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PUBLIC SUMMARY
■   Microbe-driven bioconstruction offers a sustainable path for long-term human habitats in deep space.

■   Systematically discusses the potential of microorganisms in extraterrestrial construction.

■   Presents an 'Earth-Space Station-Extraterrestrial Object' multi-dimensional roadmap for bioconstruction.

■    First proposes a full-lifecycle paradigm for extraterrestrial bioconstruction.
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Microbe-driven bioconstruction  offers  a  promising  approach  to  sustain-
able deep-space habitats as missions shift from short-term exploration to
long-term  human  presence.  This  review  presents  the  first  full-lifecycle
bioconstruction  paradigm  that  integrates  Earth-derived  extremophilic
microorganisms,  space  station  validation,  and  in-situ  utilization  of  Lunar
and Martian  resources.  It  addresses  gaps  in  extraterrestrial  bioconstruc-
tion  strategies.  The  proposed  four-stage  paradigm  begins  with  biological
pioneering using extremophilic microorganisms to establish survival condi-
tions. This is followed by biological conversion of extraterrestrial resources
for  metal  extraction,  thereby  enabling  the  synthesis  of  building  materials
through  biological  fabrication  and  their  in-situ  assembly  into  integrated
habitats.  The  final  stage  involves  integration  into  a  self-sustaining  life
support  system  for  long-term  habitation.  Key  challenges  include  limited
adaptability  under  compound  space  stresses,  slow  screening  processes,
limited in-orbit validation, and uncertain material longevity. Recommended
directions include AI-driven strain optimization, expanded space and lunar
experiments,  and predictive modeling of material  behaviour to support the
development of resilient and resource-efficient extraterrestrial habitats.

 INTRODUCTION
With the progressive advancement of lunar exploration programs—includ-

ing China’s Chang’e Project, the U.S. Artemis Program, and Europe’s Explore
2040—as well as Mars missions such as China’s Zhurong rover and NASA’s
Perseverance rover,1 new insights have been gained into the geological struc-
tures,  mineral  and  water-ice  distributions,  and  extreme environments  of  the
Moon and Mars.2,3 Nations are transitioning from conceptual planning to the
practical  construction  of  long-term  lunar  and  Martian  bases.  The  United
States intends to establish a permanent lunar base,4 while China and Russia
are  jointly  planning  an  International  Lunar  Research  Station.5 Detailed  plans
and  enabling  technologies  for  Martian  bases  are  also  advancing  rapidly.6

Current  extraterrestrial  exploration,  however,  remains  heavily  dependent  on
Earth-based  resupply,  leading  to  prohibitive  launch  costs  and  strict  launch
window  constraints.  This  dependence  introduces  risks  of  supply  disruption
and  restricts  the  sustainability  of  long-term  missions.  For  example,
constructing a lunar base for four astronauts without in-situ resource utiliza-
tion (ISRU) is projected to require an infrastructure investment of $35 billion
and annual operational costs of $7.35 billion.7 Therefore,  shifting toward the
use  of  lunar  and  Martian  in-situ  resources  for  construction  is  essential.
Establishing long-term habitats on the Moon and Mars under extreme envi-
ronments—characterized by vacuum, high radiation, severe temperature fluc-
tuations,  and  frequent  micrometeoroid  impacts—constitutes  a  cross-disci-
plinary systems engineering challenge, requiring the coordination of resource
utilization, environmental adaptation, and technical integration.8 Researchers
have  considered  using  regolith  as  the  primary  raw  material,9 exploring  its
conversion  into  construction  units  through  methods  such  as  sintering,
microwave  treatment,  laser  melting,  and  geopolymer  concrete  production.10

These  approaches  typically  depend  on  high-energy  devices  (e.g.,  solar
concentrators)  or  additional  materials  (e.g.  alkaline  solutions  and  fibers),
creating  demanding requirements  for  energy  supply  (e.g.,  stability  of  energy
storage  systems)  and  material  circulation  (e.g.,  consistent  binder  supply)  in
extraterrestrial  environments.  During  long-term  operation,  materials  are
unavoidably  exposed  to  severe  thermal  cycling,  radiation-induced  fatigue,

and micrometeoroid impacts.11 Studies indicate that the micrometeoroid flux
on  the  lunar  surface  is  within  a  range  of  approximately  (6.19–14.74)×
10-13 g/m2·s.12 Such  impacts  can  generate  significant  structural  cracks  and
accelerate  material  fatigue,  making  rapid  repair  essential.  While  prevailing
ISRU  methods—such  as  regolith  sintering  and  geopolymer  concrete—
demonstrate  technical  feasibility,  their  operational  viability  remains
constrained  by  high  energy  consumption  and  short-term resource  depen-
dency.  Beyond  construction  materials,  long-term  extraterrestrial  habitation
requires  astronauts  to  achieve  self-sufficiency in  oxygen,  water,  and  nutri-
ents,  which  depends  on  waste  recycling  and  resource  conversion.  Current
space  station  life  support  systems  generate  oxygen  and  hydrogen  through
water  electrolysis  and  recycle  carbon  using  solid  carbon  adsorption  beds.13

Although  these  systems  have  undergone  multiple  in-orbit  validations,  they
still rely on stable power supply and periodic resupply from Earth.

Bioconstruction  is  a  rich,  interdisciplinary  frontier  aimed  at  conducting
engineering and construction activities by utilizing living systems themselves
or  by  mimicking  their  operational  principles.  From  the  perspective  of  its
implementation  pathways  and  core  agents,  bioconstruction  can  be  broadly
categorized into four paradigms: animal construction, represented by organisms
like corals and earthworms; plant construction, which modifies the engineering
environment through life activities such as soil stabilization via the mechanical
anchoring of  tree root systems and the regulation of  local  microclimates by
plant communities;  biomimetic construction,  which does not directly  rely  on
living systems but draws inspiration from natural biological structures—such
as  the  hexagonal  pattern  of  honeycombs  or  the  fiber  arrangement  in
bamboo—to  guide  the  optimization  of  engineering  designs;  and  microbial
construction,  which  utilizes  the  metabolic  activities  of  microorganisms  like
bacteria and fungi.14 In the context of extraterrestrial exploration missions, the
application  of  bioconstruction  technologies  is  subject  to  strict  constraints,
including  payload  mass  limitations,  energy  supply  shortages,  and  the  need
for  adaptation  to  extreme  environments  (low  temperatures,  high  radiation,
lack of atmosphere). The complex ecosystems required for animal and plant
construction are not only massive in themselves but also demand continuous
maintenance  of  suitable  temperature,  humidity,  and  nutrient  supplies,  and
they  exhibit  extremely  low  tolerance  to  harsh  environments,  making  their
direct transplantation  a  significant  technical  and  logistical  challenge.  Mean-
while,  biomimetic  construction  only  offers  design  inspiration  and  cannot
directly  participate  in  the  in-situ  construction  process  to  address  the  core
requirement  of  In-Situ  Resource  Utilization  (ISRU).  In  contrast,  microbial
construction is uniquely suited to the constraints of extraterrestrial exploration.
Its  core advantages are evident:  microbes have negligible  mass and can be
stored long-term (for  several  years)  via  lyophilization (freeze-drying), signifi-
cantly reducing the pressure on extraterrestrial transport payloads and offering
a  low-logistics-cost  advantage.  They  can  directly  utilize  in-situ  resources
(e.g.,  minerals  from  Martian  regolith,  atmospheric  CO2)  as  metabolic
substrates, eliminating the need to transport large quantities of raw materials
from Earth and demonstrating strong ISRU compatibility. Furthermore, some
extremophilic microorganisms can maintain metabolic activity in severe envi-
ronments, and the microbial construction process itself is not energy-intensive.

Therefore,  this  study  focuses  primarily  on  microbe-driven  extraterrestrial
construction, defining it as a technology that utilizes microorganisms for the
in-situ  modification  of  extraterrestrial  environments  to  support  long-term
human  habitation.  Using  in-situ  resource  conversion,  microorganisms  can

 

 

REVIEW    Microbiology       

2  　　　The Innovation Life 4(1): 100193, January 19, 2026 www.the-innovation.org/life

mailto:chengzhou@hust.edu.cn
mailto:yanzhou@hust.edu.cn
mailto:chengzhou@hust.edu.cn
mailto:yanzhou@hust.edu.cn
https://doi.org/10.59717/j.xinn-life.2026.100193
https://doi.org/10.59717/j.xinn-life.2026.100193
https://doi.org/10.59717/j.xinn-life.2026.100193
https://creativecommons.org/licenses/by/4.0/
https://www.the-innovation.org/life
https://www.the-innovation.org/life
https://www.the-innovation.org/life


transform  extraterrestrial  minerals,  gases,  and  other  substances  into
construction  materials,  energy,  and  life-support  supplies,  enabling  low-cost
and long-term sustainable construction systems beyond Earth. This techno-
logical pathway serves as a core strategy to overcome dependence on Earth-
based  materials  and  establishes  a  new  paradigm  for  extraterrestrial
construction  at  the  systems  level.15,16,17 For  example,  chemolithotrophic  and
chemoorganotrophic microorganisms secrete organic acids that promote the
dissolution  and  enrichment  of  metals  and  silicates  in  regolith;18 microbial-
induced  carbonate  precipitation  or  extracellular  polymer  cementation  can
glue  loose  regolith  particles  into  bio-bricks;19 and  photoautotrophic
cyanobacteria  convert  carbon  dioxide,  wastewater,  and  organic  waste  into
oxygen,  purified  water,  and  nutrients.20 Additionally,  microorganisms  can
convert  elements  from  human  metabolites  into  plant-available  carbon  and
nitrogen,  or  serve  directly  as  nutrients  to  support  plant  growth  and  food
production.21 Implementing  bioprocesses  for  on-site resource  transforma-
tion—converting  minerals,  water,  and  atmospheric  components  into  life-
support  materials  and  engineering  products  while  treating  organic
waste—enables the closure of material,  energy,  and nutrient cycles.  Notably,
some  microorganisms  possess  dual “pioneering-repair” capabilities:  Fungi
and  cyanobacteria  in  terrestrial  deserts  can  modify  arid  ecosystems  by
retaining  water,  stabilizing  carbon-nitrogen  cycles,  and  securing  surface
soils.22 Analogous  approaches  can  be  transferred  to  lunar  and  Martian
settings,  using  such  microorganisms  as “pioneer  species” to  gradually
modify  regolith  composition  and  enrich  microbial  communities,  creating
more habitable conditions for sustained human residence. However, extrater-
restrial  extreme  environments  represent  one  of  the  primary  challenges  to
microbial  survival.  While  conventional  Earth  conditions  differ  substantially
from  those  in  space,  extremophilic  microorganisms—microorganisms
adapted  to  Earth’s  most  extreme  settings,  such  as  hot  springs,  polar
permafrost,  nuclear  waste  sites,  and  deserts—have  evolved  unique  survival
strategies .23,24 These strategies, honed over billions of years by natural selec-
tion,  offer  invaluable  guidance  for  human  adaptation  and  development  in
extraterrestrial  environments.  Furthermore,  space stations,  as  the first  long-
term space habitats, provide ideal testbeds for in-orbit validation of biological
manufacturing technologies  under  microgravity,  radiation,  and  closed  envi-
ronmental  conditions.  For  instance,  U.S.  aerospace  companies  have
conducted  in-orbit  3D  printing  experiments  using  human  stem  cells  and
tissue-derived proteins as “bio-inks” to fabricate functional tissue and organ
models.25 By  integrating Earth-based extremophile  screening platforms with
in-situ space station validation, a closed-loop process can be established for
microbial  strain  selection,  functional  assessment,  and  on-orbit  validation  of
bioconstruction techniques, thereby laying the technical foundation for in-situ
construction on the Moon and Mars.

The  concept  of  microbe-driven  "full-lifecycle extraterrestrial  bioconstruc-
tion"  is  introduced  as  a  new  paradigm,  which  encompasses  the  entire
process  from  bio-pioneering  and  in-situ  resource  construction  to  a  self-
sustaining  microbial  ecosystem.  It  must  be  recognized  that  this  is  a  grand
systems engineering project involving multiple disciplines and environments,
and  it  is  fraught  with  immense  challenges.  Advances  in  a  single  field  are
insufficient to overcome this engineering hurdle. To address this challenge, a
systematic multi-dimensional spatial perspective offers a feasible technology
roadmap  for  achieving  this  grand  objective.  This  roadmap  progresses  from
Earth,  which  provides  the  foundation  and  design,  to  the  Space  Station  for
testing and validation, and finally to extraterrestrial celestial bodies for appli-
cation and implementation. The extraterrestrial application and implementa-
tion phase itself comprises several stages: and establishing baseline survival
conditions  through  biological  pioneering,  extracting  resources  via  biological
conversion, synthesizing building materials through biological fabrication and
their  in-situ  assembly  into  structurally  and  functionally  integrated  habitats,
and ultimately, establishing a sustainable microbial ecological� cycle.

