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Abstract.  44 
 45 
Prior research on evolutionary mechanisms during the origin of life has mainly assumed the 46 

existence of populations of discrete entities with information encoded in genetic polymers. 47 

Recent theoretical advances in autocatalytic chemical ecology establish a broader evolutionary 48 

framework that allows for adaptive complexification prior to the emergence of bounded 49 

individuals or genetic encoding. This framework establishes the formal equivalence of cells, 50 

ecosystems, and certain localized chemical reaction systems as autocatalytic chemical 51 

ecosystems (ACEs): food-driven (open) systems that can grow due to the action of autocatalytic 52 

cycles (ACs). When ACEs are organized in meta-ecosystems, whether they be populations of 53 

cells or sets of chemically similar environmental patches, evolution, defined as change in AC 54 

frequency over time, can occur. In cases where ACs are enriched because they enhance ACE 55 

persistence or dispersal ability, evolution is adaptive and can build complexity. In particular, 56 

adaptive evolution can explain the emergence of self-bounded units (e.g., protocells) and 57 

genetic inheritance mechanisms. Recognizing the continuity between ecological and 58 

evolutionary change through the lens of autocatalytic chemical ecology suggests that the origin 59 

of life should be seen as a general and predictable outcome of driven chemical ecosystems 60 

rather than a phenomenon requiring specific, rare conditions.  61 
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Explaining the origin of life requires that we identify a system that was simple enough to arise 66 
spontaneously, yet already endowed with the capacity to evolve adaptively and become more 67 
complex over time. In modern biology, complexification exploits natural selection, which acts 68 
on organismal features encoded in nucleic acid polymers. However, genetic heredity seems too 69 
complicated to have arisen without a pre-existing adaptive process. This has posed a persistent 70 
problem that has held back the origin-of-life field for many years. 71 
 72 
In this paper, we propose that Darwinian evolution is not a discretely delimited mechanism of 73 
change but one member of a broader class of autocatalytic chemical ecosystem (ACE) 74 
processes. ACE processes are characterized by self-amplifying subsystems called autocatalytic 75 
cycles (ACs) that include not only the life cycles of genes and organisms but also motifs that are 76 
abundant within abiotic chemical reaction networks. Importantly, because ACs tend to persist 77 
once activated (given sufficient flux of food/energy), they serve as a basic unit of memory or 78 
inheritance. It can be shown that superficially different ACEs, for example cells, ecosystems, 79 
and certain localized chemical reaction systems, can all be described using the same formalism.   80 
 81 
The first section of this paper reviews prior work on the origin of life, with a particular focus on 82 
the emergence of evolvable chemical systems. This section serves to identify the core problem: 83 
developing a general description of adaptive evolution that applies to diverse kinds of chemical, 84 
biological, and population genetic change. The remainder of the paper describes and expands 85 
upon recent work in chemical ecosystem theory to explain the emergence of adaptive evolution 86 
without cellular encapsulation or genetic encoding, as well as the subsequent origin of cells and 87 
genes. We do this by laying out the parallels between a living cell (or organism) and a local 88 
ecosystem and between a population of cells/organisms and a meta-ecosystem of 89 
interconnected local ecosystems. This implies that both ecological change (e.g., ecological 90 
succession) and Darwinian evolution can be seen as formally equivalent in that each entails 91 
changes in AC frequency. We then tie this insight to the origin of life and explore the two main 92 
differences between ecological change and Darwinian evolution, namely compartmentalization 93 
and genetics, and describe how prebiotic chemical processes might have bridged this apparent 94 
gap by gradually becoming more evolution-like and less ecology-like over time. We end by 95 
proposing that the conception of cells as chemical ecosystems provides a powerful new 96 
framework for guiding both theoretical and empirical studies of the origins of life. 97 
 98 

On the origin of evolution: The state of play 99 
 100 
As well articulated by Oono [1], life as we know it today is too complex to have originated 101 
directly from non-life but must be the product of a history in which a relatively simple system 102 
originated de novo and then accumulated complexity. In modern biology, Darwinian natural 103 
selection is sufficient to explain complexification [2], but this mechanism depends on gene-104 
based inheritance systems which are, themselves, very complex. Thus, understanding the origin 105 
of life, whether viewed as a historical event on the early Earth or a general phenomenon as 106 
might occur elsewhere in the Universe, requires that we identify systems simple enough to 107 
arise spontaneously that can nonetheless accumulate complexity. 108 
 109 



