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Background: Long-duration crewed missions on the Moon and Mars rely on
support technologies based on locally available resources. Rock-weathering
cyanobacteria are key enablers to transform minerals, carbon dioxide and
urine (from crew waste) into biomass to be used to feed heterotrophic
bacteria for downstream production of consumables. However, cyanobacterial
cultivation in media based on water-released minerals is hindered by reduced
light penetration due to the medium turbidity. The biomass production from
two desert isolates of Chroococcidiopsis, a strain capable of Far-red Light
Photoacclimation (FaRLiP) and a non-FaRLiP strain, was compared to investigate
if the former better faced regolith shading.

Methods: The FaRLiP strain CCMEE 010 and non-FaRLiP CCMEE 029 were
cultivated for 21 days under VL in Martian water-released minerals with 10 mM
urea and 2.4 mM perchlorate and in BG-11 control medium. A comparison
was made of cell morphology, photosynthetic pigment emission spectrum and
presence of urea transport and catabolism genes.

Results: No morphological changes occurred among the two strains, but
the FaRLiP strain exhibited adaptation to regolith shadowing as shown by
an emission peak related to FaRLiP early phase. The absence of pigment
bleaching suggested the tolerance towards prolonged cultivation with Mars-
relevant perchlorate and urea. The latter was used as a nitrogen source enabled
by genes for urea transport and catabolism. Biomass lysates from both strains
supported the growth of heterotrophic bacteria, although the FaRLiP-positive
strain cultivated in both Martian water-released minerals and BG-11 medium
accumulated more biomass and thus promoted greater bacterial growth.
Conclusion: The cultivation under VL with Martian water-released minerals
(with perchlorate and urea) showed that the FaRLIiP strain suffered less growth
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detriment in the turbid medium, though the potential role of this process in Bio-
ISRU remains unclear.

KEYWORDS

bioregenerative life support systems, desert cyanobacteria, FaRLiP, in-situ resource
utilization, space sustainability

Introduction

As humanity moves towards a new era of deep space exploration,
envisioning sustainable outposts on the Moon and Mars requires
surpassing numerous technological limitations as defined by the
International Space Exploration Coordination Group and NASA’s
Moon to Mars Strategies Objectives (NASA, 2023). While the
Environmental Control and Life Support System (ECLSS) on the
International Space Station (ISS) provides most of the water and
breathable air (Williamson et al., 2023; Vega, 2021), astronauts
still rely on the delivery of supplies from Earth, such as food
and medicine.

One of the
exploration of deep space is reducing reliance on Earth-

most critical components for human

based resupplies. This requires the development of artificial
ecosystems, known as Bioregenerative Life Support Systems
(BLSS)
such as oxygen, water and food (De Micco et al, 2023;

to recycle wastes and provide essential resources

Liu H. et al, 2021). In addition, the development of in-situ
resource utilization (ISRU) technologies relying on physical and
chemical methods (Zhang et al, 2023), should be enhanced.
These approaches can be complemented by leveraging the
capabilities of living organisms, particularly microorganisms,
to grow using available on site and perform

biochemical processes to produce a wide range of consumable,

resources

a concept known as biological in-situ resource utilization (Bio-
ISRU) (Averesch et al., 2023).

