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Abstract

The questions of how life forms, whether life is an inevitable outcome, and how diverse its presentation
could be remains some of the most profound in science. Investigations into the origin of life confront key
issues such as uncovering key constraints and universal features of life, the plausibility of alternative
biochemistries, and the transition from purely chemical systems to information-bearing, evolvable
entities. Many of these issues can be associated with early cell formation and evolution. Thus,
protocellular systems have emerged as a key focus of study. Here, the community can ask questions
about physical constraints and the co-evolution of energy, matter, and information. The pursuit of these
answers spans a wide range of disciplines, including geochemistry, statistical physics, systems and
evolutionary biology, artificial life, synthetic biology, and information theory, and reflects the inherently
interdisciplinary nature of origin-of-life research. This article surveys key theoretical frameworks
and experimental approaches that have shaped our current understanding, while outlining the major
unresolved challenges that continue to drive the field forward. It also summarizes and contextualizes
the articles in this special issue that address these questions.

Keywords: origins of life; evolutionary transitions; phase transitions; information; error thresholds;
protocells

1. Introduction
Is life a rare, perhaps improbable event in the universe? Is it the outcome of a sequence of fortunate

accidents tightly constrained by planetary conditions and the chemistry of its environment? Or is it
an almost inevitable outcome of complex geochemistry and deep time? As we seek to understand
how life emerged on Earth, we also face broader questions about the likelihood of life elsewhere.
Can the study of our own biosphere, together with growing knowledge of our solar system and
the discovery of thousands of exoplanets, offer clues about the conditions necessary for life to arise
and evolve? Could there be multiple pathways through which life could have taken hold, some
potentially diverging dramatically from the biochemical framework with which we are familiar [1–4]?
Is life necessarily tied to information processing, replication and the principle of natural selection,
or could other organizing principles give rise to living systems [5,6]? Furthermore, can advances in
synthetic biology and artificial life—whether created in vitro in the lab or modeled in silico through
computational simulations—reveal the generative mechanisms that underpin life itself [7,8]? These
questions lie at the heart of one of the most profound frontiers of science: understanding the origins,
nature, and potential ubiquity of life in the cosmos.

The questions outlined above have been the subject of intense inquiry since the origin of life (OOL)
became a recognized scientific problem. This transition, from philosophical speculation to empirical
investigation, gained momentum during the mid-20th century and was often considered the golden
age of OOL research. The early work of Oparin on prebiotic systems [9,10] and the groundbreaking
experiments by Stanley Miller in 1953 on amino acid synthesis [11,12] and Joan Oró on nucleobase
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synthesis [13,14], laid the foundation for modern studies, and other scholars expanded on the initial
concepts [15]. It was soon understood that the chemical scenario also required an understanding of
the planetary context. Comets were soon proposed as candidates for the transport of extraterrestrial
organic matter to Earth [16–19]. Their work marked a turning point: Life’s beginnings could now be
explored through chemistry, biology, and planetary science, opening the door to rigorous hypotheses
about how living systems could emerge from nonliving matter.

Building on the recognition that life’s origin poses a multifaceted scientific challenge, it becomes
clear that any meaningful progress requires navigating a diverse landscape of theoretical approaches
and empirical domains [20,21]. As summarized in Figure 1, this landscape spans multiple scales,
from planetary and geochemical constraints to molecular evolution, combinatorial chemistry, and
the emergence of metabolic organization. Research efforts increasingly draw on a broad toolkit,
incorporating insights from extreme environments, exoplanet studies, prebiotic synthesis experiments,
and synthetic biology.

These diverse lines of inquiry have fueled a growing synergy between empirical findings and
theoretical or computational modeling. Such cross-disciplinary efforts are essential to identify the
general conditions under which life-like behavior might arise, both on Earth and in other planetary
settings [22–24]. In this regard, the planetary context provides a natural framework: from interpreting
atmospheric biosignatures on exoplanets [25,26], to modeling chemical reaction networks in early
Earth and interstellar environments [27–30].

Importantly, as in other domains of evolutionary biology, effective theories of the emergence of
life must reconcile historical contingency with the restrictions imposed by physical laws [31]. The
convergence of classical hypotheses with contemporary advances in systems chemistry, planetary
science, and network theory has coalesced in the field of astrobiology, a domain uniquely positioned to
explore life as a planetary and universal phenomenon [32]. Since terrestrial life emerged in our remote
past, a direct experimental testing of such a deep-time event needs to be replaced by alternatives. As
mentioned above, prebiotic chemistry offered the first approach to this problem, and in recent decades
novel experimental implementations, including evolutionary dynamics and Darwinian selection
[33,34], have been developed. Within the field of artificial life, multiple paths have been explored to
investigate this concept, including artificial chemistries [35].

