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Abstract

In the present work, the possibility to grow the strain Synechococcus nidulans CCALA 188 on Mars using a medium mim-
icking a one obtainable using in situ available resources, i.e. the so-called Martian medium, under an atmosphere obtainable
by pressurization of Mars CO,, is investigated. The goal is to obtain a biomass with high-value products to sustain a crewed
mission to Mars. The results show that the replacement of 40% vol of Z-medium with the same volume of Martian medium
does not affect the cultivation and leads to a slight improvement of biomass productivity. Under an atmosphere consisting
of pure CO, the growth rate was reduced but the strain managed to adapt by modifying its metabolism. Total proteins and
carbohydrates were significantly reduced under Mars-like conditions, while lipids increased when using CO,. A balanced
diet rich in antioxidants is crucial for the wealth of astronauts, and in our case, radical scavenging capacities range from
15 to 20 mmolyg, kg were observed. Under CO,, a reduction in antioxidant power is observed likely due to a decrease in
photosynthetic activity. The lipidome consisted of sulfoquinovosyldiacylglycerol, monogalactosyldiacylglycerol, digalac-
tosyldiacylglycerol, phosphatidylcholine, phosphatidylglycerol, and triacylglycerol. A significant increase in the latter ones
was observed under Mars simulated atmosphere.

Keywords Cyanobacteria - Synechococcus nidulans - Biological in situ resource utilization - Manned mission to Mars -
Lipidomic - Liquid chromatography—mass spectrometry

1 Introduction

There is a high probability that life on Earth will become
hard in the future due to factors such as natural disasters,
global warming, population growth, the use of weapons of
mass destruction but also simply due to astronomical phe-
nomena [1]. To address this issue, it could be important to
consider plans for long-term survival of humanity. Space
exploration and colonization are potential options that could
allow to establish human settlements on other planets or
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celestial bodies. Among the candidate planets to host the
first human settlements, Mars represents nowadays the most
feasible option, due to its closeness to Earth, its thermobaric
conditions, the incident radiation, and the gravity levels [2].
To ensure the sustainability and cost-effectiveness of the
mission, it is necessary to exploit natural resources available
on Mars according to a paradigm known as in situ resource
utilization (ISRU). Indeed, transporting all the needed mate-
rials from Earth would be quite expensive and impractical
[2,3].

Main ISRU technologies so far available are meant to
produce oxygen, water, and propellants by using Mars
regolith and atmosphere as feedstocks but they cannot pro-
duce biological compounds such as food, supplements or
drugs for the sustainment of the crew on Mars [4, 5]. To
overcome these limitations, researchers are proposing new
bioprocesses capable to integrate or operate in synergy
with ISRU technologies for the production of biological
materials for the crew. In a classical configuration, such
bioprocesses rely on metabolic wastes of astronauts, such
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as carbon dioxide (CO,), urine, and faeces, to grow pho-
tosynthetic organisms like crops, macroalgae, microalgae
or cyanobacteria, which produce oxygen and could serve
as a source of biological products for the astronauts [6, 7].
Moreover, cyanobacteria could be biological link between
on-site resources and life support system [8]. Cyanobacteria
possess diazotrophic capabilities, enabling them to utilize
nitrogen (N,) from Mars for growth and are being concep-
tualized as a mean to convert raw mineral resources, locally
extracted water, atmospheric gases, and human-generated
waste into essential resources, including oxygen, food, fuel,
and substrates [8§—10]. These substrates, in turn, can sup-
port the growth of other organisms, creating a sustainable
production cycle for diverse supplies [8—10]. In addition,
cyanobacteria but also microalgae can synthesize a wide
range of bioactive compounds, including proteins, lipids,
carbohydrates, vitamins, and pigments such as phycobilipro-
teins, carotenoids, and chlorophyll [11, 12] which can be
used as supplements with antioxidant and anti-inflammatory
functions to enhance their diet and their protection against
the oxidative stress determined by the exposition to radia-
tions during long-term missions on Mars [8, 13, 14].

Nevertheless, it is important to highlight that the extreme
conditions of Mars, i.e. very low temperatures and pressures,
atmosphere composition and high ionizing radiations, may
pose a significant hurdle to the growth of photosynthetic
microorganisms in situ [8, 15-20]. Moreover, the reliance of
the proposed approach on the only metabolic wastes as fer-
tilizers to cultivate microalgae and cyanobacteria would not
permit to completely sustain the crew needs since the former
ones would be produced in very low amounts [13]. There-
fore, there is a call for novel bio-ISRU technologies capable
to also exploit regolith and atmospheric CO,, beyond astro-
nauts’ metabolic wastes, to produce fertilizers for microalgae
and cyanobacteria cultivation. Such technologies should be
also capable to minimize the effects of harsh conditions on
Mars on the cultivated microalgae and/or cyanobacteria.

In this regard, only a limited number of scientific studies
have so far explored the potential of cyanobacteria to convert
atmospheric N, and CO, along with nutrients in Martian
soil or regolith, for producing, food, supplements, other bio-
compounds and oxygen [8, 13, 16-23].

Moreover, to the best of our knowledge, no study on
the change of cyanobacteria biochemical composition and
lipidome triggered by the harsh conditions on Mars is so
far available in the literature albeit such analysis would be
crucial to ascertain whether cyanobacteria produced in situ
might be utilized as a source of food or other useful bioac-
tive compounds for astronauts.

To address this lack, we conducted an experimental
investigation with Synechococcus nidulans (or Anacys-
tis nidulans) CCALA 188 which is a cyanobacterium
that can adapt to extreme environments and is therefore
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potentially exploitable for space applications [13]. The
goal was to evaluate the possibility to exploit in situ avail-
able resources, i.e. regolith and atmospheric CO,, along
with astronauts’ metabolic wastes, as fertilizers to grow
it on Mars. Another target was to investigate the changes
induced on the biochemical composition and the lipidome
of S. nidulans, induced by the operating conditions taking
place during its cultivation on Mars.

It should be pointed out that apart from gravity, the
operating conditions adopted in our experiments were the
same which theoretically would occur in a pressurized
and heated dome on Mars, wherein the bio-ISRU process
recently patented by Cao et al. [22] would be run. This
process is composed of two interacting sections, i.e. the
physicochemical and the biological one as shown in Fig. 1.

In the physicochemical section, different modules work
under Martian conditions to produce water, oxygen, and
propellants [4, 6]. The biological section uses in situ
resources (CO, from atmosphere and regolith), astronauts’
urine and the outputs from the physicochemical section
to produce edible biomass and photosynthetic oxygen by
growing microalgae and or cyanobacteria in photobioreac-
tors hosted by pressurized and heated domes [24].

This process was artificially reproduced in our labora-
tory-scale experiments using suitable simulants of Martian
regolith and pure CO, atmosphere along with synthetic
urine as source of macro- and micronutrients for the cul-
tivation of S. nidulans. This test organism was chosen
since in 1994 Synechococcus sp. was the first cyanobac-
terium used in space experiments by the European Space
Agency [25]. Moreover, during the EXPOSE-R mission
(2009-2011), Chroococcidiopsis and Synechococcus cells
demonstrated to be able to withstand high radiation levels
taking place in space and Mars [26, 27].

The membrane lipid composition of Synechococcus
sp. was for the first time described by Bishop et al. [28]
and includes glycolipids and phospholipids. These lipids
can be extracted and processed into a high-energy food
source for astronauts. For astronauts, these compounds
are particularly beneficial for several reasons. Firstly, they
provide a concentrated source of energy that is necessary
for the physically demanding and high-stress environment
of space. Secondly, fats are essential for the absorption
of fat-soluble vitamins such as vitamins A, D, E, and K,
which are vital for maintaining good health [29]. Thirdly,
they help regulating hormones and inflammation, which
is particularly important in a high-stress environment [4].

For all these reasons, it is very important to study if and
how the biochemical composition and the lipidic profile
of S. nidulans would be affected by the cultivation condi-
tions potentially taking place on Mars according to the
bio-ISRU process by Cao et al. [19].
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Fig.1 Scheme of the ISRU process to produce useful materials on Mars (A) and focus on the production of microalgae or cyanobacteria in the
biological section (B). Adapted from the article of Brughitta et al. [24]. ISRU: in situ resource utilization, PBR: photobioreactor

Such investigation could be also useful to identify key
enzymes and pathways involved in the biosynthesis and
degradation of specific bio-compounds and in particular
of lipids. This information might be in turn exploited to
suitably tune the cultivation conditions so to maximize or
minimize the production of specific lipid categories or other
bio-compounds needed by astronauts on Mars.

