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Lecture abstracts
Wednesday 1/11, morning session
The many faces of the nature of life
Eric Smith
ELSI, Japan
Is life an embedded planetary subsystem, or a novel addition to the geophysical and geochemical
world? Is its nature essentially chemical or essentially informational? Are living patterns carried
fundamentally at the level of the organism or the ecosystem? Does living "information" propagate
upward or downward through the hierarchy of levels of organization that every living system
embodies? Is Darwinian evolution essential to its maintenance, or are other sources of selection and
maintenance needed? For every question, we can argue that both answers are true and both are
fundamental. Efforts to define life have been challenged to express how it can combine so much
that is different into an essential unity, and thus to help those who try to understand the origin of life
clarify what counts as an explanation.
I will argue from error-correction considerations that the nature of life takes its foundation in a
dynamical phase transition in chemistry on a planetary scale. This "outer" nature provides a
reference frame for all other architectures in the biosphere, but each of those architectures results
from its own form of emergence, making the origin of life the most complex and diverse cascade of
innovations we have ever tried to understand within science.

Accretion and retention of bio-essential elements during Earth’s catastrophic early history
Marc Hirschmann
University of Minnesota, USA
The principle elements necessary for life, C, H, N, and S are abundant in the solar system, with
concentrations comparable to or greater than those of the principal rock-forming elements (Si, Mg,
Fe), but are depleted by many orders of magnitude in terrestrial planets. The development of life on
rocky planets such as Earth therefore depends on the processes that captured and retained the tiny
fraction of these bio-essential elements. Further, these elements are also chiefly responsible for
maintaining the habitability of the planetary surface that allows life to persist through time. The
depletion is partly owing to the relative paucity of condensed volatile phases in the mix of materials
delivered to the accreting planets in the inner solar system, but also is owing to catastrophic loss
processes that removed much of the elements delivered to the iron-rich core or back to space.
All of the bio-essential elements are volatile, and so have a tendency to degas from hot accreting
planets, but are also strongly siderophile, meaning they are partitioned into Fe-rich alloy. Thus,
early-supplied volatile elements were subject to catastrophic loss from impacts and core formation.
A simple explanation for the continued presence of these elements in the mantle and near-surface
environment is that they were delivered after the cessation of these catastrophic events in a late
veneer. However, the abundance patterns of the elements in the bulk silicate Earth are inconsistent
with simple addition of plausible chondritic late veneer, and it seems clear that some fraction of
Earth’s volatile budget persists through catastrophic early events.
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Understanding the processes supplying and processing bio-essential elements in the earliest history
of the Earth requires a combination of experiments, cosmochemical constraints, and modeling.
This talk will include a survey of recent results from all three approaches that constrains the history
of early accretion and loss of H, C, N, and S that set the stage for Earth’s habitability and the
development of life.

Wednesday 1/11, afternoon session 1
Prebiotic systems evolution as a process of protocell development
Kepa Ruiz-Mirazo
University of the Basque Country, Spain
The origin of life has been traditionally approached as an evolutionary process in which populations
of autocatalytic or template replicating molecules would bring about, via natural selection, the first
biological systems. I will present an alternative conception, according to which autocatalysis, selforganization and self-assembly of diverse bio-molecular precursors would be the key to put
together integrated prebiotic systems (protocells) that would show open-ended evolution capacities
only at the final steps of the whole process. Major prebiotic transitions will be therefore regarded,
all the way from the beginning of chemical biogenesis, as different stages in the development of
protocell organization and interactions. From this perspective, complex biopolymers (like RNA, DNA
or proteins) should be taken as the end result of the process of origins of life, rather than its
promoters. Experimental and theoretical work supporting this general hypothesis for the field will be
discussed, highlighting several open questions to be addressed in future investigations.

A system-level viewpoint on the chemical origins of life
Martha Grover
Georgia Institute of Technology, USA
It may not be possible to uncover the chemical origins of life from a single chemical or physical
event, i.e. from a reductionist perspective. In contrast, the concept of the prebiotic soup suggests a
complex environment from which life emerged. Moreover, a feedback loop might exist, in which
the molecules associated with life’s emergence also acted on and modified their environment. This
talk focuses on a model system for the origin of peptides, in which drying promotes polymerization
and also drives monomer evaporation and phase separation. These chemical reactions and mass
transfer alter the pH and viscosity, which may further influence the polymerization kinetics.

Wednesday 1/11, afternoon session 2
Global carbon cycle models for the the early evolution of Earth
Werner von Bloh
Potsdam Institute for Climate Change, Germany
Earth's habitability during the Archean eon critically depends on atmospheric greenhouse gases (in
particular carbon dioxide) providing sufficient warming despite the faint young Sun. The
atmospheric reservoir of carbon dioxide, however, is intimately linked to geological processes
determining the early evolution of Earth's crust and its interaction with the atmosphere. The only
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tools to study the common evolution of crust and atmosphere over the Archean are fast zerodimensional climate-and-carbon-cycle models.
The origin of life on Earth is closely related to the state of the Earth system in the Archaean. It was
previously thought that life began in a hydrothermal environment. Such a hyperthermophile Noah
could even survive frequent major impacts capable of heating the ocean to over 100°C.
These findings, however, have recently been questioned in favour of more temperate temperatures
in the Archean. The presented carbon cycle model is coupled to a gray atmosphere model and
parameterized convection model for the Earth's mantle. With the help of this model it is possible to
describe the evolution of planet Earth from the Archean to the present state up to the far future.
Depending on the underlying parameterizations the model is able to provide the full range of
possible scenarios for the evolution of climate and atmosphere in the Archean. In particular,
Archean climate can vary from an icehouse to a hothouse depending on the parameterizations of
carbon sinks.

Revisiting electrons, protons, and energy conservation at hydrothermal vents during the
emergence of life
Shawn McGlynn
ELSI, Japan
The physiology of carbon dioxide reduction leading to methane and acetate in methanogens and
acetogens respectively has been proposed to have been a basis for the divergence of archaea and
bacteria after the LUCA. However, the question remains of how could these metabolisms or their
forerunners have been established in the first place? In this presentation, I will review the energetics
of these cells so that we can all understand why these organisms are ecologically distinct today. This
will give us an appreciation - for example - why methanogens can drastically outcompete acetogens
for hydrogen. Going further, with a discussion of their chemiosmotic components, we will have a
picture of how life today responds to low energy environments in diverse ways. I will propose that
instead of researching how to make a methanogen or acetogen in the lab to understand the origin
of life, we might be better served by thinking of how the selection pressures for chemiosmotic
coupling first arose. Towards this, I will propose a scenario of chemiosmotic potential generation
powered by geoelectricity, and early laboratory results aimed at exploring this hypothesis.

Thursday 1/12, morning session
Emergence and evolution of self-replicating molecules from dynamic molecular networks
Sijbren Otto:
Centre for Systems Chemstry, Stratingh Institute, University of Groningen, the Netherlands.
How the immense complexity of living organisms has arisen is one of the most intriguing questions
in contemporary science. We have started to explore experimentally how organization and function
can emerge from complex molecular networks in aqueous solution.1 We focus on networks of
molecules that can interconvert, to give mixtures that can change their composition in response to
external or internal stimuli. Molecular recognition between molecules in such mixtures leads to their
mutual stabilization, which drives the synthesis of more of the privileged structures (Figure 1). As the
assembly process drives the synthesis of the very molecules that assemble, the resulting materials
can be considered to be self-synthesizing. Intriguingly, in this process the assembling molecules are
replicating themselves, where replication is driven by self-recognition of these molecules in the
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dynamic network.2 The selection rules that dictate which (if any) replicator will emerge from such
networks are starting to become clear.3 We have observed that factors such as mechanical energy2
and the presence of cosolvents4 can determine which replicator wins the competition for building
blocks. We have also witnessed spontaneous differentiation (a process akin to speciation as it occurs
in biology) in a system made from a mixture of two building blocks.5 When such systems are
operated under far-from-equilibrium flow conditions adaptation of the replicators to a changing
environment can occur. Thus, the prospect of Darwinian evolution of purely synthetic molecules is
tantalizingly close and the prospect of synthesizing life de-novo is becoming increasingly realistic.

Systems biology: Synthetic biology = Systems chemistry: ???
Daisuke Kiga
Department of Electrical Engineering and Bioscience, Waseda University, Japan
In this talk, I would like to confirm/learn how to integrate achievements from multiple disciplines of
science.
In systems science, implementation of an artificial system designed on basis of mathematical
modeling is the most important step to confirm understanding of a corresponding original system in
an abstracted manner. Equations of the modeling allow researchers to share the notion of the
systems and to create enlarged systems by combinations of such systems.
However, in contrast to other disciplines of science, systems in biology generally have entangled
components distributed among layers of life. Even in “systems biology” around 2000, accumulated
biological data from a large biosystem could not allow researchers to understand the system based
on adequate abstraction which leads implementation of artificial biosystems. Instead of synthesis of
such systems, biologists under tradition of natural history accelerated data accumulation from
biosystems.
Synthetic biology originally proposed by researchers not influenced by natural history put its focus
on design and construction of new biological parts and systems. Although original sense of the
field favors notion of systems science, simple “synthesis” also gives short-term success. Thus we
can see large number of isolated synthetic biological masterpieces in this field though they can
attract attentions from wide area of researchers and general public.
In research field of Origins of life which consists of wide interdisciplinary area of science and
engineering, we strongly need common language for universal understanding in this field. The
original sense of synthetic biology, which we will call design biology, can provide bridges from
biology to the other disciplines in this field.

Thursday 1/12, afternoon session 1
The punctuated evolution and enigmatic resilience of plate tectonics: Novel controls on the
dynamics and surprising longevity of Earth’s habitability
Mark Jellinek
University of British Columbia, Canda
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Connecting the “Emergence of our biosphere” to the “Emergence of biospheres”
Charley Lineweaver
Australian National University, Australia
I will review the things we think we know about the emergence of the biosphere on Earth about 4
billion years ago.
There are probably billions of other Earths in our galaxy, many in “habitable zones”. I will discuss
the ways in which our knowledge of the particular emergence of the biosphere on Earth can (and
cannot) be constructively generalized to a discussion of the emergence of biospheres on these
other Earths. I will also describe the broader cosmological constraints on biospheres.

Thursday 1/12, afternoon session 2
Animal cognition and extraterrestrials: An unexpected connection?
Simon Conway Morris
University of Cambridge, UK
My thesis is that no animal does, nor ever will, understand any of the above. They are incapable of
recursion, even simple arithmetic, or irony. Their worlds are ones devoid of meaning, incapable of
second-order mental abstractions and immune to analogical reasoning. They have no theory of
mind and conduct their affairs in terms of first-order perceptual relationships. They certainly make
abstract observations, but only in terms of the immediately perceivable. They are creatures of
perception, not introspection. The titles of two papers capture it perfectly: Juliane Kaminski et al.’s
Chimpanzees know what others know, but not what they believe (Cognition 109: 224 [2008]) and
Thibaud Gruber et al.’s Apes have culture but may not know that they do (Frontiers in Psychology 6
(Feb.), e91 [2015]). Nobody is saying that animals aren’t smart or lack intelligence. Hook-bending
crows and termite-fishing chimps are the star turns in the hippodrome of animal cognition, but even
better are the “Aesop’s fable” crows industrially dropping stones into tubes full of water to obtain
the juicy morsel floating at the top. Until that is you introduce simple procedures such as U-tubes
and the like, that test causal connections. Then the birds hit the buffers, hard. Humans are radically
different. The acid test is metarepresentation where beliefs and notions of a belief are held, so
allowing counter-factual possibilities. Closely related is false belief, again showing the capacity for
mental representations and unpicking the causally opaque. Here animals are totally at sea. Humans
are the oddest species of all, be in terms of hyper-cooperation, mental time travel, normative
conformity, collective intentionality, cumulative culture and even dance. So are we unique? The
majority view is, of course, the exact reverse and underpinned by the self-evident seamless
evolutionary continuity between ourselves and animals. Darwin, as ever was ahead of the pack. Or
was he? “Mind the gap” as we say. Experiments in animal cognition are a minefield for the unwary,
but never forget, in the words of Sara Shettleworth, those “killjoy explanations”. Let’s not worry
about those animal “duffers”, the laboratory dunces that are quickly pensioned off and mentioned
in a footnote to the Methods section. Nor should we dwell too much on the excruciatingly long
time most animals take to get it right. The wider issue is that repeatedly animal cognition is shown
to be open to simpler explanations that have no need to invoke a Theory of Mind.
And what has all this to do with extraterrestrials and the Fermi paradox? There are at least two
possibilities. One, long suspected, is we are freaks, just another species that in our case prefers
jokes, complex numbers, and stockings. So the universe is full of species that chatter, grunt, purr,
bark and boom, but none of whom are saying things of much interest. Ironically Fermi was right,
but not quite in the way he expected. Lots of species “out there”, but nobody else to talk to.
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Maybe that is why our legends of being able to talk to animals have such a strong hold on us. As it
happens the alternative explanation is much more interesting and in this case the question of
extraterrestrials only makes sense when we decide what sort of universe we are living in. The clues
are all around us. Mathematics most obviously, but so too music, painting and poetry allow us to
access abstract worlds. They are just as real as anything else, and neither figments of our
imagination nor inventions. By encountering orthogonal realities the materialist explanations for
things like consciousness simply evaporate.

Who are we
Piet Hut
ELSI, Japan
We are making progress in our investigations of the origins of life, In doing so, we use our cognitive
apparatus, a product of billions of years of subsequent evolution. Whatever conclusions we draw
are influenced both by the actual origins of life, and by the filters provided by our cognition, itself
the result of many major, and even far more minor, transitions that followed the origins of life.
Reflecting on this, we find ourselves investigating a circle: from origins of life to origins of advanced
forms of cognition, advanced enough to contemplate in detail the origins of life, and in turn
contemplating the way that cognition operates. During the last one and a half century, science has
retraced this four billion year journey, starting with Darwin's speculation of a "warm little pond" for
the origins of life, to current attempts to unlock the riddle of the origins of cognition, through the
huge revolutions in machine learning and in neuroscience of the last five years.
We are now in the middle of a decade that is unique in human history. Centuries of scientific
development are meeting centuries of modern European philosophy, and millennia of philosophical
reflections on the nature of the mind-world circle described above. With the advent of self-driving
cars, or self-programming and self-learning forms of AI, we can no longer divide world and mind
between science and philosophy. The luxury of pretending otherwise is coming to an end. Like it or
not, the question "who are we?" has never been more urgent, as the logical next step after four
centuries of modern scientific investigations.