 EARTH: BIOLOGICAL RESOURCE BANK
The realization of extraterrestrial biological construction primarily depends

on  the  screening,  understanding  and  engineering  design  of  functional
microorganisms  on  Earth.  The  main  challenge  in  realizing  extraterrestrial
bioconstruction  systems  is  overcoming  multiple  cross-planetary  survival
barriers. Key limiting factors include extreme temperatures, cosmic radiation,

vacuum-low  pressure  environments,  periodic  desiccation,  low  gravity,  and
high  salt  stress.26,27,28 Notably,  certain  Earth  extremophilic  microorganisms
exhibit survival mechanisms that appear capable of coping with these condi-
tions, providing directly translatable models for extraterrestrial environmental
adaptation  research.29 Figures  1A-B  presents  a  comparison  between
extraterrestrial  extreme  environments  and  the  corresponding  responses  of
extremophilic  microorganisms  (Figures  1C-F). Table  1 summarizes  the  five
principal categories of extremophilic microorganisms and 15 types of regula-
tory mechanisms.

 Mechanisms of extremophilic microorganisms
 Thermotolerance. To adapt  to  extraterrestrial  environments,  microorgan-

isms must withstand both high and low temperatures. The main challenge at
temperatures above  or  below  their  optimal  range  is  maintaining  the  func-
tional  integrity  of  macromolecules  (nucleic  acids,  proteins,  and  lipids),
balancing  stability  (robustness)  and  flexibility  (activity,  transition  states).30

Thermophiles, a  group  of  microorganisms  capable  of  surviving  and  repro-
ducing in high-temperature environments, thrive above 40°C and can exceed
80°C. They are commonly found in geothermal springs, deep-sea hydrother-
mal  vents,  and  other  high-temperature regions.  Through  evolution,  ther-
mophiles develop strategies to avoid heat-induced damage, primarily through
membrane structure modification, nucleic acid adjustment, protein stabiliza-
tion, and specialized regulatory factors.23,31,32

High  temperatures  markedly  increase  the  fluidity  and  permeability  of
microbial  cell  membranes,  disrupting  lipid  packing  and  causing  loss  of  the
liquid-crystalline phase.30 Membrane phase transition depends on fatty-acid
composition,  so  microbes  rapidly  remodel  membrane  lipids  in  response  to
temperature changes. Under heat stress, bacteria raise saturated and reduce
unsaturated fatty  acids,  which  stiffens  bilayers.  Archaea  synthesize  mono-
layer  tetraether  lipids—often  with  pentacyclic  branches  or  a  higher  ratio  of
tetraethers—to  decrease  permeability  and  increase  thermal  stability.33 Ther-
mophiles  typically  mitigate  heat-induced  damage  by  compressing  their
genomes  and  increasing  GC  (guanine–cytosine,  GC)  content.  Genomes  of
thermophiles  thriving  above  60°C  are  generally  smaller  than  4 Mbp  (million
base  pairs,  Mb),  whereas  those  living  below  45°C  tend  to  exceed  6  Mbp,
thereby  reducing  the  energetic  cost  of  DNA  replication.34 Triple-bonded  GC
pairs  increase  DNA  rigidity,  so  most  thermophilic  strains  are  GC-rich.35

However, C. hydrothermalis (35% GC) and B. burgdorferi (29.31% GC) indicate
that base composition is not the only factor determining thermotolerance.36

Thermostable proteins are enriched in Arg, Glu, and Lys, and contain disul-
fide bonds, dense hydrophobic cores, and salt bridges that stabilize the folded
state  at  high  temperatures.32,37-38 Regulatory  factors  and  osmolytes  favor
native  conformations,  while  DNA-repair  enzymes  and  heat-shock chaper-
ones  (e.g.,  GroES,  GroEL,  Clp)  and  polyamines  remove damage and prevent
aggregation, maintaining cellular function.32

 Low-temperature  tolerance. In  contrast  to  thermophiles,  cold-tolerant
microorganisms are widely distributed in extreme cold environments such as
polar  ice sheets and deep seas.  A temperature decrease causes membrane
lipids to transition to a gel  phase,  reducing membrane fluidity and hindering
protein  mobility.  Increasing  the  proportion  of  low-melting-point  fatty
acids—including  monounsaturated,  polyunsaturated,  and  branched-chain
fatty  acids—helps  maintain  membrane  fluidity  at  low  temperatures.39 Cells
also  form  disordered  fatty  acid  arrangements  to  further  enhance  fluidity  in
cold  environments.40 For  protein  adaptation,  cold-tolerant bacteria  synthe-
size highly active enzymes and increase the mobility and flexibility of enzyme
active sites to accelerate reaction rates.41 Meanwhile, reducing stable struc-
tural interactions such as hydrogen bonds, salt  bridges, ion pairs,  and disul-
fide bonds increases protein flexibility, whereas extended external loop struc-
tures  decrease  overall  stability  to  adapt  to  low  temperatures.40 Although
adaptation  mechanisms  differ  among  environments  and  microbial  species,
the core enzymatic strategy is to counteract cold effects by increasing intra-
cellular reaction rates.

The  phase  change  of  water  in  cold  environments  also  causes  cellular
damage. Cold-tolerant microbes address this by synthesizing various protec-
tive substances: for example, they increase compatible solutes (e.g., glycerol)
to offset water loss and cell shrinkage.42 Anti-freeze proteins (AFPs) inhibit ice
recrystallization and nucleation by altering the freezing point of cellular solu-
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tions.43 Cold shock proteins (Csps) cooperate with induced RNA helicases to
support normal DNA replication and protein synthesis.44

 Radiation tolerance. In extraterrestrial environments, microbes are contin-
uously  exposed  to  ultraviolet,  X-ray,  and  charged-particle irradiation.  Radia-
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tion causes cellular damage primarily through two mechanisms: direct induc-
tion of  DNA lesions—particularly  lethal  double-strand breaks—and radiolysis
of  intracellular  water,  generating  reactive  oxygen  species  (ROS)  that  oxidize
macromolecules  and disrupt  metabolism.45 Effective  radio-resistance there-
fore requires rapid detoxification of ROS and efficient DSB repair.

Deinococcus  radiodurans,  the  benchmark  organism,  survives  ionizing
doses up to 15,000 Gy by integrating structural shielding, enzymatic defence,
and  multilayered  repair.  Its  thick,  tripartite  envelope,  enriched  in  the
exopolysaccharide  DeinoPol,  serves  both  as  a  physical  barrier  and a  radical
scavenger.46,47 Extensive  gene  redundancy  provides  functional “back-ups,”
allowing alternative gene copies to maintain essential pathways under muta-
genic stress.48 Four complementary repair pathways operate in parallel within
the cytoplasm: base-excision repair (BER) excises oxidized or alkylated bases
via  AP  endonucleases;  nucleotide-excision  repair  (NER)  removes  bulky
lesions  such  as  UV-induced  dimers,  mediated  by  proteins  like  PprAd;
mismatch repair (MMR), involving MutS2, corrects replication errors; and the
DSB  repair  module,  centered  on  RecA  and  RecF,  reconstructs  fragmented
chromosomes.49 These  systems  can  restore  genomes  shattered  into
hundreds of fragments.  Persistent ROS are eliminated by robust antioxidant
enzymes—superoxide  dismutase（SOD） ,  catalase,  and  peroxidase—which
function at unusually high rates.50 Two specialized regulators, PprI and PprM,
coordinate the response: PprI upregulates repair and antioxidant genes, while
PprM  fine-tunes  the  network,  further  increasing  radio-resistance.51 Through
this integrated system of shielding, detoxification, and layered DNA repair, D.
radiodurans and related extremophilic microorganisms remain metabolically
active under radiation levels far exceeding those expected on Mars or the Moon.

 Desiccation tolerance. Liquid water is extremely scarce in extraterrestrial
environments, and  periodic  drying  presents  a  central  challenge  for  biocon-
struction,  even  in  future  self-sustaining  ecosystems.  Mechanisms  from
desiccation-tolerant extremophilic microorganisms provide important strate-
gies  for  maintaining  system  viability.  These  microorganisms  employ  multi-
faceted  approaches,  including  membrane  structure  reinforcement,  osmotic
regulation, oxidative stress defense, and protein protection.52 Under desicca-
tion,  plasma  membranes  shrink  due  to  water  loss,  leading  to  membrane
rupture  or  cell  death.  Desiccation-tolerant  microbes  enhance  membrane
stability by modifying lipid composition, such as increasing the ratio of satu-

rated  to  unsaturated  fatty  acids.53 They  also  accumulate  compatible
solutes—including polyols, amino acids, glyceramides, and sugar alcohols—to
regulate osmotic pressure, thus preserving cellular structure and function.54

Drying-induced  oxidative  stress  exacerbates  ROS  accumulation,  causing
oxidative damage to DNA and proteins.55,56 Microorganisms counter this with
specialized  proteins:  late  embryogenesis  abundant  (LEA)  proteins  act  as
molecular  shields  to  prevent  protein  aggregation  during  water  stress;57 the
heat  shock  protein  HSP20  maintains  proper  protein  folding  and  stability
under  desiccation.56 Extracellular  polysaccharides  (EPS)  retain  moisture
through  hygroscopic  properties.58 Among  these,  trehalose—a  non-reducing
sugar—plays a crucial role in desiccation tolerance.26 It stabilizes proteins by
preventing  misfolding  and  aggregation,  preserving  structural  integrity  and
function under low water activity,  while also maintaining osmotic balance in
place of water.59

 High salt/perchlorate tolerance. Martian surface environments are char-
acterized by  high  concentrations  of  perchlorate  salts  (e.g.,  sodium  perchlo-
rate)  and  chloride  salts,  presenting  microorganisms  with  dual  stresses:  the
strong oxidizing nature of perchlorates generates ROS, causing DNA breaks,
protein  denaturation,  and  membrane  damage;  meanwhile,  trans-membrane
salt  ion  transport  disrupts  intracellular  osmotic  balance,  threatening  cell
viability.  Microorganisms  have  evolved  two  main  adaptive  strategies:  some
reduce  perchlorates  to  gain  energy  (see  the “Construction  application
blueprint” section), while  others  use  tolerance  mechanisms  to  survive  with-
out metabolizing perchlorates.60

Several  perchlorate-tolerant  microbes  have  been  identified.  For  example,
Hydrogenothermus  marinus  tolerates  high-perchlorate  environments,
although  perchlorate  stress  induces  reversible  morphological  changes.61

Planococcus halocryophilus  forms  viscous  biofilms  and  large,  highly  adhe-
sive clusters to cope with perchlorate exposure.62

In addition to the above factors, there are also anaerobic conditions. Some
existing anaerobic microorganisms on Earth replace aerobic respiration with
fermentation  or  anaerobic  respiration,  thereby  reducing  their  reliance  on
oxygen.  The  anaerobic  survival  conditions  can  also  significantly  reduce
energy consumption and process costs.  Therefore,  aerobic  microorganisms
with functional effects can be modified to enable them to undergo anaerobic
transformation.
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Table 1.  Summary of adaptation strategies of extremophilic microorganisms to extreme environments.

Environmental type adaptation mechanism Specific molecular/structural strategies

High Temperature

Membrane Structure regulation30,31,32,33 Saturated fatty acids, unsaturated fatty acids; monolayer tetraether lipid (archaea)

Nucleic Acid Protection 34,35 Shortened genome length, increased GC content

Protein Stabilization 37,38 Enrichment of Arg/Glu/Lys; enhanced disulfide bonds/hydrophobic cores/salt
bridges

Regulatory factors32 GroES/GroEL/Clp chaperone systems

Low Temperature

Membrane fluidity maintenance39,40 Mono/polyunsaturated and branched-chain fatty acids; disordered fatty acid
arrangements

Protein modification40,41,43,44 Csps, AFPs, extended active-site loops in enzymes, reduced weak interactions (e.g.,
hydrogen bonds/salt bridges)

Cryoprotectants42 Compatible solutes (e.g., glycerol)

Radiation

DNA repair48,49 BER/NER/MMR/DSB repair pathways; redundant gene backup

Antioxidant defense50,51 PprI/PprM regulatory coordination; SOD, catalase, peroxidase

Structural barriers47 Multilayered cell wall, DeinoPol exopolysaccharide

Desiccation

Osmotic/membrane stabilization53,54 Saturated fatty acids; polyols, amino acids, glyceramides, sugar alcohols

Protein protection56,57 LEA proteins; HSP20

moisture retention barrier58,59 Antioxidant/hydroscopic, EPS; trehalose vitrification

High Salt/Perchlorate

Osmotic regulation Solute accumulation or intracellular K+

Morphological/biofilm adaptation62 Viscous biofilms and highly adhesive aggregates to resist combined osmotic and
oxidative stress

Cellular morphology61 Reversible morphological elongation
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 Applications  of  extremophilic  microorganisms  in  extraterrestrial
construction

Applications  of  extremophilic  microorganisms  in  space  construction  can
be  categorized  into  two  approaches:  direct  use  of  existing  extremophilic
microorganisms  for  extraterrestrial  bioconstruction  and  the  engineering  of
novel  microorganisms  with  enhanced  survivability  and  functionality  in
extreme  environments  using  genetic  modification,  synthetic  biology,  and
related  techniques.  Certain  Earth  extremophilic  microorganisms  already
demonstrate  high  adaptability,  enabling  their  potential  use  in  extraterrestrial
construction. Lichens, as a representative example, tolerate extreme desicca-
tion,  vacuum  pressures  as  low  as  10−7–10-4   Pa,  ionizing  radiation  up  to
190  mGy,  and  wide  temperature  fluctuations  (−196°C  to  70°C)  Lichen
systems hold utility in extraterrestrial bioconstruction:63,64 fungal components
secrete enzymes, and their hyphae form composite biological materials suit-
able  for  construction,  thereby  contributing  to  biological  building  material
production.65 However, only a small fraction of natural microorganisms with-
stand multiple extraterrestrial stresses, such as low gravity and high perchlo-
rate concentrations.