The molecular biology revolution of the 1950s and 60s [3] posed a specific chemical problem. 110 
Evolution does not seem possible without cellular growth/division and genetic inheritance, yet 111 
these processes all require a sophisticated interplay of three interdependent polymer classes, 112 
proteins, RNA, and DNA. The discovery that RNA molecules can both encode information like 113 
DNA and have catalytic activities like proteins suggested a solution, namely that evolvable 114 
populations of self-replicating RNAs emerged spontaneously and evolved adaptively, with 115 
protein and DNA chemistry being added much later [4]. The original RNA World models 116 
imagined individual, naked self-replicating molecule [5, 6]. However, following the insight that 117 
replicating polymers cannot persist if they are longer than a threshold length (the error 118 
threshold, set by the accuracy of template-mediated replication) [7, 8], most RNA World 119 
models shifted to assuming that the first evolving systems were sets of cooperating RNAs 120 
enclosed in protocells [9-11]. These models assume the spontaneous appearance of a protocell 121 
that happened to be endowed with a set of functional RNA molecules that could collectively 122 
replicate, acquire food and energy, and grow and divide. However, many researchers have 123 
questioned whether such evolvable protocells are simple enough to arise spontaneously [12, 124 
13]. 125 
 126 
RNA World models have appealed, at least in part, because the mechanism of evolution is 127 
familiar, being based on heritable information encoded in nucleic acid molecules. However, the 128 
geological rarity and instability of RNA on the early Earth [14] has led several chemists to 129 
propose that the first evolving systems were not polymers at all, but autocatalytic sets of 130 
chemical reactions, i.e., metabolisms [15-17]. Such metabolism-first models are chemically 131 
plausible, but often lack a clear theory of evolutionary change [12, 18]. Several models of 132 
“chemical evolution” have focused on polymers and template-mediated replication, which 133 
reintroduces some of the challenges of RNA World models [19, 20].  134 
 135 
The peptide network model by Kauffman [21] spawned a rich body of theory focused on 136 
reflexively autocatalytic, food-generated (RAF) sets [22-25]. While focused primarily on 137 
networks with direct catalysis, where each chemical reaction requires a specific catalytic 138 
species, this body of work has yielded important insights including the potential for evolution in 139 
the absence of template-mediated replication [26, 27]. Another promising non-genetic 140 
framework, the Graded Autocatalysis Replication Domain (GARD) model explored by Lancet and 141 
colleagues [28-31], considered assemblies of multiple chemical species that can change over 142 
time through mutually catalytic, non-covalent interactions. However, despite its virtues, the 143 
GARD model cannot readily be applied to metabolic networks and has not yet been framed 144 
with sufficient generality to aid us in understanding how chemical evolution might transition 145 
from non-genetic to genetic information encoding. 146 
 147 
A potential general framework for describing adaptive change during origins of life lies in 148 
ecosystem ecology [32-34]. As discussed in the remainder of this paper, there is reason to 149 
suspect that by merging an ecological perspective with recent advances in understanding the 150 
properties and dynamics of chemical reaction networks [35-41] it may be possible to build a 151 
general, chemically agnostic theory for the origin of life. Such a theory would explain adaptive 152 
change independent of the existence of genetic polymers or cell-like encapsulation and could 153 



be used, therefore, to explore the possibility that genes and cells are products of gradual 154 
evolution. This would facilitate the side-by-side comparison of competing origin-of-life models 155 
and could guide the development of new experimental paradigms. Here, we here integrate 156 
basic ecological and evolutionary concepts with chemical reaction network dynamics and 157 
provide a conceptual model for primordial evolution in spatially structured chemical 158 
ecosystems and the subsequent adaptive emergence of cellular individuation and genetic 159 
encoding.  160 
 161 

The equivalence of biological and metabolic ecosystems 162 
 163 
A biological ecosystem comprises a location where food and energy flux allow the persistence 164 
of a community of one or more species. Each species in the community is composed of 165 
organisms whose life cycles are canonical examples of ACs. An AC can be defined as a series of 166 
reactions that consumes inputs, which we will call food, and includes reactions among a set of 167 
internal components, which we will call members, where there is at least one “branching 168 
reaction” that confers stoichiometric growth [34, 38]. Biological life cycles are simple examples 169 
of ACs whether we focus on a single adult producing at least two offspring or on a long-lived 170 
adult that produces a single offspring at a time (figure 1).  The existence of branching reactions 171 
in these ACs permits sustained flow of energy and food to drive an increase in the count of 172 
organisms, which may be sufficient to offset organism loss by death or emigration.  173 
 174 
When ecosystems contain more than one species, these species may be linked by diverse 175 
ecological interactions, including competition, predation, and mutualism. These interspecific 176 
interactions can link autocatalytic life cycles together into higher-level ACs. A simple example 177 
would be a pair of obligately mutualistic species that exchange key resources. In that case, the 178 
exchanged resources are members of a combined AC, which contains at least two branching 179 
reactions (one in each life cycle). As a result, when we track all the chemical and physical 180 
resources, any real ecosystem forms a complicated chemical network with multiple 181 
interconnected and nested ACs. Thus, a biological ecosystem is a special case of an 182 

