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ABSTRACT Crewed missions to Mars are expected to take place in the coming dec-
ades. After short-term stays, a permanent presence will be desirable to enable a
wealth of scientific discoveries. This will require providing crews with life-support
consumables in amounts that are too large to be imported from Earth. Part of these
consumables could be produced on site with bioprocesses, but the feedstock should
not have to be imported. A solution under consideration lies in using diazotrophic,
rock-weathering cyanobacteria as primary producers: fed with materials naturally
available on site, they would provide the nutrients required by other organisms. This
concept has recently gained momentum but progress is slowed by a lack of consis-
tency across contributing teams, and notably of a shared model organism. With the
hope to address this issue, we present the work performed to select our current
model. We started with preselected strains from the Nostocaceae family. After
sequencing the genome of Anabaena sp. PCC 7938—the only one not yet available—
we compared the strains’ genomic data to determine their relatedness and provide
insights into their physiology. We then assessed and compared relevant features:
chiefly, their abilities to utilize nutrients from Martian regolith, their resistance to
perchlorates (toxic compounds present in the regolith), and their suitability as
feedstock for secondary producers (here a heterotrophic bacterium and a higher
plant). This led to the selection of Anabaena sp. PCC 7938, which we propose as a
model cyanobacterium for the development of bioprocesses based on Mars's natu-
ral resources.

IMPORTANCE The sustainability of crewed missions to Mars could be increased by
biotechnologies which are connected to resources available on site via primary pro-
ducers: diazotrophic, rock-leaching cyanobacteria. Indeed, this could greatly reduce
the mass of payloads to be imported from Earth. The concept is gaining momentum
but progress is hindered by a lack of consistency across research teams. We conse-
quently describe the selection process that led to the choice of our model strain,
demonstrate its relevance to the field, and propose it as a shared model organism.
We expect this contribution to support the development of cyanobacterium-based
biotechnologies on Mars.

KEYWORDS space exploration, biological life-support systems (BLSS), perchlorate
resistance, geomicrobiology, in situ resource utilization (ISRU)

rewed missions to Mars are foreseen within the coming decades (1). While astro-
nauts of the first expeditions will likely spend less than 2 years at the surface (2),
longer stays are expected to follow, up to permanently inhabited outposts—perhaps
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akin to current research stations in Antarctica. This will require the supply of large
amounts of consumables, from oxygen to food to drugs, and the costs per mass of a
payload sent to Mars will limit the feasibility of importing those consumables from
Earth. An alternative would consist in producing them on site, and biological systems
could there play a key role—especially after being engineered (3-6). However, biologi-
cal systems must be fed and the feedstock, as other consumables, would best be
sourced from Mars. In addition to decreasing the mass of imported payloads, this
would provide the flexibility required to address changing mission demands and help
reduce the dependence of outposts on costly and uncertain resupply missions (e.g., 5).

A solution has been proposed which lies in using diazotrophic, rock-weathering
cyanobacteria (7-9). Their physiology is such that they could, it seems, be fed with
materials available on site: water mined from the ground or atmosphere; carbon and
nitrogen sourced from the atmosphere; and the local regolith (the Martian soil), from
which it has been argued that they could extract the other necessary nutrients (7, 8,
10, 11). The cultured cyanobacteria could then produce various consumables directly,
such as O, and dietary supplements (12, 13), but also support the growth of secondary
producers (plants or microorganisms [9, 11]). The latter could, in turn, generate a wide
range of critical consumables, ranging from food to structural materials to pharmaceut-
icals to fuels (e.g., 3, 14-16).

The number of research teams contributing to this concept, or closely related con-
cepts, has increased significantly over the past 2 years (11, 16-21). Swift progress can
consequently be expected in the near future. We argue, however, that this progress
would benefit from a higher consistency across research groups. In particular, a shared
model organism would help focus resources, compare results from separate projects,
and ensure that studies from different teams can build upon one another. The work
presented here is aimed at selecting such a model.

