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Abstract The aim of this article is to provide the reader with an overview of the different
possible scenarios for the emergence of life, to critically assess them and, according to the
conclusions we reach, to analyze whether similar processes could have been conducive to
independent origins of life on the several icy moons of the Solar System. Instead of directly
proposing a concrete and unequivocal cradle of life on Earth, we focus on describing the dif-
ferent requirements that are arguably needed for the transition between non-life to life. We
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approach this topic from geological, biological, and chemical perspectives with the aim of
providing answers in an integrative manner. We reflect upon the most prominent origins hy-
potheses and assess whether they match the aforementioned abiogenic requirements. Based
on the conclusions extracted, we address whether the conditions for abiogenesis are/were
met in any of the oceanic icy moons.

Keywords Emergence of life - Icy moons - Hadean Earth - Hydrothermal environments -
RNA world - Tree of life

1 Introduction—a Universal Enquiry

The origin of life has been one of humanity’s most compelling enquiries since the cradle
of civilization. Innumerable creation myths have tried to shed light on this essential issue
without the limitations that a scientific approach to the issue would entail. Until the 19th
century, the theory of spontaneous generation was widely accepted, since it was the most
comprehensive way to conceive how maggots in rotting meat, or mice in grain, could appear
from apparently thin air. Using the scientific method, Louis Pasteur disproved this theory by
showing that small organisms (later known as microorganisms) are ubiquitous and cannot
emerge in strictly isolated sterile organic media. We should note that inorganic media—
including minerals—were not mentioned (Pasteur 1862; Leduc 1911; Ligon 2002). Yet,
Pasteur’s findings did not go unchallenged (Strick 1988). Darwin, for example, had been
convinced that “the intimate relation of Life with laws of chemical combination, and the
universality of latter render spontaneous generation not improbable” (Peret6 et al. 2009). In
turn, Darwin continued to distance himself from the view and Pasteur himself was said to
have second thoughts towards the end of his life (Strick 1988). It is significant to record, in
the context of this article, that the views of Pasteur and his acolytes had a negative effect on
mineral-based hypotheses (see Butcher’s Translator’s Preface p. vi to Leduc 1911). More-
over, notwithstanding Goldschmidt’s posthumous publication (Goldschmidt 1952), no other
significant mineral-based hypothesis was proposed until Graham Cairns-Smith—partly in-
fluenced by Bernal’s focus upon the likely significance of clays and mineral surfaces to the
emergence of life (Bernal 1949)—published his ‘Genetic takeover: and the mineral origins
of life’ (Cairns-Smith 1982). Indeed, Leduc’s lonely plea that: “Without the idea of spon-
taneous generation and a physical theory of life, the doctrine of evolution is a mutilated
hypothesis without unity or cohesion” went largely unheard until the present century when
it has been rejuvenated under the rubric of “chemobrionics” (Barge et al. 2015). Last cen-
tury’s thought was dominated by the organic soup hypothesis of Haldane, Oparin, Miller,
and Orgel, which gave birth to the RNA world hypothesis—a common view to this day, as
we discuss later in this article (Nissenbaum 1976; Kurland 2010; Lane et al. 2010).

Thus, ‘How and where did life originate?’ continues to be one of the most fundamental
questions for humanity to date. Unfortunately, these enquiries are confronted by the harsh

5 LISA, UPEC-UP/CNRS/IPSL, Paris-Créteil, France

Planetary Chemistry and Astrobiology, Jet Propulsion Laboratory, California Institute
of Technology, Pasadena, CA, USA

Department of Cell and Molecular Biology, Science for Life Laboratory, Uppsala University,
Uppsala, Sweden

Department of Biology and Biochemistry, University of Houston, Houston, TX, USA

CNRS - Centre de Biophysique Moléculaire, Orléans, France

@ Springer



The Emergence of Life Page 3 0of 53 56

reality that the phenomenon of life has not yet been fully comprehended. One of the best
examples to visualize this is the lack of a common definition of life (Cleland and Chyba
2002). The definition most commonly used was proposed by NASA: life is “a self-sustaining
chemical system capable of Darwinian evolution”. Another, reminiscent of a von Neumann
automata, states that “life is the harnessing of chemical energy in such a way that the energy-
harnessing device makes a copy of itself” (Sousa et al. 2013). Such definitions have other
problems, the most important one being the term ‘self-sustaining’. Life is most definitely
not self-sustained, just the opposite: it is an open system that exchanges matter and energy
with its environment in order to maintain its far-from-equilibrium state. In Peter Mitchell’s
(1959) own words: life and its environment “may be regarded as equivalent phases between
which dynamic contact is maintained by the membranes that separate and link them”. After
all these years, one of the best definitions of life may have been formulated already in 1937
by Noble Prize winner Albert Szent-Gyorgyi: “Life is nothing but an electron looking for a
place to rest”, thereby referring to metabolism and the electron transport chain.

In turn, most modern definitions avoid the term ‘life’ (a noun) and instead use ‘living’
(an adjective), pointing to the fact that life is more of a transient state affecting some matter:
“a living being is any autonomous system with open-ended evolutionary capacities” (Ruiz-
Mirazo et al. 2004). Indeed, Helmreich (2007) develops this view, categorizing “life as a
verb”—suggesting that the present tense transitivity in life-as-we-know-it and the modal
compound conditional mood of life-as-it-could-be, should be joined by a whole series of
possible other conjugations of ‘life as a verb’—from the future imperfect tense of life-as-
it-will-be-unfolding to the preterite present of life-as-it-may-be to the present imperfect of
life-as-it-is-becoming. With this in mind we can take a philosophical approach and rephrase
the issue around the questions ‘why, where and how, does life emerge?’ (Wicken 1987;
Russell and Kanik 2010). Or, to borrow a phrase from Wittgenstein (1953) from another
context, namely, “don’t ask for meaning, ask for use”, we could say that as “life overall
hydrogenates carbon dioxide” (Nitschke and Russell 2009)—the base of the food web being
chemo- or photo-autotrophs. As the same may be said about the root of the evolutionary
tree, these ideas might afford clues as to its gestation and birth (Berg et al. 2010; Lane et al.
2010; Say and Fuchs 2010).

However, the controversies surrounding the definition of life are probably just symptoms
of a deeper problem, and unfortunately these have led to the larger issue of the classical
divide on the approaches to the origin of life. Each definition of life has put its emphasis
on a trait(s) expressed by living entities, such as their replicative capabilities, their far-from-
equilibrium state, their compartmentalization, or their evolutionary potential. Each trait has
classically been associated with different scientific disciplines (e.g. replication with RNA-
focused molecular biology or compartmentalization with molecular biophysics of lipids),
so each resulted in independent lines of research. Mostly due to limitations associated with
each highly specialized discipline, but also due to often-antagonistic philosophical positions,
these disciplines have historically remained isolated from each other. Needless to say, re-
search on the origin of life is a remarkably broad area of enquiry, requiring transdisciplinary
expertise encompassing non-equilibrium thermodynamics, electro-conformational coupling
nanomechanics, geochemistry, organic chemistry, bioenergetics, and biology (Tsong and
Astumian 1988; Branscomb et al. 2017). What cannot be avoided in these discussions is
that individual cells require between a million and a billion electrons a second to function,
or as Albert Szent-Gyorgyi (1968) put it, life is “bioelectronics” (Makarieva et al. 2005; El-
Naggar et al. 2010; Beratan et al. 2014). Indeed, a distinction between ‘overall uphill life’
and ‘downhill chemistry’ involves not only electron transfer and feed, but also life’s oblig-
atory use of (i) the proton motive force, (ii) electron bifurcation, and (iii) thereby the use
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of disequilibrium-converters, i.e. nanoengines (Peters et al. 2016; Branscomb et al. 2017;
Astumian 2018; Branscomb and Russell 2018).

Despite still being far from the goal, it is undeniable that during the last few decades,
considerable experimental and theoretical progress has been made. It is also noticeable that
some of the old controversies have somewhat shifted away from the spotlight in favor of
a more case-by-case examination. Hopefully, a better understanding of ‘how, where, and
when’ life started on Earth will help comprehending ‘why’ life, as a phenomenon, emerges
in the Universe; a goal humankind has always striven to achieve.

Needless to say, finding evidence of independent origins would be invaluable for our
overall understanding of life and its limits, and nowhere is this more likely to material-
ize than beyond Earth. Thus, active space exploration remains one of our best bets for si-
multaneously broadening our understanding of life, whilst narrowing down the conditions
under which it can emerge. Despite remarkable advances in remote sensing, finding clear
evidence of extraterrestrial life on exoplanets still probably lies in the future. Due to their
smaller sizes, the same prospect for exomoons is even more remote. Fortunately, our own
Solar System contains numerous planetary bodies which likely contained (or still do) liv-
ing beings. Mars has long been a prime astrobiological target, but the limited amount of
liquid—probably in the form of briny—water found there has tamed our expectations. On
the other hand, the icy moons of the Solar System (e.g. Enceladus, Europa, Titan) contain
vast amounts of liquid water which, at least in the case of Enceladus, arguably promotes
hydrothermal processes (Waite et al. 2017). The detection of reduced inorganic molecules
(Waite et al. 2009, 2017), as well as nitrogen- and oxygen-bearing organics (Khawaja et al.
2019) in the plumes of Enceladus coupled to studies indicating Earth-based methanogens
can grow under simulated Enceladus’ conditions (Taubner et al. 2015, 2018), suggests that
organic molecules are currently being synthesized in its global ocean. It is even possible
these molecules derive, at least partially, from life. Therefore, it seems clear that space mis-
sions in the near future should aim to intimately explore the icy moons of the Solar Sys-
tem, particularly Enceladus (Choblet et al. 2019) where we have strong evidence of active
organosynthesis.

This article aims to provide the reader with a broad overview of the field of the emer-
gence of life, with the goal of extrapolating our conclusions to life elsewhere. The literature
on abiogenesis is certainly vast, which implies it is virtually impossible to discuss every as-
pect. Hence, even though they are all connected, each section in this article focuses on a spe-
cific topic. We start this article discussing the geological and planetological aspects which
were conducive to life’s emergence during the Hadean eon of the Earth. We continue by
assessing the (bio)chemical and bottom-up approaches, where we particularly consider the
RNA World hypothesis. This is followed up by a dissection of the more biological top-down
approach, where we assess how much information on the remote past can be extracted from
genomic data of extant life and phylogenetic analyses. Finally, we focus on the prospects of
extraterrestrial life based on the conclusions extracted from the other sections of this article.

2 How Did Hadean Earth’s Geological Conditions Promote
and Constrain the Emergence of Life?

Understanding of the environmental conditions critical for the emergence of life on the early,
Hadean Earth (4.5-4.0 Ga) is difficult due to the lack of hard and fast data. Not only are there
no rocks from this Eon, but informed interpretation of such phenomena, such as when the
Earth became habitable (i.e. when water had condensed at a suitably low temperature onto
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the surface of the Earth, after the magma ocean situation following the Moon-forming im-
pact at ~4.51 Ga), the composition of the atmosphere, the temperature of the oceans, the
distribution of landmasses, if any, versus ocean, sources of essential ingredients for life and
sources of free energy, is widely variable and dependent upon analogue studies of the old-
est crustal remnants, modelling and comparative planetology. Indeed, the very reasons for
the lack of Hadean crust says much about early terrestrial conditions: hot, relatively soft
crust that was rapidly recycled back by plume tectonics combined with ‘impact gardening’
during which myriads of impactors effectively bombarded and destroyed the Earth’s upper
surface, paints an initially catastrophic picture of global environmental conditions. Nev-
ertheless, within this apparently globally infernal context (on geological timescales), life
appeared—on a microbial scale. Obviously environmental conditions for the emergence of
life on timescales of 10°-10° years, were sufficiently benign, but also sufficiently dynamic,
to allow prebiotic chemistry to take place and gradually transition into biology.

We will here attempt to create a resume of present understanding (or lack of it) of the
early environmental conditions. Much of our information comes from inherited mineralog-
ical and geochemical signatures preserved in crustal rocks dating from the Early Archaean
(i.e. from ~3.9 Ga onwards), although interpretations of the same data vary. Likewise, data
from modelling is very informative but does not necessarily represent the reality. An ex-
ample of this is related to the period of heavy bombardment purportedly having occurred
between 4.1 and ~3.85 Ga (see below).

2.1 Early Oceans and Atmosphere

Geochemical and isotopic evidence suggests that the atmosphere of the post-Moon form-
ing impact Earth was more neutral rather than completely reducing (Holland 1984; Sleep
2010; Zahnle et al. 2010). Indeed, at the dawn of the Hadean the atmosphere would have
been dominated by H,O, CO,, SO;, N, and minor concentrations of NO,, many of which
were potential electron acceptors rather than donors (Yung and McElroy 1979; Dasgupta
and Hirschmann 2006; Martin et al. 2007; Hirschmann et al. 2009; Wong et al. 2017).
Other main atmospheric electron acceptors include the five elements that Falkowski (2006)
termed the planetary “electron market”, H, C, N, O and S, occurred as electron acceptors in
the Hadean atmosphere and ocean with electron donors emanating from the reduced Earth
(Yung and McElroy 1979; Dasgupta and Hirschmann 2006; Martin et al. 2007; Hirschmann
et al. 2009). Wong et al. (2017) demonstrated the potential for NO, production from CO,
and N, in cloud-to-cloud lightning. NO, dissolved in the ocean would have yielded the
electron acceptors such as nitrate and nitrite.

