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Chapter 5

FOLLOW THE OXYGEN: COMPARATIVE HISTORIES OF PLANETARY
OXYGENATION AND OPPORTUNITIES FOR LIFE

Ward, Lewis M., Vlada Stamenkovi¢, and Woodward W. Fischer. In preparation.

Abstract

Aerobic respiration—the ability to couple the reduction of molecular oxygen (O,) to the
oxidation of reduced compounds while conserving energy to drive cellular processes —is
the most widespread and bioenergetically favorable metabolism on Earth today. Aerobic
respiration is essential for the development of complex life, and so the presence of
abundant molecular oxygen is a crucial component of planetary habitability. O, on Earth
is supplied by oxygenic photosynthesis, but it is becoming more widely understood that
other, abiotic processes may supply small amounts of O, on other worlds. It is not yet
clear however whether these sources are sufficient for aerobic organisms. Observations of
the modern Martian atmosphere and analysis of the Martian rock record suggest a history
of relatively high O, as a result of photochemical processes, potentially overlapping with
the range of oxygen concentrations used by biology. Europa, meanwhile, may have
accumulated high oxygen concentrations in its subsurface ocean due to the radiolysis of
ices at its surface. Recent modeling efforts have suggested that coexisting water and
oxygen may be common on exoplanets, with confirmation from measurements of
exoplanet atmospheres expected in the near future. In all of these cases, O, is thought to
have accumulated through abiotic processes, independent of photosynthesis. If correct,

this would have far-reaching implications for interpretations of the habitability of these
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worlds, potentially allowing the development of highly-energetic aerobic respiration, and

even the complex multicellular life which depends on it, without first evolving oxygenic
photosynthesis, a biochemically-complex metabolism which has evolved only once in
Earth history. This suggests a new approach to investigating planetary habitability:
“Follow the Oxygen”, in which environments with opportunities for energetic

metabolisms such as aerobic respiration are targeted for investigation and life detection.

Introduction

Aerobic respiration—the ability to couple the reduction of O, to the oxidation of
reduced compounds such as organic carbon, ferrous iron, reduced sulfur compounds, or
molecular hydrogen while conserving energy to drive cellular processes—is the most
widespread and bioenergetically favorable metabolism on Earth today. Aerobic
respiration is also viewed as essential for the development of complex multicellular life
(Catling et al. 2005), and so the presence of abundant molecular oxygen is a crucial
component of planetary habitability (Cockell et al. 2016). O, on Earth is almost entirely
supplied by oxygenic photosynthesis—a sophisticated metabolism involving the
photochemical oxidation of water (Fischer et al. 2016)—but it is becoming more widely
appreciated that other, abiotic processes may supply small amounts of O, and related
compounds such as H,0O, (e.g. Borda et al. 2001, Liang et al. 2006, Lu et al. 2014). While
it appears that these abiotic oxidant fluxes are insufficient to supply biologically useful
oxygen concentrations on the Earth (Pavlov et al. 2001), differing histories and

conditions on other planets could lead to sufficient accumulation of oxygen to
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concentrations that would be relevant to biology. Observations of such abiotically

produced oxygen oxygenation have been made on Mars, and are predicted for Europa and
certain classes of exoplanets, potentially to be confirmed by upcoming observations.
Classically, the Pasteur Point—the O, threshold at which brewer’s yeast
transitions from respiration to fermentation (~3 uM)—has long defined the assumed
lower oxygen limit for the viability of aerobic respiration. However, recent experiments
involving diverse organisms under extremely low oxygen concentrations have
demonstrated aerobic respiration and growth at far lower oxygen concentrations,
expanding the viable range for aerobic life downward. Laboratory experiments with
marine sponges have demonstrated that low-micromolar oxygen concentrations are
sufficient to support the metabolisms of these animals (Mills et al. 2014), while similar
experiments with Escherichia coli demonstrate growth at oxygen levels three orders of
magnitude lower (Stolper et al. 2010). Meanwhile aerobic organisms including
invertebrates (Sperling et al. 2013b) and microbes (e.g. Morris and Schmidt 2013) have
been observed in environments that have previously been considered anoxic, indicating
that this micro-aerobic respiration is ecologically meaningful in the natural environment.
This suggests that more environments could be suitable for aerobic life than previously
recognized. Discussion of the expanded range of environments habitable by aerobes has
primarily been discussed in the context of Earth history (e.g., Zhang et al. 2016, Fischer
2016) and low oxygen environments on the modern Earth (e.g. Ulloa et al. 2012), but it
also has broad relevance to a range of planetary environments, including those on Mars,

Europa, and elsewhere.
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O, is a major component of Mars’ atmosphere today, where it is the fourth most

abundant gas (Mahaffy et al. 2013). Though the absolute abundance of O, is relatively
low on modern Mars due to the thin atmosphere, recent discoveries of manganese
enrichments in Martian sedimentary rocks imply the existence of relatively high oxygen
levels in aqueous environments sometime in Mars’ past (Lanza et al 2014, Arvidson et al.
2016). These data, together with other studies (e.g. Halevy et al. 2011, Farquhar et al.
1998, Shaheen et al. 2015, and Hurowitz et al. 2010) provide support for the hypothesis
that O, was once more abundant in Mars’ atmosphere. Combined with improved
understanding of the lower oxygen limits for aerobic respiration, these observations
suggest that ancient Mars may have possessed sufficient oxygen to support aerobic
organisms. If correct, this would have far-reaching implications for interpretations of the
habitability of Mars and other worlds.

Europa is uniquely positioned in the outer solar system as a promising candidate
for providing an environment habitable to aerobic life. Europa is thought to possess a
liquid water ocean ~100 km deep, which is potentially oxygenated due to interactions
with its icy shell, which accumulates O, from radiolysis of water ice at the surface (Hand
et al. 2007, Hand and Brown 2013). Europa therefore provides an intriguing case study
for habitability, with the interesting caveat that any Europan biosphere would be
supported not by photosynthesis but instead driven by redox chemistry between oxidants
produced at the surface and reductants sourced water-rock interactions at the base of the
ocean (Chyba and Hand 2001). Metabolisms potentially supported by Europa include

aerobic iron, sulfide, hydrogen, and methane oxidation. However, the rates of
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productivity and total biomass that these processes could support are not well constrained

(e.g. Ward et al. 2017, Neubauer et al. 2002), making predictions of the extent of any
Europan biosphere challenging.

In this paper, we contextualize the possibility of aerobic environments on other
worlds within the framework of what is known about the history of oxygen on Earth and
the role of oxygen in biology. The history and modern distribution of oxygen on Mars
and Europa are used as test cases to begin examining the opportunities for aerobic
respiration on other planets where the history of O, is not contingent on the evolution of
oxygenic photosynthesis. This provides a basis for considering the more general case of
exoplanets, which under a range of circumstances may support oxygenated atmospheres
that may be detectable with upcoming investigations. The potential for substantial
abiotically-sourced oxygen in various planetary environments expands the range of
potentially habitable environments, provides the opportunity for highly energetic
metabolisms, and may improve the likelihood of evolution of complex life by removing
evolutionary bottlenecks contingent on challenging biochemical innovations related to
oxygenic photosynthesis. The impact of oxidizing environments on the origin of life is
unknown, however, and could introduce challenges to the origin of life where abiotic O,
is abundant.