Current research primarily focuses on developing and reserving organisms
suitable for extraterrestrial construction by applying genetic modification and
related techniques to Earth extremophilic microorganisms. These engineered
strains  are  generally  developed  for  three  purposes:  remediation  of  extreme
environments, ISRU, and establishment of ecological circulation systems. For
extreme  environment  remediation,  engineered  heat- and  radiation-resistant
microbes  perform  biological  nitrogen  fixation  and  facilitate  nutrient  cycling
processes, supporting sustainable, low-fertilizer cultivation for extraterrestrial
biota.66 For  ISRU,  genetic  engineering  endows  mining-capable microorgan-
isms  with  robust  membrane  barriers  and  enhanced  DNA  or  protein  repair
functions  to  improve  adaptability  in  extraterrestrial  settings.67 Incorporating
genes that  enhance  iron  and  sulfur  metabolism  can  also  accelerate  micro-
bial mineral decomposition;68 Biomineralization for construction has attracted
increasing  attention:  protective  biofilms  formed  outside  living  cells  create
favorable  microenvironments,  maintain  microbial  function  under  extreme
conditions,  improve  cementation  efficiency,  and  enhance  the  toughness  of
the  resulting  materials.69,70 In  establishing  ecological  cycles,  Berepiki  et  al.
engineered  a  Synechococcus  strain  to  acquire  mammalian  cytochromes,
increasing  photosynthetic  electron  flow  by  31%  and  thereby  improving
photosynthetic efficiency.71

Although the above-mentioned applications have different scenarios,  they
all  rely on the stable extreme environmental adaptability of microorganisms.
Therefore,  sorting  out  the  common  mechanisms  behind  these  applications
can not only clarify the function-mechanism relationship but also provide an
entry point for strain screening and modification.  Extremophilic microorgan-
isms combat convergent cellular challenges—primarily DNA damage, protein
instability,  and  oxidative  stress—using  a  survival  toolkit  of  conserved  core
pathways and strategies developed through convergent  evolution.  To main-
tain  genomic  integrity,  nearly  all  life  utilizes  conserved  DNA  repair  systems
like  Homologous  Recombination,72,73 which  is  complemented  by  unique
convergent solutions such as the protective manganese-peptide complex in
Deinococcus  radiodurans.74 For protein  stability,  extremophilic  microorgan-
isms  employ  common  strategies  including  the  adjustment  of  molecular
forces, activation of stress proteins (e.g., HSPs, CSPs), and the use of protec-
tive  small  molecules.75 Oxidative  stress  is  universally  countered  by  a
conserved  enzymatic  defense  system  (SOD,  catalase),76 supplemented  by
non-enzymatic  alternatives  like  secondary  metabolites  in  lichens  and
cyanobacteria. This interwoven network of ancient and evolved mechanisms
reveals common principles of microbial resilience. Understanding this toolkit
not  only  identifies  high-value  targets  for  engineering  multi-resistant  strains
but  also  provides  a  clear  design  blueprint  for  designing  bioengineered
systems capable of withstanding extreme extraterrestrial environments.

However,  microorganisms that perform well  in Earth laboratories may not
be able  to  adapt  to  the  real  space  environment.  Therefore,  before  the  ulti-
mate challenge of  entering an extraterrestrial  celestial  bodies,  an indispens-
able intermediate step is to conduct in-orbit verification on the space station.

 SPACE  STATION:  A  FRONTIER  PLATFORM  FOR  BIOTECH  DETECTION
AND VALIDATION

The  space  station,  characterized  by  microgravity,  high  vacuum,  and

elevated radiation, serves as a critical testbed for extraterrestrial bioconstruc-
tion.  This  multifactorial  environment  exceeds  the  capabilities  of  ground-
based simulations and provides essential data for bioconstruction engineering
in outer space.77 Dedicated biological experiment facilities are established on
both the International Space Station (ISS) and the Chinese Space Station. On
the ISS, NASA conducts microbial trials such as the BioNutrients experiment,
which produces essential nutritional substances via microorganisms.78 China’
s  Wentian  Module  features  specialized  biological  test  areas  designed  for
investigating biological responses and functional alterations in space station
environments. These areas include facilities for cell and tissue culture experi-
ments,  life-ecological  research,  and  biological  detection  technologies,  along
with  a  dedicated  centrifuge  facility  to  simulate  variable  gravity  conditions.
With  an  operational  plan  exceeding  10  years,  these  projects  systematically
explore  the  effects  of  the  space  environment  on  biological  systems  across
multiple scales and advance bioconstruction technologies.79

Multiple  in-situ  biological  experiments  on  space  stations  examine  real
biological responses under combined environmental stressors.80,81 The condi-
tions  of  radiation,  vacuum,  desiccation,  and  microgravity,  primarily  affect
biological traits such as cellular morphology,82,83 growth and reproduction,84,85

encoded  proteins,82 gene  expression,86 and molecular  functional  mecha-
nisms.87 Microgravity is the most distinctive factor affecting microorganisms
in  space  compared  to  terrestrial  extremes,  exerting  multifaceted  effects,  as
shown  in Figures  2A-E.  At  the  cellular  level,  microbial  biofilm  morphology
changes:88 under  microgravity,  biofilms  grow  thicker,27 adopt  new  structural
forms (e.g., Pseudomonas aeruginosa shifts from flat to columnar and coro-
nal  shapes),89 and  accumulate  more  extracellular  matrix.90 However,  some
existing studies present conflicting findings. For instance, the Space Biofilms
experiment  on  the  ISS  demonstrated  that  under  low-shear,  nutrient-rich
conditions, microgravity actually led to a reduction in biofilm formation. This
inhibitory  effect  was  even  more  pronounced  on  lubricant-impregnated
surfaces.91 A  recent  microfluidic  study  also  revealed  that  the  'direction  of
gravity' influences the clustering behavior of bacteria on a surface, resulting in
asymmetrical  differences  in  biofilm  morphology  and  distribution.92 These
findings indicate  that  the  effect  of  microgravity  on biofilms is  highly  depen-
dent  on  a  combination  of  factors,  including  the  cultivation  conditions,  fluid
dynamics,  and surface material  properties.  At  the genetic  level,  microgravity
impairs  DNA  repair  gene  function,  reducing  repair  capacity  and  leading  to
DNA  damage  accumulation.93 Gene  regulation  under  microgravity  displays
significant  time  dependency:  in  Caenorhabditis  elegans,  DNA  repair-related
gene  expression  reorganizes  dynamically—short-term  downregulation  of
basic repair prioritizes MMR, mid-term activation targets double-strand break
repair, and long-term adaptation fully initiates multiple repair mechanisms.94

Although the above studies  highlight  the  adverse effects  of  space station
environments on microorganisms, the station also functions as a screen for
microbes with extraterrestrial  application potential,  particularly extremophilic
microorganisms, thereby establishing a candidate functional microbial library
for future research.95 More than 50 in-situ adaptability and function tests on
microalgae  have  been  performed  in  space  stations,  which  are  critical  for
sustainable  life  support  systems.96 For  example,  Chroococcidiopsis  sp.
CCNEE 029 survives 1.5 years of space station exposure (desiccation, radiation,
vacuum) without increased genomic mutations, indicating protective mecha-
nisms against extreme environments.97 Another study shows that cyanobac-
terial  DNA  shielded  by  minerals  remains  stable  for  millions  of  years.98 The
radiation-resistant  Deinococcus  species  survive  one  year  under  combined
vacuum,  temperature  cycles,  and  radiation  in  space  station  experiments.99

Dormant  Bacillus  subtilis  spores  consistently  demonstrate  robust  tolerance
to  extremes,  serving  as  a  model  in  space  microbiology.100 The  European
Space  Agency  (ESA)’s  EXPOSE-R  experiment  confirms  that  these  spores
resist  extraterrestrial  conditions  in  a  dormant  state,  recover  viability  post-
exposure,  and  repair  DNA  damage.101 This  finding  provides  a  dormancy-
revival model of passive stress resistance, which complements the active meta-
bolic adaptation strategies of extremophilic microorganisms. In a simulation
of the ISS environment, Antarctic cryptoendolithic extremophilic fungi—toler-
ant to low temperature and radiation—show limited proliferation (survival rate
< 10%)  after  18  months  of  exposure,  as  measured  by  colony-forming  units.
Notably,  more  than  60%  of  single-cell  and  rock-associated  communities
retain intact membrane structures and highly stable genomic DNA, highlight-
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ing molecular stability under dehydration–radiation combined stress.102

 On-orbit biotechnology validation
A  series  of  biotechnological  validations  have  been  performed  in  space

environments.  Recent  studies  on  Sphingomonas  desiccabilis,  Bacillus
subtilis, and Cupriavidus metallidurans confirm that these microbes not only
survive  at  high  rates  under  space  station  microgravity  but  also  thrive  in
mineral environments resembling regolith (e.g., basalt), supporting their func-
tional potential in extraterrestrial-like conditions. Over the 21-day test period,
under different gravity conditions, the cell concentration of S. desiccabilis was
0.4–2.7  ×  109 cells/mL  and  Bacillus  subtilis  was  2.4–8.9  ×  107 cells/mL.
Although the concentration of C. metallidurans was not on the same order of
magnitude, it also lacked any statistically significant difference. This demon-
strates that differences in gravity have no significant effect on growth.103 An
in-situ  rare  earth  element  (REE)  mining  trial  under  ISS microgravity  showed
that for Bacillus subtilis acting on basalt,  the leached element concentration
was 3.2 × 10-2% to 4.1 × 10-3% of the total available amount. Crucially, the final
yield showed no significant difference across various gravity conditions. This

demonstrates  that  microbial  mining  in  space  is  feasible,  with  efficiency
comparable  to  that  on  Earth,  verifying  the  viability  of  using  microbes  for
extraterrestrial  bioconstruction.104 Although  gravity  differences  are  expected
to  affect  intracellular  metabolism  and  mining  efficiency,  a  space  station
experiment on vanadium ore leaching finds no significant difference in leach-
ing  rates  between  microgravity  and  Earth  gravity,105 further  confirming  the
promise of microbial mining in space.

Potential  risks in microbial-mediated construction technologies must also
be  considered.  Fungi  colonizing  the  Mir  Space  Station  caused  corrosion
damage  to  aluminum–magnesium alloys,  primarily  through  biofilm  forma-
tion  following  microbial  attachment,  which  accelerates  material
degradation.106 The first on-orbit study of long-term microbe–material inter-
actions by Zhang et al. reveals differences between space station and ground
simulation  results:  microgravity  further  accelerates  surface  corrosion  of
materials.107 Microorganisms  not  only  damage  aerospace  equipment  but,
more  seriously,  also  pose  significant  risks  to  astronauts'  health.  The  space
station, as a typical  closed and special  environment,  features unique micro-
gravity  conditions,  continuous  exposure  to  cosmic  radiation,  and  relatively
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Figure 2.  Multidimensional microbial responses in space station (A) Cell  morphology;82 reproduced with permission.82 Copyright 2020, Springer.  (B) Cell  growth rate;84 repro-
duced with permission.84 Copyright 2013, PLOS. (C) Encoded proteins.82 (D) Genetic changes;86 reproduced with permission.86 Copyright 2024, Springer. (E) Functional changes in
cells.87 reproduced with permission.87 Copyright 2024, Elsevier.
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high  carbon  dioxide  concentrations,  all  of  which  together  form  a  distinctive
environment. In this setting, microorganisms undergo remarkable changes in
their survival strategies and metabolic behaviors, with accelerated evolution-
ary  rates,  making  them  more  likely  to  develop  into  highly  toxic  bacterial
strains  with  multidrug  resistance.108,109 In  the  ionizing  radiation  environment
of  the  space  station,  the  growth  of  Aspergillus  niger  is  promoted,  and  the
synthesis level of its proteins is also upregulated. This fungus can cause ear
infections and may lead to invasive pulmonary aspergillosis. 110 Staphylococ-
cus  aureus,  a  common  pathogenic  bacterium  that  can  cause  pneumonia,
sepsis, and other illnesses, has also been found in large quantities in on-orbit
space  stations.  Other  microorganisms  that  harm  astronauts’ health  include
Klebsiella pneumoniae, Bacillus, etc. .111

