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Abstract8

The emergence of life from non-living matter remains one of the most profound unre-9

solved questions in natural philosophy. Current paradigms largely inherit the Oparin-10

Haldane assumption that abiogenesis is preceded by aprolonged accumulation of traits11

through both nonadaptive (e.g. self-organisation) and adaptive (i.e. Natural Selec-12

tion) processes. Yet this raises a legitimate question: how can adaptive evolution occur13

before abiogenesis? Natural selection (NS) requires both a persistent resemblance be-14

tween parental and offspring characters (i.e. heredity) and a source of transmissible15

variation (i.e. mutation); however the emergence of these properties is itself the central16

problem of abiogenesis. Here, instead, I describe a spontaneous adaptation model in17

which heritable variation arises nonadaptively, and therefore prior to the action of NS.18

The Price equation, although merely a mathematical tool, can help us think about the19

evolvability of NS itself. NS is best understood as the systematic non-null covariance20

between a trait value and its fitness, a quantity that itself evolves. Prior to abiogene-21

sis, this covariance should be effectively zero. This model defines a null expectation22

in which adaptiveness is absent from prebiotic systems. It would be experimentally23

falsified by demonstrating adaptive evolution in a system that remains independently24

non-living.25

Keywords: origins of life, abiogenesis, dissipative structures, Price equation,molec-26

ular bricolage, Oparin-Haldane hypothesis, gradualism, evolutionism, spontaneity27
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Introduction28

L. Pasteur first showed that the spontaneous generation of complex life (generatio ae-29

quivoca) was impossible de facto. Every biological form known required a pre-existing30

living propagule (generatio univoca) [1–4]. After some intense debate, the experiments31

were certainly replicated, and the question settled [5]. R.L.C. Virchow’s omnis cellula32

e cellula [6], together with the “immortality of the protoplasm” [7], remained domi-33

nant principles of biological reproduction for decades thereafter. Thus, although Pas-34

teur’s discovery filled an important gap in knowledge, an intriguing question emerged:35

whence do living things arise, if not from inert matter? [8, 9]36

37

Besides a subtle margin for vitalistic responses –à la “life is eternal” [10]–, many38

experimentalists in that era confronted the question seriously. The general materialist39

answer was that evolutionism, not spontaneity, led to abiogenesis [3, 7, 11–14]. They40

argued that only a prolonged chemical evolution could explain the inert-living inter-41

face. As stated by A.I. Oparin: “(...) these polymers, which were already capable of forming42

poly-molecular systems, were, of course, simpler than living protoplasm. Only later, due to the43

prolonged evolution of these systems, their interaction with the environment, and natural selec-44

tion, did the types of organization that characterize living beings appear.” [13], pg. 230. J.B.S.45

Haldane shared a similar view [15]. The Oparin-Haldane hypothesis [16, 17] rendered46

the best explanation available at the time: a prolonged phase of both, nonadaptive and47

adaptive evolution, prior to the origins of life (hereafter abiogenesis).48

49

Here I argue, however, that this generalised response reflected a false dichotomy,50

i.e. the spontaneous emergence of life could not be accepted as a valid materialist ex-51

planation at the time [3]. I argue that this historical contingency is still influencing52

current theoretical and experimental frameworks to tackle the question (see the Sec-53

tion below).54

55

Could we render alternative materialist models? In this piece, I elaborate on the56

feasibility of a spontaneous adaptation model, in which abiogenesis coincides with the57

origin of Natural Selection (hereafter NS). In contrast to the Oparin–Haldane model,58
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where pre-biotic adaptiveness is a prerequisite to reach abiogenesis, this alternative59

model forbids adaptive evolution in inert systems, as no mechanism exists to preserve60

heritable differences. Rather, it emerges ex novowhen a chemical system spontaneously61

acquires a channel of inheritance that allows for variation, rendering the transition be-62

tween non-life and life a discrete (albeit undirected) event.63

64

Box 1. Evolution by Natural Selection?