Oxygen on Earth

The history of molecular oxygen on Earth is closely tied to the history of

photosynthesis. Atmospheric oxygen concentrations are constrained to well below 1077

atm before the Great Oxygenation Event (GOE) about 2.35 Gya, as recorded by a range
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of proxies including the behavior of iron in paleosols and red beds (Holland 1984, Rye

and Holland 1998), redox-sensitive detrital grains (Johnson et al. 2014), mass-
independent fractionation of sulfur isotopes (Farquhar et al. 2000, Bekker et al. 2004,
Johnson et al. 2013), and manganese deposits (Johnson et al. 2013, Maynard 2010).
During the GOE, O, accumulated in the atmosphere to 1-10% present atmospheric levels
(PAL) (~10-107 atm), and has remained a significant component of the fluid Earth ever
since (Lyons et al. 2014). The oxygenation of Earth’s atmosphere was caused by
oxygenic photosynthesis by Cyanobacteria (e.g., Falkowski 2011, Shih 2015), and may
have occurred rapidly following the evolution of this metabolism (Ward et al. 2016, Shih
et al. 2016, Fischer et al. 2016). The history of molecular oxygen in Earth’s atmosphere is
therefore tightly coupled to the history of oxygenic photosynthesis by Cyanobacteria,
making it an almost entirely biological history. The availability of O, ultimately paved
the way for the evolution of aerobic respiration (Hemp et al. 2012), endosymbiosis and
radiation of the eukaryotes (Katz 2012), and complex multicellularity (Catling et al.
2005, Knoll 2011).

From the perspective of thermodynamics, aerobic respiration is by far the most
energetically favorable metabolism over a tremendous range in O, concentrations when
compared to common anaerobic respiration processes (Figure 2). For example, it
typically yields 4 times more energy per electron than sulfate reduction across more than
six orders of magnitude in O, concentrations. While thermodynamics predicts that
aerobic respiration should be viable down to vanishingly low concentrations of O,, it has

remained contentious whether life could make use of these lowest concentrations, or if
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kinetic constraints on the biochemistry of aerobic respiration set a threshold below which

respiration is not physiologically viable. Historically, the Pasteur Point has been
considered to mark the minimum oxygen concentration for aerobic respiration, below
which organisms transition to fermentation (or other anaerobic metabolisms) to maintain
energetic balance. The Pasteur Point corresponds to an oxygen concentration of about 1%
of PAL dissolved in seawater, or about 3 uM. This is also thought to be the minimum
oxygen concentration for aerobic respiration (e.g. Berkner and Marshall 1965), but a
recent study demonstrated aerobic respiration by Escherischia coli at vastly lower oxygen
concentrations, closer to 0.001% PAL (Stolper et al 2010). This greatly extends the
potential range of oxygen concentrations under which aerobic respiration is a viable
metabolism, and therefor the range of environments habitable by aerobic organisms, as
confirmed by observations of obligately aerobic organisms in environments such as
Oxygen Minimum Zones (Sperling et al. 2013b, Ulloa et al. 2013), freshwater sediment
(Ettwig et al. 2010), and wastewater sludge (Yamada et al. 2006, Ward et al. 2015).
Aerobic respiration has played a critical role in the development of complex life.
Aerobic respiration was a major factor in the development of eukaryotes (Katz 2012) and
ultimately animals (Knoll 2011), as large, complex organisms have inherently high
energetic demands that can be met by aerobic respiration but not by anaerobic
metabolisms (Catling et al. 2005). While it has historically been assumed that animals
required high oxygen concentrations to evolve due to inherently high O, demand of
multicellularity (e.g. Nursall 1957), these critical oxygen concentrations have never been

rigorously quantified, though they have been estimated based largely on diffusion
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limitations (e.g. Runnegar 1991). Recent efforts to understand the minimum oxygen

concentrations necessary to support sponges and other basal animals have demonstrated
survival and growth under surprisingly low O, concentrations, down to about 1% PAL
(Mills et al 2014, Sperling et al. 2013a). While these values are still much higher than the
minimum oxygen concentrations for bacterial respiration (Stolper et al 2010), they
greatly extend the spatial and temporal range of environments habitable by animals (e.g.
oxygen minimum zones and oceans during the Proterozoic, e.g. Sperling et al. 2013b,
Zhang et al. 2016, Fischer 2016) and are an important new constraint in thinking about
oxygen as a requirement and biosignature of complex life on exoplanets
Oxygen on Mars

The history of O, on Mars is a curious contrast to that on Earth. While terrestrial O, is
tied to the biological process of oxygenic photosynthesis, Mars appears to have a history of
O, despite no apparent biological source. It is widely appreciated that the surface of Mars
is, and perhaps has been since its early history, “oxidizing” (e.g., Hunten, 1979; Zent and
McKay, 1994; Christensen et al., 2001; Tosca et al., 2005; McLennan et al., 2005; Goetz et
al., 2005; Bibring et al., 2006; Zahnle et al., 2008; Hecht et al., 2009; Hurowitz et al. 2010;
Leshin et al., 2013). Though it is the fourth most abundant species in the atmosphere, Mars
currently has low absolute concentrations of O,—a mixing ratio of 1.45 x 10° (Mahaffy et
al. 2013). For comparison, these levels of O, are approximately equivalent to upper levels
of O, allowed by geochemical proxy data on the Archean Earth (Farquhar et al. 2000;
Johnson et al. 2014). However, a range of proxies suggest that oxygen concentrations may

have been higher in Mars’ past, perhaps when the atmosphere was thicker (e.g. Brain and
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Jakosky 1998, Manga et al. 2012, Kite et al. 2014). This notion is supported by the

presence of enriched manganese deposits (Lanza et al. 2014), multiple oxygen isotope ratio
data collected from shallow, low-temperature carbonates preserved in the Martian
meteorite ALH84001 (Farquhar et al. 1998, Halevy et al. 2011, Shaheen et al. 2015), and
the presence of high concentration of oxidized salts on the surface of Mars thought to be
derived from reactions involving ozone and other oxygen-derived species (e.g. Zahnle et al.
2008, Catling et al. 2010).

These results offer an interesting perspective on the habitability of Mars now and
in the past. While free oxygen is essentially a trace gas in the modern Martian
atmosphere, saturation of O, in liquid water under Martian surface conditions today
would be approximately 10 nM—quite low, but within the range of oxygen
concentrations shown to be utilized by E. coli (Stolper et al. 2010) (Figure 2). If liquid
water is present on Mars (as now appears to be the case, at least transiently, e.g. Ojha et
al. 2015), it could present a viable environment for aerobic microbes.

The ancient atmosphere of Mars is thought to have been much thicker than it is
today, perhaps on the order of 1-2 bar (Kite et al. 2014). If the mixing ratio of O, were
similar in this thick early atmosphere to that of modern Mars, saturation of O, would be
on the order of ~4 uM, sufficient not only for aerobic bacteria, but in fact above the
Pasteur Point and in line with the oxygen requirements of basal animals like sponges
(Sperling et al. 2013a, Mills et al. 2014) (Figure 2). This is much higher than O,
concentrations on the early Earth, perhaps reflecting relatively higher rates of hydrogen

escape due to Mars’ lower gravity (e.g. Lammer et al. 2013). Of course, this value is
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determined utilizing an overly simple model, with a more nuanced view arising from

careful analysis of paleooxygen proxies.

While many of the trace metal geochemical proxies utilized for understanding the
history of oxygen on Earth either have not or cannot be applied to Mars, recent descriptions
of concentrated manganese deposits in Martian rocks can help constrain ancient O,
concentrations on Mars (Lanza et al. 2014). Manganese is the third most abundant
transition metal in the crusts of Earth and Mars, where it is present only as Mn(II) and
substitutes for ferrous iron in a wide variety of primary igneous minerals (Turekian and
Wedepohl 1961, Taylor and McLennan, 2009). Chemical weathering of basalt, therefore,
provides a substantial flux of Mn®** to surface and ground waters. Mn®* is soluble unless
oxidized to Mn(Ill) or Mn(IV), which subsequently undergoes hydrolysis and forms
insoluble oxide phases that rapidly sediment (Stumm and Morgan 1996). Compared to iron
or sulfur, however, manganese requires uniquely high potential oxidants >500 mV (O, or
species derived from O, like O;) to undergo redox cycling and become concentrated in
sedimentary rocks. In addition, the oxidation of Mn(II) is comparatively sluggish even in
environments with abundant O,, particularly in the absence of biological catalysts (Luther
2010; Morgan 2005). Due to this, Mn-rich sedimentary rocks do not appear on the Earth
until after the evolution of photosynthesis and rise of oxygen (Johnson et al. 2013,
Maynard 2010).