Furthermore,  the  microbial  communities  living  in  astronauts’ bodies  also
pose threats to the human body as spaceflight duration increases,  affecting
body  parts  such  as  the  skin,  intestines,  and  oral  cavity.112 For  example,  a
comparison  of  astronauts  before  and  after  spaceflight  shows  that  viruses
such as Epstein - Barr virus, varicella - zoster virus, and cytomegalovirus are
reactivated  and  replicated  after  spaceflight.  These  viruses  may  cause  mild
infectious  inflammation  in  astronauts  and  may  even  increase  the  risk  of
lymphoma and  oral  squamous cell  carcinoma.113 Additionally,  Malassezia,  a
pathogen associated with seborrheic dermatitis  that adheres to skin-related
microorganisms  of  astronauts,  proliferates  during  spaceflight.114 To  prevent
and  control  the  impact  of  microorganisms on  astronauts’ health,  the  space
station  has  implemented  a  series  of  protective  management  measures.
Astronauts  undergo  regular  and  rigorous  cleaning  and  disinfection  for
personal hygiene; the station is equipped with a high - efficiency air filtration
system,  as  well  as  water  filtration  and  disinfection  systems  that  meet  high
standards,  with  dynamic  monitoring  of  microorganisms.  In  terms  of  diet,
functional  foods  such  as  multivitamins  and  probiotics  are  added,  and
vaccines are administered, all  to maximize protection for astronauts against
microorganisms.109

It should be noted that while the space station provides an invaluable plat-
form for validating biotechnology under microgravity conditions, it has inher-
ent limitations as a simulation platform for the deep space environment. The
station's LEO  is  subject  to  the  dual  shielding  of  both  the  Earth's  magneto-
sphere  and  the  solid  body  of  the  extraterrestrial  celestial  bodies  itself.  This
significantly attenuates the flux of galactic cosmic radiation, causing its radi-
ation environment to differ markedly from that of true deep space in terms of
dose, particle energy spectrum, and composition.115 According to monitoring
data from Berger et al.,  the daily dose rate from galactic cosmic radiation in
the  ISS  orbit  is  approximately  90–110  μGy/d,  which  is  considerably  lower
than  that  on  the  lunar  surface  (120–240  μGy/d)  and  the  Martian  surface
(approx.  140  μGy/d).  The  data  show  that  under  the  influence  of  changing
solar activity,  the radiation dose rate on the lunar surface can be more than
double that of the ISS during the same period.116 Adding to the complexity, the
deep  space  radiation  field  is  not  uniform.  Precise  data  collected  during  the
recent  Artemis  I  mission  in  cislunar  orbit  reveal  that  the  radiation  dose
exhibits  pronounced  dynamic  variations,  influenced  by  factors  such  as  the
spacecraft's  attitude  and  its  passage  through  the  Van  Allen  belts.  Critically,
the shielding effectiveness varies dramatically at different locations within the
spacecraft, which can lead to local dose differences of nearly fourfold.117

 PARADIGM FOR EXTRATERRESTRIAL BIOCONSTRUCTION
The realization of long-term and full-system construction through biologi-

cal  means  in  extraterrestrial  areas  faces  systemic  challenges  such  as
extreme environments and resource shortages. Based on the core idea of in-
situ resource utilization and relying on the environmental adaptation, material
transformation  and  autonomous  construction  functions  of  organisms,  this
study proposes a brand-new paradigm for the construction of extraterrestrial
organisms, as shown in Figures 3A-D.

Pioneering  extremophilic  microorganisms  initially  temper  the  hostile
extraterrestrial  environment,  establishing  micro-niches that  support  subse-
quent  biological  activity.  In  the  bioconversion  stage,  Microbial  metabolic
activities extract  minerals  from  local  regolith  substrates  and  provide  feed-
stock for the synthesis of structural alloys and construction materials. These
products  support  a  bio-directed  fabrication  phase  in  which  engineered
microbial consortia precipitate minerals and synthesize biopolymers, consoli-

dating  regolith  into  load-bearing  composites  while  integrating  harvested
metals.  All  astronauts  metabolic  outputs  are  incorporated  into  self-sustain-
ing life  support  system that  recycles water,  gases,  and nutrients,  redirecting
wastes  to  the  pioneering  and  fabrication  stages.  This  approach  achieves  a
complete  chain,  moving  from  Environmental  Transformation  to  Resource
Conversion,  then  to  Structural  Construction,  and  finally  to  Waste  Recycling
and life support.

 Biological pioneering
Biological  pioneering  constitutes  the  initial  biological  intervention  in

extraterrestrial  construction.  Through  synergistic  physicochemical  and
biological processes,  microbial  communities  transform  extreme  environ-
ments  and  regolith  into  primary  microbial  habitats  capable  of  supporting
subsequent biological  functions,  by establishing physical  barriers that shield
against  extraterrestrial  stressors  and  driving  metabolic  processes  that
provide essential nutrients for microbial growth. (Figure 4). This stage serves
as  a  critical  foundation  for  ecological  succession  and  engineering  on
extraterrestrial  surfaces  such  as  the  Moon  and  Mars.  Its  primary  functions
are adaptation to extreme environments and the construction of basic habi-
tats, forming a staged division of labor with subsequent phases that are dedi-
cated to the progression from environmental  foundation-laying to structural
construction.

Microbial communities including cyanobacteria, lichens, mosses, and other
taxa secrete extracellular polymers (e.g., polysaccharides, proteins) that bind
soil  particles  into  cohesive  biofilms  and  biofilaments,  generating  millimeter-
thick  biological  soil  crusts  (BSC)  at  the  surface.118 Serving  as  ecological
pioneers,  these  crusts  provide  both  physical  protection  and  biogeochemical
transformation.33 Their  low  water  requirements  and  robust  tolerance  to
extreme  temperatures  and  intense  light  allow  stable  colonization  in  high-
stress terrestrial  environments such as deserts and polar regions. Biological
crusts  modulate  soil  physical  properties,  including  pore  structure,  porosity,
particle  aggregation,  soil  stability,  surface  albedo,  and  temperature.119 Soil
structure—defined  by  the  arrangement  of  solid  particles  and  pore
spaces120—influences water retention, nutrient storage, and microbial activity
by  shaping  microenvironments  that  regulate  microbial  diversity  and
metabolism.121 For example, biocrusts have been used to repair soil damaged
by freeze-thaw cycles; the presence of the biocrust reduced the relative loss
of  soil  stability  caused  by  these  cycles  by  39.4%.122 On  a  global  scale,
biocrusts  effectively  stabilize  soil  surfaces,  which  is  estimated  to  reduce
global  atmospheric  dust  emissions  by  about  60%,  in  turn  decreasing  global
radiative forcing by approximately 0.12 to 0.22 W/m2.123

BSC  promote  soil  aggregation  through  several  mechanisms:  chemically,
EPS secreted  by  cyanobacteria  function  as  natural  cementing  agents,  bind-
ing  particles  into  microaggregates  through  functional  group  complexation;
physically,  the  three-dimensional  networks  formed  by  lichen  hyphae  and
moss rhizoids directly  entangle and stabilize soil  particles,  creating a robust
composite matrix.121 EPS and hyphal  networks resist  mechanical  erosion by
wind  and  micrometeorite  impacts,  providing  protected  microhabitats  and
stabilizing dust particles. For example, cyanobacteria and algae cultivated in a
Mars-like  environment  in  Inner  Mongolia,  China,  formed  a  biological  crust
that prevented dust emission and withstood wind speeds of 10 m/s without
structural  failure.124 Organic  matter  accumulation  and  aggregate  formation
gradually  enhance  water  retention,  nutrient  cycling,  and  pore  structure,
thereby supporting plant root growth and microbial colonization. Owing to the
small  particle  size  of  regolith,  biological  crusts  influence  complex  pore
networks that expand microbial habitats and facilitate direct microbial adhe-
sion,  supporting  metabolic  processes  such  as  microbially  induced  calcium
carbonate  precipitation  (MICP).  However,  large  pores  can  increase  gas  and
water  exchange,  reducing  water  retention  under  temperature  fluctuations.
Evidence indicates that biological crusts stabilize surface particles by limiting
water exchange with  the atmosphere,  primarily  through EPS and hydropho-
bic compounds that obstruct pores or form impermeable surface layers.125

Photosynthetic  crust  organisms—including  cyanobacteria,  lichens,  and
mosses—utilize  pigments  for  energy  conversion  and  light  absorption.126

Microbial communities in biological crusts also enhance DNA repair, counter-
ing ultraviolet radiation and desiccation.127 BSC exhibit efficient water acquisi-
tion (e.g., fog condensation and absorption) and nutrient cycling, creating self-
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sustaining microhabitats  suitable  for  life  in  extreme environments.128 During
crust  formation,  microbial  communities  modify  microenvironments:  lichens
lower soil pH via organic acid secretion, while certain bacteria increase pH by
producing  alkaline  metabolites.129 For  temperature  regulation,  the  physical
barrier of the crust reduces heat loss in winter and insulates against heat gain
in  summer.130 Pigments  produced  by  mosses  and  cyanobacteria  further
absorb  ultraviolet  radiation,  resulting  in  lower  surface  reflectivity  and  more
efficient solar energy absorption compared to bare surfaces.131

Extraterrestrial environments lack readily available carbon, nitrogen, phos-
phorus,  and  water—key  components  for  cellular  structure,  metabolism,  and
survival.  Therefore,  biological  pioneering  must  facilitate  the  extraction  and
recycling  of  these  elements.132 In  such  environments,  two  mechanisms  are
essential for sustained material cycling: atmospheric component cycling and
microbial  decomposition  of  regolith  to  access  essential  elements,  given
limited  resources  and  high  Earth  resupply  costs.  Microbe–mineral interac-
tions  can  release  elements  required  for  microbial  survival.133 On  Earth,
diatoms—photosynthetic  microbes  with  high  biodiversity—play  a  major  role
in  the  carbon–oxygen  cycle  by  fixing  carbon  dioxide  and  releasing  oxygen,
contributing 20%–30% of global oxygen production.134 Their adaptability and
efficient  material  conversion  suggest  strong  potential  for  extraterrestrial
applications.135 Biological  crusts  dominated  by  mosses  and  lichens  release
glucose  through  cellulose  breakdown,  providing  carbon  for  heterotrophic
bacteria  and  fungi.136 Nitrogen- and  carbon-fixing  microbes  introduced  into
regolith can supply nutrients for other microbes or plants.137,138 Cyanobacteria,
with unique metabolic advantages, drive material cycles in extreme environ-
ments by fixing carbon via photosynthesis and converting atmospheric nitro-

gen  to  bioavailable  forms.  For  instance,  they  utilize  Mars’ CO2-rich atmo-
sphere (96% CO2)  for organic synthesis and convert N2 (2.6% of the Martian
atmosphere)  to  NH4

+ or  nitrate.139 In  simulated  lunar  regolith,  phosphorus-
solubilizing bacteria  (Bacillus  mucilaginosus,  Bacillus  megaterium,  Pseu-
domonas  fluorescens)  release  bioavailable  phosphorus  from  insoluble
regolith  compounds.140 Microbes  obtain  trace  elements  such  as  iron,  zinc,
and copper from regolith by secreting organic acids or mediating redox reactions.
Aspergillus  niger  releases  trace  elements  through  organic  acid  synthesis,141

while Acidithiobacillus ferrooxidans oxidizes Fe2+ to Fe3+, destabilizing minerals
and  releasing  copper,  zinc,  and  other  elements,  thereby  acquiring  energy.142

EPS  secreted  by  cyanobacteria  capture  atmospheric  water  vapor  through
adsorption  and  network  structures,  creating  humid  microenvironments  on
the crust surface and reducing water loss at the system level.58

 Biological conversion
Bio-ISRU, which refers to microbially  mediated in-situ resource utilization,

enables  the  energy-efficient  conversion  of  local  extraterrestrial  materials  to
directly  or  indirectly  supply  construction-ready  products.  A  key  pathway
within  bio-ISRU  is  biological  mining  (biomining)—the  extraction  of  metals
from  minerals  by  biological  systems—which  is  characterized  by  low  energy
demand  and  minimal  environmental  impact  and  currently  contributes  to
~15% of global copper production.143 Given the severe energy constraints and
hostile  conditions  that  impede  conventional  mining  in  space,  biomining
provides  a  viable  route  to  recover  metals  from  the  abundant  lunar  and
Martian regolith, thereby supplying critical construction feedstocks—including
iron, aluminum, and nickel—for the development of off-Earth infrastructure.18
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Lunar  regolith  primarily  comprises  four  main  mineral  groups:  plagioclase
(anorthite  end-member,  CaAl2Si2O8), pyroxene  (clinopyroxene  and  orthopy-
roxene,  (Mg,Fe)Si2O6),  olivine  ((Mg,Fe)SiO4),  and  ilmenite  (FeTiO3).144 The
regional  mineralogy  of  lunar  regolith  varies:  maria  regions  are  rich  in  the
above components, whereas highland regolith is dominated by plagioclase.145

In  contrast,  Martian  regolith,  predominantly  basaltic,  contains  plagioclase,
olivine,  pyroxene,  hematite,  magnetite,  halides (e.g.,  antarcticite,  CaCl2·6H2O),
oxychlorides  (e.g.,  sodium  perchlorate,  NaClO4),  sulfates  (e.g.,  alunite,
KAl3(SO4)2(OH)6;  gypsum,  CaSO4·2H2O),  phosphates  (e.g.,  bobdownsite,
Ca9Mg(PO3F)(PO4)6),  and  carbonates  (e.g.,  ankerite,  CaFe(CO3)2).146 Martian
regolith, therefore, presents a broader elemental diversity than lunar regolith.
For  extraterrestrial  bioconstruction,  the  focus  is  on  extracting  iron,  silicon,
aluminum,  and  magnesium.145 Specifically,  iron  and  titanium  are  obtained
from  ilmenite,  hematite,  and  magnetite;  silicon  from  pyroxene,  olivine,  and
silica;  aluminum  from  plagioclase;  and  magnesium  from  magnesium-rich
silicates and carbonates. Beyond regolith resources, recycling space debris is
expected  to  become  an  important  supplemental  source  of  construction
materials.  Research  demonstrates  that  elements  such  as  iron,  copper,  zinc,
and  nickel  can  be  extracted  from the  metallic  components  of  space  launch
debris  and  electronic  waste.147 Elements  such  as  zinc,  often  deficient  for
extraterrestrial biological processes, may be supplied through this route. Iron,
a key construction element,  accounts for 5–22 wt% of lunar regolith and up
to 17 wt% in Martian regolith,148 with recent research focusing on its extraction.