Besides being able to use resources available on site, an ideal
microorganism for space applications requires a unique blend
of robustness, efficiency, and versatility. It must withstand space
constraints including altered gravity and ionizing radiation; be
transported at initial low mass and volume; offer high versatility
for biotechnological applications and require minimal attenuation
of superficial conditions at the extraterrestrial destination (Cockell,
2022). In this context the identification of suitable strains
among cyanobacteria and algae is gaining an increasing interest,
as they perform oxygenic photosynthesis and carbon dioxide
fixation (Mapstone, et al, 2022; Santomartino et al, 2023).
Such a capability is harnessed in the European Space Agency’s
Micro-Ecological Life Support System Alternative (MELiSSA),
a pilot project which employs Limnospira indica, previously
called Arthrospira, which is an edible cyanobacterium with high
protein content largely used on Earth (Lafarga et al, 2020).
Beyond human consumption, rock-weathering cyanobacteria are
promising candidates for Bio-ISRU as they can use local resources
and the yielded biomass can be further used as feedstock for
bacteria relevant to bioprocesses, which likely cannot use raw
extraterrestrial soils, poor in organics, fixed nitrogen and readily
available mineral nutrients (Rothschild, 2016; Verseux et al,
2016). Moreover, cyanobacterial biomass can provide biofertilizers
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and/or biostimulants for space farming, thus offering potential
benefits for crop production in challenging extraterrestrial
environments (Renaud et al., 2023).

When applied to Bio-ISRU on Mars the cultivation of
cyanobacteria will depend on regolith and light availability as
a source of minerals and energy and additionally, it will be
affected by the presence of perchlorates in the soil (Rzymski et al.,
2024). When flooding the Martian regolith simulant MGS-1
with water, initial high values of turbidity have been reported,
although they decrease over time, resulting in increased
transparency and availability of photosynthetically active radiation
(Rzymski et al., 2023). However, cyanobacterial cultivations
benefit from agitation and aeration; hence to bypass regolith
shading a photobioreactor has been proposed in which the
cyanobacterium Anabaena sp. PCC 7938 and the Martian
regolith simulant are physically separated in compartments
connected through dialysis membranes to allow small molecule
exchange (Ramalho et al, 2022). It was also shown that
cyanobacterial productivity can be augmented by increasing
regolith concentrations up to a perchlorate content that is
toxic to the cyanobacterium (Ramalho et al, 2024). Indeed,
it was anticipated that the most promising microorganisms
for Bio-ISRU are those that tolerate perchlorate ions in the
2.2-2.5 mM range (Rzymski et al., 2024).

Harnessing for Bio-ISRU rock-inhabitant cyanobacteria of the
Chroococcidiopsis genus is interesting considering their desiccation-
and radiation-resistance along with tolerance towards 100 mM
perchlorate ions (Billi et al, 2021). Notably, strain CCMEE
029 has been successfully cultivated with lunar and Martian
regolith simulants supplemented with synthetic human urine and,
when relevant, with 2.4 mM perchlorate ions (Fernandez et al,
2023). Planktonic cultures and biofilms were obtained either
when the cyanobacterium was cultivated in direct contact with
regolith gains or in water-released minerals (Fernandez et al,
2023). To overcome the regolith shading, planktonic cultures
were shaken occasionally, to promote cyanobacterial growth
primarily on the top of sedimented grains (Figure 4; Verseux et al.,
2016). In contrast, when using a medium based on water-
released minerals from the Martian regolith simulant JSC Mars-
1, planktonic cultures faced a certain degree of turbulence due
to leached iron and uplift of fine grains not removed by low-
speed centrifugation of water/regolith mixture (Figures 1, 3 this
work). JSC Mars-1A is a first-generation simulant based on altered
volcanic ash, specifically plagioclase with minor Ti magnetite,
Ca-rich pyroxene, olivine, glassy, ferric oxide particles, and
traces of crystalline clay minerals or phyllosilicates (Allen et al.,
1998). The simulants reflectance spectrum shows a significant
absorption of light in the visible range, a key spectral characteristic
of ferric iron, and a weak absorption across near-infrared
wavelengths (Allen et al., 1998).
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FIGURE 1
Photographs of water-released minerals obtained from the Martian

regolith simulant JSC Mars-1A. (A) Medium obtained after shaking at 6
r.p.m. for 8 hs at RT and collecting the supernatant aftre centrifugation
at 100 g for 10 min. (B) Medium based on water-released minerals
after shaking. Medium supplemented with perchlorate and urea.

