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Abstract

In this review, we describe some of the central philosophical issues facing origins-of-life
research and provide a targeted history of the developments that have led to the multidisci-
plinary field of origins-of-life studies. We outline these issues and developments to guide
researchers and students from all fields. With respect to philosophy, we provide brief summa-
ries of debates with respect to (1) definitions (or theories) of life, what life is and how research
should be conducted in the absence of an accepted theory of life, (2) the distinctions between
synthetic, historical, and universal projects in origins-of-life studies, issues with strategies for
inferring the origins of life, such as (3) the nature of the first living entities (the “bottom up”
approach) and (4) how to infer the nature of the last universal common ancestor (the “top
down” approach), and (5) the status of origins of life as a science. Each of these debates
influences the others. Although there are clusters of researchers that agree on some answers to
these issues, each of these debates is still open. With respect to history, we outline several
independent paths that have led to some of the approaches now prevalent in origins-of-life
studies. These include one path from early views of life through the scientific revolutions
brought about by Linnaeus (von Linn.), Wéhler, Miller, and others. In this approach, new
theories, tools, and evidence guide new thoughts about the nature of life and its origin. We also
describe another family of paths motivated by a” circularity” approach to life, which is guided
by such thinkers as Maturana & Varela, Ganti, Rosen, and others. These views echo ideas
developed by Kant and Aristotle, though they do so using modern science in ways that
produce exciting avenues of investigation. By exploring the history of these ideas, we can
see how many of the issues that currently interest us have been guided by the contexts in which
the ideas were developed. The disciplinary backgrounds of each of these scholars has
influenced the questions they sought to answer, the experiments they envisioned, and the
kinds of data they collected. We conclude by encouraging scientists and scholars in the
humanities and social sciences to explore ways in which they can interact to provide a deeper
understanding of the conceptual assumptions, structure, and history of origins-of-life research.
This may be useful to help frame future research agendas and bring awareness to the
multifaceted issues facing this challenging scientific question.

Keywords Theories of life - LUCA - Multidisciplinary science - Prebiotic evolution - Self-
organization - Artificial life - Epistemology
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Introduction

The origin of life is among the most fundamental open questions in science. It can be
difficult for even practicing scientists to agree on the object of inquiry, standards of
evidence, or even their own disagreements. To an extent, these problems are common
to all sciences, but they face a new challenge in cutting-edge, multidisciplinary and
empirically under-constrained fields like the origins of life. Scientists investigating the
origins of life generally acknowledge the depth and complexity associated with the
topic, which often requires input from many different scientific disciplines. Less
recognized is the historical, sociological, and philosophical context surrounding the
ways researchers in different disciplines work together to investigate this problem.

There is ample scope for historical and philosophical work on origins-of-life studies to
explore broad questions such as: (1) whether and to what extent origins-of-life concepts,
hypotheses, and principles fit together logically, methodologically, theoretically, and empiri-
cally; (2) how and to what extent diverse empirical methods can provide evidence to support or
refute claims about origins, including traditional questions of explanation and confirmation;
(3) what are the scope and limits of origins-of-life studies in relation to other sciences,
including traditional questions about reduction and emergence (Griesemer 2008).

In this paper, we discuss broadly some of the ways in which philosophers,
historians, and other scholars in the natural and social sciences and humanities can
inform and impact research about the origins of life. We do not intend this to be an
exhaustive survey of the history of the field or a history of the field per se, rather it
is intended as a survey of the broader concepts which underpin modern research.
Readers seeking critical discussions of current technical scientific debates or more
comprehensive historical treatments of various more focused issues are encouraged to
use the references included here as a connection to this literature. We begin this
survey by considering the conceptual issues in origins-of-life research, in which
philosophers may play a fruitful role. We then consider historical and societal impacts
on current origins-of-life research, and trace the historical development of two distinct
threads of modern inquiry on the topic. Finally, we conclude with a call for breaking
down disciplinary walls that are demonstrably harmful to scientific progress. We hope
this will provide a roadmap for origins-of-life scientists interested in the broader
historical and philosophical basis of their work, as well as scholars in the humanities
interested in exploring this exciting area.

Philosophical Considerations with Respect to the Origins of Life

In this section, we discuss some key philosophical issues in the origins of life. Out of
dozens of philosophical and epistemological issues, five are highlighted: (1) the definition
(or theory) of life, (2) what origins-of-life models explain, (3) issues in inferring the
origins of life from simple starting materials (the “bottom-up” approach), (4) issues in
inferring the subsequent steps in life given current descendants (the “top-down” ap-
proach), and (5) the current status of the study of the origins of life as a science.
Compared to workers in more traditional areas of biology, scientists in the origins-of-life
community tend to be more sensitive to the philosophical issues in their field, so some of
these areas may be familiar to practicing origins scientists, though all remain contentious.
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The Nature of Life, and the Distinction between Living and Non-Living Phenomena

How a non-living world can give rise to a living world is a deep question. Not only are there
significant differences between living and non-living objects, but the emergence of life and
subsequent biological and geological evolution may have erased or over-printed all evidence
of any or many intermediate steps between purely abiotic processes and the simplest forms of
life. Organizing these problems into a unified and successful research program requires a
comprehension of the type of “biological” systems whose origins we are trying to understand
(Ruiz-Mirazo et al. 2004; Bich and Green 2017). Many researchers explicitly assume that
studying the origins of life requires a definition of life, a proposal which sounds straightfor-
ward, but may be problematic (Cleland and Chyba 2007; Cleland 2020). For any definition of
life, clever philosophers can pose apparent exceptions. It is possible that there is no defensible
basis for assuming a clear, widely accepted dividing line between life and non-life. If this is
true, there are several potential alternatives.

1. Life’s essence. One path may be to capture the aspects of life that come closest to the
essence of life (Cornish-Bowden and Cardenas 2017).

2. Life as consensus. Others argue “life” means different things for the public than it does
for scientists (and even among different kinds of scientists), making a consensus more a
matter of sociology than scientific discovery (Keller 2009; Machery 2012).

3. Life is defined by its participation in the biosphere. Another pragmatic approach,
which cuts across efforts, is to adopt a view of life from the perspective of a biosphere
(Feinberg and Shapiro 1980; Smith 2018). From this point of view, rather than conceiving
of organisms as living, one might better view organisms as “alive” derivatively due to
being part of a living biosphere.

4. Life will be defined when we see it again. Some may suggest skepticism or caution,
urging continued research in the hopes of discovering or creating an accepted second
instance of life (Cleland and Chyba 2007; Cronin et al. 2006).

5. A “theory” of life is needed, rather than a definition. Some authors challenge the entire
project of seeking a “definition” of life and instead suggest the goal is to develop a
“theory” of life (Cleland and Chyba 2007).

6. No definition is required. These pragmatic approaches have been championed by
researchers like Szostak (2012). This family of approaches takes the task of science as
being divorced from philosophical definitions. These authors prefer general characteris-
tics, operational definitions, or stipulative definitions over precise formal definitions.

7. There is no such thing as life. The most extreme accounts are provided by eliminativists,
who maintain there is no objective category as “life,” though they may still accept
pragmatic approaches to origins-of-life research (Descartes 1664/2010; Jabr 2013;
Mariscal and Doolittle 2015).

It may be that the need for a definition of life is not as important as an understanding of the
series of processes that can give rise to complexity and life-like processes (Smith and
Morowitz 2016). It is also possible that an improved definition of life may emerge as a
product of a more complete origins theory in the future. Despite the difficulty of a single
account for something as multifarious as life, most scientists would feel such an approach too
distant for the problem at hand. Philosophy in this domain serves the synthesis role, helping
grasp the stages of the transition from chemistry to biology and building a fruitful conceptual
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framework. Philosophers may be concerned with issues like the emergence of functional
organizations, of individuality and its self-reproduction; the origin of evolution and the
unfolding of biological phenomenology; the appearance of genetic information, agency and
regulation; or the origin of cooperation and symbiosis, as well as their interrelationship
(Moreno 2016). Complementarily, historians and social scientists can help recover the social
networks and investigative and theoretical pathways on which current and future thought on
the origins of life are and will be built, situating it for future scientists and the broader public
(Latour 1987; Holmes 2004).

Necessity, Contingency, and Chance

Scharf et al. (2015) point out three overlapping questions relevant to the origins of life: (1)
universal, (2) historical, or (3) synthetic. Each of these is the project of some origins-of-life
research, although this is rarely made explicit.

“Universal” explanations focus on necessary steps in the origins of life. Scientists seek such
steps when they wish to understand universal processes in biology or the evolution of life
itself. These are risky scientific conjectures, as universal claims are true only if their opposite
cannot be true. This means that truly universal explanations ought to apply to any life we
discover or create. Some of the present authors are skeptical of such claims, noting the
difficulty in justifying inferences from a single example of life (Cleland and Copley 2005).
The specificity and rigidity of universal claims are still open questions.

