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Abstract

The Micro-Ecological Life Support System Alternative (MELISSA) project of the European Space Agency
develops a biological recycling loop for manned long-term space flight. The air revitalisation and food
production are carried out by vascular plants and a photobioreactor containing the cyanobacterium
Limnospira indica. In the space flight experiment ARTHROSPIRA-C, cultures of L. indica are run in a one-
week batch mode (45 pmol photons m™ s1) followed by four semi-continuous cycles of two weeks
length. Each cycle has a different, predefined light intensity following an increasing regime (45-55-70-
80 umol photons m? s). In this study, two ground science verification tests (SVT and §-SVT) were
conducted in a laboratory setting to test the reliability and functionality of the hardware- and software
of ARTHROSPIRA-C. The SVT explored all four cycles and light intensities and 6-SVT was an additional
test where only cycle 1 and 2 were performed. §-SVT was used to investigate anomalies during SVT.
These experiments revealed oxygen production rates between 0.10 + 0.03 and 0.45 + 0.01 mmol O, L°
! h'? and biomass production rates between 0.008 + 0.000 and 0.021 + 0.002 g L h? while
demonstrating sustained photosynthetic activity at all tested light intensities. In addition, proteomics
analysis revealed interesting light intensity-induced effects on multiple pathways, whereas the
lipidomic analysis reported no alterations. This study delves into the ground tests conducted during
ARTHROSPIRA-C, paving the way for a forthcoming successful flight experiment scheduled aboard the
International Space Station in autumn 2024.

Keywords

cyanobacteria, International space station space flight experiment, air revitalisation, photobioreactors,
food production, MELiSSA

1.  Introduction

As manned space missions become more frequent and longer in duration, the demand for
consumables such as water, oxygen, and food for the crew is increasing. To circumvent the high costs
and logistic challenges of large cargo, bioregenerative life support systems (BLSS) are needed to recycle
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as many organic and inorganic compounds as possible. The cyanobacterium Limnospira indica is part
of the micro-ecological life support system alternative (MELISSA) program of the European Space
Agency (ESA), and is used for air revitalisation, water recycling, food production and plants
biostimulants in this BLSS (Lasseur and Mergeay 2021). The MELISSA project is inspired by an aquatic
ecosystem and includes e.g. thermophilic anoxygenic bacteria, nitrifying bacteria, plants and also
cyanobacteria (Lasseur 2008; Hendrickx et al. 2006). Limnospira indica, previously called Arthrospira
sp. or Spirulina sp. (Nowicka-Krawczyk, Muhlsteinova, and Hauer 2019) is a filamentous
cyanobacterium, capable of producing oxygen through photosynthesis just like other cyanobacteria
and plants (Fahrion, Dussap, and Leys 2023). The biomass of L. indica is fully edible and high in protein
and antioxidants, making it a good candidate as a supplement to other nutrition sources (Wu et al.
2016; Farag et al. 2015). Limnospira indica as other photosynthetic bacteria need photons from the
visible light spectrum to produce oxygen. Carbon and nitrogen sources such as bicarbonate and nitrate
ions are necessary to build up the biomass, therefore ensuring, in parallel to the recycling of CO, and
0O, production, an edible biomass production.

The ability to produce oxygen and edible biomass with high production rates and in a cost-efficient
manner makes algae and cyanobacteria suitable candidates for BLSS (Niederwieser, Kociolek, and Klaus
2018). BLSS have several advantages over classical cargo-based methods, such as reduced cost and
weight. Thus, greater distances can be achieved for human space travel (Fahrion et al. 2021).
Physicochemical life support systems, such as the ones tested and used on board the International
Space Station (ISS), can also be used to provide space crews with fresh air and water (Junaedi et al.
2011; Takada et al. 2019), but these methods are not sustainable in the long term and are additionally
not able to bring fresh food to the table. In the coming long-distance human space flights, most likely
a combination of biological and physicochemical methods will be used to ensure that a breakdown of
one method does not result in a mission failure (Hauslage et al. 2018). Before BLSS can be used for
space crews, the different components, hardware as well as organisms and their interactions need to
be tested and understood thoroughly.

A part of this process is the testing of the organisms under space conditions to investigate possible
influences of microgravity, space irradiation and upload conditions that include hypergravity and
strong vibrations. In the case of the MELiISSA project, the ARTEMISS project (Arthrospira gene
Expression study and mathematical Modeling on cultures grown in the International Space Station) is
responsible for the testing of Limnospira indica under space conditions (Poughon et al. 2020). To this
end, two proof-of-concept experiments are conducted on board I1SS: ARTHROSPIRA-B (ArtB) and
ARTHROSPIRA-C (ArtC). Both experiments aim to translate the photosynthetic bioprocess of
Limnospira indica to space using model photobioreactors (PBR). The ArtB experiment was already
successfully conducted on board the ISS in December 2017 and showed that a batch configuration at
35 pumol photons m?2 st and 33°C yields similar biomass and oxygen production rates on ground as in
space, when proper mixing is provided to the cyanobacterial cultures (Poughon et al. 2020). Instead of
batch and fed-batch cultures studied in ArtB, ArtC concerns a semi-continuous set-up (dilution rate =
0.6 mL h') with increasing light intensities (45 - 55 - 70 - 80 umol photons m2 s%).

This paper focusses on the new developments of ArtC. This study seeks to address several key
guestions regarding the continuous cultivation of Limnospira indica within the experimental set-up
and space hardware. Firstly, we aim to determine whether L. indica can be successfully grown for
longer durations (9 or 5 weeks, respectively) in a continuous manner. Additionally, we are investigating
the expected oxygen production and biomass yield within this system, providing insights into its
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efficiency and potential scalability. Another major aspect of the research is the identification of the
primary controlling factor of the microbial bioprocess in this set-up (gas or light transfer). Furthermore,
we are assessing whether the samples of this set-up are suitable for detailed proteomic and lipidomic
analyses and whether the light conditions are influencing L. indica as intended, ensuring accurate
results for downstream applications. ArtC is currently scheduled to fly to the International Space
station (ISS) in 2024. To assure a successful experimental run within the ISS, several experiments have
to be performed in a ground laboratory beforehand. The main goal of ArtC is the investigation of the
impact of space conditions such as microgravity and increased irradiation on the growth of Limnospira
indica in semi-continuous cultures. The general metabolic rates are monitored online via biomass and
oxygen production rates, while in-depth molecular analyses such as proteomics and lipidomics are
done on frozen samples after finalisation of the experiment. In this study, the results of the ground
tests of ArtC are presented. During these tests, the feasibility and reliability of the hardware
(photobioreactors, PBR) and their ability to sustain a healthy semi-continuous culture are tested
thoroughly. The procedure of these on-ground experiments is the same as in space, securing direct
comparisons between the obtained data sets. A major difference between the space and ground
experiments are the increased irradiation and the microgravity occurring on board the ISS, allowing to
see the influence of these parameters on Limnospira indica growth during the ArtC experiment. These
experiments on Earth as well as in space give insights to the metabolic stability of the culture as well
as the adaptation of Limnospira indica to different light intensities in a semi-continuous culture mode.

2. Material and methods
2.1 Strain description

The photosynthetic cyanobacterium Limnospira indica PCC8005 substrain P3 was used in both
experiments described in this study. This strain has straight and long trichomes and was shown to grow
healthy and stable at temperatures between 22 and 34 °C and light intensities between 35 and 80
umol photons m?2 st (Fahrion, Dussap, and Leys 2023). L. indica was grown in Zarrouk medium (starting
pH = 9.9) as modified by Cogne et al. (2003). In this study, the carbon source for photosynthesis is
dissolved bicarbonate ions in the medium. The sole nitrogen source are nitrate ions. As mentioned,
this organism was already used in a previous space flight experiment, ArtB, which flew to the ISS in
2017 and investigated the growth of L. indica in a batch regime (Poughon et al. 2020). The inocula used
for the SVT and &-SVT experiments were grown in 250 mL Erlenmeyer flasks in Zarrouk medium. For
this, 142.5 mL Zarrouk were mixed aseptically with 7.5 mL of culture (5% inoculation). The inocula were
grown at 30°C and 45 umol photons m?2 st in a Binder KBWF 720 climate chamber (Analis SA, Belgium)
until they reached an OD770nm Of 1.18 (SVT) and 1.25 (6-SVT), respectively.

2.2 Axenicity

All cultures were checked for axenicity in the beginning of the experiments and after each cycle by
inoculating 1 mL of culture in 10 mL LB medium and additionally, 1 mL culture in a 9 mL Zarrouk and 1
mL LB mixture, each in 50 mL culture flasks (Greiner BIO-ONE). If there is no visible microbial growth
(no turbidity) after 7 days, the cultures were presumed to be axenic. During the 7 days, the flasks
resided in Binder incubators at 30°C, 120 rpm and 30 umol photons m™ s, Detected contaminants
were plated on LB agar and send for 16S rRNA sequencing (Eurofins).

2.3 Experimental set-up

2.3.1 Experiments
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The science verification test (SVT), is an experiment to check the feasibility and reliability of the set-
up, hardware, software, and experimental schedule. This test follows the entire procedure of ArtC in
a laboratory setting at SCK CEN, Belgium. The first SVT experiment was performed at SCK CEN
Microbiology laboratories for 9 weeks active operation (from 03/10/2022 until 05/12/2022) and
consisted of a one week batch propagation (45 pmol photons m?2s?) followed by four semi-continuous
cycles of two weeks length with increasing light intensities (45 - 55 - 70 - 80 umol photons m?2s?). The
second experiment (also performed at SCK CEN) named &-SVT and was done additionally to SVT to
gather more data and to understand and solve problems that occurred during SVT. This run was
conducted for 5 weeks (from 15/05/2023 until 19/06/2023), including the one week batch followed by
cycle 1 and 2 (45 and 55 umol photons m2s™).

