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O, is very rare in the universe

Element Abundance in
Universe, by Mass
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O, Is a powerful and very reactive oxidant
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Few natural sources of O, on Earth (and in the universe?!)

Photosynthesis — biotic — major
Radiolysis of water — abiotic — minute

Electrolysis of water, e.g. via lightning — abiotic - minute

Light-independent dismutation of nitric oxide or chlorite — biotic -

A
(HCOH)n + nO2

nH20 + nCO2

Ruff et al, FEMS Microbiol Ecol 2024



Distribution of 02 on Earth

O, —and thus strict aerobes - are only abundant in environments that are sunlit, or well-mixed

and in direct exchange with a sunlit environment

Environments that are permanently dark and isolated from surface processes are devoid of

oxygen and organisms that require O,




Strictly aerobic methanotrophs are abundant in subsurface

Methanotrophic activity in Carboniferous coalbed rocks
Potential for Aerobic Methane Oxidation in Carboniferous
b Coal Measures

Microbial carbon cycling in oligotrophic regional aquifers near
the Tono Uranium Mine, Japan as inferred from §'°C and
AY™C values of in situ phospholipid fatty acids and carbon sources

Younger Methylomonas scandinavica sp. nov., a New Methanotrophic
@ Intermediate Psychrotrophic Bacterium isolated from Deep Igneous Rock
Older, SO4% Ground Water of Sweden

@® older Ultradeep Microbial Communities at 4.4 km within
Crystalline Bedrock: Implications for Habitability in
a Planetary Context

Metagenomics of Hydrocarbon Resource Environments Indicates
Aerobic Taxa and Genes to be Unexpectedly Common

Active Microbial Communities Inhabit
Sulphate-Methane Interphase in Deep Bedrock Fracture
Fluids in Olkiluoto, Finland
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Kalyuzhnaya et al. Syst Appl Microbiol 1999
Mills et al. Geochim Cosmochim Acta 2010
An et al. Env Sci & Tech 2013

Stepniewska et al. Int J Coal Geol 2014
Pytlak et al. Geomicrobiol J 2014

Bomberg et al. BioMed Res Int 2015
Purkamo et al. Life 2020
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Dissolved oxygen in ancient groundwaters

Deep Oxygenated Ground Water:
Anomaly or Common Occurrence?

Anthropogenic Anoxification (““Eutrophication’’) of the
Water Table Region of a Deep Phreatic Aquifer

Stable isotope composition of molecular oxygen in soil gas and groundwater: A potentially
robust tracer for diffusion and oxygen consumption processes
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Sulfur mass-independent fractionation in
subsurface fracture waters indicates a long-standing
sulfur cycle in Precambrian rocks
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Ruff et al, Nature Communications 2023
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Ronen et al 1987 Wat Resources Res
Aggarwal & Dillon 1998 Geochim Cosmochim Acta
Li et al. 2016 Nat Comms




A source of isotopically light oxygen in groundwater!!!
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In situ production of O, is common in groundwater

Jordon Hemingway

100 200 300 400
[DO] (umol kg™)

Ruff et al, FEMS Microbiol Ecol 2024



Pathways of microbial “dark oxygen” production

1) Chlorite dismutation

CI
ClO3 P%r/c—'rb ClO; ‘L( AG"= -100 k
O;

2) Nitric oxide dismutation

A) example: Candidatus Methylomirabilis oxyfera

2NO; g—» AG®= -173 kJ/mol-&

B) example: Nitrosopumilus maritimus
Nirk nk 2N,0 -
4NO; =—» 4NO == 5 AG®'= -165 kJ/
4e”
2

Ruff et al, FEMS Microbiol Ecol 2024



Chlorite dismutases are widespread in the tree of life

Pseudomonadota,
Halobacteriota,
Acidobacteriota,
Planctomycetota,
Actinomycetota,

