’s medium as
modified by Cogne et al. (2003) (pH = 9,5). Depending on the
experiment, different temperatures (23°C ± 2°C, 25°C ± 2°C, 30°C ±
2°C, 32 ± 2 and 34°C ± 2°C) (Binder incubators) and several light flux
intensities (36 ± 2, 45 ± 2, 75 ± 5 and 140 ± 10 µmol photons m-2 s-1)
were used. The cultures were constantly (24h/day) illuminated with
full PAR emitting light sources (LEDs and halogen lamps) in all
experiments. The constant illumination, in contrast to the usage of a
day/night cycle, was used because it allows continuous oxygen
production, which is the final aim in the ArtC Space flight
experiment and the final MELiSSA system tailored to the
astronaut as oxygen consumers. The chosen cyanobacterial strain
is also fully efficient in photosynthetic biomass production in
continuous light, and does not need any darkness to do so. All
cultures were grown in regular Erlenmeyer flasks (250 and 150 mL)
equipped with a cotton plug and aluminum foil to avoid evaporation
while allowing gas exchange by diffusion. In each experiment,
250 mL Erlenmeyer flasks filled with 150 mL medium (gas/liquid
ratio of 0.66) or 150 mL Erlenmeyer flasks filled with 65 mLmedium
(gas/liquid ratio of 1.30) were used. The medium contains dissolved
bicarbonate as carbon source, as will be the case in the ArtC flight
experiment. In both cases, the cultures were inoculated with 5% v/v
or 10% v/v (depending on the OD770nm of the parent culture) and
95% v/v and 90% v/v Zarrouk medium as modified by Cogne et al.
(2003), respectively, to target a starting concentration of ca.
OD770nm–0.100. The gas phase consists of ambient air. All

cultures were shaken at 120 rpm using horizontal orbital
Heidolph and Edmund Bühler GmbH shakers. Samples for
molecular analysis (pigment and glycogen) were taken at
different time points. At each time point, 2 mL of well mixed
culture were transferred to a 2 mL Eppendorf tube and
centrifuged at 10,000 g for 15 min (Eppendorf Centrifuge 5804 R)
at room temperature (21°C ± 1°C). Afterwards, the cell-free
supernatant was discarded and the tubes were centrifuged at
10,000 g for 5 min. The remaining supernatant was discarded and
the pellets were flash-frozen in liquid nitrogen and stored at −80°C
(PHCbi TwinGuard freezers) until further analysis.

2.2 Overview of the tested culture
conditions

In order to find and describe the adaptions in behavior of L.
indica PCC8005 P3 to different growth conditions, several
experiments were conducted. In ArtEMiSS C the following
growth conditions will be used: L. indica strain
PCC8005 subculture P3 at 45–55-70–80 µmol photons m-2 s-1,
33°C ± 1°C, homogenous culture (800–1,000 rpm with magnetic
stirrer in the bioreactor hardware), in Zarrouk’s medium (as
modified by Cogne et al. (2003)). The conditions used in the
present study imitate the nominal ArtEMISS B and C conditions
and add some off-nominal conditions, like lower temperatures (23,
25, 30°C) and higher light intensity [140 µmol photons m-2 s-1 (µmol
photons = µE)] as additional controls. All test were performed with
normal Earth gravity, without irradiation, and ambient air as
headspace, in the shaken Erlenmeyer set-up describe in Section 2.1.

2.3 Optical density and pH measurements

The cell concentration in the culture was monitored as optical
density (OD), via absorbance spectrometry at different wavelengths.
The values for optical density (OD) were obtained using a
NANOCOLOR® UV/VIS II spectrophotometer (MACHEREY-
NAGEL). The OD was measured by absorbance at 468 nm,
630 nm, 750 nm and 770 nm in 1 mL semi-micro cuvettes

FIGURE 1
Light Microscopy pictures of Limnospira indica PCC8005 P3 at two different magnifications (left: ×50, right: 400X) showing long (in average
~700 μm; up to 1.5 mm) and straight trichomes.
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(greiner BIO-ONE). These wavelengths were adapted from the
ArtEMISS B space flight conditions. The 468 nm wavelength is
used to estimate the chlorophyll a content because chlorophyll
pigments have an absorption peak at this wavelength (Guidi
et al., 2017). The same accounts for phycocyanin/allophycocyanin
at the wavelength 630 nm (Zhang and Chen, 1999). The two
remaining wavelengths 750 nm and 770 nm are used to measure
the amount of cells in the culture (Akimoto et al., 2012). In this
study, the OD measurements at 468, 630, and 750 nm were
measured daily as a quality control of the cultures (data not
shown). The OD measurements at 770 nm were used to assess
the biomass production (see section 2.4).

A KCl pH electrode (InLab®, Mettler Toledo) was used to
determine the pH values of the culture medium. As we are
working in high pH conditions, we verified the working range of
the pH electrode by preparing several NaOH solutions of strictly
defined pH values and were able to show that the electrode measures
correctly up to a pH of 13.

2.4 Biomass concentration analysis

In order to estimate the biomass concentration in the cultures, the
dry weight (g DW L-1) to OD 770 nm ratio was determined by putting
2 mL of cultures grown under different conditions (25°C–30°C,
36–75 µmol photons m-2 s-1) on pre-weighed membrane disc filters
(water wettable PTFE, Pall Laboratory, pore size 45 μm, ⌀ 25mm)
using a vacuum pump. The filters were dried for a minimum of 48 h at
60°C and weighed again. The cultures were sampled and measured in
triplicates (technical replicates). In total, 4 cultures were used per tested
condition (biological replicates), therefore 12 samples were used to
obtain one point in the dry weight curves that were used to
determine the correlation factor between OD770nm values and DW
biomass values. The OD770nm to dry weight ratio which was obtained
during the experiments discussed in this study was found to be stable
over different conditions:

y � 1.0462x + 0.3003 (1)
Eq. 1 shows theOD770nm to dry weight ratio, where x is theOD770nm

absorbance and y is the dry weight in g L-1. This ratio was used to
calculate the biomass concentration (X, g L-1), the specific growth rate
(µmax, d-1) and the average biomass productivity (Pav, g L-1 d-1).
Exponential, linear and stationary phase were defined by regression
using Excel 2016. Themaximumgrowth rate µmax was obtained by using
a logarithmic conversion and linear regression of the exponential phase
(approximately the first 3–4 days of growth). The average biomass
productivity Pav represents the slope of the linear regression of the
linear growth phase, starting at the endpoint of the exponential phase
and ending at the point of highest biomass concentration. Additionally,
the time until the stationary phase is reached (Tstat, d) was determined
using the peaks of the growth curves (accuracy ±0.5 days).