2.3.2. Experiment hardware

The hardware used in the present study was upgraded from the previous space flight experiment ArtB
(Poughon et al. 2020) and the design of the operational photobioreactors are based on research from
the University of Clermont-Auvergne (Cogne, Cornet, and Gros 2005; Cogne et al. 2001). Similar as
ArtB, the ArtC space flight experiment is designed to be executed in the Biolab facility, the ESA multi-
user facility for biological experiments on board the ESA Columbus Module, on the International Space
Station (ISS). The space and Biolab compatible mini-sized PBRs were manufactured by Redwire Space
Europe for ESA. A picture and an operational schematic of the reactors and the set-up can be found in
Figure 1. In total, 8 of these reactors are used during the ArtC space flight. Four so-called flight models
(FM) will be used onboard the ISS, and four ground models (GMs) will run in parallel on ground. In the
experiments presented here, the GMs and their associated feeding and sampling reservoirs were used.
The GM reservoirs were emptied and reused during the run. Each reactor has a flat cylindrical culture
chamber (CC) of Vcc=51.69 + 1 mL, which contains the active cell culture inside an expandable PFA bag
(wall thickness of 127 pum). The culture chamber (CC) is connected to a gas chamber (GC) via a gas-
permeable membrane (hydrophobic polytetrafluorethylene (PTFE), 57 £ 1 um thick, pore size 0.2 um
(Sartorius-Sedim 11807)). This membrane was specifically selected for its high oxygen permeability and
has a 26 cm? surface, resulting in a liquid volume to surface ratio of 1.96 cm3/cm?. The gas chamber
(GC) has a volume of V=22.37 mL (gas to liquid ratio = 0.43) where the produced oxygen is allowed to
accumulate up to a relative overpressure of 150 mbarg, whereby g stands for gauge, or relative
pressure versus the static liquid pressure in the CC. To secure optimal gas release and to prevent
bubble formation at the liquid side, it was aimed to always maintain the static liquid pressure in the
CC higher than the pressure inside the GC (>1.150 bara). This was realised via a peristaltic pump in
front of the liquid chamber and a back pressure control valve after the liquid chamber. During 6-SVT,
one reactor was additionally run with a venting threshold of 50 mbarg instead of 150 mbarg for 3 days,
to test if this lower threshold could be used to ensure that the gas pressure is always lower than the
liquid pressure, to improve oxygen release from the liquid to the gas phase, and to reduce the risk of
gas bubble formation in the liquid phase. When the threshold is reached, which is monitored by the
gas pressure sensor (KULITE XTL-193-190), a pressure valve opens and vents the gas chamber for 30
seconds to secure full pressure release. The gas chamber venting valve is commanded to vent at
relative pressure, independent of absolute atmospheric gas pressure between 0.900 and 1.250 bara
(bar absolute), at the other side of the venting valve inside the incubator for advanced experiment
containers (AECs) on the anti-settling device in Figure 1, or inside the closed AECs connected to Biolab
ventilation system in the future. Afilter (0.2 um thickness, 3.1 cm? surface, PTFE) is interposed between
the GC and the gas sensor and pressure relief valve (0.2 um thickness, 3.1 cm? surface, PTFE). Every
time the gas chamber vents, the relative pressure is set to zero. The optical measurement unit (OMU,
manufactured and miniaturized by Gademann Instruments) is connected to the CC via tubings and
consists of an optical density measurement instrument (Biomass assessment via OD, polycarbonate
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cuvette, optical path of 5 mm (10mm in ArtB)) and a pulsed amplitude modulated (PAM) fluorometry
instrument (Quantum yield measurements, same cuvette, saturation pulse of 6000 pmol photons m
s1). The magnetic stirrer bar inside each culture chamber is stirring at a speed of 1000 rpm (in ArtB
only 800 rpm were used) and change their direction every 600 seconds (i.e. every 10 min). The stirrer
bar is sitting on the surface of the gas permeable membrane, and held in place with a stirrer bar holder
cap. During the entire experiment, the culture is illuminated by 36 LEDs (Nichia NESLO64AT, full PAR:
400 - 700 nm) which can be set to different light flux intensities (45-80 pmol photons m2s™). The LEDs
are positioned at the cylindrical plane, at the opposite side from the membrane, separated from the
CC by a transparent polycarbonate window (26 cm? illuminated surface).

Each PBR is equipped with a feed reservoir which is filled with 90 mL (double bag reservoir) or 200 mL
Zarrouk culture medium (single bag reservoir), a fixed-sample reservoir (filled with 30 mL RNAlater)
and an empty sample reservoir (Fig. 1). The feed reservoirs provide fresh Zarrouk culture medium and
contain a defined space to collect and store the flow-through of the culture. In case of the single bag
reservoirs, the flow through is stored between the outside of the PFA bag which contains the Zarrouk
medium and the aluminium shell, and in case of the double bag reservoirs, the flow through is stored
in a separate PFA bag next to the Zarrouk bag. Both bags are inside the aluminium shell of the reservoir.
The sample reservoirs are used to sample the culture from the CC at the end of each of the four
production phases. All sample reservoirs also contain a PFA bag.

An anti-settling device (ASD) was used additionally to the internal stirring bar to prevent the formation
of sediments and biofilms under Earth gravity conditions. This machine turns the photobioreactors by
180° (duration of 5 sec, clockwise and counterclockwise, g vector perpendicular to the gas/liquid
interface membrane) every 5 minutes on a horizontal axis (Fig. 1). This device will also be used for the
ground control experiments of ArtC. Both experiments were carried out at 33 + 1°C, by placing the full
set-up inside a convective air heated laboratory incubator (Binder incubator at 33°C).

All reactors are connected to electronic boxes and finally to a computer with a dedicated software
which commands the reactors via a predefined operations timeline and logs the data generated by the
reactors. During SVT, the electronic boxes were placed inside the incubators (next to the reactors).
This placement was found to induce high variability of the OMU measurements due to the higher
temperature and it was therefore decided to place all electronics except the AECs outside of the
incubator for the delta-SVT experiment.

The software logs the light, temperature (outside CC wall) and stirring as well as the data of the
pressure sensor inside the gas chamber minimum once every two seconds. The optical density and
fluorescence measurements of the OMU sensor were performed every 9 and 11 hours respectively.

2.3.3. Experiment Settings, operations and timeline

The experiments start with the dormancy phase (7-14 days) where the cultures are stored at 4°Cin the
dark without mixing. In the space flight experiment, this dormancy period is the passive storage period
needed to bring the freshly inoculated reactors from the experiment preparation laboratory to the
launch site and on-board ISS, and from the docked upload vehicle until the activation in the biolab
facility in the Columbus module in ISS. In ArtC as well as during the laboratory tests presented here,
the inoculum culture (Limnospira indica PCC8005 P3, OD770nm = 1.0-1.3) is introduced in the hardware
and stored inside the liquid loop tubings. All tubings of the liquid loop are PharMed biocompatible
tubings (BPT) which are less gas-permeable (CO,, O,) than silicon tubings and therefore suitable to
minimize off-gassing and loss of CO, from the media. For this study, the dormancy period was only
conducted for SVT, for 11 days. For &-SVT, this was skipped due to time constraints. To minimize
pressure drop due to cooling (which might lead to CO, off-gassing from the medium with inoculum in
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the tubings) after transfer of the AECs to the cold room (4°C, dark), the reactors were left in an open
configuration for 24 hours to cool down and closed afterwards. After dormancy, a revival and
propagation phase of 7 days in batch mode (45 pmol photons m2 s?) follows. To start this phase, the
inoculum (9 mL) is diluted with 51 mL of fresh Zarrouk medium in the inflatable CC, and the LEDs and
the stirrer are activated. During this initial batch, it is aimed to revive the cells after cold storage and
to proliferate the small volume inoculum to a larger volume dense culture, with an optical density
increasing from OD770nm ~ 0.100 to OD770nm ™~ 1.00. This is followed by 4 production phases (called cycles
1, 2, 3, 4), with semi-continuous liquid feeding, each with exposure to four different light intensities
(45, 55, 70 and 80 umol photons m? s!) and a duration of 2-weeks (340 hours). The pump is activated
at a speed of 0.2 mL min™, for 30 seconds every 10 minutes (i.e., 3 min h! total on-time at a speed of
0.2 mL min), resulting in a constant feeding rate during all 4 cycles of 0.6 mL h%. In between, the pump
is turned off. Only right before an OMU measurement (OD and QY, every 9 and 11 hours respectively),
a turbidity state is turned on, which mixes the liquid in a closed loop. During this state, the pump is
active at a speed of 3 mL min?* for 3 minutes. The volume of the tubings (+ cuvette of OMU) of the
liquid circuit is estimated to be Vruings=7.56 mL. Thus, a stable biological process for 3.9 retention times
(1 retention time =51.69 mL/0.6 ml h't = 86.15 h, total time per cycle = 340 h) is achieved in each cycle.

Each culture is sampled every 2 weeks (340 hours), and the goal is to maintain axenicity during the full
run of nine (or five) weeks. The RNA later reservoirs are used to fix samples for molecular analysis.
These samples are used for proteomics and lipidomics analysis. During ArtC, RNAlater samples will be
frozen at -80°C inside their respective sample reservoirs. Additionally, pure, unfixed culture samples
will be taken and frozen at -80°C in their respective reservoirs. In the SVT and 6-SVT experiments, only
the RNAlater fixed samples were used. These were extracted from their respective reservoirs before
freezing to circumvent additional freezing /thawing cycles of the hardware.

During the SVT experiment, several problems were identified. To find solutions for these problems, a
new test, 6-SVT, was planned and performed. Several changes were implemented for 6-SVT to
circumvent the problems detected in SVT. Firstly, the software was adapted to avoid timeline errors.
Secondly, the reservoir handling procedure was changed to circumvent development of an
underpressure at the waste site. Additionally, manual filling commands were implemented before
sampling and reservoir exchange, to additionally maintain the liquid pressure (maximum of 5 mins at
3 mL min, only in-flow). To improve the precision of the OD values and to counteract high standard
deviations, the OMU was newly calibrated. Lastly, the electronics connecting the reactors to the
computers were placed outside of the incubators instead of inside.
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Figure 1. Space compatible miniaturized photobioreactor of the ArtC flight experiment (manufactured by Redwire Space
Europe for ESA). A: Picture of the anti-settling device inside incubator, on which 4 AEC are mounted in ‘open box’ configuration
and periodically rotated 180°C to alternate the impact of the gravity vector; B: Picture of the AEC Advanced Experiment
Container (containing the photobioreactor) compatible with BIOLAB facility in ISS; C: Top view (from LED array side) into the
flat cylindrical culture chamber with flexible bag filled with 51 + 1 ml green cyanobacterial culture without gas bubbles. D:
Schematic of liquid loop allowing feeding to the culture chamber, measurements in a circular by-pass loop over the culture
chamber, and sampling from the culture chambers to the reservoirs, all while maintaining liquid pressure; source of B and D:
Redwire Space Europe.