In 2021, the Santa Fe Institute hosted a workshop aimed at addressing fundamental questions
about the possible pathways and actual processes underlying the origin of life. The meeting brought
together researchers from a broad spectrum of disciplines, including thermodynamics, information
theory, and synthetic biology, to explore the multifaceted nature of this problem. This Theme Issue
presents a synthesis of key ideas that emerged from the discussions, highlighting the main challenges
in understanding the origins of life. These range from theoretical and conceptual frameworks to
planetary-scale environmental considerations, as well as experimental efforts to recreate life-like
systems in the laboratory.
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Figure 1. The many paths to the origins of life. Several approaches to the problem of how life originated,
evolved and became complex are outlined here. These include, among others: (a) prebiotic experiments using
simple mixtures of molecules, such as this recreation of Titan’s atmosphere; (b) extended Miller-like experiments
with concomitant formation of embodied structures; (c) evolutionary dynamics of chemical droplets using a
combination of in vitro selection and AI; (d) the analysis of primitive Earth environments; (e) the exploration of
exoplanets; (f) extreme life forms, such as those found in ocean vents; (g) engineering minimal genomes, such
Mycoplasma JVC1-syn1.0; (h) cell-free systems obtained from cells or reconstituted from purified components. and
(i) spatially extended artificial life models (here Lenia); (j) combinatorial chemistry studies; (k) evolutionary aspects
of metabolic networks and the diverse components associated to them, inferred from comparative genomics
studies and (j) full-model simulation of cells using (still limited) computational approximations to molecular
dynamics that try to replicate (on short time scales) some of the supramolecular processes taking place in the
crowded cellular environment (illustration by D. Goodsell).

2. What Is Life? Is It Expected?
If we want to understand life, should we not first have an operational definition of it [3,6,8]? This

seems like a reasonable question, since assessing the likelihood of life’s existence requires first knowing
how to recognize it. However, despite our extensive knowledge of living systems, we are still far
from reaching a consensus. With regard to this problem, the question arises as to how to distinguish
between animate and inanimate systems when considering their change and evolution. Recently,
methods for measuring the complexity of any molecule have been proposed1 [40,41], with interesting

1 Some of the general implications of Assembly Theory are nowadays under discussion, see [36–39].
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discussions about minerals [42,43], which have been a complicated case for OOL research for some
time [44,45]. For living matter, there is general agreement that it would follow natural selection
dynamics. We understand well how this theory works and how to define rigorous mathematical
models [46]. Although the scope of evolution has at times been extended well beyond biology, it has
raised contentious debates about its applicability. Cairns-Smith, for example, proposed that life on
Earth originated through a process of natural selection that acts on inorganic crystals [47], while Pross
has explored the possibility of applying Darwinian principles to inanimate physicochemical systems
[48]. Although provocative, such views remain problematic, as they rely on substrates fundamentally
distinct from living matter and lack the organizational features, such as heredity, variation, and
regulated metabolism, that underpin Darwinian evolution in biological systems. As such, these
approaches provide, at best, useful metaphors rather than plausible mechanisms for the actual origins
of life.

The problem of defining life has deep historical roots, tracing back to ancient philosophy where
thinkers like Aristotle sought to distinguish living from nonliving based on characteristics such as self-
movement [49], growth, and reproduction. With the rise of modern science, especially after the advent
of cell theory and Darwinian evolution, biological definitions emphasized structural and functional
criteria, such as metabolism and natural selection. In the twentieth century, new perspectives emerged
from cybernetics, systems theory, and information science, introducing concepts such as homeostasis
[50], autopoiesis [51], and informational self-replication. Despite these advances, each disciplinary
lens captured only part of the phenomenon, leading to a proliferation of definitions without consensus.
The challenge has intensified in recent decades with developments in synthetic biology, artificial
life, and astrobiology, which increasingly blur the boundaries of what qualifies as “alive” [52] and
expose the limitations of traditional biological definitions [53]. In [54], the authors have examined
the difficulties inherent in evaluating speculative hypotheses about the origin of life (what they call
the Science of the Gaps), emphasizing how complexity and historical contingency create persistent
gaps in both knowledge and conceptual frameworks. Along with the limitations imposed by current
empirical approaches, metaphors and biased narrative scenarios have played an important role. By
formalizing causal assumptions, they propose a more systematic approach to reasoning through these
gaps, enabling a more rigorous evaluation of fragmentary and speculative origin-of-life models.