While volcanic outgassing contributed importantly to the creation of a volatile envelope
around the Earth, a large portion of the volatiles was imported together with extraterrestrial
material forming a so-called “late veneer” (Marty 2012), including a cometary component,
as the analyses of the comet Churymov-Gerasimenko by the Rosetta mission have shown
(Marty et al. 2017), much of it arrived in the form of volatile components in meteorites of
chondritic origin (Zahnle et al. 2010).

The Hadean era began as the Earth rapidly cooled following the collision with the pu-
tative planet Theia. This early atmosphere was rapidly eroded by the solar wind (Lammer
et al. 2014; Massol et al. 2016). Cooling thereafter would have been rapid and Zahnle et al.
(2007) estimate that it took only around 10,000 years for the equivalent of two present ocean
volumes to rain out, producing an all-enveloping ocean probably by about 4.4 Ga (Valley
et al. 2005; Cavosie et al. 2007). Half that volume has since been lost by subduction of ser-
pentinized and otherwise hydrated crust to the now relatively wet mantle, and to photodis-
sociation (Bounama et al. 2001; Elkins-Tanton 2008; Genda 2016). Without continents the
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more or less global Hadean ocean would have been shallower than today, although Bounama
etal. (2001) and Korenaga et al. (2017) estimate an ocean depth of approximately 6 kilome-
ters. However, if the preserved Early Archaean age-crust can be considered as a proxy for
the Hadean Earth, the early protocontinents resembled submerged oceanic plateaus (Arndt
and Nisbet 2012; Kamber 2015) with exposed volcanic edifices and ocean depths were of
the order of a couple of kilometers.

The oldest evidence for water on the planet actually derives from highly resistant min-
erals such as Hadean zircons that have been reworked from altered crust into younger sed-
imentary materials. The abundance of these Hadean minerals, formed by fractionation of
hydrated crust (and generally common in granites, the cores of continents), suggests that
oceans must have existed on the Earth by at least 4.3 Ga, if not earlier (Wilde et al. 2001;
Mojzsis et al. 2001). Earlier estimates of low temperatures (<150 °C), based on isotopic
analyses of oxygen isotopes the zircons (Wilde et al. 2001), may have been confounded by
later contamination of the oxygen isotopic history of the zircons (Valley et al. 2014) but the
salient message is that, quite early in the history of the Earth, the planet was covered by
water. Even several hundreds of millions of years later, the preserved Early Archaean rocks
formations still document an overwhelmingly aqueous planet with little exposed continental
landmass.

2.2 High Hadean Mantle Heat Flow and the ‘“Heat-Pipe’’ Earth

By 4.4 Ga it is assumed that heat from the hot (~2000 K) lower mantle was transferred to
the planet’s cool exterior through numerous mantle plumes, mechanisms prompting Moore
and Webb (2013) to assign the title “the heat-pipe Earth” to those times (see also Morgan
and Morgan 1999; Bédard 2006, 2018). These plumes fed large igneous provinces com-
prising mafic and ultramafic flows and intrusions generated, as evidenced by Early Hadean
zircons, from a strictly chondritic, though somewhat oxidized, magma reservoir (Wade and
Wood 2005; Frost et al. 2008; O’Neill et al. 2013). While there is no direct evidence for
the kind of dioritic or granitic masses comprising continental crust generated through later
plate tectonics, remnant portions of ancient crust dating ~3.9-3.2 Ga exposed in northern
Canada, Greenland (Isua), northwestern Australia (Pilbara) and eastern South Africa (Bar-
berton) contain a petrological and geochemical signature indicating formation of the largely
mafic provinces on top of pre-existing, at least partially silicic (felsic) proto-continental crust
(Green et al. 2000; Tessalina et al. 2010; see also reviews in Kamber 2015 and Van Kra-
nendonk et al. 2015). Arndt (1994) and Arndt and Nisbet (2012) argue that the presence of
abundant Hadean zircons indicates significant production of fractionated felsic crust through
plate tectonic recycling of hydrothermally-altered hydrated crust. Nevertheless, the prevail-
ing understanding is that the Hadean zircons reflect natural fractionation processes in mafic
mantle and not necessarily by-products of modern-style plate tectonics (Fisher and Vervoort
2008; Harrison et al. 2008; O’Neill et al. 2013). This is similarly demonstrated on the Moon
where zircons formed from relatively dry magmas enriched in highly incompatible elements
(Warren and Wasson 1979), and also on Mars where felsic rocks were documented in the
Late Noachian/Early Hesperian Gale crater. The latter, originally interpreted as “granites”
(Sautter et al. 2015), were later demonstrated to be the result of felsic fractionation unrelated
to plate tectonic-derived, granitic continental crust (Bédard 2006; O’Neill et al. 2013; Udry
et al. 2018).

Thus, the Hadean mantle plumes produced thickened, mostly mafic crust that also con-
tained a fractionated, more felsic rich component which formed submerged continental
plateaus; modern-style continents did not exist. Without modern plate tectonic recycling,
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how then was room made for continual magmatic additions to the Hadean ocean floor?
Kamber (2015) makes the cogent argument that, with a specific gravity of around 5 and
interlayered with basalt and komatiite with specific gravities of ~2.9, the Hadean crust was
‘doomed’ to founder—rather than slide (i.e. subduct as a slab) back—into the hot, dry man-
tle, thus explaining its absence.

2.3 Ocean Temperature, Salinity and pH

Sodium chloride was likely introduced to the early atmosphere as a vapor, and then, in
cooler conditions, in aqueous solution, directly to the ocean (Van Groos and Wyllie 1969).
Thus, the early ocean was likely saline and possibly twice as saline as at present unless the
ocean were to have been twice its present volume (cf. de Ronde et al. 1997; Korenaga et al.
2017). Direct and indirect evidence of early NaCl differentiation from the mantles of Earth
(Kamenetsky et al. 2004), Europa (Hand and Carlson 2015; Poston et al. 2017; Trumbo
et al. 2019), Mars (Chojnacki 2015; Ojha et al. 2018), Enceladus (Glein et al. 2015), Io
(Lellouch et al. 2003) and even the moon (Clanton et al. 1978) supports such a hypothesis.
That carbonate and CO, are immiscible in the Earth’s mantle support the earlier views of
Goldschmidt (1952) that the atmosphere, and hence the ocean, would have been carbonic
and thereby acidic, oscillating perhaps from pH 5 to 6 (McLeod et al. 1994; Kusakabe et al.
2000). Recent modelling (Krissansen-Totton et al. 2018) also confirms an initially slightly
acidic (pH 6.6) ocean. Lacking much surficial erosion and weathering—the present Earth’s
thermostat—because of the lack of exposed landmass, and dependent on the atmospheric
pressure of CO,, the climate was likely to have been extremely unstable, oscillating between
freezing and perhaps 100 °C (Kasting and Ackerman 1986; Robert and Chaussidon 2006;
Tartese et al. 2017). Again, the recent modelling by Krissansen-Totton et al. (2018) that
also considers the input of seafloor weathering suggests relatively moderate temperatures
between 0 and 50 °C. Slightly higher temperatures have been derived from O and Si isotope
studies. For instance, van den Boorn et al. (2007) suggest temperatures up to 55 °C while
Robert and Chaussidon (2006) propose even higher temperatures up to 80 °C, confirmed by
Tartese et al. (2017), who conclude that the high temperatures are the result of significant
hydrothermal input. This hypothesis is supported by field observations and geochemical
evidence (Hofmann and Harris 2008; Westall et al. 2015, 2018) with Westall et al. (2018)
concluding that high temperatures were prevalent particularly at the rock/sediment/water
interface, where hydrothermal effluent circulated.

2.4 Earth-Moon System, Rotations and Tides

The speed of rotation of the Earth at 4.4 Ga is conservatively estimated to have been 20%
faster (Iength of a Hadean Day being ~17 hours) and the moon was ~15-20% closer
(Zharkov 2000). The influence of the centrifugal force at the equator would have thus have
been greater, increasing thereby the Coriolis effect. Lingam and Loeb (2017) estimate a tidal
amplitude of around 20 meters, or rather less if the atmospheric pressure was much higher
than it is today. Large-amplitude Rossby waves in an open ocean (Longuet-Higgins 1968)
would have kept the ocean well-mixed through wave-induced upwelling (Uz et al. 2001);
characterized as a “rototiller” mechanism (Dandonneau et al. 2003).

2.5 Wind Speed and Wave Amplitude

In the absence of land beyond any ephemeral volcanic windbreaks and, judging from mea-
surements made in the ‘Roaring Forties’ of a continual wind speed of between 8 and
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12 ms~!, waves amplitudes were likely to be 10 meters or higher over much of the ocean
surface unless dampened by qualitatively higher atmospheric pressures than at present (Liu
2001). On the other hand, the presence of numerous Hadean shallow continental plateaus
would have dampened this regime. Those early crustal remnants that are well-preserved
show that the shallow water sedimentary sequences atop the Early Archaean plateaus are
generally devoid of evidence of catastrophic tides. Indeed, they appear to have been charac-
terized by relatively quiet tidal regimes suggesting deposition in largely protected basins on
top of the plateau (Nijman and de Vries 2004, 2017; Westall et al. 2015, 2018).

2.6 The Inconsequentiality of the Late Heavy Bombardment

Much has been made of the Late Heavy Bombardment (LHB) with respect to its possible
annihilation of early life (e.g. Maher and Stevenson 1988). The LHB hypothesis came into
existence as a consequence of a ‘bottle-neck’ in the ages measured for lunar basalts returned
to Earth by the Apollo astronauts: there seemed to be a cut-off point prior to ~4.1 Ga with
the suggestion being that older lunar crust (and by corollary Hadean terrestrial crust) had
been destroyed by an increase in the flux of asteroid impacts (Ryder et al. 2000; Bottke et al.
2012), modelled to be related to perturbations in the orbits of the giant outer planets (Kemp
etal. 2010; Marchi et al. 2014). However, currently the ‘bottleneck’ lunar crustal ages appear
to be the effect of sampling only mare basalts. This, combined with more recent modelling,
suggests a monotonic decline in the flux of impactors throughout the Hadean-Archaean
Eons (Boehnke and Harrison 2016; Zellner 2017). Abramov and Mojzsis (2009) modelled
the limited effects that larger bolides would generally have on ocean temperatures (Abramov
et al. 2013). Even supposing the most unlikely event of a sterilizing heat wave through the
ocean, the very low thermal conductivity of ocean floor sediments would protect the ‘deep
biosphere’, sparsely populated though it may have been, from heat death (Sleep 2012). We
know from medical studies and planetary protection tests how difficult it is to completely
eradicate microorganisms once they populate a given habitat, even more so when taking
into account the myriad of smaller micro-habitats which could have acted as reservoirs in
the event of large extinctions (Bloomfield and Miles 1979; Rummel 2001; Pugel et al. 2017;
Tirumalai et al. 2018a, 2018b; Bradley et al. 2019).

2.7 Hydrothermal Systems and Electron and Proton Availability

As noted above, heat flow from the mantle to the surface on the early Earth was high, with
average mantle temperatures being more than 300 °C higher than today (Van Kranendonk
et al. 2015). In the absence of plate tectonics and linear spreading centers, abundant volca-
noes and associated hydrothermal activity offered a relatively efficient escape for the internal
heat. Even a billion years after the consolidation of the Earth, the Early Archaean sediments
document the ubiquity and importance of hydrothermal fluids in the oceans (Hofmann and
Harris 2008; Westall et al. 2015, 2018). Hydrothermal activity in the Hadean must have been
commensurately higher.

Hot hydrothermal fluids percolating through the Earth’s crust become enriched in nu-
merous elements including transition elements, which precipitate out as they exhale and
contact alkaline surface waters (Tosca et al. 2016). It was suggested that redox reactions
between precipitated transition metal sulfides, such as iron monosulfide (FeS), could have
provided the free energy and electrons for prebiotic synthesis through the generation of
pyrite (Wichtershduser 1988). Another approach also involving FeS and ferrous-ferric oxy-
hydroxide, but in the form of a putative membrane separating alkaline sulfide-bearing hy-
drothermal fluids from acidulous Fe-bearing ocean, had the effect of imposing both a redox
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and a pH gradient with a total potential approaching 1 V, sufficient theoretically to drive the
reduction of carbon dioxide (Russell and Hall 1997, 2006). These gradients are, and were,
sustainable for at least 100,000 years (Ludwig et al. 2011). For example, the redox gradient
across membrane-like metal sulfide precipitates produces about 0.5 V of energy (Russell and
Hall 1997). These gradients included pH (ca. four units), temperature (ca. 60 °C) and redox
potential (ca. 500 mV) that were sustainable over geological time-scales (Martin and Rus-
sell 2002). Furthermore, formed via Fischer Tropsch synthesis (e.g. Shock 1992; Sherwood
Lollar et al. 2002; Shock et al. 2002 in crustal environments, or Camprubi et al. 2017 in
hydrothermal environments) and serpentinization, the hydrothermal fluids also transported
compounds of possible relevance for prebiotic chemistry, such as CO, H;, N, along with re-
duced nitrogen (NH3;, CN ™) (Schulte and Shock 1995), reduced carbon (CH;COO~, H,CO,
and short alkyl sulfides; but see Reeves et al. 2014), CH, (Kelley 1996), and HS™ (Mielke
et al. 2010).