The term “Natural Selection”, or “selection” alone, is at times invoked to describe

the differential elimination of chemical types [18]. Yet, in formal terms, differen-

tial survival of types does not equate to Natural Selection. Instead, it is regarded

as the complete mechanism driving adaptation to a changing environment,

often referred as Darwinian evolution [19–25]. Equating these two notions is

misleading, because Natural Selection additionally requires replication, heredity,

and variation among produced replicators.

Confusion may arise from the fact that even banal enrichment of types is both

a natural and a selective process. Indeed, prebiotic mineral types available

on Earth were determined by extrinsic constraints. That is to say, the space

of chemical species realisable on Earth suffered a continuous, non-Darwinian

evolutionary filtering prior to abiogenesis [26]. Thus, a system can be considered

evolvable, natural and selective [27], but not in the Darwinian sense applied in

this work.

For example, drastic acidification may alter the composition of a chemical

pool in a primaeval ocean through selective elimination of the more unstable

types, but such a process does not entail adaptation, or memory, at any level [25].

Finally, evolution in Darwinian systems is also subjected to non-Darwinian

changes (e.g. drift via random sampling, random mutation, etc.) [28–31], but

non-Darwinian systems cannot evolve by Darwinian rules.
65
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The assumption of prebiotic chemical adaptiveness in cur-66

rent frameworks67

Since Oparin–Haldane, prebiotic chemistry has remained, to varying degrees, concep-68

tually rooted in the idea that adaptive chemical evolution precedes abiogenesis, from69

the classic experiments (e.g. Miller–Urey, Oró, Ponnamperuma, etc.) to modern pre-70

biotic synthesis frameworks [32–53].71

72

On the one hand, current perspectives that largely reminisce the Oparin–Haldane73

view commonly identify NS with changes in the frequency of prebiotic types (Box 1).74

75

Here we find autocatalytic chemical ecosystem (ACE) models, where “molecular76

competition” and “predation” shift the frequencies of chemical types [54]. Such fre-77

quency changes are treated as NS-like processes, where Darwinian evolution is viewed78

as a gradually-emerging property rather than as a discrete transition [55]. Asmade ex-79

plicit by Baum: “Darwinian evolution is not a discretely delimited mechanism of change.”80

81

Yet in a strict Darwinian sense, adaptiveness requires heritable variation associated82

with differential reproductive success. Therefore contingent enrichment of chemical83

types does not equate to NS (Box 1).84

85

The GARD (Graded Autocatalysis Replication Domain) model provides an excel-86

lent complementary case. Compositional chemical assemblies were initially treated as87

pre-genetic units of selection [56], but later analysis showed that such a system may88

lack sufficient heritable variation to sustain adaptive evolution [42]. A system may be89

autocatalytic and self-sustaining without being adaptive [42].90

91

On the other hand, current perspectives that substantially depart from Oparin–92

Haldane assumptions strictly adhere to the Darwinian sense of selection even in pre-93

biotic settings, stating that NS cannot precede adaptiveness. For example, [57] argued94

that NS may operate in autocatalytic sets, but only where self-reproduction, heredity95
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and variation are granted. This distinction has also been captured by the term “auto-96

catalytic selection” [58], where NS “can only operate on living systems and thus cannot be97

applied to the origin of life”. Likewise, [59] explicitly distinguished “chemical selection”98

from NS. Following the “Darwinian threshold” [60], the authors state that cellular99