2.4 Analysis of collected Online data
2.4.1 Oxygen production

The oxygen production of the cultures was monitored via the gas pressure sensor in the GC. Each
venting of the gas pressure relief valve corresponds to the production of 150 mbar O; (or 50 mbar for
3 days in 1 reactor during 6-SVT (small test)). The cumulative pressure is the sum of the pressure from
all ventings. The oxygen production rate ro, [mmol L™ h™'] was derived by conversion of the cumulative
pressure graph (in Pa) to mmol L using the ideal gas law applied to the gas chamber (Vg=22.37 mL)
and dividing by the total liquid volume (Vi=Vcc+Vrubings= 59.25 mL). The slope of the resulting curves
was obtained by linear regression using EXCEL 2016 data analysis toolpak. ro; was calculated for every
reactor for all cycles and the batch phase (Fig. 2), and combined over all reactors per phase (Table 1).
For all ro; calculations, the first 90 hours (first residence time 86.15 h + 5%) after start of a new cycle
were not included to ensure the data is representative of the steady semi-continuous state. ro; in [g L
1 h1] was obtained by multiplying ro, [mmol L2 h] by the molar mass of 0, (32 [g mol?]). roz in [g L?
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h] was then used to calculate the instantaneous yield of oxygen which was produced per biomass
(see section 2.4.3).

2.4.2 Biomass production

The biomass production rate ry [g L'* hl] was derived from the OD770nm values which were obtained
every 9 hours by the optical measurement unit (OMU). The correlation between OD770nm and biomass
[g L] was derived beforehand from preliminary batch growth experiments in Erlenmeyer flasks for
cultures with OD770nm values between ~0.5 and 1.5 and was shown to be

Biomass concentration X [g L'!] = OD770nm X 0.6396 + 0.7133 (1)

Similar to ArtB, three different absorbance measurements were performed. While the OD at 770 nm
is used to calculate the biomass concentration (X, g L) and production rate (rx, g L'* h') at each OD770nm
measuring time point, the ODe30nm and ODa4gsnm give qualitative insights into the pigment content of the
cultures (630nm: phycocyanin and allophycocyanin; 466nm: chlorophyll a) (Fahrion, Dussap, and Leys
2023) and are mainly used to estimate the photon harvesting efficiency of the culture. As a rule of
thumb, healthy and axenic Limnospira indica PCC8005 P3 cultures show ODasggnm/OD770nm and
ODegonm/ODﬁonm ratios between 1.1 and 1.7, with OD466nm/OD77onm > OD63onm/OD770nm.

To calculate the biomass production rate of the different cycle phases rx [g L™ h], the biomass
concentration X [g L] was multiplied by the dilution rate D [h]. The dilution rate D equals the liquid
flow rate (F =0.6 mL h'!) divided by the total liquid volume (V.= 59.25 mL) so that D = 0.010 h™. For all
OD measurements and biomass production rates, the first residence time (90 h) is not included in the
calculation, for the system to adapt to the new conditions, knowing that we aim to investigate steady
state conditions. The cycle (semi-continuous phases) data presented in the results section shows the
average and standard deviations of all OD and rx values during one cycle, separately for each reactor
(Fig. 2) as well as combined over all reactors in Table 1. During the batch propagation, the dilution rate
is zero. Thus, a linear regression of the biomass concentration [g L] vs time [h] was performed (EXCEL
2016 data analysis toolpak) and the corresponding slopes are shown as mean + 95%Cl (Fig. 2).

2.4.3 Oxygen yield per biomass

Additionally, the oxygen yield per biomass Y o2/x was calculated. This value is the instantaneous yield
given by the ratio of ro; (in [g O, L hl] instead of [mmol O, L h'1]) over ry [g biomass L™ hl]. The
oxygen yield per biomass Y o2/x [g biomass g O,1] was calculated per batch or cycle separately for each
of the 4 bioreactors separately (Fig. 2), as well as combined over all reactors (Table 1).

2.4.4 Growth model

The biomass production rate rx, the oxygen production rate ro; and the yield Yo,/x were additionally
assessed based on a kinetic and stoichiometric model developed at the University of Clermont-
Auvergne (Poughon et al. 2021; Poughon et al. 2020; Cogne, Cornet, and Gros 2005; Cogne et al. 2001).
This model is a combination of four parts: A radiative transfer (light) model, which describes the
lighting conditions in the CC at different depths, a biological model describing the stoichiometric
equations of photosynthetic growth, a liquid/pH model and a gas model describing the evolution of
nutrients in the liquid phase and the partial pressure CO; and O; in the gas phase respectively. When
combined, the evolution of the biomass production and oxygen production inside the miniaturized
PBRs can be calculated based on the cell density of the inoculum, the added nutrients and photon flux,
for batch as well as semi-continuous operation. The model considers the light energy supply limitation,
defining a lightened zone and a dark zone into the reaction volume. This leads to the fact that the light
flux is the main variable controlling the growth rate when all nutrients are available in excess in the
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media (no substrate limitation). Additionally, gas and liquid phases are assumed to be fully mixed. An
in-depth overview of the model, its capacities and constraints are found in Poughon et al. (2021).

In order to understand the relation between the biomass production and O, production, a simplified
stoichiometric equation has been used (Eqg. 2) (Fahrion et al. 2021; Poughon et al. 2021; Cogne et al.
2003; Cornet, Dussap, and Gros 1998). It accounts for the conservation of the four elements (C, H, O
and N) and the biomass elemental composition is determined considering the biomass dry mass
contains 10% carbohydrates. The light energy conversion efficiency, i.e., the photon yield, is considered
as an adjusted variable (stoichiometric coefficient n) considering that the photon vyield strongly
depends on the strain and the culture conditions.

€O, + 0.701 H,0 + 0.173 HNO3 + n hv — CH, 57500.450No173 + 1.381 0, (2)

This relation shows that, when nitrate is used as the sole nitrogen source, 1.381 mol of O, are produced
per mol of biomass. Using the molar mass, this relation can be converted to grams, resulting in ~1.88
grams O, which are produced per gram of biomass. This stoichiometric yield (Y 0y/x) is only dependent
on the stochiometric equation and should stay in the same range for different light intensities, if no
substrate limitation and no oxygen or light inhibition occurs, which may change then biomass
composition and therefore the elements composition.

2.4.5 Quantum yield

The OMU measures the quantum yield (QY) of the culture. This fluorescence measurement is based
on a reflective geometry and saturating flash method to measure instantaneous fluorescence (F) and
maximum fluorescence (Fm). The QY can be calculated out of these two values by following formula:

Quantum Yield (QY) = (Fn - F) / Fm (3)

Where F stands for the instantaneous fluorescence and Fn, for maximum fluorescence. The saturating
pulse used by the OMU has an intensity of 6000 umol photons m?2s™ (620 nm, 0.6 seconds). The QY is
a qualitative indicator of the well-being of cyanobacterial cultures and should be between 0.3 and 0.6
(Fahrion, Dussap, and Leys 2023; Schuurmans et al. 2015; Allahverdiyeva et al. 2013; Masojidek,
Vonshak, and Torzillo 2010; Gao, Yu, and Brown 2007). The higher this value, the higher the
photosynthetic capacity and efficiency of the cultures, as it is a measurement of photon harvesting and
electron processing efficiency.

2.4.6 Statistics

The calculations and conversions done on the online data were performed using Excel 2016 and the
data analysis toolpak. For oxygen production rate, biomass production rate as well as the values of the
different optical densities, only the time points 90 h after cycle start were used. Since the quantum
yield is not dependent on the biomass density, the first residence time was not excluded for this
parameter. The OD values and biomass production rate rX are presented as averages * standard
deviation. If OD or ry(1) £ SD was shown to be outside OD or rx (2) + SD, r(1) and ry(2) are assumed to
be significantly different from each other (*). For the O, production rate ro,, which was obtained by
linear regression, the 95% confidence interval was calculated and used to compare the ro; of the
different cycles. If rox(1) £ 95%Cl was shown to be outside ro(2) + 95%Cl, ro2(1) and roz(2) are assumed
to be significantly different from each other (*). The yield O, per gram biomass (Yoy/x) is the ratio of
the O, production rate (rO,) and the biomass production rate (rx), therefore error propagation (Eq. 3)
was performed to obtain the standard variation of the yields.

AY/Y = Aroy/roa + ArX/rX (4)
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Statistical significant differences of the yields were assessed similar to the ro; values, by checking if Y(1)
1 95%Cl is overlapping with the Y(2) + 95%Cl value.

2.5 Proteomic analysis

Proteins were extracted from 6 mL of RNA later fixed (defrosted) sample where biomass is harvested
in micro-centrifuge column (cartridge) from Preomics iST Sample preparation kit®. Sample preparation
(lysis and proteins purification) is performed using Preomics iST Sample preparation kit® following the
manufacturer instructions. Pierce™ Peptide Quantification Colorimetric assay was performed to
determine peptide quantity in both samples.

Protein identification and quantification were performed following a label-free strategy on a UHPLC
HRMS platform (Eksigent 2D ultra, AB SCIEX, TripleTOF™ 6600). Peptides (4ug) were separated on a 15
cm C18 column (3C18-CL-120, eksigent) using a linear acetonitrile (ACN) gradient [5-35% (v/v), in 75
min] in water containing 0.1% formic acid (v/v) at a flow rate of 300 nL min™’. Peptides spectra were
acquired in data dependent (DDA) and data independent (DIA, SWATH) acquisition modes. The MS/MS
library needed for DIA analysis was built using DDA mode and ProteinPilot™ software
(RRID:SCR_018681, version 5.0.1, AB Sciex, United States). The algorithm Paragon (version 5.0.1.0,
4874, AB Sciex, United States) was used to search the MaGe Genoscope database restricted to
Limnospira indica PCC 8005 (Taxon ID = 376219) (Vallenet et al. 2006). For SWATH analysis, 100
incremental steps were defined as windows variable m/z values over a 400/1250 m/z mass range. The
MS/MS working time for each window was 7 ms, leading to a duty cycle of 2.65 s per cycle. The ion
chromatogram of the top six fragments of each peptide was extracted, and their area under the curve
was integrated. Skyline® software (version 22.2.0.527 (841287d47)) (MacLean et al. 2010) was used
for the SWATH processing of all proteins identified considering an FDR below 1%. Only proteins
guantified with 2 or more peptides were considered in the following analysis. Only fold change, the
ratio of the expression of a protein between two cycles, higher than 1.5 or lower than 0.66 and having
a p-value lower than 0.05 were further considered.