The second type of explanation is “historical” and refers to the path life on Earth could have
taken from its inception (B in Fig. 1). These explanations are contingent on knowledge of
Earth history. To give accurate historical explanations, prospective modelers or experimenters
must keep up with geological models for the early Earth, e.g., the nature of the early oceans,
the temperature of the environment, the existence of free energy sources, and so forth. As such
models shift, so do the problems and paradoxes origins-of-life researchers must solve. For
example, there is some disagreement about whether there was any dry land available on Earth
for the origins of life. A completely water-covered planet would offer support for origins
models positioned in deep-sea environments (see, for example, Russell et al. 2005), and at the
same time, undermine those that require intermittently dry conditions (e.g., Nelson et al. 2001;
Maruyama et al. 2013; Damer and Deamer 2015). Historical explanations typically assume
that there was a single origin of life on Earth, although this may simply be because this
situation is currently indistinguishable from the scenario in which life originated several times.
Nevertheless, in the future, it may be possible to distinguish the alternative possibilities of
other original lineages having gone extinct or even having hybridized with our own lineage
(Gogarten-Boekels et al. 1995, see Fig. 1, Cornish-Bowden and Cardenas (2017).

Synthetic explanations are the least constrained of the three types. They seek to show how
life could possibly come to be and are somewhat analogous to existence proofs in mathemat-
ics: they show that something is possible by demonstrating it. Thus, synthetic explanations
include experimental demonstrations of plausible prebiotic synthesis of biomolecules, the
experimental construction of protocells, and many applications of synthetic biology as well
as computational demonstrations of phenomena in evolution or self-organization. Typically,
the value of synthetic approaches is not in directly answering questions about the world. Their
value is in showing that something is possible that might have been thought impossible (Dray
1957), or that something is simple that might have been thought difficult (or the converse), or
simply in understanding a phenomenon with a concrete, proof-of-principle example.
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Fig. 1 An illustration of paths from lifeless environments (dashed circles) to living worlds (black circles). Black
lines mark paths actually taken somewhere in the Universe, dashed lines mark possible paths. Axes are
unspecified metrics of “lifelikeness” (y) and an energy landscape through which precursors to life travel (x).
A) universal explanations for the origins of life: steps that scientists think must be taken in any path from a
lifeless world (bottom) to a living one (top); B) historical explanations, about the path life on Earth could have
taken from a lifeless Earth to LUCA; C) synthetic explanations, which detail other possible paths life might have
taken; and D) synthetic explanations, which challenge universal explanations and detail how life may have been
created under alternative scenarios. If there are few synthetic paths relative to universal paths, life on Earth
would be highly convergent with life elsewhere, and vice versa. Adapted from Scharf et al. (2015). Exploring this
possibility space is part of the difficulty of origins research

Synthetic explanations are closely associated with questions about whether alterna-
tive forms of life are possible. These include alternative chemistries (Bains 2004;
Cleaves et al. 2015; Ilardo et al. 2015), alternative energy sources (Schulze-Makuch
and Irwin 2006), and alternative substrates (Langton 1998). Particularly exciting is the
(possibly remote) possibility of discovering extraterrestrial examples of these on
nearby planets or moons. If anything is discovered, its relationship to life (see 2.1)
will be a matter of intense debate, but so, too, will its relationship to the historical
and universal projects in origins of life. Synthetic approaches assume that the nature
and origins of life can be understood by analogy or abstraction rather than merely
appealing to Life’s history on Earth. Critics point out that the material composition of
a physical system is often crucial to its causal capacity to perform a given function
(e.g., Di Paolo et al. 2000; Silverman and Bullock 2004).

One can gain important insights into the nature and origins of life by abstracting from the
physical and chemical characteristics of life and simulating them on a computer, although
downplaying the importance of the differences may presuppose an answer to the very question
at issue. There is typically a trade-off between accuracy and generality. More accurate
synthetic explanations, such as those from experimental evolution or synthetic biology, may
add interesting details about scenarios for life as we know it (C in Fig. 1). Meanwhile, abstract
functional computer models may yield broad insights about many kinds of life as it could be.
Each offers distinct evidence and implicit assumptions, and both may be important scientif-
ically. Synthetic origins-of-life explanations can serve as tests to strong claims of universal
biology (D in Fig. 1, which may violate the assumption that A is universal).
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Origins-of-life researchers are engaged in different research programs, which use different
tools and accept different standards of evidence. Much argument could be avoided if it were
acknowledged within the origins-of-life community that these research programs overlap and
interact. While researchers in one camp may find alternative research programs boring,
impossible, or even irresponsible, standards of evidence are sometimes informed by unstated
epistemic values. A researcher valuing general explanations may be skeptical of relying on
ever-changing conceptions of conditions on the early Earth, while a researcher valuing
accurate explanations may worry about universal or synthetic explanations which appear
ungrounded by real-world examples. The philosophical literature on the various epistemic
values of science may be helpful in making sense of such fundamental differences in scientific
temperament (Kuhn 1962; Beatty 1997; Douglas 2016).

The relationship between these explanatory projects and the traditional worries of contin-
gency and necessity in the origin of life cannot be ignored. Figure 2 illustrates that the answer
need not be a stark choice between deterministic necessity and random chance. Aspects of the
origins of life could be necessary (A) or highly contingent (B & C). The roots of this debate go
as far back as Oparin arguing for the ‘lawfulness’ of life’s origin against Eigen (Cairns-Smith
1971; Wetter 1958; O'Malley 2014), and have been later discussed by authors like de De Duve
(1991) and Morowitz (1991), in connection with the continuity thesis and the problem of
carrying out scientific inquiry regarding the origins of life, as reviewed by Fry (1995).

Bottom-up Issues

One approach to origins-of-life research, the ‘bottom-up’ one, begins with known or inferred
features of the early Earth and modern examples of chemistry, which have been studied over
very short periods of time in laboratories (Orgel 1998a, 1998b). These approaches infer the self-
organization and evolution that might have led to the formation of life (Lazcano and Miller
1996). The field of prebiotic chemistry is central to bottom-up approaches. The purview of this
field is to assess exactly what types of molecules could have been synthesized in the early solar

P AN AY
LUCA LUCA / LUCA r—?
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a 1 b | | c

Fig. 2 Three possibilities since the origin(s) of life (OoL) that are currently indistinguishable. Solid circles
represent living taxa, dashed circles and lines represent non-living or extinct taxa, solid lines connect living taxa
with their ancestors. A) All life on Earth shares a Last Universal Common Ancestor (LUCA). B) Life originated
multiple times, but all other lineages have either gone extinct or are yet to be discovered (Cleland and Copley
2005; Davies and Lineweaver 2005). C) Life currently contains genes or other information from a second origin
(or perhaps a distant relative), from which no descendants remain or have not yet been discovered. Adapted from
Powell and Mariscal (2015)
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system, with the goal of trying to understand how the compounds known life is composed of
could have been synthesized without the intervention of pre-existing biochemical processes.
Bottom-up approaches require knowledge of the available molecules, environmental parame-
ters, interaction rates, and so on. They also require a philosophical stance as to which events in
an origin story are conceptually important enough to be considered ‘steps’ on the road to life.

Note also the possibility that starting life could require a rather different suite of molecular
compounds than maintaining/evolving life. It is tacitly assumed that we should only pursue the
synthesis of familiar compounds or classes of compounds (amino acids, nucleotides, sugars,
fatty acids etc.). We cannot ignore the inconvenient possibility that such compounds only
function as downstream products of evolutionary optimization of existing processes. It may be
impossible for life to emerge in systems dominated by only those familiar biomolecules.

Among the abstract functional characteristics of familiar Earth life, the most often noted as
essential are:

(1) the capacity to maintain self-organization for an extended period against perturbations,

(2) the capacity to reproduce and transmit to progeny adaptive characteristics,

(3) Dboth of those capacities and more, but which only emerge when certain systemic clusters
occur.

Examples of the first include metabolic (e.g., Oparin 1924), thermodynamic (e.g., Kauffiman
2000), and organizational ones (e.g., Maturana and Varela 1980; Rosen 1991; Ganti 2003).
Darwinian (e.g., Dawkins 1982), genetic (Joyce et al. 1994), and informational (e.g.,
Korzeniewski 2001) definitions of life, tend to emphasize reproduction. In this context, repro-
duction and replication should not be conflated: replication is perfect (or nearly perfect) repro-
duction. Organisms reproduce, genes replicate. Models of the origins of life typically bifurcate
along the same lines as definitions of life. Gene-first models of the origins of life (e.g. Gilbert
1986) parallel evolutionary-genetic definitions, and metabolism-first theories (e.g., Oparin 1924,
Eakin 1963, Morowitz 1968, Hartman 1975, Shapiro 2006, see also Orgel 2008 for counter-
arguments) parallel metabolism-thermodynamic based definitions of life. Systemic accounts
(Bunge 2003), cluster kinds (Diéguez 2013; Ferreira Ruiz and Umerez 2018), lists (Joyce et al.
1994), synthesis (Dyson 1999), neo-vitalist accounts (Canguilhem 1966), and autocatalytic
accounts (Eschenmoser 2007; Pross 2012) are examples of the third approach.

