Transition from Non-Living Molecules to Living
Systems: A Scientific Perspective

Bhuwan Singh Raj*” and Rajesh Kumar Rai?
{bhuwansinghraj@gmail.com", rajesh9273@gmai.com?}

Registrar, Pandit Sundarlal Sharma (Open) University Chhattisgarh - 495009, India®
Govt. Mahamaya College Ratanpur, Bilaspur Chhattisgarh - 495442, India?

Abstract. The origin of life on Earth represents one of the most profound scientific
questions, linking disciplines such as chemistry, geology, molecular biology, and
astrophysics. This paper examines the stepwise transition from non-living molecules to
primitive living systems, focusing on the synthesis, organization, and evolution of
prebiotic compounds under early Earth conditions. The study explores the abiotic
formation of biomolecules like amino acids, nucleotides, and lipids through terrestrial
and extraterrestrial processes, and evaluates how these compounds may have self-
assembled into protocells. Central to the discussion is the RNA World hypothesis and
alternative models such as the amyloid-world scenario, which highlight plausible
pathways to self-replication and catalytic activity. The role of energy sources
hydrothermal gradients, redox chemistry, and photochemical reactions in sustaining non-
equilibrium systems is critically assessed. The paper also reviews experimental
reconstructions and computational models that simulate early molecular evolution,
providing evidence for the emergence of complexity through natural selection. This
synthesis contributes to a growing body of research that supports abiogenesis as a
multistage, testable, and increasingly understood phenomenon.
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1 Introduction

1.1 The Fundamental Question of Abiogenesis

How did life first arise from non-living matter on Earth? This question, central to the field of
abiogenesis, straddles multiple scientific disciplines—ranging from chemistry and geoscience
to evolutionary biology and astrophysics. The core challenge is to elucidate the chain of events
and mechanisms that bridged the gap between simple abiotic molecules (e.g., amino acids,
nucleotides, lipids) and self-replicating, evolving cells.

Contemporary biological processes involve complex networks of macromolecules, highly
regulated metabolic pathways, and sophisticated genetic systems. By contrast, the early Earth
environment was populated with relatively simple chemical species, shaped by geological and
cosmic factors (Branscomb & Russell, 2018; Ehrenfreund, Rasmussen, Cleaves, & Chen,
2006). Over geologic timescales, a multitude of reactions and environmental niches likely
fostered the synthesis and accumulation of organic molecules. Eventually, these molecules
underwent self-organization into membrane-bound protocells, inside which the first
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autocatalytic networks may have emerged (Wu & Higgs, 2012; Imai, Sakuma, Kurisu,
&Walde, 2022).

This document explores the current scientific understanding of these phases, discussing the
generation of fundamental biomolecules, protocell assembly, the RNA world hypothesis,
maintenance of non-equilibrium conditions through various energy sources, and the
evolutionary drivers that culminated in increasingly complex forms of life. By reviewing the
pertinent experimental and theoretical evidence, this text offers a detailed account of how
life’s origins are studied today and underscores the open questions that continue to drive
research.

1.2 Scope and Structure

The chapters (or sections) are arranged to follow the logical progression from prebiotic
building blocks to protocellular systems and onward to the evolution of more complex life
forms:

e Formation of Prebiotic Building Blocks: Summarizes the origins of amino acids,
nucleotides, and lipids through both terrestrial and extraterrestrial processes.

e Self-Organization and Protocells: Describes how amphiphilic molecules can
spontaneously form vesicles that serve as protocells, enclosing a microenvironment for
biochemical reactions.

e The RNA World Hypothesis and Autocatalytic Systems: Explores RNA’s dual role
as a genetic molecule and catalyst, along with the concept of autocatalytic networks.

e Energy Sources and Non-Equilibrium Conditions: Reviews how life’s energy
requirements might have been met by geothermal, chemical, and photochemical
pathways, establishing and maintaining the far-from-equilibrium states essential for
biology.

e Evolution of Complexity: Illustrates how natural selection, genetic innovation, and the
advent of DNA and proteins led to increasingly complex life forms.

e Experimental and Theoretical Approaches: Highlights laboratory studies and
computational models that recreate or simulate various stages of life’s emergence.

e Conclusion: Synthesizes the major points, emphasizing the multistage character of
life’s origin and the ongoing efforts to understand it.

