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SUMMARY

The origin(s) of life (OoL), which has puzzled scientists for centuries, remains a major scientific challenge in 
the 21st century. Understanding the processes relevant to the OoL demands theoretical frameworks that can 
connect processes across scales, from microscopic dynamics to emergent levels of organization. While 
experimental studies generate a wealth of data, theoretical and computational approaches provide the struc-

ture necessary to interpret and generalize these findings. In Part 1, we examined the most widely used exper-

imental techniques in the field. Here, we focus on the mathematical, physical, and computational techniques 
used to model phenomena relevant to life’s origin(s). We discuss methods ranging from quantum chemistry 
and molecular dynamics to chemical reaction networks, autocatalysis, and evolutionary modeling, as well as 
information-theoretic and phylogenetic approaches that link chemical and biological organization. We further 
highlight emerging trends such as synthetic biology, omics-based methods, and laboratory automation as 
novel points of contact for theory-experiment integration. Ultimately, we aim to provide an educational 
tool that can facilitate more post-disciplinary collaborations in OoL research by helping scientists understand 
what they can do about the problem of life’s origins, rather than telling them how to think about it.

INTRODUCTION

The question of how life began on Earth is one of the oldest posed 

by humankind. Origin(s) of life (OoL) is a multi-disciplinary 

endeavor searching for de novo life. In lieu of this, we wrote this

two-part review focusing on tools and techniques used by 

different disciplines to tackle the question of how life might have 

started. In Part 1, we focus on experimental techniques, covering 

spectroscopy, chromatography, mass spectrometry, microscopy, 

genomic sequencing, and physical and chemical databases. 1
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Herein, we focus on theoretical and modeling approaches. These 

include molecular simulations, chemical thermodynamics, ki-

netics and networks, and models of (proto)cellular evolution, 

together with information-theoretic perspectives and molecular 

phylogenetics (Figure 1). Finally, we conclude by discussing 

emerging trends that integrate experimental and theoretical 

work, such as omics studies, laboratory automation, microfluidics, 

synthetic biology targeting protocells, and evolution and selection 

experiments. Our goal is to present the methodologies and tech-

niques commonly used in OoL rather than to be an in-depth re-

view. It is our hope that these two parts will facilitate more collab-

orative work between specialists within the community.

THEORETICAL APPROACHES AND MODELING 

FRAMEWORKS FOR THE ORIGIN(S) OF LIFE

After thorough experimental investigation and comparison with 

databases, you are starting to grasp what your advisor’s myste-

rious sample is made of. But composition is only a part of the 

story. To truly understand a system you need to know not just 

what it is made of but what it does. Predicting and explaining 

the behavior of systems falls under the realm of modeling. If 

you want to predict how the sample will respond to external stim-

uli like heat or light, or if you want to understand the reactions 

that might have created the sample in the first place, you will

need models to guide the way. The questions scientists explore 

in the context of OoL lead to diverse answers, 2 each requiring 

different theoretical approaches to capture various aspects of 

the same phenomena. In some cases, these are first-principles 

physical approaches such as quantum chemical models and 

thermodynamic models. In other cases, these approaches are 

based on the principles of biology, as is the case for molecular 

phylogenetics. Still in other cases need more abstract models 

to understand how interactions between individual parts 

compose a whole or how simple rules can lead to complex out-

comes. In this section, we outline various theoretical models, 

computational approaches, and simulation techniques to 

address problems in OoL.

Our focus is not on theories of life’s origin but rather on 

methods that offer scientific insights beyond what can be directly 

accessed through experimental or lab-based approaches. Like 

the experimental approaches, these methods are diverse, but 

they do share some commonalities. A summary of different ap-

proaches is shown in Table 1. Modeling is typically expressed 

in the language of mathematics, specifically, linear equations, 

differential equations, and probability and statistics.

In modern research, mathematical approaches are heavily 

supported by computation, which allows us to solve differential 

equations, implement maximum-likelihood estimators, and 

iterate rule-based systems. While many different models share
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common mathematical formalisms, the scientific interpretation 

and application of these models can vary significantly. For 

example, quantum mechanics (QM), chemical kinetics, and rep-

licator dynamics all involve solving differential equations, but the 

meaning of those solutions and the approximations used differ 

across disciplines. Here, we focus on the domain-specific con-

cepts, interpretation, and application of these models, omitting 

the formal rigor that can be found in specialized literature.

Molecular modeling and simulations

Molecular modeling focuses on understanding chemical-phys-

ical processes at the atomic level. 21,22 In principle, this involves 

solving the time-independent Schrö dinger equation for N parti-

cles, where each particle is a nucleus or electron in the system, 

and accounting for the relevant potentials in the problem. The 

challenge is that solving Schrö dinger’s equation directly, either 

analytically or numerically, is impossible for all but the simplest 

cases. Therefore, we must approximate this equation in various 

ways and use different approaches to solve these approxima-

tions. This generally falls into two main approaches: quantum 

chemistry and molecular mechanics (MM). In quantum chemis-

try, we make approximations to the Schrö dinger equation itself, 

retaining some fundamental features of QM. In MM, we approx-

imate the system using classical mechanics, which makes the 

calculations easier. Figure 2 illustrates the relationship between 

different methods, system sizes, and the timescales attainable
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Figure 1. Techniques covered in these re-

views and their most important relation-

ships

Theoretical and computational techniques are 

shown in yellow, databases in green, and dark 

blue indicates emerging trends. Experimental 

techniques that are covered in Part 1 1 are shown 

in gray. Gray lines connect related techniques 

within a given category, pink lines connect 

experimental and theoretical work, while green 

lines connect techniques to databases.

by molecular modeling methodologies.

These computational methods often 

require high-performance computing 

and can involve long computing times. 

The primary limitation in applying 

these methods is the computational 

tractability of the problem being ad-

dressed. Depending on the problem’s 

nature and scale (i.e., whether dealing

with electrons or entire molecules),

different methods are suitable. This cre-

ates a trade-off between accuracy, reso-

lution, and computation time. Practical

constraints determine what types of 

problems can be modeled using these 

approaches, based on factors such as 

the system’s size (measured by the num-

ber of atoms or molecules) and the 

complexity of changes occurring (for 

example, calculating the movement of electrons between or-

bitals is more computationally demanding than if they remain 

relatively static). The quantities we typically measure in experi-

ments or expect in thermodynamic considerations correspond 

to ensemble averages of many microscopic processes. In mo-

lecular modeling, obtaining these averages requires generating 

and exploring many realizations of the system over time. The 

process of efficiently exploring these configurations—whether 

by initializing different starting points or dynamically evolving a 

single trajectory to ensure thorough phase-space coverage—is 

called sampling. In OoL research, rare events and non-equilib-

rium processes are particularly important, making enhanced 

sampling techniques useful as they allow for exploring a larger 

portion of the configuration space. 23 We explore these topics 

in more detail in the following sections.

Quantum chemistry

The goal of QM calculations is to predict the arrangement and 

behavior of electrons in molecules by solving the electronic 

(time-independent) Schrö dinger equation. In OoL studies, where 

molecules are often complex, approximations are necessary to 

overcome computational challenges. One fundamental approx-

imation used in many QM calculations is the Born-Oppenheimer 

approximation. This simplifies the problem by treating the move-

ment of nuclei separately from the movement of electrons, allow-

ing for a numerical solution to the Schrö dinger equation to deter-

mine the electronic structure and energies of molecules based

Please cite this article in press as: OoLEN (Origin of Life Early-Career Network)Asche et al., What it takes to solve the origins of life: An integrated 
review. Part 2: Theoretical methods and emerging trends, Cell Reports Physical Science (2026), https://doi.org/10.1016/j.xcrp.2026.103211

Cell Reports Physical Science 7, 103211, April 15, 2026 3

Review

ll
OPEN ACCESS



on their geometry. Wavefunction-based methods describe elec-

trons as single-particle wavefunctions (orbitals) around a fixed 

nucleus. Early Hartree-Fock (HF) methods approximate the elec-

tronic wavefunction using the simplest combination of molecular 

orbitals (known as the Slater determinant) and optimize them 

numerically in a self-consistent field. However, HF methods do 

not account for electron correlation effects, which are important 

for chemical bonding.

To overcome this, post-HF methods such as Møller-Plesset 

perturbation or coupled-cluster theory 24 provide computational 

routines to account for dynamic electron correlation. Wavefunc-

tion-based methods are thus effective for calculating optimal 

molecular geometries, transition states, and vibrational spectra 

(see Part 1 Spectroscopy 1 ). These methods have been used to 

interpret extraterrestrial spectra and identify molecular signa-

tures in space, 25 as well as to calculate free energies of molecu-

lar interactions, such as the emergence of codons within DNA. 26 

However, due to their high computational cost, wavefunction-

based methods are generally limited to small molecules. To 

address this limitation, these methods often rely on sampling 

the molecular configuration space using lower-cost, lower-accu-

racy methods, including both quantum- and classical me-

chanics-based approaches.

Density functional theory (DFT) has gained popularity due to its 

computational affordability while delivering reliable predictions 

of molecular geometries and associated ground-state properties 

of a system. DFT describes the electron system by an electronic 

density instead of an electronic wavefunction—focusing on ap-

proximations that can be made on the electronic Hamiltonian. 27 

Typically, the methods are based upon Kohn-Sham theory, 28 

which introduces an orbital representation of the electronic den-

sity to better evaluate kinetic energy, while offering a different 

option to approximate the (in)famous exchange, and correlation 

energy and potential. If this exchange and correlation potential 

were to be known, Kohn-Sham DFT would be exact. Unfortu-

nately, this is not possible, so the functional form of this potential 

needs to be approximate, leading to a range of density functional 

approximation (DFA) methods. DFAs are often classified in fam-

ilies such as local density approximation, 29 generalized gradient 

approximation, 30 or the very-commonly used hybrid (exact-ex-

change) functionals. These methods allow reliable prediction of

molecular geometries and associated ground-state properties, 

including spectra, and allow for prediction and identification of 

the spectroscopic signatures of molecules applicable to their 

detection 31,32 (see Part 1 Spectroscopy 1 ).

Notably, DFT can be used to study reaction mechanisms, pre-

dicting the transition states, activation barriers, and pathways 

taken. For example, developments in the DFT allow us to revisit 

the hypothesis of amino acid synthesis from alpha-keto acids via 

catalysis by dinucleotide species. 5 The computational analysis 

and details of the structures for the intermediates and transition 

states showed that there was wide scope for interactions be-

tween the keto acids and dinucleotide moieties and led to the 

required proto-metabolic selectivity. 33 Furthermore, quantum 

chemical calculations help generate hypotheses in the absence 

of experimental data. For example, they produced a testable 

mechanism for the formation of formamide. 34

While finite molecular systems are at the center of abiogenesis 

research, condensed materials are also of great importance in 

the OoL setting. 35 Substrates such as mineral surfaces may 

have a key role in concentrating small molecules, catalyzing re-

actions toward the increased complexity of biological mole-

cules. 36–38 The study of peptide-bond formation on aluminosili-

cate surfaces allowed the investigation of this hypothesis 

computationally, which demonstrated the feasibility for peptide 

formation on the clay surface. 39 The method itself modeled the 

substrate as an isolated cluster of atoms, assumed to be repre-

sentative of the system. This approach represents both the 

molecule and substrate as a system of orbitals but is not always 

applicable to materials. For example, crystalline materials or 

metals will have a continuum of energy levels (bands) that are 

not centered on nuclei, in which case a planewave approach is 

adopted. 40

The applications are often related to identification of potential 

catalytic surfaces or to provide theoretical evidence for a pro-

posed reaction mechanism on a surface. For instance, a DFT 

study focused on CO 2 interactions with catalytic minerals such 

as iron sulfides (e.g., mackinawite: tetragonal FeS) revealed 

that, when these surfaces are doped with Ni, they exhibit weaker 

bindings to CO 2 . 
41 Furthermore, the DFT calculations used 

alongside ultraviolet-visible (UV-vis, see Part 1 Spectroscopy 1 ) 

experimental studies have been effective in identification of 

products and intermediates of mineral-assisted formamide con-

version to nucleobases, also allowing to identify corresponding 

features on the experimental spectra. 42 In another example, a 

QM study, combined with experiments and classical MM simu-

lations (as discussed in ‘‘proteomics and transcriptomics’’), en-

ables the investigation of larger systems and the inclusion of 

temperature effects, helping to elucidate interactions between 

organic molecules and minerals under early Earth conditions. 43 

The mechanism of formation of early organic molecules, such 

as formamide, has been described by QM models and shown to 

be possible at extremely low temperatures. 44 However, it would 

not be fair to assume that the electronic structure of a molecule is 

not affected by its environment, as not every reaction can 

happen in a near-vacuum and at absolute zero. The substrate, 

solvent, temperature, surrounding ions, and proton gradients 

are all crucial in the study of OoL. From a modeling perspective, 

a solvent is a many-molecule matrix, coordinating to the solute

Table 1. Systems and formalisms in modeling

Modeling framework Formalism(s)