structure is required for NS [59].100

101

Figure 1: Contrasting views of the living-inert interface. (A) The Oparin-Haldane framework
adopts a gradualist perspective in which life-like properties are acquired progressively over ex-
tended timescales. Under this view, both adaptive evolution and nonadaptive transformation
of types are assumed to operate prior to the emergence of life. Abiogenesis is, at times, identi-
fied with the origin of cellularity; other accepted definitions instead emphasize metabolism or
replication [61, 62]. (B) The spontaneous adaptation as a legitimate materialist model. Here,
the inert–living transition occurs on the timescale of a single chemical event that establishes the
requirements for NS and is itself undirected by NS. Adaptive evolution is therefore forbidden
before abiogenesis, although matter may still evolve through nonadaptive processes (e.g. min-
eral evolution [26]). Importantly, the chronology of material events need not differ between
the two views. The distinction is that Oparin–Haldane decouples abiogenesis from the origin
of NS, whereas the spontaneous adaptation model identifies abiogenesis with the discrete ad-
vent of NS, whenmatter first acquires an evolutionary regime previously unavailable and from
which later biological complexity –eg. cells– can arise, thereby allowing that transition itself to
be explicitly interrogated.

Thus, such views implicitly assume that, while the evolution and complexification102

of matter were of course gradual processes, the onset of NS itself was not (Fig. 1). NS103

is, by definition, an emergent property that begins discretely when its enabling con-104

ditions first coexist. Whether these conditions are first achieved at the cellular [60],105
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self-replicator [24], or ACE level [25], each case represents a discrete, spontaneous106

transition toward adaptiveness.107

108

The aim of this piece is to provide a general conceptual guideline and a formal basis109

for models that depart from the Oparin–Haldane view.110

111

Evolvability of trait-fitness covariance112

An implication of theOparin–Haldane view is thatNS operates continuously across the113

chemistry–biology transition, generating progressively increasing adaptiveness from114

the earliest stages of prebiotic evolution. But how could adaptiveness itself be estab-115

lished in such early systems?116

117

First, adaptiveness requires heredity: the capacity of a material type to transmit118

information beyond its own persistence [24]. Heredity may be perfect or imperfect.119

Second, perfect heredity cannot generate heritable variation, thus long-term adapta-120

tion to ever-changing conditions requires a source of transmissible variation (imperfect121

heredity). Third, imperfect heredity requires information to be copied into newly se-122

questered material types (replication). Any system capable of adaptation must there-123

fore be a replicator in a broad sense. Replication may be multiplicative (N ′ > N),124

conservative (N ′ = N), or partial (N ′ = xN, ; 0 < x < 1).125

126

Tomerely assist our thinking, I make use of the Price equation, a formalismwith the127

least assumptions, to explore whether adaptiveness is possible prior to NS. The Price128

equation [63] is commonly expressed as129

∆z̄ = Cov
(︂w
w̄
, z
)︂
+ E

(︂w
w̄
∆z′

)︂
, (1)

where∆z̄ is the change inmean character value z between parental and descendant130

populations of chemical replicators. The first term measures the association between131

parental character value and relative replication success, w/w̄. Under NS, systematic132
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differences in replication associated with trait z contribute to this covariance. The sec-133

ond term captures change during transmission, for example through replication errors.134

135

The Price equation is therefore a statistical identity rather than a causal criterion for136

NS [64]. A related partition [65] is137

∆z̄ = Cov
(︂w
w̄
, z′

)︂
+ δ̄, (2)

where the covariance relates relative replication success to descendant character138

value z′, and δ̄ is the mean change during transmission. Eq. (2) separates replication-139

associated change from transmission change, but does not establish their cause.140

141

This distinction becomes critical when considering the advent of NS. Before NS,142

some replicators may leavemore descendants than others, but these differences are not143

systematically associatedwith inherited character state z. A particular populationmay144

therefore showpositive or negative covariance between z′ andw purely by contingency.145

Consequently,146

E
[︂
Cov

(︂w
w̄
, z′

)︂]︂
= 0, (3)

where the expectation is taken over repeated realisations of the same system. With147

the onset of NS, inherited character states begin to systematically predict replication148

success, producing an expected non-zero covariance.149

150

The onset of adaptiveness due to NS thus corresponds to the appearance of a sys-151

tematic association between inherited character state and replication success, where152

the trait-fitness covariate begins to be controlled by such a NS-capable system, grant-153

ing the expectancy154

E
[︂
Cov

(︂w
w̄
, z′

)︂]︂
̸= 0. (4)