Another potentially important aspect of hydrothermal systems concerns associated min-
eral precipitates. While amorphous silica and silica gels are the predominant hydrothermal
precipitates that have been preserved from the early Archaean Earth (Hofmann and Harris
2008; Westall et al. 2015, 2018), barite and iron carbonates were also present. However,
taking into consideration modern sulfate-poor, acidic, ~400 °C hydrothermal springs, tran-
sition element precipitates, such as ‘green rust’ (~[Feg, 2+ Feg( 1> O12Ha_31) ] -[CO32 -
3H,0]?7), mackinawite ([Fe > Ni]S), and greigite (~ FesNiSg), may also have precipitated
(Génin et al. 2008; Russell 2018). An early (~4.1 Ga) onset of sedimentary basins (Trail
et al. 2018) fits well with the geological requirements of a putative hydrothermally-derived
emergence of life, where the aforementioned minerals could have promoted the synthesis of
organics and their complexification by minerally-mediated energy coupling (Fig. 1).

2.8 Scenarios for the Origin of Life

A wide variety of scenarios for the origin of life have been proposed. They range from sub-
marine hydrothermal systems and sediments, through floating pumice rafts, beach or vol-
canic splash pool environments, nuclear geysers, to subaerial springs (see reviews in Dass
et al. 2016; Westall et al. 2018). Hydrothermal systems were first suggested as a suitable
location for the origin of life at the surface by Harvey (1924) and at the ocean floor by
Corliss et al. (1981) and Baross and Hoffman (1985). They attracted attention because they
are major sources of gases and dissolved elements and are characterized by numerous phys-
ical and chemical gradients due to interactions between hydrothermal fluids in the Earth’s
crust and the overlying oceanic and atmospheric environments. Over the last decades, many
studies and models have supported the potential importance of hydrothermal systems for the
emergence of life (Wichtershdauser 1990; Russell et al. 1990, 2010; Russell and Hall 1997,
2006, 2009; Martin and Russell 2002; Martin et al. 2008; Westall et al. 2018). Hydrothermal
systems provide the necessary free-energy as well as a plethora of ingredients and microen-
vironments suitable for their reaction and the concentration of product. Russell and Hall
(1997) described the possible synthesis of relatively complex reactants via FeS chemistry,
and others have emphasized its high affinity for organophosphates (Whicher et al. 2018),
cyanide (Woods 1984; Leja 1982), amines, and formaldehyde (Rickard et al. 2001).

Many of the minerals precipitated in and around hydrothermal systems would also have
included ambient water that was confined and somewhat immobilized through hydrogen
bonding, e.g. between ‘brucite’ layers (e.g. in [Fe,>*Fe,**(OH),,][CO3] - 3H,0, green rust;
Russell 2018), or within pores in the mineral precipitates, e.g. silica gel or adjacent hy-
drothermal sediments (Ding et al. 2016; Westall et al. 2018). Moreover, many have noted the

@ Springer



56 Page 10 of 53 E. Camprubi et al.

H,CO; early ocean
with copious Fe?* from
very hot acidic springs exhaust

FeS + Geen Rust electrolyte:
‘free’ energy converters

white rust Fe(OH), \

en rust-Fe2;Fed5(OH){2C03:3H,0 preciirsor-to-Banded:fron-Formatior-

Alkaline spring

feeding HS', H, Serpentinization
> CH,; >> HCOO-

Fig. 1 Redox and pH disequilibria could be theoretically harnessed by Hadean mineral precipitates such as
mackinawite, green rust, and silica gels in order to promote the synthesis and self-organization of relevant
organic molecules. Analogous systems could be found on the icy moons of the Solar System. Recast from
Branscomb and Russell (2018) with permission from John Wiley & Sons Ltd

importance of mineral surfaces in and around hydrothermal systems (including hydrother-
mal sediments, cf. Westall et al. 2018) for condensing organic molecules, as well as having
an effect on their conformation and complexification (Hazen et al. 2001; Hazen and Sver-
jensky 2010; Dass et al. 2016, 2018). The minerals making up the edifices and the volcanic
sediments surrounding them, including olivine, pyroxenes, plagioclase feldspars, oxides,
oxyhydroxides, sulfides, and amorphous volcanic glass, as well as their alteration products,
namely clay minerals, sulfides, oxides, carbonates and zeolite, contained transition metals
which would not only have served to enhance chirality, stabilized molecules, acted as cata-
lysts for the chemical reactions, but some, e.g., green rust and mackinawite, could also have
acted as free-energy transducers and electro-conformational coupling machines (Tsong and
Astumian 1988; Hazen and Sverjensky 2010; Russell 2018). Since concentration or ‘crowd-
ing’ of organic molecules is an important aspect of prebiotic chemistry, molecules dissem-
inated or dissolved in fluids could also be concentrated by the mineral surfaces (Dass et al.
2016, 2018; Westall et al. 2018). Other advantages of hydrothermal systems (sensu largo)
include pH, temperature, and ionic concentrations gradients that could harness proton and
redox gradients to produce chemiosmotic energy, a free-energy source that could eventually
be used by the earliest biochemical systems (Russell and Hall 1997, 2009; Russell et al.
2010; Westall et al. 2018). Note, however, that while temperatures within the Hadean vents
were on the higher end to support prebiotic reactions, those in their vicinity, including porous
volcanic sediments would have been more moderate (Westall et al. 2018).
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There is a certain amount of corroboration for the emergence of life in hydrothermal
systems from genetic analyses (Weiss et al. 2016), which suggest that LUCA (the last uni-
versal common ancestor of life on Earth) lived in a hydrothermal environment, its closest
relatives being methanogens and clostridium, using H,S, H, and CO,, transition metals,
and sulfur as nutrient sources, and where Fischer-Tropsch reactions and serpentinization
produced H,, CH4 and reactive C1 type carbon molecules. The genetic code of the ther-
mophilic LUCA likely arose in such a setting; Weiss et al. (2016) suggest that life arose
in a single hydrothermal vent rather than different components being produced in different
environments. Whether or not this was really the case (indeed, cells could have emerged in
a number of environments around the globe), it is possible that various prebiotic molecules
could have been formed in a variety of environments, ranging from subaerial springs (Damer
and Deamer 2015), to coastal volcanic splash pools (Fox and Strasdeit 2013), to pumice
rafts (Brasier et al. 2011), or submarine hydrothermal sediments. Dass et al. (2016) and
Westall et al. (2018) reviewed the advantages and disadvantages of the various scenarios
proposed for the emergence of life (as documented in Table 1) in terms of production of or-
ganic molecules, presence of complementary elements of relevance for catalyzing primitive
metabolisms, availability of chemical energy for fueling reactions, availability of reactive
mineral surfaces, potential for concentrating organic molecules, suitability of temperature
for molecular complexification, temperature, pH and redox gradients, influence of fluid dy-
namics, plausibility of distribution on the Hadean Earth, and protection from impacts, radi-
ation, etc. Of the scenarios proposed, nuclear geysers, pumice rafts, volcanic coastal splash
pools, subaerial hot springs, submarine vents and hydrothermal sediments, the hydrother-
mal scenarios are the ones that present the most advantages, especially submarine vents and
sediments.

2.9 Implications for the Search of Life

We do not fully understand how and why life emerged during the early Earth, and we are
equally challenged on the geological conditions which made it possible. Yet, throughout this
section we have discussed extensively about the importance of hydrothermalism for abio-
genesis, as well as its ubiquity during the Hadean eon. Permeable volcanic and hydrothermal
rocks and sediments, heat, and water are the three indispensable items for hydrothermal ac-
tivity. We now know liquid water is pervasive in the Universe and it is remarkably abundant
on planetary bodies such as the icy moons of the Solar System where it forms large or
global sub-surficial oceans. Even though the reason(s) behind life’s emergence is(are) prob-
ably universal, it is possible this event occurs through several mechanisms and crystalizes
around different core molecules across the Universe. Despite this, when specifically assess-
ing such prospects in oceanic worlds we should be looking for hydrothermal-sedimentary
settings as the most likely candidates.

3 The RNA World—Reality or Dogma?

In his classic work ‘What is life?” Schrodinger famously alluded to a thermodynamic inter-
pretation of life. He proposed that the exchange of energy and matter with the environment,
could lead to the reduction of thermodynamic entropy by living systems and the local accu-
mulation of Gibbs free energy (Schrodinger 1944). Developments in molecular biology and
evolutionary science offered new perspectives on this quest. Particularly, genetic sequencing
offered the opportunity of opening a window into the biological past, something which was
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previously only possible by the study of fossils. Eventually and inevitably the question of
the ‘origins of life’ would take center stage in this endeavor. To this end, the study of the
origins and evolution of crucial biomolecules (such as RNA) constitutes a primary objective
in the fields of astrobiology and exobiology.

3.1 The ‘Top-down’ Approach—the Ribosome, the Last Universal Common
Ancestor (LUCA), and the RNA World

The organization of various biological forms and their interrelationships, vis-a-vis biochem-
ical and molecular networks, is characterized by the interlinked processes of flow of in-
formation between the information-bearing macromolecular semantides, namely DNA and
RNA, and proteins (Zuckerkandl and Pauling 1965). This flow takes place through tran-
scription (of DNA to RNA) and translation (of the message from RNA to proteins) via the
algorithm that is the genetic code. In the 1970s, the pursuit of exploring the stereochemi-
cal roots of the origins of the genetic code by Carl Woese (Woese 1968; Fox 2013) led to
the observation that the signatures of the informational macromolecule, namely the ribo-
somal RNA, are universal and thus extremely well-conserved. The pioneering use of these
molecular signatures to reclassify the phylogenetic relationships between various life forms
resulted in the three-domain classification system, comprising the bacteria, archaea and eu-
karya (Woese and Fox 1977a, 1977b; Woese et al. 1990; Woese 2000; Sapp and Fox 2013).
This molecular signature-based system replaced the earlier system that was based mostly
on morphology for more than a century (Linné and Salvius 1758, 1759; Whittaker 1969;
Margulis 1974).

The three-domain classification of cellular life represented a landmark event arguably
equal in significance to that of solving the structure of DNA (Watson and Crick 1953).
Following this, advances in sequencing technology generated large sets of genomic data
from organisms spread across the three domains of life. This, in turn, could be exploited to
refine the classification of gene systems and their relationships, levels of conservation and
lateral transfer between domains, phyla/groups and species. In this process it became evident
that in the hierarchical organization of molecular universality and levels of conservation, the
genes involved in translation occupied the first slot. Central to the translation system, are
the genes encoding the ribosomal RNA, the ribosomal proteins and associated factors, all
of which ranked high in conservation and universality. Thus, the translational machinery
was identified as one of the most ancient of systems in biology and was forming part of the
core of the (hypothetical) Last Universal Common Ancestor (LUCA) (Gesteland and Atkins
1993; Woese 1998; Harris et al. 2003; Charlebois and Doolittle 2004; Vetsigian et al. 2006;
Fournier et al. 2010; Di Giulio 2011, 2018; Williams et al. 2013; Hartman and Smith 2014;
Bernier et al. 2018; Weiss et al. 2018; Coleman et al. 2019).