Numerous other models are possible. Many contemporary advocates of the RNA World
(e.g., Cech 1993; Lazcano 2010) contend that primitive autocatalytic “metabolic” cycles may
have been required to generate self-replicating collections of RNA oligomers. Why postulate a
double origin involving the emergence of first a metabolic form of life which may have
independently recurred several times and then a genetic form of life (or vice versa)? However,
a reproducing form would necessarily remain inert until metabolic or environmental forces
acted upon it. The emergence of a proto-metabolic system may represent a complex, non-
living system which is nonetheless a necessary stage in the origins of life. Alternatively, the
emergence of self- or mutually-catalytic interactions among RNA oligomers (disconnected
from the metabolic pathways that carry out their synthesis), could similarly represent a
necessary prebiotic stage in the emergence of life. In other words, the origins of self-
organization or reproduction as we now know them may have been preceded by analogues
or alternatives, suggesting that the question of priority is at best underspecified. To further
complicate discussion, metabolism and reproduction may be equivalent at some level of
description (e.g., Eschenmoser and Kisakiirek 1996; Pross 2012).
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Whether one focuses on one factor of life and treats the other(s) as arriving later may depend
on a choice of definitions or understanding of the relevant factors. This brings us to a central
problem with tailoring a model of the origins of life closely on a definition of life: there may be
little reason to suppose that one could extract a causal “recipe” for life (in general, or specifically
with regard to life on Earth) from a description of the fundamental properties of life (even
assuming that we know what they are) (Cleland 2013; Cleland 2020). It is not true in general
that knowledge of the identifying properties of a material thing will reveal how it was produced.
As an analogy, descriptions of quartz at the macro-mineralogical level (hardness, crystal habit,
etc.) or the molecular level (SiO,) both explain how to identify quartz. Neither, however,
explains how quartz is produced under natural conditions. Geochemists have discovered that
quartz crystallizes in magma and precipitates in hot springs, and there are possibly other ways in
which it forms under conditions very different from those found on Earth. Moreover, there is a
fear in any subject that our observations are ‘theory-laden’ and so what appears essential to us is
merely essential to the implicit theoretical commitments with which we approach life (Kuhn
1962). The point is a lack of clarity about one’s commitments to the nature of life can lead to
theoretical confusions and ambiguities over what needs to be included in a model of the origins
of life, and in fact, a commitment to a theory or definition of life may not even be entirely
necessary for the sake of making progress in understanding steps in the emergence of life.

Top-Down Issues

“Top-down’ approaches to origins-of-life research begin with contemporary life on Earth and
use the tools of comparative biology and systematics to infer the nature of prior biological
states, with the hope that such extrapolations may carry all the way back to life’s origins. Top-
down approaches often aim to infer the nature of LUCA, its contemporaries, and sometimes,
the common ancestors of the genes present in either (e.g., Weiss et al. 2016; Giovannelli et al.
2017; Koonin 2016; Koonin et al. 2017; Williams et al. 2017; Martin et al. 2016; Tuller et al.
2010; Cornish-Bowden and Cérdenas 2017). Some of these approaches consider LUCA to be
close to the origin of life and thus not significantly advanced (Martin et al. 2016). Others think
that it lived at the time of the bifurcation of the Bacteria and Archaea and resembled a modern
bacterium with various modern features, such as energy management by an ATP synthase
working across a membrane (Tuller et al. 2010, Cornish-Bowden and Cardenas 2017).

To date, there is little consensus as to what LUCA was, when it existed, and when life
started, so there is potentially as much as a billion years of evolution preceding LUCA. While a
billion years may be a somewhat comfortable time period for discussing microbial evolution
post-LUCA, before LUCA the tempo of evolution could have varied.

There are at least three possibilities for the origins of life on Earth, as illustrated in Fig. 2:

(1) only one kind of life emerged on the early Earth,

(2) alternative forms of life, differing biochemically from ours in important ways, emerged
on the early Earth, and

(3) modern Earth life is the result of the fusion of two or more separate origins, which may or
may not have been considered fully living by present criteria.

The efficacy of top-down approaches depends on whether A, B, or C is true, the extent to

which past taxa have gone extinct, and whether other life origins or branches on Earth exist but
remain undiscovered (Cleland and Copley 2005; Davies and Lineweaver 2005; Cleland 2020).
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There may have been earlier biological states on which biology depended to reach its
present state, but which were subsequently discarded or outcompeted during the evolutionary
development of the biosphere (Caporael et al. 2013). As an example, it is generally held that
RNA preceded DNA as an information storage molecule in living systems (Dworkin et al.
2003). This notion is supported by several lines of evidence, including that DNA monomers
are often biosynthesized from RNA monomers, the use of RNA primers in replication, the
composition of key components of the translation apparatus, and more. A considerable amount
of evidence may have been erased as RNA shifted from an informational role to a subsidiary
role. If biology has wiped away earlier traces of the lines of evidence we use to infer the nature
of LUCA, then there may be little to learn and much to misinterpret about the origins of life
from studying modern biology. This topic is complex and different authors are likely to have
their own opinions.

One philosophical worry that has received some attention is whether pre-LUCA evolution
should be considered “Darwinian” in the way we typically think of evolution occurring for
modern life (Goldenfeld and Woese 2007; Fry 2000; Moreno and Ruiz-Mirazo 2009;
Malaterre 2015). Investigating this is both an empirical and philosophical question, requiring
details about chemical and early biological evolution as well as a thorough account of what
“Darwinian” evolution means. There is such a wide disagreement on both accounts that it may
prove impossible to come to a consensus regarding the events of early evolution, much less as
to whether the overall process may qualify as “Darwinian.” For some, “Darwinism” can only
refer to the “Modern Synthesis” of Mendelian inheritance and natural selection. For others, it is
a looser notion of heredity, variation, and differential fitness (Lewontin 1970). Most evolu-
tionary change is not Darwinian in either sense. For instance, in the study of the evolution of
protein sequences, neutral evolution plays a much larger role (Kimura 1983). It is possible that
processes during the emergence of life were “evolutionary” without being “Darwinian” as
evidenced by the history of evolutionary thought before Darwin (Stott 2013; Bowler 1992;
Bowler 2013), though the details matter greatly.

Early evolution may have involved processes that were, to some degree, different than
contemporary evolutionary processes. For example, primitive cells may have lacked the strong
digital heredity we now see in the form of genes, though there may have been an ancestor-
descendant relationship that allowed for weak Darwinian processes. Whether one chooses to
label such proto-biological processes as “Darwinian” may depend on their perceived similarity
to current processes. In any event, some form of purely chemical (i.e., non-shape complemen-
tarity or information-based) evolution may have preceded more familiar Darwinian ones
(Meléndez-Hevia et al. 2008).

Top-down and bottom-up approaches do not necessarily conflict, but neither do they
necessarily coordinate. Bottom-up approaches, for example, can span the range of the explan-
atory projects discussed in the previous section, while top-down approaches are firmly
historical in nature.

Communication across Scientific Disciplines

One of the most interesting aspects of the field of origins of life is how many disciplines must
work together to address the most current and pressing questions (Griesemer 2008).
Multidisciplinary endeavors, such as research into the origins of life, face special obstacles
to defining themselves and organizing funding sources as multiple scientific communities must
come together to determine the most important research questions, shared standards of

@ Springer



Mariscal C. et al.

evidence, and methods to communicate across disciplinary boundaries (Eisenberg and Pellmar
2000; National Academy of Sciences 2005; Hilton and Cooke 2015). For historians and social
scientists, origins-of-life studies provide an exciting opportunity to explore the social organi-
zation of research, the integration of empirical and theoretical results from many different
backgrounds (biology, chemistry, geology, etc.), as well as the diversity of methods, theories,
and principles each field uses and how they can be collectively productive.

In multidisciplinary science, the disciplinary elements retain their original identity as such
fields represent an ad hoc mix of knowledge, information, and methods. By
comparison,interdisciplinarity requires a higher degree of integration to create a holistic view
which generally results in the emergence of a new disciplinary community, a new shared
terminology, a new set of research questions, a communal understanding of research problems,
and sometimes even an organizational framework for collaboration (Stokols et al. 2003,
National Academy of Sciences 2005, Porter et al. 2007, Wagner et al. 2011).

The fields of study we presently recognize as “traditional sciences” often are more
conceptually unified as they were constructed based on their perceived investigation of
observationally discrete types of phenomena. Of course, many traditional sciences have only
been demarcated in the last few centuries and even those faced the same issues as contempo-
rary interdisciplinary sciences when considered over great temporal, cultural, or geographic
distances. It may turn out that some of the issues which present themselves for multidisciplin-
ary and interdisciplinary sciences are also manifested in traditional sciences, so the difference
may be merely one of degree and not kind.

Philosophical, historical, and sociological research into similar cases in which dissimilar
fields have needed to work together may yield insights into how origins-of-life research may
avoid the pitfalls which have plagued other multidisciplinary and interdisciplinary endeavors.
For example, the same term may be used by scientists with different backgrounds in slightly
different ways (“conceptual slippage”). This may lead to a community that interacts in ways
that are baroque and inconsistent from a philosophical perspective. Such disagreements may
help science progress, hinder it, or simply waste researchers’ time.

An alternative to conceptual slippage is a holistic system designed by one researcher or
research program, but this can be just as problematic when holistic systems come into conflict.
We see this in debates about definitions of life, metabolism vs. reproduction first models, top-
down vs. bottom-up models, and so on (see sections 2.1-2.4). Multidisciplinary sciences may
have a harder time finding stability (as measured by identification, funding, and institutional
commitment) than interdisciplinary sciences. Multidisciplinary sciences may see their compo-
nent sciences come and go in popularity, periodically favoring some holistic program, or
proceed with unexamined tensions and never develop a common language or research program.