2 Related Work

The study of abiogenesis, the origin of life from non-living matter, is an inherently
interdisciplinary field, drawing on chemistry, geology, biology, and astrophysics to piece
together the transition from simple molecules to the first living systems. The work presented



in this article builds upon a rich history of theoretical frameworks and experimental
investigations aimed at understanding this complex process.

Foundational questions revolve around the source and synthesis of life's essential building
blocks. Early experiments, such as the seminal Miller-Urey synthesis, demonstrated the
plausibility of forming amino acids from simple inorganic precursors under putative early
Earth conditions, providing crucial proof-of-concept for terrestrial abiotic synthesis (Delaye &
Lazcano, 2005). However, the exact composition of the early atmosphere and the challenges
posed by hydrolysis in aqueous environments remain active areas of research (Branscomb &
Russell, 2018). Complementing terrestrial synthesis, the role of extraterrestrial delivery of
organic molecules via meteorites and comets, as evidenced by analyses of bodies like the
Murchison meteorite, is increasingly recognized as a potentially significant source of prebiotic
inventory (Ehrenfreund et al., 2006).

Beyond the source of monomers, research explores the environments that could have
facilitated their concentration and polymerization. Deep-sea hydrothermal vents, particularly
alkaline systems, are proposed as potent candidates, offering sustained geochemical gradients
(pH, redox) and mineral catalysts (e.g., metal sulfides) that could drive prebiotic reactions and
provide the necessary energy to maintain far-from-equilibrium conditions essential for life
(Branscomb & Russell, 2018; Zhegunov, 2012). Such environments might provide the
continuous energy flow needed for complex chemical organization (Zhegunov, 2012).

A critical step in abiogenesis is the emergence of compartmentalization. The spontaneous self-
assembly of amphiphilic molecules, such as fatty acids, into vesicles (protocells) provides a
mechanism for creating localized microenvironments, concentrating reactants, protecting
molecules from degradation, and establishing gradients across a boundary (Imai et al., 2022).
Experiments simulating conditions like wet-dry cycles demonstrate plausible pathways for
protocell formation, growth, and division (Lopez & Fiore, 2019).

The nature of the first informational and catalytic systems is central to the "RNA World"
hypothesis, which suggests RNA initially fulfilled both roles before the advent of DNA and
proteins (Wu & Higgs, 2012). The discovery of ribozymes supports RNA's potential catalytic
function. However, the pathway to self-replicating RNA and the required fidelity remain
challenging research questions. Concurrently, the concept of autocatalytic networks, where
systems of molecules collectively catalyze their own production, offers a framework for
understanding how complex chemical organization could arise and become self-sustaining,
potentially within protocellular compartments (Wu & Higgs, 2012; Greenwald et al., 2018).
Alternative hypotheses, such as the "Amyloid World," propose that stable peptide structures
could have played early roles in scaffolding or catalysis, potentially preceding or
complementing RNA-based systems (Greenwald et al., 2018).

Life's persistence depends on harnessing energy sources to maintain its complex, non-
equilibrium state. Beyond the chemical energy available at hydrothermal vents (Branscomb &
Russell, 2018; Zhegunov, 2012), the eventual harnessing of light energy through
photochemical processes represents a major evolutionary step, providing a widespread and
abundant energy source (Michel, 2011).



The transition from prebiotic chemistry to biology involves evolutionary processes. Once
systems capable of replication (even rudimentary) and variation emerged, natural selection
could begin to operate, favoring protocells with greater stability, metabolic efficiency, or
replication fidelity (Lindahl, 2004). This selective pressure likely drove the gradual increase in
complexity, including the eventual transition to more stable DNA-based genetic storage and
the highly versatile catalysis offered by protein enzymes, requiring the evolution of translation
and the genetic code (Wu & Higgs, 2012; Cronin, 2014).