NS therefore introduces a persistent bias in the differential propagation of inherited155

states. This bias corresponds to adaptiveness. Adaptiveness, formally, cannot precede156
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NS.157

158

Figure 2: Two illustrative cases of weak (A) and strong (B) linear parent–offspring resem-
blance, quantified by the regression coefficient h. In both cases, replication and parent–
descendant relationships are assumed to have been independently established. A population
of parental character values (z) gives rise to descendant values (z′). In (A), parental values
have little predictive power for descendant values, as expected when transmission of the focal
character is weak or disrupted, for example beyond an error threshold [24, 66]. In (B), parental
values predict descendant values, yielding positive covariance between z and z′.

A separate question concerns the emergence and identification of a persistent in-159

heritance channel. Linear inheritance of character z can be quantified by160

h =
Cov(z′, z)

Var(z)
. (5)

where h is the regression slope of descendant types on parental character values.161

See an example in Figure 2.162

163

A non-zero h indicates linear parent–offspring dependence within an established164

inheritance channel: h > 0 denotes positive resemblance, whereas h < 0 denotes an165

inverse relationship. Conversely, h = 0 indicates only the absence of linear covariance166

and does not exclude nonlinear transmission. For example, if z′ = z2 and parental z is167

symmetrically distributed around zero, offspring state is fully determined by parental168

state while Cov(z, z′) = 0, because positive and negative parental values cancel in the169
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linear covariance.170

171

Variation in h among true replicator populations may reflect changes in how char-172

acter states are transmitted from parent to descendant types. Figure 3 illustrates this173

variation. Here, NS provides a statistical association between inherited character states174

and replication success.175

176

However, as said, h quantifies the linear component of heredity but cannot by itself177

establish its presence or absence. Parent–offspring relationships must first be estab-178

lished independently of chemical persistence. For example, simple decay can generate179

strong time-lag correlations among chemical types, z(t + ∆t) = e−k∆tz(t). The corre-180

sponding regression coefficient is positive and approaches unity when the sampling181

interval is short relative to the decay timescale. This may occur without replication.182

183

Experimentally, the problem reduces to two questions. First, is the character trans-184

mitted? Replication and parent–offspring descent must be mechanistically established.185

Where such a mechanism exists, h can help quantify the linear component of hered-186

ity within the population (Eq. 5). Second, does the inherited character predict replication187

success? Replication output must then be quantified independently to test whether188

inherited states systematically alter offspring production, fulfilling the expectation in189

Eq. (4) and providing the signature of NS.190

191

In this sense, adaptiveness is a consequence of the emergence of NS rather than a192

prerequisite for it.193

194

Why does imperfect heredity allow for adaptiveness among offspring195

types?196

Artificial replicators such as the Rebek system [67] illustrate more clearly why this is197

so. These are template-based autocatalytic replicators, but behave closer to perfectly198

faithful than Darwinian replicators, storing little information and, in theory, generat-199
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Figure 3: Illustrative distributions of h corresponding to the cases in Figure 2. Values are ar-
bitrary and have no direct biological significance. Overlap between distributions may occur.
The distributions represent differences in linear transmission fidelity among replicating sys-
tems and do not by themselves identify the onset of NS.

ing no heritable variation [68]. They are therefore trivial replicators, as their encoded200

information cannot readily generate alternative transmissible character states [69, 70].201

Their expected trait–fitness covariance is therefore that of Eq. (3). Frequencies may202

still change contingently (e.g. through kinetics, precursor availability, environmen-203

tal change, etc.) but such changes do not entail adaptation of surviving types. With-204

out heritable variation, successful types cannot accumulate adaptive information about205

previously experienced environments.206

207

Conversely, imperfect heredity is a prerequisite for NS, because adaptation requires208

heritable variation. This follows from the Fundamental Theorem of Natural Selec-209

tion [20, 23] and is reflected in the Price equation. Yet excessive transmission error210

can erode the statistical association between parental and descendant states, eventu-211

ally crossing an error threshold beyond which information about previously selected212

states can no longer be reliably maintained [66]. To maintain open-ended Darwinian213

evolution, abiogenic replicators must therefore have been variable, and capable of un-214
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limited heredity [24].215