Scholars hold differing views on the inevitability of life. Some, like Christian de Duve, argue that
life is a cosmic imperative, suggesting that, given the right conditions, life will emerge as a natural
consequence of chemistry [55]. Others, such as Jacques Monod, emphasize the role of chance and
contingency, viewing life as a highly improbable event in the universe [56]. Still others, including
proponents of systems chemistry and self-organisation, propose that life arises from the inherent
combinatorial dynamics of complex systems, making it statistically likely under certain constraints
[57,58]. This ongoing debate reflects deeper philosophical divisions about whether life is an accident
or an expected outcome of physical laws. An important component in this context is the role that the
combinatorial potential of living objects plays, particularly at the molecular level. It is well known
that the dynamics of large collections of objects capable of assembling or combining can easily drive a
hyperbolic growth process [41,59–62]. How does this accelerated growth dynamics impact evolution
and its predictability?

The combinatorial nature of evolution [63] has been argued to pose a fundamental challenge
to the formulation of a predictive theory of evolutionary change (see also this problem within the
context of cellular automata and computation [64–68]). This difficulty is made explicit through the
concept of the adjacent possible. Briefly, the adjacent possible refers to the set of novel biological forms
or functions that can emerge through small, incremental modifications of a system’s current state.
Evolutionary innovations emerge from this constrained space of possibilities, and as new structures or
functions are realized, the adjacent possible itself expands, enabling further exploration. According
to Kauffman, this process is not algorithmically predictable: we cannot prestate the full repertoire of
potential evolutionary trajectories or innovations, since the space of possibilities evolves in tandem
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with the system. Using the concept of the Adjacent Possible, Kauffman and Roli [69] propose that life is
an expected consequence of the (first-order) transition from random reaction chemistry to autocatalytic
chemical sets (see [70]) along with RNA sets displaying catalytic properties. These two sets would
eventually cooperate to form some class of minimal (cellular) agent capable of template replication
and coding.

3. Universal Constraints
A key focus for OOL research is identifying the aspects of life that can be counted on to be

universal [3,6]. Much discussion has been given to the material aspects of life where debates about the
centrality of carbon and a water solvent have occurred for decades [1,71,72]. The broader question
here is how can we draw general inferences about origins of life, given the immense span of time
since it occurred and the potentially contingent nature of the processes involved? This challenge
is closely linked to the historical character of molecular evolution: did life on Earth—and possibly
elsewhere—emerge through multiple distinct pathways? [3,4] Alternatively, as some studies propose,
might there be universal properties of complex systems that constrain and shape the range of possible
outcomes, or clear signatures of those outcomes [6,41]? Given that we possess only a single large-scale
natural instance of life’s emergence, our biosphere, the lack of comparative data may seem to preclude
meaningful inference.

One way to overcome this problem is to take lessons from physics, particularly cosmology. Cos-
mology exemplifies the power of physics-based science to probe the deep past through indirect but
quantitatively robust evidence. Despite dealing with phenomena occurring billions of years ago, the
standard cosmological model achieves predictive accuracy by anchoring itself in general relativity,
quantum field theory, and thermodynamics. Observables such as the cosmic microwave background
anisotropies, large-scale structure, and primordial nucleosynthesis abundances provide stringent
constraints on early-universe physics, allowing us to infer conditions right after the Big Bang. This
inferential framework parallels evolutionary biology, where Darwin’s theory of natural selection
enables reconstruction of the tree of life from morphological and genetic data. Both cosmology and
evolutionary theory transform present-day observations into historically coherent models, demonstrat-
ing how systems governed by contingent, path-dependent processes can still be understood through
scientific analysis grounded in universal principles. Perhaps it should not be surprising to read from
Leonard Susskind, a well-known cosmologist, that “modern cosmology really began with Darwin and
Wallace” [73]. Similarly, the powerful views of cosmology have inspired others working in biology to
build a Big Bang model for life origins and evolution [74].

One source of inspiration with high explanatory power is connected with the physics of phase
transitions. This theory, a fundamental pillar of physics, explains how systems undergo abrupt,
universal changes driven by small parameter shifts. Its core concepts, symmetry breaking and
criticality, apply across scales, from materials to cosmology, revealing deep connections between
seemingly unrelated phenomena [75–77]. One of the most striking aspects of the theory of phase
transitions is that it derives powerful, often exact results from remarkably simple models, such as
the Ising model or percolation lattices. Despite their minimal assumptions, these models capture the
essential features of critical behaviour, revealing that the macroscopic properties near phase transitions
depend not on microscopic details but on broad features like dimensionality and symmetries. This
phenomenon, known as universality, explains why diverse systems, from magnets to fluids to the early
universe, exhibit identical critical exponents and scaling laws, highlighting the deep, emergent order
underlying complex phenomena.