Modern approaches to studying abiogenesis integrate laboratory experiments, including the
construction and testing of synthetic protocells (Imai et al., 2022; Lopez & Fiore, 2019) and
simulations of prebiotic environments (Ehrenfreund et al., 2006), with theoretical and
computational modeling. These models explore the stochastic nature of molecular interactions,
reaction-diffusion dynamics in spatial contexts, and the emergence of complex network
behaviors, providing insights into the likelihood and mechanisms of spontaneous life
emergence (Wu & Higgs, 2012; Cronin, 2014). This article synthesizes these diverse threads,
presenting a coherent overview of the multistage process envisioned by current scientific
understanding.

2.1 Research Objectives

e To explore how life originated from non-living matter on early Earth through
interdisciplinary scientific inquiry.

e To investigate the formation of basic organic molecules (amino acids, nucleotides,
lipids) under prebiotic conditions.

e To examine the self-organization of these molecules into protocells or primitive
cellular structures.

e To analyze the role of RNA, autocatalytic networks, and peptide amyloids in early
self-replicating systems.

e To assess the influence of energy sources (geothermal, redox, solar) in maintaining
non-equilibrium conditions essential for life.

e To evaluate how natural selection and evolutionary processes may have driven
increasing molecular and structural complexity, leading to DNA-protein-based life.

3 Methodology

This research adopts a multidisciplinary theoretical approach grounded in the synthesis of
empirical and computational studies on abiogenesis. A thorough literature review was
conducted, drawing on historical experiments like the Miller-Urey synthesis of amino acids
and more recent developments in synthetic protocell systems. Key models such as the RNA
World hypothesis and Amyloid World hypothesis were examined critically to understand the
feasibility of early self-replicating systems. The methodology includes comparative analysis of
terrestrial versus extraterrestrial origins of organic molecules, incorporating insights from
meteorite analysis and hydrothermal vent chemistry. Computational simulations described in
the literature such as stochastic models, reaction-diffusion systems, and systems chemistry
frameworks were reviewed to understand how simple molecules could evolve into complex
networks. Additionally, experimental findings related to protocell growth, encapsulated



reactions, and primitive catalytic cycles were integrated to evaluate the plausibility of
hypothesized prebiotic pathways. This multi-pronged strategy allows for a holistic
understanding of the origin of life grounded in both theoretical insight and laboratory
evidence.

4 Formation of Prebiotic Building Blocks

4.1 The Significance of Simple Organic Molecules

Living systems hinge on a subset of organic molecules—amino acids for proteins, nucleotides
for nucleic acids, sugars for energy storage and structure, and lipids for membranes. The
question of whether these building blocks arose spontaneously on Earth or were delivered by
extraterrestrial sources remains a subject of extensive study (Delaye&Lazcano, 2005;
Ehrenfreund et al., 2006).

4.1.1 Types of Biomolecular Precursors

e Amino Acids: Essential components of proteins and enzymes, many of which can be
synthesized from atmospheric gases (CHa4, NHs, H2) or delivered via meteorites.

e Nucleotides: Composed of a nitrogenous base, a sugar (ribose or deoxyribose), and
phosphate groups; they form the backbone of RNA and DNA.

e Lipids: Fatty acids and other amphiphiles that can self-assemble into bilayer
membranes—critical for the compartmentalization inherent to living cells.

e Sugars and Other Organics: Carbohydrates serve as energy sources and structural
components, and various other small organics (e.g., organic acids) play roles in
metabolic pathways.

Each of these categories has been investigated in laboratory simulations, geological analyses,
and astrophysical observations to determine plausible pathways of synthesis and accumulation
on the early Earth.