It has been suggested that desert cyanobacterium species were particularly suited to
the utilization of local resources (in situ resource utilization, ISRU) on Mars (17, 19), as
extremophilic properties may be an asset in case of exposure to harsh environmental
conditions. While agreeing that such traits might provide an advantage, we put a stron-
ger emphasis on other features, with the assumption that cultivation hardware would
provide conditions mild enough for less resistant species. We do not anticipate, for
instance, exposure to Mars-ambient UV flux, temperatures, or atmospheric pressure.
Accordingly, we focused on the Nostocaceae family: some species within are (i) diazotro-
phic; (ii) able to use regolith as a source of mineral nutrients (8, 10, 11, 22); (iii) capable of
fast growth; (iv) edible; and/or (v) amenable to genetic engineering.

Five strains from this family, preselected based on growth rates and robustness,
were considered. After comparing their genomic data to determine their relatedness
and provide insights into their physiology, we performed a series of assays to select
among them a model organism. The main criteria we applied can be divided into two
categories: (i) ISRU capabilities (efficiency of growth on regolith and perchlorate resist-
ance); and (ii) suitability of the biomass as feedstock for other organisms, here assessed
using models of heterotrophic bacteria (Escherichia coli W) and aquatic higher plants
(Lemna sp.). Tendencies to aggregate were also taken into account because biofilms
could interfere with photobioreactor operations.

This work led to the selection of Anabaena sp. PCC 7938, for which we provide a ge-
nome sequence that will help facilitate future investigations. We are relying on it for
ongoing studies and suggest that other teams include it in their efforts, even if only to
provide a point of comparison.

RESULTS

Genome-based comparison. When the present study was initiated, genome sequen-
ces were available for four of the five preselected strains. After sequencing the remaining
genome, that of Anabaena sp. PCC 7938 (hereafter, PCC 7938), genome data from the five
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FIG 1 Distribution of biosynthetic gene clusters across PCC 7120, 7122, 7524, 7937, and 7938, and phylogenetic tree of the five strains. The array shows
the presence (blue) or absence (white) of genes involved in the production of secondary metabolites, as well as a heatmap denoting amino acid identity
with reference sequences (blue gradient). Only genes present in at least one strain are listed (see Data set S1 for a complete list of genes which were
screened). The phylogenetic tree uses Nostoc azollae (NC_014248.1) as an outgroup. PCC 7122 and 7938 have a phylogenetic distance below 0.00005.

strains (Table S1) were compared to determine their relatedness and provide insights into
their physiology.

PCC 7938 and Anabaena sp. PCC 7122 (hereafter, PCC 7122) were found to have a
high genomic similarity (ANl > 99.9% and phylogenetic distance < 0.00005; Fig. 1; Fig.
S1), although 220 flexible genes (i.e., genes found in only one of both) were identified.
Anabaena sp. PCC 7120 (hereafter, PCC 7120) and Anabaena sp. PCC 7937 (hereafter,
PCC 7937) had the second most similar pair of genomes, with an ANI value > 93%.
Nostoc sp. PCC 7524 (hereafter, PCC 7524) had ANI values with the other genomes
ranging from 77% to 81%.

PCC 7938 and PCC 7122 appeared to have the same number of complete metabolic
pathways and similar functional profiles (Fig. S2), although more pathways involved in
nitrate reduction were found in the former (Fig. S3). Pathways related to galactose deg-
radation, nucleotide sugar biosynthesis, and sulfate reduction were found to have a
higher degree of completeness in PCC 7122 and PCC 7938 than in the other strains.

Genome-scale metabolic models were constructed to predict potential essential
metabolites and complement the functional profiles (primarily to differentiate between
PCC 7122 and PCC 7938). The relationships between those models were characterized
with a correspondence analysis, based on metabolic potential. As shown in Fig. S4, bio-
synthetic pathways involved in nitrate reduction, production of L-lactate and salicylic
acid, as well as inositol phosphate metabolism, were found in PCC 7122 and PCC 7938
but not in the other genomes.

Fifty-two genes involved in biosynthetic gene clusters (BGCs) were identified, belong-
ing to 23 BGCs (Fig. 1). Only the heterocystglycolipid gene cluster (present in all genomes)
is complete. The BGC for nostocyclopeptide (a putative anti-toxin [23]) is nearly complete
in PCC 7937, as well as GE2270 (an inhibitor of bacterial protein synthesis [24]) in PCC
7122 and PCC 7938. However, none of the cyanotoxin BCGs is complete and, for most
(including microcystin and saxitoxin), essential core genes were found to be missing (25).