As discussed in [70], the transition from non-living matter to living matter involves qualitative
shifts in system organization, such as symmetry breaking, percolation, and bifurcation phenomena,
that mirror phase transitions in physical systems. These transitions help explain how relatively simple
molecular mixtures, under the right environmental and energetic conditions, could give rise to complex,
self-sustaining, and evolvable chemical networks. Key processes in early evolution, including the
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origin of molecular chirality, the appearance of replicators, and the onset of cooperation, are framed as
critical transitions driven by underlying symmetry changes or threshold effects [78]. This perspective
complements traditional chemical and biochemical approaches by offering a theoretical framework
based on physics that can describe the nonlinear nature of life’s emergence and the role of collective
phenomena in enabling major transitions.

Another approach is to turn to physics itself, since life and the scaling laws it often presents can be
rigorously derived as evolution under fundamental physical constraints [79]. For example, classic work
on OOL made strong connections with thermodynamics [80,81]. Thermodynamics is fundamental to
understanding biological complexity because living systems are open, far-from-equilibrium structures
that maintain order by dissipating energy. The second law sets constraints on what biological systems
can do, while non-equilibrium thermodynamics explains how they sustain gradients, perform work,
and self-organize. From metabolism to molecular machines, thermodynamic principles reveal how life
harnesses energy flows to construct and sustain complex adaptive structures. Within the context of
OOL, prebiotic environments provided nonequilibrium conditions, such as thermal gradients, redox
potentials, or chemical fluxes, that enabled the formation of self-organizing structures [81–84].

Within biology, particularly with respect to molecular systems, the thermodynamic picture must
be consistent with the presence of thresholds [78]. This connection is made in [85], where the author
presents an elegant approach to Darwinian dynamics of molecular replicators using a thermodynamic
perspective. He shows that modern biomolecules, such as RNA, conform to fundamental bounds
that connect fitness and thermodynamics. In particular, it generalizes the classic results by Eigen and
Schuster on the error threshold [86], using the thermodynamic formalism. The bounds presented in
this article are the type of constraint that should be upheld by life everywhere in the universe.

There is another way to search for potential universal principles by considering purely informa-
tional constraints. Information theory plays a central role in theoretical efforts to explain the origins
of life, as it provides a formal framework for understanding how order, structure, and function can
emerge and persist in physical systems far from equilibrium. At its core, life involves the storage, trans-
mission, and transformation of information, whether in the replication of nucleic acids, the translation
of genetic codes, or the regulation of metabolic networks. Shannon’s theory [87] enables researchers
to quantify the information content of molecular sequences and to distinguish between randomness
and functional complexity [88–90]. Moreover, concepts such as mutual information, entropy, and
channel capacity have been used to study how early protocells might have maintained and transmitted
adaptive information under noisy prebiotic conditions [91].

A remarkable feature of life as we know it is the universal nature of the information material.
Every single living cell on our planet contains DNA as the substrate of heritability. Why? Why not a
biosphere with multiple forms of molecular information? Perhaps one of the most celebrated universals
in biology is the central dogma of molecular biology. First articulated by Francis Crick in 1958 [92,93], the
central dogma was defined as a principle about the allowed flow of information in biological systems:
once information has passed into a protein, it cannot flow back to nucleic acids. This formulation was
not merely a description of the transcription–translation pathway but a broader statement about the
asymmetry of information transfer in living systems. Within this framework, DNA serves as a stable
repository of genetic instructions, which are transcribed into RNA and subsequently translated into
proteins, thus linking genotype to phenotype. Later discoveries, including reverse transcription, RNA
editing, and regulatory roles of noncoding RNAs, have refined, but not overturned, Crick’s central
insight [94,95]. This raises deeper questions: Is the structure of information flows described by the
central dogma a historical contingency of terrestrial biology, or does it reflect a universal constraint on
how any living system must be organized? Theoretical work suggests that the latter may indeed be
the case.