Different disciplines use different methodologies, instruments, and techniques and thus,
have different levels of acceptance for their findings. For instance, Benner et al. (2013)
explained how chemistry, geology, biology, and physics operate and use models differently
and as a result, had different standards of proof for discussing the claims of arsenic DNA made
by researchers with insufficient knowledge and understanding of the differences in chemistry
between phosphorus and arsenic (Wolfe-Simon et al. 2011). Similarly, a vigorous debate was
created in the scientific community when it was argued that the ALH84001 meteorite
contained evidence of past life on Mars (Dick and Strick 2005; Mesler and Cleaves 2015).

While such tensions can have long-term detrimental effects on scientific communities, they
can also serve to crystallize the terms of debate. There have been some initiatives to develop
more integrated approaches to origins-of-life research. In 1973, the International Society for
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the Study of the Origin of Life (see www.issol.org) was established to bring together the
scientific thoughts behind the contributions of Oparin, Urey, Miller, Fox, Ponnamperuma and
others, and the Society has held triennial conferences since. In a similar effort, the Origins of
Life Gordon Research Conferences have been held every other year since 1982. More recently,
the ELSI Origins Network (EON) at the Earth-Life Science Institute with support from the
John Templeton Foundation was launched to create a sustainable origins-of-life studies
community by fostering its transformation from multidisciplinarity to interdisciplinarity.
Partially as a result of these efforts, the number of peer-reviewed publications on
the subject of origins of life has increased from about 50 to 400 per year between
1993 and 2011, and cross-disciplinary interaction has increased enormously among
researchers from different disciplines as well (Taskin and Aydinoglu 2016, Aydinoglu
et al. 2016, Aydinoglu and Taskin 2017). However, some of the challenges for the
sustainability of origins-of-life research still remain. When better-established disci-
plines compete to claim limited available funding, establishing new academic struc-
tures or organizational frameworks can meet with resistance. Securing resources
(funding, jobs, and graduate students) becomes a challenge. This makes origins-of-
life studies vulnerable to changes that happen over time, such as periodically favoring
some holistic programs or research questions. In such cases, it may help to look to
experts with an understanding of the change of multidisciplinary sciences over time.

Historical and Sociological Considerations with Respect to Origins of Life

As in any scientific field of inquiry, one can trace the present state of the art via various
discoveries, techniques, or publications and their subsequent canonization or rejection. That
said, we can roughly split the history of origins-of-life studies into two parallel strands. The
first deals with the development of origins of life as a research topic within empirical fields,
primarily chemistry, Earth science and biology, while the second traces the development of
theoretical questions relating to the origins of life, crossing between the fields of physics,
evolutionary theory and computer science. The less-documented history and landscape of the
second is explored more extensively here. For the reader interested in the first, extensive
surveys of contemporary chemical models for the origins of life can be found elsewhere (Orgel
1998a, b; Fry 2000; Luisi 2006; Cleaves 2012; Ruiz-Mirazo et al. 2014).
The first strand can be divided into several phases:

(1) The pre-systematization of biology period,
(2) the post-systematization of biology period,
(3) the chemistry period,

(4) the molecular biology period, and

(5) the informatics period.

Undoubtedly, other logical divisions could be proposed, and the ideas developed in these
periods outstrip the names given here. We argue the major transitions in these periods are in the
background availability of data and the ease of its collection as facilitated by increasingly
sophisticated instrumentation or technique. Theory in this field has lagged significantly behind
experiment and measurement, though increasingly, theory has become a driver of discovery in
its own right.
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Strand 1: From Chemistry to Molecular Biology
The Pre-Systematization of Biology Period

Drastic changes in the structure of biological theory were driven by the remarkable surveys of
biological phenomena facilitated by the advent of global seafaring and trade encouraged
during the Age of Exploration and the expansion of European colonialism. Indeed, while
previous thinking on the organization of biology was largely produced by relatively localized
thinkers (e.g. Aristotle), who had access to the biological diversity surrounding them or
collected anecdotally, the global voyages of seminal theorists, such as Darwin and Wallace,
contributed to their ability to construct general comparative theories of evolution. Even in
earlier times, the theories of Linnaeus, Lamarck, Goethe and others were highly dependent on
fossils and remains returned to Europe by colonial enterprises. In analogy, it is intriguing to
speculate that the next revolutions in models of the universal aspects of biology may depend
on exploration of far-flung solar system environments.

The Post-Systematization of Biology Period

The construction of phylogenetic trees to establish kinship has a long history. It can probably,
at least intellectually, be traced to the genealogical trees that were already customarily
constructed by virtue of the need to assure systematized inheritance of owned goods and
responsibility for child-rearing (Fox 1967). The earliest attempts to aggregate organisms into
systematic classification schemes (e.g. von Linn. et al. 1735/1964 relied on naked-eye
observable similarities between organisms. While there are numerous aspects of such classi-
fication schemes which have since been discarded or superseded by molecular methods, this
sort of hierarchical classification and the history it implies lies at the heart of the biological
sciences. In his evolutionary theory, Lamarck introduced a temporal dimension in the classical,
widely-accepted concept of the “Great Chain of Being” derived from the ideas developed by
Aristotle and Plato (Lovejoy 1936; Bowler 1989). According to this view, organisms climb to
more complex and perfect organization, starting at the bottom of the ladder with the lowest
forms of life. Lamarck proposed that the first rung was populated by simple organisms which
originated by spontaneous generation, hence integrating the traditional belief of the possibility
of life being suddenly generated from inanimate matter into an evolutionary framework
(Farley 1977; Bowler 1989). For his part, Darwin, despite having been reluctant to discuss
the origins of life in public, never rejected the possibility of a kind of natural transition from
pure chemistry to simple organisms (Peretd et al. 2009). His writing coincided with the
Pasteur—Pouchet debate over whether the spontaneous generation of life was common
(Farley and Geison 1974). The alternative, the maxim of Remak (1852) and Virchow (1859)
that living cells must always come from other living cells, pushed the origins question back to
a hypothetical first origination event. Several early scientists, including Haeckel, proclaimed
that to be logically consistent an evolutionary scheme had to contemplate the appearance of the
first organisms by natural mechanisms. He, and others of his period, postulated that there was
no reason to assume an insurmountable barrier separating inert and living matter. The
acceptance of this continuity, negated by many vitalist scientists of the time, was essential
for the first attempts to experimentally synthesize living forms. The work of, among others, H.
C. Bastian, J. Burke, A. L. Herrera, and S. Leduc can be retrospectively seen as sincere efforts
to cross the frontier between the inanimate mineral world and the biological realm (Keller
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2009; Strick 2009; Letelier et al. 2011; Barge et al. 2015; Cleaves et al. 2014; Campos 2015;
Peretd 2016). The criticisms of vitalist scientists were justified based on their belief that non-
material causes were involved in the functioning of life. Many materialist scientists, perhaps
most prominently Jacques Loeb, qualified those early synthetic biology attempts as naive.
Loeb’s thinking embodied the transition from a colloidal chemistry view of the cell to a more
chemically precise description based on the existence of macromolecules, such as proteins, and
he was in a privileged position to proclaim the artificial synthesis of life as the ultimate goal of
biology, although recognizing that his and his contemporaries’ attempts were possibly prema-
ture (Deichmann 2009a, b, 2012). Present-day synthetic biologists share the same ambitions
and incentives of the pioneers of one hundred years ago, and it is clear that a materialist
approach remains seen as a prerequisite for developing a scientific approach to the origins of
life (Fry 2000, 2006; Lazcano 2010).

The Chemistry Period

Friedrich Wohler’s demonstration of the abiotic synthesis of urea is often noted as a transition
between pre-chemical and chemical conceptions of biology (Campaigne 1955). However,
McKie (1944) described this as a chemical legend, saying that science does not advance in
sudden leaps; in addition to McKie’s comments, the “inorganic” ammonium cyanate that
Wohler used was of biological origin. Notable achievements in chemistry that have contrib-
uted to models for the origins of life include the elucidation of the structures of the biological
molecules (including biopolymers) and their commonalities, the metabolic pathways which
allow their synthesis and interconversion, as well as various other subtler inferences which can
be scaffolded from this body of knowledge. One could add to this the discovery of the
cofactors, driven largely by medicinal observations of nutrient-deficiency diseases, and the
development of the chemiosmotic theory (Mitchell 1961). The development of experimental
abiotic organic synthesis, later termed “prebiotic chemistry,” during the 19th and 20th centu-
ries converged within a historical framework with the Oparin and Haldane proposals for the
origins of life on Earth (Oparin 1924; Haldane 1929). Prebiotic chemistry emerged as the study
of abiotic synthesis leading to the origins of life under plausible primitive conditions, taking
into consideration the data reported by planetologists, cosmochemists, and geologists (Bada
and Lazcano 2003). Several laboratories are presently engaged in a “systems chemistry”
approach to prebiotic chemistry aiming to functionally integrate diverse complex subsystems,
such as lipid vesicles and self-replicating ribozymes (de la Escosura et al. 2015).