Use

cases

Molecular modeling Partial differential equations 

Schrö dinger’s equation and 

approximations

3–6

Chemical thermodynamics, 

kinetics, and networks

systems of linear equations, 

partial differential equations, 

chemical master equation, 

graph theory

7–11

Evolutionary modeling ordinary and partial differential 

equations, rule base modeling

12–15

Information theory probability theory 16,17

Molecular phylogenetics Bayesian inference, 

maximum-likelihood methods

18–20
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molecule and creating a surrounding electrostatic medium. Due 

to the sheer number of atoms, this is inherently computationally 

demanding. The polarizable continuum (PC) model 45 allows the 

inclusion of dielectric bulk solvent effects, and thereby to drop 

the explicit solvent molecules. Nevertheless, solvent molecules 

are coordinating the solute, coupling motions, allowing molecu-

lar coordination, damping the motions, and allowing for energy 

exchange between species. 46 Therefore, these molecules 

should be included. In this case, the computing effort is dedi-

cated to the region of interest—the molecule—while the neces-

sary but not chemically interesting areas are reduced to a mini-

mal representation. 47 Similarly, QM/MM mixed methods allow 

the computation of a relatively large system by reducing the sur-

roundings of a molecule of interest to the classical (i.e., electron-

free) MM representation. For example, to study a hydrogenation 

reaction of isocyanic acid on amorphous solid water to form 

formamide, the QM/MM approach allows screening the binding 

sites on the surface, calculating the activation energies, and to 

identify the tunneling mechanism of this reaction occurring at 

the interstellar temperatures of 103 K. 48 Similarly, a combination 

of a three-layer QM/MM framework was used to investigate 

hydrogen-cyanide isomerization on an icy grain. This approach

includes a larger number of molecules surrounding the reaction 

site and it highlights tunneling as a main mechanism at low 

temperatures. 49

The temperature of the surrounding environment will result in a 

molecular motion, affecting properties such as molecular vibra-

tions, anharmonic motions, and diffusion collision of species. 

Within the Born-Oppenheimer approximation, heavy nuclear 

motion can be determined through Newton’s law, with nuclear 

forces provided by calculating each time step of the dynamics, 

following the gradient of the electronic energy obtained with 

QM calculations. Through the use of molecular dynamics, we 

can incorporate energy transfer between molecules through col-

lisions, allowing them to overcome the energy barrier necessary 

for activation of a reaction. To this end, the ab initio molecular dy-

namics (AIMD) nanoreactor approach has been successfully 

used to study reactivity of aqueous HCN, suggesting that it could 

be a source of RNA and protein precursors. 3 Obtaining time-

average properties requires a long dynamic calculation and 

makes AIMD an expensive method, 50 typically allowing simula-

tion under a nanosecond timescale. 3 To gather statistically 

meaningful sampling within the attainable computational re-

sources, AIMD has been combined with machine learning to

Figure 2. Relationship between timescale and system size in simulations, ranging from gas-phase quantum calculations (small molecules 

and bonds) to condensed-phase MM (large molecules) and biological systems and processes (viruses, cells)

The shaded areas indicate the approximate limits of quantum chemistry (QM) methods (blue) and MM methods (orange). The overlapping region represents the 

typical range explored by hybrid QM/MM methods. Visualizations of example systems with dynamics across the specified time and size scales are also shown.
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gather accurate free-energy profiles for prebiotic chemical 

reactions. 51

All of the QM methods discussed above are suitable for the 

ground-state representation of electronic structure. While 

ground molecular states are applicable to many chemical sce-

narios on Earth, these methods cannot be used for the study 

of light-activated processes, such as ones occurring in inter-

stellar space or atmospheres. These chemical processes are 

of a particular interest to the formation of proto-biomolecules. 52 

In order to study photoexcitation, the extensions to the wave-

function methods are commonly used, 53,54 and, in the world of 

DFT, linear-response time-dependent DFT is one of the most 

frequently used approaches to study excited states of a mole-

cule. These methods are orders of magnitude more computation-

ally demanding, which is currently limiting their application to the 

study of molecules with relevance to OoL. Light has been a key 

component allowing for the creation of chemical complexity in 

the interstellar media, as in the study of hydroxylated naphthalene 

on dust grains discussed above 55 or toward formation of abiotic 

precursors of the pyrimidine ribonucleotides. 56

With the developments of additional QM methods and 

increased availability of computing resources, larger and more 

complex systems are amenable to these methods. However, 

there is still a strict limitation of the system sizes and timescales 

that can be modeled using QM methods, and molecular dy-

namics enables further analysis at these scales.

Molecular dynamics

MM is another valuable tool for modeling systems in which elec-

tronic structural changes are not of primary importance (i.e., no 

reactivity, excited states or changes in the chemical bonding). 

In these situations, molecular structures play a crucial role in 

determining the chemical-physical properties and functionality. 

The most widely used technique in MM is molecular dynamics 

(MD). In MD, classical (Newtonian) equations of motion are 

solved at each time step, resulting in a trajectory of atomic mo-

tions over a specified time period. Sufficient sampling is neces-

sary to ensure that the time-averaged properties of the system 

are representative of the macroscopic thermodynamic 

ensemble. In MM, molecules are represented by atoms, each 

depicted as a sphere with specific radius, softness, and charge. 

These atoms are connected by bonds, represented by springs 

with specific lengths and stiffness, along with equilibrium angles 

and dihedrals. These parameters are defined in a force field, 

which is calibrated based on QM calculations and experimental 

measurements for specific systems. As a result, various force 

fields have been developed, many of which are specifically de-

signed for liquid organic or biomolecular systems. It is worth 

noting that simpler mesoscale simulations, such as coarse-

grained MD and dissipative particle dynamics (DPD), can be em-

ployed effectively for investigating general chemistry concepts 

while mitigating computational costs. Coarse-grained MD and 

DPD simulations are widely accepted as reliable approaches 

for accurately simulating chemical phenomena. 57 These 

methods have also been applied in OoL research. 58,59 Further-

more, extension from molecular models to lattice models, pow-

ered by parameters derived from the MM simulations, allows 

modeling slower processes than attainable by MM alone. For 

instance, this approach is used to study the polymerization of nu-

cleotides, enabled through diffusion and aggregation within a 

membrane—a large and slow-moving molecular entity. 60

A notable use of MD in OoL research is to provide a mecha-

nistic explanation for the emergence of selection processes in 

complex mixtures. This includes selective synthesis of pep-

tides 6,61 and nucleotides 6,62 on mineral surfaces, selective 

permeation of sugars across membranes, 63 and composition-

based selective self-assembly of lipids. 64 A use of reactive force 

fields may also facilitate covalent reactions to better study their 

mechanisms 65 or generate chemical reaction networks. 65,66 

This theoretical framework has been successfully combined 

with experimental work, 67 providing detailed predictions that 

can be explored experimentally regarding the emergence of 

reproduction and evolution.

Structure prediction techniques have proved useful in identi-

fying conserved motifs and structures within the ribosome 68 

and modeling short peptide sequences containing active sites 

of modern proteins, such as aminoacyl-tRNA synthetases. 

These techniques enable the confirmation of reasonable 3D 

structures before synthesizing the sequences for wet-lab 

experiments. 69,70

Enhanced sampling techniques

The key to any molecular modeling is ensuring a correct thermo-

dynamic phase-space sampling is achieved. To this end, accel-

erated sampling techniques that bias or modify the potential en-

ergy landscape are employed. Examples of such methods 

include metadynamics, umbrella sampling, and variationally 

enhanced sampling. 71–73 These methods can be applied to 

both QM and MM models. Furthermore, molecular docking al-

lows for steered the assessment of molecular interactions be-

tween a larger molecular system and a smaller (docked) mole-

cule by steering the sampling. It provides a useful approach for 

quickly evaluating interactions with lower computational costs 

compared to standard equilibrium QM or MD simulations. 74 

This speed-up enabled the exploration of problems such as 

the interaction of all 1,280 combinations of proteinogenic 

amino acids with all nucleotide triplets. 75 However, its utility 

may be limited in systems with significant flexibility or when 

considering the importance of water, ions, charge, and geometry 

in interactions. An extensive review explores the application of 

molecular modeling methods to prebiotic chemistry in greater 

detail. 22

Chemical thermodynamics, kinetics, and networks 

Chemical reactions can be analyzed at a coarser level than the 

QM and MD scales described in the previous section. In many 

cases, we have information about the intrinsic properties of mol-

ecules we are interested in and what reactions can occur be-

tween them. We can use the information about the molecules 

and the reactions to predict how their concentration will change 

through time. Broadly, there are two approaches to this: equilib-

rium chemical thermodynamics, which is primarily interested in 

the relative abundances of chemical species at equilibrium, 

and non-equilibrium kinetic calculations, which is interested in 

the relative rates of different chemical reactions. Many kinetically 

controlled biochemical systems are modeled using the 

formalism of chemical reaction networks, a useful approach 

when many reactions occur simultaneously. Chemical kinetic
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describes the rates at which reactions occur in a chemical sys-

tem and how the concentrations of species change over time, 

whereas thermodynamic equilibrium only describes properties 

that are fixed at equilibrium.

In both approaches, we aim to solve a combination of linear 

systems of equations or coupled differential equations. Both 

approaches are concerned with chemical reactions that 

describe how molecules transform. Every reaction takes the 

following form:

∑ 
ᵢ νᵢ X ᵢ ⇄ 

∑ 
ᵢ γᵢ X ᵢ: (Equation 1)

This expression represents a reversible reaction that converts

ν 1 molecules of species X 1 , ν 2 molecules of X 2 , etc., into γ 1 mol-

ecules of species X 1 , γ 2 molecules of X 2 , and so on. The species 

consumed by the reaction are called reactants, while the species 

produced are called products. The stoichiometric coefficients ν i 
and γ i specify the quantity of reactants and products involved in 

the reaction.

Both equilibrium and non-equilibrium approaches to modeling 

chemical reactions are common in OoL studies. The equilibrium 

approach is based on thermodynamic theory and is used in en-

vironments that locally reach thermodynamic equilibrium, such 

as the interiors of asteroids or the lower layers of gas giant 

planets. The non-equilibrium approach is based on chemical ki-

netic theory as well as the growing field of non-equilibrium ther-

modynamics, and it is used in environments that are constantly 

driven out of equilibrium, such as terrestrial atmospheres, and 

biological enzymes operating in non-equilibrium living matter. 

For detailed discussions of these topics, see Kondepudi and Pri-

gogine 76 for chemical thermodynamics basics, Palsson 77 for an 

introduction to chemical reaction networks and chemical ki-

netics, and Qian and Ge and Rao and Esposito 78,79 for advanced 

discussions on non-equilibrium thermodynamics of chemical 

systems. A thorough review of prebiotic chemical reactions 

and networks can be found in Ruiz-Mirazo et al. 80 Another gen-

eral resource about artificial chemistries is Banzhaf and Yama-

moto, 81 which includes the contribution of several of these 

models—such as autocatalytic sets or chemical reaction net-

works—to OoL research.

Chemical thermodynamics

Thermodynamics explores how energy is transformed and 

conserved within systems, influencing the behavior and equilib-

rium of matter. A fundamental concept in this field is thermody-

namic equilibrium, where a system achieves a state with the 

lowest free energy and its macroscopic properties cease to 

change over time. Closed systems naturally progress toward 

thermodynamic equilibrium, as do open systems that are 

coupled to equilibrium environments. However, open systems 

in non-equilibrium environments can be driven out of equilibrium 

by free-energy fluxes, for example from temperature gradients, 

electrochemical potentials, light, and radioactive decay. Ex-

changes of matter, for instance via the inflow of high-energy 

chemical fuel or asteroid impacts, can also maintain a system 

out of equilibrium.

Often the goal of chemical thermodynamics is to predict the 

concentrations (or related quantities) of different molecules at 

equilibrium. Doing this correctly requires knowing the standard

Gibbs free energy of formation (ΔG f 
◦ ) for all the molecules that 

could exist in the system. 82 The standard Gibbs free energy of 

formation is the change in free energy of a system when a mole-

cule is assembled from individual elements at standard concen-

trations, 82 and it depends on the temperature and pressure. Usu-

ally this quantity is measured in the lab for individual molecules, 

for a range of temperatures and pressures, and these values can 

be used to predict its value in different conditions. 82,83 It is also 

possible in principle to calculate the standard Gibbs free energy 

of formation using quantum chemical calculations (described in 

molecular modeling and simulations), but this is frequently 

not done.