A wide range of Mn-rich materials have been discovered in sedimentary rock targets
in the first 360 sols of the Curiosity rover’s traverse across sedimentary rocks deposited in

Gale crater (Lanza et al. 2014); these rocks contain Mn abundances that are 1-2 orders of
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magnitude higher than previously observed on Mars and require redox cycling of Mn under

highly oxidizing aqueous conditions. Subsequent observations made by Curiosity’s
instrument payload revealed that at least some of these Mn-rich phases include Mn-oxides
that precipitated in an ancient groundwater aquifer (Lanza et al. 2016). These results are
important because unlike the prior widespread observations of iron oxides and sulfates, Mn
oxides tell us that molecular oxygen has left its mark on the early Mars geological record at

a time and place in which liquid water was also present.

Oxygen on Europa

Another interesting example of worlds with a significant role played by abiotic
oxygen is that of icy moons such as Europa, which may host a subsurface ocean with
substantial oxygen sourced from ice radiolysis (Hand et al. 2007, Hand et al. 2009). It is
generally accepted that Europa possesses an extensive subsurface ocean (Carr et al. 1998,
Stevenson 2000, Hand et al. 2007), potentially containing 2-3 times the volume of water
on Earth (Pappallardo et al. 1999, Stevenson 2000, Chyba and Phillips 2002). This ocean
is though to be salty based on measurements of magnetism (Khurana et al., 1998;
Kivelson et al., 2000), potentially dominated by magnesium sulfate (Zolotov and Shock
2001). The base of Europa’s ocean is thought to be in contact with the rocky core, where
water/rock interactions can provide a source of hydrogen and other reduced compounds
through serpentinization-like reactions (Vance et al. 2007). These observations, as well as

that of putative subduction of the icy shell (Kattenhorn and Prockter 2014), suggest a
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geologically active world with sources of both reduced and oxidized compounds that

could support a biosphere in the ice-covered ocean.

Observations of a tenuous oxygen atmosphere of ~10""" bar were first made by
Hubble Space Telescope observations (Hall et al. 1995), with the dominant source of
molecular oxygen and other oxidants in the Europa system being bombardment of water
and CO, ice on the surface by energetic electrons and ions driven by Jupiter’s magnetic
field (Johnson et al. 2004). As these radiolytically sourced oxidants can be trapped in ice
and eventually subducted or otherwise brought into contact with Europa’s ocean, this can
ultimately serve as a substantial source of abiotic O, to any biosphere that may exist on
Europa. The potential for biologically relevant oxygen accumulation in the subsurface
ocean has been described previously (e.g. Chyba 2000, Hand et al. 2007). While the rate
of oxygen production at the surface of Europa can be reasonably well estimated (e.g.
Chyba and Phillips 2001), the rate of resurfacing and of admixture of oxygen into the
subsurface ocean is not known, but will ultimately determine the flux of O,. Estimates of
resurfacing rates have been made based on crater counts and inference of subduction
rates, suggesting a turnover time of <90 Ma (Zahnle et al. 2003, Kattenhorn and Prockter
2014), potentially resulting in a flux of O, >10” moles/year (Hand et al. 2007).

Depending on the rate at which Europa’s ice shell is mixed with the ocean, as well
as the rates at which this oxygen is consumed, oxygen may accumulate to concentrations
higher than those in Earth’s oceans (Hand et al. 2007). Oxygen concentrations in these
environments might therefore be sufficiently high to not impose any limitations on

aerobic respiration, though any net global productivity would instead likely be due to
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limited fluxes of reducing power from water/rock interactions at the base of the

subsurface ocean (McCollom 1999, Ward et al. 2017). Improved understanding of the
oxygen requirements and metabolic efficiencies of aerobic chemolithotrophic
metabolisms could allow improved predictions of biomass, which could potentially be
supported on icy moons like Europa.
Role of biology in oxygen

The discovery of proxy evidence for even trace oxygen in Earth history is
frequently interpreted as evidence for the presence of oxygenic Cyanobacteria (e.g.
Rosing and Frei 2002, Anbar et al. 2007, Crowe et al. 2013, Planavsky et al. 2014).
Meanwhile, by any number of these proxies, Mars would appear now and in the past to
have been well oxygenated. However, this Martian history is certainly not interpreted as
evidence for the presence of Cyanobacteria. This double standard in interpretation should
serve as a reminder to be careful in assumptions about the source of oxidizing potential in
the past. Oxygen need not always be biologically sourced to make an appearance in the
rock record —photochemical processes can also produce oxygen and other oxidants, on
the Earth as well as Mars (e.g. Haqq-Misra et al. 2011). Care must therefore be taken
when interpreting evidence of oxygen, as Mars provides clear evidence that significant
oxygen can be the result of purely abiotic processes. This caution must extend to the
possible future interpretation of oxygen in expolanet atmospheres. Oxygen, by supporting
aerobic respiration, is thought to be essential for the evolution of multicellularity and

complex life, and so is an important target for detection in exoplanet atmospheres (Leger
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et al. 2011, McKay 2014). While its discovery would be important for interpreting the

habitability of a body, it may not necessarily reflect biological sources.
Role of oxygen in biology

While aerobic respiration 1is generally considered in the context of
organoheterotrophy (i.e. organisms that consume fixed organic matter as both a carbon
and energy source), oxygen is also utilized for biosynthesis, activation of recalcitrant
metabolic substrates, as well as for aerobic respiration coupled to lithoautotrophy (i.e.
organisms that oxidize inorganic compounds as an energy source to drive carbon
fixation).

Oxygen is utilized in several important biosynthetic pathways, including the
synthesis of sterols by eukaryotes and collagen by animals (Towe 1981). While these
processes may seem minor, these and other biosynthetic pathways may account for up to
10% of O, consumption by mammals (Rolfe and Brown 1997). O, concentrations
required for biosynthesis can be incredibly low, with sterol synthesis requiring O, at only
nanomolar concentrations for the epoxidation of squalene and later oxidative
demethylations of intermediates like lanosterol, but nonetheless cannot proceed under
fully anoxic conditions (Waldbauer et al. 2011). The utilization of oxygen in biosynthetic
processes appears to be a relatively late innovation, after the radiation of the three
domains of life (Raymond and Segre 2006). This suggests that while molecular oxygen
may not be necessary for the origin of life, it does provide an opportunity for significant

diversification of biochemical processes and may play a role in the development of
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complex life beyond just serving as a highly energetic electron acceptor (Raymond and

Segre 2006, Falkowski 2006).

O, is furthermore essential for the activation of otherwise inaccessible electron
donors. Compounds such as methane and ammonia must first be activated utilizing O, via
a monooxygenase enzyme in a non-energy conserving step before they can subsequently
be further oxidized to conserve energy (Hanson and Hanson 1996). While these processes
have an absolute requirement for oxygen, they can make use of exceedingly low oxygen
concentrations. Half saturation constants for ammonia oxidation are on the order of ~300
nM O, (Bristow et al. 2016), and both methane and ammonia oxidation has been
observed in environments with much less than 1 uM O, (Hatzenpichler 2012, Kits et al.
2015, Bristow et al. 2016).