2.5 Quantum yield measurements

The photosynthetic capacity and efficiency of the cultures was
determined by measuring the effective quantum yield (QY) of PSII.

The QY of PSII is determined by pulse amplitude modulated (PAM)
fluorimetry (Schreiber et al., 1995; Aguirre-von-Wobeser et al., 2000;
Schuurmans et al., 2015). The QY (ΔF/Fm’) is defined as shown in
Equation (2).

QY � Fm’ − Ft’

Fm’
(2)

Fm’ is the maximal fluorescence in light adaptation and Ft’ is the
current fluorescence. The quantum yield (QY) was measured using
an AquaPen-C AP 110-C from Photon System Instruments (PSI)
with a flash pulse of 30% (900 µmol photons m-2 s-1, 630 nm) and a
super pulse of 70% (2,100 µmol photons m-2 s-1, 630 nm), according
to the fixed values in the AquaPen-C manual. The device directly
calculates the ΔF/Fm’ ratio and gives the QY value as output. In
theory, the QY has to be between 0 and 1, with 1 meaning 100% of
the photons are used for photosynthesis. In practice, the measured
values for healthy cyanobacteria usually lie between 0.3 and 0.6 (Gao
et al., 2007; Masojídek et al., 2010; Allahverdiyeva et al., 2013;
Schuurmans et al., 2015).

2.5.1 Pigment analysis
The phycobilisomes of L. indica contain the light harvesting

pigments phycocyanin and allophycocyanin (Johnson et al., 1988)
which transfer the energy further to the photosystems II and I (PSII
and PSI) reaction centers. The PSII and PSI contain the pigment
chlorophyll a (Chl a), which acts as the primary electron donor in
the electron transport chain (Rakhimberdieva et al., 2001; Raven
et al., 2005). Other chlorophyll pigments, such as chlorophyll b, c or
d, are not abundant in L. indica (Averina et al., 2019; Milia et al.,
2022). The protocol for pigment analysis used was slightly adapted
from Badri et al. (2015) and allows to measure the concentrations of
allophycocyanin, phycocyanin and chlorophyll with a
spectrophotometer. Briefly, the frozen cell pellets of 2 ml of
culture were suspended in 1 mL of 0.05 M Na2HPO4 at pH 7.
Then, 5 cycles of freezing in liquid N2 and thawing at 37 °C in a
water bath were performed to crack the cells. Then, 100 µL lysozyme
(100 mg/ml) were added and the tubes were incubated for 30 min at
37°C. The tubes were centrifuged at 13,000 g for 10 min and the
supernatant was measured with a NANOCOLOR® UV/VIS II
spectrophotometer for absorbance at 615 nm and 652 nm, to
determine the concentrations of antenna pigments in the extract.
The extraction of chlorophyll was performed on the remaining pellet
of the phycobilliprotein extraction. Firstly, the pellets were washed
three times using 0.05 M Na2HPO4 at pH 7. Then, 1 mL of 100%
methanol was used to extract the organic soluble pigment
chlorophyll. Three cycles of ultra-sonication (30 kHz, 10 s,
amplitude 30%, 1 pulse per second, Hielscher Ultrasound
Technology, UP50H) were performed to fully extract and
dissolve the chlorophyll pigments. Centrifugation at 4°C for
10 min at 13,000 g was performed, and the supernatant was
measured at 665 nm using a NANOCOLOR® UV/VIS II
spectrophotometer (MACHEREY-NAGEL) and semi-micro
cuvettes (Greiner BIO-ONE) to determine the chlorophyll
concentration in the extract. To calculate the pigment
concentration in the original culture, i.e., pigment weight (mg)
per mL, conversion Eqs. 3–5 as published in Bennett and
Lawrence (1973) were used:
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Phycocyanin
mg

mL
( ) � OD615nm − 0, 474OD652nm

5, 34
(3)

Allophycocyanin
mg

mL
( ) � OD652nm − 0, 208OD615nm

5, 09
(4)

Chlorophyll
mg

mL
( ) � OD665nm

74, 5
(5)

The results obtained from these equations were normalized using
the biomass concentrations [g L-1] to obtain pigment concentrations in
g g DW-1. Typically, phycocyanin and allophycocyanin constitute 15%–
20% of the dry weight in Arthrospirawhen cultured in photobioreactors
(Chaiklahan et al., 2012; Lee et al., 2016; Chaiklahan et al., 2022).