2 Materials and methods
2.1 Strains and culture conditions

This study is focused on the cyanobacterium S. nidulans
(CCALA 188, holotype Nageli), which was obtained from
the Culture Collection of Autotrophic Organisms (CCALA)
located in Tteboin, Czech Republic [30]. The cyanobacte-
rium was kept under axenic conditions at the Interdepart-
mental Center of Environmental Sciences and Engineering
(CINSA) in Cagliari, Italy, and was grown in phototrophic
conditions at a temperature of 20+ 1 °C with 12 h of light
and 12 h of darkness, using 100 umol photons m~2 s~!
of white light as measured by a Delta light meter (Delta
OHM, GHM group). Its cultivation was performed using the
Z-medium (Table S1), and continuous agitation was main-
tained at 100 rpm by means of a Stuart SSM1 orbital shaker
(Biosigma).

2.2 Growth experiments
The study aims to investigate the possibility of cultivating

S. nidulans in a system simulating the best the possible the
integrated bio-ISRU process to be implemented on Mars

[19]. According to this process the cultivation should be
carried out in a dome wherein CO, obtained from Mars
atmosphere, is introduced. The process also foresees the
use of a medium obtained by mixing regolith leachate
(RL) with urine from the cabin crew, i.e. the so-called
Martian medium (MM). The light source can be the sun
or lamps suitably disposed within the dome. To simulate
the process above on Earth, the experimental setup shown
in Fig. 2 was adopted.

Briefly, it consisted of a transparent sealed jar illuminated
by artificial light, wherein an atmosphere of pure CO, is
continuously blown in. Within the dome laid, the laboratory-
scale photobioreactors containing the cultures of S. nidulans
in the growth medium obtained by mixing specific amounts
of Z-medium (the natural best medium for this stain) and
MM to verify which was the highest percentage of MM that
could be employed.

It should be noted that in the framework of a previous
work, carried out in air, the maximum tolerable amount of
MM was verified to be 40% vol. For this reason, experiments
were carried out by using a volume percentage of MM in the
growth medium equal to 0% vol (pure Z-medium) or 40%.

As for the atmosphere, two different conditions were
tested, i.e. the use of air or an atmosphere of pure CO,
within the jar. The experiments were performed in triplicate
in laboratory-scale photobioreactors consisting of transpar-
ent vented cap flasks with a maximum capacity of 50 mL,
filled up to 40 mL. At the beginning of the experiment, the
optical density of the culture was approximately 0.2 at a
wavelength of 750 nm. The growth was monitored by meas-
uring the optical density of chlorophyll-a using a Genesys
20 spectrophotometer (Thermo Scientific), at the wavelength
of 750 nm and using a suitable calibration line, reported
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Fig.2 Scheme of the experimental apparatus adopted to simulate the pressurized Martian domes hosting the process by Cao et al. [22] on Mars

elsewhere to convert the optical measures into biomass con-
centration [6].

2.3 Preparation and composition of the MM

To create the synthetic MM, a mixture of a leachate of Mar-
tian regolith simulant (JSC MARS-1) and synthetic human
urine (MP-AU) was used.

2.3.1 Preparation of the RL

The components of the JSC MARS-1 simulant, in terms
of oxides (% by weight), are reported in Table S2. To pre-
pare the RL, the procedure proposed by Fais et al. [13] was
employed. In brief, the RL was obtained by leaching 50 g
of regolith simulant (< 1 mm diameter size) with 500 mL of
ultrapure water at a pH of 6.80. The resulting mixture was
stirred for 24 h at 25 °C within a 1 L Erlenmeyer flask with
a cap and then filtered with bibulous paper.
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2.3.2 Preparation of synthetic urine

Synthetic human urine (MP-AU) was then produced accord-
ing to the literature and then diluted with ultrapure water at
aratio of 1:10 v/v [31].

2.3.3 Composition of the MM

Finally, the Martian RL and diluted urine were mixed in a
1:1 v/v ratio to produce MM. The medium has been steri-
lized at 121 °C for 15 min prior to use. Table 1 provides
information on the composition characteristics of MM.

2.4 Chemicals

Analytical LC grade isopropanol, methanol, acetonitrile,
acetic acid, formic acid, ammonium formate, ammonium
acetate, 2,2-diphenyl-1-picrylhydrazyl and Trolox were
purchased from Sigma-Aldrich. Sulphuric acid 96%,
orthophosphoric acid 85%, sodium nitrate, potassium
chloride, phenol, copper sulphate, sodium hydroxide,
and sodium potassium tartrate were analytical grade and
were purchased from Carlo Erba. Sodium carbonate and
Folin—Ciocalteu reagent were acquired by Sigma-Aldrich
Inc. Glucose, bovine serum albumin (BSA) and vanillin
standards were acquired by Sigma-Aldrich. Bi-distilled



Effects of a novel bioprocess for the cultivation Synechococcus nidulans on Mars on its... 365

Table 1 Concentration of macro-nutrients and metals acting as
micronutrients in the Martian medium

Macronutrients Micronutrients
Component (g/L) (mg/L)
Na,SO, 0.085 Al 2.4
CsH,N,O, 0.012 Ca 4.06
Na;C¢Hs0, % 2H,0 0.036 Fe 3.205
C,H;N;0 0.044 K 4.16
CH,N,O 0.750 Mg 0.74
KCl 0.115 Mn 0.095
NaCl 0.087 Na 2.33
CaCl, 0.009 P 0.125
NH,Cl 0.063 Si 5.14
K,C,0, x H,O 0.002 Ti 0.635
MgSO,x7TH,0 0.054

NaH,PO, x 7H,O 0.146

Na,HPO, x2H,0 0.041

water was obtained by a Milli-Q purification system (Mil-
lipore). A SPLASH® LIPIDOMIX® standard lipid compo-
nent mixture was purchased from Sigma-Aldrich.

2.5 Sample preparation

Synechococcus cultures were centrifuged at 4000 rpm for
10 min at 20 °C. The supernatant was eliminated, the pellet
was resuspended in Milli-Q water, and the washing proce-
dure was repeated for three times. The cellular pellet was
frozen at — 80 °C, lyophilized with LIO-5PDGT freeze-dryer
(5 Pa) and pulverized with mortar and pestle.

2.6 Total carbohydrates, lipids, and soluble proteins

Total carbohydrates determination was carried out using
the modified method proposed in the literature [32]. Briefly,
2 mg of powder biomass were weighted into an Eppendorf
tube and suspended in 1000 pL of phosphate-buffered
saline (PBS) (20 mM, pH 7.4). The samples were vortexed
for 10 min and sonicated in an ultrasonic bath for 10 min
at 20 °C for three times. 200 uL of the extract was trans-
ferred to a glass tube, while 200 uL of phenol 5% (w/v)
and 1,000 pL of concentrated sulfuric acid were added. The
samples were filtered with 0.45 pm PTFE membrane filter
and analysed at =490 nm using a Varian Cary 50 spectro-
photometer. The external standard method using glucose as
a reference standard was adopted to quantify the samples.
A calibration line was built with 5-points standard solution
by correlating the absorbance with the glucose concentra-
tion. The results were reported as average value + standard
deviation and expressed in g/100 g of glucose. All samples
were analysed in triplicate.

Total lipids were carried out using the protocol indicated
in the literature, albeit with small changes [33]. The 100 L.
of PBS, 1.5 mL of 25% methanol, and 1 N sodium hydrox-
ide solution were added to 2 mg of lyophilized sample. The
suspension was sonicated for 10 min in an ultrasonic bath
and then heated to 100 °C for 30 min. Lipids were extracted
according to the method proposed in the literature [34]. The
colorimetric reaction was obtained with the method pro-
posed by Mishra et al. [35]. . All samples were analysed in
triplicate, and the results were expressed in g/100 g+ SD.

Total protein content was determined using the method
proposed by Lowry et al. [36]. 1,000 uL of PBS, 20 mM,
pH 7.4, was added to 2 mg of lyophilized sample. Approxi-
mately, 150 mg of 1-1.3 mm glass balls were added and
vortexed for 10 min and sonicated in an ultrasonic bath for
10 min at 20 °C for three times. 250 uL of this solution
reacted with 250 pL of 1 N sodium hydroxide for 5 min at
100 °C. After cooling at room temperature for 10 min, 2.5
mL of a 5% sodium carbonate (w/v), 0.5% (w/v) cupric sul-
phate and 1% (w/v) sodium potassium tartrate solution were
added. After 10 min, 0.5 mL of 1 N Folin—Ciocalteu reagent
was added. Samples were analysed at A=750 nm with a
spectrophotometer (Varian Cary 50). BSA was used as a
reference standard to quantify the samples with the external
standard method. All samples were analysed in triplicate and
the results were expressed in g/100 g+ SD of BSA.