The Molecular-Biology Period

It is now widely recognized that all known life on Earth shares a generally common set of
biochemical attributes, for example the use of DNA as an information storage reservoir, the use
of various RNA/protein-based biomolecular machines as a means for decoding this informa-
tion, the use of an essentially common genetic code, the use of common energy currencies and
metabolic intermediates and the use of protein enzymes to mediate the majority of biochemical
transformations. These commonalities may contribute to a circular definition which constrains
thinking on the topic, as with the exclusion of RNA as an information storage molecule, which
implicitly excludes RNA viruses from the realm of the “living.” Importantly, the identification
of these well-defined chemical systems relied on the development of analytical tools capable of
assigning molecular identities to the agents of apparent transformations (see section 2.8). For
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example, the realization that biological systems are predominantly composed of,
besides water, “protein” preceded the modern chemical understanding of the mecha-
nisms of protein biosynthesis. Likewise, the discovery of DNA as a molecular entity
(Miescher 1871) long preceded its identification as the principal carrier of genetic
information (Avery et al. 1944; Hershey and Chase 1952), which overlapped with the
determination of its composition (Chargaff et al. 1952), and preceded the elucidation
of its double-helical structure as the basis of the biochemical means of reproduction
(Watson and Crick 1953; Judson 1979). The discovery process surrounding the
structure and function of DNA and the central dogma of biology, which has been
well-documented elsewhere, has provided a “Rosetta Stone” for the understanding of
biology. While this has offered a unifying framework for understanding all known
forms of life on Earth today, it has raised other conceptual issues, such as how the
apparent complexity of the interdependency of the DNA-RNA-—protein system arose,
and whether this system is truly the first, first and only, or only surviving system to
have originated on Earth (Joyce et al. 1987; Dworkin et al. 2003) (see section 2.3.)
Although during the development of molecular biology in the twentieth century the
question of what is life was eclipsed by the description of life in physicochemical
terms, at present there is a renewed interest in the nature and origins of life in the
context of systems and synthetic biology (Morange 2009, 2013, 2016).

The Informatics Period

This last period, which continues today, is marked by a significant increase in the
ability to collect large amounts of salient data quickly and cheaply, such that even the
carliest-career students and scientists may add to the repository of information about
the Tree of Life in remarkably short order. For example, whole-genome sequencing
and the rapid decrease in the cost of DNA sequencing has led to an explosion in
notions of species diversity on Earth (Mora et al. 2011; Locey and Lennon 2016; Hug
et al. 2016). Other techniques have also allowed for remarkably detailed molecular-
scale descriptions of complex chemical systems, which were in retrospect relatively
poorly described (Schmitt-Kopplin et al. 2010). Lastly, we note that the impact of
developments in computing power and resources, which are now common accessories
to all modern scientific research, cannot be underestimated in the current period. It
seems likely they will play an accelerating role in the future of discoveries in this
field. It should be noted that this brief history largely tracks thinking from the
perspective of biology and chemistry. However, superposed on these discoveries has
been the increasing realization that prebiotic chemistry occurred in a geological
context and that the modern constructions of phylogenetics and geochemistry allow
for some deconvolution of the interlinked effects biology has had on the evolution of
Earth (Smith and Morowitz 2016). The composition, dynamics and evolution of the
Earth have guided or at least prepared the playing field for biological evolution, and
there is significant feedback between these two systems. The recognition of the tight
coupling between the biosphere and geosphere can be traced to Vernadsky
(McMenamin et al. 1998) and Henderson (1913), and in the context of the origins
of life to Chamberlin and Chamberlin (1908), Oparin (1924) and Haldane (1929),
among others. This remains a central thread in origins-of-life research, and contribu-
tions from geochemistry and planetary science should not be underestimated.
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Strand 2: From Physics to Evolutionary Theory and Computation

As well as being a history of empirical measurements, the history of origins-of-life research is
also a history of ideas. Here, in broad outline, the development of some of the more important
theoretical ideas in the field is presented. While the history sketched in the previous section
deals mainly with historical approaches to origins of life, this history covers mostly
universal and synthetic approaches (in the senses described in section 2.2).
Accordingly, the two histories cover largely disjoint sets of researchers, and the
integration of these two strands will be an important future challenge. A common
theme runs through many of the approaches below, termed here “circularity.” This is
the idea that some process or phenomenon is a cause of itself, perhaps via a complex
chain of intermediate causes (Rosen 1991; Letelier et al. 2011). As has been noted
(Ruiz-Mirazo et al. 2004), there is a particular challenge in integrating this notion of
circularity with that of open-ended evolution discussed below. The history of theory in
origins-of-life research is difficult to tell in a linear way since so much of it was
developed in parallel by different communities of researchers. Accordingly, we orga-
nize it according to multiple sub-themes rather than temporally.

Thermodynamics and Dissipative Structures

This class of ideas largely has its origins in the work of Boltzmann (1886/1974).
Although isolated physical systems approach a state of thermodynamic equilibrium,
living organisms can, and must, maintain themselves out of equilibrium while pushing
their environment closer to equilibrium. This idea was popularized by Schrodinger
(1944) who referred to “negative entropy” using the modern sign convention, and by
Prigogine (1969), who observed that this applies not only to living organisms but to a
host of purely physical phenomena (such as cyclonic storms), which he termed
“dissipative structures.” He also coined the phrase “order through fluctuations”. A
storm system arises through the (initially) exponential growth of a local fluctuation in
an otherwise dynamically stable environment. The vertical temperature gradient pro-
motes the ascension of warm air parcels through buoyancy forces, eventually leading
to a quasi-stable dissipative structure, in the form of a cyclonic storm. This type of
phenomenon could potentially serve as an analogue for life: a fluctuation in a
nonequilibrium system grows exponentially due to external gradients and persists as
it exports entropy to its environment while its own entropy remains steady or
decreases with time. Thus, storm systems “feed on negative energy” just as do living
organisms. Building on Alan Turing’s early work on self-organization (Turing 1990),
Nicolis and Prigogine (1977) developed the theory of chemical systems that can form
dissipative structures, for example, in reaction-diffusion systems (Pearson 1993).
These have recently been reviewed by Goldbeter (2017), with particular emphasis
on biological rhythms. Dissipative structures form spontaneously under the appropriate
conditions, such as the storm systems described above and their analogy to the origins
problem: that life arose as a physical response to chemical gradients on the early
Earth, allowing them to be dissipated at a greater rate than by purely abiotic
mechanisms (see also Smith and Morowitz 2016). How thermodynamic driving forces
could drive organization in complex chemical reaction networks is explored further
below.
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Self-Organization: Autopoiesis, Metabolism-Repair Systems, the Chemoton and Related
Ideas

The term “self-organization” has become something of a catch-all term for phenomena that
appear organized without external cause. Self-organization is now recognized as a common
and mundane feature of nature, rather than a distinguishing feature of life (e.g. Ball 1999). This
includes dissipative structures but also other physical phenomena, such as self-organized
criticality (Bak et al. 1987) and pattern formation in less physically-motivated systems, such
as cellular automata (Wolfram 2002). Self-organizing phenomena have been seen as relevant
to the origins of life, in that they demonstrate that complex forms of order can emerge from
simple systems under certain conditions.

Models for self organization include:

Autopoiesis, which understands cognition and living systems in terms of dynamical
systems theory and feedback loops that are circular (transform, destroy, repeat), and
localized as the result of the processes themselves rather than some external cause
(Maturana 1970, Maturana and Varela 1980, Maturana and Varela 1992, Beer 2004, but
see also Ashby 1966, Letelier et al. 2011, and Froese and Stewart 2010). Maturana and
Varela’s ideas have been subject to different interpretations and developed in different
directions by multiple groups of researchers. Some hold that life simply is a network of
processes, while others believe additional concepts are needed (as in Di Paolo’s 2005
concept of adaptivity). Some maintain that the network of processes must exist entirely
within a surrounding membrane-like enclosure (Luisi 2006), while others allow processes
that occur outside the physical boundary of the organism (Di Paolo 2009; Virgo et al.
2011; Froese et al. 2012), opening up the possibility that interactions with the environment
might have played key roles even at the origins of life (Egbert et al. 2012; Froese et al.
2014).

Metabolism-Repair (M,R) Systems were developed by Rosen (1991), who saw living
organisms as networks of processes “closed to efficient causation,” a phrase implying that
all catalysts needed by an organism must be produced by the network of processes itself
and cannot be imported from the environment (apart, perhaps, from metals). His work is
highly mathematical, but attempts have been made to make Rosen’s work more intelligi-
ble to non-mathematicians (Cornish-Bowden et al. 2007, Letelier et al. 2011, Cardenas
et al. 2018). Rosen’s ideas are usually taken to consider single organisms, but he also saw
them as relevant to webs of interactions between organisms (Cérdenas et al. 2018). The
relationship between autopoiesis and metabolism-repair systems has been explored else-
where (Letelier et al. 2003).

The Chemoton model, developed by Géanti, but translated and popularized by Szathmary
(e.g. Ganti 2000), treats living organisms as three interacting chemical cycles: metabolic,
information/reproduction, and a process to achieve structural closure, the last of which
Rosen did not consider (Comish-Bowden 2015). Perhaps Ganti’s greatest insight was that
although modern cells implement the key features of the chemoton using finely tuned
catalysts and complex molecular machines (i.e., proteins and nucleic acids), it should also
be possible to implement them using stoichiometrically coupled reactions, though he did
not explain how such reactions would avoid competing side-reactions. This problem
applies to all of the theories, but it is less severe with minimal models of metabolism-
repair systems in which only a very small number of molecules need to have a high degree
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of specificity (Piedrafita et al. 2010). Thus, in this view, the basic properties of metabo-
lism, cellular individuality and evolution could all have arisen before the emergence of
complex protein or ribozyme catalysts. This idea has been influential in work on reaction
networks, as discussed below.