The equilibrium composition of a system, which is the number of 

moles of each species, achieves the lowest total Gibbs free energy 

for the entire system. 82 Equilibrium compositions can be predicted 

by minimizing the Gibbs free energy using numerical techniques, 

as performed by various open-source and proprietary software, 

including Cantera, 84 OpenCalphad, 85 and ChemApp. 86 The inputs 

for these software tools are the standard Gibbs free energies of 

formation ΔG f 
◦ for each atom or molecule in the system as a func-

tion of temperature and pressure, and the system’s initial compo-

sition, temperature, and pressure. The output is the equilibrium 

composition. Reaction yields can be predicted by restricting the 

model to the species involved in reactions of interest.

At chemical equilibrium, forward and reverse reactions bal-

ance each other, resulting in no net conversion of reactants to 

products or vice versa. This state is also referred to as detailed 

balance. Outside of equilibrium, the affinity of a chemical reac-

tion indicates whether a reaction is favorable to occur. Reaction 

affinities are defined as the negative of the Gibbs free-energy 

changes of the reaction (e.g., A = -ΔG r ). A positive affinity indi-

cates a reaction that can proceed spontaneously, while a 

negative affinity corresponds to a thermodynamically unfavor-

able reaction that can only occur by coupling to another thermo-

dynamically favorable process. The simplest method to calcu-

late reaction affinities uses the standard Gibbs free energies of 

formation of products and reactants,

A = − ΔG r = ΔG◦
f;reactants − ΔG◦

f;products − RTln Q: 

(Equation 2)

Here, R is the gas constant, T the temperature, and

Q = 
∏

i

[X i ] 
γ i − ν i is the so-called reaction quotient, which quantifies

the contribution from the (possibly non-equilibrium) concentra-

tions of reactants and products (see Equation 1).

Common thermodynamic calculations include computing 

equilibrium compositions, reaction yields, and chemical reaction 

affinities (i.e., whether a reaction will occur spontaneously or 

not). The key data for these calculations are the standard Gibbs 

free energies of formation for the species involved and initial con-

centrations. Multiple databases provide these energies, based 

on laboratory measurements, including GRI-Mech 3.0, 87 

CHNOSZ, 88 and JANAF. 89 Gibbs free energies of formation for 

specific molecules can also be calculated using quantum chem-

istry methods (e.g., Paschek et al., 90 and see section molecular 

modeling and simulation and section quantum chemistry).

The validity of an equilibrium or non-equilibrium approach de-

pends not only on how the timescales of disequilibrium sources 

compare to those of the parameters being calculated but also on
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whether the system is open or closed, as equilibrium assump-

tions strictly apply only in the infinite time limit and within closed 

systems. For instance, consider the atmospheres of terrestrial 

planets such as Earth in contrast to those of gas giants such 

as Jupiter and Saturn. Earth’s atmosphere is transparent to 

long-wave UV light. The photon energy of UV light breaks molec-

ular bonds keeping Earth’s atmosphere out of equilibrium. 

Ozone (O 3 ) is produced via disequilibrium UV chemistry; there-

fore, a purely equilibrium analysis of the Earth’s atmosphere 

would incorrectly predict that no ozone layer is produced, sug-

gesting the need for a non-equilibrium analysis. In contrast, the 

majority of Jupiter’s and Saturn’s atmospheres are opaque to 

UV light. Furthermore, the lower layers of these atmospheres 

are hot and thermodynamic equilibrium is reached for many mo-

lecular species before these gases are transported to cooler re-

gions of the atmosphere and become kinetically inhibited. 91,92 

Typically, chemical systems at lower temperatures take longer 

to reach thermodynamic equilibrium. To assess whether reac-

tions involving a molecular species (such as HCN in Saturn’s at-

mosphere) have enough time to reach equilibrium, one can look 

at the time constant for the fastest reactions that produce and 

destroy that species. For instance, in the deep layers of Saturn’s 

atmosphere where the pressure is 10 kbar and the temperature 

is 2,000 K, the critical reaction involving HCN is its destruction, 

represented as HCN + H 2 → CH 2 + NH. The rate constant for 

this reaction is k(T) = 1.08e − 70,456/T M − 1 s − 1 . M is molar, i.e., 

mol/L. The time constant for this reaction, t(HCN, 2000 K) ≈ 1/ 

k(2000K)[H 2 ] ≈ 4 s, which is much shorter than the year-long 

timescale of convective transport in these regions. Thus, it is 

likely that the reaction involving HCN can reach equilibrium 

within these environmental conditions, making a thermodynamic 

equilibrium approach suitable for analysis.

Thermodynamic calculations have played a role in various OoL 

studies, analyzing models of nucleobase, ribose, and amino acid 

synthesis within asteroid interiors, 7 lightning chemistry on prim-

itive Earth, 8 impact-generated chemistry during the Hadean 

eon, 93 Archean mantle/volcanic outgassing chemistry, 94 and po-

tential ancient metabolisms in hydrothermal systems. 9,95,96 

While thermodynamic equilibrium calculations provide useful es-

timates for the chemistry in these settings, many environments 

are constantly driven out of equilibrium, making such models 

less effective. In such scenarios, a non-equilibrium analysis 

that incorporates kinetic information is often necessary. 

Chemical kinetics

Chemical reaction networks (CRNs) provide a general modeling 

framework for studying the dynamics (sometimes called kinetics) 

of chemical reactions. A CRN consists of a set of chemical spe-

cies, representing different types of molecules, and a set of reac-

tions that convert these species into one another. Each reaction 

can be written in a general form as in Equation 1. A concrete 

example would be an enzyme C catalyzing the formation of prod-

uct P from substrate S. This CRN consists of two reactions and 

four species (enzyme C, substrate S, a bound combination of 

substrate and enzyme SC, and product P):

S + C ⇌ SC (Equation 3)

SC → P + C (Equation 4)

In CRNs, reactions can be either reversible (⇌, e.g., Equation 3) 

or irreversible (→, e.g., Equation 4). Reversible reactions occur in 

both directions, while irreversible reactions proceed only in one 

direction. Equilibrium reactions are always reversible. It is also 

important to distinguish elementary and non-elementary reac-

tions. An elementary reaction occurs in a single step, and a 

non-elementary reaction represents the net effect of a sequence 

of several elementary reactions. For example, Equations 3 and 4 

can be represented by a single non-elementary reaction S + C → 

P + C. In fact, this representation of enzymatic catalysis is used 

ubiquitously in biology, where it is called the Michaelis-Menten 

scheme. 97,98

The dynamics of a CRN are typically represented by differen-

tial equations that reflect the rates (sometimes called fluxes) at 

which the different reactions occur. In general, reaction kinetics 

depend on particular details of the reaction volume, rate con-

stants, temperature, external parameters, etc. The dynamics 

can be stochastic or deterministic; the deterministic approach 

is frequently used for large systems where microscopic fluctua-

tions can be ignored. Mass-action kinetics are often used to 

model well-mixed deterministic systems. For mass-action ki-

netics, the net flux, J, across the reaction represented by 

Equation 1 can be written as

J = k + 
∏ 

i

[X i ] 
ν i − k − 

∏ 

i

[X i ] 
γ i ; (Equation 5)

where k + and k − are the forward and backward rate constants 

and [X i ] indicates the concentration of species X i at a given point 

in time. The concentrations then evolve according to the 

following differential equation, which is sometimes called the re-

action rate equation:

d

dt 
[X i ] = (γ i 

r − ν i r ) J r : (Equation 6)

Here, r indexes over different reactions present in the system. 

For non-elementary reactions, so-called Michael-Menten ki-

netics and other types of kinetics may be employed. 99,100 

Importantly, for elementary and reversible reactions, the fluxes 

can be related to the reaction affinities in Equation 2. Specifically, 

the affinity can be written as A = RTln(J + /J − ), where J + and J − 

refer to the forward and reverse fluxes, represented by the first 

and second term in Equation 5. This is an important equation 

in non-equilibrium chemical thermodynamics since it relates re-

action dynamics and thermodynamics. 76 A simple chemical ki-

netics simulation would solve the differential equation in 

Equation 6 to obtain the concentrations of all chemical species 

as a function of time. In simple cases, it is possible to obtain 

an analytical solution (i.e., exact functional form), while in many 

cases the solution is numerical (i.e., the time-dependent concen-

trations are calculated based on the set of rate constants and 

initial concentrations). In practice, chemical kinetics simulations 

could solve networks of hundreds to thousands of chemical re-

actions (i.e., rate equations) simultaneously. In some cases, 

chemical concentrations in these simulations reach a steady-

state solution after a certain amount of time; this is not to be 

confused with thermodynamic equilibrium, which has no net re-

action fluxes (J r = 0 for all reactions r). Many open-source chem-

ical kinetics solvers exist, including Kintecus, 101 Cantera, 84 and
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ChemPy. 102 These solvers take as input a collection of chemical 

reactions with their temperature-dependent rate constants, as 

well as initial species concentrations, and output chemical abun-

dances under the assumption that the system is well mixed. 

There exist chemical networks that contain collections of rate 

constants as a function of temperature calculated from experi-

ments or quantum chemistry simulations or estimated using 

thermodynamics or similar reactions. Examples include 

CRAHCN-O, 103–105 KIDA, 106,107 STAND, 108 and UMIST. 109 

More relevant for OoL are non-equilibrium steady states of 

CRNs. One way to study such non-equilibrium states is using 

continuous stirred-tank reactors (CSTRs). CSTRs are reaction 

vessels (simulated or real) in which a constant total concentration 

is achieved by a continuous inflow of reagents and a continuous 

outflow while keeping a constant total volume. These conditions 

specify a non-equilibrium boundary condition and ensure that all 

reagents and products are diluted out of the system in proportion 

to their concentration while the total mass in the reactor remains 

constant. Chemical kinetics analysis has been used in many 

various OoL studies because almost all modeling approaches 

that involve tracking molecular concentrations through time 

involve some kind of kinetic analysis. A notable example is Seme-

nov et al., 10 where kinetic analysis was performed to characterize 

a bistable organic reaction network in a CSTR. In this study the au-

thors measured molecular abundances using UV-vis spectros-

copy (see Part 1, Spectroscopy 1 ), and they modulated the inflow 

of different chemical species into the CSTR to drive complex dy-

namics without the use of enzymes. This work showed how the 

structure of the reaction network, and specifically the presence 

of an autocatalytic loop within the system, enabled the complex 

dynamics observed in the experiments. We next discuss the 

role of entire networks and their structural properties.

CRNs

In the previous sections, we discussed how the compositions or 

dynamics of CRNs can be studied. But the structure of the reac-

tions and their relationships can also be analyzed without 

considering how the concentrations change through time or 

even the identity of the molecules involved. 110 This analysis 

can be done using CRN formalism.

Chemical reactions can be represented as complexes, which 

in turn can be represented by vectors. For example, if we 

consider the reactions discussed above with four species (S, 

C, SC, P), Equation 3 can be represented as a transition between 

two complexes: S + C (represented by [1, 1, 0, 0]) and SC (rep-

resented by [0, 0, 1, 0]). 110 CRNs represented as networks of 

complexes can be analyzed to determine static properties. 

Static network properties place limits on dynamical properties 

of CRNs, for example the deficiency zero theorem places con-

straints on the number and type of steady solutions a CRN can 

have, based only on the structure of the network itself. 110

CRN models and derivatives based on genomic data have 

been used to identify essential and ancestral metabolic functions 

in prokaryotes, including tRNA-charging and cofactor meta-

bolism. 11 Network expansion algorithms, which expand a chem-

ical reaction network by iteratively adding all products that can 

be formed from reagents current in the network, have provided 

evidence of plausible proto-metabolic networks including pre-

dictions about potential phosphate-free 9 or organo-sulfur nitro-

gen-free metabolism at the OoL. 111

In many cases, a CRN can be constructed by hand, using a pri-

ori knowledge of possible reactions and databases of previously 

cataloged reactions (see Part 1, Databases in OoL 1 ). However, in 

many cases, we do not know the structure of the entire chemical 

reaction network or we only know some features. In those cases, 

we would like to be able to directly construct, or estimate, the 

entire network. This is the goal of automatic reaction network 

generation (ARNG). ARNG is a rule-based computational 

method that reconstructs CRNs from a limited set of predefined 

chemical transformations, called reaction rules, that happen on 

molecules due to reactions. Molecules are represented either 

symbolically, as in simplified molecular-input line-entry system 

(SMILES) 112 or as molecular graphs (bond-electron matrices). 113 

Accordingly, the reaction rules are defined either as symbolic or 

as matrix transformations. Reaction rules typically correspond to 

reaction types. For example, in the reductive tricarboxylic acid 

(rTCA) cycle, reductive carboxylation can be represented as one 

reaction rule capturing atomic transformations between acetyl-

CoA and pyruvate and between succinate and oxoglutarate. 114 

Starting with a set of available molecules, reaction rules are 

algorithmically applied to the reactive sites of the molecules, 

consequently transforming reactants into products, which in 

turn can become reactants in the following iterations. 115 Through 

successive iterations, the pool of available molecules is system-

atically expanded and represented as a reaction network. The 

feasibility of a reaction can be accessed by calculating the cor-

responding Gibbs free energy using either quantum chemical 

calculations (see molecular modeling and simulations) 116 or 

group contribution methods. 117,118

The ARNG methodology has been implemented in software 

such as Netgen, 119 RMG, 120 AllChemy, 121 and in Arya et al. 122 

For example, ARNG was used to suggest that the rTCA hypoth-

esis can be merged with the glyoxylate hypothesis. 123–125 Work 

presented in Wołos et al. 121 used ARNG to address emergent 

phenomena in prebiotic reaction networks and trace synthesis 

of life’s building blocks from a set of chemical compounds that 

were present in the atmosphere of early Earth.