Friday 1/13, morning session
RNA and Protein: A match made in the Hadean
Loren Dean Williams
School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, USA
Translation of mRNA to protein underpins the biopolymer partnership that has dominated the
biological earth for nearly 4 billion years, providing a blueprint of the common origin and
interrelatedness of all living systems. Structures of ribosomes in three dimensions, from across the
tree of life, contain molecular records of early biological history. A three-dimensional comparative
method shows that the ribosome evolved by accretion, recursively adding expansion segments,
iteratively growing and ‘freezing’ the rRNA. The ribosomes sequentially acquiring capabilities for
RNA folding, catalysis, subunit association, correlated subunit evolution, decoding, energy-driven
translocation and surface proteinization. When relative ages of rRNA are mapped onto the ages of
rProtein segments, the genesis of protein folding is revealed. The data support a model in which
aboriginal polypeptides evolved into globular proteins in a hierarchical step-wise process. (i) Short
random coil peptides bound to rRNA, and (ii) lengthened over time and coalesced into β-β
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secondary elements. Polypeptide secondary elements (iii) accreted and collapsed, primarily into βdomains. Domains (iv) accumulated and gained complex super-secondary structures composed of
mixtures of α-helices and β-strands. Protein evolution was guided and accelerated throughout this
process by interactions with rRNA. rRNA stabilized immature and intermediate polypeptide species,
bypassing the immense space of unproductive sequences. The broad diversity of proteins in nature
descended from prototypes that were created by the ribosome, on the ribosome and for the
ribosome. Protein folding from random coil peptides to functional polymeric domains was an
emergent property of rRNA-polypeptide interactions. The co-evolution of RNA and protein was
accomplished in the context of the ribosome, which was therefore the cradle of early evolution.

Friday 1/13, afternoon session 1
Redox buffering of Archean atmosphere
Yuichiro Ueno
Tokyo Institute of Technology/ELSI, Japan
Before the Great Oxidation Event at c. 2.3 billion years ago, Earth's atmosphere was believed to be
free from molecular oxygen and rich in carbon dioxide. In the late Archean from 2.7 to 2.5 Ga,
Based on the anomalous 13C-depletion of sedimentary organic carbon (δ13Corg) suggests a high
atmospheric methan level during the late Archean from 2.7 to 2.5 Ga. Despite several evidence
suggesing the onset of oxygenic photosynthesis at 2.7 Ga, the Earth's atmosphere may have been
still oxygen-free or possibly even more reducing compared to the earlier Archean period. Under
such a reducing atmosphere, biogeochemical cycling may have been distinct not only from modern
Earth but also from Hadean and early Archean.
However, quantitative estimate of the Archean CO2 and other reducing gass have been still a
matter of debate. The “Sulfur Mass-Independent Fractionation” (S-MIF) has been useful to monitor
chemistry of the Earth’s early atmosphere. Coincide with the δ13Corg anomarly, sedimentary
sulfides exhibit exceptionally large variation of Δ33S values in the latest Archean, from 2.7 to 2.5 Ga.
The maximum scatter of S-MIF may indicate anomalous chemistry of atmosphere or climatic system
of the late Archean Earth. Based on our new experimental results, the late Archean S-MIF record
requires high pSO2 level (i.e. intense volcanic flux) as well as the presence of ~1% of reducing gass
species like CH4 or CO, whereas CO2 level should have been much lower than 0.1 bar (Endo et al.,
2016 EPSL).
How could high CH4 and/or CO maintained? One possible reducing agent is ferrous iron
continuously supplyed via hydrothermal activity that may buffer reducing condition of ocean and
even atmosphere. The high volcanic activity of the late Archean is a key to control the redox state
of the pre-GOE Earth and inter-action between biosphere and lithosphere.

The Proterozoic Eon: Life and Environments in Earth’s Middle Age
Andrew Knoll
Harvard University, USA
As the Proterozoic Eon began, Earth was already two billion years old. Nonetheless, Proterozoic
rocks provide our first clear chronicle of evolutionary history, documented by well-preserved
microfossils, biomarker molecules, isotopic signatures, and sedimentary structures, especially
stromatolites. Cyanobacteria radiated in oxygenated surface oceans, but recurring anoxia within the
photic zone supported regionally extensive primary production by anoxygenic photosynthetic
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bacteria. By 1700-1600 million years ago (Ma), eukaryotic cells had gained a foothold in the oceans,
adding new morphological and ecological complexity to marine ecosystems. Although
unambiguous eukaryotic microfossils occur in mid-Proterozoic rocks, protistan diversity remained
relatively low until about 800 Ma, when new types of fossils, including testate and scale-forming
taxa, radiated. It is hypothesized that the evolution of eukaryovory – predation by eukaryotic cells on
other eukaryotes -- provided an ecological driver for Neoproterozoic eukaryotic diversification.
Ecology also played a key role in the ensuing radiation of animals, with carnivores playing a role
comparable to that eukaryovores in earlier Neoproterozoic ecosystems. The environments within
which cyanobacteria, eukaryotes and animals sequentially diversified differed from both those of the
Archean Eon and those familiar to us today. In particular, the basal Proterozoic rise of oxygen in the
atmosphere and surface oceans permitted innovations in energy metabolism and biosynthetic
pathways, although persistent subsurface anoxia likely provided a continuing challenge to early
aerobic organisms. Following a prolonged interval of low pO2, the atmosphere and oceans began
their transition to a more modern redox state near the end of the Eon. Oxygen availability placed
significant constraints on Proterozoic evolution, and renewed oxygenation near the end of the eon
likely facilitated animal radiation, not least by making carnivory possible. Thus, the ecological
theater of Proterozoic environments and the evolutionary play recorded by fossils appear to have
influenced each other throughout Earth’s long middle age.

Friday 1/13, afternoon session 2
Formation of amino acid precursors with insoluble organic matter in the early Solar System
small bodies
Yoko Kebukawa
Yokohama National University, Japan
Carbonaceous meteorites contain wide variety of organic matter including insoluble macromolecular
organic matter (IOM) and soluble organic matter (e.g., carboxylic acids and amino acids, etc.). The
origins of the organic matter are still subject to debate. One hypothesis is synthesis of organic
matter during meteorite parent body aqueous processing starting from simple molecules such as
formaldehyde and ammonia. Hydrothermal experiments of water solutions containing a mixture of
formaldehyde, glycolaldehyde and ammonia showed that various amino acids up to five carbons
were produced simultaneously with macromolecular organic solids similar to the chondritic IOM.
One-pot aqueous processing from simple ubiquitous molecules can produce a wide variety of
extraterrestrial organic matter from amino acids to macromolecular IOM in hydrous planetesimals.

From messy chemistry to biofunctional systems
Irena Mamajanov
ELSI, Japan
Biopolymers are essential for life as we know it. Polysaccharides and proteins are implicated in cell
structures, proteins also perform catalysis, ligand transport and signaling, whereas nucleic acids
store and express information. Life relies on a feedback loop in which biopolymers encode and
catalyze their synthesis and provides no clues as to how biopolymers could have been synthesized
in prebiotic period. Despite an extensive effort, it is still unclear how peptide, glycosidic and
phosphodiester bonds formed outside the biochemical networks, not to mention the synthesis of
specifically sequenced biopolymeric strands necessary for function. On the other hand, synthesis of
polymers in general under prebiotically plausible conditions is well documented. These polymers
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are usually complex heterogeneous structures, products of intractable prebiotic reaction networks,
or “messy chemistry”. Such polymers are commonly regarded as a nuisance or synthetic dead ends
and unsympathetically referred to as gunk or tar. Contrary to the popular belief, the messy
chemistry group at ELSI considers these polymers to be instrumental in chemical evolution. Our
research focuses on the understanding of the reaction networks that produce the polymers,
develops methods for their chemical analyses and conceptualizes the emergence of function in
messy polymeric mixtures.
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Poster abstracts
Posters, Session 1 - Wednesday 1/11, 14:35-15:35
S1-P1 Why is life homochiral?
Victor Sojo
RIKEN & LMU, University of Munich, Germany
Homochirality, the single-handedness of optically asymmetric chemical structures, is present in all
major biological macromolecules. Terrestrial life’s preference for one isomer over its mirror image in
D-sugars and L-amino acids has both fascinated and puzzled biochemists for well over a century.
But the contrasting case of the equally fundamental phospholipids has received less attention.
Although the phospholipid glycerol backbones of archaea and bacteria are both exclusively
homochiral, the stereochemistries between the two domains are opposite. I will argue that the
reason for this “dual homochirality” was a simple evolutionary choice at the independent origin of
the two synthesizing enzymes. More broadly, this points to a trivial biogenic cause for the evolution
of homochirality: the enzymatic processes that produce chiral biomolecules are stereospecific in
nature. Once an orientation has been favored, shifting to the opposite is both difficult and of no
advantage. Homochirality is the simplest and most parsimonious evolutionary case. I argue that the
emergence of biology itself, not prebiotic chemistry or physics, lies at the heart of life's homochiral
nature.

S1-P2 Expose-R2: Photochemistry on the space station (PSS)
Avinash Vicholous Dass
CNRS-Centre de biophysique moléculaire, France
Pioneer experiments led by André Brack and colleagues in understanding the stability of molecules
under space conditions, during space travel have been investigated since 1998. Subsequently,
several experiments such as the BIOPAN series, STONE series, and more recently the EXPOSE
experiments on the ISS have been undertaken. As a perpetuation of EXPOSE-E and EXPOSE-R
missions, the PSS experiment (Photochemistry on space station) under the name EXPOSE-R2 has
been undertaken. The primary aim of this experiment is to understand the role of intense solar
photons having a wavelength above 120nm on the chemical integrity of organic molecules in
vacuum, during exposure to space. Such a study aims in understanding the stability of molecules on
the surfaces of time-travelers such as meteorites, asteroids and comets and their role in successfully
seeding organic molecules on other planetary bodies. The molecules; ala-ala, cyclo(ala-ala) and
thymine had been selected for this flight, as they are of interest in astrochemical and astrobiological
studies. The samples are being analyzed following their arrival on Earth after an intense phase of
exposure time.
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S1-P3 The Use of Minerals in Prebiotic Chemistry: A Study of Carboxylic Acids and Spinel
Structure Minerals
Kristin Johnson
Arizona State University, USA
Natural organic transformations occur in the presence of minerals in hydrothermal systems,
sedimentary basins, and meteorite parent-bodies. These organic transformation pathways at
mineral surfaces can differ dramatically from reactions in water alone [1]. In the present study, we
explored the hydrothermal (300°C, 100 MPa) effects of spinel (MgAl2O4) and magnetite (Fe3O4) on
transformations of phenylacetic acid (C6H5CH2COOH; PAA). Spinel opens new reaction pathways
which are not available in water alone leading to the generation of more complex organic
compounds. Magnetite enhances the same reactions seen in the presence of spinel but also opens
additional pathways beyond those seen with spinel.
The organic compound and minerals chosen for this study allow us to investigate fundamental
chemical interactions. Magnetite (Fe3O4) and spinel (MgAl2O4) have the same mineral structure,
but differ in their central metal atoms. Comparing these structures allows us to probe the
fundamental chemical differences between minerals. PAA differs from the acetic and valeric acids
used in previous mineral-organic studies [2,3] by the addition of a phenyl ring. Aromatic ring
structures facilitate the investigation of mechanistic pathways for product formation and provide
analogs for naturally occurring carboxylic acids. In the absence of minerals, decarboxylation is the
major hydrothermal reaction pathway and the products formed are smaller than the reactants.
Specifically, PAA reaches 80% conversion in 50 h and forms only toluene [4]. In the presence of
spinel, a new reaction pathway yields a new organic product in the form of a symmetrical ketone
and an alkene. By comparison, the magnetite-activated product pathways lead to the same
symmetrical ketone, a shorter chain carboxylic acid, an asymmetrical ketone, diphenyl alkanes and
alkenes. Magnetite and spinel differ in terms of the redox states of their metal centers and the
intrinsic properties of those metal centers effects the overall surface properties of the mineral.
Some new reaction pathways may be a result of hydrogen atoms attracted to the magnetite surface
allowing the affiliation of the carboxyl group with the protonated surface while other reaction paths
are likely a result of redox state of the mineral. These results demonstrate how mineral surfaces can
guide hydrothermal organic reactions to greater complexity, which may be common in the variety of
environments available for pre-biotic chemistry.
[1] Shipp JA et al. (2014) PNAS [2] Bell JLS et al. (1994) GCA [3] McCollom TM and Seewald JS (2003) GCA [4]
Glein CR (2012) PhD Dissertation, Arizona State University

S1-P4 Ancestors of contemporary life: Simple or Complex?
Ajith Harish
Uppsala University, Sweden
Advances in our understanding of protein evolution indicate that tertiary structures of proteins are
the molecular fossils of evolution while coding sequences are transients. In addition, structuraldomains are modular building blocks of proteins. A vast majority of the ~70 million currently known
proteins can be assigned to a mere 2,000 domain superfamilies. Phylogenetic reconstructions based
on genomic compositions of homologous protein domains indicate that the modern tree of life
(ToL) is rooted in a surprisingly complex universal common ancestor (UCA). Results based on
genome trees suggest that the UCA of the contemporary ToL is distinct from any specific modern
descendant. Accordingly the most recent UCA presents 75% of the unique superfamilies encoded
by extant genomes of the three superkingdoms. The divergence of genomes from the complex
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ancestor in each superkingdom is both reductive in terms of loss of diversity of unique superfamilies
as well as progressive with respect to increase in abundance of surviving superfamilies. These data
suggest that the most recent UCA was not the first cell lineage and that the modern ToL is the
crown of a “recently” rerooted tree. The simplest interpretation implies that bottlenecked survivors
of an environmental collapse, which preceded the flourishing of the modern crown, seeded the
current phylogenetic tree. These new data raise questions about traditional hypotheses based on
sequence-based gene trees as well as divergence time estimates based on limited information in
gene sequences.

S1-P5 Predicting Proto-Species Emergence in Simulated Complex Pre-Biotic Networks
Omer Markovitch
ELSI, Japan
It has been argued that if one could “replay” life’s tape, the details (“decorations”) of the outcomes
would vary but certain “invariants” might emerge across different life-tapes. Here, we test the above
argument via large-scale simulations and analysis of an in silico model of pre-biotic evolution called
GARD (Graded Autocatalysis Replication Domain). GARD models the temporal evolution of
molecular assemblies, governed by a rates matrix (i.e. network) that biases different molecules’
likelihood of joining or leaving a dynamically growing and splitting assembly. Previous studies have
shown the emergence of so called compotypes, i.e., proto-species capable of replication and
selection response. Here, we apply networks’ science to ascertain the degree to which invariants
emerge across different life-tapes under GARD dynamics and whether one can predict these
invariant from the chemistry specification alone (i.e. GARD’s rates network). We analysed the
(complex) rates’ network communities and asked whether communities are related (and how) to the
emerging proto-species under GARD’s dynamic, and found that the communities correspond to the
species emerging from the simulations. Importantly, we show how to use the set of communities
detected to predict proto-species emergence without performing any simulations. The analysis
developed here may impact complex systems simulations in general.