4.2 Miller-Urey Experiment and Abiotic Synthesis

One of the most iconic demonstrations of abiotic synthesis is the Miller-Urey experiment
(1953). In a closed apparatus containing methane (CHa), ammonia (NHs), hydrogen (Hz), and
water vapor (H20), electric sparks simulated lightning in Earth’s primordial atmosphere. After
continuous sparking and condensation cycles, the experiment yielded an array of amino acids
(Delaye&Lazcano, 2005). Though subsequent data suggest that Earth’s early atmosphere may
have been less reducing than originally proposed, the Miller-Urey approach provided vital
proof of principle: under certain conditions, amino acids and other organics can form
spontaneously from simple inorganic compounds.



4.2.1 Variations of Miller-Urey Conditions

Later experiments have expanded on the Miller-Urey design, adjusting atmospheric
compositions to be neutral or weakly reducing (e.g., CO: and N: instead of CH4 and NHs).
These modifications still produce some amino acids, albeit in lower yields, and can also
generate rudimentary sugars or nucleotide precursors. Additional energy sources such as UV
radiation have been tested to mimic solar irradiation on the early Earth. These variants
collectively reinforce the idea that Earth’s primordial conditions, particularly when coupled
with volcanic or lightning activity, could have supplied the planet’s surface with essential
organic compounds.

4.2.2 Hydrolytic Challenges

A frequent objection to models of widespread abiotic synthesis in open-water environments is
the hydrolytic instability of complex molecules. Water tends to hydrolyze many peptides or
glycosidic bonds, thus breaking down larger organic compounds over time. Nonetheless, local
environments like tidal pools, evaporating ponds, or subsurface niches can temporarily
concentrate reactants and shield them from relentless hydrolysis, favoring the accumulation of
stable or partially protected organics (Branscomb & Russell, 2018).

4.3 Extraterrestrial Sources of Organic Molecules

A complementary or alternative explanation posits that early Earth’s supply of organics was
supplemented or even predominantly provided by meteoritic and cometary infall. The
Murchison meteorite, for instance, contains amino acids, nucleobases (like uracil), and
complex hydrocarbons (Ehrenfreund et al., 2006). Laboratory analyses of carbonaceous
chondrites often reveal similar chemical diversity, suggesting that space-borne organics were
widespread in the early solar system.

4.3.1 Relevance to Earth’s Early Environment

The collision-heavy Hadean and early Archean eons saw numerous impacts that could deliver
organic-rich matter directly to Earth’s surface. Meteorites offer relatively sheltered
environments for these molecules, protecting them from solar radiation and harsh vacuum
conditions (Ehrenfreund et al., 2006). Interplanetary dust particles also steadily rained onto
Earth, potentially seeding oceans or terrestrial niches with additional organics. Collectively,
these processes may have boosted the availability of building blocks, complementing in situ
synthesis.

4.3.2 Implications for Panspermia

While not strictly necessary to explain abiogenesis on Earth, panspermia theories propose that
microbial life or key biomolecules might have traveled between planetary bodies. Even if
panspermia did not provide intact life forms, extraterrestrial organics could have facilitated or
accelerated abiogenesis. This perspective widens the search for life beyond Earth, as other
solar system bodies or exoplanetary systems might harbor similar organic inventories.



4.4 Deep-Sea Hydrothermal Vents

Deep-sea hydrothermal vents particularly alkaline vents offer geologically driven chemical
gradients that could have powered early metabolic-like reactions (Branscomb & Russell,
2018). When superheated, mineral-rich fluids encounter cold seawater, steep redox and pH
gradients form. These gradients create a dynamic interface teeming with chemical
possibilities:

e Thermally driven transformations of inorganic carbon (CO:) into organics.

e Catalysis by metal sulfides (e.g., iron sulfide, nickel sulfide) promoting the formation
of peptides and other molecules.

e Structured microporous rocks providing compartments reminiscent of protocells.

Such environments may have produced (or stabilized) amino acids, lipids, or even simple
sugar derivatives. Since vents are a far-from-equilibrium setting—consistently fueled by
geothermal energy—they could supply a continuous energy source for sustaining prebiotic
chemistry. This energy flow aspect is believed to be critical for life’s emergence (Zhegunov,
2012).