Two principal categories and four subcategories of extraterrestrial biological
mining  methods  have  been  proposed,142,148,149,150 as  illustrated  in
Figures 5A-D. The first category, magnetic extraction, relies on the directional
enrichment  of  dissolved  iron.  For  example,  Escherichia  coli  utilizes  Fe2+ in
aqueous  solutions  to  synthesize  magnetically  responsive  modified  ferritin,
while  Magnetospirillum  gryphiswaldense  employs  Fe3+ as  a  substrate  for
biomineralization,  forming  magnetosomes—both  processes  concentrate
dispersed iron ions into magnetically separable solids via microbial metabo-
lism. The second category, magnetic precipitation, is induced by the leaching
and  transformation  of  mineral  iron:  Shewanella  oneidensis  uses  lactate  to
reduce  solid  Fe3+ to  aqueous  Fe2+,  promoting  magnetite  formation;

Acidithiobacillus  ferrooxidans  oxidizes  solid  Fe2+ to  Fe3+ in  the  presence  of
oxygen  and  CO2,  similarly  generating  magnetite.  Among  these  four  mining
microorganisms,  E.  coli,  M.  gryphiswaldense,  and  S.  oneidensis  are  hetero-
trophs  that  require  organic  carbon  sources  such  as  glucose  or  lactate  for
growth.  To  address  this,  Olsson  et  al.  proposed  employing  the  autotrophic
cyanobacterium  Anabaena  cylindrica  for  mining.  This  strain  fixes  CO2 via
photosynthesis  to  generate  energy  and  secretes  organic  acids  and  EPS,
directly  dissolving  metals  such  as  iron,  aluminum,  magnesium,  zinc,  and
nickel  from  lunar  plagioclase  and  Martian  basalt.  For  example,  A.  cylindrica
can  grow  on  hydrated  basalt  at  a  rate  of  0.315  day-1 while  simultaneously
leaching  61.48  μM of  Ca2+ and  125.04  μM of  K+.151 In  the  leaching  of  major
elements subsystem, experiments have confirmed that specific microorgan-
isms  possess  strong  mineral-solubilizing  capabilities.  For  example,  meth-
anogens can reductively  dissolve  pyrite  under  anaerobic  conditions,  thereby
mobilizing and releasing essential industrial elements like iron and sulfur.152 In
the  leaching  of  rare/precious  metals  subsystem,  microbial  leaching  has
demonstrated high efficiency in recovering rare earth elements (REEs) in the
laboratory,  with  extraction  efficiencies  reaching  up  to  80%.  Through  genetic
engineering (e.g.,  expressing REE-binding proteins),  the recovery rate can be
further increased to 90%, providing a validated technological pathway for the
in-situ  production  of  advanced  materials  off-world.153 As  natural  organic
carbon is scarce the lunar and Martian environments, their direct application
is constrained Fortunately, the CO2 provided by the atmosphere on Mars can
serve as a source of organic carbon, while carbon sources on the Moon are
relatively  scarce.  Biological  mining  technologies  show  clear  promise  in
extraterrestrial  resource  processing.  For  instance,  Castelein  demonstrated
that  S.  oneidensis  pretreatment,  combined  with  magnetic  extraction,
increases  iron  enrichment  by  5.8  times  and  iron  concentration  by  43.6%  in
simulated  Martian  regolith.  Treated  samples,  after  3D  printing,  exhibited
compressive  strengths  up  to  13  MPa,  confirming the  feasibility  of  microbial
processing of construction resources under extraterrestrial conditions.154

In addition to metal  extraction,  the application of biological  mining to REE
development in extraterrestrial environments has gained increasing attention.
In-situ experiments aboard the ISS confirm that microorganisms can extract
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REE  from  extraterrestrial  minerals,  offering  new  opportunities  for  resource
self-sufficiency  in  future  bases.104 Analysis  of  lunar  geological  samples—
including  regolith  returned  by  Apollo  missions  and  lunar  meteorites—show
REE enrichment in multiple minerals, such as apatite, monazite, and yttrium-rich
phases (e.g., lunar rocks containing up to 4.6 wt% yttrium and 0.25 wt% neody-
mium).155 The  Lunar  Prospector  identified  potential  REE-enriched  zones  by
mapping  thorium distribution—while thorium is  not  a  rare  earth,  its  anoma-
lous distribution is  often associated with  REE-rich areas—using gamma-ray
spectrometry.156 On Mars and other bodies, rare earths are present in apatite,
perovskite,  and  yttrium-bearing  minerals  (e.g.,  xenotime.).155,156 The  Mars
Perseverance rover’s PIXL instrument directly detected yttrium and cerium in
samples from Jezero Crater, verifying the detectability of REE on Mars.157 REE
obtained  by  biological  mining  can  be  applied  directly  in  extraterrestrial
bioconstruction  systems  as  functional  materials  to  enhance  construction
technology. They may be used to prepare thermal barrier coatings that with-
stand  extreme  temperature  fluctuations,158 serve  as  radiation  shielding  to
protect  electronic  devices  from  deep-space  particles  and  ultraviolet
damage,159 improve  the  strength,  toughness,  and  ductility  of  structural
ceramics,  and enhance stability  during  particle  sintering.160 Additionally,  rare
earths  are  essential  for  advanced  electronic  devices  (e.g.,  high-precision
sensors, detectors) and functional materials (e.g., self-healing ceramics, high-
efficiency  solid-state  fuel  cells),161,162enabling  extraterrestrial  construction
systems to achieve superior adaptability and reliability.

 Biological fabrication
Following  biological  pioneering  and  biologival  conversion,  which  establish

environmental  control,  ensure  nutrient  availability,  provide  feedstocks  for

microbial activity, and the metal, the subsequent step is biological fabrication.
In  this  context,  it  refers  specifically  to  the  use  of  biological  processes  to
produce construction materials for habitat infrastructure.

Regolith’s  high  looseness  and  poor  cohesion  prevent  its  direct  use  as  a
building  material,  making  sustainable  improvement  necessary.  Within  the
domain of biological fabrication, MICP provides a scalable pathway to trans-
form  in-situ  resources  into  load-bearing,  construction-ready  composites.  In
this  biological  cementation  process,  microbial  metabolism  (e.g.,  ureolysis)
generates carbonate/bicarbonate ions that react with available Ca2+ (native or
supplied) to precipitate CaCO3, forming calcite cement bridges between parti-
cles and thereby increasing stiffness and strength.163 MICP is categorized into
four  types  according  to  microbial  metabolism:  sulfate  reduction,  ureolysis,
iron reduction, and denitrification,164,165 as illustrated in Figure 6. In denitrifica-
tion,  microorganisms  (e.g.,  Pseudomonas  denitrificans,  Thiobacillus)  use
nitrate  (NO3

-)  as  an  electron  acceptor,  reducing  it  stepwise  to  nitrogen  gas
(N2)  through  dissimilatory  reduction  while  oxidizing  organic  carbon
substrates  (e.g.,  glucose,  acetate)  to  inorganic  carbon  (CO2)  or  bicarbonate
(HCO3

-).  This process raises pH and facilitates CaCO3 formation.166 Denitrifi-
cation-induced  cementation  forms  a  robust  mineral  network  via  cement
deposition,  pore  filling,  and  surface  roughening,  thereby  improving  cyclic
resistance  and  anti-liquefaction  properties.167 Here,  acetate  as  a  carbon
source and nitrate as a nitrogen source support both energy metabolism and
microbial anabolism for bacterial growth. In urea hydrolysis, urease-producing
microorganisms  hydrolyze  urea  (NH2CONH2)  to  ammonia  (NH3)  and  CO2,
yielding ammonium (NH4

+) and hydroxide ions (OH-),  which increase pH and
promote  CaCO3 precipitation.168 In  Martian  environments,  urea  can  be
synthesized  in  situ  using  CO2 and  N2 as  feedstocks.  By  contrast,  the  Moon
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faces greater limitations in this regard due to insufficient availability of such
resources. Fortunately, human urine is a stable biowaste continuously generated
during space missions. Each astronaut produces about 49.7 kg of urine daily,
providing  a  significant  source  of  urea  for  MICP.169 The  feasibility  of  this
approach for soil stabilization has been recently confirmed. For instance, the
world's  first  urine-based bio-brick,  with  a  compressive  strength  of  2.7  MPa,
was  created  by  solidifying  sand  with  urine  and  calcium  hydroxide.170 More-
over,  carbide sludge,  a  waste material,  has also been effectively  used as an
alternative calcium source with urine for soil solidification.171 The rapid reaction
enables  quick  high-strength  cement  formation,  but  the  release  of  ammonia
requires  careful  process  control.  Among  strains,  Sporosarcina  pasteurii  is
notable for stable urease activity at high pH and strong ammonia tolerance.165

In  sulfate  reduction,  sulfate-reducing  bacteria  (e.g.,  Desulfovibrio)  reduce
sulfate (SO4

2-) to hydrogen sulfide (H2S) and HCO3
-, which reacts with calcium

ions (Ca2+)  to  precipitate  CaCO3.  The high sulfate  abundance in  Martian soil
(e.g., gypsum, jarosite) supplies substrates for this pathway, offering a poten-
tial  route for in-situ Martian construction. Hydrogen sulfide by-products can
be  oxidized  to  elemental  sulfur,  supporting  extraterrestrial  sulfur  cycles;
however, lunar sulfate scarcity limits its utility on the Moon.146 In iron reduc-
tion,  iron-reducing  bacteria  (e.g.,  Geobacter,  Shewanella)  reduce  ferric  iron
(Fe3+)  to  ferrous  iron  (Fe2+),  generating  HCO3

-,  which  precipitate  CaCO3 with
calcium.172 Martian  regolith’s  high  iron  oxide  content  (e.g.,  hematite)  allows
direct  use  of  in-situ  iron,  reducing  material  transport  costs  and  improving
material  cycling  efficiency;  in  contrast,  lunar  regolith,  although  iron-rich,
contains  little  oxidized  iron  and  needs  pre-oxidation  to  initiate  the  process.
These microbial strategies provide sustainable solutions for in-situ construction
in extraterrestrial environments.

In terrestrial  sands,  particle  size  and  gradation  determine  the  pore  struc-
ture and permeability, significantly influencing the calcium carbonate precipi-
tation  pattern  and  macroscopic  mechanical  performance.173 Experiments
have shown that well-graded soils with a moderate content of fine particles
are more conducive to forming "carbonate bridges," thereby enhancing mate-
rial strength. However, when the fine particle content is excessive, pore throat
clogging can occur,  confining deposition to the surface layer  near the injec-
tion point and leading to internal consolidation failure. At the same time, this
environment hinders the survival or transport of bacteria.174 In contrast, lunar
regolith (e.g., as found in Chang'e-5 sample) is primarily composed of impact
debris,  glass,  and  agglutinates.175 It  is  characterized  by  a  unimodal  particle
size  distribution  with  a  mode  of  approximately  50  µm,176 sharp  angularity,
high surface reactivity,  and a significant  interlocking mechanism.177 Further-
more,  under  vacuum  conditions,  it  carries  a  negative  electrostatic  charge,
which  creates  repulsion  with  negatively  charged  mineralizing  bacteria.178

Such characteristics can lead to more complex grouting behavior.  However,
numerous  studies  have  confirmed  the  potential  of  extraterrestrial  bio-
construction in terrestrial laboratories by optimizing processes and adjusting
the  gradation  of  regolith  simulants.  Dikshit  et  al.  extensively  investigated
MICP  for  extraterrestrial  regolith  solidification.19 In  2021,  their  team  used
Sporosarcina  pasteurii  to  solidify  simulated  lunar  regolith,  achieving  a
compressive strength of 0.16 MPa through bacterial induction; the addition of
guar  gum  as  a  biopolymer  markedly  enhanced  cementation,  increasing
compressive strength to 2.38 MPa. Glass fiber improved material toughness
but  reduced compressive  strength.  The team also tested the technology on
simulated  Martian  regolith,  finding  that  Sporosarcina  pasteurii  alone  did  not
form a solidified structure. By optimizing additive combinations—introducing
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guar  gum  and  nickel  (a  crucial  metal  in  urease  active  centers)—they over-
came solidification bottlenecks:  compressive  strength increased to  3.3  MPa
for simulated lunar regolith and reached 5.65 MPa for Martian regolith, verify-
ing the synergistic effect of  multi-component additives on cementation effi-
ciency.179 Although MICP is validated for simulated lunar and Martian regolith,
improvements in  solidification  strength  and  adaptation  to  extreme  environ-
ments  remain  necessary.  Shi  et  al.  proposed  a  bio-carbonation  method  for
MgO  using  urea  pre-hydrolysis,  where  MgO  reacts  with  water  and  urea-
derived  carbonates  to  form  hydrated  magnesium  carbonates,  achieving  a
compressive strength of 10 MPa.180

Under  the  shared  vacuum  or  low-pressure,  high-radiation,  and  sub-zero
conditions  of  the  Moon  and  Mars,  the  four  MICP  pathways  diverge  in  their
suitability.  Ureolysis  achieves  the  fastest  reaction  kinetics  and  the  highest
CaCO3 yield, making it optimal for engineering efficiency; however, it relies on
imported urea and releases NH3. Denitrification is clean and nearly anoxic but
depends  on  native  nitrate—abundant  on  Mars  but  scarce  on  the  Moon.
Sulfate  reduction  can  utilize  Martian  sulfates  but  is  constrained  by  limited
sulfate  on  the  Moon  and  releases  H2S.  Iron  reduction  leverages  Fe3+-rich
regolith  on  both  the  Moon  and  Mars,  forming  siderite,  but  requires  organic
electron donors. All four pathways require liquid water and thermal regulation.