In a very elegant theoretical study, Takeuchi and Kaneko demonstrated how the fundamental
asymmetries of the central dogma, namely, information flowing from genomes to enzymes and catalysis
being performed only by enzymes, could have emerged spontaneously from evolutionary dynamics
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[96] (see also [97]). Using a mathematical model of protocells containing replicating molecules, the
study demonstrates that a trade-off between acting as a catalyst and as a template results in a conflict
between molecular and cellular selection. This conflict drives a symmetry breaking, causing molecules
to differentiate into genomes (information carriers) and enzymes (catalysts). The process is reinforced
by a feedback loop that involves reproductive value and selection strength across different levels. The
findings suggest that the central dogma arises naturally from multilevel selection, especially when
the molecular-level variation is high compared to the cellular-level variation. In a new paper, [98]
the authors propose a generalization of the central dogma using the separation of information from
function, which they connect to the broader idea of division of labor. They show that this separation
has occurred multiple times throughout the history of life beyond the central dogma, such as with the
specialisation of germline and somatic cells (a crucial step towards complex multicelularity).

The previous examples involved two important components of life: metabolism and information.
A third ingredient in the definition of (cellular) life is the presence of compartments. Compartments
have been shown to enhance life in a variety of ways, including speeding up chemical reactions
through concentration and increasing evolutionary selection through increased individual fidelity and
protection against destabilizing or cheating dynamics in complex reaction networks [6,99–105]. Physi-
cal space in modern cells has become a central role in understanding the physiology and biophysics of
cells from the constraints of reaction rates, diffusion, packing limits, and macromolecular composition
[106–109].For example, the smallest cells are nearly completely packed with biomolecules [108]. What
consequences do these constraints have for the origin of cellular life? In [105] the authors consider a
generalized interplay between function and information, in the context of encapsulation constraints.
They show that the complexity of the biochemical cycle and the chemical and biophysical properties of
molecules set limits on the possibility of encapsulation and connect this to known constraints on cells
due to scaling relationships for energetic and molecular crowding [108–111].

4. Pathways Towards Life
On a large scale, dealing with planetary conditions for life, scientists have established the physical

constraints [24], allowing us to estimate the likelihood of some Earth-like worlds [112–114] and
establish a catalog of exoplanets within the habitable zone [115], i.e., where water can exist in a liquid
state on the planet’s surface. Assuming that the right physical conditions are met, most of the origin-
of-life hypotheses converge on a minimal set of physicochemical requirements [58]. Once again, a
universal requirement is the presence of liquid water [116,117], which facilitates molecular motion,
reaction kinetics, and stable hydrogen bonding. A suitable temperature range, typically between 0°C
and 150°C, is also essential to preserve molecular structures [117] (see also [118]). In addition, life
requires a diverse chemical inventory, particularly the availability of key biogenic elements, namely
carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur (CHNOPS) [119,120]. These are required
to form the basis for essential biomolecules such as nucleic acids, proteins, and lipids [58].

The chemical and geochemical details associated with the origin of life on Earth have a long
history with commitments to and debates about what conditions are essential [1,71,72,100]. Recently,
a variety of specific environments have been proposed as candidates for the evolution of specific
aspects of life. These include polymerisation of functional and informational polymers in wet/dry
cycles [121] or atmospheric aerosols [122], and energy-harnessing membranes in hydrothermal vents
[101]. In terms of what is possible, there have been many recent attempts to investigate alternative
chemical systems on Earth or other planetary bodies [123,124] and to unravel the detailed history of the
biochemical evolutionary history [125–129]. However, a persistent challenge remains: the necessary
conditions for these processes often appear incompatible and are seldom found together in a single
environment. This has limited the plausibility of models that attempt to explain the emergence of
living systems from non-living matter within a singular, unified setting.

To address this, a broader perspective is emerging, one that frames the origin of life within the
planetary-scale complexity of the Hadean Earth [130,131]. This view suggests that the diverse and
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dynamic environments of the early Earth collectively contributed to the emergence of life. Chemically
rich microenvironments, though potentially uninhabitable to early life forms, may have provided
critical building blocks. Minerals are thought to have served as catalytic surfaces and, at the same time,
both local mixing and global transport processes, as well as weathering or geological activity, could
have connected spatially separated chemical reactions, enabling a distributed network of prebiotic
chemistry. Within this geochemical mosaic, molecular diversity combined with selective processes
in specific locales probably drove the accumulation and refinement of complex organic molecules
required for life [130].

How were the essential components for life listed above mobilized and concentrated in prebiotic
environments on the early Earth? In [132], the authors identify planetary processes that probably
enabled the availability of these elements in forms suitable for supporting key prebiotic reactions. In
this context, terrestrial acidic hot springs and deep-sea hydrothermal vents emerge as particularly
favorable settings due to their potential to drive abiotic nitrogen reduction, release reactive phosphorus
compounds, and leach key transition metals from igneous rocks. The findings also have broader
implications, suggesting that similar geochemical conditions on early Mars and other terrestrial planets
could have supported independent pathways to life.