Figure 1. A biological life cycle shown to emphasize its autocatalytic features. Eggs and adults can be viewed 
as chemical complexes that are members of a simple autocatalytic cycle. This autocatalytic structure applies 
whether we focus on a single adult producing multiple eggs (a) or on an adult producing a single egg and then 
persisting after egg-production alongside its adult offspring (b). 
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autocatalytic chemical ecosystem (ACE): a localized environment that receives a flux of food 183 
and energy and sustains ACs. 184 
 185 
Some chemicals produced by an ACE are not, formally, members of ACs. For example, waste 186 
products excreted by an organism will be generated whenever that species is alive, but the 187 
waste does not need to be present for the organism to reproduce. However, while at least four 188 
distinct roles can be assigned to elements of autocatalytic systems [40, 42], such a classification 189 
is not needed here. All that matters for now is that ecosystems and subsets of ecosystems, 190 
including individual life cycles, use their component ACs to convert food and energy in the 191 
environment into more AC components.  192 
 193 
Under this conception, an individual living cell (or organism) is also an ACE. Like a biological 194 
ecosystem, a cell contains a set of chemicals that collectively use food/energy from the 195 
environment to generate more of the same set of chemicals. The ability to make more of the 196 
cell’s components, to self-propagate, underlies its capacity to replace components lost to the 197 
environment, to grow, and to divide. Just like a biological ecosystem, the collective 198 
autocatalysis of a cell rests on numerous interconnected ACs.  199 
 200 
One important set of ACs inside a cell are those that result in gene replication (figure 2). Strand 201 
separation of a DNA duplex following second-strand synthesis is a branching reaction where 202 
each product can be converted back to a new duplex by complementary base pairing and new 203 
strand synthesis. Each stretch of DNA in a genome is, thus, a member of an AC. However, these 204 
genetic ACs cannot run in isolation but require enzymes (e.g., DNA polymerase) and building 205 
blocks (e.g., deoxy-ribonucleoside triphosphates) that, except in a test tube, are not provided 206 
for free by the external environment. Thus, a gene “life cycle” is an obligate mutualist of other 207 
ACs within cellular metabolism.  208 
 209 
Biochemists have long appreciated the 210 
existence of certain ACs within cellular 211 
metabolism, such as the Calvin or reductive 212 
citric acid cycles [43]. However, these named 213 
pathways represent only a tiny subset of the 214 
ACs hidden within cellular metabolism. Using 215 
recently developed principles for identifying 216 
stoichiometric ACs [38], analyses have 217 
identified huge numbers of overlapping ACs 218 
within metabolic networks [40]. A similar 219 
conclusion has also been reached using a non-220 
stoichiometric definition of autocatalysis from 221 
RAF-theory [44]. In principle, these metabolic 222 
ACs can serve as units of chemical memory or 223 
heritability similar to gene replication cycles 224 
[45].  225 
 226 

Figure 2. The gene life cycle of a modern cell. The 
figure has been drawn to emphasize the features of 
template-mediate replication that result in 
stoichiometric autocatalysis. As with biological or 
chemical ACs, the cycle is driven by a flux of food, in 
this case dNTPs, and may generate waste, in this 
case a copy of the complementary strand. 
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A full accounting of cellular ACs needs to consider that many enzymes catalyze reactions that 227 
promote, however indirectly, future protein synthesis. When a catalyst catalyzes a reaction that 228 
supports its own synthesis, it is, by definition, an autocatalyst. Indeed, most functional enzymes 229 
in a cell are members of additional ACs that contribute to the ability of a cell to make more of 230 
its own components. This can be seen by redrawing the catalyzed reaction to include the 231 
substrate-catalyst complex, whereupon it becomes clear that conversion of that complex into 232 
product-plus-catalyst functions as a branching reaction in an AC (figure 3b-c). This provides the 233 
basis for connecting RAF theory to other frameworks for exploring autocatalysis in chemical 234 
reaction networks.  235 
 236 

The similarities between biological ecosystems and the chemical ecosystem within 237 
metabolically active cells go beyond the mere presence of ACs. The ACs in chemical ecosystems 238 
can show diverse pairwise interactions such as competition, predation, and mutualism, that are 239 
qualitatively and even quantitatively similar to those seen between species in biological 240 
ecosystems [34]. As one obvious example, each genetic AC is mutualistic with that of its 241 
complementary strand.  The diversity of possible direct interactions between pairs of chemical 242 
ACs is greater than in conventional ecology, because there may be multiple chemical 243 
compounds associated with each AC, and each compound can be classified into one of four 244 
categories (food, waste, core member, and non-core member [42]). However, while chemical 245 
networks may include interaction types that are not typically seen in conventional ecology, this 246 

Figure 3. Autocatalytic cycles in chemical reaction networks. (a) A simple, stoichiometrically autocatalytic 
cycle. (b) An example of autocatalysis, where a catalyst, Z, promotes one of the reactions need for its own 
synthesis. (c) The same cycle shown in panel b, redrawn to emphasize stoichiometric autocatalysis. 

