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RAD51-MEDIATED DNA REPAIR AS A MOLECULAR CONSTRAINT ON PLANETARY
HABITABILITY IN HIGH-RADIATION ENVIRONMENTS

Abstract

Ionizing radiation presents a major challenge for long-duration space missions and planetary sur-
faces, as it induces persistent DNA damage, particularly double-strand breaks (DSBs), which threaten
genome stability and long-term cellular viability. Conventional planetary habitability frameworks pri-
marily evaluate physicochemical parameters such as temperature, atmospheric composition, and liquid
water availability, often overlooking the intrinsic molecular mechanisms that organisms employ to preserve
genomic integrity under sustained genotoxic stress.

We propose that high-fidelity DNA repair, specifically RAD51-mediated homologous recombination
(HR), represents a fundamental molecular constraint on habitability in radiation-dominated environ-
ments. HR restores genetic information using an intact homologous template, with RAD51 orchestrating
homology search and strand invasion, thus determining repair fidelity. We hypothesize that the efficiency
of RAD51-mediated HR defines an upper limit on radiation levels compatible with long-term genome
stability and biological viability.

To explore this hypothesis, we develop a quantitative, computational damage–repair framework us-
ing literature-derived data. Planetary radiation conditions are characterized using published dosimetric
datasets and particle spectra from planetary and deep-space missions, including the Mars Science Labo-
ratory’s Radiation Assessment Detector. Radiation flux and dose rates are converted into expected DSB
formation rates using established radiobiological coefficients, while a damage complexity parameter ac-
counts for high-linear energy transfer (LET) interactions typical of galactic cosmic rays. Environmental
DNA damage rates (DDR env) are compared to homologous recombination repair capacity (RC HR) de-
rived from experimental studies on DNA repair kinetics, RAD51 activity, and post-irradiation survival.
A dimensionless Habitability Stability Ratio (HSR=RC HR/DDR env) is introduced: HSR>1 indicates
genomic stability, HSR ≈ 1 reflects operation near biological limits, and HSR < 1 signals progressive
instability.

Repair benchmarks are contextualized using extremophiles such as Deinococcus radiodurans. This
framework provides a genome-stability-based approach to planetary habitability, integrating molecular
repair fidelity with environmental radiation constraints. Notably, this study is entirely computational
and literature-based, with no new laboratory experiments performed.
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