Finally, oxygen is utilized as an electron acceptor in many lithotrophic
metabolisms. Oxygen reduction can be bioenergetically coupled to the oxidation of
reduced sulfur compounds (such as sulfide and elemental sulfur), ferrous iron, molecular
hydrogen, and reduced nitrogen compounds (ammonium and nitrite). These processes are
carried out by diverse bacteria and archaea, and are essential for much of the
biogeochemical nutrient cycles on Earth. The reduction of oxygen in these processes is
through a combination of respiratory electron transfer through the HCOs and bd oxidase
in addition to utilization of molecular oxygen to activate recalcitrant substrates (such as
the activation of ammonium to hydroxylamine by ammonia monooxygenase). These
various enzymes may have different oxygen requirements; further characterization of the

oxygen requirements of the oxygenase enzymes in the context of lithoautotrophs will
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help to constrain what if any of these metabolic couples may be viable in modern or

ancient Martian environments.

Because the oxidation of reduced compounds by O, is often a competition
between the spontaneous abiotic reaction and microbes performing this process for
energy conservation, microbes have adapted to microaerobic conditions where the abiotic
rate is sufficiently sluggish. Iron oxidizing bacteria, for instance, typically grow under
microaerobic conditions below 50 pM O,, and have been demonstrated to grow at O,
concentrations as low as 3 uM (Chan et al. 2016). Whether this is an ecological lower
limit or a biochemical one is unclear, as the thermodynamics of iron oxidation remain
favorable even under much lower O, concentrations (Emerson et al. 2010). Furthermore,
the yield of carbon fixed by these metabolisms is poorly constrained, but appears to be
significantly less efficient than ideal stoichiometries (e.g. Neubauer et al. 2002, Ward et
al. 2017), adding additional uncertainty to the potential extent of aerobic lithotrophic

metabolisms on other worlds.

Potentially viable metabolisms on Mars and other worlds

The mounting evidence for liquid water throughout Mars’ past as well as
potentially on the modern surface (Martin-Torres et al. 2015, Grotzinger et al. 2015, Ojha
et al. 2015), combined with the apparent availability of free oxygen, suggests a history of
Martian environments that are not only habitable but also present a variety of

thermodynamically favorable metabolic couples. For instance, the putative discovery of
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methane on Mars (Formisano et al 2004, Mumma et al. 2009, Webster et al. 2015) along

with metabolically useful oxygen presents the opportunity for aecrobic methanotrophy, the
metabolic oxidation of methane to CO, using O, while conserving energy, a process
driven by diverse bacteria on Earth (e.g. Hanson and Hanson 1996). This metabolism
requires molecular oxygen for the activation of methane, and typically couples this
process to aerobic respiration (Hanson and Hanson 1996). Recently, however, it has been
discovered that the terminal electron accepting process for this metabolism is more
versatile than previously realized, with the potential in some bacteria to couple aerobic
methanotrophy to nitrate reduction when oxygen concentrations are low (e.g. Kits et al.
2015, Skennerton et al. 2015). The recent discovery of nitrate in Martian sediment (Stern
et al. 2015) therefore supports the potential viability of this metabolism in some Martian
environments as well.

Other potentially viable metabolisms on the Martian surface include the aerobic
oxidation of ferrous iron. Iron oxidizing bacteria are typically microaerobic, with
preferred oxygen concentrations on the order of ~1-100 uM O,, but likely functioning
down to much lower concentrations (Chan et al. 2016). As the metabolic byproduct of
iron oxidation is solid ferric iron oxides, iron oxidizing bacteria must shed ferric
minerals, typically in diagnostic, preservable morphologies such as sheathes and stalks
(e.g. Chan et al. 2011). If similar microbes exist on Mars, iron biominerals could be
observable biosignatures. The yield of carbon fixed per iron oxidized by iron oxidizing
bacteria is poorly constrained: the ideal electron-balanced stoichiometry of this

metabolism is 4 Fe: 1C, yet experimental yields are much poorer, on the order of 40 Fe:
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1C (Neubauer et al. 2002), with similarly poor yields in natural systems (e.g. Ward et al.

2017). As a result, the size of biosphere and amount of productivity this metabolism
could support is poorly constrained.

Meanwhile, Europa is predicted to have extensive water-rock interactions at the
base of the ocean, potentially supporting ecosystems analogous to hydrothermal vents on
Earth. The geochemical makeup of these systems on Europa is not well constrained, but
likely supply a flux of reduced compounds such as molecular hydrogen, ferrous iron,
and/or sulfide. These compounds can all be aerobically oxidized by lithoautotrophs,
potentially supporting primary productivity entirely detached from photosynthesis.

The interaction of reduced compounds from water/rock interactions at Europa’s
core and oxygen sourced from the icy shell could support aerobic chemoautotrophic
metabolisms, such as hydrogen, sulfur, or ferrous iron oxidation. Biomass estimates have
been derived for Europa (e.g. Chyba and Phillips 2001, Zolotov and Shock 2003,
McCollom 1999, Hand et al. 2009); these estimates depend in part on the limits of
aerobic respiration, and the yield of lithotrophic metabolisms. Both of these factors are
only poorly constrained (e.g. Chan et al. 2016, Ward et al. 2017, Neubauer et al. 2002).
As a result, the potential for the origin and survival of a substantial biosphere is contested
(e.g. Gaidos et al. 1999). However, the depth of rock fracturing and therefore water-rock
interactions on Europa may be much deeper than on Earth (Vance et al. 2007), potentially
increasing the flux of reduced compounds available for biological productivity.

Oxygen fluxes into Europa’s ocean may be quite high, particularly given recent

evidence for subduction indicating resurfacing at <90 Ma timescales (Kattenhorn and
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Prockter 2014). The resulting rates of delivery of oxygen from radiolysis on the surface

into the ocean may even result in dissolved O, in Europa’s ocean on the order of 107
moles/liter, nearly an order of magnitude higher than saturation at the surface of Earth’s
ocean today (Hand et al. 2007) (Figure 2). Recent analysis of the redox balance of Europa
suggests that hydrogen fluxes from serpentinization-like reactions are comparable to
oxygen delivery from the surface (Vance et al. 2016). Europa could therefore support a
biosphere at a stable redoxicline at some region between the base and top of the ocean—
the exact location and extent of this productive redoxicline could have significant bearing
on life detection on Europa, and whether this could be viable from a plume-sampling
flyby or if direct sampling of the Europan ocean would be necessary.
Evolutionary history of respiration

One caveat to the viability of aerobic respiration on Mars today is that while
aerobic respiration continues down to vanishingly low oxygen concentrations, it may not
be sufficient for supporting growth. Aerobic respiration is accomplished using a complex
electron transport chain, which culminates in the enzymatic reduction of O, to H,O, a
step that can be accomplished using any one of several proteins with disparate
evolutionary histories. These include the heme copper O, reductase superfamily (A-, B-,
and C-families, which are all related), and the bd oxidases, which evolved independently
(Borisov et al 2011). The A-family heme copper O, reductases (HCO) are the most
widespread in nature (including in eukaryotic mitochondria), and require the highest O,
levels to be effective, but also conserve the most energy (Han et al 2011). The other

families (including the bd oxidases) conserve less energy but are effective at lower O,
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concentrations (Morris and Schmidt 2013). While it is unclear whether this inverse

correlation between energy conservation and O, affinity is the result of biochemical
optimization or evolutionary contingency, it must be considered that respiration under
relatively low oxygen concentrations, such as those that may have existed on early Mars,
may not be capable of supporting the same amount of biomass as respiration at higher
oxygen concentrations. Further investigation into the relationship of O, concentrations,
energy conservation, and the evolutionary history of aerobic respiration can help to
resolve this uncertainty.
Oxygen and the evolution of complex life

The possibility of oxygen accumulating to substantial concentrations through
purely abiotic processes has exciting implications for the evolution of life on other
planets. Oxygenic photosynthesis is an evolutionary singularity, and has evolved only
once in Earth history through the complicated coupling of two independent photosystems
(Falkowski 2011). This innovation was essential for the eventual evolution of complex
life on Earth, but is the unlikely result of evolutionary contingency. The evolution of
complex multicellularity, on the other hand, has occurred independently several times on
Earth (e.g. in the animals, fungi, plants, and red algae)(Knoll et al. 2011), and simple
forms of multicellularity have even been artificially evolved over short timescales in the
laboratory (Ratcliff et al. 2012). The evolution of multicellularity may therefore be
“easier”, though it has only occurred on Earth after the rise of oxygen. It is therefore

possible that on other worlds where oxygen accumulates through abiotic processes,
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multicellularity could evolve more quickly and easily, as it does not require waiting for

the “hard step” of oxygenic photosynthesis (Figure 3).