4. Biological Autonomy, as developed in particular by Kauffman (2000) and Moreno and
Mossio (2015), builds on Maturana and Varela’s ideas of closure but more explicitly
focuses on thermodynamic constraints and the specific chemical relations that can achieve
them. Biological autonomy (which is itself an underspecified term: it is not clear to what
degree of autonomy from the environment constitutes true autonomy, and there is likely
no conception of an organism which can be completely disconnected from its environment
as organisms are inherently throughput systems) was explicitly proposed as a necessary
but insufficient condition for life and as a possible intermediate step on the pathway from
abiotic chemistry to modern cellular life (Ruiz-Mirazo et al. 2004). This concept was
developed further by Kauffman (Kauffman 2004; Kauffman and Clayton 2009) to address
the way that even the simplest organisms “act on their own behalf” in his concept of
“autonomous agency.” Kauffman emphasized that the self-preserving and self-
reproducing dynamics of living organisms required preserving a work cycle capable of
countering the incessant degradation imposed by the second law of thermodynamics.

5. Autogenesis (e.g. Deacon 2011; 2015), is the view that autonomous agency can be
produced by the codependent linkage between complementary types of self-organizing
processes. In isolation, self-organizing, self-replicating, autocatalytic, or self-assembling
chemical processes are intrinsically self-limiting. Their potential to persist is lost when
they eventually exhaust substrates or deplete local free energy. But codependent linkage
between reciprocal catalytic processes and self-assembling containment processes such
that each provides the supportive and limiting boundary conditions for the other can
prevent loss of the synergy constraint linking these processes. Each thus limits the extent
to which the other can deplete the environmental conditions it depends on. As a whole, the
system effectively acts to repair damage, and if its components are more widely
redistributed by damage, localization of repair processes can result in reproduction. This
does not fit into either a metabolism-first or a replicator-first paradigm, though it is closer
to the former since it has been used to account for the subsequent evolution of a simple
form of molecular information (Deacon 2011; 2015; Deacon et al. 2014).

These theories, especially autopoiesis, metabolism-repair systems, and the chemoton, have left
intellectual successors that are now central to origins-of-life research and have been discussed
since at least the 1960s (Bahadur 1966; Kampitz and Fox 1969). Some of these ideas are now
embodied in the concept of the “protocell,” a membrane-enclosed compartment, inside which
is either a “metabolic” set of autocatalytic reactions, an information-copying replicator, or both
(Rasmussen et al. 2008; Rasmussen 2009). The conceptual and temporal relationship between
a protocell, the progenote and LUCA remains somewhat blurry.

Replicators, Information and Evolution

Schrodinger (1944) predicted the existence of an “aperiodic crystal” to carry hereditary
information, characterizing this as “order from order,” as distinct from the “order from
disorder” that occurs with the formation of what are now termed dissipative structures. For

Schrédinger, life combined both of these sources of order. Von Neumann had begun thinking
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about the instantiation of a “universal constructor” already in the 1940’s, though his ideas were
published posthumously only two decades later (Von Neumann and Burks 1966). He sug-
gested how a machine might be constructed which was capable of constructing any object
using coded instructions, which could describe how to copy its own contents, effectively
making a copy of itself. This process is analogous to the biological processes of translation and
replication, although those molecular processes were not known at the time. Von Neumann’s
replicator is related to the concept of a quine in computer science, self-reference in logic, and
Godel’s incompleteness theorems in mathematics.

Quasispecies Theoretical developments in the origins of life had a close relationship with the
development of evolutionary theory in the twentieth century, with a great deal of cross
influence. A key development was Eigen’s quasispecies model (Eigen and Schuster 1979).
In the absence of highly evolved mutation repair mechanisms, one would expect mutation
rates to be far higher in primitive organisms than in modern biology. The result, when mutation
rates are high, is a much fuzzier kind of evolution, in which the steady state is dominated not
by the single fittest sequence but by a broad “cloud” of many sequences, all constantly
mutating among a set of accessible sequences. This cloud can be conceived of as a
“quasispecies.” Although formulated in the context of prebiotic evolution, quasispecies theory
was found to be useful in biology as well, particularly when dealing with viral evolution, in
which mutation rates can be very high. It has since become a standard tool in the evolutionary
theory toolbox (Domingo et al. 1985, Holland et al. 1992, Eigen 1993, Domingo and Holland
1997, Lauring and Andino 2010). A key result of quasispecies theory is a phenomenon called
the “error threshold.” This says, in essence, that if the mutation rate is high then evolution
might not converge to the highest fitness peak because less fit mutants are produced at such a
high rate that they out-compete fitter sequences. This can take the form of a “sudden
threshold,” where if the mutation rate is above a critical value the fitness peak suddenly
becomes unobtainable (Nowak and Schuster 1989; Takeuchi and Hogeweg 2007; Nilsson and
Snoad 2000). Eigen’s result showed that natural selection requires that organisms have a high
fidelity mechanism of heredity, making the origins problem more difficult than might other-
wise be assumed. This reasoning leads to what Maynard Smith and Szathmary (1995) called
Eigen’s paradox (Eigen 1971): to replicate a polymer with sufficiently high fidelity one needs
complex enzymes, but complex enzymes cannot evolve without sufficiently high fidelity. This
is no less of a problem for metabolism-first theories (or autopoiesis-first, chemoton-first, etc.)
than it is for replicator-first theories, since no matter the starting point, systems must somehow
end up with the modern biological mechanisms, or some equivalent, which one way or another
solve this problem.

Hypercycles To resolve this paradox, Eigen and Schuster (1978) proposed the hypercycle
model, a conceptual evolving system in which multiple short sequences exist, each coding for
an enzyme (or, in more modern formulations, a catalyst) that is not capable of replicating every
possible sequence with high fidelity, but which is able to selectively catalyze the replication of
one of the other sequences. These sequences form a cycle, each catalyzing the replication of
the next. However, while the hypercycle may solve Eigen’s paradox in principle, it is open to a
different problem, as pointed out by Nee and Maynard Smith (1990). This is the problem of
“parasites.” A sequence can mutate such that it no longer catalyzes replication of the next
sequence in the cycle but still benefits from being replicated by the previous one. If this
happens there is no immediate selective pressure against the mutant sequence and so such
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“parasitic” sequences can take over the hypercycle, causing its overall self-replication to cease.
The chemoton suffers from the same problem, as indeed does autopoiesis, as McMullin (2004)
observed when attempting to model it in silico. One solution proposed for this problem, by
Maynard Smith and Szathmary (1995), is compartmentalization. The idea here is that the
hypercycle chemistry could be contained in many separate compartments (e.g., vesicles),
which need not all contain exactly the same set of sequences. In this case, if the hypercycle
in one particular vesicle is taken over by parasites, it will be at a selective disadvantage
compared to those vesicles that are parasite-free. This can be seen as a form of group selection
at the molecular level. Maynard Smith and Szathmary (1995) saw this as the first of their
identified “major transitions in evolution.” This set of ideas, alongside those connected to
autopoiesis and the chemoton, have reinforced the idea of the protocell as a key concept in
origins of life (Rasmussen 2009). Origins-of-life and evolutionary theory also have connec-
tions at later stages in the evolution of life, for example, in the form of a model of the evolution
of the genetic code and the transition from a mode of evolution dominated by horizontal gene
transfer to one dominated by vertical descent (Vetsigian et al. 2006).

Reaction Networks, Autocatalysis and the Origin of Heredity

Living cells consist of both a system for storing, translating, and copying genetic information
and a network of metabolic reactions that produce informational molecules. These are so
tightly integrated into the same self-producing network of processes that it is hard to imagine
either existing in its modern form without the other. Historically, both the empirical and the
theoretical sides of the field have been split into two camps, known as “replicator first” and
“metabolism first.” While the former group has focused attention on the possibility that
evolution could occur among heteropolymers in the absence of enzymes as discussed in
section 3.2.3 above, the latter are more focused on how chemistry resembling metabolism
might arise in the absence of heteropolymers. While these have often been posed as diamet-
rically opposed hypotheses, there is now a great deal of cross-communication between the two
communities of researchers, along with a growing realization that this might not be the strictly
either-or question it originally seemed. It should be noted that “metabolism first” denotes a
very broad spectrum of approaches, in part because the term “metabolism” has different
meanings to different researchers. To some, it refers specifically to small-molecule reactions
that resemble extant biochemical pathways (e.g., the reductive tricarboxylic acid cycle),
whereas to others, it has come to denote the entire network of processes that constitutes an
individual, as per the concepts of autopoiesis and metabolism-repair systems discussed above.
Thus the first group is more concerned with how specific reaction mechanisms could be
catalyzed prebiotically, whereas the latter are more interested in what could lead to the
emergence of a self-maintaining reaction network, all the better if it enables open-ended
evolution, regardless of what chemical substrates it uses. A key concept for both groups is
autocatalysis. One example is the so-called “formose reaction,” in which a small amount of
glycolaldehyde (GA) is added to, or spontaneously forms, in a solution of formaldehyde under
appropriate conditions (Boutlerow 1861; Breslow 1959). GA, a simple two-carbon sugar,
reacts with formaldehyde, a simple one carbon compound, to produce a cycle of reactions that
both add additional formaldehyde molecules or other aldehydes and ketones produced by the
reaction, and split the products up into smaller molecules. The result is that more GA is
produced, along with a variety of other sugars. Each GA molecule is causally responsible for
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the production of more GA via a network of several reactions. This can be seen as a very
simple kind of circularity. Morowitz (1968) and then Wéchtershiuser (1988) proposed that
autocatalytic cycles resembling the reductive tricarboxylic acid (frTCA) cycle (which had
recently been proposed as perhaps the most ancient biological carbon-fixation pathway) could
be catalyzed by minerals on the early Earth. Similar ideas have also been proposed by Russell
and colleagues (Russell et al. 2005). Morowitz stressed that this would be a natural result of
energy gradients on the early Earth, i.e., that autocatalytic cycles are close relatives of
dissipative structures, but occurring in the domain of chemistry rather than physics. This idea
had already been spelled out in some detail by King (1980), though not in a geochemical
context (see also Virgo et al. 2016). Wéchtershduser’s model stressed the importance of
mineral surfaces in these processes, in particular of minerals that could reasonably be expected
to be present in submarine hydrothermal environments which had recently been discovered,
found to host ecosystems at least in part disconnected from solar energy, and proposed as sites
for the origins of life (Corliss et al. 1981).