The present work aimed to compare the bacterial
feedstock production from strain CCMEE 029 with that from
Chroococcidiopsis sp. CCMEE 010, a desert strain capable of
performing photosynthesis in the far-red light (FRL) region of
the electromagnetic spectrum (Billi et al., 2022). This acclimation
process is known as Far-red Light Photoacclimation (FaRLiP)
and occurs in cyanobacteria, like those found in deserts, caves,
or beach rocks, adapted to environments depleted in VL and
enriched in FRL due to physical processes or above presence of
photoautotrophs (Jung et al., 2023; Sanfilippo et al., 2019). FaRLiP
consists in a remodelling of the photosynthetic apparatus and
synthesis of far-red absorbing chlorophylls, namely, Chl f and
d, that enable the absorption and utilization of FRL (Gan and
Bryant, 2015).

The FaRLiP acclimation is considered advantageous for
biotechnological applications since at the bottom of bioreactors
cyanobacteria experience FRL-enriched conditions (Chen and
Blankenship, 2011; LiuD. et al, 2021). This adaptation might
also be advantageous for Bio-ISRU based on cyanobacteria
given that, compared to Earth, the light reaching the Martian
surface has less intensity and is shifted towards longer
wavelengths (Thomas et al., 1999).

Hence the suitability of Chroococcidiopsis sp. CCMEE 010 for
Bio-ISRU was investigated in comparison with the non-FaRLiP
strain Chroococcidiopsis CCMEE 029 by verifying if: i) its growth
can be supported by water-released minerals from JSC Mars-1
supplemented with perchlorate ions and urea; ii) FaRLiP acclimation
occurs under VL in the presence of regolith shading; iii) the
yielded biomass can be used as bacterial feedstock. Finally, the
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capability of strains CCMEE 010 and CCMEE 029 of using urea as
a nitrogen source, was investigated by performing a bioinformatic
analysis to search for genes involved in the urea transport
and catabolism.

Materials and methods
Cyanobacterial and bacterial strains

The two Chroococcidiopsis strains used in this study are
part of the Culture Collection of Microorganisms from Extreme
Environments (CCMEE) established by E. Imre Friedmann and
Roseli Ocampo-Friedmann and maintained at the Department of
Biology, University of Rome Tor Vergata (Table 1). Both strains
were grown in liquid Blue Green-11 Medium (BG-11), at 25 °C
and under a photon flux density of 20 pmol/m?s provided by white
tubular led lights (OSRAM LEDs). For comparison reason the
FaRLiP strain CCMEE 010 was cultured under far-red light using
a photon flux density of 5 pmol/m*s provided by far-red tubular
LED lights (OSRAM LEDs). Escherichia coli W (ATCC 9637), a fast-
growing strain that utilizes sucrose as a carbon source (Archer et al.,
2011), was purchased from the American Type Culture Collection
(Manassas, VA, United States) and grown in Luria-Bertani (LB)
broth at 37 °C with orbital shaking.

Medium based on water-released minerals

The Martian regolith simulant JSC Mars-1A (Allen et al,
1998), provided by Orbital Technologies Corporation (Madison,
WI, United States), was used to prepare water-released minerals for
cyanobacterial growth. The autoclaved simulant was resuspended
in double-distilled water (ddH,0O) at a concentration of 0.2 g/mL
and subjected to shaking at 6 r.p.m. for 8 hs, at room temperature
(RT). Afterwards, the mixture was centrifuged at 100 g for 10 min,
the supernatant was recovered and supplemented with 10 mM urea
and 2.4 mM perchlorate ions (60% calcium perchlorate and 40%
magnesium perchlorate), as previously reported (Fernandez et al.,
2023). Both were previously filtered with a 0.22 um filter, to
ensure sterility. The water-released medium showed a brownish
colour with a certain degree of turbulence (Figure 1A) likely
due to iron in the solution and fine grains that were not
removed by low-speed centrifugation and that uplifted after shaking
(Figure 1B).