S1-P6 The Environment and Evolution of RNA Catalysis
Milena Popovic
NASA/BMSIS, USA
Proposals that RNA played a central role during the emergence and early evolution of life are based
in part on the fact that RNA can both store hereditary information and catalyze chemical reactions.
In vitro evolution studies provide a tool for assessment of the potential of RNA to support biological
function during early evolution of life. A limitation of these studies lies in the fact that they do not
reflect the wide range of potential environments encountered by emerging life. To test the impact
of environmental factors on RNA’s potential to function in the earliest forms of life as well as in
extant life, we evolved populations of catalytic RNAs in multiple environments. We evolved
ribozymes in the presence of different metal ions, at multiple pH values, in the presence of a mineral
surface, and with molecular crowding agents. Our populations of in vitro evolved ribozymes are
sensitive to both pH and metal ion identity, and exhibit a pH-dependent metal ion specificity. Our
populations of ribozymes evolved in crowded conditions, retain activity in dilute solutions.
Alternatively, populations evolved in dilute solutions show diminished activity in the presence of
crowding agents. In contrast, the presence of a clay mineral surface has surprisingly little effect on
the evolution and activity of ribozymes. Our results highlight the importance of considering the
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specific environments in which functional biopolymers evolve when evaluating their roles in extant
biology or their potential roles in the origin and early evolution of life.

S1-P7 Peptide-Assisted Nonenzymatic RNA Replication
Tony Jia
ELSI/Harvard University, Japan/USA
The nonenzymatic replication of RNA is thought to have been a critical process required for the
origin of life. One unsolved difficulty with nonenzymatic RNA replication is that template-directed
copying of RNA results in a double-stranded product; following strand separation, rapid strand
reannealing outcompetes slow nonenzymatic template copying, rendering multiple rounds of RNA
replication impossible. Here we show that oligoarginine peptides slow the annealing of
complementary oligoribonucleotides by up to several thousand-fold; however, short primers and
activated monomers can still bind to template strands, and template-directed primer extension can
still occur within a phase-separated condensed state, or coacervate. Furthermore, we show that
within this phase, partial template copying occurs even in the presence of full-length
complementary strands. This method for enabling further rounds of replication suggests one
mechanism by which short, non-coded peptides could have enhanced early cellular fitness,
potentially explaining how longer, coded peptides, i.e. proteins, came to prominence in modern
biology.

S1-P8 The ExoMol database: molecular line lists for exoplanet and other hot atmospheres
Alec Owens
University College London, UK
Thousands of new planets have been discovered outside of our solar system and characterizing the
composition of these planets (known as exoplanets) has created a huge demand for spectroscopic
data. The ExoMol database is actively providing a solution to this problem by computing
comprehensive line lists of key molecular species. State-of-the-art ab initio methods are employed
as part of robust theoretical models to generate extensive rotation-vibration line lists applicable for
elevated temperatures. The molecular species considered, particularly with regard to the search for
habitable exoplanets, has relied on analysis of the Earth's atmosphere at different stages of its
evolution. Molecules such as methyl chloride have been proposed as observable biosignature gases
and this is all based on models of Earth-like planets. Here we will present an update on the current
status of the ExoMol database and discuss the challenges faced in expanding the database to
include larger molecular systems. We will also highlight how the spectroscopic data provided by
ExoMol has been used in other terrestrial and astrophysical applications.

S1-P9 Three-valued logic computing in the early Earth
Tatsunori Osone
Nagoya City University, Japan
Non-coding RNA (ncRNA) has been found to be involved in a variety of biological function by
RNA/RNA interaction. Particularly, function and mechanism of transfer RNA (tRNA) are common in
all organisms. tRNA binds with the amino acid, and is involved in synthesizing amino acid chains by
binding to the codon corresponding to itself. However, mechanism of tRNA in current organisms is
involved in protein in ribosome. Therefore, the presence of protein in the ribosome makes difficult
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to predict the mechanism at the time of emergence the relationship between the RNA and the
amino acids in the early Earth. To predict the mechanism, hypothesis that "variety of biological
function is calculated by the three-valued logic AND operation of Genetic code by RNA / RNA
interaction" has been built up. And this hypothesis is verified by performing three-valued logic AND
operation in RNA / RNA interactions tRNA and codons. As a result, it was found specific patterns to
each amino acid in RNA / RNA interaction of tRNA and the codon. Though way to break the
encryption of the nucleic acid bases by the three-valued logic has only just begun, this result is
expected to reveal an opportunity to RNA came to have a function as a gene in the early Earth.

Posters, Session 2 - Thursday 1/12, 9:50-10:45
S2-P1 Polymerization of glycine under hydrothermal conditions
Ulysse Pedreira-Segade
Laboratoire de Géologie de Lyon: Terre, Planètes, Environnement, France
The abiotic formation of oligopeptides is mandatory to the emergence of enzymatic activity and the
first metabolic pathways of life. As a dehydration reaction, polymerization is unfavorable in water
but is favored by hydrothermal conditions [1-3]. However, high temperature also tends to degrade
amino acids and often leads to the dominant formation of the cyclic dimer diketopiperazine, i.e. a
dead-end product for the synthesis of longer linear peptides. Hence it is mandatory to understand
the parameters that control the stability of amino acids and the yield of the polymerization reaction.
The latter can be evaluated as the ratio of linear to cyclic dimers. This study focused on the
evolution of a glycine solution under high pressure and high temperature, up to 300°C and 3 GPa.
Experiments were conducted in an externally heated diamond anvil cell and analyzed in situ using
high resolution Raman spectroscopy. A series of experiments was carried out at 200°C and between
100 and 400 MPa, for 7 to 20 hours. Upon heating, the pressurized samples produced up to 10
mol% of linear diglycine against 1 mol% of cyclic dimer. Those products remained stable afterwards,
even after quenching. Thermal degradation was small or negligible. To the best of our knowledge,
such a high ratio in favor of the linear polymer has not previously been described. Additionally, in
order to study the effect of mineral-water interaction, a powder of magnetite was added to the
glycine solution to carry out experiments at 200°C and high pressures. The addition of the mineral
greatly promoted the linear dimerization of glycine, up to 17 mol%, and reduced the formation of
the cyclic dimer. Further exploration of the pressure-temperature landscape showed that below 400
MPa, temperature activated polymerization but also significantly enhanced the degradation of the
monomers whilst pressure in excess of 1 GPa stabilized the starting glycine and inhibited further
reactions, even in the presence of magnetite. This experimental work supports the hypothesis that
primitive deep hydrothermal environments in the fractured bedrock could have witnessed the
formation of oligopeptides and contributed to the emergence of life.
[1] Imai et al. (1999), Science 283, 831-833. [2] Futamura and Fujioka (2007), Journal of Materials Science 43,
2442-2446. [3] Lemke et al. (2009), Astrobiology 9, 141-146.

S2-P2 Construction and evolution of an RNA replication system with two distinct replicators
linked in a hypercyclic network
Ryo Mizuuchi
Graduate School of Information Science and Technology, Osaka University, Japan
One of the largest hurdles in the evolution of primitive life is evolution of complexity. In the
prebiotic era, such as RNA world or RNA-protein world, it is considered that there were simple self17

replicating RNAs, which acquired a new function to be more complex through establishing a
cooperative relationship with another replicating RNA. However, how such a new relationship
between different self-replication molecules is maintained and stabilized in a primitive life-form has
been poorly understood. One approach to address this question is to construct a simple selfreplication system and experimentally demonstrate the evolution of complexity. To date, we have
developed an evolvable RNA replication system by combining a reconstructed E.coli translation
system and an artificial RNA genome (Rep-RNA) encoding only a gene of Qβ replicase (an RNAdependent RNA polymerase). In this simple system, the RNA genome replicates through translation
of the single gene. If encapsulated in a cell-like compartment, the system evolved according to
Darwinian principles by introducing mutations into the genome through repetitive replications
(Ichihashi et al., 2013). Moreover, this system has remarkable ability of evolution to undergo
adaptation and diversification (Mizuuchi et al., 2014; 2016).
Toward understanding the evolution of complexity, we have expanded the system to one in which
two RNAs encoding different genes are linked in a hypercyclic network and cooperatively replicates
depending on both the RNAs. A hypercycle is a model for organization of replicating information
entities and is considered to be a network in primitive life since it could avoid error threshold
problem (M. Eigen and P. Schuster, 1979). We achieved this by adding another RNA (NDK-RNA)
encoding NDK (nucleoside diphosphate kinase) to the system. In this expanded system, once NDK
is translated from NDK-RNA, it synthesizes CTP from CDP. Then Qβ replicase, translated from RepRNA, replicates both NDK-RNA and Rep-RNA with the synthesized CTP and the other NTP set
initially added to the reaction. Thus, these two RNAs replicate interdependently. The initial
replication ability of NDK-RNA was extremely low and not inheritable. We therefore optimize the
RNA sequence by introducing 49 synonymous mutations to reduce GC-rich relaxed RNA structures
and succeeded to dramatically increase the replication ability (e.g. more than 1000-fold). Currently,
we are trying to scrutinize stability and evolutionary ability of the expanded system to clarify
prerequisites and evolutionary strategies to achieve complexity in primitive life. We would like to
show and discuss our current situations.

S2-P3 The Elemental Composition of Bulk Earth with Uncertainties
Haiyang Wang
The Australian National University, Australia
To understand the origin and evolution of the Earth, one needs to know best the elemental
composition and its variance from deep Earth to the surface. Here we present concordance
estimates (with uncertainties) of the elemental abundances of bulk Earth. First we compile, combine
and renormalize a large set of heterogeneous literature values of the core and of the primitive
mantle (PM) that consists of the present-day mantle, crust and surface inventories. We then
integrate standard radial density profiles of the Earth and renormalize them to the current best
astronomical estimate for the mass of the Earth. Using estimates of the uncertainties in i) the density
profiles, ii) the core-mantle boundary and iii) the inner core boundary, we employ standard error
propagation to obtain a core mass fraction of 32.5 ± 0.3 wt%. Our bulk Earth abundances are the
weighted sum of our concordance core abundances (32.5 wt%) and concordance PM abundances
(67.5 wt%). Our concordance estimates for the abundances of Mg, Cr, Sn, Br, B, Cd and Be are
significantly lower than previous estimates of the bulk Earth. Our concordance estimates for the
abundances of Na, K, Cl, Zn, Sr, F, Ga, Rb, Nb, Ta, He, Ar and Kr are significantly higher. This set of
concordance estimates (with uncertainties) provides a preliminary reference for geochemical and
cosmochemical studies. I will also present compositional comparisons between the bulk Earth and
proto-Sun to quantify the terrestrial elemental devolatilization pattern, which can represent the firstorder chemical relationship between a rocky habitable planet and its host star.
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S2-P4 In vitro "evolutionary arms-race" between hosts and parasites
replication system

in an artificial RNA

Taro Furubayashi
Osaka University, Japan
Host-parasite relationships are universally observed in nature, in which host organisms are
unilaterally exploited by parasitic organisms, viruses, or transposons. Parasites could have been a
big evolutionary driving force for their hosts through “evolutionary arms-races” [1], but it is still
unclear how universal the arms-race phenomenon is, and how the arms-race influences evolution of
their hosts.
In this study, we experimentally investigated the host-parasite evolutionary arms-race based on a
simple artificial host-parasite system established in our laboratory [2]. This system consists of a
reconstituted cell-free translation system and two kinds of RNA, Host and Parasite RNAs, both of
which are replicated by an RNA replicase encoded only in Host RNA. In this system, both Host and
Parasite RNAs are capable of evolution through mutations introduced by replication errors and
natural selection processes. We performed coevolution experiments by encapsulating the HostParasite RNA replication system in tiny water droplets and repeating the process of RNA replication
and feeding nutrients. We found that: 1. The number of Host and Parasite RNAs oscillated and
itinerated oscillatory competition phase and coexistent phase during the evolution experiments.
2. Novel Parasite RNAs with different sequence lengths emerged one after another from the middle
stage of the evolution experiments. 3. Host RNA evolved faster in the presence of Parasite RNAs
than in the absence of them. These results indicate that evolutionary arms-races between Host and
Parasite RNA really occurred, and that parasites can accelerate the evolution of their hosts.
[1] Koonin, Eugene V., and Valerian V. Dolja. "A virocentric perspective on the evolution of life." Current
opinion in virology 3.5 (2013): 546-557. [2] Ichihashi, Norikazu, et al. "Darwinian evolution in a translationcoupled RNA replication system within a cell-like compartment." Nature communications 4 (2013).

S2-P5 Command and Control: Management of Multiple Environmental Variables by
Aggregations of Dissipative Structures
Stuart Bartlett (Absent)
ELSI, Japan
Modern life makes use of a dizzying array of self-organisation processes to regulate its internal
environment and remain robust to outside perturbations. Disparate physico-chemical phenomena
are harnessed over a vast range of length scales such that life as a whole is maintained and
proliferates. It is crucial that any living system feeds back on its environment in a way that enhances
its probability of persistence. Hence to understand the emergence of life in a general sense, it is
crucial to understand the spontaneous emergence of familiar biological concepts such as
environmental regulation, inter-species competition, and the formation of symbiotic relationships.
In previous work, I demonstrated the emergence of ecological interactions between non-living
dissipative structures. It was shown that convection cells will compete with endothermic reactiondiffusion spots for sources of thermal energy, and different sets of reaction-diffusion spots with
different physical parameters, will form symbioses and robustly regulate their local temperature. In
the current work, I considered an expanded set of environmental variables that require control in
order that structures can persist. Not only temperature, but a whole set of background chemical
species must be managed by and for the persistence of any spatial structure.
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S2-P6 Reduced Phosphorus Species Generation on the Prebiotic Earth
Barry Herschy
University of South Florida, USA
The inclusion of phosphorus (P) in biochemistry is still one of the biggest unanswered questions in
origins of life studies. The issues of low reactivity and low water solubility of phosphate minerals,
particularly hydroxyapatite, leads to limited availability and inability for phosphate to react with
organic materials. Several ways have been proposed to counter the “phosphate” problem including
the use of alternative solvents (Burcar et al 2016) and sources of reduced P like meteoritic
schreibersite (Pasek & Lauretta 2005; Bryant and Kee 2006), which increase both solubility and
reactivity of phosphorus in biochemical reactions. There are issues with all methods proposed,
particularly the limited locations and environments available for reactions to take place. Pasek tried
to address the issue of limited availability of schreibersite by proposing a terrestrial model for its
formation (Pasek 2016) but again, the availability of reduced P is still limited to specific geographical
locations and is reliant on very specific conditions for its formation. An alternative source of reduced
P is from reduction of phosphate minerals in the presence of ferrous (Fe2+) ions. Here we describe
the process of anoxic reduction of phosphate to phosphite and hypophosphite in the presence of
ferrous iron, in mildly acidic conditions at temperatures below 200℃ which would greatly increase
the amount of available reduced P available for inclusion in origin of life reactions and also account
for the presence of phosphite we detected in 3.5 Gya Archaean sedimentary carbonate rock
deposits from the Pilbara and Greenland.
Burcar, B., Pasek, M., Gull, M., Cafferty, B.J., Velasco, F., Hud, N.V. and Menor Salván, C., 2016. Darwin's
Warm Little Pond: A One Pot Reaction for Prebiotic Phosphorylation and the Mobilization of Phosphate from
Minerals in a Urea based Solvent. Angewandte Chemie International Edition.
Pasek, M.A., 2016. Schreibersite on the early earth: Scenarios for prebiotic phosphorylation. Geoscience
Frontiers.
Pasek, M.A. and Lauretta, D.S., 2005. Aqueous corrosion of phosphide minerals from iron meteorites: a highly
reactive source of prebiotic phosphorus on the surface of the early Earth. Astrobiology, 5(4), pp.515-535.
Bryant, D.E. and Kee, T.P., 2006. Direct evidence for the availability of reactive, water soluble phosphorus on
the early Earth. H-Phosphinic acid from the Nantan meteorite. Chemical communications, (22), pp.2344-2346.