Regolith-dependent growth. In order to assess the abilities of the five tested strains
to utilize Martian regolith as a source of mineral nutrients, we quantified the biomass
obtained after 28 days of cultivation in water containing simulants of that regolith:
MGS-1 Mars Global Simulant (MGS-1); MGS-1C Clay ISRU (MGS-1C); and MGS-1S Sulfate
ISRU (MGS-1S). Analogues of regolith from the lunar highlands and maria provided addi-
tional points of comparison: LHS-1 Lunar Highlands Simulant (LHS-1) and LMS-1 Lunar
Mare Simulant (LMS-1), respectively.

Biomass concentrations varied across both regolith types and strains (Fig. 2). For all
strains, growth was highest in LMS-1 and lowest in LHS-1. Intermediate values were
obtained with MGS-1 and its derivatives, and which among those regolith types most
supported growth was strain-dependent. The most productive strain on regolith was
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FIG 2 Biomass of PCC 7120, 7122, 7524, 7937, and 7938 after 28 days of cultivation in BG11,, double-
distilled and deionized water (ddH,0), or ddH,O supplemented with 200 kg m~3 of one among five
regolith simulants: MGS-1 Mars Global Simulant (MGS-1); MGS-1C Clay ISRU (MGS-1C); MGS-1S Sulfate
ISRU (MGS-1S); LHS-1 Lunar Highlands Simulant (LHS-1); or LMS-1 Lunar Mare Simulant (LMS-1).
Columns represent mean values of three biological replicates (dots). Means obtained within a given
medium and which do not share a letter are significantly different (Tukey test, adjusted P < 0.05).

PCC 7938: its final biomass was highest, regardless of the regolith type. In MGS-1, in
particular, it yielded more than twice the biomass of any other strain (0.5 = 0.02 g L™").
Second overall came PCC 7120 and PCC 7122, which yielded the second- and third-
highest biomass across all simulants (which among both came second was dependent
on regolith type). Their biomass was either matched (LHS-1, MGS-1, and MGS-1S) or
closely followed (LMS-1 and MGS-1C) by that of PCC 7937. PCC 7524 produced the
least biomass under all conditions.

Perchlorate resistance. Perchlorate resistance was assessed by comparing biomass
concentrations after 28 days of cultivation in the presence of perchlorate ions (3, 6, or
12 mM) with control values obtained without perchlorate (Fig. 3). The ranking of strains
based on fitness varied with concentration. PCC 7122 reached the highest concentration
in proportion to no-perchlorate controls in 3 and 6 mM perchlorate ions (85% * 6% and
78% * 11%, respectively), although the difference with PCC 7938 was not significant in
3 mM. However, PCC 7524 displayed a higher resistance in 12 mM, reaching 62% * 9%
of the control’s final biomass. This strain showed the lowest variation within the tested
range of perchlorate concentrations. PCC 7120 and PCC 7938 had intermediate (and sim-
ilar) resistance levels. Finally, PCC 7937 exhibited the lowest perchlorate resistance:
growth was barely detectable at any of the tested concentrations.

Culture homogeneity. Culture homogeneity—a lack of a tendency to form surface
biofilms or aggregates, which may interfere with the foreseen bioprocesses—was assessed
qualitatively. Under standard conditions, cultures of PCC 7122 tended to develop free-
floating cell aggregates or biofilms attached to the walls of culture vessels; all other strains
led to nearly homogeneous cultures, or formed loose aggregates which could be disman-
tled with gentle shaking. In the presence of regolith simulant, clusters of cells and regolith
appeared in all cultures but those of PCC 7924. With PCC 7937, in particular, the degree of
aggregation was such that cells and regolith sedimented immediately after inverting
tubes, leaving a clear supernatant (as opposed to the turbid suspension that persisted in
other samples). The other strains adhered less strongly to the regolith (Fig. S5).