Jacques Monod said that "every living being is [. . . ] a fossil" [56, ch.9], which means that the
evolutionary past leaves a distinguishable trace within living entities. In some cases, the geochemical
context is part of this trace. Can the analysis of cellular structures and cellular networks tell us
something about early and alternative scenarios for the emergence of cellular life? An example is
provided by the phylogenomic analysis of universal inorganic cellular components [133]. This study
supports the conjecture that the first cells might have started in geothermal environments rich in
phosphate and potassium. The crucial concept is that, because early protocells lacked ion pumps and
impermeable membranes, their internal chemistry reflected the composition of their surroundings.
The analysis suggests that life likely originated in anoxic, metal-enriched geothermal ponds, which
have left a fossil trace in the internal composition of modern cells.

Similarly, the study of metabolic networks from an evolutionary perspective offers a highly
valuable approach to identify origins [129,134–137]. The first cells emerged and evolved within the
context of early Earth described above, giving rise to the Last Universal Common Ancestor (LUCA).
Reconstructing this early metabolic network is key to understanding the transition from prebiotic
chemistry to fully functional cellular life. By tracing conserved enzymatic cores and ancient metabolic
pathways, we can uncover the robust biochemical logic and environmental constraints that guided
early evolution [137,138]. This network serves as a molecular fossil, offering a window into how life
first captured energy and processed information within a self-sustaining, organized system.

Are the paths towards life describable as linear chains of events? In [139] a novel way to think
about how biosynthetic pathways originated and evolved is proposed, while [140] addresses the deep
roots of metabolism before LUCA. Both contributions converge on a critical distinction in OOL research:
the difference between the mere prebiotic availability of metabolic intermediates and the emergence
of structured biosynthetic pathways. Although several compounds found in extant metabolism can
indeed form abiotically under prebiotic conditions, this chemical convergence does not by itself imply
the existence of energetically coupled, directional pathways. In contrast, biosynthetic pathways are
defined by stepwise transformations of a single precursor, enabling energy transduction and regulatory
control, characteristics absent in a purely chemical network lacking genetic and enzymatic constraints.
Together, these works challenge the notion that modern metabolism could have arisen simply through
the co-occurrence of metabolites, underscoring the need for mechanisms capable of stabilizing and
propagating reaction sequences, such as genetic encoding and selective catalysis.

5. Beyond Terrestrial Life: Exobiology, Xenobiology, and Virtual Life
In addition to studying potential origins of “life as we know it” on Earth, there are strands of

research that study "life as it could be". This includes alternative terrestrial life forms obtained using
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engineering living matter (through synthetic biology and xenobiology), possible extraterrestrial life
forms (exobiology or astrobiology) and life forms that exist in virtual environments (in silico life). This
can exploit the possibilities of building, simulating, or synthesizing living or lifelike systems that are
very different from terrestrial life.

Life elsewhere, extraterrestrial life, could be so different that its underlying principles have
nothing to do with our understanding of living matter. This is the problem of "life as we don’t know
it" [4,141–143]: can we articulate a universal approach that could safely explain the properties of
unknown life? These are important questions, particularly within the growing field of astrobiology
[3,32,144–147]. The potential diversity of life forms that could have emerged and evolved elsewhere
raises two relevant questions. The first is how we can study potential scenarios for the origins of life
using experiments. The second question is: What kinds of scales, case studies, model systems, and
theoretical approaches can capture the universal properties of the problem?

Returning to Earth, synthetic biology is an engineering discipline that constructs living systems
based on modified underlying principles of terrestrial life. However, designs sometimes depart from
their technological and biological counterparts [148]. Xenobiology alters the genetic code, expanding
the amino acid palette used to construct proteins and introducing novel nucleotides beyond the
standard ACGT sequence in DNA, thereby increasing the possibilities for space exploration. In [149], a
perspective review of one approach to achieving these xenobiological ends is presented. In an in vitro
approach, cell-free expression systems (CFS) allow the creation and investigation of biological reactions
outside living cells, synthetic pathways, alternative metabolisms, different information replication
processes and compartmentalization processes [150]. These “roads not taken” can help provide clues
about the deterministic (necessity) versus random (chance) and origins of their natural counterparts.

Systems biology techniques can provide valuable insights into the origins of life by enabling
researchers to construct simplified, controllable models of early living systems. By reconstructing
minimal cells, or protocells, from the bottom up, scientists can test hypotheses about how life-like
behavior could emerge from nonliving components. These experimental platforms help identify which
molecular characteristics and organisational principles are essential for life, explore plausible prebiotic
pathways, and reveal the conditions under which key transitions, such as replication, metabolism,
and compartmentalisation [151,152], can occur. In essence, synthetic biology turns the question of the
origin of life into an experimentally tractable problem and allows the incorporation of different scales,
from cells to ecosystems [153,154].