Network autocatalysis

In its traditional definition, autocatalysis refers to any reaction in 

which a product is also a catalyst, and such a product is called an 

autocatalyst. 126,127 Network autocatalysis is, by definition, a 

multistep autocatalytic reaction, but the number of reaction 

steps can be extensive and the connections between reactions 

may be complicated, making a reaction network a more suitable 

representation than a simple net reaction equation. Since all 

known forms of life convert external nutrients into more of them-

selves through a vast array of reactions (i.e., life catalyzes the 

production of life), all forms of life can be viewed as autocatalysts 

engaged in network autocatalysis. However, present-day forms 

of life are not the only physicochemical systems capable of per-

forming network autocatalysis. Abiotic reaction systems, such 

as the formose reaction, 128 the dissolution of copper in nitric 

acid, 129 and the Belousov-Zhabotinsky reaction, 130 are also ex-

amples of network autocatalysis, although their reaction net-

works are much simpler than a metabolic network.
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Since self-propagation is a feature shared by life and certain 

much simpler abiotic systems, there has long been interest in 

using theoretical models of network autocatalysis to explain 

the origins of life’s attributes, to find candidate processes un-

derlying abiogenesis, and to direct experimental studies on 

abiogenesis. These models include but are not limited to (M, 

R) systems, 131 hypercycles, 12,132 the theory of reflexively auto-

catalytic food (RAF)-generated sets 133,134 (based on the Collec-

tively Autocatalytic Sets [CASs] 135 ), and chemical organization 

theory (COT). 136

Another type of network-autocatalysis model is the graded 

autocatalysis replication domain (GARD). 15,137–140 The model 

demonstrates how life-like properties may emerge in a mutually 

catalytic network of self-assembling amphiphiles forming assem-

blies such as micelles and vesicles that can collectively reproduce, 

store, and propagate compositional information. 15 There has been 

debate regarding the evolvability of these systems; see Markovitch 

and Krasnogor 140 for a discussion of this criticism.

These models have different emphases and attributes. To help 

readers assess which models are suitable for their purposes, we 

briefly categorize these models in Table 2. Interested readers 

can also refer to Hordijk and Steel 141 for a review of several 

models of autocatalytic sets and to Letelier et al. 142 for a broader

discussion of the historical context centered on the concept of 

catalytic closure.

Network-autocatalysis models have multiple applications in 

OoL research. For example, the theories of autocatalytic sets 

can help search for collectively propagating RNA systems. 143 

One may also use RAF theory and COT to assess the conditions 

for a pathway to arise from simple nutrients to specific cofactors 

or more complex molecules. 134,144 In addition, minimal stoichio-

metrically autocatalytic motifs in databases of chemical reac-

tions can be computationally detected, which makes it easier 

to design experiments aimed at constructing autocatalytic sys-

tems, and analyses of network autocatalysis could suggest 

possible routes of prebiotic evolution leading from simple sys-

tems to more complex ones. 145,146

Modeling of evolutionary dynamics and (proto)cells

A growing body of work employs differential equations, simula-

tions, and agent-based models to probe the complex dynamics 

relevant to the OoL that extend beyond traditional chemistry. 

Various systems lend themselves to this modeling approach, 

particularly those involving evolutionary dynamics and protocell 

modeling. Consistent with the previous section, these models 

are typically encoded as ordinary or partial differential equations,

Table 2. Categorizing models of network autocatalysis

Model

Are catalytic polymers 

necessary? Is catalysis of all nodes necessary? Notes

(M, R) systems no yes assumes that every component of 

metabolism has a finite life-time, so 

the system must be able to ‘repair’ the 

components by reactions.

Hypercycles yes yes originally proposed to explain how 

replication fidelity could be maintained 

without a long error-correction 

enzyme.

RAF no yes* (spontaneous catalyst can be 

added in food-set to overcome this)

every reaction needs to be explicitly 

catalyzed by at least a chemical 

species in the network. Stoichiometry 

is not implemented explicitly. Based 

on Kauffman’s CAS model.

COT no no definition of self-maintenance does 

not guarantee autocatalysis, but it is 

possible to enforce autocatalysis by 

assuming environmental openness. 

Every reaction within a chemical 

organization must have a positive flux.

Systems of stoichiometrically 

autocatalytic motifs

no no not every reaction within an 

autocatalytic system must have a 

positive flux, so it is possible to find 

minimal stoichiometrically 

autocatalytic motifs by setting some 

fluxes to zero. Networks of 

autocatalytic motifs can be 

understood as ecological 

communities.

GARD no no based on catalytic networks. 

Proposes replication and evolution of 

compositional information.
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and the techniques for solving these systems involve different 

approximations or solution methods. However, an alternative 

method known as rule based modeling can also be used. Rule-

based modeling uses predefined simple rules of interaction be-

tween components to understand the collective behavior of 

the entire system. Agent-based models are the most common 

example of rule-based systems. The ensuing discussion pro-

vides a brief review of prebiotic replicator models, related 

models incorporating agent-based entities, and computational 

models of protocells.

Replicator models

Prebiotic evolution encounters challenges similar to those of 

cellular life, such as maintaining and utilizing information to 

interact with the environment and other species. Consequently, 

prebiotic replicator models have both significantly influenced 

and been influenced by other fields. Replicator models generally 

assume that a molecular species, such as RNA, can replicate 

and mutate. Often, these models abstract away the metabolic 

details of replication to focus specifically on Darwinian evolu-

tionary properties. They typically provide either an explicit selec-

tion criterion, such as a fitness function, or an implicit evolu-

tionary pressure, such as cooperation.

A convenient aspect of replicator models is that they decouple 

the origin of Darwinian evolution from the origin of cellular life, al-

lowing the exploration of replicators and environments that have 

not yet been experimentally created, such as those set in virtual 

geological environments like mineral surfaces, ice crystals, and 

porous rocks. 147 A growing body of research has developed 

models that display various characteristics of replicators and 

their environments. 148,149 Below, we briefly outline some key 

models to demonstrate how they enhance our understanding 

of prebiotic evolution.

Replicator models are typically formulated in terms of systems 

of coupled ordinary differential equations. Differential equation 

models treat populations of replicators as continuous quantities 

that represent mean concentrations and are therefore not well 

suited for studying situations where small numbers of replicators 

are important. However, stochastic solution methods can 

accommodate small number limits. Similarly rule-based models 

can often be implemented such that they recapitulate the differ-

ential equations when the number of replicators grows. 150 Each 

equation represents the concentration of a molecular species, 

which changes according to its replication rate, mutation rate, 

and ecological interactions with other species. Important appli-

cations of this approach are the quasispecies model and hyper-

cycle model. 12,151

The evolutionary dynamics of replicator models are typically 

formulated in terms of mutation-selection mechanisms govern-

ing an evolving system, which allows for significant complexity. 

This formulation consists of two parts: a matrix that specifies 

how each molecular species mutates into others and a growth 

rate matrix that specifies how fast each molecular species grows 

in the absence of mutations. The mutation matrix—effectively a 

network that connects mutationally adjacent molecules—can 

describe the effect of realistic types of mutations, such as nucle-

otide substitutions, recombination, or others, while the growth 

rate matrix can be fitted to experimental data. 152

These models have shown that replicators with lower replica-

tion rates but higher connectivity in the mutational network can

outcompete faster-replicating but less-connected species

when mutation rates are high 15,153 (the so-called survival-of-

the-flattest effect). More recently, these models have clarified 

the effect of lethal mutations on the survival of the population 154 

as well as the effect of selection acting on the phenotype of a 

species (e.g., its secondary structure). 155 Although these models

are often solved numerically, some simplified cases admit 

analytical solutions. 156

Replicator models can be classified in terms of their growth 

kinetics. 157–159 In particular, the concentration of a growing

replicator can be modeled with the differential equation 
d
dt

x(t) = c x(t) p where c is a constant and p is called the order

of a replicator. The most common replicators are called first-or-

der replicators and have p = 1, resulting in exponential growth 

x(t) = x(0)e ct . This growth is characteristic of autocatalytic reac-

tions such as S + X → 2X or networks of such replicators. Sec-

ond-order replicators with p = 2 are characteristic of autocata-

lytic reactions S + 2X→ 3X, or networks of such reactions, and 

lead to so-called hyperbolic growth. Second-order growth oc-

curs when two replicators are necessary to replicate, as in sexual 

replication or other kinds of mutualistic interactions. On the other 

hand, so-called parabolic replicators have p = 1/2. Such kinetics 

were originally observed in early experimental work on self-repli-

cating templating RNA molecules. 160,161 An in-depth review and 

analysis of the theoretical issues can be found elsewhere. 157–159 

It is important to emphasize that the order of autocatalytic 

growth is not just a mathematical parameter but has important 

dynamical and evolutionary consequences. In particular, sec-

ond-order replication leads to a nonlinear differential equation 

with much richer dynamics than first-order replication. For this 

reason, second-order autocatalysis plays a central role in 

several well-known models of bistability, oscillations, and 

pattern formation. This includes Eigen’s hypercycle model of 

collective self-replication, 12 the Schlö gl model of bistabil-

ity, 162,163 the core dynamics of the Brusselator model of oscilla-

tions, 164 and the Gray-Scott model of pattern formation. 165 On 

the other hand, parabolic and other subexponential replicators 

favor weaker selection with co-existence at steady state. 166 

For a brief review of these topics, see Szathmá ry and Szathmá ry 

and Gladkih. 158,166

Agent-based models

Individual-based models (also called agent-based models) 

describe populations of individual replicators, where each repli-

cator is assigned specific properties that can determine its repli-

cation potential. This approach is closely related to—but still 

distinct from—replicator models. Upon replication, a copy of 

the selected individual is made, which may mutate, thus allowing 

a Darwinian process to take place. These models can be 

extended more easily than their continuous counterparts to 

include additional complexity.

One of the most successful extensions consists of introducing 

a genotype-to-phenotype (GP) map. In the case of RNA, fast 

minimum-free-energy folding algorithms mapping sequences 

to secondary structures 167 introduce one such GP map. This al-

lows us to explicitly study RNA evolution as a process whereby
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mutations affect the genotype and selection acts on the pheno-

type (although there are conceptual ambiguities associated with 

genotypes and phenotypes embedded in the same molecule 168 ). 

The evolutionary dynamics of populations of RNA replicators can 

be extremely rich, diverse, and life-like—with complex patterns 

of mutational neutrality, 169 evolvability, and endless potential 

for innovation. 132,169 Encapsulating a population of RNAs into 

protocells, each containing a small number of RNAs, has been 

shown to significantly improve resistance to parasites compared 

to populations without encapsulation. 13 Group selection at the 

protocell level can counterbalance template selfishness, as the 

protocells with a more balanced number of different RNAs (or 

with fewer parasites) can divide sooner, and even unfit protocells 

can stochastically re-generate a fit mixture of RNAs (i.e., the sto-

chastic-corrector model).

In individual-based models that include spatial structure, rep-

licators are assumed to occupy nodes on a lattice, representing 

a porous surface that limits diffusion. Discrete evolutionary rules 

represent the dynamics of the system in a simplified and compu-

tationally efficient manner. Replicators can increase in number 

by copying themselves into adjacent nodes in the lattice and 

interact with their immediate neighborhood. Using such models, 

it was found that local interactions between replicators spatially 

limit the replication of parasitic templates 148,170 and generate 

emergent forms of organization between cooperating replicators 

and their parasites. 171,172 While these models were originally 

developed as stochastic cellular automata, they are now typi-

cally interpreted as spatially extended agent-based models. 