2.6 Lipidomic analysis

Lipids analysis was performed using 6 mL of RNA later fixed (defrosted) Ground Model sample filtrated
on 0.2 um membrane (Sartorius®, cellulose nitrate filters) to harvest the biomass on the filter. After
lyophilisation using a freeze dryer (FINN-AQUA®, LYOVAC GT 2E) of the filter, the biomass was
resuspended in 1mL H,O ULC-MS grade. The extraction was carried out with a Methanol-
Dichloromethane (respectively 2 mL and 900 pL) mixture by vortexing. 1 mL H,0 ULC-MS grade was
added, as well as 900 pL Dichloromethane, vortexed and centrifuged 10 min at 1200 rpm. The organic
phase was conserved in an Eppendorf tube. Next, 2 mL Dichloromethane was added again, and
centrifugation was performed a second time. The organic phase was harvested once again. Then, the
solvent was evaporated using a speedvac (Christ®, RVC 2-18 CDplus) for 2 hours at 45°C. Vials were
prepared by resuspending samples in injection solvent (Acetonitrile 60%, Formic acid 0,1%) (dilution
100X). Lipid extracts were stored at - 20 °C prior to analysis.

Liquid chromatography was performed using a Sciex Exion LC HPLC. All samples were separated on an
Phenommenex® column (Synergi™ 4 pm Fusion-RP 80 A, 50 x 2 mm). The solvent system consisted of
two mobile phases as follows: mobile phase A (Acetonitrile 60%, formic acid 0.1%) and mobile phase
B (Isopropanol 90%, Acetonitrile 9.8%, formic acid 0.1%). The column operated at a flow rate of 0.6 mL
min~t and at 40 °C. The gradient elution program was as follows: 0.01-2 min, 85-70% A; 2—2.5 min, 70-
52% A; 2.5-11 min, 52-18% A; 11-12min 18-1% A.

Mass spectrometry was performed on a high-resolution mass spectrometer (SCIEX ZenoTof 7600)
acquiring data in full scan ion mode and tandem MS/MS using an electrospray ionisation (ESI) source.
Fragmentation was performed using collision-induce dissociation (CID). MS was operated using a
positive mode (collision energy voltage -10 V, electrospray voltage -4500 V, declustering potential -80
V) and negative mode (collision energy voltage 10 V, electrospray voltage 5500 V, declustering
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potential 50 V) modes, with a source temperature of 500 °C. Positive and negative modes are used to
detect all positively and negatively charged lipids. The following MS/MS used the Zeno configuration
and a collision energy of -12 V and declustering of -80 V in negative mode and 12 V in positive mode
and declustering of 50 V.

The software MSDial (Tsugawa et al. 2015) (version 4.70, Lipid Maps®, https://www.lipidmaps.org/)
was used for lipid identification. The Fiehn O (V5S68) database (Shitut et al. 2022; Tsugawa et al. 2020)
was used to align the data and identify the different lipids, were negative ions were identified as [M -
H] ~ and positive ions were identified as [M + H] * and [M + NH4] * ions. The statistical significance of
the diversity was performed by ANOVA (p-value < 0.05).

2.7 Data availability

All computed data for proteomic and lipidomic analysis, as well as raw data, were uploaded to the
MassIVE repository (data set identifier MSV000094881) and are freely accessible
(https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=1b53faaleebf41cb829009422078cffd).

3. Results

3.1 Bioprocess efficiency

The SVT experiment was started with the same inoculum for all 4 PBRs. The inoculum culture had an
OD770nm Of 1.18, ODg30nm Of 1.73 and ODagsnm Of 1.78 and pH of 10.48. These parameters were assessed
on the day of start of the dormancy period, which lasted for 11 days (4°C, dark, no mixing). The §-SVT
experiment was conducted with a similar inoculum culture compared to SVT. The inoculum used had
an OD77onm of 1.25, ODg3onm Of 1.80 and ODaegnm of 1.90. The starting pH was 10.58. In the 6-SVT
experiment, no cold storage was performed prior to the batch propagation phase. Also, the batch was
followed by two cycles of 2 weeks length, with a light intensity of 45 and 55 umol photons m? s,
respectively (similar to cycle 1 and 2 of SVT). The data discussed in the following section were obtained
from the batch phase and the 4 semi-continuous cycles, and batch phase and 2 semi-continuous cycles
in case of 6-SVT. During the run of the SVT experiment, at some time points problems with the light
settings occurred, ro; values during these short periods are not included in the calculations. An
overview of these events can be found in the Supplementary Data 1 (Figure S1-S8).

The oxygen production rate roz, oxygen yield per unit of DW biomass (Yoz/x) and biomass production
rate (rx) are shown in Figure 2. The first residence time of the culture in a new light intensity (90 h) is
not included in the calculations to exclude possible effects of the transition phase. In SVT, ro; and ry
are lower in the batch phase and stay mostly stable between the different cycles, and in 6-SVT, ry is
also lower in the batch phase but the ro, values are more similar in all phases. Generally, many
significant differences between the reactors were detected. Thus, the data sets of the different
reactors should not only be viewed combined as averages over all reactors, but also separated to reach
an as representative as possible view of the results.

Figure 2 shows that the biomass production rate of GM02 is much lower than the other reactors. This
can also be seen in the OD770nm Vvalues (Fig. 3). The lower rx values also result in much higher yield
values for this reactor, because Yoyx is the ratio of oxygen produced per gram biomass. The low OD770nm
online values of GMO02 in SVT should not be interpreted on a biological level, because the analysis of
the flow through of the SVT cultures showed that the offline measured OD770nm values of GMO02 are
similar to the other cultures (Supplementary Data 1 Tables S1-54). For example, the flow through
(offline measurements) of GMO02 after cycle 1 of SVT showed an OD770nm 0f 0.46. For comparison, GM01
had an OD770nm of 0.66, GMO03 had an OD77¢nm of 0.33 and GMO04 had an OD770nm Of 0.54. This indicates
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that a technical problem caused the low online OD770nm values of GMO02. Fortunately, this issue could
be resolved by repeating the calibration of the OMUs before the start of 6-SVT (Fig. 2F and 3D).

In SVT, GMO02 was found to be non-axenic at the start and endpoint of the experiment and in §-SVT,
GMO01 was found to be non-axenic from start until the end, while GM04 showed a contamination in
one of the sampling reservoirs. The contaminating microorganism was grown on LB agar plates and
send for 16S rRNA sequencing. The sequences of all three contaminants had a 99% sequence identity
to a sequence of a Alkalihalobacillus lindianensis strain, that was reported to be alkaliphilic and
halotolerant, and to grow optimally at 37°C and a pH of 9.0 (Dou et al. 2016).

At the end of cycle 3 of SVT, a software error induced wrong light and pump settings of all 4 reactors.
In this period, which lasted for 24 hours, the pump had a speed of ~2.2 ml h'}, which caused a strong
dilution of the cultures. This dilution was also verified by weighing of the flow through. Approximately
39 mL of additional flow through were found. In this error phase, the light was set to very low light
intensity of 25 umol m2s™.

In 6-SVT, GMO02 had to be restarted due to technical problems and thus, only the batch propagation
phase followed by cycle 2 was conducted. Figure 3 shows that during SVT, the optical density of the
cultures decreased with increasing light flux for all measured wavelengths. The standard deviation is
high for the OD values, even though all biological impossible data were removed from the data set (OD
<0and OD > 3.0). In 6-SVT, the OD values stay similar between the two different light conditions. In 6-
SVT, GMO04 did not yield in usable ODesonm and ODagenm Vvalues (all below 0, technical problem).
Generally, the ODg3onm and ODagsnm Values are often lower than expected in comparison to the OD77onm
(except for GMO02 in SVT), meaning that the ODg30nm/OD770nm and ODagsnm/OD770nm ratios are lower than
expected. An expected range for both ratios is 1.1-1.7, with ODassnm/OD770nm > ODe30nm/OD770nm, but
the SVT results showed ratios between 0.89 and 1.50 (without GM02, which showed ratios above 10),
and in 6-SVT, ratios between 0.74 and 1.74 were found. Also, the expectation that ODagsnm/OD770nm >
ODs30nm/OD770nm could not be verified in all reactors and phases. For example, Figure 3F shows that in
6-SVT, the OD4eenm of GMO02 was lower than the ODgszonm.

The QY of the SVT cultures decreased over time (Fig. 4), indicating a slight decline in photosynthetic
activity. The QY in all cycles is however still in the expected range for L. indica (0.3-0.5, (Fahrion,
Dussap, and Leys 2023)). The culture of GMO01 generally showed lower QY values in SVT and §-SVT. In
6-SVT, the QY did not decline between the 2 different tested phases.

0D, ro2, Yoz/x and rx were all expected to slightly increase with the increasing light flux, but the data
showed a decrease of OD and rx in SVT and a stagnation in roz and Yozx. In 6-SVT, all parameters stayed
stable for the 2 tested light intensities. Nevertheless, the data clearly shows an active photosynthetic
bioprocess in all phases. Visible inspection of the culture chambers at the end of SVT, showed the CCs
of GM01 and GMO03 had a deflation and the CC of GM04 contained several gas bubbles (Figure 5). The
culture chambers of the 4 GMs showed no visible deflation after 6-SVT, but GMO01 showed a few
bubbles in the CC, and GM04 showed less biomass than the others (Figure 5).
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487 Figure 2. Oxygen production rate ro; (A, D), yield Yozx (B, E) and biomass production rate rx (C, F) per reactor in SVT (A,B,C)
488 and 6-SVT (D,E,F). The first residency time (90 h) was not considered. Statistical analysis was performed using comparison of
489 +95%Cl intervals (ro; and Yoy/x) and comparison of #SD intervals (rX).
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Figure 3. Absorbance of the L. indica cultures at 770 nm (A,D), 630 nm (B,E) and 466 nm (C,F) during the SVT (A,B,C) and 6-
SVT experiment (D,E,F). The values are shown as mean # SD. Only biologically relevant values were used (OD >0 and OD < 3.0)
and the first residency time was removed (90 h). Statistical significance was tested using comparison of +SD intervals.
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Figure 4. Quantum yield QY during SVT (A) and &-SVT (B). Biologically impossible data (QY > 1 and QY < 0) were removed.
Statistical significance was tested using comparison of + SD intervals.