Thermoproteota,

KSB1,

Verrucomicrobiota

Halobacteriota,
Pseudomonadota,

Planctomycetota
Pseudomonadota,

Thermoproteota

Pseudomonadota,

Bacteroidota,

Actinomycetota,
CG2-30-70-394,

Acidobacteriota,

P
Ranjani
Murali

25 phyla have the genetic capability to
perform chlorite dismutation

— 9 were added by this analysis

Organisms capable of chlorite
dismutation are widespread in nature

Meso- and thermophilic spore formers
isolated from underground gas storage

Murali, Vidal et al unpublished
Balk et al. 2008 Appl Environ Microbiol
Balk et al. 2010 Appl Microbiol Biotechnol




Oxygen anomalies and DOP are widespread in nature

Oxygen-deficient
coastal waters

Anoxic sediments

Methane seeps

Wastewater
treatment

Fresh water bodies
and wetlands

Contaminated Anoxic aquifers

anoxic aquifers

Deep hypoxic aquifers .DOP g

Hydrocarbon reservoirs

Deep crystalline bedrock

Ruff et al, FEMS Microbiol Ecol 2024

Detection of microbes and
O genes with the potential for
producing oxygen without light
Ca. Methylomirabilis oxyfera
Nitrosopumilus maritimus
Dechloromonas sp.
Sediminibacterium sp.

Detection of strictly aerobic
9 microbes and O2-consuming
metabolic pathways

e Aerobic methane oxidation
e Aerobic ammonia oxidation
e Terminal oxygen reductases

@ Detection of 02 anomalies

¢ |sotopically light dissolved 02

e Detectable/elevated
concentrations of dissolved 02




Implications for the Seafloor 4
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origins and limits of life 3-8 x 1029 WS SIS

r.

Oceans
1 x 10%°

50 — 80% of Earth’s microbes live in

subsurface environments

Microbial cells on Earth:

~1,000,000,000,000,000,000,000,000,000,000

Kallmeyer et al. PNAS 2012
Magnabosco et al. Nat Geosci 2018
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Implications for the origins and limits of life

O, is essential for the evolution  FEiER
of macroscopic organisms .
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~ Prokaryote

Atmospheric oxygen concentration vs Primaevifium

organismal complexity

4000 1000

Huang et al. Sci Chin Earth Sci 2021 (modified) Age (Ma) 15




Implications for the origins and limits of life

O, is essential for the evolution of complex multicellular life
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Atmospheric oxygen concentration vs organismal complexity
Stamati et al. J Tissue Eng 2011 16



Example of a Mars subsurface analog site

@ !?;}! .
'/V'Fe{to iI“:aro Kido

Lin et al. 2005 Geochem Gegghys Geosys
Warr-et al. 2022 Nat Comms

Nisson et al. 2023 Geochim Cosmochim Acta
Nisson et al. 2024 ISME Comms

2.9 km deep sampling site inside
Moab Khotsong gold mine

South African Witwatersrand Basin
Brines were isolated from surface
processes for ~1.2 Ga

Active microbes are present
Dissolved oxygen is present likely
from radiolysis

Genomic capabilities for aerobic

metabolisms



Implications for Mars exploration and protection

Perchlorate - precursor for chlorite dismutation - is abundant on Mars
O, generation for habitation via microbial chlorite dismutation is a
potential source of forward contamination

H,O extraction for human habitation via drilling is a potential source of
contamination

Microbial communities could be sustained by radiolysis

Liquid water in the Martian mid crust could sustain life

Microbes might have been (or still be) present only in subsurface

Accessing past or present life might require sophisticated drilling and

sample preservation Davila et al. 2013 Int J Astrobiol
: : : Wasilewski 2018 Planet Space Sci
Risk of backward contamination Wright, Morzfeld & Manga 2024 PNAS

Vidal et al. 2025 Microbial Biotechnol
Image: NASA



Nothing in the Ruff lab makes sense except in the light of ...

Valerie De Anda, Carolina Carvalho,
Diana Dumit, Valier Galy, Tetyana
Gilevska, Jordon Hemingway, Manuel
Kleiner, Ketil Koop-Jakobsen, Beate
Kraft, Kirsten Kisel, Molly Moynihan,
Ranjani Murali, Toshiki Nagakura,
Maria Pachiadaki, Laura Schwab, Mitch
Sogin, Marc Strous, Roger Summons,
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