S2-P7 Synthesis of carbonaceous materials on refractory minerals in early solar nebula
Chaitanya Giri
ELSI, Japan
The early solar nebula is presumed to largely consist of refractory minerals originating from the
presolar material and the earliest stellar condensates - the calcium-aluminium-rich inclusions. In this
study we have simulated the early inner-solar nebula conditions in laboratory and have synthesised
sp2 carbon allotropes on corundum's surface. Corundum (an aluminium oxide) exists both as a
presolar mineral and a stellar condensate. Such synthesised material in its natural settings could
have plausibly augmented the accretionary process and could have also provided the necessary
carbon inventory that much later led to origin of carbon-based life on Earth.
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S2-P8 Construction and analysis of cell-wall-deficient Escherichia coli
Hiromi Saito
Osaka University, Japan
Cell wall is an essential structure for bacteria to maintain their intensity. This structure is observed in
most of the modern bacteria, which leads to a prediction that the common ancestor of bacteria
already had cell wall. However, it is hard to assume that primitive life had those sophisticated
structure. By modifying bacteria to a cell-wall-less state, we perhaps be able to approach to the life
before the acquisition of cell wall.
In fact, many bacteria can transform themselves to a cell-wall-deficient state. This unique state is
called “L-form”. Surprisingly, L-form bacteria are not only independent of the cell wall structure but
also of the cell division system, which is also essential for modern bacteria. Due to the loss of these
essential function, L-form bacteria can be said that it is less sophisticated compared to ordinarystate bacteria. Therefore, L-form bacteria may provide us some prospects for the behavior of
primitive life.
However, it is not well known about the molecular mechanism of stable L-form bacteria, due to the
two difficulties in their acquisition. Firstly, long-time cultivation for years is required to acquire stable
L-form bacteria. L-form bacteria are usually unstable, which revert to their ordinary cell-wall state.
Unknown mutations is thought to be needed to their stabilization. Secondly, it is observed that
some L-form bacteria cannot propagate in liquid medium, such as Escherichia coli and
Staphylococcus aureus. Propagation in liquid medium enables us to perform various experiments.
Here, we aimed to obtain an L-form E. coli that is stable and also that can propagate in liquid
medium. We performed two genetic modification to E. coli, one is to increase the mutation rate and
another is to destroy the cell wall synthesis system. After several subculture in an L-form induction
environment, we obtained stable L-form E. coli and also an L-form E. coli that can propagate in
liquid medium. These acquisition enabled us to analyze genetic and expression level changes of
stable L-form E. coli.

S2-P9 Life from hydrothermal vents? Reducing CO2 to with the Nernstian potential
difference.
Woo Je Chang
ELSI/Seoul National University, Japan/South Korea
Among many theories for describing the formation of organic molecules on the early Earth, the
theory suggesting organic molecule generation from Hadean Ocean hydrothermal vents is attractive
since these formations offer both thermodynamic and kinetic solutions to the problem of CO2
reduction. This is because abundant hydrogen gas as well as strong alkaline solution inside the
hydrothermal vent can sufficiently drive CO2 reduction into formic acid, possibly other organic
molecules. Previously, it was hypothesized that the CO2 reduction potential occurs during the
course of proton conduction through an iron sulfide chimney layer at the hydrothermal vent. Here,
we suggest a quite contradictory view; namely electron transfer through the FeS layer instead of
proton conduction for CO2 reduction reaction. To test this hypothesis, we designed a simple
microfluidics system where an iron solution meets a sulfide solution and forms an FeS layer. The
formation of the material phase is opposite from what has been observed in other systems which
were based on metal hydroxide formation and not metal sulfide (Batista and Steinbock
J.Phys.Chem. C 2015). Additionally, the formed FeS layer can maintain the pH gradient even
without the flow of the precursor solution, indicating the proton blocking nature of FeS. By

21

saturating each precursor solution with CO¬2 and H2 respectively, we are investigating organic
molecule synthesis during FeS chimney formation.

S2-P10 Ediacaran sulfur cycling reconstructed from a detailed isotopic analysis of pyrite sulfur
and carbonate associated sulfate of the platform sequence at Three Gorges, South China
Fumihiro Matsu'Ura
Tokyo Institute of Technology, Japan
The sulfur isotope chemostratigraphy of sulfate and sulfide in the Doushantuo and the Dengying
Formation in south China is important to understand the Ediacaran ocean sulfur cycling. A new
extraction method of carbonate-associated sulfate (CAS) was applied to measure quadruple sulfur
isotopes of the sulfate from the drill core sampled from the Three Gorges area, South China. The
δ34S values of CAS display a smooth curve after the lower part of Member 2 of the Doushantuo
Formation and ranged from +18.7 to +46.4‰ with an outlier of -3.7‰. The δ34S values of the
sulfide also display a smooth curve after the lower part of Member 2 and ranged from -18.6 to
+42.8‰. The sulfur isotope fractionation between sulfate and sulfide is negatively correlated with
δ34S value of sulfides, suggesting the sulfide δ34S value mainly reflect degree of isotopic
fractionation. The sulfide δ34S stratigraphy exhibits two negative excursions. The excursions
coincide with the positive excursions of the 87Sr/86Sr ratio. Given the existence of the organic
carbon pool in the ocean, the correlation between the δ34S value of the sulfide and the 87Sr/86Sr
ratio indicates that enhanced sulfate input from continent by oxidative weathering increased the
sulfate concentration in the ocean, likely causing larger sulfur isotope fractionation. Furthermore, the
decrease of the δ34S value of the CAS down to +18.7‰ is concomitant with the decrease of the
δ13Ccarb value down to -9.1‰ during the global Shuram excursion event. Our results suggest that
high-sulfate ocean at least homogenizing the sulfur isotopic composition of oceanic sulfate may
have been created by elevated continental flux at the time of the Shuram excursion.

Posters, Session 3 - Thursday 1/12, 14:35-16:00
S3-P1 Functional constraints on replacing an essential gene with its ancient and modern
homologs
Eva Garmendia
Uppsala University, Sweden
Horizontal gene transfer (HGT) is a process by which genetic material is transferred from the
genome of an organism to another. It has been proposed that HGT had an important role in the
evolution of early organisms and shaped the early phylogeny of life. The complexity hypothesis
posits that network connectivity and protein function are two important determinants of how a gene
would adapt and function in a foreign genome, and therefore determine its successful integration.
Due to this, genes encoding proteins that carry out essential informational tasks in the cell are less
likely to be transferable to a foreign organism compared to genes with non-essential functions.
Here we investigated the constraints on transfer of a gene encoding an old and highly conserved
informational protein, the translation elongation factor Tu (EF-Tu), by systematically replacing the
endogenous tufA gene in the actual E. coli genome with its modern and ancient homologs. The
modern homologs represented tuf variants from both near and distant homologous organisms. The
ancestral homologs represented phylogenetically resurrected tuf sequences dating from 0.7 to 3.6
bya. Our questions focus on understanding the degree of transferability of ancient counterparts
versus the homologs present in extant organisms. Answering these questions will give us insight on
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the interchangeability for the E.coli tuf gene, as a proxy for essential and old proteins, and allow us
to discover patterns within and between bacterial lineages across time and divergence.
Our results demonstrate that all of the foreign tuf genes are transferable to the E. coli genome,
provided that the native duplicated copy of the EF-Tu gene, tufB, remains present in the E. coli
genome. However, when the tufB gene was removed, only the variants obtained from the gammaproteobacterial family, and its near common ancestral homolog, resulted in a functional organism.
This demonstrates the limited functional interchangeability of E. coli tuf with its homologs. Our data
show a linear correlation between relative bacterial fitness and the evolutionary distance of the tuf
homolog inserted into the E. coli genome. Our data and analysis also suggest that the functional
conservation of protein activity and network interactivity act to constrain the successful transfer of
this essential gene into foreign organisms, and it could have likely been so in the early days of life,
defining the evolutionary trajectories of different classes of genes.

S3-P2 The early Earth environment and the emergence of primitive life: a zinc isotope
perspective.
Marie-Laure Pons
University of Cambridge, UK
Understanding the early Earth environment is a challenging task which requires the right approach,
tools and/or samples. Eoarchean samples are scarce, and have experienced extensive geological
processes such as weathering and metamorphism during the past 3.5 Ga, which might have
significantly altered their initial nature. In this framework, the field of isotope geochemistry has
distinguished itself, e.g. through radiochronology. Recent progress in multi-collector mass
spectrometry triggered the development of transition metal stable isotope geochemistry (e.g. Fe,
Zn). Applied to the study of primitive Earth, transition metal stable isotopes have proven to be
extremely useful as they are more resilient toward geological surface processes than light elements
(e.g. C, H) that are easily remobilized, and may therefore provide pristine signatures. In particular,
Zn isotopes stand out: recent studies combining theoretical, ab initio calculation of Zn isotope
fractionation between species in solution to Zn isotope analysis in rock samples have unravelled
their potential as tracers of chemical parameters – T, pH, sulfur/carbon/phosphorus speciation,
redox– of fluids during fluid/mineral interactions. In this context, Zn isotope composition in Archean
rocks have for example been used to bring constraints on the timing of the rise of continents and
their colonization by bacterial mats. Here we will discuss the use of Zn isotopes to characterize
serpentinization reactions and the involved fluid chemical properties through geologic time.
Serpentinization is a reaction of hydration and oxidation of ultramafic rocks of the oceanic
lithosphere that release highly reduced hydrothermal fluids with high concentrations of methane,
ammonia, and hydrogen. Serpentinization provides both a source of reduced carbon and a
potential energy source, which, together, create an environment suitable for the emergence of the
first biomolecules. Furthermore, serpentinites are ubiquitous rocks in Archean greenstone belts and
their age spans from ~4 Ga to present, which make them the perfect target sample to investigate
the emergence of early life. Our studies have shown that their Zn isotope compositions record the
chemical parameters (T, pH, redox) of the fluids involved during hydrothermal reactions that
occurred billion years ago. This allowed us to identify Isua (3.8 Ga) as an analogue of the Mariana
mud-volcanoes, where CO2-rich, reducing, high-pH, medium-T fluids were released, and as a
suitable environment for primitive life. Our most recent work showed that Zn isotopes in
serpentinites have the potential to bring further constraints on the redox evolution of the Earth,
which is critical to the development and evolution of life.
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S3-P3 Kinetics of Prebiotic Depsipeptide Formation from the Ester-amide Exchange Reaction
Sheng-Sheng Yu
Georgia Institute of Technology, USA
The formation of polypeptides on the early Earth has been a long-standing problem in the field of
prebiotic chemistry. Although it is generally accepted that amino acids were present on the
prebiotic Earth,[1-2] the plausible mechanism to form long chain polypeptides is still unclear.
Because of the high activation energies and the formation of side products, direct peptide bond
formation will not occur unless high temperature or activating agents are used. In our previous work,
we found a simple system composed of hydroxy acids and amino acids that is capable of forming
peptide bonds under mild conditions.[3] Hydroxy acids form metastable oligoesters in the
oscillating (hot dry/cool wet) system and transform into mixed copolymers via the ester-amide
exchange reaction. To further understand the kinetic behavior of this copolymerization, we first
tracked the growth of initial species from a valine/ lactic acid mixture in a closed system reactor. A
mathematical model was developed to simulate the reactions and evaluate the rate constants at
different temperatures. We found these reactions can be described by the empirical Arrhenius
equation even when the reaction occurred in the solid (dry) state. Further calculations for activation
parameters showed that the ester-mediated pathway facilitates amide bond formation by lowering
activation entropies. Finally, we combined the experimental and model-based approaches to
identify an ideal feeding policy for the growth of long chain polymers. These results not only
demonstrate a simple system exhibiting key features for the emergence of peptides at mild
conditions, but also provide a theoretical framework that illustrates why the ester-mediated pathway
for peptide bond formation would have been more favorable on the early Earth, compared to
peptide bond formation without the aid of hydroxy acids.
[1]. Miller, S. L., A production of amino acids under possible primitive earth conditions. Science
1953, 117 (3046), 528-529. [2]. Bernstein, M. P.; Dworkin, J. P.; Sandford, S. A.; Cooper, G. W.;
Allamandola, L. J., Racemic amino acids from the ultraviolet photolysis of interstellar ice analogues.
Nature 2002, 416 (6879), 401-403. [3]. Forsythe, J. G.; Yu, S.-S.; Mamajanov, I.; Grover, M. A.;
Krishnamurthy, R.; Fernández, F. M.; Hud, N. V., Ester-mediated amide bond formation driven by
wet–dry cycles: A possible path to polypeptides on the prebiotic earth. Angew. Chem. Int. Ed.
2015, 54 (34), 9871-9875.