Figure 5. Culture chambers of the 4 ground models (GM) at the end of the SVT (A) and 6-SVT (B) experiments.

3.1.3 Comparison of online data

Table 1 gives an overview of the obtained online data during SVT and 6-SVT. The data presented are
grouped per cycle, meaning the different reactors were treated as biological replicates, which leads to
a higher variability of the data (see Figure 2, 3 and 4 for comparison). Nevertheless, it helps to quickly
compare between the experiments.

The oxygen production rate ro; was significantly lower in §-SVT than in SVT in cycle 1 and additionally,
a non-significantly lower biomass production rate rx was found in 6-SVT compared to SVT in both
cycles. The yield Yoz/x was similar in SVT and 6-SVT, but it can be seen that the yield is higher in cycle 2
when compared to cycle 1. In SVT, roz and Yozx show an increase between cycle 1 and cycle 2 and 3
and 4, but a decrease between cycle 2 and 3. Comparing the obtained values with the theoretical
values calculated by the model developed by UCA (Tab. 1, right) (Poughon et al. 2021), it becomes clear
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that ry lies in the expected range while ro; and Yo,/x were found to be lower than expected. Table 1
also shows that all OD values were higher in SVT than in 6-SVT, in both cycles, but none of these data
points were found to be significantly different (high variability). The QY was a bit higher in 6-SVT during
the second cycle (0.43 + 0.10 in 6-SVT vs 0.37 + 0.04 in SVT), but this difference was also found to be
non-significant. All QY values are in the healthy range for L. indica (0.3-0.5).

Table 1. Comparison of the data from SVT, §-SVT and predicted values from the model developed at UCA (Poughon et al.
2021). Values are shown as mean + SD (OD, QY, rx) and mean + 95%Cl (ro, and Yoz/x) during one cycle, treating the four
different reactors as biological replicates. Statistical significance was tested using comparison of + SD intervals (OD, QY, rx)
and 95%Cl interval comparisons (ro; and Yoz/x). Asterix indicate significant difference between SVT and 6-SVT (per light
intensity). 1 QY range was established in our previous study using batch experiments (Fahrion, Dussap, and Leys 2023).

SVT (45 &-SVT (45 EST (45 SVT (55 8-SVT (55 EST (55 SVT (70 Predicted
pmol pmol pumol pmol pumol pumol pmol values
h m2 ph m2 pt m2 ph m2 pt m2 pt m2 ph m2
s1) s1) s7) s7) s7) s1) s7)
r0; 031+ 0.26 +0.02b¢ 0.29 0.36 £ 0.34 £0.032v 0.26 + 0.28 +0.02x 0.58-0.96
[mmol L1 0.022xw 0.012b° 0.022% 0.03b
h1]
Y [g02g 0.62 +0.263x 0.61 +0.092° 0.60 + 0.84 +£0.293x 0.81 £0.2137 071+ 0.65 + 0.19x 1.80-1.88
1X] 0.072¢ 0.152°
rX [gL? 0.016 + 0.014 + 0.016 + 0.014 0.013 0.012 0.014 +
h1] 0.0062x 0.001ar 0.0012¢ 0.0042x 0.0022¢ 0.00125 0.003x

OD770nm 1.35£0.902x 0.98 +0.162F 1.29+ 1.03 £ 0.613x 0.94 +0.36°7 0.70 £0.16%5 1.94 +0.47x
0.162¢
ODe3onm 1.83+ 1.19 £ 0.252¢ 191+ 1.71+0.292x 144+ 0.91£0.31b5 1.46 +0.49x%
0.6420x¥ 0.33b0 0.632b¢
ODassnm 181+ 1.31+0.312° 210+ 1.77 £0.272x 1.69 + 1.11 +0.33b5 1.52 £ 0.461%
0.502bx¥ 0.39b° 0.6620°
Qy 0.38 +0.082x 0.40 £ 0.032¢ 0.38+ 0.37 + 0.042x 0.43 £0.1027 0.34 0.34 +0.04x 0.30-0.50*
0.022¢ 0.032¢
a-value 0.10+ 0.13 £0.01b7 0.11 +0.00%° 0.12 +0.002x 0.13 £0.0127 0.10 + 0.0005 0.11 +0.01x ..
0.013cx

3.2 SVT Proteomics analysis

The primary objective of the proteomics analysis was to map the overall proteomic profile of the
cultures when grown in the specific bioreactor set-up, and to investigate the response of L. indica PCC
8005 P3 to different light flux intensities in the photobioreactors. All cultures have been started from
the same inoculum (OD770nm = 1.18) and were harvested at the end of the respective cycles. The
proteomics analysis was only performed on the SVT experiment. The samples of GM02 which was not
axenic were not considered in this analysis, as it had a significant different protein profile
(Supplementary data 1, Figure S10). The analysis was focused on the comparison of cycle 1 vs cycle 3
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and 4 (cycle 2 was not included for statistical reasons due to the insufficient sample size, the volcano
plot of cycle 2 vs cycle 1 can be found in Supplementary Data 1, Figure S9.

According to the UniProt database, 5,722 genes coding for a protein have been identified in L. indica
PCC 8005. Out of which total 1473 proteins (26% of known proteins) were identified with a FDR below
1% amongst all conditions. For quantification analysis, proteins with a fold change lower than 0.66 or
higher than 1.5 and with p-value < 0.05 were considered as significantly differentially expressed
proteins. These 1473 identified proteins were further used to detect differentially expressed proteins
in Cycle3 and Cycle4 with respect to Cyclel. For the first comparison between cycle 3 (70 umol photons
m=2 s?) and cycle 1 (45 pmol photons m? s?) 1,028 proteins were identified and further used for
quantification analysis, revealing a total of 16 significantly differentially expressed proteins (0.02%).
Amongst the 16 proteins, 13 showed a higher expression and 3 presented a lower expression in cycle
3. The comparison between cycle 4 (80 umol photons m? s?) and cycle 1, 1,013 proteins were
identified and further used for quantification, revealing a total of 43 significantly differentially
expressed proteins (0.04%). Amongst them, 25 showed a higher expression and 18 presented a lower
expression in cycle 4. As presented in the Venn Diagram in Figure 6, 4 proteins presented a significant
higher expression (Figure 6A) shared by cycle 3 vs cycle 1 and cycle 4 vs cycle 1, while 6 presented a
significant lower expression (Figure 6B) shared by cycle 3 vs cycle 1 and cycle 4 vs cycle 1. In addition,
volcano plots presented in Figure 6C and 6D, showed that the biggest difference at the proteomic level
is observed between the cultures with the biggest variation in light intensity. Indeed, considering the
comparison of cycle 3 and cycle 4 against the control (cycle 1), the number of proteins statistically
significantly impacted from cycle 3 and cycle 4 were respectively 3 times higher. Data for cycle 2 are
available in the repository MSV000094881.
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Figure 6. Differentially expressed proteins. (A) and (B) Venn Diagrams presenting the number of shared proteins within cycle
3 s cycle 1 and cycle 4 vs cycle 1; (A) proteins presenting a higher fold change; (B) proteins presenting a lower expression. (C)
and (D) Volcano plots of the proteins quantified with significantly differential abundance between L. indica PCC8005 P3
cultures grown in different cycles associated with different light flux intensity. -log10 (p-value) is plotted against log2 (Fold
Change). The non-axial vertical lines indicate the + 1.5-Fold Change (prior to logarithmic transformation) while the non-axial
horizontal line indicates the p-value < 0.05 (prior to logarithmic transformation) corresponding to the significance threshold
used in this analysis. All cycles were compared to cycle 1 (45 umol photons m-2 s-1). (C) Cycle 3 (70 umol photons m-2 s-1)
versus cycle 1; (D) Cycle 4 (80 umol photons m-2 s-1) versus cycle 1.

To clarify the impact of differential light flux intensity on L. indica within the SVT experiment at a
proteomic level, a more detailed analysis was done on proteins presenting a differential expression
between the control cycle (cycle 1) and cycles 3 and 4. The proteins discussed hereafter, from cycle 3
and 4, identified as being part of nitrogen metabolism and photosynthesis are presented in Table 2
(table including all impacted proteins is in the repository MSV000094881). The focus was on proteins
that are statistically (p-value < 0.05) and significantly (Fold change < 0.66 or > 1.5) impacted. Also,
proteins that displayed a tendency to be impacted, with a fold change close to the threshold (1.5 >
Fold change 2 1.3 or 0.8 2 Fold change > 0.66) and a p-value < 0.05, were included.
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Table 2. Differential expression of proteins from nitrogen metabolism and photosynthesis in L. indica PCC 8005 P3 cultivated