2.6 Glycogen analysis

The glycogen extraction protocol was adapted from Phélippé et al.
(2019). In short, the thawed pellet of 2 ml of culture was suspended in
1mL100%methanol and incubated at 45°C for 45 min in a heating block
(550 rpm). The suspensionwas then centrifuged at room temperature for
10min at 12,000 g and the supernatant was discarded. The pellet
containing the glycogen was resuspended in 200 µl of 30% KOH
solution. Now the suspension was incubated at 90°C in a heating
block for 30min (550 rpm). The suspension was cooled down to
room temperature and 600 µl pre-chilled (4°C) 100% ethanol was
added to precipitate the glycogen. The samples were stored at −20°C
for 1 h.Afterwards, the samples were centrifuged at room temperature for
5 min at 12,000 g and the supernatant was discarded. The pellet was
washed 2 times with 600 µl pre-chilled (4°C) 100% ethanol. Then, the
pellet was dried at 60°C in a heating block for 10 min to evaporate the
ethanol (open lid). The dried pellet was resuspended in 100 µl 100mM
sodium acetate buffer + 5mM calcium chloride at pH 4.5. 20 μl of
amyloglucosidase enzyme solution (3300 U/ml) was added (Total Starch
Assay,Megazyme) and the suspensionwas incubated at 60°C in a heating
block (550 rpm) for 15min (enzymatic hydrolysis of glycogen into
glucose). Then, the samples were split into two aliquots of 50 μL and
800 µL hexokinase (GlucoseAssayReagent, G3293, Sigma-Aldrich) was
added to one of the aliquots. This suspension was incubated at room
temperature for 15min. The sample blank consisted of the other 50 µL
aliquot and 800 µL ddH2O and the reagent blank was made using 50 µL
ddH2O and 800 µL hexokinase solution. A calibration curve was created
using pure glycogen from algae (Megazyme) inMilliQ as a standard. The
absorbance (A340) of the blanks and samples was measured with the
NANOCOLOR® UV/VIS II spectrophotometer (MACHEREY-NAGEL)
at λ = 340 nm using semi-micro cuvettes (greiner BIO-ONE). The
glycogen content was determined using the standard curve. Based on
literature, glycogen content varies extremely depending on the culturing
conditions.

Phélippé et al. (2019) compared the data of several publications
using Arthrospira platensis in PBRs in batch mode and found that
the glycogen content lies between ~5% and 65% g g DW-1 depending
on the growth conditions.

2.7 Statistical analysis

In order to obtain the specific growth rate during
exponential phase (µmax) and the corresponding 95%

confidence intervals (CI), the values of biomass
concentrations of the exponential phase were converted using
the natural logarithm followed by linear regression of the
experiment time versus ln [biomass concentration (g/L)]
(Excel 2016 data analysis tool pack). Statistically significant
differences were defined by comparing the mean µmax values of
one condition with the CIs of all other conditions. The average
biomass productivity during linear phase (Pav) and the
corresponding 95% CIs were obtained by linear regression
[biomass concentration (g/L) = Pav x + c] of the biomass
concentration data of the linear phase.

The results of Xmax, max. pH, QY, max. pigment concentrations
and %wt of Glycogen were evaluated using One-way ANOVA
followed by multi-comparisons by Tukey test at a probability
level of p < 0.05 using Graphpad Prism 9. The error bars on the
figures correspond to standard deviations (SD), from the calculated
mean values.

3 Results

3.1 Impact of light and temperature on the
biomass production

Firstly, the impact of different temperatures (23°C, 25°C,
30°C, 32 °C and 34°C) and low light conditions (36, 45, 75 and
140 µmol photons m-2 s-1) on the biomass production, was
tested. The maximum growth rate (µmax), average biomass
productivity (Pav), maximum biomass concentration (Xmax)
and the time of active proliferation (Tstat) were determined
for each condition. The maximum biomass concentration
(Xmax, g L

-1) is defined as the highest biomass concentration
in a growth curve and is therefore also the point before reaching
stationary phase. The cultures grown at the highest light
intensity of 140 µmol photons m-2 s-1 grew the fastest in the
first days of culturing without light limitation, and thus showed
the highest µmax values for this exponential growth phase. The
light intensity and temperature both have a clear effect on the
growth of the cultures. Suboptimal cold growth temperature
(lower than 30°C) has mainly an impact at higher light intensity
(75 or 140 µmol photons m-2 s-1) (Figure 2). At the contrary,
colder temperature is beneficial under low light conditions, and
allows a longer batch duration and a higher final biomass
concentration (Tables 3 and 4).

It can be seen that the lower light intensities reached a higher
maximum biomass before reaching the death phase. Additionally,
the higher the light intensity, the faster the stationary phase is
reached. Thus, the cultures with the highest growth rates during the
exponential phase, have the lowest maximum biomass
concentrations. For example, the cultures grown at 140 µmol
photons m-2 s-1 and 25°C only grew for 3 days while the cultures
grown at 45 µmol photons m-2 s-1 and 25°C grew for 16 days.

Pav showed only slight differences between the conditions.
Nonetheless, for example, the two lowest light intensities in
combination with 30°C–32 °C resulted in significantly higher
average productivities during linear growth compared to most of
the other conditions (Tables 1–4). It should be mentioned here that
Pav could not be calculated for all conditions, as the linear growth

Frontiers in Astronomy and Space Sciences frontiersin.org05

Fahrion et al. 10.3389/fspas.2023.1178332

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2023.1178332


phase only consisted of one or even zero time points at 75 and
140 µmol photons m-2 s-1 in combination with 25°C and 25°C and
34°C, respectively.

In summary, the higher the light intensity, the shorter the
production phase (the lower the max. biomass concentration)
and the faster the cultures reach stationary phase.

FIGURE 2
Biomass concentration curves at different light intensities (36, 45, 75 and 140 µmol photons m-2 s-1) [µE = µmol photons], with n = four to eight, all
values are presented as mean ± SD (Tables 3 and 4).

TABLE 1 Overview of the maximum specific growth rates (µmax) for biomass concentration X (DW) in the different growth conditions. The maximum growth rate
reflects only the first 3–4 days of growth, where an exponential growth was shown by using a logarithmic scale and linear regression, the values are shown as
mean ± CI(95%) of four to eight cultures. Different letters (a-l) indicate significant differences (p < 0,05).