2.7 Antioxidant activity

The free radical, 2,2-diphenyl-1-picrylhydrazyl (DDPH)
spectrophotometric test was performed using the method
proposed in the literature [37]. 250 pL of methanol was
added to 2 mg of lyophilized Synechococcus powder. To
maximize the extraction, approximately 100 mg of 1-1.3-
mm glass balls were added, and the solution was vortexed
for 10 min and sonicated in an ultrasonic bath for 10 min at
10 °C three times. The sample was centrifuged for 5 min at
4000 rpm. Then, 50 uL of the methanol extract was added
to 2 mL of a methanol solution of DDPH (50 umol) for the
determination of total polyphenols (Trolox). The solutions
were analysed at A =517 nm after 60 min of incubation. The
external standard method (Trolox) was used to quantify the
samples, correlating the absorbance with the concentra-
tion. The results were expressed in mmol/kg TEAC (Trolox
equivalent antioxidant capacity).

2.8 Chlorophyll-a and total carotenoids content

The method proposed by Zavftel et al. [38] was adopted
to estimate chlorophyll-a and total carotenoid content.
Briefly, 1000 pL of culture were placed inside Eppendorf
tubes and centrifuged at 10,000 rpm for 10 min at 4 °C.
The supernatants were eliminated, and 1 mL of neutralized
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methanol was added to the pellets. The solutions were left
overnight in the fridge, and after 24 h, the samples were
homogenized using three cycles of 10 min of a vortex and
ultrasonic bath. The solutions were centrifuged for 10 min
at 10.000 rpm. The content of chlorophyll-a and total carot-
enoids was estimated with a spectrophotometric analysis at
A=720 nm, =665 nm, respectively, while 1 =470 nm was
used for methanol as a blank. The following correlations
proposed by Ritchie [39] and Wellburn [40] were used to
estimate the total carotenoids and chlorophyll-a concentra-
tions, respectively:

1000(A 470 — A7) — 2.86(Chl-a[p gmL™'])
221

Carotenoids [pg/mL] =

2.9 Lipidomic analysis

The total lipids of twelve samples of lyophilized biomass
were extracted using a modified Folch method [41]. Briefly,
10 mg of each lyophilized biomass sample was transferred
to an Eppendorf tube containing 10 pL of the internal mix-
ture of standards (Splash, Lipidomics, Sigma-Aldrich), and
then a mixture of chloroform/methanol (2:1 v/v) was added.
The solution was sonicated for three times using a sonica-
tor (GM solution). Finally, 90 pL of aqueous 0.2 M potas-
sium chloride were added. The suspension was centrifuged
at 14.000xg for 10 min. After centrifugation, the lipophilic
layer was transferred to a glass vial and dried by a gentle
N, stream.

The dried phase of the cyanobacteria extracts was recon-
stituted using 20 puL of a mixture of methanol/chloroform
(1:1 v/v) and diluted with 980 pL of a mixture of 2-pro-
panol/acetonitrile/water (2:1:1 v/v/v). Then, the samples
were analysed with a UHPLC-QTOF/MS coupled with an
Agilent 1290 Infinity I LC system, injecting 1 pL and 5 uL.
in the positive and negative ionization mode, respectively.
Chromatographic separation of lipids was obtained with a
Kinetex 5 pm EVO C18 100 A, 150 mm X 2.1 pm column
(Agilent Technologies).

The column was maintained at 50 °C at a flow rate of
0.4 mL/min. The mobile phase for positive ionization mode
consisted of (A) 10 mM ammonium formate solution in 60%
of Milli-Q water and 40% of acetonitrile and (B) 10 mM
ammonium formate solution containing 90% of isopropanol,
10% of acetonitrile. In positive ionization mode, the chroma-
tographic separation was obtained with the following gradi-
ent: initially 60% of A, then a linear decrease from 60 to 50%
of A in 2 min, then at 1% in 5 min staying at this percentage
for 1.9 min and then brought back to the initial conditions in
1 min. The mobile phase for negative ionization mode dif-
fered only for the use of 10 mM ammonium acetate instead
of ammonium formate.
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The Agilent jet stream source was operated with the
following parameters: gas temperature, 200 °C; gas flow
(N,) 10 L/min; nebulizer gas (N,), 50 psig; sheath gas
temperature, 300 °C; sheath gas flow, 12 L/min; capillary
voltage 3500 V for positive and 3000 V for negative; noz-
zle voltage 0 V; fragmentor 150 V; skimmer 65 V, octapole
RF 7550 V; mass range, 50—1700 m/z; capillary voltage,
3.5 kV; collision energy 20 eV in positive and 25 eV in
negative mode, mass precursor per cycle =3; threshold for
MS/MS 5000 counts.

Before the analysis, the instrument was calibrated
using an Agilent tuning solution at the mass range of
m/z 50-1700. Samples were acquired in an auto MS/MS
method using the iterative mode with a mass error toler-
ance of 20 ppm with a retention exclusion tolerance of
0.2 min.

The Agilent MassHunter LC/MS Acquisition console
(revision B.09.00) and lipid annotator from the Mass-
Hunter suite was used for data acquisition and data pro-
cessing. Lipid levels were normalized using the following
internal standard PE 33:1 (d7) for positive and negative
ionization modes, respectively. The resulting relative
abundances were imported into GraphPad Prism software
(version 8.3.0; Dotmatics) to build the graphics and to
perform a ¢ test analysis.

3 Results and discussion

In this study, we investigated the chemical and biochemical
composition of S. nidulans CCALA 188 cultivated using a
combination of Martian RL and synthetic urine, i.e. the MM
under atmosphere of air or pure CO, to simulate the Martian
one after pressurization. The main goal was to determine
whether this cyanobacterium could endure these conditions,
with the aim of utilizing its biomass for bio-ISRU applica-
tions, such as producing biomass enriched with high-value
products for astronauts during crewed space missions on
Mars.

Two groups of experiments were conducted, each involv-
ing different operating conditions. In the first set of experi-
ments, air at a pressure of 1 atm was used, while in the
second set of experiments, operating conditions theoretically
taking place on Mars in the ISRU process proposed by Cao
et al. [19] were simulated by exposing the cells to a continu-
ous flow of CO, in a closed dome.

Each experimental group involved two different growth
media consisting of different percentages of MM, i.e. 0%
v/v (that is pure Z-medium) and 40% v/v. Each experiment
was identified by an acronym obtained by considering the
medium adopted, i.e. ZM or MM40, followed by the atmos-
pheric composition, i.e. air or CO,.
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Fig.3 Time evolution of growth (A) and pH (B) of Synechococcus nidulans cultivated in different media and atmospheric conditions. MM:

Martian medium

3.1 Effect of continuous CO, bubbling and MM
content on the growth of S. nidulans

The time profile of the biomass concentration and pH during
these experiments is shown in Fig. 3.

The growth in air was consistent with the one observed
in the framework of a previous work with a maximum
specific growth rate of around 1.8 - 1072 (1/h) [6]. It is
interesting to note that the replacement of 40% vol of ZM
with the same volume of MM (culture M40_Air) did not
affect the growth and, on the contrary, resulted in a slight
improvement of the growth. A higher biomass concen-
tration at the end of the experiment was correspondingly
detected after 14 days of cultivation. Figure 3 shows also
the growth under an atmosphere consisting of pure CO,
like the one that should be in a Martian dome according to
the ISRU process patented by Cao et al. [19]. The graphic
shows that the growth rate was significantly reduced under
pure CO, probably because of the very low pH achieved
in the culture which could have inhibited specific enzyme
of Synechococcus. In particular, up to the sixth day of
cultivation, a slight decrease in the biomass concentration
was observed but after this adaptation phase, the culture
restarted growing with positive rate and re-achieved the
initial biomass concentration. The re-activation of photo-
synthesis is confirmed by the pH evolution which, after
an initial decrease, due to the dissolution of CO,, started
increasing after the sixth day. Such behaviour was the
same for the cultures grown in both ZM and MM40 with-
out a statistically meaningful difference between the two
series of data. Ultimately, it can be stated that the strain
managed to adapt and survive to the very harsh condi-
tions determined by the continuous inflow of CO, and the
consequent low pH achieved in the culture. Thomas et al.

[42] have observed a similar pH reduction in their investi-
gation of the impact of elevated CO, on the growth of vari-
ous cyanobacteria, including the moderately CO,-tolerant
Synechococcus sp. PCC7942. Photosynthetic microorgan-
isms possess the ability to modulate gene transcription,
translation, or protein stability in response to stress [43].
Prolonged cultivation under diverse stress conditions may
induce gene mutations and foster evolutionary adaptations
[43]. For instance, Uchiyama et al. [43] conducted experi-
ments and genome sequence analyses to identify genes
and proteins involved in the acid tolerance mechanism of
the cyanobacterium Synechocystis sp. PCC 6803. Follow-
ing their experiments, they obtained acid-tolerant strains
with distinct mutations. Notably, a mutation in the Fo
F1-ATPase operon, responsible for the expression of the
Fo F1-ATPase proton pump, was detected. The authors
hypothesized that this protein plays a role in one of the
acid stress tolerance mechanisms of Synechocystis 6803
[43].

