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SAF environmental surface microbial population
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ISS environmental surface microbial population (MT-1)
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Influence of crew on the microbial diversity
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The other 50% of 
novel species remain 

absent from public 
databases even now

All 86 novel species characterized were first 
discovered and reported by our group from 
microorganisms recovered from SAF and 
ISS, with genomes deposited in NCBI and 
represented in IMG. Notably, nearly 50% 

were recognized in public databases only 
after we submitted their genomes.
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Can metagenome capture PP-relevant 
taxa that are low in abundance?
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dPCR



dPCR
QIAcuity Four Platform





Can’t get MAGs



No enough DNA (less than 
pg or sub fg/m2) for 

generating Long reads
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Boxplots of SourceTracking estimates for 
microbial source contributions to ISS 

microbiota
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Issues and concerns about biofilm on ISS system

31Photos from Mr. Donald Layne Carter, 
NASA Marshall Space Flight Center 
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Rhodotorula mucilaginosa Dimorphic Pigmentation 

Lids



KSC Microgravity Simulator Support Facility (MSSF)
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• KSC MSSF allows for simulated 
µ-gravity on a variety of 2D and 
3D simulators (including the
3D Gravite).

• Data is indicating that specific 
yeast isolates from R. 
mucilaginosa produce larger 
biofilms when grown in simulated 
microgravity.

ns = > 0.05 

* = 0.05 - 0.0049 

** = 0.0049 - 0.0005 

*** = < 0.00049 

Rhodotorula mucilaginosa Biofilm formation Under 
Simulated µGravity          . 





The hblACD genes (hblA, hblC, hblD) are 
significant because they encode the three-
component hemolysin BL (HBL), one of the 
primary diarrheal enterotoxins produced by 
the Bacillus cereus group, which includes B. 
cereus and B. thuringiensis.

The nheABC genes encode the Three-
Component Non-Hemolytic 
Enterotoxin (Nhe), a major virulence 
factor in Bacillus cereus responsible 
for severe food poisoning and 
diarrheal syndrome.

The BAS3109 gene encodes a thiol-activated 
cytolysin that plays a significant role in the 
virulence of Bacillus anthracis, the 
bacterium responsible for anthrax.

BA
S3

10
9

hb
lA

hb
lC

hb
lD

nh
eA

nh
eB

nh
eC



Stress response genes (clp proteases)
Clp proteases are 
crucial, ATP-
dependent protein-
degrading molecular 
machines 
that maintain protein 
homeostasis by 
removing misfolded or 
damaged proteins 
during environmental 
stress. They function 
as essential survival 
mechanisms against 
heat, oxidative, and 
osmotic stress, while 
regulating virulence 
and biofilm formation 
in bacteria.
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Detect Earth-based  but 
modified microbial 
signatures (HGT/SNP…)
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How can metagenomics and other biomolecular techniques be 
incorporated effectively into planning for forward and backward 

planetary protection during human exploration of Mars?
• Metagenomics and related biomolecular methods should 

be incorporated as part of a multi-layer monitoring 
architecture spanning pre-launch, transit, surface 
operations, sample handling, and Earth return. 

• They are most valuable when used not as a stand-alone 
technology, but as part of a decision system that links 
who is there, what they can do, whether they are 
viable, where they are moving, and what operational 
risk they pose. 
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Is it time for biomolecular data to replace the spore standard for 
evaluation of biological cleanliness of robotic and crewed 

spacecraft?
• Not yet as a full replacement—but yes as the basis for the 

next-generation standard.
• The spore assay is too narrow to represent the real 

biological burden of modern spacecraft, but biomolecular 
methods are not yet standardized enough, by themselves, 
to serve as the only compliance metric across agencies 
and mission classes. 
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Are metagenomic studies of orbiting and landed lunar spacecraft a 
critical part of the Moon-to-Mars architecture for planetary 

protection?
• Yes—primarily as an operational testbed, not because the 

Moon poses the same biological risk as Mars.
• The Moon is not Mars, but cislunar and lunar missions are 

the most realistic place to validate the tools, workflows, 
contamination models, and crew-operational protocols 
that human Mars planetary protection will require. 
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Assuming a duration of two to three years for the first crewed 
mission to Mars, what changes can we anticipate in the microbiota 
of crewed spacecraft between departure from and return to Earth?
• We should expect the spacecraft microbiota to become more 

human-associated, more habitat-selected, more spatially 
differentiated, and functionally enriched for stress survival, 
biofilm formation, and antimicrobial resistance determinants, 
even if total diversity does not collapse completely. 

• That expectation is based on ISS and astronaut longitudinal 
studies, though a Mars mission would likely amplify some trends 
because of longer duration, tighter closure, radiation exposure, 
constrained resupply, and repeated habitat reuse.
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Developments in Planetary Protection Science—Clean-Room 
Extremophiles, Metagenomics, and Space Stations

1. Metagenomics should be integrated now into Mars PP planning, but as 
part of a layered framework with dPCR, viability assays, cultivation, and 
transport modeling. 

2. The spore standard should no longer be stand alone, but biomolecular 
data are not yet mature enough to be the sole compliance standard. 

3. Lunar and cislunar missions are essential rehearsal space for Moon-to-
Mars planetary-protection metagenomics. 

4. Mars transit and surface missions will drive microbiome succession, 
making longitudinal molecular surveillance a mission requirement, not a 
research luxury.
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Key Message
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