µmax [d-1] (°C) 36 µmol photons m-2 s-1 45 µmol photons m-2 s-1 75 µmol photons m-2 s-1 140 µmol photons m-2 s-1

23 0.16 ± 0.02a - - -

25 - 0.19 ± 0.01c 0.24 ± 0.03g 0.25 ± 0.08cdfghi

30 0.13 ± 0.01b 0.17 ± 0.01ad 0.22 ± 0.01eh -

32 - 0.21 ± 0.03ce - -

34 - 0.18 ± 0.01f 0.17 ± 0.01af 0.26 ± 0.02i

TABLE 2 Overview of the average biomass productivity in the different growth conditions. Pav is the slope of the linear regression in the linear growth phase, the
values are shown as mean ± CI(95%) of four to eight cultures.

Pav [g L-1 d-1] (°C) 36 µmol photons m-2 s-1 45 µmol photons m-2 s-1 75 µmol photons m-2 s-1 140 µmol photons m-2 s-1

23 0.20 ± 0.01a - - -

25 - 0.18 ± 0.01c * *

30 0.23 ± 0.02b 0.13 ± 0.01d 0.13 ± 0.01d -

32 - 0.25 ± 0.04b - -

34 - 0.14 ± 0.01e 0.13 ± 0.01d *

*Linear growth phase too short for analysis.

Different letters (a-e) indicate significant differences (p < 0,05).
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3.2 Impact of light and temperature on
culture pH

The pH was shown to be a good and easy parameter to monitor
biomass production for Limnospira indica PCC8005 when dissolved
bicarbonate is used as the carbon source in batch modus. The pH of the
overall culture medium goes up when biomass is produced, because
bicarbonate is consumed from the medium and converted inside the
cells, in the carboxyzomes, to CO2 and OH− ions, in the process of
photosynthesis (Miller and Colman, 1980; Poughon et al., 2020). These
OH− ions are released into the growth medium, causing the pH to rise.
Figure 3 shows that the lower light intensities in combination with lower
temperatures result in higher end pH values of the batch cultures, which
matches the higher final biomass concentrations as reported in the
previous section. The two lowest light intensities (36 and 45 µmol
photons m-2 s-1) reach pH values above 11.5 in all tested temperature
conditions (Table 5). Higher light intensities, especially in combination
with cold temperature, restrain growth and pH increase. For example,
34°C in combination with 140 µmol photons m-2 s-1 reaches the
stationary phase before reaching pH 11.5, the same light at 25°C
even stopped before reaching pH values over 10.

Table 5 shows the maximum pH values of the different cultures.
Light intensity as well as temperature show a significant effect. The
two lowest light conditions combined with 30°C and 32°C
respectively, show the highest maximum pH, which is the same
trend as we see for the average biomass productivity (Table 2).

3.3 Impact of low light on photosynthetic
efficiency (QY) under different temperature
regimes

The quantum yield was assessed in several growth conditions.
All chosen time points were in the exponential and linear growth

phase of the cultures to obtain reliable mean values (stationary phase
not included).

Empirical observation revealed that the QY data is a good
indicator of photosynthetic efficiency as it declines very rapidly
when the cultures reach stationary phase, before any changes in OD
or DW can be observed. For example, the cultures grown at 75 µmol
photons m-2 s-1 and 30°C were on their biomass peak on day 12, but
the QY value dropped already to 0.35 (previous data point was 0,45)
on that day. The cultures grown at 45 µmol photons m-2 s-1 and 30°C
showed the same effect on day 19 (biomass peak but QY dropped
from 0.50 to 0.26). Table 6 shows that the QY of all tested conditions
is in a range between 0,40 and 0,50. Nevertheless, significant
differences were found for several conditions. For example, the
QY in conditions of low light flux (36 µmol photons m-2 s-1) in
combination with high temperature (34°C) was significantly lower
than the QY for lower temperature (25°C, 45 µmol photons m-2 s-1)
and for higher light (34°C, 75 µmol photons m-2 s-1) conditions.

3.4 Impact of low light on pigment content,
under different temperature regimes

During most growth experiments, samples for pigment
extractions were taken. The extractions covered three
different photosynthetic pigments, phycocyanin,
allophycocyanin and chlorophyll. Figure 4 shows the
phycocyanin content during the culturing time. The
phycocyanin content per g DW drops drastically when the
cultures reach the stationary phase. Tables 7–9 show the
maximum pigment contents. In all three pigments, the impact
of light and temperature shows a similar pattern. The lower light
conditions (36 and 45 µmol photons m-2 s-1) in combination
with higher temperatures (30°C–34°C) show the highest pigment
contents. Under warm temperature (30°C–34°C), small

TABLE 3 Maximum biomass concentration (Xmax) obtained at the end of the batch under the different conditions. The values are shown as mean ± SD of four to
eight cultures.

Max. Biomass conc. Xmax [g L-
1] (°C)

36 µmol photons m-2

s-1
45 µmol photons m-2

s-1
75 µmol photons m-2

s-1
140 µmol photons m-2

s-1

23 3.36 ± 0.15a - - -

25 - 2.86 ± 0.07b 1.00 ± 0.14e 0.82 ± 0.10e

30 2.75 ± 0.18bc 2.14 ± 0.08d 2.04 ± 0.07d -

32 - 2.68 ± 0.15bc - -

34 - 2.49 ± 0.10c 2.12 ± 0.17d 1.61 ± 0.01f

Different letters (a-f) indicate significant differences (One-way ANOVA followed by Tukey test, p < 0,05).

TABLE 4 Duration of active proliferation [time until stationary phase is reached Tstat (d)].