These results underline that it would be possible to cul-
tivate S. nidulans using the bio-ISRU method by Cao et al.
[19]. It should be noted in fact that rather than continu-
ously pumping CO, within the dome a different strategy
might be used in the in situ application of this technology.
Such strategy would involve the pumping of CO, only
when strictly necessary to the algae, i.e. when the total
pressure within the dome would drop down to a specific
value. This way the achievement of too low pH within the
culture, and its subsequent inhibition, would be avoided.
To overcome this limit in new experiment, we supply
CO, to the simulated dome in the form of periodic (daily)
pulses to avoid a too high pH reduction and the too high
payloads of the temperature adsorbers (zeolites) needed
on Mars to pressurize CO,.
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3.2 Total carbohydrates, lipids, and soluble proteins

The possibility of using S. nidulans biomass as a source of
bioactive compounds for astronauts has been further inves-
tigated in terms of total lipids, proteins, and carbohydrate
content (Fig. 4).

The biochemical macro-composition of the obtained
biomass showed a prevalence of proteins (~40% wt) fol-
lowed by carbohydrates and lipids (~ 15-20% wt and 7-8%
wt, respectively). Figure 4 clearly shows that the replace-
ment of a specific volume ZM with an equal one of MM
did not cause any significant change in the biomass com-
position of S. nidulans. On the contrary, the latter one, was
not significantly affected by the use of MM40 as a growth
medium rather than pure ZM. When the cyanobacterium
was grown in an atmosphere of CO, a significant decrease
in carbohydrates and proteins was registered. However, it is
interesting to note that the production of lipids was increased
under CO, atmosphere indicating that the biomass poten-
tially produced on Mars might be characterized by a high
energetic and nutritional value and thus particularly suited
to feed astronauts.

3.3 Antioxidant activity

The biomass of S. nidulans has been investigated in terms
of antioxidant capacity through a TEAC assay. The space
factors as exposure to ionizing radiation and reduced grav-
ity during deep space missions can result in the excessive
generation of radical oxygen species (ROS) that could cause
cellular stress and consequently damage in astronauts [44].
Hence, a balanced diet rich in antioxidants is an attractive
option for astronauts’ wealth. The antioxidant capacity of S.
nidulans is shown in Fig. 5.
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Radical scavenging capacities ranging from 15 to 20
mmolrgac/kg were obtained for the biomass grown under
air in ZM and MM40, respectively. Such results were com-
parable to those (~20 mmol;g,c/kg) reported by Goiris
et al. [45], for different microalgal strains.

The cultivation in MM40 resulted in an antioxidant
power 33% higher than that one obtained with the ZM.
Instead, under high CO, atmosphere the antioxidant activ-
ity is decreased and varied from 8 to 11 mmolyg,c/kg.
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3.4 Pigment content

Carotenoids and phycocyanin play a key role in the diet of
astronauts because they have health benefits such as anti-
inflammatory, immunomodulatory, neuroprotective, and
hepatoprotective effects [46, 47]. For this reason, the pig-
ment content of the microalgal biomass has been quantified
and shown in Fig. 6.

The use of MM40 caused a decrease in the pigment con-
tent except for the case of chlorophyll and carotenoids. The
increase in carotenoid content using MM40 represent an
attractive opportunity because these compounds possess
significant antioxidant and anti-inflammatory properties
[48]. However, the differences between the results obtained
in ZM and in MM40 are not statistically relevant. In general,
the application of CO, resulted in a statistically significant
decline in pigment production compared to the air content.
These results are consistent with the ones obtained by other
authors [47].

3.5 The effect of Martian simulated conditions
on lipids biosynthesis

To further investigate the total lipids extracted from S. nidu-
lans biomass, the lipidomic analysis was performed with the
goal of identifying lipids with high nutritional power for
astronauts and how their synthesis could be affected by the
in situ cultivation conditions.

The lipidome investigated in this study consists of
three classes of glycolipids (sulfoquinovosyldiacylglyc-
erol [SQDG], monogalactosyldiacylglycerol [MGDG], and
digalactosyldiacylglycerol [DGDG]), two phospholipids
(phosphatidylcholine [PC] and phosphatidylglycerol [PG])
and one neutral lipid (triacylglycerol, TG). These results are
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consistent with other studies of cyanobacterial lipidic com-
position [49-52].

An example of positive and negative electrospray ioniza-
tion (ESI) extracted ion chromatogram (EIC) of lipid com-
pound found in S. nidulans growth at different percentage
of MM and air/CO, atmosphere is shown in Fig. S1. The
normalized abundances of lipids detected in the biomass
grown under different conditions are reported in Fig. 7A in
the form of heatmap with dendrogram and aggregated on the
basis of the specific lipid class in Fig. 7B, G. The specific
composition of each lipid class and the characteristics of
the high-resolution mass spectrometry for all lipid species
are listed in Table S3 and graphically reported in Fig. 8 to
further highlight the difference between each experimental
condition.

The heatmap in Fig. 7 provides a global overview of the
effect of CO, and MM on the synthesis of specific lipids by
clearly showing that the atmosphere wherein the strain is
grown (air or CO,) had the greater effect on the lipidome of
S. nidulans rather than the growth medium.

A general reduction in triglyceride (TAG) content was
registered when the cyanobacterium was grown using
MM40 under CO,. From the heatmap in Fig. 7 and from
Fig. 8, it can be observed that such a generalized reduction
in TAGs can be ascribed mainly to TAG 46:0, 46:1, 49:0,
52:2 and 54:3, while the other TAGS remained substantially
unchanged.

SQDG are lipid molecules carrying negative charge. In
general, the content SQDGs decreased when using CO,
(Fig. 7C) even if the simultaneous use of MM40 and CO,
led to the significant increase in SQDG 34:1 SQDG 32:1
(16:0/16:1) which is probably a result of the most stressful
growth conditions (Figs. 7A, 8).

MGDGs increased mainly when using MM40 and, in a
lower extent due to the CO, (Fig. 7D). In particular, a strong
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mass of Synechococcus nidulans grown in different media and atmos-
pheric conditions (n=3). MM: Martian medium, TAG: triglyceride,

increase in MGDG 32:1 (16:0/16:1) and 34:1 (16:0/18:1)
was detected when using MM40. Other MGDGs remained
substantially unchanged or slightly decreased (MGDG 32:2)
under CO, (Fig. 8).

From Fig. 7D, DGDGs increased when using MM40 as
growth medium. The effect of CO, was almost null when
using ZM while it slightly reduced the overall content of
DGDGs when using MM40. In particular we have measured
an increase in DGDG 32:1 (16:0/16:1) when simultaneously
using CO, and MM40 (Fig. 8).

The synthesis of PC was slightly inhibited by the CO,
while it was substantially unaffected by the change of the
growth medium (Fig. 7F). Specifically, under CO, the rela-
tive abundance of PC 32:2 increased at the expenses of PC
32:1 for both growth media adopted (Fig. 8).

PG is functionally linked to the core complexes of both
photosystem I (PSI) and photosystem II (PSII) [52, 53]. The
increase in these PGs and in particular those containing fatty
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acids 16:1 (in our case PG 32:1, but the difference was not
statistically significative) can be correlated to a stabilization
of PSII [54]. The effect of the different growth media and
atmosphere composition on total PGs relative abundance
was roughly the same observed for PCs, i.e. CO, led to a
slight decrease, while the effect of MM40 was almost unde-
tectable (Fig. 7G). The specific lipid affected by the use
of CO, was PG 34:1, whose relative abundance decreased
under the Mars-like atmosphere.

By showing the cumulated relative abundance satu-
rated (SFA), monounsaturated (MUFA) and polyunsatu-
rated (PUFA) fatty acids, the results shown in Fig. 9 were
obtained. No statistically meaningful effect was observed on
SFA as both the growth medium and the atmosphere com-
position was changed. On the other hand, the use of MM40
significantly increased the total content of MUFAs, while
the CO, acted in the opposite direction leading to a lower
content of these lipids whatever the medium used. Same
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qualitative effect of CO, was observed on total PUFAs, even
if in this case no relevant effect could be observed because
of the change of growth medium.