573 under different light flux intensity during SVT experiment. All cycles were compared to cycle 1 (45 umol photons m2 s?). (A)
574 Cycle 3 (70 umol photons m s*) versus cycle 1; (B) Cycle 4 (80 umol photons m s) versus cycle 1. The fold change is the
575 ratio of the abundance of a protein in cycle 3 (A) or cycle 4 (B) to the abundance in the control cycle (cycle 1). (Red = fold
576 change < 0.66; Orange = fold change < 0.8; Dark Green = fold change > 1.5; Light Green = fold change > 1.3. ND = Not detected,
577 NS = not statistically significant).
Accession Number . Number (A) Cycle 3 vs Cycle 1 (B) Cycle 4 vs Cycle 1
Proteins Protein Description of
codes P identified
MaGe Genoscope UniProt peptides Fold Change | p-value | Fold Change | p-value
Photosynthesis
Phycobilisome 8.9 kDa linker polypeptide,
ARTHROV5_115571D:18394976 | cpcD| AOA9P1KD43 CpcD phycocyanin-associated, rod (Rod-capping 5 0,587 0,010 0,610 0,001
linker protein)
ARTHROV5_407261D:18397420]| cpcG| AOA9PINZWS8 CpcG phycobilisome rod-core linker protein 12 0,646 0,028 0,585 0,001
ARTHROV5_106371D:18394056 | apcA | AOA9P1KBVO ApcA Allophycocyanin alpha subunit 9 ND ND 0,622 0,032
ARTHROV5_61214|ID:18399719 |apcE | AOA9P1KLDO ApcE Phycobiliprotein 36 0,828 NS 0,670 0,003
ARTHROV5_12132|1D:18395551 | apcF| AOA9PINY87 ApcF allophycocyanin beta-18 subunit 6 0,863 NS 0,640 0,004
ARTHROVS_11993(1D:18395412[psbD1| | AOASPIKDV6 | psbp1 | FnotosystemllD2 protein (PSII D2 protein) 3 0,815 NS 0,591 0,010
(Photosystem Q(A) protein)
ARTHROV5_10482 |ID:18393901 | AOASPIKAP7 | pspq | conserved prom”l‘l (;fgt':it:d) - Photosystep 5 0,830 NS 0,631 0,006
i N
ARTHROV5_60553 | ID:18399058 | psbE | AOA9P1P2R9 PsbE Cytochrome b559 subunit alpha (PSlI 2 0,806 S 0,600 0,015
reaction center subunit V)
Photosystem | iron-sulfur center NS
ARTHROV5_10235 |ID:18393654 | psaC| AOA9P1KAU3 PsaC (Photosystem I subunit VII) (9 kDa 2 0,856 0,583 0,003
polypeptide) (PSI-C)
Photosystem | reaction center subunit Il
: 0,685 2
ARTHROV5_30080|1D:18395909 | psaD | AOA9PINYAQ PsaD (Photosystem | 16 kDa polypeptide) (PSI-D) 6 , 0,023 0,56 0,001
ARTHROVS_30657 | ID:18396486 | psaF| AOA9PINZNO | PsaF Photosygtem | igactiagycenter subunit i 5 0,790 NS 0,611 0,001
precursor (PSI-F)
Mg-protoporphyrin IX methyl transferase
ARTHROV5_40121|1D:18396815 | bchM | AOA9P1KFC3 BchM ! ) ) ) 4 0,798 0,030 0,652 0,013
(bacteriochlorophyll biosynthesis protein)
Light-independent protochlorophyllide NS
ARTHROV5_60133|ID:18398638 | chlB| AOA9P1P131 chiB reductase subunit B (LI-POR subunit B) 2 1,030 0,497 0,037
(DPOR subunit B)
ARTHROV5_12000|ID:18395419 | atpC| AOAIPINYV2 AtpC ATP synthase epsilon chain 2 0,866 NS 0,642 0,035
ARTHROV5_120011D:18395420|atpD| AOA9PINY4A7 AtpD ATP synthase F1 complex subunit beta 19 0,827 NS 0,570 0,002
ARTHROV5_60533|ID:18399038|atpG2| | AOA9P1KLH7 | AtpG2 ATP synthase B' chain (Subunit Il) 5 0,891 NS 0,648 0,001
ARTHROV5_60535 |1D:18399040 | atpH| AOA9PIPINS |  AtpH ATP synthase delta chain; ATP synthase F1, 7 0,804 NS 0,609 0,001
delta subunit
- N
ARTHROVS_60537|ID:18399042 |atpG1| | AOA9PIPOX3 | AtpGl F1 sector of membrane-bound ATP 4 0,863 S 0,622 0,005
synthase, gamma subunit
Nitrogen metabolism
ARTHROV5_11880|ID:18395299 | cynS | AOA9P1KDV9 Cyns cyanase 2 1,565 NS 2,847 0,007
ARTHROV5_121331D:18395552 | glnA| AOA9PINXZO GInA glutamine synthetase 11 1,483 NS 1,989 0,012
ARTHROVS_50271ID:18398407 |gInB| AOAPIPOD2 | GInB Signal transduction protein P-Il, Nitrogen 4 1,271 NS 1,536 0,004
metabolism regulatory protein
Other
ARTHROVS_60290]1D:18398795 | AOA9P1P1HO conserved pr°te'"F;LZan"ma'"'w"ta'”'”g 6 0,813 0,006 0,656 0,002
ARTHROvV5_30321|1D:18396150] IytE| AOA9P1KF76 LytE Endopeptidase, cell wall lytic activity 3 0,049 0,635 0,027
ARTHROVS_11505|ID:18394924|clpP4| | AOASPIKDEL | ClpP4 proteolytic subunit of ClpA-ClpP and ClpX- 4 1,503 0,041 1,426 NS
ClpP ATP-dependent serine proteases
ARTHROV5_60998 | ID:18399503| AOA9IPIKKY3 conserved protein (secreted) - alpha/beta 6 1,557 NS 2,307 0,033
hydrolase
ARTHROV5_61085|1D:18399590| AOA9P1P1E6 outer envelope membrane protein 4 ND ND 1,539 0,032
ARTHROVS_11955 |ID:18395374 | AOA9P1KD39 conserved protein - R3 domain-containing 2 1,644 0,031 1,488 0,033
nucleic acid-binding protein
ARTHROV5_60179|ID:18398684 | AOA9P1KIQO putative SAM-dependent methyltransferase 2 1,027 NS 1,458 0,006
- class | SAM-dependent methyltransferase
ARTHROVS_60282|1D:18398787 | rpaB| AOA9PIKKN3 | RpaB Redox-Responsive Transcription Factor - 2 0.977 NS 1.602 0.002

response regulator transcription factor

578
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The protein profile for the photosynthetic metabolism showed a modification regarding the light flux
intensity increment in cycle 3 and 4 (Figure 7). Within cycle 3, two photosynthetic proteins with
different expression levels compared to the control group (cycle 1) were observed. These proteins,
belonging to the phycobilisome, demonstrated a lower expression with increasing light intensity (Table
2). In addition, two proteins in cycle 3 showed an expression close to the commonly accepted low
threshold (Table 2), one belonging to the photosystem | and one to pigment synthesis pathway. Within
cycle 4, 19 proteins demonstrated a lower expression. Amongst the impacted proteins, five belonged
to the phycobilisome light harvesting antenna, four to photosystem Il, three to photosystem I, and five
to the ATP synthase (Table 2). As expected, these results show a reduction of the photosynthetic
metabolism with increasing light, through the reduction of the phycobilisome (cycle 3 and 4), the
photosystem Il (cycle 4), photosystem | (cycle 4), and ATP synthase (cycle 4) proteins.

AtpD AtpA AtpG  AtpH
AtpC  AtpE AtpF

Phycobilisome

ATP synthase

ApcA ApcB  ApcC  ApcD  ApcE

Phycocyanin/Phycoerythrocyanin
reocy P ibbas PetB PetD PetA PetC
Cped CpeG

Phycoerythrin

Cytochrome b6/f complex

Cytoplasm
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Photosystem |

Photosystem Il

A PsbB PsbC PsbD PsbE  PsbF e L, Al S
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Figure 7. Schematic representation of the photosynthetic apparatus displaying proteins with a lower expression distribution
in cycle 4 compared to cycle 1. (Red = fold change < 0.66, Orange = fold change < 0.8, grey = not detected in this analysis,
black = detected in this analysis.

Another interesting finding was the higher expression of the redox response regulator RpaB protein in
cycle 4. In Synechocystis, this protein was found to be an important transcriptional regulator for the
expression of the phycobilisome proteins, photosystem Il and | proteins, proteins of the electron
transport chain, and many more (Riediger et al. (2019). In this study, the photosynthesis related
proteins PsaD, PsaF, CpcG and ApcE were all found to be downregulated in C4 vs C1. According to
(Riediger et al. 2019), a higher abundance of RpaB should induce the production of these proteins.
Additionally, several of the proteins that should be regulated by RpaB were detected and identified
but not differentially expressed. Thus, a conclusion on whether the RpaB protein acts as a regulator of
photosynthesis in the present study cannot be drawn. In addition, the proteomic results demonstrated
a higher expression of proteins associated with nitrogen assimilation, with increasing light. Three
proteins, including the cyanase (CynS), the glutamine synthetase (GInA) and the protein P-1l (GInB),
were in higher abundance detected in cycle 4 compared to cycle 1 (Table 2). Moreover, a general
tendency is observed amongst all cycles for these three proteins when disregarding the p-value
significance. These results suggest an increase in both nitrogen assimilation and storage mobilisation
with increasing light intensity.

IM

Lastly, structural proteins as well as domain-containing proteins (classed as “structural” and “others”
in the repository MSV000094881) showed an interesting modification in the cycles with higher light



611 intensity when compared to the cycle 1 as control. A great majority of these proteins has demonstrated
612  ahigher expression. However, the function of these proteins within the cell is not yet known.

613 3.3 SVT Lipidomic characterisation

614  The lipidomic analysis was conducted to characterise the overall lipid population in L. indica cells
615 cultivated within the bioreactors. As for proteomic analysis, the samples of GM02, which were not
616  axenic, were not considered in this analysis. The analysis was focused on the comparison of cycle 3 and
617 4 vs cycle 1, to assess the impact of higher light intensity on the lipid composition. The analysis has
618 revealed the presence of lipids of all six main lipid classes following the classification proposed by Fahy
619 et al. (2011): fatty acyls [FA], glycerolipids [GL], glycerophospholipids [GP], sphingolipids [SP], sterol
620 lipids [ST] and prenol lipids [PR] (Figure 8). There was no difference in relative abundance of each lipid
621  class, detected for any of the classes, in negative mode (Fatty Acyls (p-value = 0.66), Glycerolipids (p-
622  value = 0.86), Glycerophospholipids (p-value = 0.72), and Sphingolipid (p-value = 0.73), Sterol (p-value
623 = 0.87)) or positive mode (Fatty Acyls (p-value = 0.95), Glycerolipids (p-value = 0.52),
624  Glycerophospholipids (p-value = 0.38), and Sphingolipid (p-value = 0.49), Sterol (p-value = 0.16), Prenol
625 (p-value = 0.85)).

(A) (C)

Fatty acyls [FA]
Glycerolipids [GL]
Glycerophospholipids [GP]
Sphingolipids [SP]

Sterol Lipids [ST]

Prenol Lipids [PR]

626
627 Figure 8. Lipid composition of L. indica PCC8005 P3 based on the main classes of lipids defined by Fahy et al.
628 (2011). (A) and (D) Cycle 1, (B) - (E) Cycle 3, (C) - (F) Cycle 4. (A) to (C) = Negative mode, (D) to (F) = Positive mode.

629 4.  Discussion

630

631  The data collected from this study have been crucial for refining the hardware and ensuring the
632  scientific objectives of the mission are met. Technical issues related to PBRs contamination and leakage
633 have been addressed through the run of the SVT/8-SVT experiments. Nevertheless, the purpose of this
634  study was not only to address technical challenges but to lay the groundwork for the next phase of
635  experiments, which will include both in-space and on Earth-based setups.