S3-P4 Phenotypic Stochasticity: A New Mode of Evolutionary Innovation
Katherine Petrie
ELSI, Japan
A key problem in the development of life on Earth is the origin of novelty. How does evolution
achieve the complex diversity of forms and functions we see today, starting from simpler
precursors? In particular, how can selection transform one protein, optimized to provide a
reproductive benefit, into a novel protein without sacrificing the original function? One traditional
explanation resolving this conflict invokes gene duplication followed by neofunctionalization of one
copy, but the prevalence of this mechanism throughout evolutionary history is uncertain. Recent
observations during experimental evolution of a contemporary virus revealed a new mechanism for
innovation that does not rely on gene duplication. It instead partitions the protein products of a
single gene into populations with different stable folds, some of which can carry out the new
function, in this case binding to a novel cellular receptor, and some of which preserve the old. This
mechanism of 'phenotypic stochasticity' may be a common step on evolutionary paths toward
innovation.
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S3-P5 Global Metabolomics as a Means of Linking
Biogeochemical Consequences in Serpentinizing Systems

Microbial

Activities

and

their

Lauren Seyler
Michigan State University, USA
The first biochemical pathways likely evolved by mirroring geochemical reactions favored in
hydrothermal environments, where hot circulating fluids chemically react with mafic and ultramafic
rock. Of these reactions, serpentinization produces copious abiogenic organic compounds and has
been speculated to play a central role in several origin of life scenarios. On modern Earth, these
reactions provide energy and materials that may be harnessed by chemosynthetic microbial
communities at hydrothermal vents and in the deep subsurface. However, the biochemistry of
microbial populations that inhabit these environments are understudied and are complicated by
overlapping biotic and abiotic processes.
Environmental metabolomics is an emerging approach used to study ecosystem properties, yet to
date this technique has mostly been applied to soils and plant-associated habitats. Through
bioinformatic comparisons to genomic and transcriptomic data sets, metabolomics can be used to
study microbial adaptations and responses to varying environmental conditions. Since the
techniques are highly parallel to organic geochemistry approaches, metabolomics can also provide
insight into biogeochemical processes, such as carbon turnover. These analyses are a reflection of
metabolic potential and intersection with other organisms and environmental components. Here, we
use an untargeted metabolomics approach to characterize both intracellular and aqueous
metabolites from environmental biomass samples obtained from an actively serpentinizing habitat,
in order to describe overlapping biogenic and abiogenic processes impacting carbon cycling in
serpentinizing
rocks.
We applied untargeted metabolomics techniques to environmental biomass samples taken from the
Coast Range Ophiolite Microbial Observatory (CROMO), a subsurface observatory consisting of a
series of eight wells drilled into an actively serpentinizing ophiolite in the California Coast Range.
Cellular biomass from groundwater (~12 L) was collected on PTFE filters using vacuum filtration, and
metabolites were extracted using cold 40:40:20 acetonitrile:methanol:0.1 M formic acid. Dissolved
organic carbon from the filtrate was trapped using Solid Phase Extraction (SPE) Bond Elut PPL
(Agilent) cartridges and eluted in pure methanol. All extracts were dried down via vacuum
centrifugation, resuspended in 95:5 water:acetonitrile, and analyzed via quadrupole time-of-flight
liquid chromatography tandem mass spectrometry (QToF-LC/MS/MS). Sample splits were also
analyzed using NMR and FT-ICR-MS through an ongoing collaboration with the Environmental
Molecular
Sciences
Laboratory
(EMSL)
for
analysis
of
continental
serpentinites.
Metabolomes and previously obtained metagenomes were imported into Progenesis QI software
for statistical analysis and correlation, and metabolic networks constructed using the GenomeLinked Application for Metabolic Maps (GLAMM), a web interface tool. Further multivariate
statistical analyses and quality control was performed using EZinfo.

S3-P6 The biosphere before the Rise of Oxygen
Lewis Ward
Caltech, USA
The modern biosphere is primarily driven by oxygen: oxygenic photosynthesis is the basis of most
primary productivity, while aerobic respiration drives the bulk of heterotrophy and remineralization.
Before the evolution of oxygenic photosynthesis triggered the rise of oxygen ~2.35Gya, however,
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molecular oxygen was largely unavailable, and the biosphere must have functioned very differently.
A common hypothesis is that Archean productivity was largely driven by iron-oxidizing
photosynthesis (photoferrotrophy). Banded Iron Formations (BIFs)—an iron-rich lithotype abundant
in the Archean rock record—are commonly interpreted as being deposited by ferric iron oxides
precipitated as a byproduct of photoferrotrophy. Recent evidence, however, suggests that BIF were
deposited as ferrous silicates, without a role for biological iron oxidation. This has a wide range of
implications for the structure and size of the Archean biosphere as well as the history of metabolic
evolution.
If BIF were deposited without biological iron oxidation, photoferrotrophy likely was not playing a
role in driving primary productivity. Without iron oxidation, productivity would be dependent on
less abundant electron donors like H2, resulting in a substantially smaller and less productive
biosphere than previously assumed. The resulting carbon cycle would have been simple, with
metabolic opportunities largely restricted to hydrogen-oxidizing photosynthesis, methanogenesis,
acetogenesis, and fermentation.
The absence of photoferrotrophy despite the availability of this niche is unexpected. This runs
counter to common assumptions about microbes rapidly evolving metabolisms to make use of any
thermodynamically-viable redox couple, and raises questions about the relative roles of stochasticity
and contingency in evolution. Although iron-driven metabolisms like photoferrotrophy and iron
reduction do exist in microbes today, these may be relatively recent innovations, and not vestiges of
a larger role in ancient environments. This is consistent with the patchy distribution of these
metabolisms on the tree of life, as well as their poor efficiency.
Without evidence for Archean photoferrotrophy, records of early photosynthesis become quite
tenuous. While hydrogen-oxidizing photosynthesis may have existed during the Archean, no
unambiguous record of phototrophy exists until around the rise of oxygen ~2.35Gya, forcing
reassessment of the antiquity of anoxygenic photosynthesis.
Without biological iron oxidation there would be no iron oxides available as electron acceptors for
anaerobic respiration, making the remineralization of organic carbon very inefficient. Burial rates of
organic carbon were therefore likely much higher than previously assumed. Models of the early
carbon cycle need to be reconsidered in light of a small, simple, inefficient hydrogen-driven
biosphere.

S3-P7 Paleoproterozoic organic carbon and nitrogen isotopic stratigraphy across the
appearance of macrofossils in the Francevillian Basins, Gabon
Tomohiko Sato
ELSI, Japan
The Paleoproterozoic (~2.1 Ga) macrofossils are discovered one after another from the Francevillian
Basins, SE Gabon. They are regarded as microbial colony or possibly multicellular biota because of
their complex structures and macro sizes. In order to clarify the tectonic settings and environmental
conditions (especially oxygen level) of the appearance of these Gabon biota, we conducted a
geological fieldwork and investigated the litho- and chemo-stratigraphy in the Franceville,
Lastoursville, and Okondja Subbasins in the Francevillian Basins.
These Paleoproterozoic
intracratonic rift basins were filled with sedimentary sequence of the Francevillian Group (ca. 5002500 m-thick according to regions). The Francevillian Group, which overlie unconformably on
Archean basement rocks, is subdivided into five lithostratigraphic units; i.e., FA (fluvial sandstones
and uranium ore at the top, containing the well-known Oklo nuclear reactors), FB (black shales and
carbonates, containing manganese-rich carbonates and the fossil horizon at the upper part), FC
(cherts), FD (black shales), and FE (sandstones). We collected rock samples and analyzed δ13C_org
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and δ15N_TN of black shales and carbonates from FB unit in the Franceville and Lastoursville
Subbasins. The preliminary result shows that the negative shift of δ13C_org from -30 to -45 ‰ and
positive shift of δ15N_TN from +2 to + 6 ‰ occurs earlier in Lastoursville Subbasin than in
Franceville Subbasin. It suggests that the change from stably maintained oxic condition to
anaerobic environment with active methanotrophy and nitrification/denitrification preceded in the
shallower subbasin and may have relation to the rise and fall of the macrofossils in the Francevillian
Basins.

S3-P8 Planetary habitability constrained by biology: The case for a Gaian Bottleneck
Aditya Chopra
Australian National University, Australia
The prerequisites and ingredients for life seem to be abundantly available in the universe. However,
the universe does not seem to be teeming with life. The most common explanation for this is a low
probability for the emergence of life (an emergence bottleneck), notionally due to the intricacies of
the molecular recipe. Here, we present an alternative Gaian bottleneck explanation where the
emergence of life could be much more common than its long term persistence. If life emerges on a
planet, it only rarely evolves quickly enough to regulate greenhouse gases and albedo, thereby
maintaining surface temperatures compatible with liquid water and habitability. Such a Gaian
bottleneck suggests that (i) extinction is the cosmic default for most life that has ever emerged on
the surfaces of wet rocky planets in the universe and (ii) rocky planets need to be inhabited to
remain habitable.
Over the past decade, estimates for the frequency of wet rocky planets in or near the the
circumstellar habitable zone (CHZ) have increased. Since, the ingredients of life as we know it
(HOCNPS, amino acids, sugars, nucleic acids, HCN and other organics) are based on the most
common elements in the universe, we expect them to be present and available on planets
throughout the universe. The sources of free energy from geochemical redox potentials or stellar
photons should also be ubiquitous. Hence, we suggest that the absence of water and other
molecules, the absence of an energy source, or a hypothetically low probability of biogenesis, may
not be the dominant limiting factors for long term persistence of life on rocky planets in
circumstellar habitable zones.
The habitability of a rocky planet, is strongly influenced by the volatile content of its atmosphere
(H2O, CO2, CH4, H2) which controls both the albedo and greenhouse warming. Because of the
strength, rapidity and universality of abiotic positive feedbacks, the rapid evolution of the
atmosphere can lead to both temperatures too hot for life (runaway greenhouse) and loss of water
(runaway loss of hydrogen), and can preclude long term planetary habitability.
In the Gaian bottleneck model, the maintenance of planetary habitability is a property more
associated with an unusually rapid evolution of biological regulation of surface volatiles, than with
the luminosity and distance to the host star. Liquid water on the surface of a planet (particularly old
planets) would then not just be a prerequisite for life, but a plausible biosignature.

S3-P9 Evolutionary strategy to develop artificial RNA genomes
Mio Yumura
Osaka University, Japan
Present-day living things have many genes and the complicate networks among them to drive life
activities. Such complicate gene networks would not suddenly emerge but developed from a very
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simple form that could appear in the ancient earth. This process of gene network development in
the early life evolution is poorly understood. We are attempting to understand this process by
reproducing it by using an experimental model of ancient life-forms, an RNA self-replication system.
As a first step for this purpose, in this study, we established a new method to develop replicable
RNAs that encode new genes.
Recently, we developed the RNA replication system, in which, an artificial genomic RNA replicates
via the Qβ replicase gene encoded on itself. The next challenge is to develop a more complex
system by introducing additional genes into the RNA. However, most RNA sequences encoding
genes are not replicable by the Qβ replicase due to its requirement for strong RNA structures
throughout the RNA sequence, which do not exist in most genes. The challenge is to find an RNA
sequence that has such structures and also maintains the functional amino acid sequence of the
encoded gene. To overcome this difficulty, we established a new combinatorial selection method in
this study. In this method, RNA sequences were selected based on in vitro replication and in vivo
gene function. We used the α-domain gene of β-galactosidase as a model-encoding gene, whose
function was selected based on blue-white selection. Through this combinatorial selection, we
developed more replicable RNAs while maintaining the function of the encoded α-domain.
However, this method is only applicable to β-galactosidase gene because it used blue-white
selection as the functional selection.
We then attempted to establish a general combinational selection method that is applicable to a
broader range of genes by using E.coli mutants. As an example, we chose one of the aminoacyltRNA synthetase genes, SerRS. In this new selection method, the function of SerRS gene is selected
depending on the compensatory activity for the growth defect of the E.coli strain that lost functional
SerRS gene instead of blue-white selection. We will present a recent result of the evolutionary
experiment of SerRS RNA.

S3-P10 Molecular signatures in exoplanetary atmospheres through transit and eclipse
spectroscopy
Giuseppe Morello
University College London, UK
Observations of exoplanetary transits are a powerful tool to investigate the nature of planets around
other stars. Transits are revealed through periodic drops in the apparent stellar brightness, due to
the interposition of a planet between the star and the observer. Multiwavelength transit
observations can be used to characterise the atmospheres of exoplanets, through differences in the
transit depths, typically at the level of one part in 10e4 in stellar flux for giant planets. For this
purpose, the diagnostic parameter is the wavelength-dependent transit depth, i.e. the squared ratio
between the planetary and the stellar radii, which includes the atmospheric layers which are
optically thick at the observed wavelength. Molecules are detected from the modulations of the
transit depth over multiple photometric bands or spectroscopic observations. Water, methane,
carbon dioxide, carbon monoxide and ammonia are among the most detected molecules in
exoplanetary atmospheres. Planetary eclipses provides with complementary information about the
thermodynamics of their atmospheres.
Habitable planets are believed to be among the coolest and the smallest, based on the Earth-life
chemistry. This makes them the most difficult to discover and to analyse. For this purpose,
instrument systematics and non-planetary astrophysical signals must be disentangled. I present
machine-learning methods that I have developed with my group at UCL to extract the best-quality
data for exoplanet spectroscopy and the results obtained.
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S3-P11 Using Artificial Intelligence to find habitable worlds
Ingo Waldmann
University College London, UK
In the last two and a half decades, we have undergone what is best described as a second
Copernican revolution. The discovery of extrasolar planets - i.e. planets orbiting other stars - has
fundamentally transformed our understanding of planets, solar systems, their formation histories and
our place in the grander scheme of the Milky Way. From the avalanche of recent discoveries (over
3500 confirmed and counting), we have learned something rather unexpected. Despite our strong
observational bias for detecting large, gaseous giants (i.e. Saturn and Jupiter type planets), current
Kepler and radial velocity statistics show a very different picture. Contrary to expectations, superEarths (planets roughly between 1 - 10 Earth masses) are in fact the most abundant planets,
especially around late-type stars. In other words, our galaxy is one of Earths and slightly larger
planets, not giants. This discovery poses a rather fundamental question: “What exactly are superEarths?”, “How do they form? Are they habitable and what is the weather like?” - To which the
current response is a somewhat sobering: “We don’t really know”. Though most common in the
galaxy they are entirely absent from our own solar system.
As we move planetary science beyond the confines of our solar-system, understanding super-Earths
is imperative. In-situ measurements remain out of question for some time, with the closest
exoplanet Proxima Centauri b (itself a super-Earth) being 4.24 light years away. Here, remote
sensing via transit spectroscopy comes to the rescue. When these planets pass in-front of their host
star, some of the stellar light traverses through the thin atmospheric annulus of the planet. By
measuring the signatures of molecular tracers (e.g. H2O, CH4, CO, CO2) at different wavelengths,
we can constrain the bulk chemistry of their atmosphere and begin answering questions of their
habitability and climates.
Given their small sizes, analysing super-Earths is at the very edge of instrument capabilities, dataanalysis techniques and the forefront of atmospheric physics. In order to deal with these
unprecedented complexities, we require machine learning to understand the complex patterns
present in the data and atmospheric fingerprints. In this conference I will present the RobERt
(Robotic Exoplanet Recognition) framework. RobERt is a deep belief neural network trained to
characterise exoplanetary spectra. I will discuss how big data approaches, Bayesian inference and
neural networks can be combined to characterise and unlock the complex signals of these foreign
worlds.