Cyanobacterial growth with
water-released minerals

The two cyanobacterial strains were grown in BG-11 liquid
medium until a stationary phase was achieved. Pellets of about
1 x 10® cells (determined using a Biirker chamber) were washed
twice with ddH,O and resuspended in: (i) 10 mL of water-released
minerals supplemented with 10 mM urea and 2.4 mM perchlorate
(experimental), (ii) 10 mL of BG-11 medium (positive control), or
(iii) 10 mL of ddH20 (negative control). Cultures were incubated
for 21 days at 25 °C at 25 °C and under a photon flux density of
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TABLE 1 Chroococcidiopsis strains used in this study.

CCMEE strain

Sampling site

Rock substrate/colonization

10.3389/fspas.2025.1658632

FaRLiP capability

010 Negev Desert, Israel

Granite/chasmoendolithic yes

029 Negev Desert, Israel

Limestone/chasmoendolithic no
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com.

Workflow of bacterial feedstock preparation from cyanobacterial biomass. (A) cyanobacteria were cultivated for 21 days in water-released minerals and
BG-11 medium under visible light. (B) Each cyanobacteria/water/bead mixture was subjected to three cycles of 2-min homogenization, 1-min at 60 °C
and 1-min vortexing; after centrifugation each supernatant was collected, the pellet was resuspended in water and subjected to a second cycle of
mechanical lysis. (C) for each sample the two supernatant fractions were collected and used as feedstock to grow bacteria. Created with BioRender.

Repeat twice

Vortex (1 min.)

Beat beater (2 min.)

Heating (60°C, 1 min.)

20 pmol/m?s provided by white tubular led lights (OSRAM LEDs).
All conditions were performed in triplicate.

Preparation of cyanobacterial lysates

After 21 days of growth, each 10-mL cyanobacterial culture
was centrifuged at 5000 g for 5min, each pellet was collected
in a 1.5mL Eppendorf and dried overnight in a laminar flow
hood. Cyanobacterial biomass was evaluated by determining
the chlorophyll a to dry biomass ratio as previously described
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(Fernandez et al, 2023). Dry pellets from cultures grown in
BG-11 medium were normalized to 1 mg/mL ddH,O aliquots, the
same dilution was used to normalize pellets from cultures grown
in water-released medium. Cell lysis was performed by modifying
a previously developed method (Fernandez et al., 2023) by replacing
liquid nitrogen with a homogenizer (GeneReady Hangzhou Lifereal
Biotechnology Co., Ltd., China), as shown in Figure 2. Briefly, one
volume of glass beads was added to pellets resuspended in 500 uL
ddH,O, then the cells/water/bead mixture was subjected to three
cycles of 2-min homogenization, 1-min heating at 60 °C and 1-
min vortexing. After centrifugation at 6000 ¢ for 5min at room
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Chroococcidiopsis strains after 21 days of growth under VL. (A) Cultures of the FaRLiP strain CCMEE 010 and (B) non-FaRLiP strain CCMEE 029 grown in
Martian water-released minerals supplemented with 10 mM urea and 2.4 mM (WRM) and in control BG-11 medium. CLSM imaging of the FaRLiP strain
CCMEE 010 grown in WRM (C) and in BG-11 medium (D), non-FaRLiP strain CCMEE 029 grown in WRM (E) and in BG-11 medium (F). Bar scale = 5 um
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CSLM \scan of Chroococcidiopsis strains grown for 21 days (A) FaRLiP strain CCMEE 010 grown under VL in Martian water-released minerals (with
2.4 mM perchlorates and 10 mM urea; WRM, VL) and in BG-11 (BG-11, VL); FaRLiP strain CCMEE 010 grown in BG-11 medium under FLR (BG-11, FRL).
(B) Non-FaRLiP strain CCMEE 029 grown for 21 days under VL in Martian water-released minerals (with 2.4 mM perchlorates and 10 mM urea; WRM,

VL) and in BG-11 medium (BG-11, VL).

temperature the supernatant was collected, and the lysis procedure
was repeated by resuspending the pellet with 500 uL ddH,O. Finally,
the two supernatant fractions were collected in an Eppendorf and
used as feedstock for bacteria.