216

Alternative frameworks that formalise selection in a broad sense among popula-217

tions of early replicative systems, such as the entropic selection principle [71, 72], could218

in principle be accommodated within the spontaneous adaptation model, provided219

that variation and heredity are already present.220

The spontaneous adaptation model221

Considering the above, I reconcile a materialist model of abiogenesis in which living222

types arise spontaneously. The preceding nonadaptive regime need not be instanta-223

neous, as chemical complexity may accumulate gradually. Yet the transition from non-224

adaptive to adaptive evolution is discrete. It occurs when a sufficiently reliable inheri-225

tance channel is fortuitously established (Fig. 3), allowing parental character states to226

persist above transmission noise (Fig. 2) and, subsequently, to systematically predict227

replication success (Eq. 4).228

Experimental falsification of the spontaneous adaptation model229

Under this model, abiogenesis can be abstracted as a rare, undirected, mineral, sponta-230

neous reaction; and, once it occurs, the descendant of the abiogenic types are forced to231

store information of the outcomes of the interaction between their characters and the232

environment. How can we determine whether the latter is a valid model for interro-233

gating the origin of life?234

235

The indefatigable surveyor236

Let us consider the classical Oparin–Haldane example [15, 73], where UV radiation237

and other abiotic processes ensure a concoction of different chemicals within the pri-238

maeval oceans and act upon them with certain periodicity (e.g. day–night cycles),239

while others arrive episodically (e.g. impactors). Together, they continually produce,240
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transform, and extinguish material types.241

242

Now suppose that we, as modern scientists, had access to an idealised Laplacian243

daemon devoted solely to the scrutiny of abiogenic conditions. It would possess com-244

plete observational access to this Earth-sized prebiotic experiment across time, main-245

taining detailed surveillance of how material types arise and transform within the246

soup.247

248

Suppose that the indefatigable surveyor possesses effectively omniscient powers249

of measurement over this prebiotic world: every material type, its ancestry, instabil-250

ity, and environmental history are fully accessible to us. We may therefore follow any251

character z of amaterial type (e.g. amphiphile half-life, aromaticity, molecular weight)252

and its corresponding value z′ in successor types. The Price terms merely provide sta-253

tistical approximations to these underlying properties, useful for conceptual clarity but254

unnecessary to their direct observation by such peculiar daemon.255

256

If the Oparin–Haldane continuum is correct, ours will be a rather tedious watch:257

adaptive properties should accumulate gradually, with no privileged instant at which258

inert matter becomes living, since both regimes are governed by essentially the same259

rules.260

261

If the spontaneous adaptation view is correct instead, the trajectory of these adap-262

tive parameters need not be linear. Different enabling conditions forNSmay arise inde-263

pendently, out of sequence, or in combination, and the relevant parametersmay change264

abruptly rather than gradually. The daemon should register multiple local ruptures in265

which heritable differences in the propagation of material types emerge, opening ac-266

cess to increasingly far-from-equilibrium states that were previously unattainable.267

268

In both cases, chemical types may still accumulate or diversify gradually (Fig. 1).269

The critical distinction is that, under spontaneous adaptation, the adaptive parameters270

shift discretely from no systematic signal to a non-zero one. These parameters deter-271
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mine how material types evolve. At this point, their evolution can be adaptive.272