5. Self-Organization and Protocells
5.1 Formation of Protocells

Once the molecular precursors for life were available, the next pivotal step was
compartmentalization into protocells. A protocell is generally defined as a membrane-bound
vesicle encompassing a suite of chemical reactions that approximate metabolic or replicative
functions (Imai et al., 2022).

5.1.1 Amphiphilic Self-Assembly

Amphiphilic molecules (e.g., fatty acids, phospholipids) have both hydrophilic and
hydrophobic regions. In water, these molecules spontaneously arrange themselves so that their
hydrophobic tails are shielded from the aqueous milieu, while their hydrophilic heads interact
with water. This natural tendency leads to the formation of micelles or bilayer vesicles, which
can encapsulate an internal aqueous space. Studies show that fatty acids, even in simple
mixtures, can form vesicles capable of growth and division when additional fatty acids are
introduced (Lopez & Fiore, 2019).

5.1.2 Encapsulation of Biochemical Reactions

One profound advantage of encapsulation is local concentration: molecules within a vesicle
can achieve higher local concentrations, enhancing reaction rates. Encapsulation can also
protect fragile intermediates (e.g., short RNA strands) from degradation by external factors.



Additionally, if certain catalytic molecules (enzymes, ribozymes, or mineral surfaces) are
embedded in or adsorbed onto the protocell membrane, reaction specificity can increase.

5.2 The Role of Lipid Membranes

Lipid bilayers are selectively permeable, allowing small molecules (e.g., water, ions, simple
organics) to pass while retaining larger or charged molecules. This selective permeability is
crucial for:

e Nutrient uptake: Raw materials from the environment can diffuse inward.
e Waste removal: Harmful byproducts can diffuse outward.

e Maintaining homeostasis: The protocell can regulate its internal pH and ionic
composition better than if it were fully exposed to the environment.

Laboratory experiments demonstrate that fatty acid vesicles can exhibit rudimentary growth
absorbing free fatty acids from their surroundings to enlarge and can spontaneously divide
under shear forces or osmotic pressure changes (Lopez & Fiore, 2019). These behaviors, while
primitive, mimic fundamental cellular processes like growth and division.

6. The RNA World Hypothesis and Autocatalytic Systems

6.1 RNA as the First Self-Replicating Molecule

6.1.1 Dual Role of RNA

The RNA World hypothesis proposes that RNA may have preceded DNA and proteins in
early life. This hypothesis hinges on the remarkable duality of RNA (Wu & Higgs, 2012):

e Information Storage: RNA’s linear sequence of nucleotides can encode genetic
information.

e Catalytic Capacity: Certain RNA molecules (ribozymes) can fold into complex
three-dimensional shapes that enable enzyme-like catalysis, including the cleavage
and ligation of RNA strands.

These dual functionalities suggest that a simpler life form based primarily on RNA could have
arisen before the evolution of DNA (more stable but catalytically inert) and proteins (highly
efficient catalysts but lacking hereditary function in themselves).

6.1.2 RNA Replication and Fidelity

For the RNA World scenario to hold, RNA must replicate at a high enough fidelity to pass on
advantageous traits across protocell generations. Experimental research has shown that



ribozymes can facilitate RNA polymerization, though laboratory ribozymes currently exhibit
lower speed and fidelity than modern protein enzymes (Greenwald, Kwiatkowski, &Riek,
2018). Nonetheless, even partial replication could suffice in an early Earth environment,
where selection pressures might rapidly improve catalytic performance.

6.2 Autocatalytic Networks

6.2.1 Definition and Importance

In autocatalytic reactions, the products (or subsets of the products) accelerate their own
formation. This can lead to exponential growth in product concentration if resources permit.
Applied to early life, autocatalytic systems in protocells could have dramatically amplified
certain molecules—be they RNA strands, peptides, or metabolic intermediates. The synergy
between autocatalysis and compartmentalization thus provides a plausible mechanism for
robust chemical “take-off” (Greenwald et al., 2018).