3.6 Discussion of main results

The possibility of growing and using S. nidulans during a
crewed mission on Mars was investigated. The cyanobac-
terium was capable to grow in media containing MM per
cent volumes equal to 40%vol and managed to survive in an
atmosphere obtained by continuously flowing in pure CO,
which led the pH to very low values. In view of reducing the
nutrient requirements from Earth, the use of 40% v/v of MM

MM40_CO,
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MGDG: monogalactosyldiacylglycerol, DGDG: digalactosyldiacylg-
lycerol, PC: phosphatidylcholine, PG phosphatidylglycerol

appears to be an optimal solution since the payload might
be significantly reduced with respect to the case where the
medium should be entirely brought from Earth.

The chemical composition of the resulting biomass
mainly consists of proteins (approximately 40%), with
carbohydrates and lipids in the ranges 15-20% and 7-8%
respectively. This composition, which could be favourable
for producing high-value products for astronauts, remained
largely unchanged when MM was incorporated into the
growth medium. Under CO,, a decrease in proteins and
carbohydrates and a corresponding increase in lipids were
registered. It is known from the literature that lipid content,
in microalgae and cyanobacteria, can increase when the cells
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are stressed by hostile conditions like nutrient starvation,
salinity, pH, temperature, and light [55]. A possible explana-
tion for enhanced lipid yield is that, under stressful condi-
tions all CO, fixed by photosynthesis is channelled to lipid
biosynthesis, for energy storage functions, rather than being
used for the physiological metabolism of algae [55-57].
Some scientific reports have demonstrated that the increase
in CO, concentration can lead to N, constraint and reroute
carbohydrates to lipids biosynthesis. This is because lipid
biosynthesis requires less N, compared to protein synthesis.
N, starvation might cause an increase in the intracellular
content of fatty acid acyl-CoA that activates diacylglycerol
acyl transferase (DGAT) which in turn can convert fatty acid
acyl-CoA to TAGs [57, 58].

The increase in antioxidant power using MM40 can be
caused by the stress due to the relatively high salinity and
heavy metal concentration of the medium which may have
up regulated the biosynthesis of antioxidant compounds.
Indeed, it is well known that microalgal cells synthetize anti-
oxidant molecules when subjected to stress conditions [59].
While it is not possible to explain the exact biochemical
mechanism underlying this phenomenon, our results clearly
indicate that the use of a medium (MM) simulating that one
obtainable from resources on Mars leads to the production of
biomass with a higher antioxidant power. In cyanobacteria,
respiration and photosynthesis are sources of ROS. When
the equilibrium between the amount of oxidants and the
production of antioxidants is disrupted, the organism expe-
riences oxidative stress, which can result in cellular damage
and potential cell death [54, 60]. The decrease in antioxidant
activity under a continuous flux of CO, can determine a
possible reduction in ROS production. This can be prob-
ably caused by the partial inhibition of photosynthetic
activity, determined by the low pHs, which in turn leads
to a reduction in dissolved oxygen available in solution for
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the production of ROS. The decrease in antioxidant activ-
ity also suggests a possible decrease in lipid peroxidation,
which is a process that involves the oxidative degradation of
lipids in cell membranes. Nonetheless, despite the reduction
in antioxidant power and, consequently, in the content of
compounds with antioxidant properties, this result suggests
the production of biomass with higher nutritional quality
and increased safety. In fact, lipid peroxidation is not only
responsible for cellular damage, but also reduces the quality
of the oil produced from the biomass itself, as it is respon-
sible for the so-called rancidity.

The application of CO, resulted in a decline in pigment
production compared to the air content. It is documented
in the literature that high levels of CO, can alter the pro-
duction of pigments because in such condition, these pig-
ments are not crucial for light absorption. Indeed, Gordillo
et al. [61] proposed that in S. platensis, CO, could induce
the degradation of pigments synthesized in excess, as they
are not essential for light harvesting. As a result, the organ-
ism can downregulate the synthesis of such pigments and
allocate resources to other metabolic functions, for exam-
ple lipids biosynthesis. This reduction in pigment content
might coincide with a decrease in photosynthetic efficiency,
associated with a decline in Rubisco content and carbonic
anhydrase activity, as demonstrated by Garcia-Sanchez et al.
[62] in their experiments with Gracilaria tenuistipitata. In
such context, if the cultures have reduced levels of pigments,
their ability to capture light is further compromised. Con-
sequently, as observed in this work, CO,-enriched cultures
may reach the stationary phase earlier than cultures in air
which have a higher pigment content and thus can better
perform photosynthesis [47, 63].

TAGs do not have a structural function in cyanobac-
teria, microalgae, and higher plants. Fatty acids, which
are synthetized in the chloroplast, act as the fundamental
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components for TAGs and other lipids. In challenging
environmental or stressful growth conditions, cyanobac-
teria can alter their lipogenesis with the formation and
accumulation of neutral lipids, mainly in the form of TAG
[64]. All glycolipids in cyanobacteria are derived from
diacylglycerols (DAGs), which are the precursors of TAGs
[65]. In our case, the DAGs are likely re-routed to the
synthesis of glycolipids. Indeed, we detected a reduction
in TAG synthesis and an increase in glycolipids synthesis,
but this aspect needs to be further investigated. The gly-
cosyl glycerides SQDG, MGDG and DGDG together with
PG are contained in the thylakoids, wherein photosynthe-
sis takes place. MGDGs are functionally more tightly asso-
ciated with the core complexes of photosystems (PSI) and
with the ATPase complex of chloroplasts [66, 67]. Their
up-regulation occurred mainly when using MM40 and, in
a lower extent due to CO,, can indicate clearly a modified
activity or structure around PSI to respond to high CO,
levels. The accumulation of MGDGs can indicate a modi-
fication in the abundance of hexagonal structures within
the lipid matrix of thylakoid membranes. These hexagonal
structures can serve to stabilize membrane proteins under
stressful conditions [53]. DGDGs were localized mainly
in the reaction centre of PSII [66, 68]. Our results seem
to demonstrate that the natural conversion of MGDG to
DGDG improves under stress conditions. In fact, accu-
mulation of DGDG, especially DGDG 32:1 (16:0/16:1),
is mainly observed in samples grown in MM40.

A similar process involved phosphatidylethanolamines
(PEs) and PC. Phosphatidylethanolamine, similar to MGDG,
tends to form nonlamellar lipid structures. On the other
hand, PC, similarly to DGDG, prefers the formation of
lamellar phase structures [53]. However, we do not identify
PE or significant changes in PC levels. PG is functionally
linked to the core complexes of both PSI and PSII [69].
The increase in these PG and in particular those containing
fatty acids 16:1 (in our case PG 32:1, but the difference was
not statistically significative) can be correlated to a stabi-
lization of PSII [69]. SQDG are lipid molecules carrying
negative charges as the PG. They are found throughout the
membranes of plant chloroplasts and cyanobacteria. SQDG
primarily have a structural and functional role in PSI and
PSII [70]. Their increment, observed when using especially
MM40 and CO,, could represent a compensatory mecha-
nism in response to the increase in longer and unsaturated
fatty acid contents. The synthesis of a stabilizing lipid spe-
cies (SQDG) is a mechanism that could be implemented
to maintain membrane integrity when cells experience
stressful environmental conditions, such as high concen-
trations of CO, [71]. In particular, the increase in SQDG
32:1 (16:0/16:1) appears to be in line with this mechanism.
However, further investigation is necessary to confirm this
physiological aspect.

The increasing market trend and the growing demand
from consumers for healthy and natural products have bol-
stered the prominence of microalgae and cyanobacteria as
a rising source of nutrient-dense natural food supplements.
Therefore, these physiological aspects are most important
to understand the process of lipid biosynthesis. Moreover,
it can be essential for the engineering of microalgae and
cyanobacteria to improve lipid production in view of food
production on Mars. Many studies have indicated that galac-
tolipids obtained from plants, cyanobacteria, and green algae
showed various biological properties in vitro and/or in vivo.
These properties encompass inhibitory effects against
tumour growth mitigation of inflammatory responses, and
antiviral capabilities [72]. For example, MGDG 36:6 and
MGDG 34:3 (that we have determined in S. nidulans as
16:0/18:3) isolated from fresh spinach demonstrated an
inhibitory activity on Epstein-Bar virus [73]. Hence, these
lipids have an important nutritional power and are carriers
of important fatty acids. This aspect can become of great
relevance when applied in harsh conditions, as Mars envi-
ronment, wherein it is practically impossible to have access
to sources of fresh food.

4 Conclusion

The possibility of growing S. nidulans CCALA 188 using
local resources on Mars was investigated. The cyanobacte-
rium was able to grow and to adapt to harsh environmental
conditions modifying his cellular physiology and improving
lipid biosynthesis. These findings, coupled with the signifi-
cant presence of beneficial pigments like carotenoids, the
nutritional benefits of galactolipids and phospholipids, and
the strong antioxidant properties, make this strain a promis-
ing one for supplying astronauts with high-value products
during long missions on Mars, where self-sufficiency relies
on utilizing local resources.