X

X Z + WasteY

Z

Branching
reaction

Y

Food

Food

Waste

Waste

Food

(A) (B)

(C)

X

Substrate-catalyst
complex

Z
(reunion
member)

Branching
reaction

Y

Food

Waste



is likely a matter of degree. Moreover, it is worth remembering that all ecosystems are 247 
chemical insofar as they are composed of the combined metabolisms of all their constituent 248 
organisms interacting with the chemistry of the physical environment.  249 
 250 
Based on the preceding, we would argue that individual cells and localized biological 251 
ecosystems are both examples of ACEs. If cells are localized ecosystems, then it follows logically 252 
that populations of cells are analogous to meta-ecosystems, which is to say sets of semi-253 
independent local ecosystems. Imagine seeding a Petri dish with one bacterial cell and coming 254 
back later to observe many cells on the plate, all derived by divisions of the first cell. Now 255 
imagine a local ecosystem that is surrounded by a set of similar, but empty, patches. Wouldn’t 256 
one expect the first ecosystem to have spread, via dispersal of its component organisms, into 257 
the surrounding patches? We will return later to the extent to which ecosystems have 258 
individual identity analogous to cells, but for now we ask the reader to accept a preliminary 259 
mapping of cells onto ecosystems and cellular populations onto meta-ecosystems. 260 
 261 

The similarities of ecological succession and Darwinian evolution 262 
 263 
Consider a population of organisms whose attributes come to change over a few generations. 264 
For such change to be considered “evolution,” the differences accumulating over time would 265 
need to be intrinsic, meaning that they are encoded in such a way that descendants tend to 266 
resemble their parents independent of the physical environment. This is what we mean when 267 
we say that evolution entails heritable changes in populations over time. 268 
 269 
Can changes in biological ecosystems be intrinsic, or heritable? Organisms do not arise 270 
spontaneously from food meaning that species life cycles are seed-dependent – they are not 271 
created by the physical (or external) environment but need to be triggered by the introduction 272 
of a “seed:” a member of the AC, which in the case of species life cycles could be a fertile 273 
organism, a seed (in the narrow sense), a spore, or a vegetative propagule. In a chemical 274 
context, seeding can be accomplished by a member of the AC or a chemical/complex that can 275 
react to generate a member [40]. Seed-dependent autocatalytic systems have the property 276 
that, once seeded into a supportive ecosystem, they have the potential to persist indefinitely. 277 
In this sense, succession can, indeed, be seen as intrinsic change because the set of species 278 
present at a moment in time is highly correlated with the set present at an earlier time, even if 279 
the physical environment changed greatly in between. Thus, seeding of species into an 280 
ecosystem represents a kind of ecological memory, which is analogous to the heritable changes 281 
that underlie evolution. 282 
 283 
As ACE processes, succession via species seeding and evolution via genetic mutation have many 284 
deep similarities (figure 4). In succession, seeding of a new AC occurs via stochastic dispersal of 285 
a viable seed from a regional species pool. In evolution, mutation occurs when a rare chemical 286 
reaction yields a different DNA sequence (usually destroying an ancestral molecular sequence 287 
in the process) that is a member of a new gene replication AC. In either case, if the new AC is 288 
viable in that physical environment, it will become established. This will transition the ACE to 289 
the vicinity of a new dynamical attractor, resulting in a novel quasi-stable state where the new 290 