Suitability as a nutrient source for other organisms. The suitability of cyanobac-
terium strains as a nutrient source for other organisms was evaluated by cultivating a
heterotrophic bacterium (Escherichia coli W) and an aquatic higher plant (Lemna sp.) in
a filtered lysate of cyanobacterium biomass (25 gp,, L™ before filtration).
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FIG 3 Growth of PCC 7120, 7122, 7524, 7937, and 7938 in the presence of perchlorates. Top: Biomass
obtained after 28 days of cultivation in BG11, spiked with 3, 6, or 12 mM perchlorate ions (parent
salt: calcium perchlorate), as a fraction of the biomass obtained in perchlorate-free BG11,. Columns
represent mean values of three biological replicates (dots). Means obtained within a given perchlorate
concentration and which do not share a letter are significantly different (Tukey test, adjusted P < 0.05).
Bottom: Biomass at culture onset and after 3, 7, 10, 14, 21, and 28 days of cultivation in BG11, spiked
with 0, 3, 6, or 12 mM perchlorate ions. Symbols represent biological replicates.

Filtered lysates from all strains supported the growth of E. coli (Fig. 4). After over-
night cultivation, E. coli cell concentrations reached levels equivalent to (PCC 7120,
7122, and 7937) or significantly higher than (PCC 7524 and 7938) those in LB medium,
where they reached 9.2 x 10° = 3.2 x 108 CFU mL~". Their range remained narrow
across filtered lysates: from 8.1 x 108 = 2.9 x 107 (PCC 7120) to 2.6 x 10° = 4.2 x 108
(PCC 7524) CFU mL~".

The biomass produced by Lemna sp. within 2 weeks of cultivation varied signifi-
cantly across filtered lysates (Fig. 5). The highest value (1.14 * 0.15 mg) was obtained
with PCC 7938, which was followed by PCC 7122 (0.66 * 0.19 mg), PCC 7524
(0.44 = 0.15 mg), and PCC 7937 (0.37 = 0.02 mg). Fronds placed in the filtered lysate
from PCC 7120 did not multiply but became chlorotic. In all cases, biomass yields were
significantly lower than in Hoagland solution (1.70 = 0.22 mg).

DISCUSSION

To be sustainable, settlements on Mars should rely on consumables produced on
site rather than imported from Earth. It has been suggested that cyanobacteria could
serve this purpose by feeding bioprocesses: after being cultivated using the planet’s
natural resources, they would produce nutrients for other organisms of biotechnologi-
cal interest (9). Proofs-of-concept have been obtained and suggest that such a trophic
chain could be implemented. However, systematic characterization and modeling are
required to determine whether this solution would be cost-effective. Such efforts require
a model organism which, ideally, would be used by a majority of the contributing
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research groups. After assessing candidate strains based on features relevant to the fore-
seen processes, we propose Anabaena sp. PCC 7938 as a model cyanobacterium for
studies pertaining to the development of biological ISRU on Mars.

Our work started with five strains from the Pasteur Culture Collection of Cyanobacteria:
Anabaena spp. PCC 7120, 7122, 7937, and 7938, and Nostoc sp. PCC 7524 (other designa-
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FIG 5 Growth of Lemna sp. in filtered lysates of PCC 7120, 7122, 7524, 7937, or 7938, in distilled and
deionized water (ddH,0), or in Hoagland solution (Hoagland). Top: Biomass of Lemna sp. after 14 days
of cultivation. Columns represent mean values of three biological replicates (dots). Means that do not
share a letter are significantly different (Tukey test, adjusted P < 0.05). BD, below detection. Bottom:
Number of viable fronds at culture onset and after 2, 5, 7, 9, 12, and 14 days of cultivation. Symbols
represent biological replicates.



tions can be found in literature: classification within Nostocaceae can be tentative and
evolves rapidly). Prior to performing experiments, we sequenced the genome of PCC
7938—the others were already available at the time—and compared genomic data of
the five strains. One motivation was to determine their relatedness; most striking was
the genomic closeness of PCC 7122 and 7938, which is consistent with the overall simi-
larity of the results obtained, for those strains, in the assays described below. Another
motivation was a search for toxic secondary metabolites whose associated gene clusters
are known. Indeed, toxins may affect the suitability of cyanobacteria as a nutrient source
for secondary producers, let alone their edibility (if they are to be used as a dietary sup-
plement). While genes belonging to toxin-associated clusters were identified, essential
core genes were missing, and the production of no specific toxin was consequently pre-
dicted. This way of assessing toxicity, however, only gives limited insights: toxins may be
produced that our approach failed to identify. Experimental validation would be
required to conclude on a lack of toxicity.