This enables increased complexity, for instance by equipping 

the replicators with a GP map as above. 14,173 Replicators can 

also be modeled to catalyze reactions and collectively generate 

a metabolism, 174 and chemical variants of replicators, e.g., RNA 

vs. DNA, can be accounted for. 175

Alternatively, models based on evolutionary game theory have 

further simplified replicator dynamics by focusing solely on 

cooperative phenomena. 176 Game theory has been used to 

investigate microscale dynamics in the laboratory, 177,178 and 

analogous lattice-based models have been used to show that 

cooperation can readily emerge at the microscale. 179

Whole (proto)cell models

Complementary to replicator models discussed above, other ap-

proaches aim to model whole cells to predict phenotype from 

genotype and the environment, providing a mechanistic under-

standing of how an entire cell works. Similar to genome-scale 

metabolic models, these models represent the function of each 

gene, gene product, and metabolite. 180,181 They also represent 

multiscale interactions at the cellular level; including the cellular 

structure, dynamic structure of molecular interactions, and the 

spatial compartment of the subcellular components. 182 The dy-

namics of each subsystem is usually described with ordinary dif-

ferential equations, as a set of linear constraints to be solved, or 

with stochastic simulations. To date, only two models have been 

developed: a model for the simple bacterium Mycoplasma gen-

italium, 183 and a model for Escherichia coli. 184 More recently, a 

model of the ‘‘minimal biological cell’’ JCVI-syn3A, a genetically 

minimal cell with only 493 genes, including 452 protein-coding 

genes, 185 was developed. 180 This represents the closest attempt 

to developing a nearly complete, 3D spatially resolved whole-cell

kinetic model, describing growth emerging from metabolism and 

gene expression (including the contribution of integral mem-

brane proteins and lipids, and other cellular components). This 

model couples ordinary differential equations and stochastic 

simulations to handle both the kinetics of metabolic networks 

and the kinetics of genetic processes, respectively, and overall 

accounts for over 7,000 reactions. The model gives quantitative 

insight into how the cell balances the demands of metabolism, 

genetic information, and growth over a cell cycle. The emergent 

behaviors arising from the simulations provide valuable under-

standing of the principles of life for minimal cells. Future develop-

ment of similar models could be used in the context of the OoL.

Information-theoretic approaches

Information theory, the mathematical study of quantification, 

storage, transfer, and communication, was first formalized by 

Shannon in 1948. 186 Despite its late application to OoL research, 

it has gained significant interest in recent decades. Integrating 

information into OoL studies assumes that all life phenomena 

are governed by information and therefore must account for 

the informational capabilities of living cells. 187 In the following 

sections, we provide a brief review of how the application of con-

cepts related to information, particularly information theory, has 

contributed to our understanding of the transition from non-life to 

life. This includes the emergence of precursor mechanisms in 

physical and abiotic chemical systems, as well as new defini-

tions of the living state.

Information theory introduces the bit as a fundamental quan-

tity. Shannon information is based on the amount of information 

that is provided to a receiver after they have decoded an un-

known message from a sender. A message is modeled as a 

discrete random process, where x∈X represents a random vari-

able. The probability of an outcome x is denoted as p(x), and the 

amount of information provided by outcome x is given by h(x) = 

log 2
1

p(x)
, measured in bits. Intuitively, h(x) reflects the ‘‘amount of

surprise’’ in observing a specific outcome. The entropy, which 

measures the average surprise across all outcomes in the set 

X, is given by

H(X) = 
∑ 

x ∈ X

p(x) log 2
1 

p(x) 
: (Equation 7)

The Shannon definition has been instrumental in investigating 

key elements of living systems and the OoL. As evolution repre-

sents the change in living systems over time, in informatic terms 

it is a processing of genetic information across large timescales. 

This understanding has led authors to propose that natural se-

lection acts as an information acquisition process, and to 

describe a relationship between both information gained by nat-

ural selection and population growth by formalizing the relation-

ship between information and fitness, 188 and has been recently 

revisited in light of computational learning theory. 189 Similarly, 

the ways in which living systems acquire information through 

evolutionary processes have also been investigated using Shan-

non information. 190

Information theory has also been applied to the OoL by quan-

titatively analyzing the probability of the emergence of primitive 

replicators from an abiotic environment. Calculating the
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likelihood of polymer assembly from random processes shows 

that the likelihood (rate) of monomer formation can be extremely 

low. However, considering the biased probability distribution in 

which they are found in functional informative molecules, these 

likelihoods increase dramatically. 16 These results align with 

earlier investigations using the Shannon-McMillan-Breiman the-

orem to derive similar values. 191

Additional applications of Shannon information in investigating 

the OoL involve the concept of information complexity. Life is 

often perceived as more complex than non-life. To make this 

observation scientifically useful, it needs to be paired with a con-

crete definition of complexity. Information theory has provided 

candidate complexity measures that have been used to charac-

terize the differences between non-living and living systems. For 

instance, information complexity can serve as a proxy for func-

tional complexity, 192 a view that is experimentally supported 

by in vitro work on ribozyme functionality. 193

Mutual information, a measure derived from Shannon informa-

tion, can be used to determine how the entropy of one variable re-

lates to the entropy of another variable, 194 and is defined as follows:

I(X; Y) = H(X) + H(Y) − H(X; Y): (Equation 8)

In Equation 8, H(X) and H(Y) are the entropies of two variables X 

and Y, while H(X,Y) is the entropy of the joint distribution of both, 

which is calculated as H(X; Y) = 
∑ 

x ∈ X 

∑ 
y ∈ Y p(x; y) log 2

1
p(x;y) .

This information-theoretic measure of the relationship between 

variables has been utilized to investigate the mutual dependence 

between replicators and their environment. Analysis using a 

model of replicators coupled to their environment through the re-

cycling of resources showed that the transition from non-life to 

life could coincide with a phase transition measured through 

the mutual information between them. 17

Entropy can also be used to compare distributions. The 

Kullback-Leibler divergence, or relative entropy, can be used 

to compare two distributions p(x) and q(x). 194 It is defined as

D KL (p‖q) = 
∑ 

x ∈ X

p(x)log 

( 
p(x)

q(x)

) 

: (Equation 9)

Information accumulation and maintenance in the genome is 

one example where Kullback-Leibler has been proved useful in 

investigating the OoL: it has been shown that the amount of infor-

mation that can be maintained in the genome at a given cost 

might scale with population size and mutation rate. 195 Other 

topics, such as fitness and optimal information processing, 

have also been studied along similar lines. 196

Related fields study reproducing features of living systems in 

silico or in vitro and can also inform OoL research. In silico 

studies investigate problems through an information-theoretic 

perspective, such as artificial cell design. 197 Other topics of 

investigation include information storage 198 and advantages of 

multicellular consortia relative to information storage. 199 Biolog-

ical networks and organization principles are also relevant to 

OoL. Examples of these investigations include research focused 

on information transmission in complex networks typical of living 

systems, 200 uses of information in deciphering hierarchical orga-

nization in biological systems, 201 and Boolean models of biolog-

ical networks to determine whether information processing is an

intrinsic property. 202 Other uses of information theory in research 

related to the OoL include that of the Shannon’s channel capac-

ity theorem to analyze the problem of transmission in translated 

or decoded codons. 191

An informational perspective allows for an integration of the 

different fields of thought associated with OoL research by 

providing a common mathematical framework enabling cross-

disciplinary collaboration. Such a perspective can thus be 

involved in every step leading from physical systems to biolog-

ical ones by providing quantifiable measurements of complexity 

and information dynamics having been identified as a key prop-

erty of living systems. A common framework is essential to 

answer such a multi-faceted question as the OoL problem.

Molecular phylogenetics

Molecular phylogenetics studies the hierarchical evolutionary re-

lations, based on shared ancestry, between extant and extinct 

taxa. Darwin’s ‘‘Origin of Species’’ contains the first known 

phylogenetic tree representing the common origin of many 

taxa known at that time. 203 Molecular genetics and sequencing 

technologies (see Part 1, Genomic sequencing 1 ) enable the con-

struction of trees using the information embedded in DNA, RNA, 

and protein polymeric sequences. Many applications in OoL 

research are common with other OoL problems that center on 

the evolution of traits such as metabolic pathways and the cell 

physiology of extinct or unknown organisms. Research focuses 

in this area include the inference of the last universal common 

ancestor (LUCA) characteristics based on phylogenetic analyses 

of genes, 204 the transition from the prebiotic world to biotic 

worlds, 205,206 and the resolution of taxonomic relationships be-

tween bacteria and archaea. 207 Gene and genome trees have 

shed light on the origin and evolution of novel enzymes and novel 

metabolic pathways, and their ancestral states have been recon-

structed by statistical evolutionary models. 208,209 Phylogenetic 

methods have been important to establish the ubiquitous 

nature of lateral gene transfer (LGT) between both ancient and 

extant organisms. 210,211 Other research has used phylogenetic 

methods to evaluate specific evolutionary hypotheses regarding 

the OoL. For example, previous work has demonstrated that the 

emergence of both LGT and the frozen genetic code likely preda-

ted LUCA, explaining how aminoacyl-tRNA synthetases were 

shared between branches of life. 212,213 Phylogenetic models 

have also been used to identify the root of the Tree of Life, 214 

helping to identify which extant organisms are most likely to 

share characteristics with LUCA. Similarly, phylogenomics has 

provided evidence of the origin of eukaryotes within the Archaeal 

domain, particularly within the Asgard Archaea. 215 This has been 

recently identified as a key group closely related to the ancestry 

of eukaryotes. 20,216 Finally, these approaches have recon-

structed the evolutionary origin of specific metabolic pathways 18 

and the possible metabolic capabilities of early life. 204,217 

Homology and functional gene annotation

In phylogenetics, common ancestry is deduced from trait simi-

larity. However, careful analysis is required to distinguish traits 

with common ancestry (homologous) from those with close func-

tion but different origin (homoplasy) or those sharing ancestry 

but being an evolutionary novelty (apomorphic). In molecular 

phylogenetics, homology in DNA, RNA, and protein sequences
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is identified from sequence similarity. Homologous sequences 

that retain similar functions through speciation events are 

referred to as orthologs. On the other hand, genes that emerge 

via duplication events, referred to as paralogs, can acquire 

new or specialized functions in their subsequent, distinct evolu-

tionary path. Paralogs can be an important source of information 

when building phylogenies, and the distinction may be relevant 

when using phylogenetic trees for ancestral state reconstruc-

tion. 218 Also, sections of the genome can jump horizontally be-

tween evolutionarily distant taxa by LGT rather than by vertical 

inheritance. LGT can invalidate certain assumptions for tree 

building, 219 distance matrix calculations, and, particularly, ‘‘mo-

lecular clock’’ calibration 220,221

Sequence homology underlies methods for gene and protein 

functional annotation in the absence of experimental character-

ization. There are several databases with sequences annotated 

for functions that are either experimentally known or imputed 

based on sequence information. Sequence matching algo-

rithms, 222 , such as OrthoMCL, inParanoid, or Reciprocal Best 

Hits, are used to annotate genes or proteins of unknown func-

tion. Popular databases are Clusters of Ortholog Sequences, 

the Kyoto Encyclopedia of Genes and Genomes (KEGG), 

EggNOG, and OrthoFinder among many others. 223,224 Popular 

servers for prokaryotic gene annotation are RAST or 

MEGAN. 225,226 Similar methods are used to annotate protein 

function in metagenomic assembled genomes in environmental 

metagenomics studies. 227 Other methodologies permit the 

reconstruction of metabolic networks from functional annotation 

by using orthologs linked to metabolic pathways, such as KEGG 

mapper, 228 COG pathways 229 or modelSEED, 230 and RAST 

server to search feasible metabolisms in a given environ-

ment. 230–232 Ortholog detection algorithms also help to 

identify LGT in microbial evolution 233,234 and date evolutionary 

events. 235,236

Constructing trees

The origin of eukaryotes within the Archaeal domain and the 

phylogenetic structure of prokaryotes highlight the growing 

importance of phylogenetic trees in understanding the complex 

evolutionary relationships of early life forms. 237,238 Phylogenies 

are built by comparing traits among taxa. Traits are typically 

morphological, either coded as binary (e.g., presence or 

absence of an organelle) or numeric (e.g., number of cilia), or 

functional (e.g., ability to produce and consume a given metab-

olite or certain amino acid metabolic pathway synthesis). 239 In 

the case of sequence-based phylogenies, the corresponding 

traits would be mutations in the DNA, RNA, or protein sequence 

(i.e., nucleotide and amino acid substitutions, insertions, or dele-

tions). Sets of informative traits are collected in tables and 

passed to phylogenetic tree-building algorithms that use either 

the original character matrix or a derived distance matrix. Dis-

tance matrices are double entry tables filled with values propor-

tional to the number of sequence changes calculated after 

sequence alignment. In pairwise sequence alignment, all combi-

nations of sequence pairs are arranged so their homologous 

sites are adjacent, either using global 240 or local alignments. 241 

Molecular phylogenetic reconstruction uses multiple sequence 

alignments (MSAs) constructed by algorithms such as 

CLUSTAL-Omega, 242 MAFFT, 243 and MUSCLE. 244 There are

recent alignment-free methods usable to calculate distance 

matrices from molecular data. 245,246 Finally, some alignment 

methods leverage the greater conservation of protein structure 

over sequence 247 and integrate available structural information 

into the alignment procedure. 248

A second task required for modern phylogenetic inference 

methods is the selection of a best-fit molecular evolutionary model. 

These models integrate features of molecular evolution, including 

the rates of pairwise nucleotide or amino acid substitutions, evolu-

tionary rate heterogeneity across different positions in the MSA, 

and base frequencies of each nucleotide or amino acid. Model 

testing can be carried out by maximum-likelihood-based methods, 

which calculate the likelihood (i.e., probability of the extant 

sequence data given the model) of different candidate models. 