S3-P12 Modelling magma ocean solidification and volatile outgassing during early planetary
evolution
Athanasia Nikolaou
German Aerospace Center (DLR), Germany
The early phase of the evolution of the Earth and terrestrial planets likely included a state
characterized by one or multiple, vigorously convecting, magma oceans. The energy delivered
through impacts during the accretion stage is estimated by models to be adequate for raising the
mantle temperature to values above the point of transition to the liquid phase.
However, the thermal evolution of this stage is poorly known due to missing constraints a) on the
mechanical and thermal properties of the molten material and b) on the blanketing effect of the
overlying atmosphere that existed at the time. The outgassing of volatiles with greenhouse potential
is a key process that affects the heat flowing out of the planet and consequently regulates its
cooling and solidification rate.
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Using a simple 1D model we simulate the evolution of a primitive magma ocean on Earth coupled
with a grey atmosphere composed of water and carbon dioxide. We find a two orders of magnitude
temporal delay compared to the blackbody cooling case (absence of an atmosphere).
Understanding the magma ocean’s thermal evolution can serve to better characterise terrestrial
planets that have passed through such a stage in their history. Once the solidification is completed,
the solid-state convection describes the interior dynamics, onwards. Moreover, constraining that
stage and coupling it in the form of initial conditions to 2D/3D models of the interior solid-state
convection, will enable a continuous representation of the mantle dynamics, dating from the
Hadean period (4.55Ga) to today's state.
S3-P13 The Prebiotic Synthesis of Noncanonical Nucleosides and Nucleotides and Their SelfAssembly in Water
David Fialho
Georgia Institute of Technology, USA
The prebiotic formation of nucleosides and nucleotides remains a major challenge to the RNA world
hypothesis. While model prebiotic syntheses have been reported for the pyrimidine nucleotides[1]
and the purine nucleotides[2], yields are low and require notably disparate chemical pathways that
are unlikely to have occurred in concert to produce Watson-Crick base-pairing systems. An
alternative hypothesis[3] states that RNA is the product of chemical and biological evolution, and
that ancestral genetic polymers may have been composed of recognition units similar to the extant
set, but with reactivity profiles more amenable to the prebiotic formation of proto-nucleic acid
monomers. Previous work from the Hud laboratory has demonstrated that 2,4,6-triaminopyrimidine
(TAP) readily forms nucleosides with ribose in good yields, and the resulting nucleosides will form
base pairs in water with cyanuric acid, a plausible prebiotic heterocycle.[4] Here we report that three
prebiotically plausible heterocycles, melamine, barbituric acid, and TAP, react with ribose and other
sugars, and their phosphorylated forms, in water to produce noncanonical nucleosides and
nucleotides in good yields. These noncanonical nucleosides form pairing systems that
spontaneously self-assemble in water to form non-covalent supramolecular polymers with linear
structures reminiscent of RNA. These findings suggest that facile and parsimonious pathways to
proto-nucleic acid monomers and polymers may have been present on the prebiotic earth.
[1] Powner, M. W., Gerland, B., and Sutherland, J. D. Nature 459 (2009): 239-242. [2] Becker, S., Thoma, I.,
Deutsch, T., Mayer, P., Zipse, H., and Carell, T. Science 352 (2016): 833-836. [3] Hud, N. V., Cafferty, B. J.,
Krishnamurthy, R., and Williams, L. D. Chemistry & Biology 20 (2013): 466-474. [4] Chen, M. C., Cafferty, B. J.,
Mamajanov, I., Gállego, I., Khanam, J., Krishnamurthy, R., and Hud, N. V. J. Am. Chem. Soc. 136 (2014):
5640−5646.

S3-P14 The atmospheres of small exoplanets: current status and prospectives
Angelos Tsiaras
University College London, UK
Today, there is no doubt that extra-solar planets, planets orbiting stars other than our Sun, are very
common in our galaxy. The diversity in their orbital and bulk characteristics indicates that the
conditions on these distant worlds can vary dramatically. We find gas giants in orbits shorter than of
Mercury and a completely new population of planets with masses between those of the Earth and
Neptune, called super-Earths. However, as it can be deduced from studying the planets within our
Solar system, the most important piece of information concerning the conditions on a planet comes
from the composition of its atmosphere. A technique that is being used to probe the atmosphere of
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an exoplanet is transit spectroscopy. During a transit, the stellar and the planetary discs overlap, and
while a part of the stellar light is blocked by the core of the planet, another, smaller, part is filtered
through its atmosphere. If molecules are present in the atmosphere, they absorb different fractions
of the stellar light at different wavelengths, especially in the infrared spectral region. Currently, the
WFC3 camera on-board the Hubble Space Telescope is the most powerful instrument to perform
infrared transit spectroscopy. With this instrument and advanced reduction and statistical
techniques, the first spectra of super-Earths have been observed, making them the smallest
exoplanets to be studied so far. In the future, more small planets around bright stars, such as the
more recently discovered Trappist-1 system and Proxima Centauri b, are going to be detected.
Being able to observe their atmospheres with HST and other future instruments will help us
understand more about their formation history and the conditions on them and search for signature
of habitability.

S3-P15 The UV Surface Environment on Young Planets: Implications for Prebiotic Chemistry on
Earth and Other Worlds
Sukrit Ranjan
Harvard University, USA
Recent laboratory studies (e.g., Patel et al. 2015) suggest UV light may have played a critical role in
the synthesis of molecules relevant to the origin of life (prebiotic chemistry), such as RNA. We show
that UV light interacts with prebiotic chemistry in ways that may be sensitive to the spectral shape
and overall amplitude of irradiation (Ranjan & Sasselov 2016a). We use radiative transfer models to
constrain the UV environment on early Earth (3.9 Ga). We find that the surface UV is insensitive to
much of the considerable uncertainty in the atmospheric state, enabling us to constrain the UV
environment for prebiotic chemistry on early Earth (Ranjan & Sasselov 2016b). Some authors (e.g.,
Benner et al. 2015) have suggested Mars as a venue for prebiotic chemistry. Therefore, we explore
plausible UV spectral fluences on Mars at 3.9 Ga. We find that the early Martian UV environment is
comparable to Earth’s under conventional assumptions about the atmosphere. However, if the
atmosphere was dusty or SO2 levels were high, UV fluence would have been strongly suppressed.
Intriguingly, despite overall attenuation of UV fluence, SO2 preferentially attenuates destructive FUV
radiation over prebiotically-useful NUV radiation, meaning high-SO2 epochs may have been more
clement for the origin of life. Better measurements of the spectral dependence of prebiotic
photoprocesses are required to constrain this hypothesis (Ranjan et al. 2016a). Finally, we calculate
the UV fluence on planets orbiting M-dwarfs. We find that UV irradiation on such planets is low
compared to Earth. Laboratory studies are required to understand whether prebiotic
photoprocesses that worked on Earth can function on low-UV M-dwarf planets (Ranjan et al. 2016b).
Our work 1) provides initial conditions for laboratory studies of prebiotic chemistry, 2) constrains the
clemency of Mars and planets orbiting M-dwarfs for prebiotic chemistry, and 3) demonstrates the
need for laboratory studies to characterize the impact of variations in irradiating intensity and
spectral shape on prebiotic photochemistry.

S3-P16 Speciation and diversification of Archean life revealed by variations in occurrences and
morphologies of lenticular microfossils
Kenichiro Sugitani
Nagoya University, Japan
Organic-walled lenticular microstructures up to 100 µm along the major dimension were discovered
in 2001 and 2007 from Archean (ca. 3.0 Ga and 3.4 Ga, respectively) cherts in the Pilbara Craton,
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Western Australia. They have been extensively studied multi-disciplinarily, including classical
microscopic observation, palynology, scanning electron microscope (SEM), transmission electron
microscope (TEM), Raman spectroscopy, secondary ion mass spectroscopy (SIMS) and Nano-SIMS.
Their biogenicity is now well established and appears to be widely accepted; however, their
biological affinities are still poorly understood. Here I (KS) once keep away from this issue, and focus
on their morphological variation. I
would like to present here newly corrected data of
morphological variation of lenticular microfossils that have been confirmed by examination of both
specimens in petrographic thin sections and those obtained by acid (HF-HCl) maceration. The two
fossil localities of the 3.4 Ga Strelley Pool Formation in the Goldsworthy and the Panorama
greenstone belts are distinct in lithostratigraphy and trace element characteristics of fossil-bearing
black cherts, suggesting that they represent different environments of habitat. Lenituclar microfossils
from these two localities are distinct in ellipticity. As higher ellipticity of lenticular microfossils from
the Panorama greenstone belt cannot be explained by vegetative growth of circular type, the
difference in ellipticity observed for the two populations of microfossils is the best explained by
speciation. Although most of lenticular microfossils from the 3.0 Ga Farrel Quartzite are circular,
ratio of flange width against radius, style of flange attachment, and texture of flange are quite
variable. To date, at least 4 morphological types of lenticular microfossils based on can be
identified. Additionally, from compositional variations observed for colonies, it is suggested that
lenticular microfossils were reproduced by either simple binary fissions or multiple fissions, probably
corresponding to different taxonomic groups. As a whole, morphological diversity of lenticular
microfossils and variations of their reproduction styles appear to be increased from 3.4 to 3.0 Ga.
Lenticular microfossils provide invaluable information about new insight into speciation and
diversification of early life

S3-P17 Microbial Community of a Terrestrial Serpentinizing Location: Hakuba Happo Hot
Spring
Nancy Merino
ELSI, Japan
Serpentinite-hosted locations are extreme environments that may be used as analogues for early
Earth and are host to chemolithoautotrophic microorganisms that could provide insight into early
life. These locations contain ultramafic rocks which can lead to the abiotic production of hydrogen
gas, methane, and low molecular weight hydrocarbons. During the Hadeaen period, it is likely that
these ultramafic rocks were more exposed, and the geochemical conditions found at serpentinizing
systems may be similar to early Earth.
Hakuba Happo hot springs is a unique terrestrial, serpentinizing location located along the ItoigawaShizuoka tectonic line with temperatures reaching 50ºC due to serpentinization and volcanic activity.
Although Hakuba Happo is also highly alkaline (pH~10–11), microbial life can be detected by 16S
rRNA sequencing and fluorescence microscopy. This study will describe the microbial community
composition and the chemical composition of Hakuba Happo hot springs and compare it against
other terrestrial and oceanic serpentinizing locations.
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Posters, Session 4 - Friday 1/13, 9:50-11:30
S4-P1 Two Co-Existing Lysogenic Viruses in the Haloarchaeal Strain Natrinema sp. J7-1
Ying Liu
Institut Pasteur, France
Invisible to the naked eye, viruses are the most abundant biological entities on earth. Among them,
those infecting domain Archaea, that most survive in extreme environments are the least studied.
They display a vast diversity of morphotypes that differs from those infecting other two domains of
life, Bacteria and Eukarya. Here, we report two viruses, SNJ1 and SNJ2, co-existing in one
haloarchaeal strain, Natrinema sp. J7-1, a derivative of Natrinema sp. J7 which was isolated from a
salt mine in Hubei Province, China.
SNJ1 is an icosahedral membrane-containing virus, with 16 kb circular dsDNA. Its genome
sequence is completely identical to that of a previously described plasmid, pHH205, indicating the
plasmid is the provirus of SNJ1. Based on the comparative sequence analysis of the two major
capsid proteins (MCPs), ATPase-specific motif, as well as the presence of lipids in the virions, SNJ1
currently belongs to the novel approved virus family Sphaerolipoviridae. It is the only member and
type strain of the genus Betasphaerolipovirus.
Co-induced by mitomycin C from strain J7-1, we discovered another temperate virus with
pleomorphic morphotype, SNJ2, which dependent on SNJ1 for efficient production. SNJ2 provirus
site-specifically integrates into the tRNAMet gene 3’ distal of host chromosome with 14 bp direct
repeat of the attachment sites. The virion contains a discontinuous, circular, dsDNA genome of 17
kb, in which both nicks and single-stranded regions are present preceded by a “GCCCA” motif.
SNJ2 encodes five ORFs that form a cluster homologous to archaeal pleolipoviruses isolated from
hypersaline environments. Based on the organization and replication of genome, SNJ2 was
grouped to the recent established virus family Pleolipoviridae, to be a member of genus
Betapleolipovirus. Furthermore, SNJ2-like proviruses containing the conserved gene cluster were
identified in the chromosomes of archaea belonging to 10 different genera that isolated from
different places of the globe. These proviruses employ a similar integration strategy into a tRNA
gene.
Taken together, our study thus expands the families of Sphaerolipoviridae and Pleolipoviridae,
deepens our understanding of archaeal viruses, and provide method to discovery and research on
more archaeal lysogenic viruses.

S4-P2 Why research universal biology?
Carlos Mariscal
University of Nevada, Reno, USA
We explore the elements of evolutionary theory that are thought to be universal in explanatory
scope. Recently, some authors have issued a call for an ‘extended evolutionary synthesis’ (Laland et
al. 2014, 2015, Pigliucci 2009, Pigliucci & Müller 2010). They cogently argue that biologists have
discovered more about the nature of evolutionary processes in the past few decades than what was
known in the Modern Synthesis. By leaving out such phenomena as developmental plasticity,
epigenetics, and niche constructions, they maintain that biological theory is disunified and each of
its parts are impoverished as a result. The response to these arguments has been largely about the
inclusion/exclusion of biological processes and the desireability of wholescale theoretical change as
opposed to an incremental or piecemeal approach (Wray et al. 2014, Booth et al. 2016). In this
paper, we point out the differences in explanatory scope of various evolutionary theoretical tools.
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Some are expected to apply to all life in the Universe (Dawkins 1982) while others are almost
certainly limited to particular leaves on the tree of Life. Acknowledging the range of explanatory
tools in evolutionary theory either fails a piecemeal or ‘toolbox’ approach or calls for a complete
restructuring of the EES. By taking the notion of universal biology seriously, we see that not only are
calls for extending the evolutionary synthesis unnecessarily provincial, but so, too, was the original
Modern Synthesis.
Booth A, Mariscal C, Doolittle WF (2016) The Modern Synthesis in the Light of Microbial Genomics. Annual
Review of Microbiology 70(1).
Dawkins R (1982) Universal Darwinism. In: Evolution from Molecules to Men, ed. D.S. Bendall. Cambridge, UK:
Cambridge University Press, p. 403-425.
Laland KN, Uller T, Feldman MW, Sterelny K, Müller GB, Moczek A, Jablonka E, Odling-Smee J (2014). Does
evolutionary theory need a rethink? Yes, Urgently. Nature 514(7521), 161-164.
Pigliucci M (2009) An extended synthesis for evolutionary biology. Annals of the New York Academy of
Sciences, 1168(1), 218-228.
Pigliucci MM, Müller GB (2010) Evolution-the extended synthesis. MIT Press, Cambridge, Mass.
Wray AE, Hoekstra HE, Futuyma DJ, Lenski RE, Mackay TFC, Schluter D, Strassman JE (2014) Does evolutionary
theory need a rethink? N, all is well. Nature 514(7521), 161-164.