AC is active. An active AC is one that has been seeded and has not gone extinct, meaning that at 291 
least one member is currently present. Regardless of whether transitioning to the new attractor 292 
also entails extinction or altered flow through other ACs, seeding permits an ACE to adopt a 293 
new state, encoded in the set of active ACs, that could persist even if the physical environment 294 
changes. 295 
 296 
Given the foregoing, how then is Darwinian evolution linked to succession or other kinds of 297 
intrinsic ecological change? Conventional Darwinian evolution occurs not at the level of the 298 
cell/organism but at the level of a population and entails changes in the frequency of gene 299 
replication ACs over time. It is important to remember, here, that within modern evolutionary 300 
biology a change in allele frequency is judged to be evolution regardless of the cause of that 301 
change. Thus, evolution can be stochastic (genetic drift) or result from the effects of ACs on cell 302 
survival and reproduction (selection).  303 
 304 
If a single cell is equated with a localized chemical ecosystem, then a population of cells is 305 
equivalent to an autocatalytic chemical meta-ecosystem or ACME (figure 4). The ecological 306 
analog of evolution applies when the frequency of different ecosystem compositions (where an 307 
ecosystem’s composition is its set of active ACs) changes in an ACME. Such a change in 308 
ecosystem composition could happen by chance, analogous to genetic drift, for example when 309 
disturbance randomly extinguishes some ecosystem compositions. However, change could also 310 

Figure 4. A comparison of cellular (left) and ecosystem evolution (right). In both cases there are a certain 
number of cells/ecosystems at each point in time, characterized by a set of active ACs (colored dots). ACs tend 
to persist through time, but over time the set of ACs present in the population/meta-ecosystem can change. In 
cells, heritability is (primarily) vertical, with new ACs arising via mutation, which entails extinction of a prior 
genetic AC and its replacement by a new one. In ecosystems, new ACs (species) can go extinct locally and can be 
acquired by dispersal from a nearby ecosystem or the broader species pool. 
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be driven by intrinsic differences between ecosystems (subcommunities, sensu [46]), for 311 
example when some ecosystem compositions are more resistant to disturbance and/or better 312 
at colonizing new environmental patches than others.  313 
 314 
Based on this analysis, changes in biological meta-ecosystems and genetic populations are 315 
deeply homologous: in both cases, changes in the abundance of different ACs in an ACME 316 
provide the basis of intrinsic (thus heritable) change. Moreover, in each context, the spreading 317 
of new ACE compositions could be due to either chance (drift) or the effects of ACs on ACE 318 
fitness (selection). We will return to the differences between ecological and evolutionary 319 
changes, but first let us connect this insight to the origin-of-life problem. 320 
 321 

The origin of life as the emergence of an ACE process 322 
 323 
Even non-biological chemical reaction networks are replete with ACs [40, 47], including simple 324 
stoichiometric ACs (figure 3a) and cases of catalysts that catalyze steps in their own synthesis 325 
(figure 3b-c). Additionally, it is plausible that abiotic ACEs can generate polymers like RNA that 326 
have some tendency towards template-mediated polymerization or ligation, in which case 327 
gene-like ACs (figure 2) might also be present. As a result, because the Earth was formed and 328 
remains out of thermodynamic equilibrium (due to energy influx from the Sun and disequilibria 329 
locked in during solar system formation), many potential ACs would have been viable 330 
somewhere on the planet.  331 
 332 
Because the Earth is large and heterogenous, there was surely enough spatial structure to 333 
ensure that localized ACEs would have the potential to differ, implying that, from the very 334 
beginning, there must have been ACMEs at various spatial scales on Earth. Examples of possible 335 
primordial ACMEs include large, two-dimensional mineral surfaces, discontinuous mineral 336 
patches on the ocean floor, or networks of pores in a rocky matrix. Within such meta-337 
ecosystems, succession-like dynamics would be expected, due to successive seeding of ACs, 338 
whether by import events from distant sites (including delivery from space) or by the local 339 
occurrence of rare (i.e., very slow) chemical reactions. Despite lacking biological entities like 340 
cells, a prebiotic succession process, like conventional ecology, would have been constrained by 341 
the interactions among ACs. For example, analyses of real chemical reaction networks, with a 342 
set of food species defined, identified limits on the order in which ACs could be seeded: 343 
whereas some seeds could establish ACs given only food flux, other ACs could only be seeded 344 
later in succession, after all of its food species had become available [40]. 345 
 346 
Taken together, it seems inevitable that chemical ecosystems on the prebiotic Earth would have 347 
complexified by a process resembling biological succession with chemical ACs providing the 348 
units of heritable change. Combined with the insight that ecological change and Darwinian 349 
evolution are both examples of ACE processes, it is likely that the first prebiotic systems 350 
showed succession-like dynamics but became more and more paradigmatically Darwinian in 351 
character over time. To map out such a transition we need to confront two key differences 352 
between ecological succession (whether at the biological or chemical level) and biological 353 



evolution. We will address these salient differences in the next two sections before 354 
summarizing our argument and proposing avenues for further research. 355 
 356 