Model selection criteria consider the likelihood of candidate 

models while penalizing overparameterization. Software for model 

testing include ModelTest-NG 249 and ModelFinder. 250

Given both an MSA and best-fit evolutionary model, phyloge-

netic-reconstruction tools infer a tree by resolving branching pat-

terns and branch lengths. Like model testing, tree searches can 

also be performed by maximum-likelihood-based methods, 

which calculate the likelihood of candidate trees during the 

search process (e.g., RAxML, 251 IQ-TREE 252 ). For nearly all 

real-world sequence datasets, possible tree space is massive 

and computationally infeasible to explore completely. Therefore, 

heuristic approaches are used to identify the most likely tree. 

Branch support can be assessed by different metrics, including 

nonparametric bootstrap (evaluating the frequency of given 

clade, or cluster of sequences, across different trees recon-

structed from resampled sequence data) 253 and likelihood ratio 

tests, which compare the likelihood of the best tree with that of 

the next-best tree with the branch in question collapsed. 254 

Finally, phylogenetic reconstruction can also be performed 

through Bayesian inference. Bayesian tools empirically approxi-

mate the posterior probability distribution across model param-

eter space (including both the tree and evolutionary model) by 

sampling parameter values through Markov chain Monte 

Carlo-based algorithms. These methods thereby identify the 

maximum a posteriori tree as well as provide a measure of tree 

uncertainty. Branch support is expressed as the posterior prob-

ability of a given clade or the frequency of the clade across 

sampled trees. We direct the reader to Holder and Lewis 255 for 

a discussion of different phylogenetic inference methods. 

Molecular clocks

Emile Zuckerkandl and Linus Pauling first suggested the molec-

ular clock hypothesis: if the mutation rate in nucleotide and pro-

tein sequences correlates linearly with time and remains rela-

tively constant under neutral evolution, this relationship can be 

used to date evolutionary divergences. 256 The original strict mo-

lecular clock method measures lineage- or sequence-specific 

parameters (e.g., the substitution rate per year). This can be 

computed as, for example, a linear model between genetic dis-

tances and time divergence. 257 Later models control for branch 

specific substitution rate (i.e., ‘‘multi-rate’’ and ‘‘relaxed’’ clocks), 

and advanced versions estimate the parameters by means of 

Markov chain Monte Carlo-based Bayesian parametric statis-

tics, maximum-likelihood methods, and others. 258 When 

possible, models are time calibrated by including nodes dated
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from fossil records. 259 For example, fossil lipids can be used to 

calibrate molecular clocks early in the evolution of microbes 

[524]. In some cases, calibrations can be based on geological 

or climate data [518], and, for rapidly evolving taxa with poor fos-

sil records, calibrations can be based on estimated molecular 

substitution rates or sampling dates [519]. Recently, it has 

been shown that LGT can be used to date phylogenetic events 

such as bacterial radiation 260 and methanogen evolution. 261 Mo-

lecular clock models and phylogenomics can help date major 

events in the evolution of microbial taxa, including the origin of 

Archaea [521] and LUCA [522,523].

Ancestral reconstruction

Ancestral sequence reconstruction (ASR) was introduced by 

Pauling and Zuckerkandl 262 as an application for molecular phy-

logenetics, molecular clocks, and orthology relations. 263 ASR is 

a method for inferring the sequence content of ancestral proteins 

or genes corresponding to internal nodes of a phylogenetic tree. 

Typically, a researcher is interested not only in the ancestral 

sequence itself but of its phenotypic outcome (e.g., the 

biochemical or biophysical properties of a particular ancestral 

protein). With modern gene synthesis services, it is practical to 

synthesize the encoding gene of an ancestral protein and ‘‘resur-

rect’’ it in the laboratory by expression in a modern host organ-

ism, followed by phenotypic characterization. 264,265

ASR relies on many of the same computational methods that 

underlie phylogenetic inference. Earliest ASR studies relied on 

maximum parsimony methods, 266,267 which seek to minimize 

the number of substitutions in a phylogeny. 268 ASR is more 

commonly performed today by probabilistic methods such as 

maximum likelihood (e.g., PAML 269 ) or Bayesian inference 

(e.g., MrBayes 270 ).

Regardless of the method, uncertainty in ASR is a key consid-

eration for downstream analysis. Even for relatively small genes 

or proteins, the probability of the reconstructed ancestral 

sequence will typically be very low. For a 100-amino-acid pro-

tein, even if the reconstructed residue at every site has a proba-

bility of 0.9, the probability of the entire sequence (the joint prob-

ability of all residues in that sequence) = 0.9 100 ≈ 3×10 − 5 . Thus, 

much work has been focused on understanding the significant 

sources of ASR inaccuracy, including uncertainty associated 

with multiple sequence alignment, evolutionary model parame-

ters, and phylogenetic tree topology. 271–273 Nevertheless, previ-

ous experiments have demonstrated that phenotypic properties 

of interest can be robust to ancestral sequence uncertainty. 

Therefore, in these cases, the reconstructed sequence need 

not be accurate to draw scientific conclusions at the level of 

phenotype. A useful strategy is to integrate phenotypic charac-

terization across a range of plausible ancestral sequences or 

to incorporate a ‘‘worst-case’’ alternate ancestor, constructed 

by replacing any ambiguously reconstructed residues with their 

second most probable residue. 272,274

Because ancient proteins do not, except in relatively recent 

and rare cases, leave direct fossil records, ASR is a powerful 

tool to infer the properties of early-evolved proteins and meta-

bolic processes that have been central to the development of 

the biosphere. For example, ASR has been used in both in silico 

and experimental studies to investigate the temperature stabil-

ities of ancient proteins dating as far back as LUCA, 275,276 the

specificity and functionality of early translation machin-

ery, 277,278 the development of the genetic code, 279,280 and 

the evolution of key metabolic processes and biogeochemical

cycles. 41,281,282

For OoL studies, ancestral reconstruction also need not only 

be applied to molecular sequence information. Similar statistical 

approaches can be leveraged to directly reconstruct ancestral 

phenotypic traits, given a matrix of trait information associated 

with extant proteins or taxa rather than a multiple sequence 

alignment. This approach, referred to more broadly as ances-

tral-state reconstruction, has been used to infer the minimal 

gene-set of LUCA, 283 the cell shape and taxonomic affinity of 

the last bacterial common ancestor, 206 and the ecological attri-

butes of earliest photosynthetic organisms. 284,285 Future work 

in this area may incorporate recently developed methods for 

inferring features of the complex cellular networks early in life’s 

history, including protein interactions. 286

EMERGING TRENDS

As the questions related to the OoL have evolved, they have 

incorporated more heterogeneous sources of data and more so-

phisticated techniques. For example, the rise of omics ap-

proaches enabled the systematic investigation of biochemistry 

and has facilitated new approaches to systems chemistry. Simi-

larly advances in in vitro selection experiments pioneered in 

evolutionary biology are being applied to chemical systems to 

understand selection in proto-biological systems. New technol-

ogies have provided OoL scientists with new tools, leading to 

new approaches, as is the case with automation of laboratory 

experiments. A common trend in these tools is the feedback or 

interaction between experimental workflows and large datasets 

or modeling approaches that provide the opportunity to test old 

hypotheses while continuing to explore new theoretical models 

(Figure 3). We consider these types of tools, which allow for 

tighter integration of computational workflows, and experimental 

approaches to be particularly important for the future of the OoL 

field. Therefore, we address here the comprehensive range of 

concepts and methodologies that, while not techniques them-

selves, are emerging trends in integrating experimental and 

theoretical work (Figure 3), enhancing the understanding and 

simultaneous application of different knowledge from 

various fields.

Omics

Omics refers to a variety of biological disciplines (metagenomics, 

metabolomics, proteomics, transcriptomics, etc.) whose overall 

objective is to describe and quantify cellular biological molecules 

indicating their composition, structure, dynamics, and func-

tion. 287 The emergence of omics techniques has impacted 

many questions and fields in biology, including OoL, for instance 

in the study of LUCA. 2,288 The diversification of omics ap-

proaches enables the exploration and understanding of different 

perspectives within various fields: metagenomics focuses on 

nucleotide sequences, proteomics and transcriptomics analyze 

proteins and RNA sequences, while metabolomics investigates 

metabolites. 289–292 However, most of the omics approaches 

were initially developed for biological research, posing
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challenges when applied to abiotic systems. Nevertheless, sig-

nificant efforts have been made to adapt these approaches. 

For instance, techniques such as high-resolution mass spec-

trometry (MS) (Part 1, mass spectrometry) and nuclear magnetic 

resonance (NMR) spectroscopy (Part 1, Spectroscopy) have 

been employed to detect and quantify small molecules and inor-

ganic compounds in prebiotic environments. 1 Consequently, 

bioinformatics tools originally designed for analyzing biological 

data have been modified to process data from abiotic systems. 

Similarly, the ongoing adaptation of databases to incorporate 

such information poses a significant challenge in the integration 

of complex data on abiotic systems.

Metagenomics

One of the most widely used techniques to study the structure 

and function of nucleotide sequences in environmental samples 

is metagenomics. 293 It generally consists of analyzing heteroge-

neous microbial communities to obtain their genomic composi-

tion (i.e., both in terms of taxonomic and functional composition). 

Functional metagenomics 294,295 involves cloning these previ-

ously identified DNA fragments from the environment, express-

ing them as genes in a model organism, and screening for enzy-

matic activity. Metagenomics is particularly relevant when 

studying extremophiles to identify genes with important and 

shared functions that are present within the community and to 

determine their adaptive pathways in the face of extreme condi-

tions, which may be similar to those in early life. 296 Metagenomic 

analyses are especially useful due to the fact that these microor-

ganisms do not have to be cultivated under laboratory condi-

tions, 297 which is critical since the extreme conditions in which 

these microorganisms are found are almost impossible to repli-

cate in the laboratory. 58,59 Indeed, the optimum salinity range for 

cultivable and isolated microorganisms is between 0% 

and 35%. 57

Proteomics and transcriptomics

While it is widely recognized that proteins play a crucial role in 

contemporary life, 298 their involvement in the origins of life is 

less certain and remains a topic of ongoing research. Studying 

proteomics can therefore shed light on early biological evolution 

and offer valuable insights into how life may have originated. 

Similarly, transcription is an essential process in biology, and un-

Figure 3. Integrating theoretical and exper-

imental approaches

Interplay between experimental workflows, 

modeling approaches and large datasets enables 

the testing of hypotheses while fostering the 

development of new theoretical models.

derstanding how modern cells transcribe 

DNA into RNA in a variety of environ-

mental conditions may shed light on 

how such processes emerged in the first 

place. There are two key omics fields 

related to these topics: proteomics and 

transcriptomics. Proteomics refers to 

the study of the structure and function 

of the complete set of proteins expressed 

in an organism, also known as the prote-

ome. 299 On the other hand, transcriptomics focuses on the 

comprehensive set of coding and non-coding RNA molecules. 