273

Approximating the indefatigable surveyor274

Unfortunately, we are no indefatigable surveyors. Thus, the thought experiment is use-275

ful only insofar as it can be reduced to extant experimental conditions. Two practical276

approximations may suffice.277

278

The first is to approximate the daemon’s measurements. Parameters of adaptive-279

ness must be inferred from measurable properties of material types. The Price terms280

may assist this formalisation, but, for the reasons given above, are not themselves the281

quantities of interest. Further combined theoretical and experimental work along these282

lines is therefore required to identify suitable operational proxies.283

284

The second is to constrain the daemon’s search space. In the thought experiment,285

material typeswere screened across the entire Earth-sized chemical space–time. Exper-286

imentally, this must be reduced to tractable systems enriched for conditions enabling287

replication and imperfect heredity. The aim is to identify restricted regions of chemical288

space in which transitions to adaptive replication become observable.289

290

A tractable falsification could build on ongoing work by Nghe, Fraccia and col-291

leagues coupling polymer variation to compartment phenotypes [27, 74, 75]. In such292

systems, vesicle longevitymaydepend on the internal state generated bypolymer repli-293

cation. Mechanistically coupling this polymer state to stable vesicle replication would294

represent a critical experiment, because inherited polymer variation z could then gener-295

ate differences in vesicle persistence that feed back on fitness. Where parent–offspring296

connection is demonstrated, h could quantify linear heredity, while trait–fitness covari-297

ance would hint the emergence of NS.298

299

Under spontaneous adaptation, this coupling should emerge in the absence of prior300

adaptive states and produce a discrete regime shift in vesicle persistence, accompanied301
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by the appearance of a systematic trait–fitness covariance. Within a few vesicle gener-302

ations, NS should rapidly enrich the inherited polymer states associated with greater303

replication success.304

305

If coupling polymer heredity to vesicle reproduction produces no abrupt qualita-306

tive shift in system properties or trait–fitness covariance, this would bemore consistent307

with an Oparin–Haldane continuum, because prebiotic sorting and NS would remain308

experimentally indistinguishable in this system.309

310

Other recent contributions support the experimental validity of spontaneous adap-311

tation models [76, 77]. I briefly summarize the main findings.312

313

The first experiments show that a variety of semihollow structures, with distinc-314

tive morphology and thickness, were achieved spontaneously in a Miller-Urey experi-315

ment [76]. The latter consist of silicon-enrichedHCNpolymers, a kind of compartment316

not present in modern-day biology. Instead, the second experiments show how photo-317

RAFTs, or reversible addition–fragmentation chain transfers driven by light pulses,318

lead to the polymerization-induced self-assembly (PISA) of some components, selected319

ad hoc [77]. These, importantly, are not based onmodern-day biological parts, but they320

spontaneously form micelles that “self-reproduce”. Although molecular changes that321

occur in these micelles over time are the result of contingency rather than NS, as they322

have no possibly enabled inheritance channel and thus they follow the nonadaptive323

regime (Fig. 2), this could be an interesting result to be falsified.324

325

Historical decoupling of adaptive evolution and abiogenesis326

In the Oparin–Haldane view, the emergence of NS and the emergence of life remain327

decoupled in time. A.I. Oparin stated that natural selection occurred in non-living328

molecules [73], but also that the first “living thing” is not a poly-molecule, but proba-329

bly a “slime”: “with certain reservations we can even consider that piece of organic slime (...)330

as being the first organism” [73]. J.B.S. Haldane, contrary to A. I. Oparin, recognised that331
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“the first living, or half-living things were probably large molecules synthesised under the sun’s332

radiation” [15], thus treating life as a continuum rather than as a discrete quality. This333

is an important discrepancy [78] that has been largely neglected in posterior literature.334

However, Haldane also acknowledged: “clearly we are in doubt as the proper criterion to335

life” [15].336

337

Indeed, at the time of elaboration of the Oparin-Haldane narrative, non-adaptive338

drivers of evolution were largely neglected, maybe with exception of the Fisher-Wright339

models in population genetics [20, 79]. Now, we do acknowledge that a substantial340

portion of the variation found in extant replicator populations is due to nonadaptive341

processes [29, 31]. It is sensible to think that the generation of variability in non-living342

compounds, which are not purified, was not directed by any adaptive forces (memory343

of traits that worked better), because there were, by definition, no available channels344