Cells and autopoiesis: the emergence of self 357 
 358 
Evolving populations are composed of entities (cells or organisms) that are autopoietic [48], 359 
meaning they define and maintain their own boundaries. Autopoiesis allows living entities to 360 
grow and then divide into separate units that each have the ingredients needed to persist, 361 
grow, and divide again. In contrast, even if ecosystems are spatially discrete, their boundaries 362 
are frequently tied to discontinuities in the external environment rather than being 363 
endogenous. As a result, ecosystems do not usually undergo anything resembling a growth-364 
division life cycle. 365 
 366 
Within the meta-ecosystem framework developed here, the key distinction between 367 
conventional ecosystems and cells/organisms is not about autopoiesis per se but about the 368 
independence of AC dispersal. In a growth-division life cycle, all the ACs in a parent ACE tend to 369 
co-disperse to each descendant ACE. Co-dispersal occurs when a daughter ACE receives at least 370 
one member molecule (e.g., a single chromosome) of multiple ACs present in the parent, which 371 
ensures that those ACs will each be activated in the daughter ACE. Co-dispersal aligns the 372 
interests of all ACs, favoring cooperation for the common good and the suppression of cheaters 373 
[49-51]. In perfect co-dispersal, if ecosystem X receives members of one AC from “parent” 374 
ecosystem Y, then it will also receive members of all other ACs from Y. In contrast, the species 375 
ACs of biological ecosystems typically show independent dispersal, where the ACs in parent 376 
ecosystems assort independently to “offspring” ecosystems. Independent dispersal makes it 377 
easier for selfish species, for example swarming locusts, to persist in a meta-ecosystem even if 378 
they exploit resources in each local ecosystem in a way that undermines the persistence of 379 
those local ecosystems. If the first evolving systems resembled canonical meta-ecosystems with 380 
independent AC dispersal, then explaining the origin of autopoietic cells requires that we 381 
provide a mechanism by which co-dispersal dynamics could arise – ideally a mechanism that 382 
predicts a selective advantage to those ACs whose members promote co-dispersal.  383 
 384 
Before we explore selection for co-dispersal, it is worth noting that the claim that all ACs in 385 
living cells/organisms co-disperse is oversimplified [52]. Growth-division life cycles may be 386 
complex, especially for multicellular entities [53, 54], which can include deviations from strict 387 
AC co-dispersal. For example, sexual syngamy and horizontal gene transfer allow gene life 388 
cycles to disperse independently, opening the door for selfish genetic elements to arise and 389 
persist. Additionally, it is worth noting that some metabolic ACs may be seeded each 390 
generation, for example an AC may include a vitamin or symbiont that is acquired from the 391 
external environment rather than from parents. Conversely, traditional ecosystems cannot 392 
always be equated with assemblages of independently dispersing organisms. For example, 393 
certain pairs of species have evolved mechanisms that promote co-dispersal, as illustrated by 394 
certain lichen-forming fungi which produce structures (soredia) that allow for co-dispersal with 395 
associated algae. 396 
 397 



Frederic Clements [55] famously argued in 1916 that communities are individuals with 398 
emergent properties like fitness. He focused not on physical co-dispersal per se but on the 399 
capacity of one species to modify the ecosystem to enable certain other species to establish 400 
and co-occur. Most ecologists have rejected Clements’ view, most famously Henry Gleason [56] 401 
and Robert Whittaker [57], and instead emphasized competitive dynamics and independent 402 
dispersal. In microbial ecology, however, there is more acceptance of the possibility of 403 
community individuation and the existence of co-dispersing consortia (e.g., lichens, biofilms) 404 
that blur the distinctions between ecosystems and individuals [58, 59]. 405 
 406 
In the origins-of-life field, it remains controversial whether a growth-division life cycle was 407 
present from the start or was acquired later. Several prominent theories posit the spontaneous 408 
emergence of self-organizing, self-replicating structures, for example coacervates droplets [60, 409 
61] organized by electrostatic charges, micelles [29, 31, 62] organized by a 410 
hydrophobic/hydrophilic phase separation, or protocells [63, 64] organized by bounding 411 
membranes. Others have argued that such autopoietic entities are too complicated to arise 412 
spontaneously, a position we are inclined towards. In that case, a growth-division life cycle 413 
must be an evolved feature regardless of whether the first evolving entities were bounded by 414 
discontinuities in the physical environment or lacked boundaries entirely, for example ACEs 415 
confined to a continuous mineral surface [15, 65]. 416 
 417 
Under the view that autopoiesis is an evolved characteristic, the origin of the first autopoietic 418 
system was the first major transition in evolution [54, 66]. This transition would have entailed 419 
differential survival of ACs as a function of their effect on the ability of ecosystem patches to 420 
persist and export their components to other ecosystem patches. There is evidence from 421 
ecology that selection can act at the community/ecosystem level in spatially structured meta-422 
ecosystems [46, 67] and that this can scaffold the emergence of new levels of selection [68]. By 423 
extrapolation, we may imagine spatially structured prebiotic chemical ecosystems where some 424 
ACs reduced the risk of local extinction. In such a situation, there are likely to be disturbance 425 
regimes under which ACs can become enriched when their members co-disperse with ACs that 426 
enhance ACE fitness. Thus, ACs whose members promote co-dispersal, for example by chemical 427 
tethering or entrapping multiple chemical seeds, could be favored by ecosystem-level selection. 428 
Combined with the capacity for amphiphilic compounds to self-assemble into vesicles, it is not 429 
hard to imagine how a protocell-like compound seed (a units seeding many ACs at once) could 430 
arise and eventually give rise to a protocell [13]. Thus, recognizing the formal similarities of 431 
localized ecosystems and autopoietic life provides a framework for understanding how an ACE 432 
process could transition from individualistic AC dispersal to co-dispersal and, ultimately, to a 433 
growth-division life cycle.  434 
 435 