Tstat [d] (°C) 36 µmol photons m-2 s-1 45 µmol photons m-2 s-1 75 µmol photons m-2 s-1 140 µmol photons m-2 s-1

23 18 - - -

25 - 16 7 3

30 15 16 12 -

32 - 13 - -

34 - 13 13 6
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variations in light intensities below 100 µmol photons m-2 s-1

(36, 45 and 75 µmol photons m-2 s-1) do not have a significant
impact on the antenna pigment concentrations (0.130 ± 0.009 g
phycocyanin per g DW for 45 µmol photons m-2 s-1 at 34°C, vs
0.129 ± 0.008 g phycocyanin per g DW for 75 µmol photons m-

2 s-1 at 34°C), only a light intensity of 140 µmol photons m-2 s-1

(34°C) induced a significantly lower pigment concentration
(0.051 ± 0.017 g phycocyanin per g DW). Lower temperatures
also caused significantly lower antenna pigment (phycocyanin
and allophycocyanin) and chlorophyll concentrations. For
example, a temperature of 30°C in combination with 36 µmol
photons m-2 s-1 gave a phycocyanin concentration of 0.122 ±

FIGURE 3
pH evolution at different light intensities (36, 45, 75 and 140 µmol photons m-2 s-1), n = four to eight, all values are presented as mean ± SD.

TABLE 5 Maximum pH values under different conditions, the values are shown as mean ± SD of four to eight cultures.

Max. pH (°C) 36 µmol photons m-2 s-1 45 µmol photons m-2 s-1 75 µmol photons m-2 s-1 140 µmol photons m-2 s-1

23 12.14 ± 0.07a - - -

25 - 12.15 ± 0.05a 10.30 ± 0.13d 9.97 ± 0.03f

30 12.38 ± 0.04b 12.05 ± 0.04a 12.06 ± 0.04a -

32 - 12.40 ± 0.03b - -

34 - 11.70 ± 0.03c 11.46 ± 0.08e 11.27 ± 0.04g

Different letters (a-g) indicate significant differences (One-way ANOVA followed by Tukey test, p < 0,05).

TABLE 6 QY of the cultures grown under different conditions, the values are shown as mean ± SD of four to eight cultures.

QY (°C) 36 µmol photons m-2 s-1 45 µmol photons m-2 s-1 75 µmol photons m-2 s-1 140 µmol photons m-2 s-1

23 0.45 ± 0.05abcg - - -

25 - 0.46 ± 0.04aj 0.42 ± 0.07cdjk 0.48 ± 0.02aceik

30 - 0.43 ± 0.04cfgj☼ 0.44 ± 0.02ach -

34 0.40 ± 0.02bdefh 0.41 ± 0.03bc 0.48 ± 0.01ai 0.42 ± 0.06bc

Different letters (a-k) indicate significant differences (One-way ANOVA followed by Tukey test, p < 0,05).
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0.014 g g DW-1 and at 23°C, only 0.030 ± 0.003 g g DW-1

(−75,4%) could be achieved.

3.5 Impact of low light on glycogen content
under different temperature conditions

The total glycogen content was determined in different
growth conditions. Figure 5 shows the corresponding results.
The glycogen content was found to be below 40% for all
conditions, nonetheless, significant differences were found
between the different temperature conditions. Cultures grown
under the two lower light intensities did not reach values above
10% (g g DW-1). The two highest light intensities of 75 and
140 µmol photons m-2 s-1 show a strong difference between the
temperature conditions; i.e., suboptimal colder temperature
(25°C) induced higher glycogen concentrations.

4 Discussion

4.1 Biomass production

The average biomass productivity of the linear growth phase
(Pav) of L. indica under different temperatures and light intensities
showed a remarkable significant increase under two conditons
(36 µmol photons m-2 s-1 with 30°C and 45 µmol photons m-2 s-1

with 32°C), while the maximum growth rate (µmax), culturing time
(Tstat) and the max. biomass concentration (Xmax) showed very
strong differences between most culture conditions. Therefore it can
be argued that in the first few days of culturing (during exponential
phase without light limitation), the cells are proliferating at different
rates but reach more similar productivities after this first phase. The
reason for this are the light limiting conditions which are becoming
more similar over time due to an increased growth rate at the higher
light fluxes and higher temperatures at the beginning, versus slower

FIGURE 4
Phycocyanin content at different light intensities (36, 45, 75 and 140 µmol photons m-2 s-1) over the culturing time, n = four to eight, all values are
presented as mean ± SD.

TABLE 7 Maximum phycocyanin content. The values are shown as mean ± SD of four to eight cultures.

Max. Phycocyanin [g g DW-

1] (°C)
36 µmol photons m-2

s-1
45 µmol photons m-2

s-1
75 µmol photons m-2

s-1
140 µmol photons m-2

s-1

23 0.030 ± 0.003ad - - -

25 - 0.077 ± 0.004c 0.025 ± 0.004d 0.018 ± 0.004d

30 0.122 ± 0.014b - - -

32 - 0.123 ± 0.013b - -

34 - 0.130 ± 0.009b 0.129 ± 0.008b 0.051 ± 0.017a

Different letters (a-d) indicate significant differences (One-way ANOVA followed by Tukey test, p < 0,05).
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biomass accumulation under lower light fluxes, resulting in similar
light conditions in both cases. For the high light fluxes, no Pav could
be obtained because the linear phase was too short, thus, statements
can only be made for the lower light fluxes between 35 and 75 µmol
photons m-2 s-1.

The Limnospira indica PCC8005 P3 strain used in these
experiments has adapted to a constant lower light environment
at warm temperatur during the long cultivation time in our
incubators in our laboratories. In our facilities, this strain is kept
at 25–35 µmol photons m-2 s-1 and at 30°C. Thus, the strain is not
acclimated to higher light conditions anymore and experiences
photoinhibition when suddenly exposed to higher light

conditions. Photoinhibition is a complex process occuring in all
photosynthetic organisms under stressfull high light conditions.
Photoinhibition occurs when the amount of absorbed photons
produces more electrons than can be used in the Calvin cycle
(Chojnacka and Noworyta, 2004). This causes an increase in
reactive oxygen species (ROS) and therefore triggers several
defence, detox and repair mechanisms in the cells, for example,
the production of certain antioxidants. In case of strong
photoinhibition, the amount of ROS inside the cell causes too
much oxidative damage to the cell structures and leads to death
of the photosynthetic organism (Scandalios, 2005; Erickson et al.,
2015; Maltsev et al., 2021). It was also shown previously, that the

TABLE 8 Maximum allophycocyanin content, the values are shown as mean ± SD of four to eight cultures.