A potential caveat to abiotic oxygen improving the odds of evolution of complex
life is the impact of oxidizing conditions on the origin of life. While conditions necessary
for the origin of life are not known, most proposed environments for the origin of life,
such as hydrothermal vents, are characterized by reducing conditions (e.g. Baross and
Hoffman 1985, Martin et al. 2008). It is therefore possible that oxidizing conditions as a
result of abiotic oxygen as proposed here could inhibit the origin of life, or at least restrict
the environments in which it could occur. Abiotic oxygen could therefore be an
evolutionary Catch 22: it can jumpstart the evolution of complex life, but prevents life
from originating to begin with. This impasse could be solved by panspermia, in which
life may originate on a world more favorable for its origin and then be transferred to one
more conducive to its growth and evolution. While panspermia is usually discussed in the
context of life originating elsewhere and subsequently seeding Earth (e.g. Kirschvink and
Weiss 2002), this process could occur in either direction (e.g. Melosh 1988). As a result,
life may have the opportunity to originate in one environment and subsequently thrive in
another, at least in solar systems such as our own with a range of planetary environments.
Conclusions

The history of oxygen on Earth is, fundamentally, a biological one. O, is
produced in staggering quantities as a result of oxygenic photosynthesis by
Cyanobacteria, and is rapidly recycled as a result of aerobic respiration. This state of

affairs has continued for the past 2.3 Ga, and has supported the radiation of many
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microbial groups as well as the origin and diversification of eukaryotes, and, eventually,

complex multicellular organisms like plants, animals, and fungi. Before the rise of
oxygenic photosynthesis, the Earth was essentially anoxic and supported only very
limited productivity, and all life was microbial. The development of complex life
therefore required multiple preconditions, some of which appear to have been very
challenging for biology to evolve. Among these, oxygenic photosynthesis may be one of
the hardest steps. This metabolism is biochemically complicated, required evolutionary
contingencies to diverge and recombine two photosystems, and has evolved only a single
time in Earth history. In comparison, aerobic respiration has multiple independent origins
(heme copper oxidases, alternative oxidases, and bd oxidases), and multicellularity has
even more (e.g. animals, plants, fungi, brown algae and red algae). The relatively late
evolution of oxygenic photosynthesis may therefore have delayed the origin of complex
life on Earth for a billion years or more. If oxygen can be produced abiotically in large
quantities on other planets, then aerobic respiration —and the energetic, complex
organisms that depend on it—may be capable of evolving more quickly. The presence of
oxygen in a planet’s atmosphere or oceans may therefore be an important indicator of
habitability, as even abiotic oxygen may provide a path to jumpstarting the emergence of
complex life. We therefore propose a strategy of “Follow the Oxygen”, in which
environments with opportunities for energetic metabolisms such as aerobic respiration are
targeted for investigation and life detection. If life has evolved in these environments, it

may be more likely to have developed into more complex forms than on Earth-like
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worlds where oxygenic photosynthesis was a necessary precondition for highly energetic

organisms.
Age (Ga)
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Figure 1: Comparative timelines of Earth and Mars. While the surfaces of Earth
and Mars are now quite different, their early histories were more similar, with early Mars
having once had a magnetic field, surficial water, active volcanism, and a dense
atmosphere similar to Earth. Mars, however, appears to have had significant O, and
ozone early in its history, in contrast to Earth.

1 - Active volcanism assumed due to the thermal status of both planets early in their
history.

2 - Tharsis volcanic province (Bouley et al. 2016).

3 - Paleomagnetic data from Jack Hills zircons (Tarduno et al. 2015).

4 - Paleomagnetic data from early Archean greenstone belts (Tarduno et al. 2010, Biggin
etal.2011)

5 - Magnetic studies of ALH84001 (Weiss et al. 2002).
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6 - Elevated O isotope ratios in Jack Hills zircons (Valley et al. 2002).

7 - Clumped isotope ratios of carbonates in ALH84001 (Halevy et al. 2011).

8 - Fluvio-deltaic strata in Gale Crater (Grotzinger et al. 2015) and Aeolis Dorsa (DiBiase
et al. 2013).

9 - Hydrated salts associated with recurring slope lineae (Ojha et al. 2015).

10 - Great oxygenation event (Fischer et al. 2016).

11 - 170 mass anomalies in low-temperature carbonate salts in ALH84001 (Farquhar et
al. 1998).

12 - Mn enrichments (Lanza et al. 2014) and high valent Cl-bearing salts (Leshin et al.
2013, Farley et al. 2016) in fluvio-deltaic strata deposited in Gale Crater.

13 - 170 mass anomalies in carbonate and sulfate salts of Nakhla and Lafayette
(Farquhar et al. 2000).

14 - O2 mixing ratio of 1.45(4+/-0.09)x10/-3 (by volume) in modern Mars atmosphere in
Gale crater from Curiosity’s quadrupole mass spectrometer (Mahaffy et al. 2013).

15 - Earliest speculative evidence for life from graphitic carbon inclusion in Jack Hills
zircons (Bell et al. 2015).

16 - Promising but non-unique evidence for life graphite-bearing turbidite
metasedimentary rocks from the Isua Supracrustal Belt (Rosing 1997).

17 - Earliest likely microfossils in sedimentary chert of the Strelley Pool Formation
(Sugitani et al. 2010).

18 - Oldest certain microfossils in fine-grained clastics of the Moodies Formation (Javaux

et al. 2010).



220

O2 concentration (molar)

107 108 107 10 10° 10* 103

5 SME £ °

= S| IS S

S Q S w

£ s| |15 pu

Q .

2 2118 3 -20

= sl |= )

S a S 3

S £ s

S g S

3 < s -40

3 e IS

N S S o

3 2 £ Y

8 S A 60 =

S @ o

g 3 £

3 3 )

3 sulfate reduction || .gg =

. . V)

nitrate reduction 4

e aerobic respiration

aerobic respiration [ -100
at low pH

-120

-140

Figure 2: Thermodynamic favorability of microbial metabolisms as Gibbs free
energy of reaction across a range of oxygen concentrations. Even at very low O,
concentrations, aerobic respiration is still highly favorable (AG<<0). Also plotted are
lines denoting relevant oxygen concentrations, including known limits of respiration for
bacteria (Stolper et al. 2010) and animals (Mills et al. 2014), as well as saturation under
surface atmospheric conditions on modern Earth and Mars. Even the thin modern Martian

atmosphere contains sufficient oxygen to support respiration by bacteria such as E. coli.
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Figure 3: Evolutionary contingency and the origin of complex life. Several steps had to
occur for complex life to evolve on Earth. Beginning with the origin of life, evolution of
anoxygenic phototrophy, coupling in series of two reaction to perform oxygenic
photosynthesis, evolution of aerobic respiration, evolution of eukaryotes and
endosymbiosis of the mitochondrion, and finally the evolution of complex
multicellularity. Of these, some steps have occurred independently multiple times, while
others are evolutionary singularities. On a world with a significant abiotic O, flux, life
may be able to skip the hard step of evolving oxygenic photosynthesis and jumpstart the
evolution of complexity. Arvidson, RE et al. High concentrations of manganese and
sulfur in deposits on Murrary Ridge, Endeavour Crater, Mars. American Mineralogist, in

press.