Candidates were then compared with a series of experiments. The first pertained to
the strains’ abilities to feed on Martian regolith: these abilities will largely determine the
efficiency of cyanobacterium growth on Mars, where the regolith would be the source of
all nutrients not provided as atmospheric gases. A comparison was performed by grow-
ing each strain with three mineral mixtures analogous to Martian regolith, in high-purity
water and under ambient air, with no other source of nutrients. Those mixtures were
MGS-1—a simulant based on windblown soil at Rocknest (26)—and its sulfate-rich and
smectite-rich derivatives. Simulants of regolith from lunar maria and highlands were
included as well, for two main reasons. First, they provided additional points of compari-
son (helping assess capacities to grow on regolith of different compositions). Second,
cyanobacteria are being considered for applications on the Moon: while our satellite
lacks a substantial atmosphere, mineral nutrients (as well as water) could be sourced
from the regolith and help reduce the dependency on Earth of bioprocesses. Regardless
of the simulant, PCC 7938 was the most productive strain. In MGS-1, which is particularly
relevant as it represents a type of regolith widespread on Mars, that strain reached bio-
mass concentrations at least twice as high as any other strain.

The Martian regolith will not be a source of nutrients only: it contains toxic com-
pounds, among which perchlorates are presumably the most critical. Those oxychlorine
species have been detected and quantified at several locations on Mars (e.g., 27-29).
They are likely ubiquitous at the surface, and how their concentration changes with
depth is unknown (30). If no remediation is performed, using regolith as a source of
nutrients means exposing cyanobacteria to perchlorates; resistance to those compounds
is consequently expected to influence the efficiency of ISRU-based cyanobacterium culti-
vation. To compare the perchlorate resistance of the five preselected strains, the latter
were grown in BG11, spiked with concentrations of calcium perchlorate (a likely parent
salt at Rocknest; [31]) leading to 3, 6, and 12 mM perchlorate ions. These concentrations
correspond to those that would result from using 50, 100, and 200 kg m~—3 of regolith
containing 0.6 wt% of perchlorate ions (a seemingly typical concentration on Mars). We
used the decrease in growth induced by perchlorates as the metric for comparison.
Perchlorate resistance varied among strains, although none largely outperformed the
others. Under all conditions, four of the five strains reached biomass concentrations
above 20% of the no-perchlorate controls—the only exception being PCC 7937.

One major application suggested for cyanobacteria grown using materials available
on Mars is their use as a nutrient source for other organisms. These secondary pro-
ducers could then perform a wide range of functions, including the production of
drugs, fuels, biomaterials, and various industrially useful chemicals; metal leaching; and
food processing for taste improvement (4, 5). We thus compared the suitability of lysed
and filtered biomass from the five preselected cyanobacterium strains as feedstock for
two distant organisms: a heterotrophic bacterium and a higher plant.

Owing in large part to their dependence on organics, whose availability on Mars
remains unknown but is expected to be very low, heterotrophic organisms most likely



could not be fed directly with Mars’s natural resources. The biomass of some cyanobac-
teria, however, can be used as a nutrient source: heterotrophic bacteria (E. coli W,
E. coli K-12, Bacillus subtilis 168, and B. subtilis SCK6) were previously grown in a filtrate of
ground PCC 7120 (32), and E. coli W in a filtrate of ground PCC 7938 (11) or of ground
Chroococcidopsis sp. CCMEE 029 (17). Here, we use E. coli W as a model, owing both to
its being a widespread model organism and to its versatility in biotechnologies. After
overnight cultivation, E. coli W reached concentrations in all cyanobacterium lysates
comparable to those reached in LB medium, with little difference among strains.

While plants are autotrophs and could rely on atmospheric (rather than organic)
carbon, they are generally expected not to be able to grow in unprocessed Martian
regolith, among others because of a low bioavailability of mineral nutrients, low
amounts of fixed nitrogen, poor water-holding potential, and excess salts and toxins
(33-35). It has been suggested that cyanobacteria could be used as a nutrient source,
whether as a supplement in processed regolith or in a solution for soilless cultivation
(9), although, to our knowledge, that higher plants can be cultivated using cyanobacte-
rium-extracted compounds as the only nutrient source beside water and atmospheric
gases remained to be demonstrated. Here, we use duckweed (Lemna sp.), a small float-
ing macrophyte, as a model higher plant. This was primarily motivated by its ease of
cultivation in a microbiology laboratory. However, duckweeds are being considered as
a food source in space due to their high nutrient density, lack of inedible parts, and
high productivity (36-38). Growth of Lemna sp. in cyanobacterium lysates varied
largely across cyanobacterium strains. PCC 7938 led to the highest biomass and frond
numbers (ca. twice that of the second most productive strain); it was followed by PCC
7122, 7524, and 7937. PCC 7120 did not support the growth, or even survival, of Lemna
sp.; what in that strain may be the cause currently cannot be ascertained.