Max. Allophycocyanin [g g DW-

1] (°C)
36 µmol photons m-2

s-1
45 µmol photons m-2

s-1
75 µmol photons m-2

s-1
140 µmol photons m-2

s-1

23 0.017 ± 0.004ad - - -

25 - 0.029 ± 0.002c 0.010 ± 0.001ae 0.006 ± 0.001e

30 0.042 ± 0.007b - - -

32 - 0.040 ± 0.004b - -

34 - 0.039 ± 0.002b 0.038 ± 0.003b 0.022 ± 0.003cd

Different letters (a-e) indicate significant differences (One-way ANOVA followed by Tukey test, p < 0,05).

TABLE 9 Maximum chlorophyll content, the values are shown as mean ± SD of four to eight cultures.

Max. Chlorophyll [g g DW-

1] (°C)
36 µmol photons m-2

s-1
45 µmol photons m-2

s-1
75 µmol photons m-2

s-1
140 µmol photons m-2

s-1

23 0.012 ± 0.001a - - -

25 - 0.020 ± 0.001bc 0.007 ± 0.001e 0.004 ± 0.001e

30 0.020 ± 0.002b - - -

32 - 0.020 ± 0.002bc - -

34 - 0.024 ± 0.000d 0.024 ± 0.002d 0.017 ± 0.001bc

Different letters (a-f) indicate significant differences (One-way ANOVA followed by Tukey test, p < 0,05).

FIGURE 5
Glycogen content (wt%) of Limnospira indica cultures under different light intensities and temperatures, the values are shown as mean ± SD,
statistics using one-way ANOVA followed by Tukey test, * = p < 0,05; ** = p < 0,01; *** = p < 0.001 and **** = p < 00,001.
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H2O2 concentration increases inside cyanobacterial cells when
different environmental stresses like high light fluxes or
phosphorus depletion are applied (Asaeda et al., 2022). Muhetaer
et al. (2020) suggest that the production of H2O2 by the photosytem
is the main reason for the reduced growth under high light in the
cyanobacterial species Pseudanabaena galeata and Microcystis
aeruginosa. They additionally showed that a longer exposure to
unpreferable light conditions increases the negative effect on the
growth of the cultures. In our study, the higher light conditions
reached much lower maximum biomass concentrations, which
supports the assumption that high light is inhibiting the growth
after a few days, most likely due to an accumulation of reactive
oxygen species.

The optimal light conditions are different not only for different
species but also for different strains. The original habitat of the
cyanobacteria impacts their light and temperature optima and
therefore the adaptation of different species and strains to low or
high light differs strongly (Moore et al., 1995; Vonshak and
Tomaselli, 2000). Bautista and Laroche (2021) suggest that the
differing responses of strains to light stress could have a
genotypic origin which controls the turnover rate of the protein
D1, a component of PS II. They mention additionally, that cultures
can adapt to higher light intensities when exposed to such conditions
for a longer period. In our current follow-up studies, we investigate
possibilities to adapt the strain to different light flux intensities.

It is therefore not suprising that the values of optimal light
intensities and the corresponding biomass productivities and
biomass concentrations are varying strongly in literature. Maltsev
et al. (2021) found in their study that the optimal light intensity for
the growth of various microalgae lies between 26 and 400 µmol
photons m-2 s-1. Several studies found high biomass productivities
under high light conditions, for example, a light intensity of
2,300 µmol photons m-2 s-1 (~29°C) caused a very high biomass
production of 0.67 g L-1 d-1 in a photobioreactor with Arthrospira
platensis BP in a semi-continuous mode at an OD560nm of 0.6 in the
studies of Chaiklahan et al. (2022). Further; Garcia-Gragera et al.
(2021) reports a maximum biomass productivity of 0.58 g L-1 d-1 and
a max. biomass concentration of 1.65 g L-1 for 932 µmol photons m-

2 s-1 in experiments performed at the MELiSSA pilot plant; Deamici
et al. (2022) used 120 µmol photons m-2 s-1 in a batch set-up using a
photobioreactor, and found an average biomass productivity of
0.11 ± 0.01 g L-1 d-1, a max. biomass concentration of 1.52 ±
0.01 g L-1, and a µmax of 0.55 ± 0.01 d-1. In the ArtEMISS B space
flight, at 35 µmol photons m-2 s-1 and 33 °C; Poughon et al. (2020)
found a maximum biomass productivity of ~0.12 g L-1 d-1, while
Farges et al. (2009) reports a biomass productivity of 0.077 g L-1 d-1

for 33 µmol photons m-2 s-1 in an 1.2 L membrane bioreactor;
Ravelonandro et al. (2008) performed experiments on a Spirulina
platensis strain in modified Zarrouk medium and showed that very
low intensities of green light at 1,200 lux (~16 µmol photons m-2 s-1,
~30°C) reached a productivity of 0.18 g L-1 d-1, a maximum growth
rate of 0.624 d-1 and amaximum biomass concentration of 0.26 g L-1.
In another study, different species of red algae were shown to have
higher growth rates under low irradiances (65 vs 300 μmol photons
m-2 s-1). Additionally, it could be shown that the temperature optima
for some of the red algae species changed depending on the light
intensity. The combination of low temperature with high light
showed the slowest growth (Zucchi and Necchi, 2001), similar to

our results on L. indica PCC8005. For multiple other photosynthetic
organisms, like aquatic and land plants, it was already shown in the
1980s that lower temperatures increase the stress of photoinhibition
caused by high light conditions (Powles, 1984).