Bacterial growth with cyanobacterial
lysates

After overnight growth in LB medium, cultures of E. coli W
were washed twice with Phosphate-Buffered Saline (PBS) and pellets
of about 1 x 107 cells were resuspended in 1 mL of cyanobacterial
lysate, 1 mL of LB medium and 1 mL of ddH,O. Cultures were
incubated in 2 mL Eppendorf tubes at 37 °C with orbital shaking.
Bacterial growth was assessed by measurement of the optical density
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at 600 nm at 24 h of incubation. All conditions were performed in
triplicate.

Confocal analysis of cyanobacteria

Cyanobacteria grown in water-released minerals and BG-
11 were examined with a Confocal Laser Scanning Microscopy
System (CLSM; Olympus Fluoview 1000). Cells were immobilized
on top of microscope slides with BG-11 containing 1.5% (w/v)
agarose. CLSM lambda scans were performed with a 488-nm
excitation laser and emission was detected from 550 nm to
790 nm. Plots of the emission spectra were constructed with
GraphPad Prism 8.0.1 (GraphPad Software, San Diego, CA, United
States), using the mean fluorescence intensity and upper standard
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Biomass production from Chroococcidiopsis strains grown for 21 days

under VL condition. FaRLiP strain CCMEE 010 and non-FaRLiP strain

CCMEE 029 cultivated in Martian water-released minerals

supplemented with 10 mM urea and 2.4 mM (WRM) and in BG-11

medium (BG-11).

deviation. To enable direct comparison between experimental
groups, values were normalized as percentages of the largest value in
each data set.

Bioinformatics analysis

A comparative genomic analysis was conducted to identify
urea metabolism genes in Chroococcidiopsis sp. CCMEE 010 and
CCMEE 029 by using Synechocystis sp. PCC 6803 as reference
genome for urea-related sequences. Putative genes were identified
using BLASTp searches against the target genome, and hits with
a default expected threshold and sequence identity >30% were
considered for further analysis. Gene prediction was conducted
using Prokka (Seemann, 2014). Then InterProScan and eggNOG-
mapper tool (Huerta-Cepas et al., 2019) were employed to validate
the retrieved gene sequences.

Statistical tests

Data were analysed using GraphPad Prism 8.0.1 (GraphPad
Software, San Diego, CA, United States) for Windows.

Results

Unaltered morphology of cyanobacteria in
Martian water-released mineral medium

Cultures of the two Chroococcidiopsis strains, namely, the FaRLiP
strain CCMEE 010 and non-FaRLiP strain CCMEE 029, grown for
21 days under VL-conditions with Martian water-released mineral
medium (supplemented with 10 mM urea and 2.4 mM perchlorate
ions), showed a brownish colour (Figures 3A,B). This colour was
due to the iron in the solution and uplift of fine simulant grains
that were not removed duirng the medium preparation (shaking at
6 r.p.m. for 8 hs followed by low-speed centrifugation) and presence
of iron in the solution (see Figure 1 in Materials and Methods). No
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growth occurred when the two strains were inoculated in ddH,O
(not shown).

The analysis at the CLSM with a 635-nm excitation laser
revealed no morphological changes in the FaRLiP strain CCMEE
010 after 21 days of cultivation under VL condition in water-released
mineral medium (Figure 3C) when compared to cells grown in
BG-11 medium (Figure 3D). Moreover, in both cultivation media,
cells exhibited an intense autofluorescence of the photosynthetic
pigments (Figures 3C,D). Similarly, a comparable morphology and
autofluorescence of the photosynthetic pigments was observed
in the non-FaRLiP strain CCMEE 029 when cultivated in the
Martian water-released mineral medium (Figure 3E) or in BG-
11 (Figure 3F).