S4-P3 Origin of viruses and their polyphyletic nature
Mikk Puustusmaa
University of Tartu, Estonia
It is known that all cellular organisms (Archaea, Bacteria, and Eukaryota) on Earth descend from one
single origin called LUCA and they form a monophyletic group. On top of that, there are viruses pseudo-living entities, infecting cellular organisms from all three domains of life. Viruses are much
more diverse than cellular organisms. The genome of a virus can be either linear, circular or in
multiple molecules and in the form of DNA or RNA (double-stranded or single-stranded), compared
to cells which only have dsDNA genomes (circular or multiple molecules). Although we know much
about the molecular biology of viruses, their origin is still unknown. Different scenarios have been
proposed - viruses could be escaped genes or regressed copies of cellular species, the latter
especially in the case of large dsDNA viruses. If these scenarios are true, there is no reason to
believe that it only happened once, meaning viruses do not necessarily have single origin – they
could be polyphyletic.
The main goal of our work is to find out how many different monophyletic virus groups exist. Both
scenarios create one important prediction: most of genes or protein domains present in viruses
must have their ancestries in cellular genomes, including capsid proteins. However, the
phylogenetic tree of viruses cannot be constructed using traditional methods due to their
presumably polyphyletic origin, prevalent horizontal gene transfer and, most importantly - not a
single gene is conserved in all viruses, making a multiple alignment approach impossible. As viruses
have very high mutation rates, accumulated mutations in viral genes may have erased all detectable
similarities with genes in cellular organisms.
Common ancestry may still reside in protein domain structure. Our aim is to use bipartite graphs
(networks) to represent the phylogenetics of viruses using the information about protein domain
structure in supfam or pfam database. Preliminary results show that most of viruses are
interconnected, sharing many protein domains. Still, there are some groups that do not share any
protein domains with rest of the viruses, indicating that there could be more than one origin.
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S4-P4 Organic matter preservation in dolomitic
Paleoproterozoic Francevillian Basin, Gabon

carbonates

of

Lastoursville

in

the

Karen Bakakas
USTM, geology deparment, Gabon
The abundance of organic matter in dolomitic carbonates of lastoursville in the Francevillian basin,
Gabon suggests significant biological activity in the paleoproterozoic. I investigated the
Francevillian FB unit(100 to 120 m-thick in lastoursville ) in detail by observation of several outcrops
and drill cores, and identified four dolomitic facies from dolobindstones to dolomudstones
interspersed with dolomite breccias and black shales with abundant pyritized nodules. The
dolobindstones are regulary characterized by well preserved cyanobacterial filaments and traces of
bioturbations reflecting the contribution of microbes during the diagenesis. The overall stratigraphic
trend of nitrogen increase ( from 0.2 to 0.8 %) indicates that the diagenesis occurs in an
environment where the activity of cyanobacteria decreases gradually as and sedimentation. This
decrease of cyanobacterial activity is due to a decrease in oxygenation related to a contained
environment and is reflected by preservation of organic matter. Microprobe analyses on dolomite
breccias facies clarified a considerable proportion of organic matter (2%) in pyrite. It suggests a
biological origin in connection with sulfate-reduction in a reducing environment. The dolomitic
carbonates of Lastoursville were deposited in a partially oxygenated confined environment under
the influence of significant biological activity.

S4-P5 Life evolution in the Paleoproterozoic Francevillian Basins, Gabon
Cédric Ligna
USTM, geology deparment, Gabon
The Francevillian basin in Gabon is the Paleoproterozoic (dated from 2.2 to 2.0 Ga) volcanosedimentary basin that consists of five stratigraphic units; FA, FB, FC, FD and FE. The FB unit is
marine origin and consists mainly of mudstones and black shales rich in organic matter and pyrite.
In the Akou River section in the Okondja Basin, unique pyritized nodules are found in siltstone and
pelite alternations in the FB unit. The microscopic and microtomographic observations showed that
the nodules are characterized by two hemispheres separated by a median disk. They can be
classified into two types; spherical and elongated forms. The spherical forms include a radial
structure and elongated forms a multiphase structure. The geochemical and mineralogical analyses
showed that these nodules are formed 80 % of micro-quartz, calcite, and iron as hematite and
goethite. The values of total organic carbon (TOC), organic carbon isotope ratio (δ13Corg), and
sulfur isotope ratio (δ34S) of the nodules range from 0.5 to 6.5 ppm, -32 to -25 ‰, and -10 to 20 ‰.
These geochemical and morphological analyses of the nodules help interpret them as biogenic
macrofossils colonized by unicellular and multicellular microorganisms in the Paleoproterozoic.

S4-P6 Prebiotic nuleotides and primitive informational polymers
Chaitanya Mungi
IISER Pune, India
All modern biological processes are encoded and orchestrated by polymers and hence origin of
informational molecules had to be a crucial and significant step in the origin of life on Earth. An
important molecule in this context is RNA that may have allowed the transition from chemistry to
biology. However, the RNA molecule is comprised of intra-molecular bonds which are prone to
hydrolysis, especially so under the harsh conditions of the early Earth. Furthermore, the formation of
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nucleotides with extant bases, and their subsequent polymerization, have both been problematic, to
say the least. Some niches such as volcanic geothermal pools may allow the formation of polymers
by forming kinetic traps, which facilitate uphill polymerization reactions. However, low pH and high
temperatures in such reactions result in cleavage of N-glycosidic bond, resulting in polymers with
abasic sites. This observation indicates lower fitness of modern nucleobases under prebiotic
conditions. This idea is also supplemented by other experiments in field where formation of
nucleosides with extant bases has been difficult.
Alternate heterocycles, on the other hand, have produced nucleosides in higher yields, suggesting a
viable and prebiotically relevant solution to the longstanding “nucleoside problem”. In the present
study, we have synthesized a nucleotide using ribose 5'-monophosphate (rMP) and barbituric acid
(BA), as the base analog, under dry-heating conditions. Polymerization of the resultant monomer,
i.e. the BA-nucleotide, was also observed when dehydration-rehydration cycles were carried out at
low pH and high temperature. The resulting RNA-like oligomers were shown to have intact bases
unlike in reactions that were carried out with canonical nucleotides. Furthermore, incorporation of
BA directly onto preformed sugar-phosphate backbones was also observed when rMP oligomers
were subjected to heating with BA. Results from these aforementioned experiments provide
preliminary evidence that alternate bases could have gotten incorporated into primitive
informational polymers that predated the molecules of an RNA-World. BA could have been a
putative precursor of modern nucleobases, as suggested by other studies. Moreover, it also
highlights that the prebiotic soup, which would have been replete with several types of
heterocycles, would have allowed for the sampling of such heterocycles. These may have had a
selective advantage under pertinent selection pressures. Importantly, these kinds of processes have
implications for shaping the prebiotic landscape that allowed for the emergence of primitive
informational polymers of the pre-RNA World(s), prior to the emergence of a putative RNA World.

S4-P7 Metagenomic insights into microbial communities in Icelandic
Environment

Mars Analog

George Tan
Georgia Institute of Technology, USA
Exploration missions to Mars rely on rovers to perform deep analyses over small sampling areas;
however, landing site selection is done using large-scale but low-resolution remote sensing data.
Using Earth analog environments to estimate the small-scale spatial and temporal distributions of
key geochemical signatures and (for habitability studies) biomarkers helps ensure that the chosen
sampling strategies meet mission science goals. Icelandic lava fields have a good heritage as Mars
analog sites because of inhospitable conditions including low nutrient availability, temperature
extremes, desiccation as well as their isolation from anthropogenic contamination. Our previous
work in Icelandic Mars analog found statistically different ATP and DNA measurements of apparent
homogeneous sample sites at four spatial scales (1 m, 10 m, 100 m, and >1km). However, ATP and
DNA measurements do not reveal any information about the microbial diversity nor the microbial
communities had been characterize in the Icelandic environments. We performed 16S sequencing
on the collected samples in different spatial scales. The results reveal a diverse ecosystems under
apparent homogenous environments. These results are significant because they hint at the
possibility that there could have been a diverse microbial population in apparent homogenous
environment based on remote sensing. Future work will focus on correlating the metagenomic data
with geochemical data to identify geochemical elements that affect microbial diversity to help guide
future missions.
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S4-P8 Phosphorylation in a prebiotically viable urea, ammonium formate, and water eutectic
system
Bradley Burcar
Georgia Institute of Technology, USA
Phosphate plays a vital role in modern biology by ensuring the solubility of DNA and RNA while
providing phosphodiester bonds which are able to be freely formed and cleaved by modern
enzymes. In addition, these phosphodiester bonds are the primary means for storing and
transferring energy within organisms, cementing phosphate as one of the most important molecules
in life. However, on a prebiotic Earth, phosphate would have readily reacted with divalent cations in
solution (primarily magnesium, iron, and calcium) to form insoluble precipitates which would have
prevented phosphate from being incorporated into developing biochemical systems. In addition,
the phosphorylation of nucleosides is a dehydration reaction making these reactions
thermodynamically unfavorable in aqueous environments. These two factors create sizable barriers
for phosphate to be utilized by nascent life. Recent work has shown success in driving
phosphorylation in a water free eutectic system of urea and choline chloride at prebiotic
temperatures (60 – 85 oC) opening up the possibility of phosphorylation occurring in novel eutectic
systems. My work explores phosphorylation in a prebiotically likely, water containing deep eutectic
system consisting of urea, ammonium formate, and water. Phosphorylation has been observed as
low as 65 oC in this system, and nucleotides are able to be formed in the presence of soluble
sodium phosphate or insoluble calcium phosphate. Also, wet-dry cycles using MgSO4 have been
utilized to simulate dehydration and re-wetting conditions which would have been prevalent on an
early Earth, leading to an increase in both the rate and extent of nucleotide formation. This work
shows a prebiotic chemical path to phosphorylation of nucleosides which overcomes two of the
major barriers to phosphorylation, helping support phosphate as an important molecule utilized
during the origins of life.

S4-P9 H-D inter-diffusion in olivine: implications for hydrogen migration mechanism in the
upper mantle
Sun Wei
Geodynamics Research Center, Ehime University, Japan
Karato [2013] has proposed a Nernst-Einstein relation model connecting proton conductivities with
hydrogen self-diffusivities at high temperatures when considering multiple hydrogen species in
olivine and predicted transformation of dominant hydrogen migration mechanism at 900-1000 K.
Although recent conductivity measurements on hydrous olivine single crystals seemed to observe
this transformation [Dai and Karato, 2014], comparisons between conductivities and diffusivities at
>1000 K has not been yet clear owing to poor knowledge of hydrogen self-diffusion in olivine. On
the other hand, the observed transformation has been argued as a result of dehydration at high
temperature.
To determine hydrogen self-diffusivities and its anisotropy, isotope inter-diffusion method has
advantage to distinguish between incorporation and self-diffusion, and provides more accurate
hydrogen diffusion coefficients contributing to proton conduction than traditional incorporation
method [Kohlstedt and Mackwell, 1998, Demouchy and Mackwell, 2003]. However, there has been
only one research conducted by Du Frane and Tyburczy [2012] through hydrogen (H) and deuterium
(D) exchange, which only determined hydrogen diffusivities along a-axis, and might be largely
affected by grain-boundary diffusion since they used polycrystals as a source of D.
In this study, we employed diffusion couples composed of H and D-doped olivine single crystal
pairs to perform H-D inter-diffusion experiments. After determination of crystallographic orientation,
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a pair of olivine crystals aligned to the same axis was placed together into gold capsule. The
polished surfaces were tightly contacted each other. The inter-diffusion experiments were
conducted at different temperatures (1000-1300K) and 8 GPa in a Kawai-type multi-anvil apparatus.
The H-D inter-diffusion profiles were obtained by SIMS in Hokkaido University.
Hydrogen diffusivity along a-axis in olivine determined from this study is about 0.5 order of
magnitude lower than that obtained from Du Frane and Tyburczy [2012] at 2 GPa and the activation
enthalpies are similar. Comparison with conductivity measurements from Dai and Karato [2014], the
activation enthalpies and anisotropy of three typical orientations in olivine are consistent,
characterized by the highest mobility and enthalpy along a-axis and the lowest mobility and
enthalpy along c-axis. Though enthalpies and anisotropy are same, the expected electrical
conductivities from present diffusivities along three typical orientations based on Nernst-Einstein
equation are about 1 order lower than Dai’s results, respectively.

S4-P10 Conceptual difficulties of defining life
Sandra Ramos
UNAM, Mexico
The emergence of biosphere on Earth is one of the unsolved scientific questions. Yet, researchers
still do not have a definition of life. In this work I addresses one of several possible reasons for this
lack, which is tied to the mechanics of conceptual thinking, specifically referring to the identification
of two discrete mind activities remembering and present. The life concept exists in the mind, and is
not the object to which it points—an idea that conflicts with most individuals’ perceptions of
concept and object being the same entity. The separate processes of conceptual thinking and
directly experiencing are deceptively quick, and are easily blended when mental self-awareness is
absent. Thus, the lack of clarity between concept and experience may be one of several reasons for
the lack of a common definition of life.

S4-P11 Restoration of the ancestral reductive TCA cycle as a primitive carbon fixation pathway
Masafumi Kameya
ELSI, Japan
Proto-metabolism, which provides key metabolites leading to the emergence of life, is one of the
fundamental questions related to the origin of life. The rTCA (reductive tricarboxylic acid) cycle, a
reversed metabolic pathway of the TCA cycle, fixes CO2 to provide C3-C6 compounds as essential
precursors in autotrophic organisms. Despites its importance as a promising candidate for protometabolism where organic molecules can be synthesized from inorganic carbon, neither its
emergence nor evolutionary processes have been yet clarified by experimental studies.
The rTCA cycle consists of two symmetric halves; the two halves are comprised of sequential
reactions similar to each other. Biochemical characterization of enzymes that catalyze the reactions
in this cycle revealed that three pairs of the reactions are catalyzed by three pairs of homologous
enzymes. These findings allowed us to speculate that each pair of the reactions were originally
catalyzed by a common ancestral enzyme. When we assume that primitive life had a simple structure
with a limited number of enzymes, it is conceivable that these two reaction sequences were
catalyzed by a single series of enzymes with broad substrate specificity in primordial organisms,
followed by the duplication of each enzyme and enhancement of the substrate specificity. The
protein sequences of the ancestral enzymes were reconstructed by phylogenetic analysis of extant
enzymes. Expression and characterization of these reconstructed enzymes would provide an
evidence for the above evolutionary hypothesis.
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S4-P12 Revisiting electrons, protons, and energy conservation at hydrothermal vents during
the emergence of life.
Shawn Mcglynn
ELSI, Japan
The physiology of carbon dioxide reduction leading to methane and acetate in methanogens and
acetogens respectively has been proposed to have been a basis for the divergence of archaea and
bacteria after the LUCA. However, the question remains of how could these metabolisms or their
forerunners have been established in the first place? In this presentation, I will review the energetics
of these cells so that we can all understand why these organisms are ecologically distinct today. This
will give us an appreciation - for example - why methanogens can drastically outcompete acetogens
for hydrogen. Going further, with a discussion of their chemiosmotic components, we will have a
picture of how life today responds to low energy environments in diverse ways. I will propose that
instead of researching how to make a methanogen or acetogen in the lab to understand the origin
of life, we might be better served by thinking of how the selection pressures for chemiosmotic
coupling first arose. Towards this, I will propose a scenario of chemiosmotic potential generation
powered by geoelectricity, and early laboratory results aimed at exploring this hypothesis.