Therefore it can be concluded that even though a lot of
variability is found in the reported literature values, our results
lie in the same range and the maximum biomass concentration
(3.36 ± 0.15 g L-1 at 36 µmol photons m-2 s-1 and 23°C) is even higher
than the reported values.

It is important to keep in mind that several factors influence the
light conditions inside a culture. For example, a high biomass
density in a culture causes shading effects which impact the light
availability and therefore also the biomass production (Poughon
et al., 2020; Garcia-Gragera et al., 2021; Chaiklahan et al., 2022),
therefore not only the light intensity but also the availability of light
plays an important role. Additionally, the wavelength composition
of the light influences the performance of a cyanobacterial culture.
Several studies have been performed on the use of different
wavelengths (Ravelonandro et al., 2008; Bland and Angenent, 2016).

In our experiments, the temperature was shown to have a
significant but smaller impact on the biomass production under
low light conditions (<100 µmol photons m-2 s-1) but was shown to
have a high impact on other parameters such as pigment production.
Thus, the smaller influence of temperature on biomass productivity
was also shown in other reported studies. De Oliveira et al. (1999)
found that only small changes in growth kinetics (Spirulina maxima
and Spirulina platensis) are detectable when the temperature is
changed. Only temperatures that are outside of the optimal range
showed a big impact in their study.

4.2 pH

It is remarkable that all except three conditions reached pH values
above 11.5. The pH increases due to the bicarbonate uptake of L. indica
and the resulting OH− release (Poughon et al., 2020). These high
pH values shift the bicarbonate to carbonate species equilibrium and
causes a HCO3

− scarcity. The fact that many of the cultures continue
their growth above pH 11 suggest that this strain is exceptionally well
equipped for high pH values and low bicarbonate abundance. Many
cyanobacteria have developed the ability to take up HCO3

− due to the
limited availability of CO2 inmarine and fresh waters (Smith and Ferry,
2000).When a cyanobacterium is able to grow at pH values higher than
10, it uses active HCO3

− transport inside the cell because at pH > 10,
very limited and decreasing amounts of CO2 are present. Bicarbonate is
less available above pH values of 10.3, because at this pH, the
bicarbonate HCO3

− concentration in the medium is lower than
carbonate CO3

2- concentration, which become the more abundant
species (Deamici et al., 2022). Thus, the high pH values which have
beenmeasured under low light conditions probably can be explained by
an exceptionally efficient HCO3

− uptake of the L. indica PCC8005
P3 strain.

Banares-Espana et al. (2006) have shown that different strains of
the cyanobacteriumM. aeruginosa have different pH compensation
points, meaning they have different capacities to use HCO3

− as a
carbon source. These results support our hypothesis that the
P3 strain might have developed a high HCO3

− affinity and is
therefore able to survive even above pH values of 11.5.
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The higher light intensities do not show high pH values before
the stationary phase. Therefore a carbon limitation is unlikely for
these conditions. As explained in the previous section,
photoinhibition causing lethal ROS doses is a likely explanation
for the early death of the cultures. An additional possible
explanation could be a nitrogen depletion due to limitation in
the nitrogen assembly machinery (see discussion section glycogen).

The pH values were in line with the biomass productions and
therefore this parameter can be used under varying conditions to
monitor the growth status of the cultures. Additionally, the pH of the
surrounding medium influences the biomass and pigment
production of A. platensis (Gomont). Ismaiel et al. (2016)
showed that the highest biomass for the Gomont strain could be
obtained at pH 9.0. The highest chlorophyll and phycocyanin
production were obtained at pH 8.5. Thus, the decreasing
phycocyanin content at the end of the culturing time could be a
pH induced effect (Figure 4).

4.3 Quantum yield

The QY of all tested cultures was between 0.40 and 0.50.
Nevertheless, the statistical analysis revealed significant difference
between several conditions. The highest QY values were obtained for
cultures grown under higher light intensities (140 µmol photons m-

2 s-1 with 25°C and 75 µmol photons m-2 s-1 with 34°C). This shows
that the QY increases slightly under increasing light intensities. We
could not find a direct correlation between the pigment content and
the QY (see Table 6 vs; Tables 7–9). The combinations of (1) low
temperature with low light, and (2) high temperature with high light
seem to promote a high QY. According to Schuurmans et al. (2015)
is it important to use the QY only as a qualitative value and it should
not be compared in between species or even strains. Thus, the small
differences between the QY values observed in this study should also
be interpreted with caution. In summary, all cultures showed QY
values between 0.40 and 0.50 and therefore it can be concluded that
the photosynthetic performance was similar in the different
conditions.

4.4 Pigments

A high pigment content (phycocyanin, allophycocyanin and
chlorophyll) goes hand in hand with a high protein and antioxidant
nutritive value of L. indica and accordingly it was one of our goals to
find suitable conditions.

As mentioned, literature research revealed that phycocyanin and
allophycocyanin constitute between 15% and 20% of the dry weight
in Arthrospira when cultured in PBRs (Chaiklahan et al., 2012; Lee
et al., 2016; Chaiklahan et al., 2022) which aligns with the values we
obtained for the combinations of low light and high temperature
(Table 7, 8). Several parameters have an influence on the pigment
content. For example, not only the light intensity but also the
wavelength composition has an impact on the phycocyanin
production (Fekrat et al., 2022). The halogen lamps and LEDs
which we used emit the full photosynthetic active irradiation in
all experiments, thus, an impact of this parameter is unlikely in this
study.

Other studies have shown that in several species of red algae, the
pigment content changed significantly with the culturing
temperature and for some species, the amount of
phycobilliprotein increased when the light intensity was
decreased (Zucchi and Necchi, 2001). Our results show a similar
trend when 140 mol photons m-2 s-1 is compared to the lower light
intensities. Deamici et al. (2022) obtained a chlorophyll content of
1.11 ± 0.15 mg g DW-1 (~0.001 g g DW-1, in L. indica PCC8005)
which is much lower than the values presented in this study. Garcia-
Gragera et al. (2021) found a phycobilliprotein content between
0.037 and 0.125 g g DW-1 and a chlorophyll content between
0.007 and 0.018 g g DW-1 (also in L. indica PCC8005), which is
very similar to our results (0.018 and 0.130 g g DW-1 for
phycocyanin and 0.004—0.024 g g DW-1 for chlorophyll).