The translational apparatus itself, namely the ribosome, is a universal ribonucleoprotein
complex of two (one large and one small) subunits (Smith et al. 2008; Fox 2010), described
as a ratchet-like machine (Frank and Agrawal 2000) propelled by Brownian motion (Frank
and Gonzalez 2010). The large subunit (LSU) houses the peptidyl transferase center (PTC)
which was shown to catalyze peptide bond formation (Monro 1967) in the growing peptide
chain, using the charged amino acid on the transfer RNA, decoding the message from the
messenger RNA (Woese 2002; Beringer and Rodnina 2007; Fox 2010; Petrov et al. 2014b).
The ribosome thus, links the genotype and phenotype (Noller 2012) and represents a uni-
versal molecular fossil with multiple layers of ‘chronologically’ separable domains (Bokov
and Steinberg 2009; Hsiao et al. 2013b; Petrov et al. 2014a, b; Petrov et al. 2015; Lanier
et al. 2016; Bernier et al. 2018).
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As structural studies on ribosomes continued to progress, the central role of the ribo-
somal RNA in the function of the ribosomes became increasingly evident. High resolution
structural data further showed that the functional center for the peptide bond formation in
the LSU is the RNA (Cate et al. 1999; Ban et al. 2000; Nissen et al. 2000; Harms et al.
2001; Schlunzen et al. 2001; Spahn et al. 2001; Yusupov et al. 2001; Hansen et al. 2002;
Ramakrishnan 2002; Schuwirth et al. 2005; Selmer et al. 2006; Armache et al. 2010; Jen-
ner et al. 2012; Anger et al. 2013). Furthermore, even though the ribosome requires several
proteins for decoding the message from the mRNA to make the peptide (Brock et al. 1998;
Ramakrishnan 2002), it was shown (as early as in 1964) that peptide synthesis initiation
and subsequent steps in translation could also happen without these proteins (Nirenberg and
Leder 1964; Pestka 1968; Lill et al. 1986). One study suggested that the ribosome could act
as an entropy trap, creating the appropriate three-dimensional space molecular placements
to ensure the exclusion of water and enabling peptide bond formation (Sievers et al. 2004).
Thus, it is now generally accepted that the catalytic core of the ribosome is a ribozyme (Cech
2000; Muth et al. 2000; Nissen et al. 2000) and that such translation machinery is clearly
very ancient (Hury et al. 2006). Recent efforts have also successfully delineated the com-
ponents of the ribosome in a systems approach exploring the cavities within the ribosome
(Rivas et al. 2013), as well as smaller motifs or centers of motion (Paci and Fox 2015, 2016).

3.2 The Ribosome as a Window into the Ancient Pre-Biotic Past

Given all of this, it is only conceivable that the ‘top down’ view of life leading towards
LUCA’s origins cannot be decoupled from the origins of the translational apparatus and thus
of RNA itself (Woese 2001). With this as the backdrop, the discovery of RNAs that could
catalyze reactions, lead to the idea of an RNA World where RNA molecules would have
catalyzed reactions—such as their own replication—whilst these would have been coded by
the sequence of nucleotides of the RNA molecule itself (Rich 1962; Woese 1967; Gilbert
1986; Lahav 1993; Orgel and Crick 1993;). This theory became popular quickly (Cech 1993,
2009, 2015; Gesteland and Atkins 1993; Woese 2001; Filipowicz 2017; Kawamura and
Maurel 2017; Yeates et al. 2017) and it is rooted in multiple pieces of evidence. First, RNA
possesses dual capabilities and serve both as a repository for genetic information (genotype)
and as chemical catalysts (phenotype). Second, is the role of RNA in various aspects of the
cellular machinery, including gene regulation (riboswitches, non-protein-coding regulatory
RNAs, including microRNAs, sRNAs, scnRNAs and IncRNAs) (Lee et al. 1993; Ruvkun
et al. 2004; Duharcourt et al. 2009; Ames and Breaker 2010; Wagner and Romby 2015;
Dutta and Srivastava 2018; Li and Li 2018), and bacterial immune response (CRISPR/Cas)
(Gholizadeh et al. 2017; Patterson et al. 2017). Lastly, the nucleotide co-enzymes are ribose-
based, just like RNA.

Despite these observations, the notion of an extended RNA World in which RNAs cat-
alyze many biochemical reactions as well as cell division remains controversial (James and
Ellington 1995; Ma and Yu 2006). The key argument against the RNA World hypothesis has
so far been the non-demonstration of the existence of a self-copying RNA replicase (Robert-
son and Joyce 2012; Ma 2014; Higgs and Lehman 2015). It is now considered plausible that
the first RNA replicase may have originated as a peptide produced by a primitive ribosome
that likely emerged from a replicase-free brief RNA World (Fox 2010, 2016a), which then
continued to evolve (Fox and Naik 2004; Fox et al. 2012). There is yet another moot point: a
putative molecular Darwinian bottleneck resulting from evolutionary biases and constraints
in the prebiotic world has been proposed as a major factor leading to the asphalt paradox
(Benner et al. 2012) with respect to the stability of the RNA world. The asphalt paradox
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refers to the observation that raw free energy applied to organic molecules tends to produce
biologically useless tars, whilst life itself tends to evolve novel ways of using new sources
of free energy.

Therefore, in the prebiotic RNA world, a rapid organization of the starting material into
higher order complexity (proto-ribosome/primitive translation machinery) could have over-
come the twin problems of maintaining stability in a hostile environment (that of a prebiotic
Earth), as well as information processing. A novel model is lending further support to this
hypothesis, in which an ancient RNA apparatus, lying embedded within the modern ribo-
some, has been proposed to have likely preceded the stable and (relatively) modern peptidyl
transferase center (Krupkin et al. 2011).

3.3 A View from the ‘Bottom-up’—from Prebiotic Chemistry to the LUCA.
Abiogenic Processes Leading to the Emergence of Life

The emergence of life is undoubtedly married to the understanding of the sum total of ge-
ological events on the early Earth. As detailed in the previous section, the early history of
Earth after its estimated formation around 4.54 billion years (4.5 Ga) ago, was characterized
by the energic bombardment of asteroids and other extraterrestrial objects, keeping Earth’s
water mostly in its gaseous state (Dalrymple 1991). A hydrosphere, a requirement for life as
we know it, is estimated to have been formed 4.4 Ga ago (Watson and Harrison 2005). How
did a non-living chemical system, consisting of basic molecules, transition to the LUCA
stage via the hypothetical RNA World? Could this question be addressed through the ap-
plication of either Darwinian or non-Darwinian concepts? Could this shed light on whether
the early events lead to an initial selection of prebiotic molecules? Could this selection have
narrowed down molecules most ‘ideal’ for life? Could this then have been followed by
molecular self-organization of such prebiotic molecules potentially leading to variation and
selection, collectively termed molecular evolution?

In the 1920s, the classic Oparin-Haldane hypothesis proposed that life on Earth emerged
through chemical evolution of abiogenic matter based on the assumption of a reducing atmo-
sphere of an early habitable Earth (Oparin 1924; Haldane 1929). The hypothesis proposed
that simple inorganics exploited chemical energy from natural sources to build larger build-
ing blocks in the famous ‘primordial soup’, very much akin to Charles Darwin’s ‘warm little
pond’ proposal (Darwin Correspondence Project, http://www.darwinproject.ac.uk/) (Peretd
et al. 2009). This abiotic organization of molecules was proposed to have resulted in larger,
more complex polymers.

On the footsteps of the Oparin-Haldane hypothesis, came the Miller—Urey experiment
providing the first evidence that organic molecules arguably needed for life could be formed
from inorganic components under reducing conditions. All that was required was an en-
closed system comprising of a primordial soup analog of heated pool of water and a mix-
ture of early Earth gases (that of water, ammonia, methane and nitrogen), with sparks of
electricity providing ‘lightning’-like energy (Miller 1953). The Oparin-Haldane hypothesis
supported by the Miller-Urey experiment, was further vindicated with many experiments
showing that organic building blocks can indeed form from inorganic precursors (Powner
et al. 2009; McCollom 2013; Lazcano 2018). In one study, the Miller—Urey experiments
could produce RNA nucleobases in discharges and laser-driven plasma impact simulations
under reducing conditions with formamide as an intermediate (Ferus et al. 2017). One report
makes a compelling argument for the occurrence of short-lived reducing atmospheres which
could have supported the formation of organic matter (Genda et al. 2017; Parkos et al. 2018).
However, the reducing atmosphere scenario of early Earth (on which the Oparin-Haldane
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hypothesis is based) have been challenged (Abelson 1966; Trail et al. 2011). The arguments
are based on the observational models that the early atmosphere was mostly nitrogen gas
with some CO,, where a lower yield of organic material is found (Folsome et al. 1981;
Plankensteiner et al. 2006). Neutral atmospheric conditions appear to yield a fair amount of
amino acids (Cleaves et al. 2008), but certainly at lower rates of production than if some
methane is present. Photochemical production of HCN from even small fluxes of methane
is efficient and likely was significant on the early Earth (Zahnle 1986; Tian et al. 2011), and
most recent models suggest percent-levels of hydrogen would be present in the atmosphere
before life arose (Tian et al. 2005; Wordsworth and Pierrehumbert 2013) likely bolstering
the atmospheric production of organic material.

All of this does not make up the entire picture though. The carbon, oxygen and nitro-
gen on Earth were also sourced from the accretion of interstellar dust in the original solar
nebula, in the form of organic compounds, a process that is still ongoing today (Chyba and
Sagan 1992; Dworkin et al. 2001; Ehrenfreund et al. 2011). Thus, the accumulation of the
organic compounds required for life to begin were not only possibly synthesized by geo-
chemical processes, but could have also been delivered by meteoritic inputs (Meinschein
et al. 1963; Anders 1989; Cooper et al. 2001; Sephton 2002; Pizzarello and Shock 2017), as
confirmed by the finding of extraterrestrial carbon in early Earth sediments (Gourier et al.
2019). Such an available inventory could have undergone sorting, processing and selection
(Lazcano 2016) to form the first heterotrophic protocell. Indeed, compounds extracted from
the Murchison meteorite have been proposed as source material not only for membrane for-
mation (Deamer et al. 1991; Deamer 2012), but also for facilitating electron transfer across
membranes (Milshteyn et al. 2019).

3.4 The Emergence of Life: In the Oceans or on Oceanic Edges?

The Oparin-Haldane model of buildup of simple blocks of life is hypothesized to have oc-
curred around the water’s edge. This idea is being contested by those who argue in fa-
vor of deep oceanic origins. While no modern-style continental landmasses existed before
3.2 Ga, the preserved geological record from the Early Archaean (that can be translated
probably back to the Hadean) documents small exposed landmasses on top of submerged
ocean plateau-like protocontinents, something like volcanic Iceland surrounded by relatively
protected collapse basins (cf. Nijman et al. 2017). It is fair to say, however, that our current
understanding or knowledge of any kind of exposed terrestrial surface during those early
days is hazy (Sleep 2018). Nevertheless, land/terrestrial hydrothermal vent systems that are
components of volcanic landmasses in present day Earth are hypothesized to be analogs
of similar geological features that likely arose out of Earth’s first oceans (King and Adam
2014). In one novel hypothesis, it has been suggested that early Earth volcanic islands har-
boring Darwin’s warm little ponds could have been the sites of early prebiotic chemistry,
releasing the products into the oceans (Bada and Korenaga 2018).

Recent efforts have shown that a water-land interface could be plausible sites for the
origins of life. For example, hydrothermal pool water was shown to support the assembly
of a mixture of dodecanoic acid and glycerol monododecanoate into temperature tolerant
and stable membranes at both acidic and alkaline pH ranges. On the other hand, recent
studies suggest seawater does not support the formation of stable vesicles by amphiphiles
(Milshteyn et al. 2018; Deamer et al. 2019). Nevertheless, it is worth noting that most of
these studies have commonly used one type of amphiphilic molecule in order to assemble
such vesicles. For instance, recent work shows that using mixtures of amphiphiles of dif-
fering tail lengths (Jordan et al. 2019b), or the addition of other types of amphiphiles such
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as isoprenoids (Jordan et al. 2019a)—a more realistic simulation of the ‘dirty chemistry’
world of prebiotic chemistry—can yield vesicles which are significantly more resistant to
higher salinity and pH values. In any case, such land-water interface sites which are char-
acterized by fluctuating fresh water hydrothermal pools could also support other reactions.
These include polymerization, generation of a hydrogel of stable, communally supported
membrane-bounded protocells (Damer 2016), molecular systems driven by cycles of hy-
dration and dehydration, chemical evolution in dehydrated films on mineral surfaces, and
encapsulation and combinatorial selection in a hydrated bulk phase (Damer and Deamer
2015). Such results are supportive of hydrothermal springs on primitive islands on the pre-
biotic Earth that are in line with the Oparin-Haldane idea of the edge of the ocean-land
interface sites as candidate environments for biogenesis. However, this particular debate
between the oceanic origins and the land-water interface origins of life is far from over,
especially considering the huge UV flux to the surface of the early Earth (50-1000 W/m?
according to Cockell and Raven 2004).