636
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4.1 Oxygen and biomass productivities

In the previous space flight of ArtB, 4 PBRs were run on board the ISS in batch mode, and 4 PBRs were
run on ground, in parallel. Each of these 8 reactors was planned to conduct 4 batches, meaning that in
total, 32 different batches could be compared on ro, rx and Yoz/x, as well as OD. Beforehand, the model
developed at the University of Clermont-Auvergne (UCA) was used to predict the bioprocess (Poughon
et al. 2021; Poughon et al. 2020). In ArtB, 3 of the 32 batches reached the expected ro, of 0.33 mmol
L'? h}, the other batches showed lower than expected ro, values (Poughon et al. 2020). The reasons
were presumably technical issues like gas and liquid leakages, stirring problems and pressure sensor
malfunctions. The results from the previous flight experiment provoked minor hardware adaptions
which were performed in parallel to the adaptions to switch from a batch regime (ArtB) to a semi-
continuous regime (ArtC). These adaptations included the relocation of the pump to upfront of the CC,
a higher stirrer speed (1000 rpm instead of 800 rpm) and the use of different feed reservoirs.
Additionally, the kinetic model of ArtB was adapted to fit the new regime of ArtC (e.g. inclusion of
dilution rate). The development of a biological life support system is a flowing process, and each
experiment helps to improve the overall functionality. Two of the main goals of the experiments
presented in this study are to provide further hands-on knowledge and pathing the way towards a
successful ArtC space flight experiment, because SVT and 6-SVT form the bridge between ArtB and
ArtC. In the batch phase of SVT ro, values between 0.10 + 0.03 (GMO04) and 0.25 + 0.01 mmol L' h?
(GMO02) were found and in 6-SVT, the values were between 0.13 + 0.00 (GMO01) and 0.29 + 0.00 (GM02)
mmol L'? h, which was lower than expected. In addition, it has to be taken into account that the light
intensity was higher than during ArtB (ArtB: 35 umol m™2 s, ArtC batch: 45 pmol m2s).

The SVT and 6-SVT experiments showed a successful storage (only SVT), revival and batch propagation.
Also, oxygen and biomass production over the course of 9 and 5 weeks in semi-continuous mode were
achieved. ARTHROSPIRA-B and —C are proof-of-principle experiments, aiming to investigate the
photosynthetic bioprocess of L. indica under space conditions with a low light flux intensity (35-80
umol photons m?2 s!) and warm temperature (33°C) set-up. Thus, SVT and 8-SVT are also not aiming
at producing oxygen and biomass to supply a space crew, but to proof reliability of the hard- and
software and an active photosynthetic bioprocess within the photobioreactors (PBRs). The O,
production rates (average: 0.32 mmol L h'?) achieved with the space hardware indicate that a liquid
volume of ~3400L would be needed to support one space traveller, based on the assumption that one
human needs ~0.82 kg O, d* (Anderson, Ewert, and Keener 2018). Therefore, a scale up of the system
is one of the necessary steps that need to be taken during the further development of the MELISSA
loop. In a final life support system, much higher light fluxes (probably > 1000 pmol photons m?s*) and
optimised gas transfer systems will be used to reach high oxygen and biomass production rates (aiming
for ~200L reactors per space traveller). First steps towards this scale-up are already investigated. It
could be shown by Alemany et al. (2019) that their 83 L external-loop gas lift PBR is able to produce 5-
10% of the O, needed by one human. In these first experiments, they provided three Wistar rats with
sufficient O, by a dynamic adaptation of light intensity depending on the O, need of the rats, an
important first step towards a successful scale-up.

During SVT and 6-SVT, an increase in OD, ry, ro2 was expected with increasing light flux intensity. The
increasing light conditions are normally inducing higher growth rates and therefore higher OD values
and oxygen production, when the photon flux is the limiting parameter (Fahrion, Dussap, and Leys
2023; Cornet and Dussap 2009). The results showed that most measured parameters stagnated
between the different light intensities and for ro2 and Yoy x of SVT, a zig-zag pattern was found. Table
1 shows additionally, that the ro; and Yoyx values are lower than predicted by the model. The
stagnation of OD, rx, ro2 can be explained by inhibiting oxygen levels in the liquid phase caused by an
insufficient gas transfer. This causes a growth kinetics which is controlled by the gas transfer of O, from
the liquid phase to the gas compartment by diffusion through the membrane instead of by the light
intensity. Several observations lead to this hypothesis of oxygen inhibition and oxygen bubble
formation inside the liquid compartment. Firstly, Figure 5 showed a deflation of the CC bags after SVT,
proofing a loss of liquid volume over time and indicating a distorted ratio between gas and liquid
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pressure. One of the reasons for this loss of liquid are the reservoirs exchanges after each cycle which
caused an underpressure at the waste side of the reactors, pulling liquid from the CC. A liquid pressure
below the gas pressure inhibits a sufficient O, release, which manifests as low ro; values which can
even decrease over time (Fig. 2). Additionally, the insufficient gas release can cause bubbles in the CC
(Fig. 5, SVT and 6-SVT). The loss of liquid volume in combination with the bubble formation causes an
oxygen oversaturation in the liquid phase, inhibiting the cells due to an emerging competition between
CO; and 0, at RuBisCo level (liiiguez et al. 2020). Bubble formation also causes an underestimation of
the oxygen production because all oxygen which is trapped in bubbles results in a higher gas volume
and a lower liquid volume. Consequently, the produced oxygen per unit of total CC (liquid) volume is
very significantly underestimated considering the total volume of gas phase is higher than expected
(Ve = 22.37 mL) and the total volume of liquid is lower than the theoretical liquid volume (V. = 59.25
mL). It also must be considered that the OD measurements do indicate a true biomass concentration.
The underestimated ro; values, also lead to an underestimation of the oxygen yield per gram biomass
(Yoz/x) that is lower than would be expected based on the stoichiometric equation. Additionally, an off-
gassing of O; via the liquid tubing walls may be considered, but due to the low O, permeability of BPT
tubing material, it can be assumed that a loss of gas via the tubing is small to negligible.

Since the loss of liquid volume during SVT caused difficulties to obtain reliable ro2 and Yoax values,
there were some propositions for improvement put into place to investigate the root causes and
improvements for 6-SVT and the upcoming space flight experiment ArtC. Small software adaptations
were made to avoid timeline errors and a different reservoir handling procedure was put into place to
circumvent development of an underpressure at the waste site. The latter approach was supported by
manual filling commands before sampling and reservoir exchange, to additionally maintain the liquid
pressure (5 min filling without outflow at 3 mL min'! pump speed). To improve the precision of the OD
values and to circumvent high standard deviations, we performed new calibrations before the next
experiment (6-SVT) started. It was shown that the electronics transmitting the OMU signals to the
computers is heat sensitive, and the problem improved after the electronics were removed from the
incubator. Figures 5 shows that the improvements put into place for 6-SVT resulted in CCs which are
not deflated anymore at the end of the experiment. Only a few bubbles can be seen in GMO1. It must
be mentioned that at the start of cycle 1, GMO01 had to be opened and the CC was found to be deflated
to approximately 50% of its original volume, due to a problem with one of the reservoirs. This problem
could fortunately be solved by the addition of fresh Zarrouk medium. Nevertheless, after cycle 1, small
gas bubbles were detected in the CC of GMO01, similar to the end point (Figure 5). Unfortunately, the
CCs of the reactors cannot be checked for deflations or bubbles during an active cycle, therefore it
cannot be excluded that a deflation or bubbles occurred in one of the CCs during 6-SVT. The ro; and
Yoz/x values of 6-SVT indicate that the gas transfer from the culture chamber to the gas compartment
is still not optimal and the cells are experiencing oxygen inhibition, similar to SVT. Additionally, the
photographs of SVT and 6-SVT showed that the assumption of the model of a homogeneous liquid
phase cannot be fully met in the practical set-up, also causing possible discrepancies between
modelled and practical values.

Due to a software error, there was a period at the end of cycle 3 of SVT where the light and pump
settings of all 4 reactors were incorrect. During this time, the pump ran at an increased speed (~2.2 ml
h for ~24 h), causing a strong dilution of the cultures which was also measured as additional weight
in the waste side of the reservoirs (~*39 mL more flow through than expected). The light flux intensity
was decreased to approximately ~25 pmol photons m™ s during this period. L. indica switches from
dark respiration to photosynthetic growth at approximately 5 W m2 (~23 umol photons m?2s?) (Cogne,
Gros, and Dussap 2003; Cornet et al. 1992), meaning that the low light flux intensity during the
incorrect settings induced a very slow photosynthetic growth rate. This probably caused the drop in
ro2 and Yoyx between cycle 2 and 3 (55 and 70 pmol photons m2 s, Fig. 2). The increase of these
parameters in cycle 4 (80 umol photons m?2 s) supports the hypothesis that the cultures recovered
after the incident.
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In 6-SVT, one reactor was used for 3 days to test a 50 mbar instead of 150 mbar threshold. It was
observed that the lower threshold is feasible for the soft- and hardware. In a next experiment, the
lower threshold will be used during the entire experiment run, because this could help to ensure that
the gas pressure stays below the liquid pressure, and this change was shown to be easy to implement.
This adaptation is currently planned for the upcoming experiment sequence test (EST).

The biomass production rates rx were in the expected range of 0.010 — 0.016 g L'* hX. Cornet and
Dussap (2009) tested the biomass productivity of L. indica PCC8005 in eight different photobioreactors,
assessing the influence of light flux intensity, geometry, and operation modus to build a prediction
formula for the maximum volumetric productivities. In continuous regimes, they found rx values
between 8.0 £ 0.7 * 103 kg m3 h'and 19.0 + 0.2 * 103 kg m3 h (0.008 + 0.007 g L* h and 0.019 *
0.002 g L't h'). The biomass production rates in SVT and §-SVT were found to be between 0.008 +
0.000 and 0.021 + 0.002 g LY h't and therefore in the same range.

The QY measurements were in the expected range in both SVT and 6-SVT, as the values for healthy
cyanobacteria usually lie between 0.3 and 0.6 (Gao, Yu, and Brown 2007; Masojidek, Vonshak, and
Torzillo 2010; Allahverdiyeva et al. 2013; Schuurmans et al. 2015). For batch cultures of L. indica
PCC8005 P3 the QY range was previously shown to be 0.3 and 0.5 (Fahrion, Dussap, and Leys 2023),
supporting the hypothesis that a successful photosynthetic bioprocess could be maintained during SVT
and &-SVT. In both experiments discussed here, axenicity could be proven for 3 out of 4 reactors, and
it was shown that the non-axenic reactors had the contamination in the hardware before the start of
the experiments as inocula were contaminant free. This is indicating that optimisation and validation
of sterilisation procedures, reaching all corners of the complex space hardware set-up, as well as post
sterilisation sterility checks are of utmost importance. An additional sterilization step could circumvent
this problem.