Genes and digital information: origins of information encoding 436 
 437 
Living cells/organisms have genetic systems, which differ in many ways from either biological 438 
ecosystems or ACEs that could plausibly originate spontaneously on the early Earth. Of these 439 
differences, we will highlight two characteristics of modern life that together explain its 440 
capacity for efficient adaptive evolution: (a) catalytic heteropolymers with template-mediated 441 



replication and (b) chemically stable genomes with information encoded in covalent bonds 442 
between adjacent bases. For this discussion we will contrast modern genetic cells with 443 
autopoietic ACEs, such as protocells, that have growth-division life cycles. However, this does 444 
not mean that we reject the possibility that some aspects of genetic encoding, for example use 445 
of templating polymers, could have predated autopoiesis. 446 
 447 
New ACs in prebiotic chemical ecosystems would typically be triggered by import of a seed 448 
molecule, analogous to ecological succession via dispersal from a broader regional pool. Such a 449 
mechanism seeds ACs that are uncorrelated with pre-existing ACs, meaning that there is a 450 
relatively high probability that the new AC will be inviable or, if it is viable, might cause a drastic 451 
change in the emergent phenotypes of the local ecosystem. In contrast, nucleic acid molecules 452 
have a generic ability to undergo template-mediated replication, independent of the cellular 453 
functions of those sequences: almost any RNA sequence is a member of an AC (along with the 454 
reverse-complementary sequence’s AC). Moreover, the seeding of a new gene replication AC 455 
happens via mutation, where a rare chemical reaction replaces a pre-existing sequence with a 456 
new, but very similar mutant sequence. Genetic mutation is, thus, a seeding process where the 457 
resulting seed is highly correlated to the prior state. This increases the chances that a new AC 458 
will be viable and explains the ability of genetic populations to constantly tinker with already-459 
functional phenotypes, permitting the systematic exploration of adaptive landscapes by hill-460 
climbing. Additionally, the fact that nonfunctional or deleterious mutant sequences can be 461 
replicated, at least transiently, affords genetic systems some capacity to escape local optima. 462 
 463 
Despite the great differences in the evolutionary dynamics of genetic and non-genetic ACEs, it is 464 
not hard to understand how genetic systems could arise. Remember that new ACs can be 465 
triggered either by seeding from the outside or by rare reactions among species already 466 
present. Novel reactions among pre-existing functional groups within a prebiotic ACE will tend 467 
to generate new chemicals that resemble pre-existing chemicals. Moreover, paradigmatic 468 
Darwinian evolution also entails genetic variation introduced by migration or lateral gene 469 
transfer. In this way, the distinction between genetic mutations and ecological seeding 470 
becomes blurred. Moreover, there are mechanisms available that could result in a system 471 
becoming progressively more genetic (and less ecological) over time. 472 
 473 
The chemistry of the prebiotic Earth implies that a population of non-genetic protocells likely 474 
produced the building blocks of RNA (and/or other catalytic polymers capable of template-475 
mediated replication) [69, 70]. In such a case, random polymerization yields diverse sequences, 476 
some of which may enhance the capacity of protocells to grow and divide by conferring 477 
ecosystem services such as enhancing stability (e.g., protection from osmotic shock) or growth 478 
rate (for example by catalyzing metabolic processes or catalyzing the production of other 479 
classes of polymers, such as peptides). Those protocells with more functional polymers will be 480 
more productive and, due to template-mediated replication, will tend to have descendant 481 
protocells that are enriched for the same (or similar) functional polymers. This means that 482 
selection at the ecosystem (=protocell) fitness can yield more functional polymer assemblages 483 
over time [9].  484 
 485 