Enzyme Induced Calcite Precipitation (EICP) holds significant potential  for
extraterrestrial  construction.  The  process  utilizes  free  urease  enzymes  to
catalyze  urea  hydrolysis,  forming  CO3

2- which  precipitates  with  Ca2+ into
CaCO3, thus eliminating the need to sustain living cells. The enzymes can be
sourced  from  plants  (e.g.,  jack  beans,  soybeans)  or  bacterial  lysates.
Compared  to  MICP,  which  relies  on  aerobic  growth  and  metabolism,  EICP
does not require microbial respiration or proliferation. Experimental evidence
shows that  the  hydrolysis  efficiency of  purified  urease is  minimally  affected
by oxygen availability,181 and the technique is characterized by simple opera-
tion  and  strong  adaptability.  Furthermore,  freeze-dried  enzymes  offer  an
extended shelf life, facilitating remote deployment and on-site activation, and
exhibit greater stability and efficacy than liquid enzymes. For instance, Ng et
al.  demonstrated  that  preserving  urease  at -20°C  increased  its  activity  by
326%  and  the  shear  strength  of  EICP-treated  soil  by  238.8%,  proving  that
freeze-drying is an effective improvement method for EICP.182 These features
are highly compatible with the low-oxygen or enclosed working conditions on
the Moon and Mars.  The typical  12 nm size of urease enzymes,183 over 100
times smaller than microorganisms, allows for deep penetration into microp-
ores, preventing clogging and promoting uniform precipitation—a key advan-
tage  for  fine-grained extraterrestrial  regolith.  However,  a  potential  drawback
of  EICP is  the lack of  nucleation sites in  pores,  which can lead to inefficient
precipitation  and  reduced  cementation  efficiency.184 From  a  performance
perspective,  EICP technology is better suited for extraterrestrial  construction
needs.  Its  main  potential  hurdle  is  cost,  driven  by  the  expensive  chemical
extraction of high-purity urease, which is also difficult to recycle long-term in
off-world environments. Therefore, cost management remains a key consid-
eration.  Notably,  emerging  low-cost  solutions,  such  as  extracting  crude
urease from plants like soybeans and jack beans, provide a new path to lower
preparation  expenses.185 Continued  progress  in  this  area  could  enable  the
large-scale  production  of  crude  urease,  meeting  the  demands  of  extensive
EICP applications and paving the way for its implementation in extraterrestrial
construction.

Mycelium-based  biomaterials  have  received  considerable  attention  in
recent  years.  Compared  with  traditional  materials,  mycelium—due  to  its
biological  properties—acts  as  an  effective  adhesive,  enabling  low-cost  and
low-energy  cementation  of  organic  matrices  through  self-assembled  dense
fibril  networks.  During  growth,  mycelium  secretes  long  fibers  that  invade,
degrade,  and  colonize  organic  matrices,  forming  a  three-dimensional fila-
mentous network.  As  mycelium  expands  and  crosslinks,  secreted  biopoly-
mers  facilitate  both  physical  entanglement  and  chemical  bonding  between
fibers  and  organic  particles,  resulting  in  strong,  self-supporting
materials.186,187 This  property  has  enabled  researchers  to  develop  thermal
insulation  materials  and  soundproofing  materials  using  fungal
mycelium.188,189 The feasibility of mycelium as a building block has also been
demonstrated; for example, using sugarcane molasses as a culture medium
and  a  mixture  of  clay  and  waste  coconut  shells  as  the  matrix,  researchers
achieved a compressive strength meeting the minimum 3.5 MPa standard for

masonry bricks. This shows that mycelium can function as a fiber adhesive,
biocomposite  binder,  or  stabilizer,  effectively  enhancing  the  load-bearing
capacity  of  mycelium-based  bricks.190 Traditional  MICP  relies  on  microbial
mineralization  for  cementation  but  is  limited  by  short  microbial  viability  and
limited internal  structural  control.  Fungal  mycelium overcomes these limita-
tions through its three-dimensional network, which prolongs microbial activ-
ity (maintaining high viability after 4 weeks) and allows for complex geomet-
ric  structures.  Additionally,  fungal  ureolytic  mineralization  complements
bacterial  MICP,  enabling  the  selection  of  self-mineralization  or  synergistic
mineralization  to  balance  material  stiffness  and  long-term  activity.191 For
example, embedding the photosynthetic cyanobacterium Synechococcus sp.
PCC 7002 into  inert  sand–hydrogel  scaffolds,  researchers  found  that
cyanobacterial  carbonate  biomineralization  significantly  increased  the
mechanical  strength  of  the  hydrogel  matrix.  Regulation  of  temperature  and
humidity further enhances microbial metabolic activity, resulting in long-term
survival  rates  nearly  10-fold  greater  than  those  in  conventional  cement-
based materials.192

Beyond  these  cementation  strategies,  biopolymers  can  also  facilitate
cementation.  One  study  used  human  serum  proteins,  sweat,  and  urine  as
adhesives to cement simulated regolith, achieving compressive strengths up
to 39.7 MPa.193 This bio–mineral coupling strategy points to a new approach
for  creating  materials  with  sustainability,  durability,  and  tunable  structure,
advancing biological cementation from short-term function to living material
systems and providing a technical foundation for extraterrestrial construction.

 Self-sustaining life support
Following the completion of biological cementation and the establishment

of  extraterrestrial  habitats,  internal  ecological  circulation  systems  become
essential for both short-term occupancy and long-term habitability. The Envi-
ronmental  Control  and  Life  Support  System  (ECLSS)  manages  waste
processing, atmospheric regeneration, water purification, and nutrient cycling,
providing  the  foundation  for  human  survival  in  extreme  environments.20

Microorganisms  are  central  to  these  processes.17,137 On  average,  humans
consume 641 g of  dry  food, 3216 g of  water  (approximately  equally  divided
between drinking and food moisture), and 806 g of oxygen daily, while excret-
ing 94 g of  feces, 1630 g of  urine,  and 943 g of  carbon dioxide.194 On Earth,
the atmosphere serves as an unlimited buffer for oxygen supply and carbon
dioxide regulation.  However,  in  closed extraterrestrial  habitats  or  spacecraft,
restricted ventilation results in respiratory-derived carbon dioxide accumula-
tion.  Elevated  carbon  dioxide  concentrations  directly  threaten  crew  health,
causing  symptoms  such  as  headaches  and  fatigue.195 Astronauts perform-
ing  2  hours  of  high-intensity  activity  per  day  require  approximately  1  kg  of
oxygen daily,139,196 highlighting the need for efficient biological oxygen produc-
tion and gas recycling in closed systems.197

Photoautotrophic  organisms,  including  cyanobacteria,  microalgae,  and
plants, are optimal for life support due to their ability to remove carbon diox-
ide and produce oxygen and organic matter using sunlight, with productivity
exceeding  that  of  higher  plants.139 Their  integration  in  life  support  systems
has  been  extensively  studied.  Photosynthetic  efficiency  reached  86%  of  the
theoretical maximum.198 Experimental data demonstrate that a 20 L culture of
Chlorella  can  satisfy  the  oxygen  and  water  needs  of  a  single  person.199

Beyond green algae, cyanobacteria are promising for life support because of
their  unique chlorophyll-f,  which enables far-red photosynthesis and oxygen
production in low-light or filtered-light environments, such as Martian or lunar
shadowed regions.200 Early bioregenerative life support research, such as the
Soviet BIOS-3 facility, integrated an 18 L Chlorella reactor into a closed-loop
system  for  1–3 people,  achieving  20%  atmospheric  closure  through  photo-
synthesis. With  subsequent  incorporation  of  air  and  water  circulation  tech-
nologies,  the  closure  rate  rose  to  80–85%.201 The recent  PBR@LSR  experi-
ment on the ISS tested a hybrid system in which astronaut-exhaled CO2 was
concentrated  using  ESA  equipment  and  supplied  to  a  Chlorella  reactor  for
oxygen and biomass production. Although the experiment was halted prema-
turely due  to  power  failure  and  leaks,  initial  biomass  accumulation  signifi-
cantly  exceeded  control  experiments.202 However,  calculations  indicate  that
photosynthetic  oxygen  production  to  meet  one  person’s  needs  requires  1.3
kg  of  carbon  dioxide  input  per  day,  while  only  about  1  kg  is  available  from
human  metabolism.139,203 Thus,  it  is  necessary  to  extract  additional  oxygen
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from  excreta  and  regolith.  The  microbial  metabolic  pathways  described  in
biological pioneering and mining can be adapted for resource recycling within
closed environments to meet oxygen requirements.

Water  is  the  most  critical  consumable  for  humans;  astronauts  need  an
estimated  20  liters  daily  for  drinking  and  other  uses  (showering,  laundry,
dishwashing,  and  toilet  flushing).204 Water  treatment  systems,  distinguished
by  differences  in  microbial  oxygen  requirements,  can  be  divided  into  four
main technical  approaches:  aerobic  treatment  (nitrification),  anoxic  treat-
ment (denitrification), anaerobic treatment (methanogenic fermentation), and
phototrophic  bioconversion  (microalgal  photosynthesis).205 The  membrane
bioreactor  (MBR),  a  hybrid  technology,  has  attracted  wide  attention  for  its
high  pollutant  removal  efficiency  and  resource  regeneration,  achieved  by
combining membrane separation and biological  processes.206 Biomembrane
systems in  space consist  of  biofilms,  carriers,  wastewater,  and gas phases.
Numerous studies  have explored microbial  waste  treatment  for  extraterres-
trial  scenarios.  For  example,  Tang et  al.  utilized a two-layer  MBR to achieve
100% water recycling and 87% solid waste recovery,  using microbial  extrac-
tion of organic matter and nitrogen to support survival for six astronauts in a
closed  system.207 However,  biofilm  thickness  remains  a  critical  parameter:
insufficient  thickness  reduces  conversion  efficiency  due  to  limited  active
biomass,  while  excessive  thickness  impedes  substrate  penetration  and
causes carrier blockage, thereby lowering pollutant treatment capacity.206

Microorganisms are also integral to nutrient cycling in extraterrestrial habi-
tats, enabling their use as food, facilitating nutrient recycling, and supporting
the  production  of  microbial-based  foods.208 Achieving  nutritional  self-suffi-
ciency for astronauts requires an adequate supply of proteins, carbohydrates,
and fats. Microalgae such as Spirulina and Chlorella have unique advantages
as  space  food:  their  protein  content  ranges  from  30%  to  80%  by  weight,209

and they are rich in essential unsaturated fatty acids (e.g., Omega-3),210 trace
elements,96 and antioxidants.211 Despite their nutritional value, poor palatabil-
ity and color currently limit their use as staple foods,139 but they can serve as
protein supplements or dietary additives in bread and biscuits.212 For nutrient
recycling,  urine  can  be  purified  to  recover  water  and  also  enables  targeted
extraction  of  nitrogen  and  phosphorus.  For  example,  biobattery  technology
uses microorganisms in the anode chamber (e.g., Firmicutes, Proteobacteria)
to  degrade  organic  matter  in  urine,  while  the  cathode  chamber  converts
ammonia  nitrogen  to  nitrate  via  nitrification;  this  nitrate  then  reacts  with
magnesium ions to form struvite. This process not only generates electricity
but  also  recovers  90%  of  phosphorus  from  urine.213 Another  method  used
Nitrosomonas  and  Nitrobacter  to  convert  ammonia  nitrogen  in  urine  to
nitrate,  which  is  then  reduced  to  nitrogen  gas  by  denitrifying  bacteria  (e.g.,
Pseudomonas), achieving efficient nitrogen removal.214