222

References:

1.

Bargar JR, Tebo BM, Bergmann U, Webb SM, Glatzel P, Chiu VQ, Villalobos M
(2005) Biotic and abiotic products of Mn (II) oxidation by spores of the marine
Bacillus sp. strain SG-1. American Mineralogist, 90, 143-154.

Baross, J.A. & Hoffman, S.E. Origins Life Evol Biosphere (1985) 15: 327.

. Bekker A, Holland HD, Wang PL, Rumble D, Stein HJ, Hannah JL, Coetzee LL,

Beukes NJ (2004) Dating the rise of atmospheric oxygen. Nature, 427:117-120.
Berkner LV, Marshall LC (1965) On the origin and rise of oxygen concentration

in the Earth’s atmosphere. J. Atmos. Sci., 22,225-261.

. Bibring JP et al. (2006) Global mineralogical and aqueous Mars history derived

from OMEGA/Mars Express data. Science, 312, 400—404.

. Borda, M. J., Elsetinow, A. R., Schoonen, M. A. & Strongin, D. R. Pyrite-Induced

Hydrogen Peroxide Formation as a Driving Force in the Evolution of
Photosynthetic Organisms on an Early Earth. Astrobiology 1,283-288 (2001).

Borisov VB, Gennis RB, Hemp J, Verkhovsky MI (2011) The cytochrome bd
respiratory oxygen reductases. Biochimica et Biophysica Acta-Bioenergetics,

1807, 1398-1413.

. Bouley, S. et al. Late Tharsis formation and implications for early Mars. Nature

531, 344-347 (2016).



10.

I11.

12.

13.

14.

15.

16.

17.

223

. Brain, D. a. & Jakosky, B. M. Atmospheric loss since the onset of the Martian

geologic record: Combined role of impact erosion and sputtering. J. Geophys.
Res. 103, 22689 (1998).

Bristow, L. A. et al. Ammonium and nitrite oxidation at nanomolar oxygen
concentrations in oxygen minimum zone waters. Proc. Natl. Acad. Sci. U. S. A.
113, 10601-6 (2016).

Carr, Michael H., et al. "Evidence for a subsurface ocean on
Europa." Nature391.6665 (1998): 363-365.

Catling, D. C. & Claire, M. W. How Earth’s atmosphere evolved to an oxic state:
A status report. Earth Planet. Sci. Lett. 237, 1-20 (2005).

Catling, D. C., Glein, C. R., Zahnle, K. J. & McKay, C. P. Why O2 is required by
complex life on habitable planets and the concept of planetary ‘oxygenation time’.
Astrobiology 8,377-395 (2006).

Catling, D. C. et al. Atmospheric origins of perchlorate on mars and in the
atacama. J. Geophys. Res. E Planets 115, 1-15 (2010).

Chan CS, Fakra SC, Emerson D, Fleming EJ, Edwards KJ (2011) Lithotrophic
iron-oxidizing bacteria produce organic stalks to control mineral growth:
implications for biosignature formation. ISME Journal 5, 717-727.

Chan, C., Emerson, D. & Luther, G. W. The role of microaerophilic Fe-oxidizing
microorganisms in producing banded iron formations. Geobiology (2016).

Chyba, C. F. Energy for microbial life on Europa. Nature 403, 381-382 (2000).



18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

224
Chyba, C. F. & Phillips, C. B. Possible ecosystems and the search for life on

Europa. Proc. Natl. Acad. Sci. 98, 801-804 (2001).

Christensen PR, Morris RV, Lane MD, Bandfield JL, Malin MC (2001) Global
mapping of Martian hematite mineral deposits: Remnants of water-driven
processes on early Mars. J. Geophys. Res., 106(E10), 23,873-23,885.

Cockell, C. S., et al. "Habitability: A Review." Astrobiology 16.1 (2016): 89-117
Crowe, S. A. et al. Atmospheric oxygenation three billion years ago (SI). Nature
501, 535-538 (2013).

Ehlmann, B. L. et al. Subsurface water and clay mineral formation during the
early history of Mars. Nature 479, 53—-60 (2011).

Emerson, D., Fleming, E. J. & McBeth, J. M. Iron-oxidizing bacteria: an
environmental and genomic perspective. Annu. Rev. Microbiol. 64, 561-583
(2010).

Ettwig, K. F. er al. Nitrite-driven anaerobic methane oxidation by oxygenic
bacteria. Nature 464, 543-548 (2010).

Falkowski, Paul G. "Tracing oxygen's imprint on Earth's metabolic
evolution."Science 311.5768 (2006): 1724-1725.

Falkowski, PG. The biological and geological contingencies for the rise of oxygen
on earth. Photosynth. Res. 107,7-10 (2011).

Farley, K. A., et al. "Light and variable 37 C1/35 Cl ratios in rocks from Gale
Crater, Mars: Possible signature of perchlorate." Earth and Planetary Science

Letters 438 (2016): 14-24.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

225
Farquhar J et al. (1998) Atmosphere-surface interactions on Mars: A170

measurements of carbonate from ALH 84001. Science 280:1580-1582.

Farquhar J, Bao H, Thiemens M. (2000) Atmospheric influence of Earth’s earliest
sulfur cycle. Science, 289:756-758.

Fischer, W. W. Breathing room for early animals. PNAS (2016).
doi:10.1038/382111a0

Fischer, W., Hemp, J. & Johnson, J. E. Evolution of Oxygenic Photosynthesis.
Annu. Rev. Earth Planet. Sci. 44, (2016).

Formisano, V., Atreya, S., Encrenaz, T., Ignatiev, N. & Giuranna, M. Detection of
methane in the atmosphere of Mars. Science (80-. ). 306, 1758—1761 (2004).
Fassett, C. I. & Head, J. W. Sequence and timing of conditions on early Mars.
Icarus 211, 1204-1214 (2011).

Gaidos, E. J., Nealson, K. H. & Kirschvink, J. L. Life in Ice-Covered Oceans.
Science (80-. ). 284, 1631-1633 (1999).

Goetz W et al. (2005) Indication of drier periods on Mars from the chemistry and
mineralogy of atmospheric dust. Nature, 436, 62-65.

Grotzinger, J. P. et al. Deposition, exhumation, and paleoclimate of an ancient
lake deposit, Gale crater, Mars. Science (80-. ). 350, aac7575—aac7575 (2015).
Halevy I et al. (2011) Carbonates in the Martian meteorite Allan Hills 84001
formed at 18 + 4 degrees C in a near-surface aqueous environment, Proceedings

of the National Academy of Sciences, 108, 16895-16899



38.

39.

40.

41.

42.

43.

44.

45.

46.

226
Hall, D. T., Strobel, D. F., Feldman, P. D., McGrath, M. A. & Weaver, H. A.

Detection of an oxygen atmosphere on Jupiter’s moon Europa. Nature 373, 677—
681 (1995).

Han H, Hemp J, Pace LA, Ouyang H, Ganesan K, Roh JH, Daldal F, Blanke SR,
Gennis RB (2011) Adaptation of aerobic respiration to low O2 environments.
PNAS, 108,14109-14114.