3.5 Can a Primitive RNA World or RNA-Peptide World Generate Rapid
Increases in Complexity?

Based on multiple models of the early Earth and its impact history, it has been estimated that
the appearance of RNA molecules could have occurred around 4.36 & 0.1 billion years ago
(Benner et al. 2019). In the face of different viewpoints of what the so-called RNA World
might have been like—or whether it marked the start of the abiogenesis process or rather it
represented a later (already quite complex) intermediate point—multiple efforts have been
and are being made towards understanding the most probable order of molecular evolution
events that could produce ‘significant’ quantities of RNA monomers under prebiotic condi-
tions (Biscans 2018). The origins of the RNA polymers have been linked to several potential
precursors such as ammonium cyanide (Oré 1960), 2-pyrimidinone (Bean et al. 2007), tri-
aminopyrimidine (TAP), melamine, barbituric acid (BA), cyanuric acid (CA) (Menor-Salvan
et al. 2009; Chen et al. 2014), formaldehyde (yielding ribose) (Decker et al. 1982; Larralde
et al. 1995; Kim et al. 2011), ribose alternatives (Weber 1992; Eschenmoser 2011; Sagi
et al. 2012), and formamide (Saladino et al. 2007, 2009, 2012a, 2012b; Pino et al. 2015).
One proposal has suggested that the origin and early evolution of life took place in an en-
vironment containing previously synthesized building blocks. Following this argument, the
chemical pathways and intermediate metabolites of extant biology would have been added
to the emerging network of molecules in response to the adaptation needs of such early
organisms (Wu and Sutherland 2019). This view is tantalizing, but it is worth noting this
approach largely sacrifices the hopes of understanding the geological and biological forces
which shaped early life into what would eventually become the LUCA.

Precursors have been shown to give rise to more complex structures through a variety
of non-chemical processes (Ferris and Orgel 1966; Sanchez et al. 1967, 1968; Ferris et al.
1968; Sanchez and Orgel 1970; Fuller et al. 1972a,b; Orgel and Crick 1993; Ferris et al.
1996; Orgel 2004; Powner et al. 2009, 2010, 2011). Other efforts towards demonstrating
the prebiotic synthesis of RNA have yielded promising results (Cafferty et al. 2016; Yeates
et al. 2016; Costanzo et al. 2017; He et al. 2017; Mathis et al. 2017; Szilagyi et al. 2017;
Taran et al. 2017; Wills and Carter 2018; Yeates et al. 2017). A significant effort resulted in
the robust production of enantiopure RNA precursors from racemic starting materials under
potential prebiotic conditions (Hein et al. 2011; Leu et al. 2011; Obermayer et al. 2011).
The remarkable stability of RNA precursors, such as pentose aminooxazolines and oxazo-
lidinone thiones, has also been demonstrated under the conditions of early Earth and UV-
irradiation levels (Janicki et al. 2018). Even neutral (as opposed to reducing) atmospheres
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could be conducive to the synthesis of carbonylated heterocycles from N-heterocycles and
their adducts (i.e. subunits of the proposed RNA precursor, peptide nucleic acids (PNAs))
on the early Earth (Rodriguez et al. 2019).

Once precursors leading to RNA monomers are available, polymerization could be po-
tentially achieved through a combination of condensation and dehydration reactions (Hud
et al. 2013), the ligation of random oligomers (Briones et al. 2009), possible reactions on
inorganic surfaces/clays (Miyakawa et al. 2006; Joshi et al. 2009), or in lipid-bilayer lattices
(Rajamani et al. 2008; Mungi and Rajamani 2015). A key step in RNA polymerization is
the activation of nucleotides. 2-aminoimidazole and 2-aminooxazole have been proposed
as good candidates for prebiotic nucleotide activation leading to non-enzymatic RNA repli-
cation. It has been proposed that the prebiotic synthesis of both these compounds share a
common pathway in which simpler compounds such as glycolaldehyde, cyanamide, phos-
phate and ammonium react under low pH conditions (Fahrenbach et al. 2017). The rapidly
fluctuating local environments on the prebiotic Earth could themselves have been ideal in
aiding the requisite increases in complexity as demonstrated by the wet/dry cycles (Forsythe
et al. 2015). A significant observation about RNA functional versatility lies in the fact that
RNAs need not be large to exhibit functional activities. While there are multiple examples to
support this, the example of a novel artificial RNA structurally mimicking a modern tRNA
(Nagaswamy and Fox 2003; Di Giulio 2009), and a small 24 residue micro helix RNA that
could be charged with alanine (Francklyn and Schimmel 1989), are two that illustrate this
point. Given that prebiotic chemistry can potentially generate oligo ribonucleotides in the
15-40 size range, it is only likely that such similar small RNAs may have had biologically
relevant properties in the prebiotic world.

In theoretical molecular evolution DNA and RNA—when subjected to self-organization
—could eventually lead to the creation of clusters of mutants, each of which could be poten-
tially identifiable by a certain representative (derived and defined) consensus sequence(s),
termed the ‘quasispecies’ (Eigen et al. 1989; Schwille 2018). Such a clustering of subtypes
provides ample space for evolutionary dynamics including selection and adaptation, lead-
ing to increase in complexity. The ‘quasispecies’ theory has been tested exploring the link
between chemical kinetics and evolutionary dynamics, the generation of RNA oligomers by
montmorillonite, and self-replicating peptides in a hyper cyclic network of symbiosis (Lee
et al. 1997; Wattis and Coveney 1999; Emren et al. 2006; Huang and Ferris 2006; Kurtovic
et al. 2007; Kurtovic and Mannervik 2009; Chen and Nowak 2012). Non-enzymatic RNA
replication using only chemical processes is yet another option that has been adequately
covered (Szostak 2012).

The mutation buildup approach has a drawback in that high rates of mutation could neg-
atively impact the emergence of functional sequences in a prebiotic world (Higgs 1998;
Rajamani et al. 2010; Leu et al. 2011). A novel alternate approach based on dynamic com-
binatorial chemistry (DCC) (Benner et al. 1996; Leal et al. 2006), proposes that when RNAs
are subjected to a persistent equilibrium of ligation (recombination events rather than muta-
tions) and cleavage, it would lead to naturally increasing RNA pools in variety and possibly
complexity. This also suggests that this could happen in the absence of frequent point mu-
tations caused by replication errors. Such pools of RNA may eventually gain resistance to
degradation over time, thereby serving as the basis for an RNA World. Theoretical mod-
elling (Walker et al. 2012) and experimental efforts (Arsene et al. 2018; Tirumalai et al.
2018a, 2018b), have adopted this approach, demonstrating that simultaneous ligation and
degradation can rapidly produce RNAs of increasing diversity in the absence of a replicase.
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3.6 Metals and the RNA World

Metal ions play a wide plethora of roles in biology and were abundant on prebiotic Earth,
which was characterized by high rates of leaching and solvation of the metals (Bengtson
1994; Westall et al. 2015). In contemporary biological systems, the association of RNA with
transition metal ions is a widespread feature (Pyle 2002). Riboswitches that associate with
Mn?t, Ni*t, and Co?t (Furukawa et al. 2015; Price et al. 2015) and ribosomal RNA bind-
ing with Pt>* (Plakos and DeRose 2017) are classic examples in this context. Magnesium
which is frequently closely associated with phosphates and phosphate esters is an important
metal in RNA metallobiochemistry (Gonzalez and Tinoco 2001) and an important player
in the origins of life (Petrov et al. 2011; Westheimer 1987). Magnesium and potassium are
important cations in RNA metallobiochemistry (Draper 2008; Gonzalez and Tinoco 2001);
indeed, the early terrestrial basalts (komatiites) were richer in Mg than at present. Diffusely
bound Mg ions stabilize the folded (tertiary) structures of RNA by accumulating in regions
of high negative electrostatic potential. Single partially dehydrated Mg+ stabilizes the ter-
tiary structure of the rRNA and complex RNA folds (Cate et al. 1997; Misra and Draper
2001). Computational model predictions of two magnesium ions playing a role in the catal-
ysis of the junction of two RNA strands via “a two Mg?* ions” mechanism (Sgrignani and
Magistrato 2012) have significant implications for the RNA world hypothesis. Magnesium
has been shown to (i) form a framework critical for the ribosomal peptidy] transferase center
(PTC) (Hsiao and Williams 2009), (ii) stabilizes ribosomal assembly (Petrov et al. 2012),
(iii) regulates translational rates in bacteria (Pech et al. 2011), and (iv) alter base pairing in
riboswitches (Zhao et al. 2011). In the vicinity of the PTC, the Mg divalent ion core has been
suggested to be the RNA counterpart to the protein hydrophobic core, burying parts of the
RNA molecule in the native structure and being critical for RNA tertiary structure formation
(Cate et al. 1997). Mg?* is thus inseparable from the overall compositional evolution of the
ribosome and hence RNA.

In other studies, the roles of iron and manganese as magnesium substitutes under the
anaerobic conditions that likely existed on the prebiotic Earth have been evaluated. Studies
imply the association of Fe(II), the most common form of Fe on the anoxic planet, with
functional RNA during the early anoxygenic period of Earth’s history. The advent of oxygen
is thought to have led to Fe(II) being replaced by Mg?* (Hsiao et al. 2013a). Further studies
have demonstrated the potential roles of Fe>* and Mn?* as Mg?* substitutes during the early
stages of the ribosomal evolution when both Fe?* and Mn?* were abundant in the absence
of free oxygen (Athavale et al. 2012; Bray et al. 2018).

3.7 Molecular Mutualism or Symbiosis Between Polymers of Nucleotides
and Peptides

“...Polynucleotide and polypeptide are molecules in mutualism. RNA synthesizes protein
in the ribosome and protein synthesizes RNA in polymerases. RNA and protein are codepen-
dent, and trade proficiencies. ..” (Lanier et al. 2017). The limitations to the RNA ‘only’ or
RNA ‘“first’ world theories—imposed by the relatively poor catalytic ability as well as stabil-
ity of RNAs by themselves (Lilley 2003)—have led to the emerging idea of the co-evolution
of both RNA and peptide polymers in a synergistic manner. Scientists van der Gulik and
Speijer have made a compelling argument that the RNA world could not have been possible
without amino acids playing a role in the same (van der Gulik and Speijer 2015). This leads
us back to the idea of a proto-ribosome preceding the LUCA (Fox 2016b; Fox and Naik
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2004; Bowman et al. 2015). In one novel hypothetical scenario, ancient versions of trans-
fer RNAs (tRNA) could enable the origin of the first genes (mRNA), while a proto-PTC
(rRNA) and proto-tRNAs formed a proto-translation system, followed by the emergence of
metabolic pathways (de Farias et al. 2016). In addition to what was mentioned earlier about
the protoribosome, it has been shown that a quantum mechanical theoretical model of such a
system based on coordinates of known crystal structures of existing ribosomes, fits well with
energetic stability of such a proto-ribosome structure and its attachment to substrates (Huang
et al. 2013). Mutual partnership interactions between ancestral oligonucleotides/ribozymes
and oligopeptides in an ancient pre-LUCA scenario, supporting the emergence of biology,
are gaining traction (Taylor 2006; Wolf and Koonin 2007). Much of this is supported by
structural evidence for simple, stereo chemically coded, reciprocally catalytic peptide/RNA
complexes, thereby overriding the need for one type of polymer to possess both catalytic and
informational properties (Yarus 1998; Li et al. 2013; Carter 2015; Carter and Wills 2018;
Wills and Carter 2018; Puthenvedu et al. 2018; Yarus 2018). RNA, peptides and lipids could
have aggregated to give rise to molecular ‘sociality’ leading to the emergence of the first
primitive form of life (Ray 1992).

Thomas R. Cech in his 2012 paper eloquently described two RNA worlds (Cech 2012).
In the earlier primordial hypothetical RNA world, RNA was genotype and phenotype. In
the other, more recent, version of the RNA world, RNA catalyzes, mediates and participates
in a multitude of reactions and cellular processes. Extending his description to the current
ideas, it is conceivable that a primitive RNA world was likely a RNA-peptide world which
transitioned to a proto-ribosome encapsulated within a proto-membrane to the LUCA, in a
manner analogous to the ‘punctuated equilibrium’ states proposed by evolutionary biologist
Stephen J. Gould (Gould 1983, 1986; Gould and Eldredge 1993).

As it stands now, certain key questions do not have concrete answers. Firstly, there is
the question as to how populations of prebiotic molecules underwent selection leading to
filtering out some of the same, and the fine-tuning of this selection process (Islam et al.
2017). From this stage, selection arguably lead to choosing RNA as the primary information
carrying starting material (Whitaker and Powner 2018), with peptides forming a mutually
supporting role for the next step in kick-starting life. At the second level, is the question
as to how did the RNA world or RNA-peptide world get to the LUCA stage? The larger
‘origins of life’ questions are gradually evolving towards a more systemic approach that
involves simultaneous roles of multiple components and their respective pathways in a co-
evolving network towards biocomplexity (de la Escosura et al. 2015; Le Vay and Mutschler
2019; Runnels et al. 2018). Bhowmik and Krishnamurthy (2019) have made a compelling
case for the possibility of the concurrent emergence of both RNA and DNA from what
they refer to as a “prebiotic clutter” of chemicals. Stephen J. Gould hypothesized that if
we were to ‘replay life’s tape’ by going back in time, the replay would most probably be
different (Gould 1989). Thus, prebiotic molecules, including nucleic acids, peptides and
lipids interacting in a playback scenario might lead to something different than the LUCA.
Even if one were to consider a similar set of parameters in extraterrestrial bodies like Mars,
Titan, Europa, Enceladus, Ganymede (and their likes) leading to formation of precursors
similar to Earth’s ‘life’ precursors, the process of evolution would have led to or could lead
to something different than what is observed on Earth. One could say that both Gould and
Schrodinger would perhaps agree on this.