Considering such outcomes, the proposed cultivation sys-
tem for Mars could be relatively straightforward and require
reduced payloads. Although further research is required to
validate these observations, these initial findings suggest
that the envisioned approach holds significant promise in
meeting the nutritional requirements of astronauts on Mars.
Optimizing food production is imperative for promot-
ing missions in deep space or on Mars where the cost of
Earth-supplied provisions is unsustainable. To achieve this
goal in space, several key initiatives are essential. First and
foremost, it is crucial to define the scale of the microor-
ganism growth compartment. This involves improving our
understanding of different species, elucidating the effects of
cultivation and space-related factors on microorganism and
plant productivity and quality, and refining ISRU techniques
to utilize regolith as a viable plant substrate. Furthermore,
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there is a pressing need to engineer microorganisms adapted
to the Martian atmosphere, capable of utilizing CO, and
N,. Investigating the physiological effects and processes in
microgravity is imperative, as is the selection of suitable
species and the development of protocols for food process-
ing. Cultivating microorganisms to obtain bioactive value
products holds promise, not only for fostering higher plant
cultivation but also for enhancing the overall quality of food
for astronauts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12257-024-00019-3.

Acknowledgements This work has been developed within the frame-
work of the project eINS- Ecosystem of Innovation for Next Genera-
tion Sardinia (cod. ECS 00000038) funded by the Italian Ministry
for Research and Education (MUR) under the National Recovery and
Resilience Plan (PNRR)—MISSION 4 COM-PONENT 2, “From
research to business” INVESTMENT 1.5, “Creation and strength-
ening of Eco-systems of innovation” and construction of “Territo-
rial R&D Leaders. We acknowledge also the CeSAR (Centro Servizi
d’Ateneo per la Ricerca) of the University of Cagliari, Italy for the
IMQTOFMSMS experiments performed with an Agilent 6560. M. C.
(Mattia Casula) and A. S. (Agnieszka Sidorowicz) also acknowledge
the PhD programme in Innovation Science and Technologies available
at the University of Cagliari.

Author contributions AC, MC, GF, and PC involved in conceptual-
ization; MC, AC, PC, and GF involved in methodology; MC and AC
involved in formal analysis; GF, AC, and MC involved in investigation;
MC, AC, and PC involved in writing—original draft; MC, AC, GF, and
GC involved in writing—review and editing; GC, AC, and PC involved
in supervision; GC, AC, and PC involved in project administration; GC
involved in funding acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding Open access funding provided by Universita degli Studi di
Cagliari within the CRUI-CARE Agreement.

Declarations
Conflict of interest The authors declare no conflict of interest.

Ethical approval and informed consent Neither ethical approval nor
informed consent was required for this study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

1. Hull P (2015) Life in the aftermath of mass extinctions. Curr Biol
25:R941-R952. https://doi.org/10.1016/j.cub.2015.08.053

2. Karl D, Cannon KM, Gurlo A (2022) Review of space resources
processing for Mars missions: martian simulants, regolith bond-
ing concepts and additive manufacturing. Open Ceram 9:100216.
https://doi.org/10.1016/j.oceram.2021.100216

3. Sacksteder K, Sanders G (2007) In-situ resource utilization for
lunar and Mars exploration. In: 45th AIAA aerospace sciences
meeting and exhibit. Reno, Nevada, pp 8—11. January 2007

4. Fais G, Manca A, Bolognesi F et al (2022) Wide range appli-
cations of spirulina: from earth to space missions. Mar Drugs
20:299. https://doi.org/10.3390/md20050299

5. Rapp D (2013) Use of extraterrestrial resources for human space
missions to moon or mars. Springer, New York

6. Concas A, Fais G, Enna M et al (2023) Modeling and experi-
mental assessment of Synechococcus nidulans cultivation using
simulated Martian medium and astronauts’ urine. Acta Astronaut
205:185-198. https://doi.org/10.1016/j.actaastro.2023.01.027

7. Ellery A (2021) Supplementing closed ecological life support
systems with in-situ resources on the moon. Life (Basel) 11:770.
https://doi.org/10.3390/1ife 11080770

8. Verseux C, Baqué M, Lehto K et al (2016) Sustainable life sup-
port on Mars—the potential roles of cyanobacteria. Int J Astrobiol
15:65-92. https://doi.org/10.1017/S147355041500021X

9. Rothschild LJ (2016) Synthetic biology meets bioprinting: ena-
bling technologies for humans on Mars (and Earth). Biochem Soc
Trans 44:1158-1164. https://doi.org/10.1042/BST20160067

10. Verseux C (2020) 12 Cyanobacterium-based technologies in space
and on Earth. In: Lee N (ed) Biotechnological applications of
extremophilic microorganisms. De Gruyter, Berlin, Boston

11. Vu HP, Nguyen LN, Zdarta J et al (2020) Blue-green algae in
surface water: problems and opportunities. Curr Pollution Rep
6:105-122. https://doi.org/10.1007/s40726-020-00140-w

12. WulJ, Gu X, Yang D et al (2021) Bioactive substances and poten-
tiality of marine microalgae. Food Sci Nutr 9:5279-5292. https://
doi.org/10.1002/fsn3.2471

13. Fais G, Manca A, Concas A et al (2022) A novel process to
grow edible microalgae on Mars by exploiting in situ-available
resources: experimental investigation. Acta Astronaut 201:454—
463. https://doi.org/10.1016/j.actaastro.2022.09.058

14. Keller R, Goli K, Porter W et al (2023) Cyanobacteria and algal-
based biological life support system (BLSS) and planetary sur-
face atmospheric revitalizing bioreactor brief concept review. Life
(Basel) 13:816. https://doi.org/10.3390/1ife13030816

15. Arai M, Tomita-Yokotani K, Sato S et al (2008) Growth of ter-
restrial cyanobacterium, Nostoc sp., on Martian Regolith Simulant
and its vacuum tolerance. Biol Sci Space 22:8-17. https://doi.org/
10.2187/bss.22.8

16. Arai M (2009) Cyanobacteria for space agriculture on Mars. Biol
Sci Space 23:203-210. https://doi.org/10.2187/bss.23.203

17. Macario IPE, Veloso T, Frankenbach S et al (2022) Cyanobacteria
as candidates to support Mars colonization: growth and biofertili-
zation potential using Mars regolith as a resource. Front Microbiol
13:840098. https://doi.org/10.3389/fmicb.2022.840098

18. Bechini M, Bechini N, Brandonisio A et al (2021) Oxygen har-
vesting from eukaryotic green algae cultivation on Moon’s sur-
face. In: 72nd International Astronautical Congress, Dubai, United
Arab Emirates, 25-29 October 2021

19. Cao G, Concas A, Orru R et al (2023) Recent advances on ISRU
technologies and study of microgravity impact on blood cells for
deep space exploration. Front Space Technol 4:1146461. https://
doi.org/10.3389/frspt.2023.1146461


https://doi.org/10.1007/s12257-024-00019-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cub.2015.08.053
https://doi.org/10.1016/j.oceram.2021.100216
https://doi.org/10.3390/md20050299
https://doi.org/10.1016/j.actaastro.2023.01.027
https://doi.org/10.3390/life11080770
https://doi.org/10.1017/S147355041500021X
https://doi.org/10.1042/BST20160067
https://doi.org/10.1007/s40726-020-00140-w
https://doi.org/10.1002/fsn3.2471
https://doi.org/10.1002/fsn3.2471
https://doi.org/10.1016/j.actaastro.2022.09.058
https://doi.org/10.3390/life13030816
https://doi.org/10.2187/bss.22.8
https://doi.org/10.2187/bss.22.8
https://doi.org/10.2187/bss.23.203
https://doi.org/10.3389/fmicb.2022.840098
https://doi.org/10.3389/frspt.2023.1146461
https://doi.org/10.3389/frspt.2023.1146461

Effects of a novel bioprocess for the cultivation Synechococcus nidulans on Mars on its...