In  bioregenerative  systems,  microorganisms  play  an  essential  role  in
processing decomposable solid materials, including human metabolic waste
and  inedible  plant  residues.  The  primary  step  in  solid  waste  recycling  is
drying,  which  separates  moisture  from  solids,  retains  organic  matter,  and
removes inorganic components. The dried waste is then fermented in biore-
actors containing degrading microbial communities, enabling efficient mate-
rial  recycling.137 Microorganisms facilitate  the  conversion  and cycling  of  key
nutrients such as nitrogen and phosphorus by degrading organic waste. For
example,  proteases  secreted  by  bacteria  like  Bacillus  subtilis  hydrolyze
proteins in excreta into amino acids and ammonia nitrogen, which are subse-
quently  converted  to  nitrates  by  nitrifying  bacteria  and  made  available  as
nitrogen  sources  for  plants.215 Phosphorus-solubilizing bacteria  (e.g.,  Pseu-
domonas spp.,  Burkholderia spp.,  Agrobacterium spp.) secrete organic acids
and phosphatases,  transforming  insoluble  phosphorus  into  soluble  phos-
phate  salts  that  plants  can  absorb.  The  combined  effect  of  vermicompost
and  phosphorus-solubilizing  bacteria  enhances  phosphorus  extraction  by
increasing phosphatase efficiency in  converting organic phosphorus:  water-
soluble  phosphorus  concentrations  increase  by  up  to  106%  compared  with
uninoculated controls,  significantly improving the bioavailability  of  otherwise
insoluble  phosphorus.216 Lee  et  al.  developed the  AF-ISM process  using  the
engineered  strain  Rhodococcus  jostii  PET  S6  to  extract  minerals  such  as
magnesium, calcium, iron, and manganese from simulated lunar and Martian
regolith. Their study also emphasizes the value of anaerobic-pretreated fecal
waste:  its  leachate,  enriched  in  essential  nutrients  and  metal  ions,  when
combined  with  regolith  simulants,  supports  RPET  S6  growth  and  enhances

lycopene  biosynthesis.  Lycopene  production  using  this  medium  matches
Earth-based controls and reduces overall costs.217

Building  on  these  approaches,  several  integrated  closed-loop  systems
have  been  proposed.  The  ESA  initiated  the  MELiSSA  (Micro-Ecological  Life
Support System Alternative) program in the late twentieth century to develop
a biological life support system for closed environments—the longest-running
initiative of its kind.218 The system consists of five interdependent functional
compartments,  each  containing  specific  microorganisms  or  higher  plants.
Through  biological  conversion,  human  metabolic  waste  is  transformed  into
oxygen,  recycled water,  and edible  nutrients,  creating a closed-loop ecosys-
tem  for  material  cycling.  In  this  system,  humans  function  as  consumers,
microorganisms conduct waste recycling, and plants or cyanobacteria act as
producers,  synergistically  maintaining  a  stable  foundation  for  sustaining  life
in  closed  habitats.  Human-generated  organic  and  inorganic  waste  is  first
transferred to fermenting bacteria, which preliminarily process carbon waste,
nitrogenous compounds,  and  minerals  before  passing  material  to  photo-
heterotrophic  bacteria  for  further  processing.  The  output  then  proceeds  to
nitrifying  bacteria,  which  convert  it  to  nitrates,  minerals,  and  carbon
dioxide—resources used by cyanobacteria and higher plants. Through photo-
synthesis,  these  organisms  generate  food,  water,  and  oxygen  for  humans,
closing the ecosystem loop. Microbial communities digest and liquefy feces,
solid  waste,  and  urine  into  CO2 volatile  fatty  acids,  and  minerals  (including
NH4

+).  Photoheterotrophic  bacteria  further  utilize  volatile  fatty  acids  and
minerals  to  produce  nutrients  and  process  NH4

+,  which  nitrifying  bacteria
convert  into  plant- and  cyanobacteria-accessible  NO3-.  Cyanobacteria  and
higher  plants  then  assimilate  NO3

-,  minerals,  and  CO2 via  photosynthesis  to
supply oxygen and edible nutrients for humans. Within China’s Lunar Palace
1 project, optimized plant cultivation techniques efficiently supply oxygen and
nutrient-rich  fruits  and  vegetables,  while  edible  insect  farming  is  being
explored as a protein production strategy. Urine and condensate water treat-
ment systems extract greywater and potable water, respectively. Initial exper-
iments achieved a urine nitrogen recovery rate of 20.5%, a solid waste degra-
dation rate of 41%, and a food regeneration rate of 55%.219 Building on Lunar
Palace 1,  Fu et  al.  further  optimized gas balance mechanisms in the “Lunar
Palace 365” project  using two strategies:220 (1)  plant  photoperiod regulation,
with dynamic feedback control of light duration to precisely modulate photo-
synthesis  and  balance  CO2 absorption  and  O2 release rates;  and  (2)  adjust-
ment of  solid  waste  reactor  activity,  with  optimized temperature  to  acceler-
ate  microbial  catabolism,  enabling  active  control  of  CO2 generation  and  O2

consumption during fermentation. The project demonstrated strong material
cycling,  with  urine  and  solid  waste  recovery  rates  reaching  99%  and  67%,
respectively, providing  critical  validation  for  gas  stability  and  resource  effi-
ciency in long-term closed ecosystems.

In  addition to  life  support,  microorganisms also enable  energy production
through microbial  fuel  cells,  which oxidize organic matter  in  urine or  waste-
water, root exudates from living plants, inorganic waste such as sulfides, and
even certain gaseous pollutants.221

 CONSTRUCTION APPLICATION BLUEPRINT
Building  on  the  new  paradigms  of  extraterrestrial  bioconstruction

discussed  above,  this  section  presents  a  consolidated  application  blueprint.
This  blueprint  not  only  outlines  specific  construction  scenarios—such  as
biological  bricks,  foundation  solidification,  crack  repair,  and  radiation-resis-
tant materials—but also integrates the critical pathways for overcoming plan-
etary  environmental  constraints  and  assesses  the  developmental  readiness
of each technological component. The surface regolith of the Moon and Mars
comprises silty  soils  with broad particle size distributions and low plasticity,
lacking  clay  minerals  and  organic  cements.  These  properties  result  in
extremely weak interparticle bonding, with cohesion on the order of hundreds
of pascals, shear strength in the range of thousands of pascals, and natural
bearing capacity between tens and hundreds of kilopascals.222,223 Construct-
ing  infrastructure  such  as  habitats,  roads,  and  landing  pads  directly  on  this
substrate often results in settlement, instability, and dust pollution. For large-
scale  foundation solidification,  traditional  cement-based methods are  costly
and  resource-intensive, making  MICP a  promising  alternative  with  substan-
tial  advantages for  extensive treatment.  MICP has already been validated in
large-scale experiments and engineering applications.224 Van Paassen estab-
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lished a 100 m3 test  site filled with poorly  graded sand,  equipped with three
injection  wells  for  introducing  microbial  and  nutrient  solutions  and  three
extraction wells for recovering reaction fluids.225 The soil’s strength and stiff-
ness had already improved, reaching a peak compressive strength of 12 MPa
on the 16th day. Subsequently,  this technology was scaled to treat 1000 m3

of  soil  at  depths  between  3  and  20  meters.226 In  another  large-scale  MICP
trial on a 2.3-meter-tall sandy slope with a 3:1 slope ratio (horizontal:vertical)
in  North  Carolina,  USA,  freeze-thaw  cycles  had  negligible  effect  on  MICP-
treated  soil,  demonstrating  the  stability  of  biocementation.227 These  studies

confirm  the  feasibility  of  MICP  for  foundation  solidification.  However,  large-
scale  MICP  applications  are  challenged  by  spatial  variability  in  cementation
and  suboptimal  strength.  Researchers  are  addressing  these  issues  using
discrete element  modeling  and  molecular  dynamics  simulations  to  investi-
gate  calcite  precipitation  in  porous  media,228,229 providing  the  foundation  for
scalable MICP implementation.

Under extreme  extraterrestrial  conditions,  building  materials  must  with-
stand  multiple  adverse  factors,  such  as  pronounced  high-low  temperature
cycles, strong cosmic radiation, and severe dryness. These stressors cause a
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Table 2.  TRL assessment and basis at each stage.

Phase Subsystem Representative Milestones TRL

Biological
Pioneering

P-1: Ecological
Colonization & Surface
Stabilization

Syntrichia caninervis can withstand simulated Mars environments (-196°C, extreme desiccation,
and radiation exposure), serving as a pioneer plant for extraterrestrial colonization.244 Lichens can
tolerate extreme desiccation, vacuum pressures down to 10−7–10−4 Pa, ionizing radiation up to 190
mGy, and wide temperature fluctuations (-196°C to 70°C).63

3

P-2: Nutrient & Resource
Supply

(i) Biocrusts can increase water vapor adsorption by 30%;245 (ii) Phosphorus-solubilizing bacteria
increase available phosphorus in lunar regolith simulant ;140 (iii) Cyanobacteria cultured in a 100
hPa CO2/N2 atmosphere can support the growth of other organisms.246

3

Biological
conversion

C-1: Leaching of Major
Elements

Leaching of Ca, Mn, Fe, Mg, Al, etc., from regolith simulant using Penicillium simplicissimum in a
simulated microgravity environment.247 4

C-2: Leaching of
Rare/Precious Metals

Under space station conditions, Sphingomonas desiccabilis increases the leaching of Nd/Ce;104

Penicillium simplicissimum can leach elements like Pd and Pt from meteoritic material in a space
station environment.248

6

Biological
fabrication

T-1: Inorganic
Consolidation

Sporosarcina pasteurii combined with urea and MgO solidifies lunar regolith simulant, achieving a
compressive strength of ~10 MPa.180 4

T-2: Fungal Composite
Aggregation

A viable mycelium scaffold can be produced, with active components maintaining vitality for at
least 4 weeks.191 3

T-3: Bioremediation MICP-based repair of LHS-1 lunar regolith bricks: compressive strength recovery of 28%–54%
after 20 days.233 3

Self-sustaining
life support

L-1: Nutrient Bioreactor The Yuegong-1 (Lunar Palace 1) BLSS demonstrated that plant production could fully meet plant-
based food needs, achieving 100% recovery of oxygen and water.220 6

L-2: Microbial Fuel &
Energy Storage

Production of rocket propellant using photosynthetic cyanobacteria, saving ~32% in power
consumption.249 3

 

Table 3.  Summary of key resources and utilization potential across spatial dimensions.

Environment Applicable Microbe Types (Validated or Potential Value) Available Local Resources/Raw
Materials

Potential Synthesized
Materials/Products

Earth's Surface

Diverse natural microbial consortia: (a) Bio-pioneering:
Cyanobacteria, lichens; (b) Bio-conversion: Sporosarcina
pasteurii, fungi; (c) Bioconstruction technologies: Sporosarcina
pasteurii, fungi; (d) Self-sustaining life systems: Chlorella vulgaris
(wastewater treatment), Bacteroides (biogas fermentation)

Soil, rich atmosphere (N2, CO2,
O2), liquid water, abundant
natural biomass materials
(cellulose, chitin, etc.)

Biocement/consolidated soil,
mycelium composite materials,
bioplastics, biofuels (biogas),
environmental bioremediation
(carbon sequestration, nitrogen
sequestration)

Space Station Chlorella vulgaris, Microalgae/cyanobacteria

Microgravity conditions, external
exposure platforms, waste
streams from life support
systems (astronaut-exhaled CO2,
urea from urine, wastewater),
and resupplied water and
nutrients from Earth.

Food, oxygen, regenerated water,
as well as synthesized
pharmaceuticals and 3D-printing
bio-inks.

Moon

(a) Biological pioneering: Cyanobacteria, lichens, Deinococcus
radiodurans, microalgae;
(b) Biological conversion: Shewanella oneidensis
(c) Biological fabrication: Sporosarcina pasteurii, Pleurotus
ostreatus
(d) Self-sustaining life systems: Photosynthetic cyanobacteria

Anorthositic/basaltic lunar
regolith (containing ilmenite),
polar water ice, urea (from
astronaut urine).

Bio-bricks, radiation shielding
materials, metals such as Ti, Fe,
Al, Mg, REEs, water, and essential
biological nutrients.

Mars

(a) Biological pioneering: A. cylindrica, lichens, Deinococcus
radiodurans, Dechloromonas aromatica, microalgae
(b) Biological conversion: Shewanella oneidensis, Photosynthetic
cyanobacteria
(c) Biological fabrication: Sporosarcina pasteurii, Desulfovibrio,
Pleurotus ostreatus
(d) Self-sustaining life systems: Photosynthetic cyanobacteria,
nitrogen-fixing cyanobacteria, Methanobacterium formicicum

CO2, N2, basaltic Martian regolith
(containing hematite, magnetite),
nitrates, sulfates, perchlorates,
polar water ice, and urea (from
astronaut urine).