3.8 Extraterrestrial RNA Worlds?

Even if often the existence of an RNA World is not directly referred to in hypotheses for the
emergence of life focusing on metabolism, at some point in their chronology it is common
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for the invocation of a prevalent role of RNA or RNA-like molecules. Most “genetics first”
hypotheses require surficial synthesis of nucleotides or nucleobases, regardless of whether
this occurs de novo or by recycling extra-terrestrial organics delivered from space. This is
mostly because the need of UV radiation and/or wet-dry cycling, two features which are
difficult to be found at oceanic depths (although the necessity of decreased water activity
could be overcome by reactions on mineral surfaces, such as silica gel (Dass et al. 2018)).
The global oceans present in icy moons such as Europa and Enceladus are covered in a thick
ice shell which would impede any UV radiation down into their respective oceans. Wet-dry
cycles and UV-mediated chemistry could still occur in the upper layers of the ice shell, so
putative nucleotides synthesized there could still be useful for abiogenesis if a mechanism
for some type of ice subduction is (or was) taking place. This idea, however, does not take
into account the huge radiation fields of the giant planets which would effectively destroy
the more complex prebiotic organics necessary for cell-building at the surficial ice layers.
Nucleotide synthesis in the surface of other icy moons such as Titan seems more plausible
due to the physical remodeling of its landscape and associated chemical activity. Despite
this, there are doubts as to how such nucleotides could migrate down to Titan’s subsurface
watery oceans in order for RNA World-type (bio)chemistry to take place (more on this in
Sect. 5 of this article).

Nevertheless, the putative (perhaps past) presence of some sort or RNA World in the
oceans of Europa and Enceladus is anything but impossible. It is reasonable to consider that
nucleotides could be non-enzymatically synthesized in chemical pathways independent of
wet-dry cycling and UV radiation, which are two alleged abiogenic reaction promoters that
modern—and arguably ancient—Ilife does not use (Harrison and Lane 2018). Reduced ni-
trogen species have already been detected in the plumes of Enceladus (Waite et al. 2009),
which suggests that the hydrothermally-derived reactivity present at the oceanic floor could
also yield the nucleotides (or at least the nucleobases) required for an RNA World-like sce-
nario.

4 Lessons from Biology—What Does the Tree of Life Tell Us About Its
Emergence?

4.1 The Historical Universal Tree of Life

The first significant attempt at a phylogenetic tree of prokaryotes, historically, was published
by Orla-Jensen (1909) (Fig. 2) and based on the concept that the earliest organisms on Earth
were chemolithoautotrophs since they would have had to inhabit an environment devoid of
light and organic nutrients. In many ways similar to present hydrothermal vent origin of
life models, in his scheme, evolution proceeded from the original lithotrophic stock to give
rise to bacteria having diverse nutritional requirements and increasingly complex niches
(Orla-Jensen 1909). Our present view of prokaryotic evolution was significantly shaped by
the pioneering work of Carl R. Woese and George E. Fox (Woese and Fox 1977a, 1977b)
that was based on the analyses of universally conserved nucleic acid sequences (particularly
those of the small subunit rRNA gene; Pace 1997). Indeed, phylogenetic analyses of the 16S
and 18S rRNA genes universally present in all cellular life became subsequently an integral
tool for microbial taxonomists. In many ways, the rRNA tree of life has become a foundation
on which rests much of our modern view of microbiology and, in particular, our view of the
evolutionary history of microorganisms. However, in spite of its impact and successes, the
comparison of the small submit rRNA has inherent limitations. First, phylogenetic analyses
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Fig. 2 Early 20th century microbial tree (Orla-Jensen 1909)

of single gene sequences, such as the IRNA gene, lack sufficient information to confidently
resolve the divergence patterns of the major microbial lineages that diverged very early in
life’s history. Second, although this is true for any phylogenetic analysis, misalignments as
well as varying evolutionary rates and compositional biases between distinct lineages can
adversely impact the recovered phylogenetic tree and result in incorrect topologies (Felsen-
stein 1981; Gribaldo and Philippe 2002; Heaps et al. 2014). Third, at its best, the 16S rRNA
tree represents the evolutionary history of this particular marker gene and may or may not
be reflective of the phylogenetic history of microorganisms, which is known to be shaped by
both vertical and horizontal components of evolution (Koonin 2016) with different protein
families displaying independent histories. The recognition that substantial horizontal gene
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transfer (HGT) has occurred between microorganisms raised concerns that genes might be
transferred with high enough frequency as to seriously challenge the notion of a universal
tree of life (e.g. Doolittle 1999; Gogarten et al. 2002). However, using a variety of phyloge-
netic and phylogenomic approaches, it became subsequently clear that, in spite of frequent
HGT, a central trend of predominantly vertical evolution is discernible and leaves the notion
of a tree of life (e.g. House 2009, Puigbo et al. 2009, 2010). In fact, reconciliation meth-
ods have shown that HGT may even reinforce these central trends in the tree of life (Abby
et al. 2012), which to some extent is similar to the basic structure of the small subunit rRNA
tree and broadly validates original inferences about microbial history (e.g. Fitz Gibbon and
House 1999; Snel et al. 1999).

4.2 The Importance of a Rooted and Supported Tree of Life for Understanding
Early Evolution

While life most likely originated and diversified long before the existence of the last univer-
sal common ancestor (LUCA), extrapolating back from the current genomic and taxonomic
diversity to LUCA can help to provide insights into the nature of this elusive ancestor. In
this regard, it is important to locate the root in the current tree of life as this is essential for
reconstructing the early evolutionary history of life (Williams et al. 2015). However, both
the root as well as the exact topology of the tree of life remain a matter of ongoing research
as lack of data and challenges with regard to phylogenetic reconstructions have thus far
hampered to unambiguously elucidate the identity of early diverging lineages. For instance,
previous work has shown that bacterial hyperthermophiles such as Aquificales and Ther-
motogales can artificially be attracted to the root of the tree due to phylogenetic artifacts
(Williams et al. 2015) (Fig. 3A). Furthermore, it remains to be determined, whether the root
is indeed placed between Archaea on one side and Bacteria on the other side or falls within
Bacteria (Cavalier-Smith 2006; Lake et al. 2009; Dagan et al. 2010; Williams et al. 2015,
Weiss et al. 2018). Finally, it is currently debated whether life should be divided into three
major domains, i.e. Archaea, Bacteria and Eukaryotes, as originally suggested by Woese
and co-workers (e.g. Woese et al. 1990) or into two primary domains of life, i.e. Archaea
and Bacteria, and one secondary domain of life (Eukaryotes) (Williams et al. 2013). The lat-
ter view is based on the notion that Eukaryotes likely originated from a symbiosis between
an archaeal host and a bacterial endosymbiont (e.g. reviewed in Lopez-Garcia and Mor-
eira 2015: Martin et al. 2015), a scenario that has gained recent support from the discovery
of the Asgard archaea, which form a monophyletic group with Eukaryotes in phylogenetic
analyses and encode various eukaryotic signature proteins (Spang et al. 2015; Zaremba-
Niedzwiedzka et al. 2017; Eme et al. 2018). Nevertheless, independently of a consensus on
how to best categorize the different types of extant cellular life forms, which to some ex-
tent is a matter of definition, it is most commonly assumed (though not by everybody) that
prokaryotic life predated eukaryotic life (Weiss et al. 2018). As such, most inferences on the
nature of LUCA are based on information retained in archaeal and bacterial genomes (e.g.
Weiss et al. 2016).

4.3 An Expanded Microbial Tree
Recently, the genomic exploration of various environments has yielded an expanded view
of the large microbial diversity that comprises major lineages in the tree of life (Hug et al.

2016) (Fig. 3). Thus far, it remains unresolved whether (hyper-)thermophilic groups indeed
represent early diverging lineages. For instance, preliminary phylogenetic analyses using
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concatenated ribosomal proteins in place of 16S rRNA genes (Fig. 3B) indicate that a large
radiation of predominantly uncultured mesophilic taxa, which are comprised of potentially
symbiotic organisms with small cells and genomes and are referred to as the bacterial candi-
date phyla radiation (CPR) and the DPANN archaea, diversify near the base of the Bacteria
and Archaea respectively (Brown et al. 2015; Castelle et al. 2015; Hug et al. 2016; Castelle
and Banfield 2018). In contrast, the hyperthermophilic Aquificales and Thermotogales, as
well as the Deinococcus-Thermus phylum, now fall within a more derived, larger cluster
of major microbial groups as was suggested previously using more sophisticated models of
evolution (Williams et al. 2015). If the root is placed between Bacteria and Archaea, this
recent data does not, at face value, indicate a thermophilic common ancestor of Bacteria.
However, both the placement of the root as well as the identity of early diverging lineages
has to be confirmed using this updated dataset of microbial diversity in combination with
more complex models of evolution, which are better suited to prevent phylogenetic artifacts
such as long branch attraction (Bergsten 2005). These artifacts are expected to particularly
affect microbial lineages comprised predominantly of symbiotic members such as the CPR
bacteria and DPANN archaea, as genomes of known symbionts are often compositionally
biased and characterized by faster evolutionary rates (Dombrowski et al. 2019). Various
attempts in this direction are currently being made but this is clearly a challenging under-
taking due to large computational demands of using complex evolutionary models on big
datasets. Yet, the further improvement of models of evolution and phylogenetic algorithms
(including molecular dating approaches such as recently employed by Wolfe and Fournier
2018 and Davin et al. 2018) in combination with ever increasing computational resources
will certainly help to further refine the tree of life and get a better supported location of the
root.

4.4 What Was the Nature of LUCA?

Given the large uncertainty of the topology and root of the tree of life, the nature of LUCA
remains an open question that has to be further addressed in the coming years. Below we
summarize some findings from recent publications, which provide initial insights into the
genomic potential of this elusive ancestor. First of all, Weiss and co-workers have recently
undertaken an attempt to reconstruct the genomic repertoire of LUCA and thereby shed light
onto its carbon and energy metabolism as well as the environment in which it may have
thrived (Weiss et al. 2016 and reviewed in Weiss et al. 2018). For instance, the inferred pres-
ence of the hallmark gene of hyperthermophiles (coding for the reverse gyrase) indicated
that LUCA was adapted to a life in a hydrothermal setting. However, a recent re-analysis of
the evolutionary history of reverse gyrases has led to the suggestion that the LUCA genome
did not contain this gene (Catchpole and Forterre 2019). The latter study is consistent with
findings derived from the use of compositional information from 16S rRNA genes and pro-
teins as so-called molecular thermometers, which have pointed out that, while the ancestors
of Bacteria and Archaea were thermophilic (Boussau et al. 2008) and thermophilic or hy-
perthermophilic (Groussin and Gouy 2011; Williams et al. 2017), respectively, LUCA may
have been a mesophilic organism (Boussau et al. 2008). Clearly, this seemingly contrasts
with previous hypotheses on a thermophilic last common ancestor (Di Giulio 2003). How-
ever, they may still be compatible with a hydrothermal origin of life (e.g. Russell et al.
1988; Wichtershiduser 1988; Shock 1990; Pace 1991; Russell and Hall 1997; Schwartzman
and Lineweaver 2004; Wachtershiauser 2006; Ooka et al. 2018), as discussed earlier in this
article, considering that the first and last universal common ancestor(s) may have been very
different. Furthermore, these inferences have their limitations and a more precise estimate
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on the optimal growth temperature of LUCA and its habitat preference remain to be estab-
lished.

The reconstruction of the LUCA proteome by Weiss and co-workers has also led to the
conclusion that this elusive ancestor was an anaerobic organism capable of growth on H,
and CO, fixation via the Wood-Ljungdahl pathway (WLP) (Weiss et al. 2016). In line with
this, the reconstruction of the evolutionary history of the key enzyme of the WLP, the carbon
monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS), has led to the suggestion that
it may represent one of the oldest enzymatic complexes (Adam et al. 2018). Furthermore, the
last archaeal common ancestor (LACA) is likely to have encoded a CODH/ACS (Williams
etal. 2017). Even if the presence of this enzyme complex in early Archaea and Bacteria may
not unequivocally allow the determination of whether LUCA was an autotrophic organism
using the WLP for carbon fixation (Adam et al. 2018), its suggested presence in the deep
nodes in the tree of life is in agreement with previous work that has pointed out the WLP
as the most ancient carbon fixation pathway known (e.g. Ferry and House 2005; Fuchs
2011; Martin and Sousa 2016; Weiss et al. 2016; Camprubi et al. 2017). While it may be
noteworthy that the potentially deep branching CPR bacteria and DPANN archaea do not
encode the WLP (Spang et al. 2017; Adam et al. 2018), the placement of these lineages
remains to be verified. Furthermore, even if it would be confirmed that members of these
lineages branch deep in the tree of life, their genomes may be secondarily reduced and the
absence of key metabolic pathways including the WLP does not, at face value, exclude its
presence in LACA. This is consistent with the notion that the Altiarchaea, which may in fact
belong to the DPANN archaea (Dombrowski et al. 2019), do encode the WLP (Probst et al.
2014).