Karemore et al. (2020) confirmed that the temperature does not
only play a role in the general biomass production but also impacts
the pigment content in a semi-continuous PBR culture of A.
platensis. A constant high temperature of 35°C caused a higher
phycocyanin content in their study and the percentage of
phycocyanin per dry weight decreased over the culturing time. In
this study, cultures grown under higher temperatures were also
shown to have an increased pigment content (phycocyanin,
allophycocyanin and chlorophyll a) and therefore, these
conditions are preferably used in regard to the nutritive value of
L. indica. Temperature and light intensity both have a strong impact
on the pigment contents and neither low temperature nor high light
were shown to be favorable of this parameter in our experiments.

4.5 Glycogen

In L. indica PCC8005, 82% of the total carbohydrates were
found to be glycogen (Bermudez and Paulina, 2022). Not only
Limnospira but many cyanobacteria store glycogen as a carbon
stock. The built-up of these stocks can be used as an electron sink
(Damrow et al., 2016). Literature results revealed that high light
intensity stress and nitrogen depletion play major roles in the
metabolism of carbohydrates (Phélippé et al., 2019). For example,
it was shown that cyanobacteria mutants which can not produce
glycogen can not survive nitrogen starvation and also bleach faster
at high light intensities (Carrieri et al., 2012; Hickman et al., 2013;
Cano et al., 2018). In Synechocystis sp. PCC 6803, the glycogen
metabolism was shown to be an important energy buffering system
and glycogen accumulation is a direct result of high energy charges
(Cano et al., 2018). The cyanobacteria Merismopedia tenuissima
and Oscillatoria rubescens where shown to be more efficient at
incorporating HCO3

− into low molecular weight compounds
under lower light conditions (20 vs > 90 µmol photons m-2 s-1)
and M. tenuissima produced less polysaccharides and more
proteins under low light conditions (Konopka and Schnur,
1980), which is a similar trend than what we observed.
Sakamoto and Bryant (1997) found that lower temperatures can
cause the same effects as nitrogen depletion, causing an increase in
glycogen accumulation. Sakamoto and Bryant (1997) found that
Synechococcus sp. PCC 7002 grown at 15°C under 50 and 250 µmol
photons m-2 s-1 showed an increase in glycogen content when
nitrate was used as the nitrogen source. Additionally, cultures
grown at the same temperature but with urea as the sole nitrogen
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source, the glycogen accumulation could only be observed at the
higher light intensity. Thus, it has been concluded that the cold
growth conditions cause a nitrogen depletion effect. In a follow-up
study (Sakamoto and Bryant, 1999), they found proof that the
inactivation of nitrate/nitrite transporters is the main reason for
limited growth under low temperatures. Additionally, Sakamoto
and Bryant (1997) have shown that the high light, low temperature
condition causes a decrease in phycobilliprotein, similar to the
results obtained in the present study, and that this decrease in
pigment content can be counteracted by using a different nitrogen
source as urea.

The whole intracellular composition of L. indica changes
depending on the growth conditions. For example, the light
intensity has an impact on the ratio of extracellular polymeric
substances (EPS) to intracellular glycogen. Phélippé et al. (2019)
showed a decrease in the EPS/glycogen ratio from 3.1 at
100 µmol photons m-2 s-1 to 0.6 at 1,200 µmol photons m-2 s-1,
due to the fact that at higher light intensity the glycogen content
increases to a larger extend than the EPS in the cells. They
additionally compared the data of several publications using A.
platensis in PBRs in batch mode and found that the glycogen
content is varying severely (~5%–65% g g DW-1) depending on
the growth conditions which were used. For example, high
salinity, nitrogen depletion and high light intensity have a
strong impact on the glycogen production and the light
intensity was found to be the most crucial. Only the high
light intensities at lower temp produced more then 10%
glycogen in our study. In summary, the high light conditions
cause a high electron abundance in the cell, but the anabolic
protein production pathways cannot follow the high flux of
electrons under low temperatures and therefore electons are
used to reduce CO2 and stock the carbon in a reduced form as
glycogen.

Deamici et al. (2022) found a carbohydrate content of
14.01 ± 1.84 g g DW-1 at 120 µmol photons m-2 s-1 which is
similar to our glycogen value of 12.71 ± 2.58 at 140 µmol
photons m-2 s-1 (34°C). Changes in glycogen content have an
impact on the sedimentation behavior of the culture
(Deschoenmaeker et al., 2017). Sedimentation (due to

glycogen) and aggregation (due to EPS) are especially
important for PBR operation in gravity environments like on
Earth, as an increase in sedimentation velocity may cause mixing
problems that result in not evenly distributed light and nutrients
in the culture and problems with optical biomass measurements
(Poughon et al., 2020; Fais et al., 2022b).

5 Conclusion

This study was one of the steps to determine the most optimal
propagation conditions in a space bioreactor of the future life
support system organism Limnospira indica and helps us to avert
problems during upcoming space flight experiments. In order to
complete the picture, we are currently investigating the impact of
chronic low-dose irradiation and simulated microgravity on the L.
indica cultures. The corresponding results will be presented in
follow-up studies.

Figure 6 shows the peaks of the different parameters and how
they overlap. Our main goals were a high pigment content, high QY,
high maximum biomass concentration and low glycogen content.
The graphical illustration shows that a higher temperature (30°C or
above) in combination with low light (35—75 µmol photons m-2 s-1)
is most optimal to reach these goals and propagate a healthy batch
culture.
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