Bio-bricks, radiation shielding
materials, rocket propellant,
metals such as Fe, Al
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notable reduction in mechanical properties, thermal conductivity, and durabil-
ity.9 Microcracks  and  micropores  commonly  develop,  further  compromising
structural  integrity  and  thermal  stability.  Microbial  self-healing  technology
can precipitate minerals  such as CaCO3 within cracks,  filling and cementing
defects in situ, restoring the original properties, and extending service life. For
example, Jongvivatsakul et al. artificially generated cracks 120 mm in length
and  20  mm  in  depth;  after  20  days  of  repair,  the  surface  crack  area  was
reduced by 85%, and the compressive strength was 43% higher than that of
cracked  controls.230 In  addition  to  direct  injection  of  microorganisms  into
cracks  and  pores,  self-healing  concrete  has  also  been  proposed.  There  are
two  main  mechanisms  for  self-healing  concrete:  (1)  incorporating  repair
microorganisms  during  initial  material  formation  and  (2)  employing  carriers
to  protect  microorganisms  as  a  component  of  the  starting  material.231 The
first  approach  yields  relatively  high  early-stage  strength  but  environmental
fluctuations during formation reduce microbial survival. The second method,
which  uses  carriers  such as  capsules  to  shelter  microorganisms,  preserves
viability  during  adverse  formation  conditions,  enabling  activation  of  repair
functions  upon  crack  formation.  When  cracks  develop,  microorganisms  are
released from the capsules and initiate repair. Roda et al. developed capsules
based  on  bacterial  powder,  nutrient  solution,  SAP,  and  EPS,  incorporating
both aerobic and anaerobic bacteria.232 This system avoids premature reac-
tions  during  drying  and enhances repair  capability.  The  reported  repair  area
rate for  cracks  between  50  and  600  μm  reached  90%.  Recent  studies  indi-
cate  that  repairing  sintered  simulated  lunar  regolith  cracks  can  restore
compressive  strength  by  28%–54%  .233 Microbially  produced  EPS  can  form
protective  shells  around  materials,  shielding  them  from  freeze-thaw  cycles,
chemical exposure, and microbial erosion, thereby prolonging service life. The
complex  EPS  matrix  helps  materials  tolerate  fluctuating  humidity  and
extreme  temperatures.  Microbial  polysaccharides  can  also  spread  across
surfaces, creating a gelatinous barrier that isolates the matrix from the exter-
nal  environment.  This  film  mitigates  the  effects  of  extreme  temperatures,
radiation, and sand erosion, and reduces potential microbial colonization. The
polysaccharide  network  not  only  builds  an  efficient  water  vapor  barrier  but
also  adsorbs  and  buffers  trace  volatiles,  substantially  enhancing  the  long-
term service performance of the extraterrestrial building envelope in complex,
stress-coupled environments.234

The “Phoenix” Mars  probe  discovered  high  concentrations  of  perchlorate
(0.4%–0.6%  wt)  in  the  regolith.235,236 Perchlorate  is  a  strong  oxidant  and  an
energy  carrier.  Three  main  strategies  exist  for  addressing  perchlorate:  (1)
introducing organic substances, ferric chloride, hydrochloric acid, or plants to
decompose  and  remove  perchlorate;197,237 (2)  screening  perchlorate-tolerant
microorganisms on Earth or employing genetic engineering to enhance toler-
ance in other strains ,238 including perchlorate-resistant cyanobacteria and E.
coli  DH10B;239,240 and  (3)  utilizing  perchlorate-reducing bacteria  to  decom-
pose  perchlorate  and  remediate  regolith,  producing  useful  energy
substances. The biological decomposition pathway of perchlorate consists of
three  key  enzymatic  steps.  The  initial  reduction  is  catalyzed  by  perchlorate
reductase, converting ClO4

- to chlorite (ClO2
-),  which is the rate-limiting step.

Subsequently,  chlorite  dismutase  (Cld)  rapidly  converts  chlorite  to  chloride
(Cl-)  and  molecular  oxygen,  the  latter  being  directly  utilizable  by  biological
systems.241,242 This  process  removes  perchlorate  toxicity,  releases  oxygen,
and allows purified Martian soil to serve as a substrate for plant cultivation or
as  a  microbially  driven  construction  module.  In  addition,  electrons  released
during  chlorate  oxidation  can  be  harvested  to  power  biological  batteries,243

providing  a  continuous  energy  source  for  extraterrestrial  automated
construction equipment and robotics. Mars’ carbon dioxide-rich atmosphere
can  also  be  utilized  by  microorganisms:  (1)  as  a  carbon  source  to  support
microbial  growth  and  self-sustaining  life  systems;  (2)  directly  in  MICP  for
material  production;  and  (3)  as  an  electron  acceptor  in  microbial  batteries,
thereby supplying energy.139

To provide a clear development roadmap, this study systematically evalu-
ates  the  Technology  Readiness  Level  (TRL)  for  each  subsystem  within  the
proposed four-phase bioconstruction framework, as detailed in Table 2. This
assessment reveals  a  broad  spectrum  of  technological  maturity.  Founda-
tional concepts in the Biological Pioneering phase, such as surface stabiliza-
tion and initial  nutrient supply,  are largely at the lab-based proof-of-concept

stage (TRL-3). In contrast, more advanced subsystems have achieved higher
readiness.  For  example,  the  Biological  Conversion  of  rare  metals  and  the
ground-based  prototypes  for  Self-sustaining  Life  Support  bioreactors  have
been successfully  demonstrated  in  relevant  environments,  including  in-orbit
on  the  ISS,  reaching  TRL-6.  The  table  summarizes  the  evidence  supporting
each  TRL  assignment,  pinpoints  the  key  challenges  currently  limiting
progress, and  defines  the  specific  research  required  to  advance  each  tech-
nology to the next level. In addition to assessing the technological maturity of
each  subsystem,  it  is  crucial  to  summarize  the  available  resources  and
constraints that  define  each  operational  dimension.  These  resource  bound-
ary  conditions  directly  influence  which  technologies  are  feasible  and  how
they must be adapted. Therefore, Table 3 provides a systematic overview of
the  key  resources  and  their  utilization  potential  across  the  Earth,  LEO,  and
extraterrestrial  dimensions  (Moon/Mars).  This  summary  clarifies  the
resource  landscape  that  will  shape  the  development  and  deployment  of
bioconstruction technologies at each stage of the roadmap.

Additionally,  extraterrestrial  bioconstruction  must  adhere  to  Planetary
Protection principles to prevent Forward Contamination." The deployment of
engineered  microbes  risks  irreversibly  altering  celestial  environments,
compromising  scientific  research,  and  harming  potential  native  life.  These
risks  evolve  throughout  the  construction  lifecycle,  shifting  from  the  initial
danger of  ecological  contamination  during  the  pioneering  phase,  to  chal-
lenges  of  industrial  biosafety  and  permanent  landscape  alteration  during
construction, and finally to the unpredictable evolution of closed ecosystems.
Addressing  these  challenges  requires  a  proactive,  multi-layered  mitigation
strategy  integrated  from  the  design  phase.  This  approach  should  combine
genetic  safeguards,  robust  process-level containment  with  waste  inactiva-
tion, and strict operational protocols involving phased progression and zonal
management.

 CONCLUSIONS
Establishing sustainable human habitats in extraterrestrial environments is

a  grand  engineering  endeavor  in  which  microbe-centered  bioconstruction
plays  a  pivotal  role,  demanding  a  transition  from  conventional  construction
concepts  to  full-lifecycle  solutions.  This  review presents  a  paradigm of  full-
lifecycle  extraterrestrial  bioconstruction  and  an  implementation  roadmap
across spatial scales, encompassing foundational research on Earth, verifica-
tion  aboard  space  stations,  and  application  on  the  Moon  and  Mars.  By
synthesizing  the  shared  adaptive  mechanisms  and  regulatory  strategies  of
terrestrial  extremophiles  under  multiple  stresses,  the  roadmap  provides  a
theoretical foundation for  the engineering,  screening,  and utilization of  func-
tional microbial strains. In orbit,  the feasibility of biomining and biocementa-
tion  has  been  demonstrated  under  microgravity  and  radiation,  elucidating
environmental  impacts  on  microbial  function  and  metabolism  and  guiding
risk  mitigation  for  in-situ  deployment.  For  target  bodies  such  as  the  Moon
and Mars, a four-stage scheme is outlined, comprising biological pioneering,
biological  conversion,  fabrication,  and  self-sustaining  life  support.  This
scheme begins  with  pioneering  and  conversion  as  phases  for  early  settle-
ment  and  environmental  conditioning;  proceeds  to  resource  extraction  and
material  supply  through  fabrication;  and  ultimately  aims  to  achieve  habitat
construction and closed-loop operation. Collectively, it offers a comprehensive,
practicable blueprint for sustainable lunar and Martian base development.

 DISCUSSIONS
 Rapid multi-stress screening of pioneer microorganisms

Earth extremophilic microorganisms develop their defences—such as DNA
repair  pathways—within  relatively  simple  and  stable  ecological  niches.  In
contrast,  lunar  and  Martian  environments  exert  simultaneous,  nonlinear
stresses, so single-trait strains are inadequate.250 Conventional culture-based
testing cycles remain slow and low-throughput.251 Furthermore, microgravity
can alter protein abundance in radiation-resistant D. radiodurans.252 AI-driven
genome–phenotype–environment models now predict multi-resistance gene
sets.253 Deep-learning  frameworks,  including  Transformer  architectures,
integrate diverse stress datasets to design customised chassis microorgan-
isms.254

Beyond initial stress tolerance, a critical challenge is the genetic and func-
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tional stability of natural  or engineered strains during long-term exposure to
extraterrestrial environments.  Previous  studies  have  indicated  that  condi-
tions such  as  space  radiation  and  microgravity  can  induce  genomic  struc-
tural  variations  and  functional  decay  over  successive  passages,  potentially
undermining the  stability  of  synthetic  ecosystems  designed  for  extraterres-
trial  construction.95 Moreover,  during  adaptive  evolution,  strains  may  exhibit
metabolic  or  performance  trade-offs,  such  as  enhancing  survivability  at  the
expense  of  reducing  the  yield  of  a  target  product.255 Therefore,  future  work
must focus on developing strategies that incorporate both functional perfor-
mance  and  evolutionary  robustness  from  the  initial  design  stage.  These
strategies should be integrated with methods such as experimental evolution,
omics monitoring,  and modeling  to  investigate  potential  evolutionary  trajec-
tories and their associated risks, ultimately enhancing the long-term sustain-
ability of extraterrestrial synthetic ecosystems.

 High-throughput on-orbit verification and data feedback
Payload  restrictions  on  the  ISS  and  Tiangong  limit  most  experiments  to

single-strain survival snapshots, and hardware failures may cause complete
data loss. Ground-based simulators now reproduce up to nine space-related
factors  but  still  deviate  from  real  orbital  conditions.256 Lab-on-chip  (μTAS)
platforms can culture multiple strains under graded,257,258 combined stresses
during  flight,  transmit  real-time  metabolic  data,  and—through  AI-guided
space–ground  co-optimization—create  a  closed  in-orbit–ground  feedback
loop, substantially accelerating experimental cycles.259

 Carbon availability: A critical resource constraint for the moon
While  bioconstruction  strategies  based  on  autotrophic  microorganisms—

such as  cyanobacteria-driven metal  bioleaching and photosynthetic  MICP—
are  highly  sensitive  to  CO2 availability, Mars  and  the  Moon  present  funda-
mentally different  carbon  source  boundary  conditions.  The  Martian  atmo-
sphere is dominated by CO2 (~95%), and in-situ demonstrations have already
proven  that  an  ISRU  pathway  of  "CO2 collection, compression,  and  conver-
sion" is technically viable.260

In  stark  contrast,  the  Moon  lacks  any  readily  available  free  CO2,  which
implies  that  in  a  lunar  context,  CO2-dependent  bioconstruction  strategies
cannot  rely  on  the  premise  of  sourcing  from  the  ambient  environment  and
must instead shift towards engineered CO2 supply and closed-loop manage-
ment. Specifically, two primary approaches can be prioritized: first, leveraging
closed-loop carbon management, which would use CO2 recycled from astro-
naut respiration or established self-sustaining ecosystems as a foundational
carbon  source,  paired  with  urea-driven  MICP  technology  (where  the  carbon
source  is  derived  from  urea  decomposition  rather  than  environmental  CO2).
The  second  approach  involves  exploring  the  extraction  of  CO2 from  lunar
polar  volatiles,261 which could also serve as a  foundational  starting point  for
establishing a polar resource utilization chain.

 Mechanistic insight into extraterrestrial biotechnology
Macroscopic  indicators  such  as  cyanobacterial  O2 yield  provide  limited

information  about  how  microbes  drive  mineral  precipitation  or  reprogram
metabolism  under  combined  extreme  conditions.  A  multi-scale  workflow—
using omics to identify mineralisation and stress-tolerance genes, cryo-elec-
tron microscopy and molecular-dynamics simulations to examine structural
resilience,  and  in-situ  AFM–Raman  spectroscopy  to  monitor  ion  migration
and  crystal  growth—rapidly  links  genotype  to  function,  expediting  rational
strain selection.

 Long-term service performance of biobased materials
Biocements and mycelium composites must withstand vacuum, radiation,

temperature fluctuations,  and chemical  exposure over  extended periods,  yet
most available data come from short-duration, single-factor laboratory tests
that  obscure  actual  degradation  pathways.  High-fidelity  exposure  platforms
with  continuous  monitoring  should  provide  damage  datasets  for  coupled
thermal–mechanical–chemical–radiation FE/DE  models,  supporting  sensi-
tivity analysis and service-life prediction. Integrating these models and sensor
data within a digital-twin framework enables real-time calibration,  informing
compositional  adjustments  and  reliability  assessments  of  extraterrestrial
structures.
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