Over the past decade, the evolution of various techniques has 

contributed to the advancement of proteomics. The general prin-

ciple involves characterizing the proteins encoded by a genome 

and their expression. 300 MS is the most widely used technique in 

this field (described in Part 1, mass spectrometry 1 ), which en-

ables the high-throughput profiling of proteins through electro-

phoresis or isotopic labeling. 301 While MS can elucidate the iden-

tity of many compounds in complex mixtures, 301 its broad 

applicability is hindered by the lack of integration between data-

bases designed for extant biological purposes and those for 

abiotic systems, which are currently nonexistent. 302,303 This 

absence poses a significant challenge in realizing the full poten-

tial of modern omics techniques in studying proto-proteins/ 

peptides. 303

Transcriptomics aims to quantitatively assign reads to tran-

scripts within a given genome. Early work in transcriptomics 

involved the use of DNA microarrays. 67 However, the most com-

mon contemporary technique for characterizing the transcrip-

tome is RNA sequencing (RNA-seq). Its greatest advantage 

over previous methods is the ability to detect both known and 

unknown genes without the need for prior knowledge. 67 Sin-

gle-cell transcriptomics has further enabled single-cell RNA-

seq (scRNA-seq), allowing for enhanced analysis at the level of 

individual cells. For more information on techniques, we recom-

mend reviewing Lowe et al. 67 These techniques have proved to 

be invaluable in the study of OoL, particularly in relation to the 

RNA world or protein-first hypothesis. 68,298 Proteomics and tran-

scriptomics studies provide deeper insights into early life and 

evolution than genetic analysis alone, allowing for the investiga-

tion of fundamental components of the cell, such as the recon-

struction of eukaryotic chromatin evolution 69 or the evolution of 

histones. 70 Furthermore, the study of structural domains of pro-

teins holds significant potential in OoL research, such as in un-

derstanding the early origins of viruses. 71

Metabolomics

The identification of metabolites, which are low-molecular-

weight organic compounds produced by living cells, is of signif-

icant interest in OoL studies, particularly when considering the
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complexity of prokaryotic and eukaryotic biology. Metabolomics 

studies employ (high-resolution) MS analyzers and chromatog-

raphy separation to identify metabolites and metabolomic 

pathway changes. The metabolome of a microbial community 

is not only influenced by its genetic capacity, which can be stud-

ied using sequencing techniques (described in Part 1, genomic 

sequencing) but also varies based on environmental conditions 

such as temperature, pressure, pH, salt diversity and concentra-

tion, and irradiation exposure. Metabolomics studies focus on 

various research objectives: (1) investigating metabolites in 

environmental samples found in meteorites, stromatolites, fossil-

ized matrices or hydrothermal vents on a smaller scale 72 ; (2) 

studying metabolomic pathways of existing microorganisms 

with primitive traits and theoretical pathways of potential primary 

metabolomes to understand early Earth conditions (e.g., without 

O 2 , with sulfur intake, in hot environments) on a medium scale 73 ; 

and (3) comprehending and reconstructing the metabolome of 

microorganisms within a population and their interaction with 

the surrounding community on the largest scale. 74 In fact, 

several hypotheses about primitive cells and contemporary ex-

tremophiles arise from the interactions (e.g., symbiosis) between 

individuals. 75

Metabolomic studies employ a wide range of analytical tech-

niques to detect and identify biochemical compounds (see 

Part 1 1 ). These techniques include combinations of analytical 

methods such as (1) high-performance liquid MS (HLPC-

MS), 304 (2) gas chromatography-mass spectrometry, 305 (3) 

tandem mass spectrometry, 306 and (4) NMR spectroscopy. 307 

Sample analyses can be enhanced with extraction methods, iso-

topic labeling and screening, capillary electrophoresis, and mi-

crofluidics to improve the detection and identification of various 

organic compounds, ranging from light to complex com-

pounds. 308 These sample pre-treatments save time, aid in the 

better separation of organic or enantiomeric compounds, and 

enable the extraction of a wide and quantitative range of or-

ganics from large to small sample quantities, which subse-

quently become detectable. 309

Among the techniques, HPLC-MS is the most commonly used 

and convenient method, allowing for the analysis of polar and 

non-polar or organic and aqueous phases independently or 

consecutively. Moreover, the high sensitivity of MS provides a 

high level of certainty in detection (ranging from nmol to fmol 

concentrations) and enables additional isotopic analyses on 

the same dataset. These studies, in combination with comple-

mentary microscopy and statistical analyses, help establish con-

nections between molecular compounds and biological activ-

ities influenced by the community, abiotic stress factors, and 

the genome. MS-based metabolomics is used to complement 

metabolic pathways that may not be detected through genome 

annotations, 310 demonstrate the function of theoretical path-

ways and metabolites in cells or biofilms, 311,312 and discover 

novel metabolic pathways. 311

Automation of laboratory experiments

Automation, by which we mean platforms that execute (often re-

petitive) experimental laboratory tasks, with minimal or no hu-

man intervention, can help overcome experimental limitations 

and generate vast amounts of data. The first automated peptide

synthesizer was published in 1963, 313 and now most labora-

tories have a range of tools that can automate specific tasks, 

usually procedures of sequential repeating actions. This can 

make syntheses and experiments much more reliable than 

executed manually. Automation is employed more often in bio-

logical research than in chemistry, although its most common 

usage is for molecular procedures such as real-time PCR exper-

iments and next-generation sequencing (see Part 1, genomic 

sequencing; high-throughput sequencing 1 ). 314 The advent of 

liquid-handling robots enabled efficient automation of more 

complex protocols, 315,316 from peptide synthesis to enzyme-

linked immunosorbent assays, and often utilizing microfluidics 

capacities (see microfluidics). 317 Population-level biological 

methodologies are sometimes automated as well, such as in 

culturing of microorganisms, community control, and high-

throughput genetic modifications. 318 Arguably, automation tech-

nologies are even more crucial for synthetic biology, where reli-

able models require large amounts of high-quality data that can 

only be generated by automation, thoroughly testing a large di-

versity of systems with high reproducibility. 319 Lastly, while 

much of the detailed automated procedures are applicable to 

chemistry research, fully automated chemistry experiments 

remain rare. A few groups have started developing more 

advanced automated projects, but those are focused on drug 

discovery 320 or organic synthesis. 321

Many classical OoL experiments, such as the Miller-Urey 

experiment, 322 relied on environmental cycling to drive chemical 

reactions, and work on wet-dry cycles 323,324 has further empha-

sized the role of naturally occurring processes in prebiotic chem-

istry. However, these approaches differ from laboratory automa-

tion, which requires programmable control over experimental 

conditions, which minimizes the need for human intervention. 

Such fully automated systems have not been widely applied to 

exploratory experiments in the OoL field despite novel hypothe-

ses about the long-term evolution of chemical systems under 

automated control. 324–327

One of the first explicitly automated platforms in the field was a 

system for peptide coupling, 328 which demonstrated the synthe-

sis of glycine oligopeptides in high yield. The same laboratory 

developed a microfluidic platform for the study of osmotically 

driven droplet growth and population behavior. 329 Another group 

reported a system that enabled automatically controlled wet-dry 

cycles under anaerobic conditions. 330 A completely different 

example is the development of a 3D printed stirring device, 

which further leverages the already established automated func-

tions of an autosampler and enables dynamic combinatorial li-

brary experiments with direct injection into the analytical sys-

tem. 331 While these examples are steps of increasing levels of 

automation, they still require human intervention at various 

stages of the experimental process. In a new approach, 

network-driven exploration has been combined with an auto-

mated experimental platform with a closed-loop analytical sys-

tem. 332 In this workflow, cyclic reactions were carried out over 

several weeks with an algorithm making decisions in real time 

based on analytical feedback. The use of automation can ease 

workload on repetitive tasks such as pipetting or sampling and 

can increase reproducibility of an experiment through improved 

documentation.
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Automating laboratory work can be daunting for researchers 

unfamiliar with programming, and the high initial cost of robotic 

platforms makes them riskier than established manual protocols. 

However, as technology advances, automation is becoming 

increasingly accessible and cost-effective. 333

Microfluidics

Microfluidics refers to the control and manipulation of fluids con-

strained to a small scale (often μL). It has emerged as a powerful 

technique for studying complex geochemical scenarios, particu-

larly those involving heterogeneous phases and out-of-equilib-

rium dynamics. A strict control of experimental variables can 

be achieved using this technique, yielding robust and reproduc-

ible results. 334,335 One key advantage of microfluidics is its ability 

to maintain a laminar flow regime—unlike turbulent flow—which 

allows for the establishment of stable, non-equilibrium condi-

tions. This enables controlled interactions between solutions of 

differing compositions without immediate mixing and dissipation 

of associated free energy. For example, Mö ller et al. 336 demon-

strated how microfluidics can generate steep and stable pH gra-

dients over μm distances. Microfluidics is not only useful for con-

trolling the fluid dynamics of an experiment, but modifications in 

the chip’s architecture allow for precise and in situ measure-

ments of reaction parameters such as voltage, temperature, or

pH. 337,338

Although handling heterogeneous phases in microfluidic sys-

tems presents challenges—such as the risk of fouling or block-

ing—there are cases where microfluidic platforms uniquely facil-

itate heterogeneous catalysis under controlled conditions. For 

instance, Hudson et al. successfully precipitated minerals at 

the flow interface, using them as solid catalysts to promote 

CO 2 reduction into organics. Such experiments, requiring both 

heterogeneous catalysis and sustained out-of-equilibrium con-

ditions, highlight the distinct capabilities of microfluidics in OoL 

studies. 338 Another advantage of microfluidics is its capacity to 

generate large volumes of data efficiently. For example, micro-

fluidic platforms have been used to analyze vast ensembles of 

prebiotic compartments and facilitate evolutionary and selection 

experiments. 339

While microfluidic experiments in heterogeneous chemistry 

are often slower due to their nature, automation and high-

throughput screening approaches are increasingly being inte-

grated into microfluidic platforms, enabling extensive data 

collection. 339 Liquid samples from microfluidic chips can be 

analyzed using various analytical chemistry techniques, 

including MS and chromatography (see Part 1 1 ), although there 

are challenges with scaling this approach. However, on-line 

spectroscopy techniques can be integrated if the chip design 

permits optical access. Some microfluidic setups also allow for 

post-experimental retrieval of solid catalysts or reaction prod-

ucts for further characterization. These capabilities expand the 

scope of microfluidics beyond direct imaging and contribute to 

its utility in studying complex chemical systems.

A significant challenge in prebiotic chemistry is the necessity 

for a natural purification mechanism that enhances the concen-

tration of reactants or products. Various substance-specific 

mechanisms have been proposed, such as the crystallization 

of nucleotide precursors or selective adsorption and enrichment

of RNA. However, a broadly applicable natural mechanism has 

yet to be identified. Recent studies have explored how heat flows 

through thin geo-compartments could influence prebiotic reac-

tions. These water-filled fractures, presumed to be widespread 

on early Earth, are subject to thermophoretic movement, leading 

to the accumulation of organics in colder regions. Experiments 

using geologically inspired microfluidic heat flow chambers, 

combined with numerical simulations, have demonstrated local-

ized enrichment of over 50 OoL-relevant substances, including 

glycine dimerization reactions driven by trimetaphosphate. 

These enrichments have been shown to be effective across a 

wide range of pH and solvent conditions, scaling exponentially 

with temperature differences and network size. Such findings 

suggest that this mechanism could have played a crucial role 

in amplifying reactant concentrations to drive prebiotic 

chemistry. 340

Synthetic biology: Protocells

One way to understand how non-living molecules could give rise 

to life is to reconstitute a living cell from scratch, a central goal of 

bottom-up synthetic biology. Beyond being a topic of indepen-

dent research, 341,342 protocells have emerged as invaluable 

experimental and theoretical tools for exploring the fascinating 

stage between non-living matter and cellular life. Typically, bio-

logical molecules, such as nucleic acids, peptides, and proteins, 

can be encapsulated in synthetic compartments to build model 

protocells that exhibit life-like properties. 343,344 By using well-

defined (purified) molecules, it is possible to clearly observe 

how dynamical properties emerge without the many unknown 

factors present in complex extant cells. The simplicity of proto-

cells also allows a direct comparison with computational and 

theoretical studies. 345 Notably, biomolecules have been studied 

individually and in chemical networks perhaps more extensively 

than any other type of complex chemistry, and they are the only 

type of chemistry directly associated with life. As such, synthetic 

biology can help identify the minimal requirements for the emer-

gence of life-like behaviors.

There are several common methods for generating protocellu-

lar models, especially lipid vesicles and liquid-liquid phase-

separated droplets, 346,347 among others. 147,348 Their formation 

often relies on the self-assembly of lipids or biopolymers, asso-

ciated with the encapsulation of desired molecules. In the case 

of phospholipid-based vesicles, the simplest preparation 

method is to add an aqueous solution onto a dried lipid film 

deposited on a glass surface to swell the film, leading to sponta-

neous vesicle formation, although the control of vesicle struc-

tures and the efficiency of macromolecular encapsulation are 

limited. Another method is to transfer water-in-oil droplets 

(with a phospholipid monolayer) through an oil-water interface 

(which also has a phospholipid monolayer) to form vesicles 

with phospholipid bilayers. Vesicle structures and molecular 

encapsulation can be well controlled during the preparation of 

droplets. Microfluidics (see microfluidics) is also used to 

generate vesicles with precisely controlled sizes. Protocell struc-

tures and molecules to encapsulate are chosen depending on 

the phenomena under investigation, and the level of complexity. 

For example, combining short RNA with fatty acid vesicles could 

allow the exploration of possible mechanisms of ancient cellular
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self-reproduction, 349 whereas integration of an artificial genome 

and proteins with phospholipid vesicles allows us to probe more 

complex cellular behaviors, which may have been displayed by 

LUCA. 344 In the latter case, most central biological functions, 

such as genome replication, protein translation, metabolism, 

and energy generation have already been partially reconstituted. 

Non-biological cell-like compartments (e.g., water-in-oil emul-

sion) are also used to investigate the role of cellular structures 

in a more conceptual fashion, such as in molecular evolution 

(see evolution and selection experiments). 350,351 Although most 

studies in this field focus on membranous compartments, recent 

progress in reconstituting key biological reactions, including ri-

bozyme catalysis, 352 genome replication, and protein translation 

in liquid-liquid phase-separated droplets, 353,354 also highlights 

the versatility of membrane-free compartments as protocell 

structures. 355

Evolution and selection experiments

Evolution generally requires the following three steps: (1) replica-

tion, in which copying of a molecule to another one which inherits 

its trait; (2) mutation, in which imperfect replication leads to diver-

sification of traits, caused by replication errors or environmental 

perturbation; (3) selection, in which a replicator with a particularly 

advantageous trait propagates more than others in a population. 