It should be pointed out that the quantitative results obtained here were only
meant for comparing strains: they should not be relied on to assess the productivity of
cyanobacterium-based ISRU processes. Cultivation conditions in regolith, for instance,
were not optimized; nor were steps taken to increase the resistance of cyanobacteria
to perchlorates, or to remove the latter. As another example, the cyanobacterium bio-
mass was simply ground and filtered before being fed to E. coli or Lemna sp., leaving
out the large fraction of the biomass retained by the filters, and no attempt was made
to convert nonmetabolizable compounds into useable forms.

The cyanobacterium strains’ tendency to form aggregates and surface-bound bio-
films was accounted for in the present selection, although it was assessed only qualita-
tively. Biofilms may be desired for some applications; examples may be the control of
Martian dust over enclosed areas (39) or the use of biofilm cultivation chambers which,
for some applications, may be more resource-efficient than planktonic photobioreac-
tors. Here, however, we considered aggregation a drawback: in a bioprocess based on
the production of planktonic biomass, biofilms can affect fluid dynamics, lead to local-
ized changes in culture parameters, hinder downstream processes, and foul or damage
equipment (40). In addition, it may make the separation of biomass and regolith (to
collect the former or renew the latter) highly challenging. This criterion decreased the
perceived suitability of PCC 7122—which even under routine conditions developed
large, free-floating aggregates and formed biofilms on cultivation equipment—and of
PCC 7937, which created large lumps of cells and grains when grown on regolith.

After considering the results as a whole (Table 1), we elected to use PCC 7938 as a
cyanobacterium model for future studies pertaining to biological ISRU on Mars. First,
because—in addition to features common to all preselected strains, such as diazotro-
phy—it led to the highest biomass productivity when grown on Martian or lunar rego-
lith simulants, and appeared to be most suitable as a substrate for other organisms.
Second, because it did not reveal any major flaw pertaining to other criteria, such as a
high sensitivity to perchlorates or a strong tendency to aggregate.

PCC 7938 may not be the cyanobacterium which would eventually be used for prac-
tical applications: testing and comparing a large number of candidates from various



TABLE 1 Overview of the results from the comparative tests which led to the selection of
Anabaena sp. PCC 7938 as a model strain

Strain (PCC ID) 7120 7122 7524 7937 7938
Regolith-dependent growth + + - +/- ++
Perchlorate resistance +/- + + - +/-
Suitability as a feedstock for heterotrophs + + + + +
Suitability as feedstock for aquatic higher plants - + + +/- ++
Culture homogeneity (lack of biofilms/aggregates) +/- - + - +

genera may lead to the identification of more suitable isolates, and improvements may
be brought using bio-engineering. It is, however, the most suitable strain identified so
far, and it provides a good basis for assessing and increasing the resource-efficiency of
cyanobacterium ISRU on Mars.

MATERIALS AND METHODS

Strains and growth conditions. Anabaena spp. PCC 7120, 7122, 7937, and 7938, and Nostoc sp. PCC
7524, were obtained from the Pasteur Culture Collection of Cyanobacteria (Paris, France). They were main-
tained inside a poly klima PK 520-LED photo-incubator at 25°C, in BG11, medium, with a light intensity of
5to 10 umol,, m~2s™" (16 h/8 h day/night cycle). Prior to experiments, cultures to be used for inoculation
were cultivated on a rotary shaker at 100 rpm under a light intensity of 15 to 20 umol,, m~2s~".

Duckweed (Lemna sp.) was isolated from a stream in the Birgerpark (Bremen, Germany). Axenic cul-
tures were obtained by treatment with a sodium hypochlorite solution, as recommended by Sree and
Appenroth (41). Routine cultivation was performed in Hoagland medium and otherwise under the same
conditions as for the cyanobacteria.