Hand KP, Brown ME (2013) Keck II Observations of Hemispherical Differences
in H202 on Europa. The Astrophysical Journal Letters, 766:2, L21, doi:
10.1088/2041-8205/766/2/L.21.

Hand KP et al. (2007) Energy, chemical disequilibrium and geological constraints
on Europa. Astrobiology, 7, 1006-1022.

Hand KP, Chyba CF, Priscu JC, Carlson RW, Nealson KH (2009) Astrobiology
and the Potential for Life on Europa. In: Europa, edited by RT Pappalardo, WB
McKinnon, and K Khurana, University of Arizona Press, Tucson, AZ.

Hanson, R. S., and Hanson, T. E. (1996). Methanotrophic bacteria. Microbiol.
Rev. 60,439-471.

Haqqg-Misra, J., Kasting, J. F. & Lee, S. Availability of O(2) and H(2)O(2) on pre-
photosynthetic Earth. Astrobiology 11,293-302 (2011).

Hatzenpichler, R. Diversity, physiology, and niche differentiation of ammonia-
oxidizing archaea. Appl. Environ. Microbiol. 78, 7501-7510 (2012).

Hecht MH et al. (2009) Detection of perchlorate and the soluble chemistry of

Martian soil at the Phoenix Lander site. Science, 325, 64-67.



47.

48.

49.

50.

51.

52.

53.

54.

55.

227
Holland HD (1984) The chemical evolution of the atmosphere and oceans.

Princeton University Press, Princeton, NJ.

Hunten DM (1979) Possible oxidant sources in the atmosphere and surface of
Mars. J. Mol. Evol., 14, 71-78.

Hurowitz JA et al. (2010) Origin of acidic surface waters and the evolution of
atmospheric chemistry on early Mars. Nature Geoscience, 3, 323-326.

Jakosky, B. M. & Phillips, R. J. Mars’ volatile and climate history. Nature 412,
237-244 (2001).

Johnson, R.E., Carlson, R.W., Cooper, J.F., Paranicas, C., Moore, M.H., and
Wong, M.C. (2004) Radiation effects on the surface of the Galilean satellites. In
Jupiter, edited by F. Bagenal, T.E. Dowling, and W.B. McKinnon, Cam- bridge
University Press, Cambridge, pp. 485-512.

Johnson JE et al. (2013) Manganese-oxidizing photosynthesis before the rise of
cyanobacteria. PNAS, 110, 11238-11243.

Johnson JE et al. (2014) O2 constraints from Paleoproterozoic detrital pyrite and
uraninite. Geological Society of America Bulletin, Published online ahead of print
on 27 Feb. 2014, doi: 10.1130/B30949.1.

Kattenhorn, S. A. & Prockter, L. M. Evidence for subduction in the ice shell of
Europa. Nat. Geosci.7,762-767 (2014).

Katz LA (2012) Origin and diversification of eukaryotes. Annu. Rev. Micriobiol.,

66,411-427.



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

228
Kirschvink, Joseph L., and Benjamin P. Weiss. "Mars, panspermia, and the origin

of life: where did it all begin." Palaeontologia electronica 4.2 (2002): 8-15.

Kite ES et al. (2014) Low palaecopressure oft he Martian atmosphere estimated
from the size distribution of ancient craters. Nature Geoscience, 7, 335-339.

Kits, K. D., Klotz, M. G., and Stein, L. Y. (2015). Methane oxidation coupled to
nitrate reduction under hypoxia by the Gammaproteobacterium Methylomonas
denitrificans, sp. nov. type strain FIG1. Environ. Microbiol.

Knoll AH (2011) The multiple origins of complex multicellularity. Annual
Reviews of Earth and Planetary Sciences, 39,217-239.

Lammer, H. et al. Outgassing history and escape of the Martian atmosphere and
water inventory. Space Sci. Rev. 174, 113-154 (2013).

Lanza NL et al. (2014) High manganese concentrations in rocks at Gale crater,
Mars. Geophysical Research Letters, 41.

Lanza, Nina L., et al. "Oxidation of manganese in an ancient aquifer, Kimberley
formation, Gale crater, Mars." Geophysical Research Letters 43.14 (2016): 7398-
7407.

Léger, a et al. Is the presence of oxygen on an exoplanet a reliable biosignature?
Astrobiology 11,335-341 (2011).

Leshin LA et al. (2013) Volatile, isotope, and organic analysis of Martian fines
with the Mars Curiosity rover. Science, 341, 1238937-1-9.

Liang, M.-C., Hartman, H., Kopp, R. E., Kirschvink, J. L. & Yung, Y. L.

Production of hydrogen peroxide in the atmosphere of a Snowball Earth and the



66.

67.

68.

69.

70.

71.

72.

73.

74.

229
origin of oxygenic photosynthesis. Proc. Natl. Acad. Sci. U. S. A. 103, 18896—

18899 (2006).

Lu Z, Chung Chang Y, Yin QZ, Ng CY, Jackson WM (2014) Evidence for direct
molecular oxygen production in CO2 photodissociation. Science, 346, 61.

Luther GW (2010) The role of one- and two-electron transfer reactions in forming
thermodynamically unstable intermediates as barriers in multi-electron redox
reactions. Aquat. Geochem., 16, 395-420.

Lyons TW, Reinhard CT, Planavsky NJ (2014) The rise of oxygen in Earth’s
early ocean and atmosphere. Nature, 506, 307-315.

Mahaffy PR et al. (2013) Abundance and isotopic composition of gases in the
Martian atmosphere from the Curiosity rover. Science, 341, 263-266.

Manga, M., Patel, A., Dufek, J. & Kite, E. S. Wet surface and dense atmosphere
on early Mars suggested by the bomb sag at Home Plate, Mars. Geophys. Res.
Lett. 39,2-6 (2012).

Martin, William, et al. "Hydrothermal vents and the origin of life." Nature
Reviews Microbiology 6.11 (2008): 805-814.

Martin-Torres, F. J. et al. Transient liquid water and water activity at Gale crater
on Mars. Nat. Geosci. 8, 1-5 (2015).

Maynard JB (2010) The chemistry of manganese ores through time: a signal of
increasing diversity of Earth-surface environments. Economic Geology, 105:535-
552.

McCollom TM (1999) Methanogenesis as a potential source of chemical energy



75.

76.

7.

78.

79.

80.

81.

82.

83.

230
for primary biomass production by autotrophic organisms in hydrothermal

systems on Europa. Journal of Geophysical Research, 104, 30729-30742.

McKay, C. P. Requirements and limits for life in the context of exoplanets. Proc.
Natl. Acad. Sci. 111, 12628-12633 (2014).

McLennan SM et al. (2005) Provenance and diagenesis of the evaporate-bearing
Burns formation, Meridiani Planum, Mars. Earth Planet. Sci. Lett., 240, 95-121.
Melosh, H.J. (1988) The rocky road to Panspermia. Nature 332, 687—688.

Mills DB, Ward LM, Jones CA, Sweeten B, Forth M, Treutsch AH, Canfield DE
(2014) Oxygen requirements of the earliest animals. PNAS, 111, 4168-4172.
Morgan JJ (2005) Kinetics of reaction between O2 and Mn(II) species in aqueous
solutions. Geochimica et Cosmochimica Acta, 69, 35-48.

Morris RL, Schmidt TM (2013) Shallow breathing: bacterial life at low O2.
Nature Reviews Microbiology, 11, 205-212.

Mumma, Michael J, Villanueva, G.L., Novak, R.E., Hewagama, T., Bonev, B.P.,
DiSanti, M.A., Mandell, A M., Smith, M. D. Strong Release of Methane on Mars
in Northern Summer 2003. Science (80-. ). 323, 1041-1045 (2009).