Other authors have suggested the likely early evolution of the reductive tricarboxylic
acid cycle (ITCA) (Wéchtershduser 1990), but the limited phylogenetic distribution of the
key enzyme of the rTCA (ATP citrate lyase or citryl-CoA synthetase) that distinguishes it
from the oxidative TCA (which uses citrate synthase), has previously casted doubt on its
occurrence in early chemolithoautotrophs (Camprubi et al. 2017). Recently, it was however
found that citrate synthase can operate in reverse and thus allows the use of this cycle in both
the reductive and oxidative direction (Nunoura et al. 2018). Clearly this finding adds new
information to the discussion as to which carbon fixation pathway evolved first, whether any
or both were encoded by LUCA and in which direction they operated. In fact, both the TCA
and the WLP may have a non-enzymatic origin, testifying to their potential emergence long
before LUCA (Ralser 2018; Varma et al. 2018).

Beyond carbon fixation, genomic approaches do support a chemosynthetic last common
ancestor with both RNA and protein-based biochemistry. Specifically, the last common an-
cestor may have had a cell membrane (Jékely 2006; Koga 2011; Lombard et al. 2012; Sojo
et al. 2014; Coleman et al. 2019), RNA and phosphodiester-based energy coupling (e.g.
Werner and Grohmann 2011), as well as thioester-based intermediary metabolism (Goldford
et al. 2017; Weiss et al. 2018), but may not have used a strictly DNA genome (Mushegian
and Koonin 1996; Leipe et al. 1999; Forterre 2002; Poole and Logan 2005). Similarly, the
last common ancestor appears to have had an ATP synthase for the conversion of the proton
motive force into available chemical energy (e.g. Weiss et al. 2016), albeit with important
caveats regarding lack of completeness of the ATP synthase extrapolated to be present in the
last common ancestor (Werner and Grohmann 2011). These observations seemingly indicate
that LUCA is more recent than the evolution electron transport energetics, and to a degree
support emergence of life models that propose pH gradients as a prebiotic source of energy
(e.g. Lane et al. 2010; Ducluzeau et al. 2014; Camprubi et al. 2017; Ooka et al. 2018).
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4.5 Mind the Gap

Given the large uncertainties with respect to the topology and root of the tree of life as well
as the methodological challenges connected with the reconstruction of the earliest states
of cellular life, all of these inferences remain tentative. Furthermore, these considerations
would apply to Earth-based abiogenesis and, on their own, tell us little about abiogenesis as
a Universe-wide phenomenon. Finding evidence for methanogen-like life in an exo-oceanic
world (e.g. Enceladus) would not, on its own, tell us much about how life actually originated
there. Nonetheless, it is undeniable that if life could be found on such a planet, this—coupled
to the phylogenetic inference LUCA could have been a methanogenic chemolithoautotroph
(Weiss et al. 2016)—could be interpreted as evidence supporting the idea of a universal push
toward abiogenesis as a result of planetary-scale redox disequilibria (Russell et al. 2014),
which would apply to most olivine-rich planetary bodies containing liquid water.

In any case, a deeper issue arises from this discussion: there is a knowledge gap between
LUCA and the prebiotic chemistry/proto-metabolism from which it eventually descended.
In other words, even if a consensus on the physiology of LUCA could be reached, would
its biochemistry be somewhat homologous to the non-enzymatic (geo)chemistry from its
primordial origins? This issue has divided the ‘origins’ field for decades with some authors
defending there is actually no real gap because adaptation would have bridged any apparent
chemical discontinuities between prebiotic chemistry and biochemistry (e.g. Jia et al. 2019;
Wu and Sutherland 2019). Others defend some degree of homology must apply since biol-
ogy tends to follow the path of least resistance (e.g. Harrison and Lane 2018; Preiner et al.
2018; Muchowska et al. 2019). These different viewpoints partially stem from the classi-
cal scientific disciplines of the authors, with (bio)chemistry focusing more on structure and
function (i.e. nucleic acid synthesis and replication), and biology and physics putting the em-
phasis on understanding the forces (e.g. selection pressures) shaping each of the transitions,
aiming to bridge the aforementioned gap.

5 Implications for the Search for Life Elsewhere

5.1 Life (Somewhat) Close to Life as We Know It

Whatever the scenario of the emergence of life, the last steps towards the “self-sustaining
chemical system capable of Darwinian evolution” (citing NASA’s definition of life) on Earth
was probably made up of complex organic compounds, under energy flow, far from equi-
librium, and using liquid water. Since their discovery in the late 1970s, hydrothermal vent
environments have been considered a very plausible environment for the emergence of life
(see Sect. 2 and, for example, Martin et al. 2008). They, and the porous volcanic sediments
surrounding them, provide a natural geochemical reactor, with temperature and pressure val-
ues and gradients allowing the prebiotic formation of a wide variety of organic materials of
biological interest. They also provide a natural far-from-equilibrium setting that favors the
emergence of energy-dissipating (and eventually self-replicating) systems. This view has
recently been challenged by some biochemists (Jackson 2016, 2017) and prebiotic chemists
(Pascal 2016; Sutherland 2017, but see responses by Branscomb and Russell 2018, and
Branscomb and Russell 2019). Notwithstanding these critiques, hydrothermal vent environ-
ments remain strong contenders and they offer a series of useful constraints in the search for
extraterrestrial life, especially when considering the case of icy moons in the Solar System
(Russell et al. 2014). Indeed, many of these moons have an internal ocean of water, which
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makes these planetary bodies interesting for astrobiology. This is particularly the case when
the subsurface ocean rests on a rocky bottom allowing for direct rock-water interaction,
especially in the presence of submarine volcanic activity. This is most probably the case
with Europa and Enceladus (McKay et al. 2008; Russell et al. 2017). However, it should be
noted that other moons may have experienced such conditions in their early history. This
is the case of Titan, which currently has an internal ocean of salty water sandwiched be-
tween thick layers of water ice (see ‘Ice-Ocean Exchange Processes in the External Solar
System’ chapter). Models of Titan’s evolution suggest that during the first tens of millions
of years after its formation it had an ocean in direct contact with a dense atmosphere and
above a rocky surface. Thus, Titan could have very early on possessed conditions favorable
to the emergence of life and it cannot be discarded that this ocean may still harbor life today
(Fortes 2000).

The different scenarios proposed for the origin of life on Earth and the processes involved
in it are of crucial interest and can be used as valuable guides in the search for extraterres-
trial life (hence, this book). Obviously, this does not mean we should only seek life as it
is today on Earth. On the contrary, we must consider that the first living system on Earth
was not LUCA, our last common ancestor. Instead, LUCA was the last organism, which
already operated in the world of genes and proteins, to exist before the first split—which
we have evidence for—in the tree of life. There could have existed a simpler world of RNA
which predated LUCA, a scenario in which the same macromolecules played the role of
replication and catalysis (see Sect. 3). Today, experimental studies conducted to reproduce
in the laboratory some of the last chemical steps in the formation of replication biomolecules
have shown the difficulty of obtaining DNA-polynucleotides or even RNA-polynucleotides.
Thus, even if a world of RNA existed before LUCA, there could have also been a pre-RNA
world, where nucleotide-like monomers were simpler, easier to form and more robust than
pentose nucleotides.

Several avenues have been explored in this area. One of the first publications on this
subject was presented by Nielsen et al. (1991), with the use of pseudo-peptides (polyamides)
instead of sugars in the skeleton of DNA/RNA macromolecular analogues. According to the
authors, this polyamide nucleic acids would later become a peptide nucleic acid or PNA.
PNA can form a double strand with itself and with DNA or RNA, which supports the idea
that it could have acted as a replication molecule (Nielsen et al. 1991). Additionally, it can
be easily synthesized under prebiotic conditions (Nelson et al. 2000). Thus, the pre-RNA
world could have been a peptide nucleic acid world: a PNA world. Many studies have been
conducted by Eschenmoser, who has explored the replacement of ribose in nucleotides by
other sugars such as glucose producing pyranosyl RNA or pRNA (Eschenmoser 1999), or by
tetrose producing (threose nucleic acids) TNA (Fig. 4) (Eschenmoser 2004). More recently,
the use of a simpler sugar, glycol, has been studied. It has been shown that the corresponding
glycolic nucleic acid can form helical molecules, opening the possibility of a world of GNA
(Chen et al. 2009; Johnson et al. 2011). Even a living world chemically closer to LUCA, but
with the involvement of amyloid: an ANA world (amyloid nucleic acid) with nucleic acids
bound to the amyloid protein has been considered (Braun et al. 2011).

Therefore, it is of interest to consider these different possibilities and our still sizeable
ignorance in this field when seeking for life—whether extent or extinct—in extraterrestrial
environments. Indeed, if life appeared in other planetary environments by following a chem-
ical evolution similar to that of the Earth, but perhaps without reaching a ‘fully living’ state,
an ‘exo-LUCA’ may be (or has been if life has since disappeared) similar to one of these
hypothetical pre-RNA worlds. This is particularly true for Mars, whose geological history
is similar to that of the Earth, including the period when life appeared on Earth. Therefore,
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Fig. 4 Structures of DNA, RNA, TNA and GNA. Backbone analogies in red. Adapted from Chen et al.
(2009)

the search for extraterrestrial life in planetary exploration missions must be as open as pos-
sible, using instruments capable of detecting the signatures of this exotic life. For example,
in the case of molecular bio-signatures and in situ rover-mediated missions, instrumentation
should be able to analyze a very wide range of compounds and not be specific to terrestrial
bio-signatures. And these biosignatures must, by definition, have derived from a far-from-
equilibrium setting (Dorn et al. 2011).

5.2 Prokaryotic Life Elsewhere?

Can we predict how life might look elsewhere in the Universe? This is clearly a complex
question to tackle but assessing the uniqueness (or not) of the conditions found on the early
Earth could help us have a better perspective. Hence, we summarize some astronomical
considerations which arguably apply universally:

(i) The relative abundance of natural elements is relatively homogenous throughout the
universe due to their formation shortly after the Big Bang (i.e. H, He), later in heavy
stars, during supernovas, and during collisions of the remains of heavy stars.

(ii) Carbon is arguably the element better fit for acting as the backbone of life due to
its unique bond-forming properties, resulting in thousands of molecules through C-C
bonds and C-X bonds (X = O, N, S, P and halogens) required to run the complex
cellular machinery. These bonds seem to display the ‘optimal’ level of stability so
that these are not too stable as to become extremely unreactive (which would slow
metabolism considerably), nor too labile as to hinder complexification by excessively
favoring hydrolyses.

(iii) Water is present in substantial amounts throughout the universe due to its formation
in interstellar clouds and its transport to disks, planetesimals, planets and moons (van
Dishoeck et al. 2014).

(iv) Compounds crucial for life such as phosphorous oxoacids are also omnipresent in the
universe due to their formation in interstellar clouds and dust particles from phosphine
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and water, and their transport through disks and planetesimals to planets and moons
(Turner et al. 2018).

(v) Nitrates are formed on habitable planets by the reaction of nitrogen, carbon dioxide
and water upon lightning in their atmospheres (Wolf 2017). Nitrates in reducing envi-
ronments (e.g. alkaline hydrothermal vents or underlying serpentinizing rocks) could
result in the synthesis of ammonia which could be incorporated into organic molecules
via reductive aminations (Harrison and Lane 2018).

(vi) If life emerged on Earth at alkaline hydrothermal environments by hydrogenat-
ing CO,, or more generally in hydrothermally-influenced environments such as
hydrothermally-percolated sediments, it is probable it could also do so in other planets
and moons where tectonics (plate or plume) or gravitational forces (e.g. Enceladus)
promote the production of hydrogen through serpentinization and iron/nickel sulfides
and iron oxyhydroxides (e.g. green rust) as catalysts. These minerals are some of the
most abundant on the Solar System.

(vii) It is possible life emerged on Earth in other ways (e.g. surficial hydrothermalism or
tidal pools). However, the latter environments are unlikely to have occurred on the icy
satellites in contrast to the subsea hydrothermal settings (Waite et al. 2017). Never-
theless, we cannot rule out that life could emerge in other planetary bodies following
these alternative pathways, but, if this were the case, it would be a waste of resources
for fund-limited space exploration efforts in the near future (Choblet et al. 2019). It
is clear that Mars contained a much higher quantity of liquid water in the past than
at present, but any current evidence for extant or extinct Martian life would likely
lie in subsoil reservoirs. We do not intend to discourage space exploration in Mars
or other planetary bodies—all space exploration is useful—but, given the pecuniary
constraints of modern economies, the possibility of exploring non-extinct exo-oceans
where we have evidence for current organosynthesis represents, to us, an opportunity
we should not miss.