375

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cockell CS, Santomartino R, Finster K et al (2020) Space station
biomining experiment demonstrates rare earth element extraction
in microgravity and Mars gravity. Nat Commun 11:5523. https://
doi.org/10.1038/s41467-020-19276-w

Olsson-Francis K, Cockell CS (2010) Use of cyanobacteria for in-
situ resource use in space applications. Planet Space Sci 58:1279—
1285. https://doi.org/10.1016/j.pss.2010.05.005

Cao G, Concas A, Fais G et al (2023) Process and kit to investigate
microgravity effect on animal/vegetable cells under extraterrestrial
cultivation conditions and cultivation process thereof to sustain
manned space missions. PCT/EP2021/078376, 13 October 2021
Verseux C, Heinicke C, Ramalho TP et al (2021) A low-pressure,
N,/CO, atmosphere is suitable for cyanobacterium-based life-
support systems on Mars. Front Microbiol 12:611798. https://
doi.org/10.3389/fmicb.2021.611798

Brughitta E, Atzori F, Gamboni E et al (2023) Cultivation of
cyanobacteria and microalgae using simulated in-situ available
resources for the production of useful bio-compounds on Mars:
modelling of experiments. Chem Eng Trans 98:111-116. https://
doi.org/10.3303/CET2398019

Mancinelli RL, White MR, Rothschild LJ (1998) Biopan-survival
I: exposure of the osmophiles Synechococcus sp. (Nageli) and
Haloarcula sp. to the space environment. Adv Space Res 22:327—
334. https://doi.org/10.1016/S0273-1177(98)00189-6

Bryce CC, Horneck G, Rabbow E et al (2015) Impact shocked
rocks as protective habitats on an anoxic early earth. Int J Astro-
biol 14:115-122. https://doi.org/10.1017/S1473550414000123
Mancinelli RL (2015) The affect of the space environment on the
survival of Halorubrum chaoviator and Synechococcus (Négeli):
data from the space experiment OSMO on EXPOSE-R. Int J
Astrobiol 14:123-128. https://doi.org/10.1017/S14735504140005
5X

Bishop DG, Kenrick JR, Bayston JH et al (1980) Monolayer prop-
erties of chloroplast lipids. Biochim Biophys Acta 602:248-259.
https://doi.org/10.1016/0005-2736(80)90308-9

Thomas DT, Erdman KA, Burke LM (2016) American College of
Sports Medicine Joint Position Statement. Nutrition and athletic
performance. Med Sci Sports Exerc 48:543-568. https://doi.org/
10.1249/MSS.0000000000000852

Guiry MD, Guiry GM (2013) AlgaeBase. World-wide electronic
publication. http://www.algaebase.org. Accessed 8 Jan 2023
Sarigul N, Korkmaz F, Kurultak I (2019) A new artificial urine
protocol to better imitate human urine. Sci Rep 9:20159. https://
doi.org/10.1038/541598-019-56693-4

DuBois M, Gilles KA, Hamilton JK et al (1956) Colorimetric
method for determination of sugars and related substances. Anal
Chem 28:350-356. https://doi.org/10.1021/ac60111a017

Chen Y, Vaidyanathan S (2013) Simultaneous assay of pigments,
carbohydrates, proteins and lipids in microalgae. Anal Chim Acta
776:31-40. https://doi.org/10.1016/j.aca.2013.03.005

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction
and purification. Can J Biochem Physiol 37:911-917. https://doi.
org/10.1139/059-099

Mishra SK, Suh WI, Farooq W et al (2014) Rapid quantification
of microalgal lipids in aqueous medium by a simple colorimet-
ric method. Bioresour Technol 155:330-333. https://doi.org/10.
1016/j.biortech.2013.12.077

Lowry OH, Rosebrough NJ, Farr AL et al (1951) Protein measure-
ment with the Folin phenol reagent. J Biol Chem 193:265-275
Brand-Williams W, Cuvelier ME, Berset C (1995) Use of a free
radical method to evaluate antioxidant activity. LWT Food Sci
Technol 28:25-30. https://doi.org/10.1016/S0023-6438(95)
80008-5

Zaviel T, Sinetova MA, Cervcny J (2015) Measurement of chloro-
phyll a and carotenoids concentration in cyanobacteria. Bio Protoc
5:e1467. https://doi.org/10.21769/BioProtoc. 1467

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ritchie RJ (2006) Consistent sets of spectrophotometric chloro-
phyll equations for acetone, methanol and ethanol solvents. Pho-
tosynth Res 89:27—41. https://doi.org/10.1007/s11120-006-9065-9
Wellburn AR (1994) The spectral determination of chlorophylls
a and b, as well as total carotenoids, using various solvents
with spectrophotometers of different resolution. J Plant Physiol
144:307-313. https://doi.org/10.1016/S0176-1617(11)81192-2
Folch J, Lees M, Sloane Stanley GH (1957) A simple method for
the isolation and purification of total lipides from animal tissues.
J Biol Chem 226:497-509

Thomas DJ, Sullivan SL, Price AL et al (2005) Common fresh-
water cyanobacteria grow in 100% CO,. Astrobiology 5:66-74.
https://doi.org/10.1089/ast.2005.5.66

Uchiyama J, Kanesaki Y, Iwata N et al (2015) Genomic analysis
of parallel-evolved cyanobacterium Synechocystis sp. PCC 6803
under acid stress. Photosynth Res 125:243-254. https://doi.org/
10.1007/s11120-015-0111-3

Goémez X, Sanon S, Zambrano K et al (2021) Key points for the
development of antioxidant cocktails to prevent cellular stress and
damage caused by reactive oxygen species (ROS) during manned
space missions. NPJ Microgravity 7:35. https://doi.org/10.1038/
$41526-021-00162-8

Goiris K, Muylaert K, Fraeye I et al (2012) Antioxidant poten-
tial of microalgae in relation to their phenolic and carotenoid
content. J Appl Phycol 24:1477-1486. https://doi.org/10.1007/
s10811-012-9804-6

Ashaolu TJ, Samborska K, Lee CC et al (2021) Phycocyanin, a
super functional ingredient from algae; properties, purification
characterization, and applications. Int J Biol Macromol 193:2320-
2331. https://doi.org/10.1016/j.ijbiomac.2021.11.064

Zhu B, Xiao T, Shen H et al (2021) Effects of CO, concentration
on carbon fixation capability and production of valuable sub-
stances by Spirulina in a columnar photobioreactor. Algal Res
56:102310. https://doi.org/10.1016/j.algal.2021.102310
Avila-Roman J , Garcia-Gil S, Rodriguez-Luna A et al (2021) Anti-
inflammatory and anticancer effects of microalgal carotenoids.
Mar Drugs 19:531. https://doi.org/10.3390/md19100531
Antonopoulou S, Karantonis HC, Nomikos T et al (2005) Bio-
active polar lipids from Chroococcidiopsis sp. (Cyanobacteria).
Comp Biochem Physiol B Biochem Mol Biol 142:269-282.
https://doi.org/10.1016/j.cbpc.2005.07.007

Montero O (2011) Lipid profiling of Synechococcus sp. PCC7002
and two related strains by HPLC coupled to ESI-(ion trap)-MS/
MS. Z Naturforsch C J Biosci 66:149—-158. https://doi.org/10.
1515/znc-2011-3-409

Peng Z, Feng L, Wang X et al (2019) Adaptation of Synechococ-
cus sp. PCC 7942 to phosphate starvation by glycolipid accumula-
tion and membrane lipid remodeling. Biochim Biophys Acta Mol
Cell Biol Lipids 1864:158522. https://doi.org/10.1016/j.bbalip.
2019.158522

Rezanka T, Viden I, Go JV et al (2003) Polar lipids and fatty acids
of three wild cyanobacterial strains of the genus Chroococcidiop-
sis. Folia Microbiol (Praha) 48:781-786. https://doi.org/10.1007/
BF02931514

Thompson GA Jr (1996) Lipids and membrane function in green
algae. Biochim Biophys Acta 1302:17-45. https://doi.org/10.
1016/0005-2760(96)00045-8

Latifi A, Ruiz M, Zhang CC (2009) Oxidative stress in cyanobac-
teria. FEMS Microbiol Rev 33:258-278. https://doi.org/10.1111/j.
1574-6976.2008.00134.x

Dineshbabu G, Uma VS, Mathimani T et al (2020) Elevated CO,
impact on growth and lipid of marine cyanobacterium Phormid-
ium valderianum BDU 2004 1-towards microalgal carbon seques-
tration. Biocatal Agric Biotechnol 25:101606. https://doi.org/10.
1016/j.bcab.2020.101606