of inheritance to allow for NS (Eq. 5, Figs. 2& 3). That is to say, variability in the pool345

of inert types will be determined, contingently, by the local chemistry and the events346

disturbing that chemistry.347

348

Thus, under a spontaneous adaptation model, the discrete moment at which the349

conditions enabling NS are attained coincides with abiogenesis. This is because life-350

defining properties like cellularity, organismality, metabolism, homeostasis, genetic351

code, compartmentalisation or endosymbiosis are not causes of NS, but collateral con-352

sequences of NS-capable replicators with imperfect heredity.353

354

Final notes355

I make no claim that thismodel provides amore correct account of abiogenesis. Rather,356

I argue that spontaneous abiogenesis models remain comparatively unexplored and357

poorly formalised, despite representing legitimatematerialist alternatives. Importantly,358

some generate experimentally distinguishable predictions from the Oparin–Haldane359

framework.360
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361

Under the Oparin–Haldane view, abiogenesis follows a prolongedmixture of adap-362

tive and nonadaptive change, leaving its precise occurrence vague. Under spontaneous363

adaptation, it is instead a spontaneous event from non-adaptive precursors. Before this364

transition, adaptive parameters among material types should show no persistent sig-365

nal. Afterwards, inherited types begin to predict replication success. This alternative is366

therefore useful (1) as a null, (2) to explore chemical routes outside any prior adaptive367

trajectory, and (3) to trace quantitatively the first departure from the prebiotic expec-368

tation.369

370

Resource endowment, for instance, drives important nonadaptive changes in the371

frequency of prebiotic types [27, 72], but adaptation to resource dynamics is allowed372

only when those changes become coupled to fitness.373

374

It could be argued that this model merely places the threshold for abiogenesis at375

very low complexity. A population of simple replicators lacking environmental isola-376

tion might satisfy its conditions while remaining “infrabiological” in the sense of [62].377

Yet this remains a qualitative position along a continuous complexity gradient. The378

search for the origin of life is therefore inherently ambiguous under such definitions.379

By contrast, the present model provides a quantitative criterion for tracing a discrete380

onset of adaptive evolution experimentally.381

382

Other definitions of life [61] emphasise features such as genetic coding, compart-383

mentalisation, and metabolism. Under the proposed view, these are contingent on384

prior adaptiveness. NS therefore marks the inflection point from which such higher-385

order properties become evolutionarily accessible, and thus the defining inert-living386

boundary.387

388

Interestingly, viruses are not autonomous self-replicators, and under this model389

would not qualify as living unless cellular machinery enables their reproduction and390

imperfect heredity [80]. Self-replicators sustain these conditions autonomously.391
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392

Finally, two questions are often conflated: (i) how life can emerge in general, and393

(ii) how life historically emerged on Earth [81]. The second is contingent on local394

chemistry and historical events, such as impactors or orbital change. The first instead395

requires general principles, which necessarily depend on an operational account of396

life [81]. Such principles should nevertheless be theoretically formulable and, in prin-397

ciple, experimentally testable.398

399

This piece addresses question (i). Question (ii), while equally important, is closer to400

a form of “molecular palaeontology”: reconstructing the historical sequence by which401

life emerged on Earth. By contrast, question (i) asks under what general conditions402

inert matter can acquire the defining properties of living systems [81]. In this sense,403

the Oparin–Haldane model provides neither a general nor a quantitative criterion for404

delineating abiogenesis (Fig. 1).405

406

Here, I propose what I believe is a novel perspective on problem (i). In the end, the407

quest might still be to figure out the material rules governing a (very) elusive generatio408

aequivoca. What an irony!409
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and JuanManuel Garcı́a-Ruiz. Concomitant formation of protocells and prebiotic617

25



compounds under a plausible early earth atmosphere. Proceedings of the National618

Academy of Sciences, 122(2):e2413816122, 2025.619

[77] Sai Krishna Katla, Chenyu Lin, and Juan Pérez-Mercader. Self-reproduction620
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