Cycles of intermediates, essential in the chemoton, are also essential for seeing the flaw in
the traditional distinction between enzymes and metabolites. The distinction breaks down
when it is recognized not only that all enzymes are metabolites, because they are synthesized
within an organism, but also that all the metabolites in a cycle are also catalysts, because they
are regenerated by the cycles in which they are used (Cornish-Bowden and Céardenas 2007,
2008). Thus, such cycles may have played important roles in the origins of life. The notion of
autocatalytic metabolic reaction networks, particularly in instances in which they were explic-
itly described, was quickly criticized on the grounds that under “reasonable prebiotic condi-
tions” (a criticism generally levied by chemists to point to instances where chemistry in silico
or on paper is unlikely to translate meaningfully to real-world chemistry) there would also be
side reactions that remove intermediates from such cycles, producing products that do not
contribute to the self-production and possibly making them too “leaky” to self-propagate.
Taking the example of the rTCA cycle, which has at least eight enzymatically controlled steps
depending on how one does the accounting, each step must proceed in high enough yields in
order for the cycle to self-reproduce (Orgel 2008; King 1982). The self-reproduction of this
cycle remains, to date, experimentally unvalidated, but results of Muchowska et al. (2017) are
encouraging. While this yield/cycle completion problem is conceptually related to the problem
of parasites in hypercycles, it is a fundamentally different problem in methodologically subtle
but important ways (Szathmary 2013). These criticisms highlight significant experimental and
conceptual hurdles which must be overcome for these explanations to have strong explanatory
value in this field. Besides the few proposed examples which seek to link modern biochemical
pathways with geochemistry, and which have met with hard criticism, there are undoubtedly
many ways that mutually catalytic chemistry could be engendered which need not have
parallels or surviving parallels in modern biochemistry. The emergence of the field of systems
chemistry (Nitschke 2009; von Kiedrowski et al. 2010) and the quick realization of its
potential importance to origins questions (Ruiz-Mirazo et al. 2014) highlights the hopes
scientists have that such approaches may be fruitful. Another approach to autocatalysis is that
of Kauffman (1993), who proposed a prebiotic scenario in which peptides (or some other
polymer, such as RNA) would be able to selectively catalyze ligation and cleavage of other
specific peptides (or ribozymes). In his model, for every such reaction, there is a probability
that it is catalyzed by any other polymer present in the system. He showed mathematically that
this model has a phase transition. According to his analysis, at certain threshold values of
system component diversity and probabilities of catalysis, very large autocatalytic sets may
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form, in which a large number of species all catalyze the production of at least one other
member of the set, and which are also catalyzed by at least one other member of the set. Friston
(2013) has proposed a model that resembles Kauffman’s in some respects and reaches the
similar conclusion that “biological self-organization is not as remarkable as one might think.”
However, it is not clear whether Kauffman’s model provides a realistic model of peptide
catalysis with respect to energetics or specificity. The indication that phase transition behavior
may be displayed by such sets is nevertheless potentially important for origins research, as it
suggests that under at least some theoretically possible conditions, it can be easier to create a
large, complicated system whose many parts play loose functional roles than it is to create a
smaller system with a minimum of functional parts (which is perhaps more similar to the
present actualized biological state of affairs). This suggests the possibility that the origins of
life might not have been simple but instead might have passed through stages which were
more complex than they might otherwise seemingly have needed to be, and consequently,
approaches to understanding the origins of life which seek to draw short and straight lines
between modern biology and prebiotic chemistry may be misguided. A serious problem with
Kauffman’s model is that although it explains how large systems can arise from simple
properties of molecules, it does not explain why uncontrolled growth should not continue
forever, until all that is left is tar (see Section 3.2.5).

A key challenge for metabolism-first approaches (and indeed all approaches) is to explain
the emergence of heredity. If information-carrying polymers are the result of evolution, then it
is crucial to understand the nature of evolution prior to their emergence and the reasons for
their emergence. One concept that has been proposed for this is compositional heredity, the
idea that early life was comprised of molecular aggregates or coacervate-like assemblies that
reproduced by simple fission, with their offspring having a similar composition to their
parents, which might provide “enough” heredity for more complex mechanisms to evolve
(Segre et al. 2000; Lancet et al. 2018). Whether hereditary information can be passed on by
system dynamics, diffuse structural information, or exclusively by covalently-bonded linear
polymers remains a contentious issue, and regardless of which, or which combination of these
is correct, more work is needed to understand why, in present life, more sophisticated heredity
mechanisms potentially emerge as a result.

A more abstract approach to the emergence of complex autocatalytic systems was
pioneered by Fontana and Buss (1994), who defined an “artificial chemistry” in which simple
computer programs (e.g., lambda calculus expressions) play the role of molecules. In their
model, when two programs react, their “product” is determined by running one program with
the other as an input. This was not intended as a realistic model of chemistry but as a way to
conceptually probe how complex self-maintaining structures can emerge. A key result was that
the system converged onto compositions that were collectively autocatalytic (or self-
maintaining in their terminology), as well as being “closed,” meaning that they contained
only a small subset of all possible molecules. Nevertheless, the mechanisms involved in self-
maintenance could be quite complex. These concepts were generalized by Dittrich and Di
Fenizio (2007) into “chemical organization theory,” which can be applied to more realistic
models and real chemical systems.

Arttificial chemistry has become an active research topic (Banzhaf and Yamamoto 2015)
and now includes approaches such as that of Benkd et al. (Benkd et al. 2003a,b; Benkd et al.
2004; Benko et al. 2005) and Andersen et al. (2013a, b), Andersen et al. 2014), that are
attempting to more closely approximate the details of prebiotic chemical systems, such that
they can be compared against experimental measurements. There is already a rich body of
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computational work which can potentially be screened for applicability to real world chem-
istry. The cross-pollination of experimental and computational chemistry approaches to the
question of origins is ripe for new discoveries.

“Tar,” Combinatorial Explosions and Alternative Chemistries

Modern researchers often use the terms “abiotic chemistry” and “prebiotic chemistry”” almost
interchangeably. To the extent that a useful distinction is to be had, “abiotic” refers to any
chemistry which occurs without biological mediation (e.g., the chemistry which occurs in
meteorites, should it be proven they played no role in the origins of life, or the photochemical
transformations of smog), while “prebiotic” chemistry describes abiotic chemistry that is
purported to be important for the origins of life, often simply because it generates compounds
in present in contemporary organisms. Prebiotic chemistry may also include the study of
compounds not present in contemporary biochemistry (see for example Cafferty and Hud
2015, and Chandru et al. 2016).

While views entertained before and during the nineteenth century might have allowed the
possibility that life could arise independently from biologically-derived precursors, which is
distinct from the notion that “imperfect” organisms may arise from more able ones, and from
the notion that non-living sets of molecules not present in contemporary biology may actualize
living states, it is now generally held that this is extremely unlikely and that there was some
special set of attributes of environment and/or chemistry which allowed life to arise. A
distinction between environmental biological and abiological organic chemistry was rarely
deemed methodologically important until the Miller-Urey experiment (Miller 1953). By that
time, serious doubts as to whether biology was the only way organic molecules could be formed
had already been raised, and quashed (Campaigne 1955), and synthetic organic chemistry as a
field was also extremely mature. Nevertheless, explicit investigation into the mechanisms by
which completely abiological processes could produce organic chemical novelty, let alone
chemical novelty with unusual properties, such as autocatalysis, are sparse in the literature
before that time (e.g., Garrison et al. 1951). It is not clear when they were first investigated with
the question of origins, as opposed to the mechanisms by which already biological organisms
carried out transformations (Lob 1913).