@ Springer


https://doi.org/10.1038/s41467-020-19276-w
https://doi.org/10.1038/s41467-020-19276-w
https://doi.org/10.1016/j.pss.2010.05.005
https://doi.org/10.3389/fmicb.2021.611798
https://doi.org/10.3389/fmicb.2021.611798
https://doi.org/10.3303/CET2398019
https://doi.org/10.3303/CET2398019
https://doi.org/10.1016/S0273-1177(98)00189-6
https://doi.org/10.1017/S1473550414000123
https://doi.org/10.1017/S147355041400055X
https://doi.org/10.1017/S147355041400055X
https://doi.org/10.1016/0005-2736(80)90308-9
https://doi.org/10.1249/MSS.0000000000000852
https://doi.org/10.1249/MSS.0000000000000852
http://www.algaebase.org
https://doi.org/10.1038/s41598-019-56693-4
https://doi.org/10.1038/s41598-019-56693-4
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1016/j.aca.2013.03.005
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/o59-099
https://doi.org/10.1016/j.biortech.2013.12.077
https://doi.org/10.1016/j.biortech.2013.12.077
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.21769/BioProtoc.1467
https://doi.org/10.1007/s11120-006-9065-9
https://doi.org/10.1016/S0176-1617(11)81192-2
https://doi.org/10.1089/ast.2005.5.66
https://doi.org/10.1007/s11120-015-0111-3
https://doi.org/10.1007/s11120-015-0111-3
https://doi.org/10.1038/s41526-021-00162-8
https://doi.org/10.1038/s41526-021-00162-8
https://doi.org/10.1007/s10811-012-9804-6
https://doi.org/10.1007/s10811-012-9804-6
https://doi.org/10.1016/j.ijbiomac.2021.11.064
https://doi.org/10.1016/j.algal.2021.102310
https://doi.org/10.3390/md19100531
https://doi.org/10.1016/j.cbpc.2005.07.007
https://doi.org/10.1515/znc-2011-3-409
https://doi.org/10.1515/znc-2011-3-409
https://doi.org/10.1016/j.bbalip.2019.158522
https://doi.org/10.1016/j.bbalip.2019.158522
https://doi.org/10.1007/BF02931514
https://doi.org/10.1007/BF02931514
https://doi.org/10.1016/0005-2760(96)00045-8
https://doi.org/10.1016/0005-2760(96)00045-8
https://doi.org/10.1111/j.1574-6976.2008.00134.x
https://doi.org/10.1111/j.1574-6976.2008.00134.x
https://doi.org/10.1016/j.bcab.2020.101606
https://doi.org/10.1016/j.bcab.2020.101606

376

M. Casula et al.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Gorain PC, Bagchi SK, Mallick N (2013) Effects of calcium, mag-
nesium and sodium chloride in enhancing lipid accumulation in
two green microalgae. Environ Technol 34:1887-1894. https://
doi.org/10.1080/09593330.2013.812668

Widjaja A, Chien CC, Ju YH (2009) Study of increasing lipid pro-
duction from fresh water microalgae Chlorella vulgaris. J Taiwan
Inst Chem Eng 40:13-20. https://doi.org/10.1016/j.jtice.2008.07.
007

Takagi M, Karseno, Yoshida T (2006) Effect of salt concentra-
tion on intracellular accumulation of lipids and triacylglyceride
in marine microalgae Dunaliella cells. J Biosci Bioeng 101:223—
226. https://doi.org/10.1263/jbb.101.223

Faraloni C, Torzillo G (2017) Synthesis of antioxidant carotenoids
in microalgae in response to physiological stress. Carotenoids.
InTech. https://doi.org/10.5772/67843. Accessed 15 Nov 2021
Brutemark A, Engstrém—ést J, Vehmaa A et al (2015) Growth,
toxicity and oxidative stress of a cultured cyanobacterium (Doli-
chospermum sp.) under different CO,/pH and temperature condi-
tions. Psychol Res 63:56-63. https://doi.org/10.1111/pre.12075
Gordillo FJ, Jiménez C, Figueroa FL et al (1998) Effects of
increased atmospheric CO, and N supply on photosynthesis,
growth and cell composition of the cyanobacterium Spirulina
platensis (Arthrospira). J Appl Phycol 10:461-469. https://doi.
org/10.1023/A:1008090402847

Garcia-Sanchez MJ, Fernandez JA, Niell X (1994) Effect of inor-
ganic carbon supply on the photosynthetic physiology of Graci-
laria tenuistipitata. Planta 194:55-61. https://doi.org/10.1007/
BF00201034

Chen CY, Kao PC, Tan CH et al (2016) Using an innovative
pH-stat CO, feeding strategy to enhance cell growth and C-phy-
cocyanin production from Spirulina platensis. Biochem Eng J
112:78-85. https://doi.org/10.1016/j.bej.2016.04.009

Hou CC, Chen YP, Wu JH et al (2007) A galactolipid possesses
novel cancer chemopreventive effects by suppressing inflamma-
tory mediators and mouse B16 melanoma. Cancer Res 67:6907—
6915. https://doi.org/10.1158/0008-5472.CAN-07-0158

Jimbo H, Izuhara T, Hirashima T et al (2021) Membrane lipid
remodeling is required for photosystem II function under low CO,.
Plant J 105:245-253. https://doi.org/10.1111/tpj.15054

@ Springer

66.

67.

68.

69.

70.

71.

72.

73.

Jordan P, Fromme P, Witt HT et al (2001) Three-dimensional
structure of cyanobacterial photosystem I at 2.5 a resolution.
Nature 411:909-917. https://doi.org/10.1038/35082000
Klyachko-Gurvich GL, Tsoglin LN, Doucha J et al (1999) Desat-
uration of fatty acids as an adaptive response to shifts in light
intensity 1. Physiol Plant 107:240-249. https://doi.org/10.1034/].
1399-3054.1999.100212.x

Loll B, Kern J, Saenger W et al (2005) Towards complete cofactor
arrangement in the 3.0 a resolution structure of photosystem II.
Nature 438:1040-1044. https://doi.org/10.1038/nature04224
Tremolieres A, Dainese P, Bassi R (1994) Heterogenous lipid
distribution among chlorophyll-binding proteins of photosystem
II in maize mesophyll chloroplasts. Eur J Biochem 221:721-730.
https://doi.org/10.1111/§.1432-1033.1994.tb18785.x

Sato N (2004) Roles of the acidic lipids sulfoquinovosyl diacyl-
glycerol and phosphatidylglycerol in photosynthesis: their speci-
ficity and evolution. J Plant Res 117:495-505. https://doi.org/10.
1007/s10265-004-0183-1

Huflejt ME, Tremolieres A, Pineau B et al (1990) Changes in
membrane lipid composition during saline growth of the fresh
water cyanobacterium Synechococcus 6311. Plant Physiol
94:1512-1521. https://doi.org/10.1104/pp.94.4.1512

Shirahashi H, Murakami N, Watanabe M et al (1993) Isolation
and identification of anti-tumor-promoting principles from the
fresh-water cyanobacterium Phormidium tenue. Chem Pharm
Bull (Tokyo) 41:1664-1666. https://doi.org/10.1248/cpb.41.1664
Wang R, Furumoto T, Motoyama K et al (2002) Possible antitu-
mor promoters in Spinacia oleracea (spinach) and comparison
of their contents among cultivars. Biosci Biotechnol Biochem
66:248-254. https://doi.org/10.1271/bbb.66.248

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1080/09593330.2013.812668
https://doi.org/10.1080/09593330.2013.812668
https://doi.org/10.1016/j.jtice.2008.07.007
https://doi.org/10.1016/j.jtice.2008.07.007
https://doi.org/10.1263/jbb.101.223
https://doi.org/10.5772/67843
https://doi.org/10.1111/pre.12075
https://doi.org/10.1023/A:1008090402847
https://doi.org/10.1023/A:1008090402847
https://doi.org/10.1007/BF00201034
https://doi.org/10.1007/BF00201034
https://doi.org/10.1016/j.bej.2016.04.009
https://doi.org/10.1158/0008-5472.CAN-07-0158
https://doi.org/10.1111/tpj.15054
https://doi.org/10.1038/35082000
https://doi.org/10.1034/j.1399-3054.1999.100212.x
https://doi.org/10.1034/j.1399-3054.1999.100212.x
https://doi.org/10.1038/nature04224
https://doi.org/10.1111/j.1432-1033.1994.tb18785.x
https://doi.org/10.1007/s10265-004-0183-1
https://doi.org/10.1007/s10265-004-0183-1
https://doi.org/10.1104/pp.94.4.1512
https://doi.org/10.1248/cpb.41.1664
https://doi.org/10.1271/bbb.66.248

	Effects of a novel bioprocess for the cultivation Synechococcus nidulans on Mars on its biochemical composition: focus on the lipidome
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Strains and culture conditions
	2.2 Growth experiments
	2.3 Preparation and composition of the MM
	2.3.1 Preparation of the RL
	2.3.2 Preparation of synthetic urine
	2.3.3 Composition of the MM

	2.4 Chemicals
	2.5 Sample preparation
	2.6 Total carbohydrates, lipids, and soluble proteins
	2.7 Antioxidant activity
	2.8 Chlorophyll-a and total carotenoids content
	2.9 Lipidomic analysis

	3 Results and discussion
	3.1 Effect of continuous CO2 bubbling and MM content on the growth of S. nidulans
	3.2 Total carbohydrates, lipids, and soluble proteins
	3.3 Antioxidant activity
	3.4 Pigment content
	3.5 The effect of Martian simulated conditions on lipids biosynthesis
	3.6 Discussion of main results

	4 Conclusion
	Acknowledgements 
	References