Escherichia coli W (DSM 1116) was acquired from the German Collection of Microorganisms and Cell
Cultures (Braunschweig, Germany). Prior to experiments, samples from glycerol stocks were streaked on
LB-agar plates and incubated overnight at 37°C.

Genome sequencing of Anabaena sp. PCC 7938. Genomic DNA of Anabaena sp. PCC 7938 was
extracted using Macherey-Nagel’s NucleoSpin Soil kit and sequenced using an Illumina NovaSeq 6000
S4, with 150-bp paired-end reads. A genomic library (with an average fragment size of 477 bp) was pre-
pared using the NEB Ultra Il kit (New England Biolabs). Low-quality reads and adapter sequences were
trimmed using fastp (v0.20.1; [42]). Cleaned reads were then assembled with SPAdes (v3.11.1), using
--careful parameter to reduce the potential number of mismatches and short indels (43). Reads were
mapped back to SPAdes contigs using bowtie2 (v2.4.4; [44]) and contigs were filtered, clustered and
binned using Anvi‘'o (v7.0; [45]). Each bin was taxonomically classified using Centrifuge (v1.04; [46]).
Combining information such as coverage, tetranucleotide frequencies, GC content, and taxonomic affili-
ation, contaminants were screened for and the quality of the genome sequence was assessed.
Completeness and contamination were estimated using Anvi'o (97.18% completeness, 8.45% redun-
dancy) and checkM (v1.1.3; [47]; 99.4% completeness, 0% contamination).

Genome-based comparison of the cyanobacterium strains. Gene prediction in, and annotation
of, the genomes of PCC 7120, 7122, 7524, 7937, and 7938 (Table S1) were done using Prokka (v1.14.6;
[48]). A total of 298 core genes (shared by all strains, with blastp identity > 90%) were identified with
Roary (v3.13.3; [49]) and aligned with --mafft Roary parameters. A phylogenic tree was built in RAXML-
NG (v. 1.1.0; 50) using the GTRGAMMA model, with 100 bootstraps. The average nucleotide-identity dis-
tances of the five genomes were estimated using FastANI (v1.32; [51]).

The five genomes were compared at the gene and functional levels using MicrobeAnnotator (v.2.0.5;
[52]; --full mode), which relies on the databases KOfam (53), UniProt’s Swissprot and trEMBL (54), and
NCBI's RefSeq (55). Genome-scale metabolic models were reconstructed using gapseq (v1.2; [56]), with
--doall parameters and an autotrophic medium (gapseq media resources) for the gapfill step. gapseq
relies on the databases MetaCyc (57), ModelSEED (58) and the Transporter Classification Database (59).
The metabolic components were then compared using Metage2Metabo (v1.5.0; [60]), with --iscope pa-
rameters and a growth medium (seed) predicted from PCC 7938. A correspondence analysis was per-
formed using the FactoMineR and factoextra R packages to compare models based on their metabolic
potential.

In order to determine whether BGCs known to enable the production of toxins were found in any of
the five genomes, a database of BGCs found in cyanobacteria and associated bacteria was generated. It
gathered 94 BGCs and 460 genes (Data set S1). BCGs were predicted using ANTISMASH (v5.1.2; [61]), and
the corresponding reference sequences (of nucleotides and amino acids) were retrieved from the NCBI
or ANTISMASH databases. An all-against-all diamond BLASTP analysis (v2.0.8; [62]) was applied to find
the best reciprocal hits between elements in the database and the cyanobacterium genome sequences
(identity > 60%, and length of the sequences aligned > 30%). A presence-absence matrix of BGC in the five
cyanobacterium strains was generated and combined with the phylogenetic tree using iToL (v6; [63]).