6.2.2 Experimental Evidence and Models

Laboratory experiments with self-replicating RNA sequences have demonstrated that
autocatalytic cycles can arise and evolve under selection (Wu & Higgs, 2012). Similarly,
computational models show that localized concentration fluctuations—in small volumes, akin
to protocell interiors—can tip the balance toward stable autocatalytic states. These findings
support the idea that early life might have exploited simple autocatalytic sets, eventually
incorporating more diverse reaction pathways and even early genetic codes.

7. Energy Sources and Non-Equilibrium Conditions
7.1 Thermal and Chemical Energy Gradients

Life’s hallmark is its ability to maintain far-from-equilibrium states, requiring continuous
energy input to counteract thermodynamic tendencies toward entropy. Hydrothermal vents
and geothermal environments serve as natural sites for steep temperature and chemical
gradients:

e Vent fluids can be rich in H2, H2S, or CHa, offering reductants to power redox
reactions.

e Mineral surfaces (e.g., iron-sulfur or nickel-sulfur alloys) can catalyze complex
organ synthetic processes (Zhegunov, 2012).

e Heat flow from the Earth’s interior can drive convection, cycling reactants in and out
of high-temperature zones.

These factors, combined with the presence of microporous vent structures, could have
nurtured sustained chemical reactions that progressively led to metabolic innovation.



Experiments mimicking vent conditions continue to generate peptides, nucleotides, and other
biomolecules under realistic temperature/pH regimes (Branscomb & Russell, 2018).

7.2 Light as an Energy Source

7.2.1 Photochemical Reactions and Early Phototrophs

While the earliest metabolisms are commonly associated with geochemical energy, light
became a major energy source once molecules capable of absorbing photons evolved. Even
prior to the sophistication of chlorophyll-based photosynthesis, simpler light-sensitive
pigments (e.g., bacteriorhodopsin) could convert solar energy into proton gradients (Michel,
2011). Such processes generate ATP or analogous energy currencies, fueling further
chemical complexity in protocells.

7.2.2 Evolutionary Implications

Harnessing sunlight likely provided an enormous selective advantage, enabling the protocells
or microbial predecessors that developed photochemical pathways to exploit an energy source
more abundant and widespread than hydrothermal or volcanic niches (Michel, 2011). Over
time, selection refined these photochemical systems, culminating in modern oxygenic
photosynthesis, which dramatically reshaped Earth’s atmosphere and biosphere.

8. Evolution of Complexity

8.1 Natural Selection and Genetic Evolution

8.1.1 The Role of Variation in Early Protocells

Once self-replicating protocells emerged either via RNA-based systems or alternative
replicators natural selection could act on any heritable variations in catalytic efficiency,
membrane stability, or nutrient uptake (Lindahl, 2004). Although the fidelity of replication in
early systems was likely low, even small improvements in replication rates or metabolic
productivity would yield competitive advantages. Over many generations, protocells harboring
beneficial mutations (e.g., a ribozyme that polymerizes nucleotides faster) would outcompete
less efficient variants, gradually elaborating the biochemical repertoire.

8.1.2 Metabolic Network Diversification

In parallel with genetic elements, protocells that acquired new or more efficient metabolic
pathways (e.g., the capacity to process environmental CO:, incorporate amino acids into
peptides, or harness a broader range of chemical gradients) would thrive in diverse
environments. This expansion of metabolic capacities led to metabolic network diversification
for instance, the emergence of pathways related to glycolysis, the citric acid cycle, or partial
segments of them in a more rudimentary form.



8.2 The Emergence of DNA and Protein-Based L.ife

8.2.1 Transition from RNA to DNA

While RNA may have dominated early genetics, DNA eventually supplanted RNA for
information storage because it offers greater stability—due to the absence of the 2'-hydroxyl
group on ribose—and allows for more extensive proofreading and repair (Wu & Higgs, 2012).
The appearance of ribonucleotide reductase-like activities could have gradually enabled
protocells to produce deoxyribonucleotides from ribonucleotides. Once protocells possessed
enzymes to convert RNA genes into DNA counterparts, the advantage of more stable heredity
likely propelled DNA to dominance.