All online parameters assessed during these experiments showed a high variability in between the
different reactors. Thus, the data sets of the reactors should not only be combined to receive an
overview of the production rates, but also be viewed independently to assess the results.

In general, the results of the online data of SVT and &-SVT helped to uncover problems and provided
knowledge on possible solution approaches. These data sets lead to an approval for continuation of
ArtC for space flight by ESA.

4.2 Protein and lipid composition of produced Biomass

The proteomic results revealed the adaptation of L. indica PCC 8005 metabolism within ARTHROSPIRA-
C Ground Model Demonstrator system to varying light flux intensity, between 45 and 80 pumol photons
m2 s1. Among others, the photosynthesis and the nitrogen assimilation pathways were significantly
impacted.

4.2.1 Effect of light flux increase on the photosynthetic pathway

The adaptation to fluctuating light levels is crucial for photosynthetic organisms' survival, as improper
regulation of photosynthesis and its components can lead to cellular damage due to reactive oxygen
species (Pandhal, Wright, and Biggs 2007). As expected, the proteomic analysis revealed a significant
reduction in the photosynthetic metabolism when exposed to an increasing light flux intensity. Indeed,
in cycle 3 and 4, several key photosynthetic protein complexes presented a lower expression compared
to the control cycle (cycle 1). Proteins including components of the phycobilisome light harvesting
antenna, the photosystem Il, the photosystem |, the cytochrome electron transport chain, and the ATP
synthase, all exhibited a lower expression (Figure 7). Similar results have already been observed in
analyses involving L. indica where it has been shown that exposing cells to increasing varying light
intensities can cause a significant decrease in the efficiency of solar energy conversion during
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photosynthesis (Vonshak et al. 1996; Jensen and Knutsen 1993) and is consistent with observations
made at the transcriptomic level within Synechococcus sp. PCC 7002 strain (Xiong et al. 2015). This
decrease in the abundance of photosynthetic proteins suggests an adaptation of the cells towards a
lower photon absorption and lower photosynthetic activity during the experiments in response to the
increase in light flux intensity imposed in the consecutive process cycles (Vonshak et al. 2014; Vonshak
et al. 1996). These findings align with the results showing a lower OD measurement for chlorophyl and
phycocyanin (Figure 3) and a lower quantum yield (Figure 4) is observed with a higher light intensity.
Overall, the decrease in photosynthetic proteins aligns with the light availability in the experimental
cycles, suggesting an adaptive response of the organism to optimise its energy utilisation under varying
light conditions.

4.2.3 Effect of light flux increase on nitrogen assimilation pathway

Nitrogen is an essential and available through various forms: nitrates, ammonia, or organic nitrogen
(Barrios-Gonzalez 2018; Shabb, Muhonen, and Mehus 2017; Flores et al. 2005; Flores and Herrero
1994). Our analysis revealed an increase in the expression of proteins related to nitrogen assimilation
metabolism when exposed to higher light flux (in cycle 3 and 4) in comparison to the cycle with lower
light flux (cycle 1). The elevated levels of proteins involved in nitrogen assimilation indicate an
enhanced cellular demand for nitrogen-related processes. Inorganic nitrogen in the form of
ammonium is assimilated into glutamine via the glutamine synthetase cycle. The protein P-Il involved
in the regulation of glutamine synthase activity (Bolay et al. 2018; de Zamaroczy, Delorme, and
Elmerich 1990), exhibited a higher expression in cycle 4. Additionally, it has been observed in plants
that glutamine synthetase activity plays a role in control of photosynthetic responses to high light
(Brestic et al. 2014). Cyanase, observed with a higher expression in cycle 4, is known for its role in
ammonium production through the cyanate catalysis. This cyanase enzyme is been reported to be also
present and functional in the Synechococcus sp. strain PCC6301, for which cyanate has been shown to
be a potential nitrogen source (Kamennaya and Post 2011; Kamennaya, Chernihovsky, and Post 2008).

In cyanobacteria, photosynthesis relies on large membrane-embedded protein complexes, including
photosystems (PSIl and PSl), cytochromes b6, and ATPase, which are specialised in converting sunlight
into chemical energy (Battchikova, Angeleri, and Aro 2015). The reduction in activity of the
photosynthetic metabolism, associated with the increased nitrogen metabolism pathway reveal a
metabolic adaptation by the culture of Limnospira indica under higher luminous intensity conditions.

4.2 .4 Lipidomic characterisation

Lipids play a role in various biological processes, including membrane structure, energy storage, and
cellular signalling (Lomba-Riego, Calvino-Sanles, and Brea 2022; Santos and Preta 2018). The
composition of fatty acids directly depends on the organisms growth conditions, reflecting cellular
responses and adaptations to the surrounding environment (Da Costa et al. 2016).

The lipidomic analysis (Figure 8) reveals the presence of lipids from all six main lipid classes, which
were also identified in Spirulina platensis by Ramadan and Selim Asker (2008). The relative abundance
of the main lipid categories identified during the SVT experiment remained stable across the four
cycles, with no significant variations observed. This rather constant lipid composition in all light flux
intensity conditions suggests a stable lipidomic profile regardless of the increasing light flux. It is
important to note that significant environmental stress, such as salt stress, or light intensity has been
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shown to induce an increase in lipid biosynthesis in L. indica as well as an increasing proportion of fatty
acid (Tedesco and Duerr 1989). The stability of lipid composition in our analysis demonstrates the
absence of stress response to increased light flux at the lipidomic level. The constant abundance of all
lipid classes across the cycles suggests that the light intensity used does not affect the lipids
composition of L. indica PCC 8005. The uniformity in lipids relative abundance implies a well-regulated
biosynthesis and turnover of lipids within the cells, ensuring the maintenance of essential lipid
functions and structural integrity.

These results suggest that the nutritive value related to the lipids remained also constant within the
range of light intensities used for the SVT demonstration. Glycolipids from cyanobacteria, including
lipids classes such as sphingolipids, glycolipids and glycerophospholipids, are an important source of
n-3 fatty acids with beneficial health implications to humans (Da Costa et al. 2016). Additionally, some
glycolipids extracted from microalgae and cyanobacteria possess various biological activities such as
antifungal, antiviral and antitumoral properties (Plouguerné et al. 2014; Plouguerné et al. 2013;
Naumann et al. 2007; Morimoto et al. 1995). Specifically, some fatty acids from L. indica, such as the
stearic acid, a fatty acid also present in our analysis, has shown a promising impact as an immune
system enhancer (Huh et al. 2022). Collectively, these results demonstrate the major interest to
monitor the lipid composition in future life support systems.

5. Conclusion

In conclusion, the SVT and 6-SVT experiments have demonstrated the successful storage, revival, batch
propagation as well as production of oxygen and biomass over extended durations (9 and 5 weeks),
providing essential insights into the reliability of hardware and the active photosynthetic bioprocess
within the space hardware. The axenicity verification and the identification of non-axenic reactors
indicate the importance of additional sterilization steps to prevent contamination. While the
experiments were not designed to produce sufficient oxygen and biomass for space crew supply, the
0, production rates achieved offer insights into the scalability of the system for future space missions.
These findings are an essential part of the development path towards biological life support systems
in space.

The SVT experiment revealed challenges and areas for improvement, which were then addressed in
the 6-SVT experiment and further improved for the upcoming space flight. The decrease in liquid
volume influenced O, production rates and lead to the formation of bubbles within the culture
chambers which resulted in oxygen limited growth kinetics. Software and handling procedures were
adjusted to mitigate these issues and improve the precision of optical density measurements. These
adaptations, as seen in 6-SVT, improved the results but did not fully resolve the problems, highlighting
the importance of continuous improvement in experimental design. Biomass production rates were
consistent with the modelled results. Additionally, quantum yield measurements fell within the
expected range, suggesting the maintenance of a successful photosynthetic bioprocess during SVT and
6-SVT. Therefore, the data of the SVT/6-SVT experiments reported in this manuscript are valuable not
only as part of the of the space flight preparations but also in terms of biological response. Indeed,
Limnospira indica is capable to grow over two months in a batch as well as continuous regime inside
these reactors. Lastly, these results highlight that the gas transfer, in addition to the light transfer, is
an important parameter to consider in the hardware design of such systems.

The proteomics analysis revealed an impact of varying light flux intensity on L. indica PCC 8005
metabolism. The photosynthetic pathway experienced a significant reduction under higher light
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intensities, suggesting an adaptive response to optimise energy utilisation. Concurrently, an increased
representation of nitrogen assimilation-related proteins indicated an enhanced need for nitrogen
assimilation under the altered conditions. While these results present an adaptation to the current
environment, these results do not exhibit a strong stress response as it is confirmed by the lipidomic
analysis. Indeed, the lipidomic analysis showed that the lipid composition of L. indica remained
consistent across all light flux intensities, indicating stable lipidomic profiles unaffected by the varying
light intensity. These findings are valuable for understanding the nutritive value and potential
applications of L. indica in future life support systems.

Overall, the SVT and &-SVT experiments have provided crucial insights into the operation of life support
systems for space missions and have identified areas for improvement and paved the way for the
continuation of ArtC for space flight by ESA. ESA's approval to move forward attests to the robustness
of the space hardware and the value of the data collected. The comparative experiments in space and
on Earth will allow us to validate our conclusions and adjust for any space-specific response. This multi-
phase approach, common in space mission research, ensures that both the hardware and scientific
experiments and outcomes are well-prepared for the upcoming mission's success. These findings
contribute to the ongoing development of bioreactors for sustainable life support in the challenging
environment of space, marking significant progress toward enabling long-duration manned missions.
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Cyanobacterium Limnospira indica showed successful storage, revival, batch
propagation and production of biomass and oxygen, when cultured in miniaturized
photobioreactors over extended durations (9 and 5 weeks) in the pre-flight
experiments with actual space flight hardware.

The biomass production was in the expected range while the oxygen production was
below the expected range.

Proteomic analysis revealed an impact of varying light flux intensity on the
photosynthetic carbon assimilation and nitrogen assimilation metabolic pathways.
Lipidomic analysis showed that the lipid composition in the biomass remained
consistent across all tested light flux intensities.
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