Demonstrating what a rich field systems biology in general, and protocells in particular, provide
for investigating mechanisms relevant to OOL questions, this special issue includes three articles
devoted to different aspects of protocellular research. Das et al [155] investigate the dynamics of an
experimental system that incorporates ecological interactions among protocell populations. They
use heterogeneous populations of protocells that have the simpler membranes expected during OOL.
Such membranes can spontaneously self-assemble, and each can have a different chemical makeup.
In a population of protocells with different membrane compositions, cells can interact differentially,
both synergistically and antagonistically, leading to complex population dynamics. The authors show
that heterogeneous systems exhibit emergent growth properties compared to homogeneous systems,
suggesting how prebiotic and early biotic diversity could be beneficial. On the theoretical side, these
diverse populations and their importance in OOL are studied in [156] using a simulation platform
as a way to investigate how metabolic regulation can be used to enable simple adaptive or learning
behaviors, without the need for genetics. By extending consumer-resource models to include stochastic
evolution, individual-level novelty, and short-term memory, the study shows that simple, pre-genetic
forms of adaptation and learning can significantly affect protocell survival during their lifetimes. The
findings highlight the importance of metabolic regulation and agent-like behavior in shaping the
evolutionary dynamics of early life.

Thomsen et al. [157] took another simulation-based protocell approach to study the molecu-
lar mechanisms directly related to metabolism, with results compared to values of wetlab-derived
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parameters. The simulation enables a detailed examination of the combined fitness of different pro-
cesses that have opposing requirements. The use of simulation in OOL research has its advantages:
experiments can typically be run more readily, and the experimenter has ready access to all the state
parameter values at each time step, allowing in-depth analyses. It also has disadvantages, particularly
the need to implement adequate underlying physical and chemical mechanisms so that a simulated
evolutionary process has sufficiently diverse and powerful underlying properties to exploit, with-
out hard-coding in desired or expected outcomes. Wet-lab and simulation experiments can provide
valuable complementary approaches for investigating complex behaviours and emergent properties.

The field of Artificial Life goes beyond synthetic biology’s use of standard or modified biological
components to study alternative biochemical systems, and inorganic systems to investigate various
fundamental processes of life. Such studies are relevant both for exobiology (life on other planets
that exploit alternative chemical pathways) and to prebiotic processes relevant to origins of life (for
example, crystals and clays [44,47]).

A step further away from terrestrial-type life is to move from the physical (material) to the
computational (abstract) domain, into the realm of virtual life. Whether virtual life (in contrast to a
mere simulation of material life) is possible depends at least in part on the chosen definition of life. In
this regard, however, it does not differ from the possibility of any forms of life that deviate sufficiently
from the common instantiation, for example, the possibility of inorganic material life. In [158], Stepney
provides a requirement-based definition of life that does not exclude the possibility of virtual life
and discusses how a virtual system might fulfill these requirements. Since these requirements are
necessarily abstracted away from the specifics of terrestrial life, they provide a different lens on possible
origins and on the possibility of partial life that fulfills some but not all of the requirements (see also
[159]). For example, artificial life need not originate through an evolutionary process (unless one
includes the evolution of the artificer).

6. Discussion
Discovering life elsewhere in the universe or creating it in the laboratory would constitute

a profound scientific breakthrough, reshaping our understanding of biology, evolution, and the
uniqueness of life on Earth. In the search for extraterrestrial life, two promising avenues are actively
being pursued. The first involves exploring our solar system, particularly environments such as Mars,
Europa, and Enceladus, where liquid water and geochemical activity can support microbial ecosystems.
The second focuses on detecting biosignatures from exoplanets, using next-generation telescopes to
identify atmospheric gases or surface features that may indicate biological activity.

By examining the early environments of Earth, the planetary processes, and the biochemical
systems, and comparing them with what we know about other planets in our solar system and beyond,
we can begin to understand the prerequisites for life. Recent discoveries of exoplanets, some within
habitable zones with intriguing chemistry [160–162], further challenge us to consider whether life is an
inevitable outcome of planetary evolution or an astonishing cosmic fluke. It also pushes us to have
better generative theories and experiments to rule in or out particular measurements, to guide and
propose new measurements, and to serve as a test bed for exploring ideas.