8.2.2 Protein Enzymes and Enhanced Catalysis

The advent of protein-based enzymes further revolutionized early life. Proteins, composed of
20 standard amino acids (in modern organisms), offer a vastly greater diversity of catalytic
and structural capabilities than RNA. As soon as a rudimentary genetic code linked nucleotide
triplets to specific amino acids, protocells could translate RNA sequences into polypeptides.
Over evolutionary time, polypeptide-based enzymes, with their richer chemistries and
structural flexibility, replaced many ribozymes, boosting metabolic efficiency and enabling
complex regulation (Cronin, 2014).

8.2.3 Diversification of Early Life Forms

With DNA for genetic storage and proteins for catalysis, early life forms became more
resilient and adaptable. This paved the way for major evolutionary innovations—such as
photosynthesis, aerobic respiration, and complex multicellularity. While the primal steps
of these shifts lie beyond the strict domain of abiogenesis, they highlight how quickly life can
diversify once reliable heredity and efficient metabolism are established.

9. Experimental and Theoretical Approaches to Studying the Origin of Life

9.1 Laboratory Experiments

9.1.1 Synthetic Protocells

Researchers increasingly attempt to synthesize artificial protocells (Lopez & Fiore, 2019; Imai
et al., 2022). By using fatty acids, peptides, or polymeric compartments, scientists create cell-
like systems that can grow, divide, or facilitate specific metabolic or genetic reactions. These
systems test hypotheses about minimal living cells, exploring how rudimentary compartments
might have emerged and evolved on early Earth.

9.1.2 Modeling Autocatalytic Systems and Alternative Hypotheses

Lab experiments focusing on autocatalytic cycles and alternative origin-of-life theories, such
as the amyloid-world hypothesis (Greenwald et al., 2018), shed light on diverse chemical



routes. For instance, peptide amyloids might have preceded RNA as stable scaffolds for
catalysis or chemical information transfer. By systematically recreating or approximating
presumed prebiotic environments whether near hydrothermal vents, under UV irradiation, or
in ice-bound niches researchers gather data on the feasibility of different synthetic pathways.

9.1.3 Amyloid-World Hypothesis

Recent work suggests that peptide amyloids could function as primordial scaffolds. Amyloid
fibrils, formed from short peptides, are known for their stability and potential catalytic
surfaces. If amyloid fibrils indeed emerged before RNA, they may have facilitated the
assembly and polymerization of nucleotides or amino acids, offering an alternative or
complementary track to the RNA World paradigm (Greenwald et al., 2018).

9.2 Computational Models

9.2.1 Stochastic Simulations of Prebiotic Evolution

Many origin-of-life researchers employ computational simulations to explore early
evolutionary processes (Wu & Higgs, 2012). These models often incorporate stochastic
elements, reflecting random fluctuations in local concentrations of reactants and catalysts. By
systematically adjusting reaction rates, diffusion constants, and protocell division thresholds,
such simulations can reveal how autocatalytic networks might arise spontaneously and spread
through a population of protocells.

9.2.2 Spatial Localization and Reaction-Diffusion Dynamics

Spatial models where protocells exist on grids or interact in microenvironments are crucial for
understanding reaction-diffusion phenomena. Early life may have been extremely sensitive to
local conditions: tiny variations in concentration or pH can trigger or halt key reactions.
Models show that if autocatalytic sets form in one locale, they can “invade” other areas via
protocell division or molecular exchange (Wu & Higgs, 2012). Over evolutionary timescales,
these expansions result in emergent complexity, illustrating how random fluctuations might
have driven abiogenesis.

9.2.3 Systems Chemistry and Network Approaches

Another computational approach is systems chemistry, viewing the early Earth as a massive
chemical network. Each node represents a molecular species, and edges denote reaction
pathways with certain probabilities and catalytic enhancements. By simulating how such
networks evolve under specific energy inputs (thermal, chemical, or photonic), researchers can
identify which sub-networks become self-sustaining or “auto poietic,” effectively resembling
early metabolism.