Similar to any living system, previously constructed molecular 

systems that can undergo these processes generally have repli-

cable nucleic acids, 356 such as RNA, as a carrier of genetic infor-

mation that determines their traits. In this case, the mutation is 

equivalent to the change of nucleic acid compositions. A major 

topic of study is whether and how evolution can occur without 

genetic materials, and novel experimental paradigms are facili-

tating empirical work on the topic. Specifically, the emergence 

of accessible laboratory automations and microfluidic platforms 

(see automation of laboratory experiments) are enabling long 

large-scale chemical experiments to search for signatures of 

evolution and selection in complex chemical systems. 332,339,357 

Once a molecular system that replicates and mutates is avail-

able, one might witness natural selection and evolution. A typical 

evolution experiment is performed through serial dilution or un-

der continuous flow, with the supplement of nutrients (sub-

stances required for replication). During the experiment, repeti-

tive replication generates mutated offspring with different 

traits, and dilution essentially causes the death of some and 

makes room for the progenies to reproduce within finite re-

sources and space. If a replicator that can replicate faster 

emerged, it would dominate the population through successive 

replication and dilution (i.e., evolution occurs).

The first in vitro evolution was reported in 1967 by Spiegel-

man’s group, using an RNA with the supplement of a purified 

RNA polymerase to facilitate replication. 358 The RNA gradually 

improved its replication efficiency in the course of evolution, 

but it became shorter and shorter. Various evolutionary phenom-

ena, including diversification, complexification, and niche parti-

tioning, have been observed for more complex replicators, 

such as an RNA that replicates using its self-encoded RNA poly-

merase 359 and a catalytic RNA (ribozyme) that replicates using 

reverse-transcription and transcription enzymes. 360 A system 

may need to be encapsulated in a compartment to link the en-

coded information with its replication, akin to a contemporary 

cell. A similar experiment can also be conducted without a pro-

tein enzyme. For example, a ribozyme that makes a copy of it by 

ligating RNA fragments can essentially evolve if pre-mutated 

fragments are supplied. 360,361 Although its evolutionary potential 

is not high due to the limited variety of mutations, it will increase if 

an RNA polymerase ribozyme capable of sustained replication is 

engineered in the future. Using synthetic chemical replicators, it 

has been demonstrated that replicators can spontaneously in-

crease in complexity under out-of-equilibrium conditions. 362

In addition to the Darwinian evolution experiments described 

above, the evolutionary principle can be applied to screen 

DNA, RNA, peptides, and protein molecules with desired func-

tions. Some techniques use biological organisms such as bacte-

ria and viruses, whereas others complete the entire experiment 

in vitro. 363,364 The latter, known as in vitro selection, has been 

used to identify functional RNA and peptides that may be rele-

vant to the OoL because of its ability to screen a large number 

of molecules and compatibility with non-canonical environ-

ments. A typical in vitro selection experiment first prepares a 

pool of randomized DNA sequences with constant regions for 

PCR amplification, followed by in vitro transcription to synthesize 

RNA depending on what to select. For screening nucleic acids, 

they are subjected to a specific selection process (e.g., ligation 

or binding with a substrate), and selected molecules are 

collected (e.g., by collecting the substrate attached to the mole-

cules of interest). Compartmentalizing each molecule also facil-

itates the selection of complex activities, such as trans-reaction 

and multiple turnovers. 365 For peptides and proteins, each mole-

cule is first cell-free translated from an RNA library in a compart-

ment or via attachment to RNA that encodes each protein, usu-

ally through conjugation with a linker (mRNA display) or without 

releasing from the ribosome (ribosome display). 366 These pro-

cesses ensure the linkage of protein activity (phenotype) with 

its genotype (RNA sequence); however, this is not necessarily 

required for the selection of nucleic acids, as they can possess 

catalytic activities by themselves. After selection, sequences 

are amplified by reverse-transcription PCR to obtain a new 

pool. Through multiple cycles of these procedures, molecules 

with target functions gradually become enriched from even a sin-

gle copy in the population, similar to evolutionary processes. At 

any point, a pool can be sequenced, as described in Part 1, 

genomic sequencing, and subjected to biochemical character-

ization. 1 For OoL research, these techniques have been used 

to find ribozymes that catalyze biological reactions, including 

ligation, 365,367 polymerization, 368 and aminoacylation, 368,369 as 

well as peptides and proteins with various functions. 368–371 

Evolution and selection experiments can also be conducted 

on living organisms. These experimental evolution approaches 

often include extreme conditions as a selection source and 

model organisms such as bacteria (E. coli 372 ) or yeast (Saccha-

romyces cerevisiae 373 ), among others. The study of adaptive 

pathways in extreme conditions and the extensive genomic 

knowledge of these model species facilitate research on the 

OoL and genome evolution, 374 including DNA repeats 375 or 

genomic plasticity 376 in prokaryotes. Similarly, new computa-

tional and in silico approaches are combined with in vivo exper-

iments to study the origin of adaptations. 377
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CONCLUSIONS

Formulating a scientific explanation for the spontaneous anima-

tion of inanimate matter, along with experimental demonstra-

tions of this process, would be a landmark achievement in the 

history of science. If accomplished in the coming decades, it 

will rely, at least in part, on the experimental and theoretical 

methodologies outlined here. However, it is unlikely that such a 

significant achievement will be realized within the confines of a 

single academic lab or research group. Solving the OoL will 

require extensive coordination and collaboration among diverse 

teams. A necessary precondition for the success of these collab-

orations is the establishment of community standards for the ex-

change and validation of data and software.

The OoL community must identify and adopt rigorous stan-

dards for sharing and distributing scientific data. This is an 

area where OoL science can benefit from following the lead of 

other scientific communities by adopting proven standards. 

For instance, in fields such as geosciences, the findable, acces-

sible, interoperable, and reusable (FAIR) data standard is already 

becoming the norm. 378 The FAIR principles are general enough 

to be applicable to all fields in OoL research. The challenge for 

early-career scientists is to implement these principles in a 

way that aligns with their own disciplinary backgrounds and 

the broader OoL community.

Similarly, software and scripting are critical for producing and 

understanding scientific results, particularly as data sources and 

analysis pipelines become more sophisticated and complex. To 

properly document and distribute analysis code, the OoL com-

munity should look to other disciplines for resources, such as 

the Turing Project, which originated in data science but is appli-

cable to quantitative sciences in general. 379

As experimental procedures become more advanced, and 

their results yield increasingly life-like phenomena, it is essential 

that these results are clearly documented and reproducible. 

Developing universal standards for experimental procedures 

will be an effective tool for documenting and sharing these pro-

cesses. 380 The OoL community should decide which tools and 

standards are useful for our science. The necessary tools to 

improve the rigor and quality of our science already exist; we 

now need to adopt them.

If scientists working on OoL aim to transform the field into a 

more cohesive and productive scientific community, effective 

communication of their advances is essential. We hope this 

review provides a starting point for those technical discus-

sions. By focusing on empirical and theoretical results within 

the context of their technical validity, rather than conceptual 

narratives, we aim to accelerate discovery and conceptual 

synthesis in the OoL community. While this review cannot 

cover every technical topic in exhaustive detail, we hope it 

serves as a roadmap for future OoL scientists to begin their 

journey of understanding the diverse techniques and frame-

works in the field.
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G., Galindo, L.J., Lang, B.F., Moreira, D., Ló pez-Garcia, P., et al. (2022). A 
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137. Segré , D., Ben-Eli, D., Deamer, D.W., and Lancet, D. (2001). The lipid 

world. Orig. Life Evol. Biosph. 31, 119–145.

138. Lancet, D., Zidovetzki, R., and Markovitch, O. (2018). Systems protobiol-

ogy: origin of life in lipid catalytic networks. J. R. Soc. Interface 15, 

20180159. https://doi.org/10.1098/rsif.2018.0159.

Please cite this article in press as: OoLEN (Origin of Life Early-Career Network)Asche et al., What it takes to solve the origins of life: An integrated 
review. Part 2: Theoretical methods and emerging trends, Cell Reports Physical Science (2026), https://doi.org/10.1016/j.xcrp.2026.103211

24 Cell Reports Physical Science 7, 103211, April 15, 2026

Review

ll
OPEN ACCESS

http://refhub.elsevier.com/S2666-3864(26)00117-7/sref98
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref98
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref99
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref99
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref100
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref100
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref100
https://doi.org/10.1016/b978-008044046-0.50335-3
https://doi.org/10.1016/b978-008044046-0.50335-3
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref102
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref102
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref103
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref103
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref103
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref103
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref104
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref104
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref104
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref104
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref105
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref105
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref105
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref105
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref105
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref106
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref106
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref106
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref107
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref107
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref107
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref108
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref108
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref108
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref109
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref109
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref109
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref110
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref110
https://doi.org/10.1038/s41559-019-1018-8
https://doi.org/10.1038/s41559-019-1018-8
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref112
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref112
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref112
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref113
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref113
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref113
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref114
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref114
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref114
https://doi.org/10.3390/life11111140
http://openmopac.net/
http://openmopac.net/
https://ci.nii.ac.jp/naid/10028164469/
https://ci.nii.ac.jp/naid/10028164469/
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref117
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref117
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref117
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref118
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref118
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref119
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref119
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref119
https://doi.org/10.1016/j.compchemeng.2012.11.009
https://doi.org/10.1016/j.compchemeng.2012.11.009
https://doi.org/10.1126/science.aaw1955
https://doi.org/10.1126/science.aaw1955
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref122
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref122
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref122
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref122
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref123
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref123
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref123
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref124
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref124
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref124
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref124
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref125
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref125
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref127
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref127
https://doi.org/10.1016/s0040-4039(01)99487-0
https://doi.org/10.1016/0022-0728(75)80047-7
https://doi.org/10.18052/www.scipress.com/ilcpa.46.23
https://doi.org/10.18052/www.scipress.com/ilcpa.46.23
https://doi.org/10.1007/bf02478302
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref132
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref132
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref133
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref133
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref134
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref134
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref134
https://doi.org/10.1016/s0022-5193(86)80047-9
https://doi.org/10.1007/s11538-006-9130-8
https://doi.org/10.1007/s11538-006-9130-8
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref137
http://refhub.elsevier.com/S2666-3864(26)00117-7/sref137
https://doi.org/10.1098/rsif.2018.0159


139. Kahana, A., and Lancet, D. (2021). Self-reproducing catalytic micelles as 

nanoscopic protocell precursors. Nat. Rev. Chem 5, 870–878.

140. Markovitch, O., and Krasnogor, N. (2018). Predicting species emergence 

in simulated complex pre-biotic networks. PLoS One 13, e0192871.

https://doi.org/10.1371/journal.pone.0192871.

141. Hordijk, W., and Steel, M. (2018). Autocatalytic Networks at the Basis of 

Life’s Origin and Organization. Life 8, 62. https://doi.org/10.3390/

life8040062.
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zokaite, L., Vancaester, E., Seitz, K.W., Anantharaman, K., Starnawski, 

P., Kjeldsen, K.U., et al. (2017). Asgard archaea illuminate the origin of eu-

karyotic cellular complexity. Nature 541, 353–358.

216. Harish, A., and Morrison, D. (2020). The deep(er) roots of Eukaryotes and 

Akaryotes. F1000Res. 9, 112.

217. Di Giulio, M. (2019). A qualitative criterion for identifying the root of the 

tree of life. J. Theor. Biol. 464, 126–131.

218. Koonin, E.V. (2005). Orthologs, paralogs, and evolutionary genomics. 

Annu. Rev. Genet. 39, 309–338.

219. Boto, L. (2010). Horizontal gene transfer in evolution: facts and chal-

lenges. Proc. Biol. Sci. 277, 819–827.

220. Syvanen, M. (2012). Evolutionary implications of horizontal gene transfer. 

Annu. Rev. Genet. 46, 341–358.

221. Syvanen, M. (1987). Molecular clocks and evolutionary relationships: 

possible distortions due to horizontal gene flow. J. Mol. Evol. 26, 16–23.

222. Altenhoff, A.M., Boeckmann, B., Capella-Gutierrez, S., Dalquen, D.A., 

DeLuca, T., Forslund, K., Huerta-Cepas, J., Linard, B., Pereira, C., 

Pryszcz, L.P., et al. (2016). Standardized benchmarking in the quest for 

orthologs. Nat. Methods 13, 425–430.

223. Emms, D.M., and Kelly, S. (2019). OrthoFinder: phylogenetic orthology 

inference for comparative genomics. Genome Biol. 20, 238.

224. Huerta-Cepas, J., Szklarczyk, D., Heller, D., Herná ndez-Plaza, A., For-
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