Regolith-dependent growth. The five cyanobacterium strains were cultivated in 24-well plates con-
taining 1.5 mL of double-distilled and deionized water (ddH,0), BG11,, or ddH,0 supplemented with
200 kg m~3 of one among the following regolith simulants: MGS-1 (26), MGS-1S, MGS-1C, LHS-1, and



LMS-1 (64). The simulants were purchased from the Center for Lunar and Asteroid Surface Science
(Orlando, FL, USA); their bulk chemistry is given in Table S2. The inoculum, prepared by washing a pre-
culture twice in ddH,0, was delivered to an optical density at 750 nm of 0.02. All conditions were pre-
pared in triplicate. The inoculated plates were sealed with parafilm to reduce evaporation and slits were
cut to enhance gas exchange. Plates were incubated for 28 days at 25°C, with a light intensity of 15 to
20 wmol,, m~? s™" (16 h/8 h day/night cycle) and, to avoid shading from suspended regolith grains,
without shaking. Chlorophyll a was extracted with ethanol from the whole of each sample and quanti-
fied based on optical density at 665 nm (65). The final biomass in each sample was inferred from chloro-
phyll a concentrations, using a conversion factor determined experimentally (Table S3). The significance
of the differences in biomass concentration between cyanobacterium strains was assessed using a two-
way ANOVA followed by Tukey’'s multiple-comparison test (adjusted p, 0.05).

Perchlorate resistance. Strains were grown in BG11, without perchlorates or spiked with calcium
perchlorate (Sigma-Aldrich, Merck) at concentrations leading to 3, 6, and 12 mM perchlorate ions. The
biomass obtained under each condition was determined after 0, 3, 7, 10, 14, 21, and 28 days. Cultivation
was prepared and performed, and biomass quantified and compared, as described above (section
“Regolith-dependent growth”).

Culture homogeneity. Tendencies to form surface biofilms and aggregates were assessed qualita-
tively. Under routine conditions, this was performed by mere visual inspection. When regolith was
used as a source of nutrients, this was performed as follows. Cells were grown for 28 days in ddH,0
supplemented with 200 kg m~3 of MGS-1. Samples were transferred to 1.5 mL Eppendorf tubes and
left to sediment. Tubes were then inverted 5 times and left standing for 30 s, after which the abun-
dance of sedimentary materials was assessed visually. Samples were further examined for the pres-
ence of cyanobacteria-regolith aggregates under an inverted microscope (Bresser Science IVM 401);
images were then acquired using a mounted camera (Bresser MikroCam 5.0) and the associated soft-
ware (MicroCamLabll). Additionally, fluorescence images were obtained from samples (fixed with 2%
glutaraldehyde) of 14-day-old cultures grown under the same conditions. This was performed using a
Zeiss Axioscope 5/7 microscope (Zeiss, Germany; equipped with a Solid-State Light source Colibri 3,
type RGB-UV, an Axiocam 702 mono camera, and a 90 HE LED filter set) with the 470 and 625 nm light
channels. Z-stacks were captured with a motorized stage, deconvoluted, and collapsed into a Z projec-
tion, using the manufacturer’s Zen software (version 3.0).

Suitability as a nutrient source for other organisms. Filtered lysates of each strain were prepared
from 25 g of dry biomass per L, as previously reported (11). An estimate of carbohydrate and protein
concentrations in the lysates is given in Table S4.

E. coli W was cultivated overnight in the cyanobacterium filtered lysates, and final cell densities were
assessed, as previously described (11). Differences in cell concentrations across filtered lysates and across
controls were assessed with a one-way ANOVA followed by Tukey’s multiple-comparison test (adjusted
p, 0.05).

Assays with Lemna sp. were conducted as follows. Fronds from a culture in exponential phase were
washed by dipping them successively in three vessels containing sterile ddH,O. They were then trans-
ferred to 24-well plates (one colony of two to three fronds per well) containing 1.5 mL of distilled water,
Hoagland medium, or one among the cyanobacterium filtered lysates. Each condition was prepared in
triplicate. Plates were then incubated in conditions similar to the routine ones but with a light intensity
of 15 to 20 umol,, m~2 s™". The number of fronds was determined every 2 to 3 days (each new frond
was counted from the moment when it was unambiguously visible with a 10x magnifying glass). After
14 days of cultivation, fronds were rinsed with ddH,O, dried at 60°C, and weighed. The dry weight
between conditions was compared with a one-way ANOVA followed by Tukey’s multiple-comparison
test (adjusted p, 0.05).

Statistical analysis. Statistical analyses were performed using GraphPad Prism version 9.2.0 for
Windows, by GraphPad Software (San Diego, California).

Data availability. PCC 7938 contigs are available in GenBank under Bioproject number PRINA812045.
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