On the experimental side, efforts to create life in the lab are converging on the challenge of
constructing a minimal, self-sustaining, and self-replicating protocellular system. This endeavour
is inherently multidisciplinary, involving prebiotic chemistry, synthetic biology, systems chemistry,
and biophysics, as well as philosophy [163]. Multiple potential pathways are under active investi-
gation, each offering complementary insights into how nonliving matter might transition into life
[33,164–166]. As discussed in previous sections, these approaches are informed by diverse sources of
evidence—geological, biochemical, and theoretical—and their integration may ultimately illuminate
viable routes to the emergence of life.

What is life then? This question illustrates how hard the theoretical side of the problem is, and
typically raises multiple answers [53,167,168]. One way to gain traction on this problem is to define the
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entire space of possibilities within a category: the space of possible living systems. We have attempted
to do it by considering cellular replicators as restriction to an important class of objects that have some
degree of embodiment (usually a closed membrane), can store and/or manipulate information, and
have a metabolism. In Figure 2, we present our morphospace of replicators, defined qualitatively. The
location of each case study along the three axes (spatial, informational, and metabolic complexity)
is relative to other systems. The distance between each example does not define a metric space. On
the right, the whole space is depicted, spanning many orders of magnitude from simple autocatalytic
reactions (such as the Formose reaction [169], lower left corner) to modern cells in the upper right
corner. The smaller cube indicates the subset of systems that involve “synthetic” designs, and the
details of this space are shown in the left cube.

Figure 2. Life as a space of the possible. This figure presents a qualitative morphospace in which three distinct
aspects of complexity—related to extant, synthetic, and theoretical self-replicating systems—are used to position a
range of case studies relative to one another. Included are modern cells, synthetic protocells, minimal-genome
cells, theoretical models of self-replicating entities, spatially distributed cellular automata, and thermodynamic
machines. The right panel shows the entire morphospace, highlighting a large void that may represent either
unexplored or fundamentally inaccessible regions. The left panel provides a close-up view of a region populated
by synthetic droplets, protocells, and various theoretical constructs. Some non-cellular systems are also indicated
using black circles as a reference. Within the synthetic cube, we indicate: (1) self-replicating spots [170], cell-free
systems (SS) [171], lipid composome [172], evolved droplets [33], the chemoton [173], Rashevsky droplets [174],
Turing protocells [175], synthetic nanocells [176], replicating inorganic colloidosomes, black sphere) [177] or
the Los Alamos Bug (LABug) [178]. We also indicate chemical gardens (Chem Gardens) as another corner of
spatially-extended self-organizing chemical systems [179,180]. Additionally, three classic examples of abstract
models of self-reproducing machines or cells are also indicated, namely: (i) Langton’s loop [181] based on a cellular
automaton running on a two-dimensional lattice, (ii) Penrose blocks [182] based on physical blocks that interact
and self-assemble into larger structures and can display "reproduction" and (iii) Morowitz electromechanical
machine [183].

The space of possible replicators serves to define what a replicator is. Any possible embodied
system that can exhibit autonomous replication of some kind has a place in the space. There is no
single answer, and different kinds of complex replicators coexist within the boundaries of this space.
This reflects intrinsic differences in how replication occurs, ranging from the genetically controlled
mechanisms present in modern cells to synthetic systems that rely on the coupling between metabolism
and membrane deformation.

As our understanding of potential scenarios for the emergence of life advances, we progressively
illuminate different regions of the space of possibilities. Current bottom-up approaches to the origins-of-
life (OOL) problem have yielded partial, yet highly encouraging, insights. In particular, our knowledge
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of how diverse interactions between soft matter, protometabolic networks, and information-carrying
molecules operate is improving rapidly. It is also increasingly clear that explaining the rise of the first
cellular replicators will require integrating both evolutionary dynamics and self-organization into
theoretical and engineering frameworks [184–188]. In this context, we anticipate that major advances
in protocell research may depend on combining evolutionary dynamics with Darwinian selection, an
idea strongly supported by the successful evolution of lipid droplets in chemorobotic platforms [33].
The use of morphospaces has also proved valuable since their inception for exploring the limits of the
possible. Observed systems tend to cluster along an imaginary axis connecting two opposed vertices,
from minimal to maximal cellular complexity. This pattern may suggest that, despite their different
origins, the three key components evolve in a synergistic manner. In contrast, empty regions of the
morphospace, such as the one shown in Figure 2, point to domains of possibilities not occupied by
any known system. Why is this so? In some cases, physical or chemical constraints may forbid these
regions from being realized. In others, evolutionary processes may have never reached them, perhaps
due to historical contingencies or environmental limitations.

We close with more questions than answers, but that is the nature of science. Whatever the
answers are, they will likely emerge at the crossroads of multiple disciplines and may bring unexpected
surprises.
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