The Miller-Urey experiment at the very least presented a clear methodological distinction
between processes which were guided or unguided by human researchers (and implicitly to
what extent this was philosophically tractable). Since the Miller-Urey experiment, it has been
evident that prebiotic chemistry can produce diverse sets of products and generally may do so
under the set of assumptions of what constitutes reasonable prebiotic conditions. While these
often include the building blocks of modern biochemistry they also include a great deal of
other molecules, and the overlap may be largely coincidental as the processes of production are
distinct for the sake of the question at hand. Other purported prebiotic chemistries (which are
often validated by the overlap of their products with the compounds isolable from carbona-
ceous meteorites) include HCN polymerization (Ferris et al. 1978), the formose reaction
(Decker et al. 1982), Maillard chemistry (Baynes 2005) and Fischer—Tropsch-type chemistry
(Anders et al. 1973). This diversity of products results from “combinatorial explosions™: a
small number of reactive components can be put together in an exponentially increasing
number of ways (Schuster 2000). These complex mixtures of products have often been
referred to as “gunk” (Schwartz 2007), “tar” or “asphalt” (Benner et al. 2012) because they
are often darkly colored, viscous and composed of many compounds, in contrast to what
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synthetic organic chemists generally seek as products, i.e., simple mixtures from which single
desired compounds can be easily isolated. Many researchers have approached this problem by
attempting to constrain the chemistry so that only one or a few specific products are generated.
Indeed, it is possible that there is some set of reactions and reaction conditions which might
only produce modern biochemicals and do so in high yield, no matter how implausible. Planets
offer large surface areas, and large amounts of time are available, so who is to say which set of
conditions is impossible? It may be equally possible that this molecular diversity is not a
problem to be avoided but instead played an essential role in the emergence of life (Chandru
et al. 2018). Investigating this possibility requires not only further development of artificial
chemistry models but also new experimental techniques (see for example Andersen et al.
2013a, b and Guttenberg et al. 2017).

A related question is why life is made of the particular set of building blocks that it is.
Various computational works (Meringer et al. 2013; Cleaves et al. 2015; Ilardo et al. 2015;
Zubarev et al. 2015) have shown that there are many more possible amino acids, intermediary
metabolites or nucleosides than those used by life, and moreover, that the set used by life
appears to be adapted to provide “optimal” coverage of the space of properties that such
building blocks would be expected to have. Given the huge diversity of possible prebiotic
molecules, it seems conceivable that the earliest ancestors of life were not made of the same
chemical building blocks as modern life at all. If this idea is entertained, it would mean there
are a very large number of chemical systems which require exploration to fully understand
why life is constructed the way it is, and optimization and contingency deserve greater scrutiny
than the simple products of abiotic chemistry.

Computational Approaches

A number of other techniques have become common in addressing questions about the origins
of life. In the late twentieth century, it became feasible to simulate evolution computationally,
beginning with Booker et al.’s (1989) genetic algorithm. This quickly gave rise to a number of
early works in the field that became known as “Attificial Life.” Artificial Life, or ALife, does
not refer exclusively to in silico evolutionary simulation study. Artificial Life refers more to a
broad community of researchers and a loose set of common interests than to any particular
methodology or agreed upon set of assumptions. These early works included Tom Ray’s Tierra
(http://life.ou.edu/tierra/), in which self-replicating programs compete and “evolve”; Langton’s
“loops” (Langton 1984), a self-replicating cellular automaton far simpler than von Neumann’s
original concept; and Sims’ Creatures (Sims 1994), a three dimensional physical simulation in
which creatures made of cuboid blocks “evolve” surprisingly complex behaviors. However,
perhaps the greatest insight from in silico modeling of evolution is that in silico evolution
seems to easily hit limits in terms of complexity, failing to produce further innovations. A
famous early example is Ray’s Tierra, in which an initial self-replicating program evolves to
become parasitic on other programs but further innovations do not occur after that. A similar
example of evolution towards simplicity has been observed in an in vitro RNA system known
as “Spiegelman’s monster” (Spiegelman et al. 1965). In both this and the Tierra case, the
singular selection pressure for replication rate may have induced the complexity
stagnation/regression. In contrast, biology has continued to produce innovations for
several billion years and shows no sign of stopping. This capacity for (apparently)
unbounded innovation has become known as “open-ended evolution,” and the problem
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of fully understanding and reproducing it in simulations is a major current goal of
AlLife research (Taylor et al. 2016).

The framing of the problem is still in flux, with some groups seeking a numerical measure
of complexity (Bedau and Packard 1991; Bedau et al. 2000) while others seek an explanation
for more qualitative changes along the lines of Maynard Smith and Szathméry’s major
transitions (Maynard Smith and Szathmary 1995). This is important for origins-of-life research
for similar reasons to Eigen’s results regarding the hypercycle. Whatever form early evolution
took, it must have had sufficient capacity for innovation to be able to reach the complexity of a
modern cell. The fact that this has not yet been recapitulated in simulations reinforces the
notion that they lack some fundamental understanding of what prerequisites permit this. For
this reason, there is now substantial interest in the role of open-endedness in the origins of life
(Ruiz-Mirazo et al. 2008, Gleiser et al. 2012, Adams et al. 2017, Adams and Walker 2017)
including open-ended evolvability as part of a definition of life. However, others, following
Maturana and Varela (1980) and Rosen (1991), regard evolvability as a corollary of life, not a
prerequisite (Cardenas et al. 2018; Cornish-Bowden and Cardenas 2017). A related topic is the
evolution of evolvability, i.e., the study of how the mechanisms of evolution are themselves
subject to natural selection (Watson et al. 2016). Insights from simulations have played a key
role in the development of this idea (Dawkins 1989; Altenberg 1994). A significant insight is
that the variety of phenotypic changes that can be achieved by mutation is strongly dependent
on the “genotype-phenotype map” (Wagner and Altenberg 1996), i.e., the biological mecha-
nisms for reading and interpreting the genome.

Summary and Future Challenges

In summarizing theoretical and modeling approaches to the origins of life, we draw
attention to two common themes. The first is the notion of circularity, that is that
components of living systems are both causes and effects of themselves (Maturana
1970; Rosen 1991). “Circularity,” rather than more technical terms such as “closure to
efficient causation” or “operational closure,” emphasizes that this basic idea is a
common theme across many approaches to understanding the origins of life. The
second is open-endedness, or the notion that life is not constant over time but always
has the capacity for innovation or increasing complexity.

These two themes are to some extent in tension: circularity suggests constancy over
time while open-endedness suggests change. Resolving this tension is an interesting
challenge for future work. However, for most accounts, the circularity applies to a
particular individual, and it is not an individual that evolves, but a population. Perhaps
a much greater challenge is in integrating these synthetic and universal approaches with
historical approaches. A full answer to the problem of the origins of life would include
understanding how these properties of circularity and open-endedness arose in the
geochemical context of the early Earth, what role they played in the transition from
chemistry to biology and the evolution of modern life, and indeed, what roles they
continue to play. How can the evidence from geology, chemistry, and biology be
brought to bear on these questions? Conversely, how should insights from theory
inform research in evolution and prebiotic chemistry? Integration of these approaches
will undoubtedly open new perspectives on the question, but a full understanding of
how this can be done can only come from greater communication and mutual under-
standing between the researchers involved.
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Conclusions

The origins of life on Earth is one of the most important and most difficult unanswered
questions in science. There are several ways of approaching its study, and the relative
importance of these have changed over time. The scientific community agrees that both the
approach and putative answer will likely draw on insights that will be multidisciplinary in
nature. In this paper, we described historical and philosophical issues in the study of the origins
of life, which we argue may help guide research as much as careful study of biochemistry or
evolution. Philosophical issues included: (1) the nature of life, where we outlined several
approaches that serve as alternatives to the traditional quest for a definition of life. (2) the
explanatory project of origins-of-life research, in which we argued universal (true for origins
everywhere), historical (descriptions of life’s origin on Earth), and synthetic (possible ways of
originating life) research programs overlap, are all interesting scientifically, but are not
equivalent or directly transferable. (3) the research strategies for origins-of-life research,
typically thought of as either top-down (inferring from current life to LUCA) or bottom-up
(starting from non-life and working out how to get life started), which face different episte-
mological problems and require distinct philosophical commitments. (4) the metabolism-first
vs. reproduction-first debate, which we challenged as presuming too much about the nature of
life. (5) the nature of evolution prior to LUCA, which was certainly different from contem-
porary evolution, although we questioned whether the difference was greater than some of the
vastly diverse processes we see in life today. (6) the nature of entities prior to LUCA, which are
sometimes thought of as loose communities, though whether such communities can serve as
ancestral requires rethinking the nature of ancestors; (7) the challenges of origins-of-life which
are common to multidisciplinary sciences: competing research programs, diverse standards of
evidence, and communicating across disciplinary divisions. (8) the development of new
theories or tools, which offer opportunities for new avenues of research, but may also constrain
others. We also discussed two complementary approaches toward writing the history of
origins-of-life science, each of which spans great swaths of time and several revolutionary
changes in the theories, tools, and practices of scientists interested in this area. Those two
strands were: (1) From chemistry to molecular biology, tracing the paradigmatic changes made
by international travel to develop comparative views of biology, systematizing biology as a
historical science in which similarities of taxa were due to descent with modification,
chemistry as a guiding force in exploring particular ways biotic polymers could form
from their abiotically-produced parts, molecular biology and its focus on genetic
material, and informatics, in which new technologies make the production of data
vastly simpler than its interpretation. (2) The second strand was from the theoretical
questions relating to the origins of life, crossing between the fields of physics,
evolutionary theory and computer science. Here the vastly different approaches led
by thermodynamics, self-organization, replicators, reaction networks, and artificial life
have led to distinct research programs that reveal intriguing features of life and
perhaps even its nature or origin. The history of a field and its philosophical
commitments shape how we conceive of the problem as well as what would be
acceptable as a solution. The ways the understanding of the questions being asked
are historically situated, and the ways research programs are loaded with philosophical
commitments, many of which are not shared by all researchers in the relevant fields,
can induce disagreements. Addressing and acknowledging these disagreements and
their histories can go a long way toward resolving debates in this field.
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