Acclimation of FaRLiP cyanobacterial strain
in Martian water-released mineral medium

After for 21days of cultivation under VL condition in
Martian water-released mineral medium (supplemented with
10 mM urea and 2.4 mM perchlorate ions), the spectral feature
of the photosynthetic pigments of the Chroococcidiopsis FaRLiP
strain CCMEE 010 and the non-FaRLiP strain CCMEE 029 were
investigated at the single-cell level by CLSM-Ascan (Figure 4). When
cultivated in water-released mineral medium the FaRLiP strain
CCMEE 010 exhibited an emission spectrum with a peak in the
650-660 nm range attributed to phycobiliproteins and Chl a along
with an additional peak at about 670 nm (Figure 3A). The 670-nm
peak is typical of the emission spectrum of strain CCMEE 010 after
21-day exposure to FRL in BG-11 medium, along with a peak in the
715-727 nm range due to Chl f (Figure 4A). The non-FaRLiP strain
CCMEE 029 grown in Martian water-released minerals and BG-11
medium exhibited a similar emission spectrum with a peak in the
650-660 nm range due to phycobiliproteins and Chl a (Figure 4B).
This peak was comparable in shape and intensity to that shown by
the FaRLiP strain CCMEE 010 incubated under the same growth
conditions (Figure 4B).

Cyanobacteria grown in Martian
water-released mineral medium as
feedstock for heterotrophic producers

The biomass production of the Chroococcidiopsis FaRLiP strain
CCMEE 010 after 21 days of cultivation under VL condition in
Martian water-released minerals (with perchlorates and urea) is
shown in Figure 5. The non-FaRLiP strain CCMEE 029 produced a
biomass corresponding to about the 27% of when cultivated in BG-
11 medium, as previously reported (Fernandez et al., 2023), while
the FaRLiP strain CCMEE 010 yielded a biomass corresponding to
about 58% of the biomass from cultures in BG-11 medium.

Each biomass obtained from cultures in Martian water-released
minerals was subjected to cell lysis and the yielded lysates used to
feed E. coli W. When the lysate from the FaRLiP strain CCMEE 010
was inoculated with 1 x 107 bacterial cells after 24 hs of incubation
under optimal growth conditions, the cell density increased to 5.9 x
107 cells/mL (Figure 6). While the lysate from the non-FaRLiP strain
CMME 029 supported an increase to 2.5 x 10 cells/mL (Figure 6).
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FIGURE 6

Growth of E. coli with lysates from Chroococcidiopsis strains grown for 21 days under VL condition. Lysate from FaRLiP strain CCMEE 010 and
non-FaRLiP strain CCMEE 029 grown in Martian water-released minerals with 2.4 mM perchlorates and 10 mM urea (WRM Lysate) and in BG-11 (BG-11

Lysate). Controls: E. coli inoculated into LB medium and into ddH,0.

To allow the comparison with previuos results reported for strain
CCMEE 029 (Fernandez et al., 2023) the lysates from cells grown in
BG-11 were normalized to 1 mg/mL dry wieght and used as growth
medium for 1 x 107 cells of E. coli W. After 24-h of incubation under
optimal growth conditions a comparable increase of the bacterial
cell densities was obtained when using either the lysate from the
FaRLiP strain CCMEE 010 and the non-FaRLiP strain (Figure 6).
The increases of the bacterial cell density increases were lower than
those occurring when using LB medium.