Taking all this into consideration, we may hypothesize that prokaryotic-like life (close to
life as we know it) will be present throughout the universe (Fig. 5). Most of it would presum-
ably be in a prokaryotic form, since the emergence of eukaryotes on Earth is arguably the
result of an endosymbiotic event (i.e. the merging of a bacterium and an archaea), which—
as far as we know—occurred only once over a period of 4 Ga. This rare occurrence suggests
that the presence of some sort of (eukaryotic-like) intelligent life elsewhere would be rare.
Therefore, the search for life should focus on a search for prokaryotic-like microbes or their
biochemical signatures.

5.3 Life Far from Life as We Know It—the Case for Titan

The Cassini-Huygens mission made many detailed observations of Titan and revealed sev-
eral astrobiological aspects of Saturn’s largest satellite. Titan presents some analogies to
the Earth, including the presence of liquid bodies on its surface (but composed of liquid
methane-ethane mixtures) and, most importantly, a very complex organic chemistry (Fig. 6).
This chemistry is often considered ‘prebiotic’ (Raulin et al. 2012 and refs. included) and in-
cludes several of the low molecular weight organic compounds that could have played key
roles in terrestrial prebiotic chemistry, such as HCN or HC3N. It begins in the upper atmo-
sphere of the satellite, with the coupled chemistry of methane and dinitrogen, induced by the
energetic electrons of Saturn’s magnetosphere and UV solar radiation. This allows for the
formation of high molecular weight organic anions in the ionosphere; these produce macro-
molecular species with a chemical composition similar to that of laboratory tholins (Cable
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et al. 2012 and refs. included) and form organic hazes. The haze particles act as condensa-
tion nuclei inducing the condensation of low molecular weight organic compounds in the
lower atmosphere. The particles deposited on the surface are therefore made of a refractory
organic nucleus, composed mainly of C, N and H atoms, covered with volatile organic com-
pounds also made of C, N and H atoms (Israél et al. 2005). Therefore, there is a continuous
flow of organic matter on the surface of Titan. Depending on the surface condition, these
particles may evolve differently.

During sedimentation on (still hypothetical) cryovolcanic zones, particles can interact
with cryolava and its water content. They can chemically evolve to more complex organics,
including compounds of biological (terrestrial) interest such as urea, amino acids, purines
and pyrimidines (Brassé et al. 2017). A similar evolution can occur in transitional water
basins produced by large impactors capable of melting surface water ice and forming “Titan
impact oases” (O’Brien et al. 2005). However, even if the potential surface organic chemistry
induced by Titan’s (hypothetical) water pools can allow the formation of more complex
organic compounds at the surface, these complex organics produced are still very far from
life as we know it. Admittedly, the disequilibrium produced by Titan rain or by the flow
of organic sedimentary aerosols on the surface does not seem significant enough (or of the
‘right type’; Branscomb and Russell 2018) to allow evolution of these organics towards life,
especially considering the low temperatures (<100 K) and the time scale of these pools
of liquid water (about 1000 years maximum). In addition, it remains unclear how these
surface organic materials could reach the deep internal ocean of Titan and follow a complex
chemical evolution in its liquid waters over a long period of time.

However, the discovery of permanent bodies of liquid methane and ethane on Titan’s
surface has led to envisage the possibility of exotic life in these exotic lakes. Huygens’ data
showed the presence of an anomalous depletion of H,, C,H, and C,Hg at Titan’s surface.
McKay and Smith (2005) have envisaged that such a depletion could be due to the bio-
logical activity of an exotic methanogenic life, despite the very low temperature (~93 K).
The reaction of hydrogenation of acetylene into methane is indeed very exergonic with a
AG of —334 kJ/mol, however, the apparent activation energy of this reaction is high. The
measurement of the rate constant of this reaction for cyanobacteria (Jensen and Cox 1983)
indicates 36 kJ/mol above 21 °C and 166 kJ/mol below 21 °C. Even with the lowest value of
Ea, a decrease from 293 K to 93 K corresponds to a reduction of a rate constant by 5 x 10'3.
There is thus an obvious need for a superpowerful Titanian enzyme—which is of course yet
unknown—to enable such type of metabolism in Titan’s lakes.

Could life have emerged in these lakes? During sedimentation on Titan’s lakes, a very
small fraction of the atmospheric organic aerosols may dissolve in the lake’s hydrocarbons
solvent. The remainder is likely to sediment down to its bottom. These lakes, made of very
non-polar liquid at low temperatures, should be chemically very stable. The “accumulation
of poorly soluble species at the deposit margin and a central layer of evaporites enriched
in more soluble species, such as acetylene and butane” has recently been modeled (Cordier
et al. 2016). Thus, only a significant physical evolution due to evaporation cycles, with
the production of organic evaporates is expected. The chemical evolution of Titan’s lakes
would require high energy sources, capable of overcoming the activation energy barrier.
High energy cosmic rays could play such a role, but their flux at Titan’s surface is extremely
low. Atmospheric impactors could also induce chemical changes, but it is likely that their
frequency is also too low to allow them to play a significant role.

These lakes contain a large number of dissolved organics, at low concentration (ppm
level) for several of them, and without significant concentration of oxygenated compounds.
Nevertheless, the possibility of a biochemistry without oxygen has been considered by sev-
eral authors. They suggest that replacing C=0 by C=NH can produce “ammono” analogues
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such as o-aminoamidines and amonopeptides (Raulin and Owen 2002), or cyanoanalogues
such as cyanosugars, cyanolipids and cyanoproteins (Lv et al. 2017). But, until now, this
has only been “chemistry on paper”. The formation of a membrane alternative in such an
oxygen-free world has also been considered by Stevenson et al. (2015). These authors stud-
ied the possible formation of a new type of membrane, made up of small N-organics, capa-
ble of forming vesicles in liquid methane at low temperatures. They call these 3D structures
“azotosomes” as an analogue of liposome. Using molecular modeling they studied the abil-
ity of several simple nitriles to form azotozomes. Their theoretical study shows that the best
results are obtained with acrylonitrile (vinyl cyanide), where azotosome vesicles with a di-
ameter of 90 A are formed. Two years later, the detection of this nitrile in Titan’s middle
atmosphere by ALMA observation was published by Palmer et al. (2017). Based on the ver-
tical column density of acrylonitrile derived from this detection, the authors estimate that
there is sufficient dissolved nitrile to form about 107 azotozome/cm? in Titan’s sea Ligeaia
Mare. It should be noted that azotozome formation has only been demonstrated by molec-
ular modeling, and there is no experimental evidence to date. In addition, in the case of
Titan’s lakes, many other compounds are dissolved in the methane (and ethane) dominated
solvent, including other nitriles that may interact with acrylonitrile and inhibit the formation
of these—still hypothetical—membranes. Finally, even if such structures are present in Ti-
tan’s lakes, it is still far from life, which requires replicating and energy-dissipating catalytic
entities. Rahma et al. (2016) showed by theoretical calculations that polyimines could drive
photochemistry and potentially have a catalytic role on Titan’s surface. Indeed, polyimine
is one of the polymers of HCN. It could form in Titan’s atmosphere and be present on its
surface. However, its potential catalytic role has only been studied by theoretical molecu-
lar chemistry, hence without considering the possible influence of the many other species
present.

In any case, the nature of a possible replicating molecule in such an exotic world is
still a mystery. Therefore, such an exotic life based on a CHN biochemistry with liquid
methane-ethane mixture as solvent and operating at very low temperature still looks highly
speculative.

6 Conclusions

In this article we aim to provide the reader with as broad an overview as possible of the
field of the emergence of life. Our primary goal was to extrapolate the conclusions drawn
in each section in order to discuss the possibilities of life elsewhere, which should allow us
to better guide future space exploration missions. In our first section, where we discussed
the geochemical and geophysical conditions of the Hadean Earth, we concluded that we are
unfortunately still far from having a clear picture of what such a primordial environment
was like. Despite this, we suggest that hydrothermal environments were widely distributed
during that period, and that such conditions promote the synthesis of organic molecules and
their self-organization in what can be seen as early proto-metabolic networks, which would
eventually result in the origin of the first protocells. The conditions required for this type
of hydrothermal processes are the presence of fresh mafic minerals (e.g. olivine) in contact
with liquid water. These requirements are very likely currently met in the icy moons of the
Solar System, making them prime candidates for astrobiological exploration. In our second
section about the famous RNA World, we discussed how most genetics-first proposals usu-
ally invoke the prebiotic synthesis of nucleotides via UV irradiation and surficial wet-dry
cycling, and that these requirements would usually be deemed unlikely in the subsurface
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oceans of oceanic icy moons. Despite this, we concluded that the synthesis of nucleotides
could have proceeded in alternative chemical pathways allowing for a (probably dirty) RNA
World-type scenario even in this type of planetary bodies. In our third section, we delved
into the tree of life and discussed the knowns and unknowns of the nature of the elusive
LUCA. We also noted that there may have been a large temporal and chemical gap between
the last and first universal ancestors, and that it is debated to what extend the knowledge of
the characteristics of these cellular entities help in closing the gap between biochemistry and
prebiotic (geo)chemistry. Finally, in our last section we discussed the possibility and nature
of extraterrestrial life, which might exist in a form close to what Earth-based life represents,
or indeed rather far from it. In the former case, we expect life emerging in planetary bod-
ies with similar compositions to Earth (i.e. mafic rocks in contact with liquid water) to be
somewhat similar to terrestrial prokaryotes since it would have been shaped by very similar
geochemical—and later biochemical—forces. In case of the latter, in truly chemically-wise
alien planetary bodies, such as Titan’s surface, it is possible life is comprised of exotic (to us)
organics, even though the universal physical push for the emergence of dissipative structures
would still arguably be the main forcing motor.

In any case, it is clear that we are still far from an answer on how life emerged on Earth,
let alone on life’s place within the Universe. The ideas exposed in this article exemplify
how hard it is to make the fields of geology, biology, chemistry and planetary sciences con-
verge into one holistic narrative. Perhaps we are still too far from one complete narrative.
If this is the case, trying to construct a cohesive story with the somewhat meager evidence
we have so far could lead to hampering our future progress by the systematic exclusion of
important pieces of evidence, which may currently seem to collide with the overall narra-
tive. This is often one of the major criticisms of the submarine hydrothermal hypothesis,
which in our view is one of the most promising hypotheses explaining the putative emer-
gence of life in oceanic icy moons. As explained above, this ambitious approach aims to
drive the aforementioned disciplines together to explain the emergence of life as compre-
hensive set of events, ultimately connecting geochemistry with biochemistry. Unfortunately,
there is still a lack of experimental evidence on some of its important features: most notably
on the non-enzymatic reduction of CO, by H, by tapping into naturally occurring pH gra-
dients, and the synthesis of nucleic acids under Hadean deep-sea conditions. The reverse
hazard also applies: by following promising—but often narrow—Ilines of research we could
be hindering future progress due to skewed and potentially flawed foundations. This is cer-
tainly one of the main criticisms to the (pure) RNA World and primordial soup hypotheses.
These lines of thought focus most of their efforts on achieving a self-replicating catalytic
coding molecule (something not yet experimentally demonstrated). It is clear that RNA, or
other coding polymers, were of central importance for the emergence of life. Despite this,
the idea that a self-replicating polymer can, on its own, “invent” even a simple network of
energy-dissipating reactions (i.e. metabolism) represents a substantial leap of faith with lit-
tle evidence to back it up. In any case, these criticisms are indeed applicable to both main
contenders, and extend to all other proposals.

Despite this, there are reasons for optimism. Never before have so many research groups
all over the globe and from across most disciplines been focusing on origins-related ques-
tions. So much that, at times, it is difficult to discern what is abiogenically-relevant from
what is not. During the second half of the twentieth century, research focused on synthetic
pathways leading to organic molecules. Now we know that, despite its intricacies, the syn-
thetic part is the less complicated to address, and that many organic molecules can be non-
enzymatically synthesized in numerous scenarios. With the improvement of molecular biol-
ogy techniques, the focus transitioned into biochemical studies on the replicating/catalytic
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properties of RNA and RNA-like molecules. Recently, emphasis has shifted towards further-
ing our understanding of non-enzymatic autocatalytic sets, since it is suspected that RNA
may not have been able to orchestrate proto-metabolism on its own. In relation to this last
point, it is becoming clearer that focusing on stochastic (or ‘dirty’) chemistry, where most
relevant reactions coexist under similar reaction conditions, might represent a more accurate
view of relevant prebiotic chemistry (Dass et al. 2016; Guttenberg et al. 2017), rather than
the classic synthetic chemistry approach, which heavily relies on more unnatural sequences
of very specific reaction conditions.

Nonetheless, there is clearly an elephant in the room: we are missing evidence of the
existence of extraterrestrial life and its nature. With it, it would certainly be more meaningful
to extrapolate conclusions regarding life’s universal traits, which would help us to puzzle out
its emergence (on Earth and elsewhere). It is therefore important that the direction of future
space exploration missions takes into account lessons learnt from the emergence of Earth’s
life in order to better discriminate where and what to look for keeping in mind that the
physical, astronomical and geochemical processes related to life seem to be rather universal.
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