10. Summary
10.1 Summary of the Multistage Process

The transition from non-living molecules to living systems was neither instantaneous nor
simple. Rather, it appears to have unfolded in distinct (though overlapping) stages:

e Formation of Organic Molecules: Prebiotic building blocks amino acids,
nucleotides, lipids likely arose via a combination of abiotic synthesis on Earth
(Miller-Urey—type processes, hydrothermal vents) and extraterrestrial delivery
(meteorites, interplanetary dust).

e Self-Organization into Protocells: Amphiphiles spontaneously assembled into
membrane-bound compartments, providing localized chemical environments. These
protocells encapsulated and protected key molecules, fostering rudimentary
metabolic or replicative activities (Imai et al., 2022).

e Emergence of Autocatalytic Systems: Through catalytic feedback loops, molecules
began to replicate or sustain their own production (Greenwald et al., 2018). RNA’s
dual genetic-catalytic role stands out, but alternative routes (e.g., amyloid-world) may
have contributed.

e Maintenance of Non-Equilibrium Conditions: Life thrived in far-from-equilibrium
settings with continuous energy inputs, whether from hydrothermal gradients,
chemical redox potentials, or early photochemical reactions (Michel, 2011).

e Evolution of Complexity: Natural selection on protocells with genetic or metabolic
advantages led to the evolution of increasingly intricate life forms. The advent of
DNA-based heredity and protein enzymes paved the way for modern cellular
organization and diversity (Cronin, 2014; Lindahl, 2004).

10.2 Current Research Trajectories
Ongoing work includes refining the plausibility of each step:

e Geochemical Studies: More precise reconstructions of Earth’s early atmosphere and
ocean chemistry to determine if robust organic synthesis was feasible in situ or
required significant extraterrestrial inputs.

e Laboratory Protocell Evolution: Experimental evolution experiments—subjecting
synthetic protocells to selection pressures could reveal how quickly metabolic and
replicative traits emerge.

e Advanced Computational Models: Larger-scale simulations incorporating 3D
spatial effects, detailed reaction kinetics, and real-time protocell division to test
emergent complexity under controlled “virtual” conditions.



e Astrobiological Investigations: Missions to Mars, Titan, or ocean worlds (Europa,
Enceladus) may vyield insights into the conditions supporting prebiotic chemistry
beyond Earth.

10.3 Final Reflections

Though many details remain unresolved, a convergent picture arises from decades of cross-
disciplinary research: life on Earth likely emerged through a gradual, multistage process
powered by environmental energy sources and guided by natural selection acting upon
autocatalytic, compartmentalized molecular systems. Abiogenesis, once viewed largely as an
intractable mystery, has steadily become more approachable with ongoing experiments and
simulations. Each incremental advance illuminates not only Earth’s distant past but also the
broader principles governing life’s potential emergence throughout the universe.

11. Results and Conclusion

The findings of this study suggest that the origin of life was a multistage process driven by
both environmental conditions and chemical self-organization. Evidence supports the idea that
basic organic molecules were synthesized either through abiotic Earth-bound reactions or
delivered via extraterrestrial bodies such as meteorites. These molecules, under specific
conditions, demonstrated the ability to self-assemble into membrane-bound vesicles, forming
protocells capable of encapsulating and protecting chemical reactions. The RNA World
hypothesis is reinforced by experimental observations showing RNA’s ability to store genetic
information and catalyze its own replication, albeit with limited efficiency. Additionally,
peptide amyloids are proposed as possible early catalysts that may have either preceded or co-
evolved with RNA. Energy input from hydrothermal systems, chemical gradients, and
photochemical processes played a crucial role in maintaining the non-equilibrium conditions
necessary for prebiotic chemistry. Over time, natural selection likely favored protocells with
enhanced replication and metabolic functions, leading to the evolution of DNA-based heredity
and protein-based catalysis. These transitions are supported by both synthetic biology
experiments and computational models, though the precise sequence of these developments
remains an active area of research.
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