Analysis of the urea transport and
catabolism genomic region

The genomic regions of Chroococcidiopsis sp. CCMEE 010 and
CCMEE 029 associated with urea metabolism were identified by
using Synechocystis sp. PCC 6803 as reference (Veaudor et al,
2019). The Blast analysis identified the presence in both genomes
of protein orthologs to the urease subunits UreABC, maturation
and assembly of urease components UreDEFG and urea transporters
UrtABCDE (Table 2). Beside the fact that BLAST results in which
the highest similarities of strain CCMEE 010 were shared with strain
CCMEE 029 were omitted, the proteins of both cyanobacteria shared
the highest similarity with orthologs of cyanobacteria isolated
from extreme environments such as Scytonema sp. HK-05 from
a semiarid crust in Japan, Argonema antarcticum from Western
Antarctica, Chroococcidiopsis cubana form a dried pool in Cuba or
Gloeocapsopsis dulcis from the Atacama Desert, Chile (Table 2).

The comparative structure of the genomic region for urea
transport and catabolism in Chroococcidiopsis sp. CCMEE 010 and
CCMEE 029 showed the presence of the three main functional
modules-urease catalytic subunits, accessory proteins, and urea
transporters—with moderate to high levels of protein similarity with
Synechocystis sp. PCC 6803, ranging from 39.5% to 85% (Figure 7).
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Moreover, compared to PCC 6803 the three main functional
modules were mote continuously linked with the urea transport
genes (urtABCDE) in one cluster and the urease (ureABCDEFG)
located in three positions: One comprising the cluster ureABCD, one
the cluster ureEF and the other one the ureG gene (Figure 7).

Discussion

With the upcoming Artemis Lunar exploration program and
the Lunar Gateway Station serving as a staging point for future
human missions to Mars (Crusan et al.,, 2019; Smith et al., 2020)
the development of life support technologies is fundamental. Rock-
weathering cyanobacteria might be key enablers to transform locally
available resources - such as atmospheric carbon dioxide, regolith-
derived minerals, and urea from crew’s urine - into biomass
to feed heterotrophic bacteria for downstream production of
consumables.

The present study investigated if the constraints imposed by
the regolith shading might be overcome by FaRLiP cyanobacteria,
capable of photosynthesis beyond the VL range, such as a few
desert strains of the Chroococcidiopsis genus (Antonaru et al.,
2023). Overall, after 21 days of cultivation under visible light and
Martian water-released minerals (supplemented with 10 mM urea
and 2.4 mM perchlorate ions) the FaRLiP strain CCMEE 010 yielded
an increased biomass compared to the non-FaRLiP strain CCMEE
029, that allowed an enhanced growth of E. coli W.

During the cultivation, acclimation of the FaRLiP strain CCMEE
010 was indicated by the appearance of a 670-nm peak in the
emission spectrum of the photosynthetic pigments. Notably this
peak occurred during the early phase (3 days) of the FRL acclimation
of strain CCMEE 010 along with a peak at 715-727 nm due to FRL-
shifted chlorophylls that appears after 7 days of FRL acclimation
(Di Stefano et al., 2024). Hence the regolith shielding - due to
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the uplift of the finest grains that were not removed after low-
speed centrifugation of the water/regolith mixture - might have
influenced the spectral quality of the light and triggered a slower
acclimation process under suboptimal conditions. Indeed, the
FaRLiP response requires extended periods of fully establish FRL
condition (Ho et al., 2017). Concordantly, FRL-shifted chlorophylls
were detected in strain CCMEE 010 only after 7 days of FRL
condition (Di Stefano et al., 2024).

However extended periods of cultivation under VL and Martian
water-released minerals (supplemented with 10 mM urea and
2.4 mM perchlorate ions) were not investigated, making impossible
to establish whether strain CCMEE 010 did experience a slower
FaRLiP process due to VL attenuation caused by regolith shading.
It has been reported that when cultured at high cell density under
VL condition, the FaRLiP cyanobacterium Chlorogloeopsis fritschii
produced FRL-shifted chlorophylls, an effect attributed to VL-
depletion and FRL-enrichment caused by self-shading (Airs et al.,
2014). Hence, the potential role of FaRLiP in the better performance
of strain CCMEE 010 when cultivated in the Martian water-released
minerals remains to be unravelled, for example, by investigating
the growth capability of the FaRLiP and non-FaRLiP strain in BG-
11 medium containing inert particles in order not to change its
nutrition properties.

