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Abstract

Long-duration human exploration of Mars will depend on resilient biological systems for in-situ re-
source utilisation (ISRU), waste recycling, oxygen production, and regolith bioprocessing. Most terrestrial
microorganisms, however, are not adapted to Martian stressors such as high ultraviolet radiation, desic-
cation, low-pressure atmospheres, temperature cycling, and perchlorate-rich soils. This study addresses a
key research gap by experimentally comparing pre-engineered microorganisms with wild-type strains in
a controlled Mars-analogue environment, with field validation planned during the MMAARS in-person
analogue missions (2026–2027). A pre-mission synthetic biology workflow is employed in which CRISPR-
Cas9 knock-in constructs are digitally designed (Benchling/SnapGene), implemented, and molecularly
verified in terrestrial laboratories before analogue deployment. The central hypothesis is that the pcrA
gene cluster (pcrABCD) enables anaerobic perchlorate metabolism in Sedimenticola selenatireducens un-
der Mars-analogue conditions. Extremotolerant chassis organisms such as Deinococcus radiodurans or
Bacillus subtilis are used for comparative testing following phenotypic validation. During the analogue
phase, sealed bioreactor growth chambers containing JSC-Mars-1A regolith simulant are exposed to con-
trolled ultraviolet flux, Mars-relevant atmospheric composition, and diurnal thermal cycling. Microbial
survival and functional metabolism are quantified through colony-forming unit counts, OD600 measure-
ments, and colorimetric enzymatic assays, while environmental parameters are continuously monitored via
integrated sensors. Double-containment and sterilisation protocols ensure biosafety and full compatibility
with crewed mission operations. Optional computational modelling and Crew-AI-assisted logging sup-
port population-dynamics simulation and real-time experimental optimisation with minimal crew time.
By integrating pre-mission engineering with analogue field testing, this project generates mission-relevant
empirical data on microbial performance in realistic operational conditions. The results will directly in-
form the design of bio-based life-support, regolith bioprocessing, and closed-loop bioregenerative systems
for human Mars exploration. This work demonstrates a scalable framework for responsibly converging
synthetic biology, analogue astronaut missions, and AI-enabled operations to develop pioneer ’space-ready’
microorganisms for future planetary habitats.
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