Given a finite availability of monomer precursors, selection on protocell fitness will also 486 
indirectly select for polymers that enhance genetic feedback. Sequences that catalyze 487 
polymerization or enhance the fidelity of template-mediate polymerization would tend to 488 
enhance protocell fitness by directing monomers more efficiently towards functional polymers. 489 
Thus, analogous to the evolution of lower mutation rates over time, protocell populations will 490 
tend to accumulate polymers that promote more effective genetic inheritance mechanisms. It 491 
has been shown that ecological interactions among different kinds of protocells within a meta-492 
ecosystem (=population) can favor the persistence of protocells with genetic inheritance [71]. 493 
As a result, starting from slow and error-prone non-enzymatic RNA polymerization, protocell-494 
level selection could gradually assemble sets of RNAs that collectively achieve efficient and 495 
accurate template-mediated replication. In principle, selection would also enrich for ACs that 496 
include the controlled synthesis of functional peptides, thus providing a pathway towards 497 
ribosomal translation. 498 
 499 
The transition of protocells from ecosystems of small-molecule ACs to ecosystems that also 500 
include cooperating, template-replicating polymers does not require a genome or the 501 
coordination of cellular and genomic replication. Even without genomes, offspring protocells 502 
could resemble their parents due to analog or compositional inheritance [72, 73], where ACs in 503 
parent ACEs have enough members that, by random segregation, all offspring ACEs have a full 504 
complement of ACs. The origin of the genome can be viewed as a transition to digital 505 
inheritance [74], where information comes to be locked in the covalent bonds of a single 506 
chromosome [75]. Combined with mechanisms for ensuring that each daughter cell receives 507 
exactly one copy of each chromosome, the consolidation of a genome allows for reliable 508 
inheritance even when there are very large numbers of ACs and insufficient space for all of 509 
them to be represented by enough member molecules that both offspring cells reliably receive 510 
the full complement. Mathematical models have demonstrated that given a protocell with 511 
analog inheritance involving many RNA molecules, a single master genome can gradually evolve 512 
[76, 77].  513 
 514 
In this section we have shown that two key features of modern cells, template-replicating 515 
heteropolymers and covalent genomes enhance cellular adaptation, the former by allowing 516 
systems to build on prior success, the latter by reducing noise and permitting effective 517 
responses to smaller selection coefficients. We have also provided logical arguments to support 518 
the claim that both features could readily evolve in populations of compositional protocells. 519 
Combined with our prior discussions, this insight implies that paradigmatic Darwinian evolution 520 
is a derived rather than ancestral feature of life – a claim that has profound implications for the 521 
study of life’s origin on Earth and (presumably) elsewhere in the Universe.  522 
 523 

Implications of eco-evolutionary continuity 524 
 525 
In this paper we have argued that cells and organisms are ecosystems with a formal 526 
equivalence to local patches in a biological or strictly chemical meta-ecosystem. While modern 527 
cells are self-bounding and contain many ACs that include genetic polymers, these are 528 
differences in degree rather than kind. This observation means that autocatalytic ecology not 529 



only defines formal identity of very different kinds of ACEs, but also provides a framework for 530 
exploring the gradual evolution of genetic cells from non-genetic, non-autopoietic ancestors. 531 
 532 
The position staked out here is that ecological and evolutionary changes are not inherently 533 
different but represent ends of a continuum. This implies that it ought to be possible to 534 
articulate a general theory of change that applies to phenomena as diverse as succession, 535 
development, Darwinian evolution, and chemical reaction dynamics. Indeed, steps towards 536 
such overarching theory has been developed under the rubric of Stochastic Population 537 
Processes [78]. Such a blurring of the evolution-ecology distinction supports the claim that 538 
food-driven chemical reaction networks change similarly to biological ecosystems, allowing new 539 
ways to conceptualize the origin of life. This new framework, chemical ecosystem ecology [34, 540 
40, 79], suggests that the origin of life is best understood as a process whereby ACMEs change 541 
adaptively prior to the onset of Darwinian evolution, resulting in the acquisition of autopoiesis 542 
and genetic encoding. Such an insight may allow for the development of new formal theories of 543 
abiogenesis that avoid invoking the spontaneous emergence of complex genetic systems. 544 
Additionally, early iterations of this ecology-first perspective have already stimulated new kinds 545 
of laboratory experiment [79, 80]. Thus, by bringing together expertise in ecology, evolution, 546 
and autocatalytic chemistry, it may prove possible one day to document the de novo 547 
appearance of adaptively evolving chemical systems – systems that would go a long way 548 
towards blurring the supposed sharp boundary between life and non-life. 549 
 550 
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