In the present work, the absence in the emission spectrum
of any peaks related to FRL-shifted chlorophylls, in the FaRLiP
strain CCMEE 010 grown for 21 days in BG-11 medium, suggested
that the cell density was not enough to establish FRL-enriched
microenvironments. In addition, exception made for the 670-nm
peak, the comparable intensity of the fluorescence spectra of strains
CCMEE 010 and CCMEE 029 when cultivated in both Martian
water-released minerals and BG-11 medium, indicated that 2.4 mM
perchlorate and 10 mM urea did not cause pigment bleaching. These
results suggest that the FaRLiP strain CCMEE 010 can tolerate a
prolonged cultivation in water-released minerals - supplemented
with perchlorate and urea, - as previously reported for the non-
FaRLiP strain CCMEE 029 (Billi et al., 2021; Fernandez et al,,
2023). Such a tolerance is particularly relevant since Synechocystis
sp. PCC 6803 has been shown to undergo chlorosis after 14 days
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of growth in 5 mM urea, with higher urea concentrations further
reducing the period of healthy growth and biomass production
(Veaudor et al,, 2018). Perchlorate tolerance is shared by several
Chroococcidiopsis strains (Rzymski et al., 2022), and the capability of
utilizing urea has also been reported for Chroococcidiopsis thermalis
CCALA 050 (Fais et al., 2024).

The ability of Chroococcidiopsis strains CCMEE 010 and CCMEE
029 to utilize urea as a nitrogen source was further investigated
through a bioinformatic analysis. Both strains endowed single copies
of genes for urease activity (ureABCDEFG) and urea transport
(urtABCDE). The selection against gene redundancy has been
ascribed to the fact that high urea transport and catabolism are toxic
under high-urea concentration (=10 mM) or prolonged cultivation
period (Veaudor et al,, 2019). The bioinformatic analysis revealed
that the genomic context of urea transport and catabolism in the
strains CCMEE 010 and CCMEE 029 differed from Synechocystis sp.
PCC 6803 in which these genes are scattered through the genome.
On the contrary, in strains CCMEE 010 and CCMEE 029, the
urea transport and catabolism genes are mapped in four clusters,
similarly to Nostoc sp. PCC 7120 (Veaudor et al., 2019) and share
a higher similarity with orthologs of cyanobacteria from extreme
environments rather than Synechocystis sp. PCC 6803.

The biomass lysates of strains CCMEE 010 and CCMEE 029
cultivated in Martian water-released minerals were used to feed
E. coli W, a model organism for biotechnological applications
(Yang et al., 2021). The Martian water-released minerals did not
provide optimal growth conditions for cyanobacteria, resulting
in a lower biomass production compared to BG-11 medium.
Nevertheless, the biomass lysates supported bacterial growth.
Notably, the lysate from the FaRLiP strain CCMEE 010 cultivated
in water-released minerals yielded a greater increase of the bacterial
cell density than the non-FaRLiP strain, due to an enhanced biomass
production. While the normalized lysates of two strains grown in
BG-11 yielded comparable bacterial cell densities. However, these
values were slightly lower than those previously reported when
using the biomass lysates of strain CCMEE 029 (Fernandez et al.,
2023). This might be attributed to the modifications introduced
to the former protocol, to make it less complex and more
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o = =3 S 2 S residual fine particles not removed after low-speed centrifugation.
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‘n O £ 238 39 Such experimental growth condition was better faced by the FaRLiP
g N = ~ strain CCMEE 010 strain as suggested by the higher efficiency of
its lysate as feedstock. These findings support strain CCMEE 010 as
= a suitable candidate for Bio-ISRU. Notably, the proven capability of
O ~ - ~ this strain to adapt to altered VL light conditions could be relevant
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