Neubauer, S. C. et al. Life at the energetic edge: kinetics of circumneutral Fe
oxidation by lithotrophic iron oxidizing bacteria isolated from the wetland plant
rhizosphere. Appl. Environ. Microbiol. 68, 3988-3995 (2002).

Ojha, L. et al. Spectral evidence for hydrated salts in recurring slope lineae on

Mars. Nat. Geosci. (2015). doi:10.1038/nge02546



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

231
Pappalardo, R. T. et al.: 1999, ‘Does Europa have a subsurface ocean? Evaluation

of the geological evidence’, J. Geophys. Res. 104, 24,015-24 055.

Pavlov, Alexander A., Lisa L. Brown, and James F. Kasting. "UV shielding of
NH3 and O2 by organic hazes in the Archean atmosphere." Journal of
Geophysical Research: Planets 106.E10 (2001): 23267-23287.

Ratcliff, W. C., Denison, R. F., Borrello, M. & Travisano, M. Experimental
evolution of multicellularity. Proc. Natl. Acad. Sci. 109, 1595-600 (2012).
Raymond, J. & Segre, D. The effect of oxygen on biochemical networks and the
evolution of complex life. J. Chem. Inf. Model. 311, 1764—1767 (2006).

Rolfe, D. F. & Brown, G. C. Cellular energy utilization and molecular origin of
standard metabolic rate in mammals. Physiol. Rev.77,731-758 (1997).
Runnegar, B. Precambrian oxygen levels estimated from the biochemistry and
physiology of early eukaryotes. Palaeogeogr. Palaeoclimatol. Palaeoecol. 97,
97-111 (1991).

Rye, R. & Holland, H. D. Paleosols and the evolution of atmospheric oxygen: A
critical review. Am. J. Sci. 298, 621-672 (1998).

Shaheen R et al. (2015) Carbonate formation events in ALH 84001 trace the
evolution of the Martian atmosphere. PNAS, 112, 336-341.

Shih, PM. Cyanobacterial Evolution: Fresh Insight into Ancient Questions. Curr.
Biol. 25,R192-R193 (2015).

Shih, P., Hemp, J., Ward, L., Matzke, N. & Fischer, W. Crown group

oxyphotobacteria postdate the rise of oxygen. Geobiology (2016).



94.

95.

96.

97.

98.

99.

232
Skennerton, CT, LM Ward, A Michel, et al. 2015. Genomic reconstruction of an

uncultured hydrothermal vent gammaproteobacterial methanotroph (family
Methylothermaceae) indicates multiple adaptations to oxygen limitation. Frontiers
in Microbiology 6 1425.

Sperling, E. A., Halverson, G. P., Knoll, A. H., Macdonald, F. A. & Johnston, D.
T. A basin redox transect at the dawn of animal life. Earth Planet. Sci. Lett. 371-
372, 143-155 (2013a).

Sperling, E. A. et al. Oxygen, ecology, and the Cambrian radiation of animals.
Proc. Natl. Acad. Sci. 110, 13451-13466 (2013b).

Stern, J. C. et al. Evidence for indigenous nitrogen in sedimentary and aeolian
deposits from the Curiosity rover investigations at Gale crater , Mars. Proc. Natl.
Acad. Sci. U. S. A.112,4245-4250 (2015).

Stevenson, David. "Europa's ocean--the case strengthens." Science289.5483
(2000): 1305-1307.

Stolper DA, Revsbech NP, Canfield DE (2010) Aerobic growth at nanomolar

oxygen concentrations. PNAS, 107, 18755-18760.

100.Stumm W, Morgan JJ (1996) Aquatic Chemistry: Chemical Equilibria and Rates

in Natural Waters, 3rd ed., 1042 pp., John Wiley, New York.

101.Sugitani, K. et al. Biogenicity of morphologically diverse carbonaceous

microstructures from the ca. 3400 Ma Strelley pool formation, in the Pilbara

Craton, Western Australia. Astrobiology 10, 899-920 (2010).

102.Tebo BM, Bargar JR, Clement BG, Dick GJ, Murray KJ, Parker D, Verity R,



233
Webb SM (2004) Biogenic manganese oxides: properties and mechanisms of

formation. Ann. Rev. Earth Planet. Sci., 32, 287-328.

103.Tosca NJ, McLennan SM, Clark BC, Grotzinger JP, Hurowitz JA, Knoll AH,
Schroder C, Squyres SW (2005) Geochemical modeling of evaporation processes
on Mars: Insight from the sedimentary record at Meridiani Planum. Earth Planet.
Sci. Lett., 240, 122-148.

104. Towe, K.M. (1981) Biochemical keys to the emergence of complex life. In Life
in the Universe, edited by J. Billingham, MIT Press, Cambridge, MA, pp. 297—
306

105.Turekian KK, Wedepohl KH (1961) Distribution of the elements in some major
units of the Earth’s crust. Geol. Soc. Am. Bull., 72(2), 175-192.

106.Ulloa, Osvaldo, et al. "Microbial oceanography of anoxic oxygen minimum
zones." Proceedings of the National Academy of Sciences 109.40 (2012): 15996-
16003.

107.Vance, S. et al. Hydrothermal systems in small ocean planets. Astrobiology 7,
987-1005 (2007).

108.Vance, S. D., K. P. Hand, and R. T. Pappalardo. "Geophysical controls of
chemical disequilibria in Europa." Geophysical Research Letters (2016).

109.Waldbauer, J. R., NEWMAN, D. K. & Summons, R. E. Microaerobic steroid
biosynthesis and the molecular fossil record of Archean life. Proc. Natl. Acad.

Sci. 108, 13409-13414 (2011).



234
110.Ward, Lewis M., et al. "Draft genome sequence of Leptolinea tardivitalis

YMTK-2, a mesophilic anaerobe from the Chloroflexi class
Anaerolineae."Genome announcements 3.6 (2015): e01356-15.

111.Ward, LM, Kirschvink, JL, Fischer, WW (2016) Timescales of Oxygenation
Following the Evolution of Oxygenic Photosynthesis. Orig. Life Evol. Biosph.
46(1) pp51-65.

112.Ward, LM et al. Microbial Diversity of Okuoku-hachikurou Onsen, a Japanese
hot spring analog of Banded Iron Formations. Geobiology, submitted.

113.Webster, C. R. et al. Mars methane detection and variability at Gale crater.
Science (80-.).347,415-418 (2015).

114.Yamada, T. ef al. Anaerolinea thermolimosa sp. nov., Levilinea saccharolytica
gen. nov., sp. nov. and Leptolinea tardivitalis gen. nov., sp. nov., novel
filamentous anaerobes, and description of the new classes Anaerolineae classis
nov. and Caldilineae classis nov. in the. Int. J. Syst. Evol. Microbiol. 56, 1331—
1340 (20006).

115.Zahnle, K., Schenk, P.M., Levison, H.F., and Dones, L. (2003) Cratering rates in
the outer Solar System. Icarus 163,263-289.

116.Zahnle K, Haberle RM, Catling DC, Kasting JF (2008) Photochemical instability
of the ancient Martian atmosphere. J. Geophys. Res., 113, E11004,
doi:10.1029/2008JE003160.

117.Zent AP, McKay CP (1994) The chemical reactivity of the Martian soil and

implications for future missions. Icarus, 108, 146—157.



235
118.Zhang, S. et al. Sufficient oxygen for animal respiration 1,400 million years ago.

Proc. Natl. Acad. Sci. 6pp (2016). doi:10.1073/pnas.1523449113
119.Zolotov, M. Y. & Shock, E. L. Composition and stability of salts on the surface
of Europa and their oceanic origin. J. Geophys. Res. Planets 106, 32815-32827

(2001).