S4-P13 Crystallization of SiO2 in the Earth's core; Implications for early geodynamo, presentday core composition and deep Earth structures
Kei Hirose
ELSI, Japan
Core formation models based on partitioning of moderately siderophile (iron-loving) elements
suggests that core metals segregated from silicates at high pressure (~40–60 GPa) and high
temperature (P-T) (~3,500 K) in a deep magma ocean. The partitioning of silicon and oxygen in
liquid iron are strongly enhanced at such high P-T, such that the core was originally rich in both
silicon and oxygen. We performed melting/crystallization experiments on liquid Fe–Si–O alloys to
core pressures in a laser-heated diamond-anvil cell (DAC), using fine-grained homogeneous starting
materials with different Si/O ratios. Our data (Hirose et al., Nature, in press) demonstrate that the
liquidus field of SiO2 is very wide at the Fe-rich portion of the Fe–Si–O ternary system, indicating
that the original Fe–Si–O core crystallized SiO2 oxide since early Earth. The recent finding of high
thermal conductivity of the core suggests that core thermal convection is difficult to sustain without
extreme degrees of secular cooling. However, even for modest degrees of joint Si-O incorporation
into the early core, the buoyancy released by crystallization of SiO2 is sufficient to overcome thermal
stratification and sustain the geodynamo. This may be a more likely mechanism than the
precipitation of magnesium from the core proposed by O’rourke & Stevenson (2016 Nature) and
Badro et al. (2016 Nature), which requires very high-temperature core formation (>5,000 K). The
solubility of Si + O in molten Fe limits the present-day Si and O contents in the core. Also, the SiO2
crystallization may be a key to understand heterogeneities observed in the lowermost mantle and
the uppermost core.
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S4-P14 Multicellularity: linking environmental and evolutionary transitions
Jennifer Hoyal Cuthill
ELSI, Japan
Large, multicellular organisms appear in Earth’s fossil record during the transition between the
Ediacaran Period (635-541 Ma) and the Cambrian Period (541-485 Ma). This was a time of major
ecological and geochemical change, following the “Snowball Earth” glaciations of the Cryogenian
Period (720-635 Ma) and the Gaskiers glaciation of the Ediacaran, ending at approximately 580 Ma.
Microfossils from this time suggest an increase in the diversity and abundance of the phytoplankton,
as the Earth warmed, and a consequent increase in biological productivity. While still controversial,
geochemical evidence also suggests major ocean oxygenation around this time. The oldest
Ediacaran macro-fossils include the rangeomorphs, an extinct group with a repeatedly branching,
approximately-fractal body plan, which first appear at approximately 580 Ma. It has often been
suggested that there was a causal link between ocean oxygenation and the evolution of macroorganisms, however the precise mechanisms were unknown. We show that the growth of
rangeomorph branches was dependent on their external surface area, suggesting that size growth
was directly responsive to environmental nutrient levels. Therefore, nutrient-dependent growth links
these major environmental and evolutionary transitions, indicating the involvement of
environmentally-determined, ecophenotypic variation.

S4-P15 Radiation-induced Prebiotic Chemistry
Ruiqin Yi
ELSI, Japan
Water creates special problems for prebiotic chemistry, as repair mechanisms for complex polymers
presumably require a living system to combat the constant effects of hydrolysis. The synthesis and
concentration of alternative solvents with favorable properties for the formation of polymers on the
early Earth may have been one means of minimizing water’s detrimental effects on prebiotic
molecules. We report here the conversion of aqueous acetonitrile (ACN) and hydrogen cyanide
(HCN) into formamide (FA) by γ-irradiation under conditions mimicking exposure to radioactive
minerals on the prebiotic Earth’s surface. This process couples atmospheric and oceanic reactant
reservoirs to prolonged exogenic energy dissipation, generating a mix of amides and nitriles which
may displace water as the dominant liquid in near-surface geochemical environments.

S4-P16 Exploring Single Molecule Interaction of Prebiotic Biomolecules and Mineral Surface
Rehana Afrin
ELSI, Japan
A general consensus on the major steps from the abiotic world of Hadean Earth to the emergence
of unicellular organisms is: 1) creation of pre-biotic small molecules such as amino acids and
nucleotides, 2) accumulation of such molecules on the mineral surface, 3) polymerization of amino
acids to proteins, nucleotides to DNA/RNA, 4) encapsulation of them in a small vesicles to form
proto-cells and later unicellular organisms. The most crucial and yet least verified step is the 2nd
and 3rd steps. For the polymerization of amino acids to start, amino acids must be concentrated
from a dilute solution created in the 1st step. It is often discussed that certain mineral surfaces
played a role in adsorbing amino acids and kept them long enough for polymerization to take place
under influence of primitive catalysts.
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In the present study the state of art of single molecule force spectroscopy technique based on
atomic force microscopy (AFM) was used to determine the unbinding force glycine and its short
oligomers from the native mineral surface (pyrite), in liquid environment. In AFM experiment glycine
molecules were covalently crosslinked to an AFM cantilever and a freshly exposed surface of
crystalline pyrite was used as a substrate. The glycine modified cantilever was brought in contact to
the pyrite surface and retracted after touching the surface. In a typical experiment, one approach
and retraction cycle took a few seconds. Only a few unbinding events were detected with a clear
force peak in the retraction regime of the force curve in 100 mM phosphate buffered saline (PBS) at
pH 7.4 at room temperature. The frequency of unbinding events increased for glycine and its
oligomer in a diluted PBS. The mean unbinding force was 40 and 60 pN, respectively. In either case,
however, the probability of binding was rather low and suggested a site dependent pattern. These
observations were further reconfirmed for other parameters e.g., different salt concentrations, pHs
etc. This is the first direct finding on the single molecule interaction between glycine and natural
pyrite and it is most likely due to an ionic interaction between the carboxy group of glycine and the
iron ions of pyrite. Changes in local reaction environment may have influenced the binding reaction
in addition to pyrite surface property. The results are compared with those for other amino acids
and mineral surfaces obtained by AFM and other surface science techniques.

S4-P17 The origin of deep Earth reservoirs with “primordial” He and Ne isotope ratios
Reidar Tronnes
CEED-NHM, Univ. Oslo, Norway
The He and Ne isotope compositions of primitive basalts erupted at the surface expressions of
deep-rooted plumes are characterised by low proportions of the radiogenic 4He and nucleogenic
21Ne isotopes. The associated mantle sources must have low time-integrated (U+Th)/(He+Ne)
ratios and have presumably remained fairly isolated through the history of the Solar system.
Previously suggested candidate reservoirs include the outer core, unprocessed primordial lower
mantle and the large low shear-velocity provinces in the lowermost mantle. Based on ab initio
atomistic simulations of the diffusion rates for He and Ne in bridgmanite (pure MgSiO3
composition), we favour Early Hadean melt-depleted domains, diffusionally recharged with the light
noble gases as the source reservoirs. The diffusion rates would allow He and Ne migration on
length scales of 1-9 km within the first 50-500 Ma of melt-depletion, shortly after the solidification of
the last magma ocean(s). The refractory nature and high viscosity of such melt-depleted domains
would have made them resistant to destruction by convective shearing and partial melting during
Earth’s history. Some of these refractory domains, however, may become entrained in deep-rooted
plumes with high potential temperature and plume flux and subjected to extensive partial melting in
the asthenosphere.

S4-P18 Nitrogen/Carbon isotope ratios from early to middle Proterozoic sedimentary rocks,
McArthur Basin, Northern Australia
Kazumi Yoshiya
ELSI, Japan
Oxygenation of the Earth's surface is expected to be deeply linked to the evolution of life. Various
sources of independent evidence suggest that the Earth’s atmospheric oxidation state has increased
in two steps: from 2.4 to 2.3 Ga and around 0.6 Ga (Holland, 2006). It has generally been assumed
that the middle Proterozoic ocean was globally oxic at the surface and sulfidic (euxinic) at the depth,
and iron speciation data support this hypothesis (Canfield, 1998; Anbar and Knoll, 2002; Shen et al.,
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2002, 2003). Under these conditions, nitrogen limitation caused by deficiency of trace metals has
been proposed as an explanation for the delay of eukaryotic diversification (Anbar and Knoll, 2002).
On the other hand, recent works suggest the deeper part of ocean was still ferruginous (Poulton and
Canfield, 2011; Planavsky et al., 2011).
To evaluate the hypothesis more clearly, we focused on nitrogen cycle in the middle Proterozoic
ocean. We analyzed nitrogen and carbon isotope compositions of from early to late middle
Proterozoic
sedimentary
rocks
in
McArthur
Basin,
Northern
Australia.
The δ15NTN values of the sedimentary rocks in the Wollogorang Fm. and the Chambers River Fm.,
youngest and oldest formations in this study, are relatively variable ranging from +1.20 to +7.28‰
and from +1.56 to +4.58‰, respectively. In contrast, δ15NTN values of the sedimentary rocks in the
Barney Creek Formation, the lower Roper Group and upper Roper Group are relatively stable, from
+4.21 to +5.56‰, from +0.38 to +4.60‰ and from -0.08 to +3.53‰, respectively.
Based on the iron speciation and Mo concentration data (Shen et al., 2002, 2003; Kendall et al.,
2009), we classified Roper samples into deep (euxinic) and shallow (oxic) deposits. The average
δ15NTN values of oxic and euxinic areas are 2.52 and 2.65‰, respectively, and no obvious
difference observed between the depth and δ15NTN values. There are two possible scenarios: (1)
N2 fixation is dominant and no further processes are occurred in the water column and during
sedimentation. (2) Complete nitrification of fixed nitrogen occurred in the shallow area and no or
little denitrification occurred in the deep area of water column.
The average δ15NTN values of each formation are gradually decreases from around +4 to +2‰
stratigraphically upward. A mechanism that can potentially explain the decrease in δ15NTN values is
increase in availability of nitrate. An increasing nitrate reservoir implies an ocean oxygenation state
that gradually increases from the early to late middle Proterozoic.

S4-P19 The Chemistry of Nitrogen Heterocycles in Complex Prebiotic Mixtures: Using Chemical
Trends to Elucidate Plausible Pre-RNAs on the Early Earth
Laura Rodriguez
The Pennsylvania State University, USA
Introduction: The difficulties of synthesizing nucleosides and nucleotides under plausible prebiotic
conditions have led to the opinion that a simpler alternative molecule may have preceded it (i.e., a
pre-RNA world) [1]. Several pre-RNAs have been proposed, but their prebiotic synthesis and
subsequent polymerization have not been demonstrated [2]. A more tenable approach to
identifying plausible pre-RNAs may be to explore the reactions of nitrogen heterocycles under
conditions that simulate the chemical complexity expected for prebiotic Earth. The synthesis of
substituted heterocycles may offer potential solutions towards synthesizing RNA or as the first step
towards a plausible pre-RNA. Nitrogen heterocycles may have been readily available on early Earth,
and are of particular interest because they are important components of RNA, DNA, and coenzymes
[3]. In this study, we explore the reactivity of 50 nitrogen heterocycles in complex prebiotic mixtures
produced from a Miller-Urey spark-discharge apparatus using a high resolution linear ion trap
orbitrap hybrid mass spectrometer with a direct analysis in real-time ion source.
Results: We have produced a large data set due to the very high number of samples that were
analyzed. From a preliminary analysis, adducts were observed in 29 out of the 50 nitrogen
heterocycles we studied. The three most common adducts were due to reactions between nitrogen
heterocycles and glycolonitrile, acrylic acid, and cyanide synthesized within the spark. Interestingly,
the adducts produced from these reactions are chemically reactive and could represent the first step
towards building some type of pre-RNA structure.
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For example, we found that the canonical pyrimidines reacted with acrylic acid in the spark mixture
to yield a single observable product. Using nuclear magnetic resonance, we discerned that acrylic
acid attaches preferentially at the N1 nitrogen of the pyrimidine. The addition of acrylic acid to the
pyrimidines is particularly exciting in regards to the prebiotic synthesis of RNA or pre-RNA for two
reasons: (1) the reaction proceeds under complex, prebiotic conditions and (2) acrylic acid attaches
to the pyrimidines preferentially at the same site where ribose and deoxyribose attach to the
canonical pyrimidines in RNA and DNA respectively.
[1] Joyce, G. et al., (1987) PNAS, 84, 4398-4402. [2] Nelson, K. et al., (2000) PNAS, 97, 3868-3871. [3] Orό, J.
(1961) Nature, 191, 1193- 1194.

S4-P20 Carbon isotopic analysis of aerobic and anaerobic water conditions in stratified lake
Mayuko Nakagawa
ELSI, Japan
Stratified lake is focused to understand the transitional microbial ecosystem from anaerobic to
aerobic condition. The carbon cycle in ecosystem is important to identify primary producers and
consumers. Especially, stable carbon isotopic compositions of autochthonous particulate organic
carbons (POC) have helped to assess their sources and cycling. Many studies have achieved on
aerobic water environment and have made the carbon cycle model for estimating primary
production. The carbon cycle model in aerobic condition is driven by phytoplankton primary
production and the relationship between the amounts of production and environment conditions
such as pH and water temperature have been also investigated (A.de Kluijver et al., 2014). On the
other hand, in the anaerobic conditions such as lake bottom and sediment, where not only oxygenic
phototrophs but also anoxygenic photoautotrophic bacteria and chemoautotrophic bacteria
contribute to primary production, the proportion of anaerobic biomass production to the whole
have been estimated to be 3 to 90% by using carbon fixation rate in situ or pigments (Parkin and
Brock, 1980; Taipale et al. 2011). In order to consider both aerobic and anaerobic ecosystem, more
carbon isotopic observations of anaerobic conditions would be needed. In this study, we measured
concentrations and isotopic compositions of dissolved and particulate carbon compounds in water
column and sediments. The production of POC in anaerobic layer was found to be higher than that
in aerobic layer by seasonal observation. We estimated the contributing factors by using isotopic
mixing calculation and fractionation factors of carbon fixation pathways.
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