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ABSTRACT

Research on the origin of life investigates the transition from abiotic chemistry to the emergence of
biology, with the '/RNA world hypothesis’ as the leading theory. RNA’s dual role in storage and catalysis
suggests its importance in this narrative. The discovery of natural ribozymes emphasizes RNA’s catalytic
capabilities in prebiotic environments, supporting the plausibility of an RNA world and prompting
exploration of precellular evolution. Collective autocatalytic sets (CASs) mark a crucial milestone in
this transition, fostering complexity through autocatalysis. While modern biology emphasizes sequence-
specific polymerases, remnants of CASs persist in primary metabolism highlighting their significance.
Autocatalysis, driven by CASs, promotes complexity through mutually interdependent catalytic sets. Yet,
the transition from ribonucleotides to complex RNA oligomers remains puzzling. Questions persist about
the genesis of the first self-replicating RNA molecule, RNA’s stability in prebiotic conditions, and the shift
to complex molecular reproduction. This review delves into diverse facets of the RNA world’s emer-
gence, addressing critical bottlenecks and scientific advances. Integrating insights from simulation and
in vitro evolution research, we illuminate the multistep biogenesis of catalytic RNA from the abiotic
world. Through this exploration, we aim to elucidate the journey from the primordial soup to the dawn
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of life, emphasizing the interplay between chemistry and biology in understanding life’s origins.

1. The RNA world hypothesis

We can approximate when life began on Earth, but how life
emerged remains unsolved. The RNA world hypothesis, among
many theories, promotes RNA as a self-replicating molecule of
life and the cornerstone of the transition from abiotic chemistry
to biology. The RNA world hypothesis, proposed by Walter
Gilbert in 1986 [1], suggests RNA as a key self-replicating
molecule and a transition point from abiotic chemistry to
biology. It does not assert RNA as the initial replicator but
proposes an ‘RNA world’ preceding complex DNA-RNA-
protein-based life. Understanding how extraneous factors influ-
enced abiogenesis from chemical soups within such ‘RNA-only’
paradigms in early Earth remains elusive [1-8], given the
challenges of recognizing biotic principles in that era.

Unlike DNA and proteins, RNA is capable of both storing
information and performing catalytic functions (ribozymes)
(Figure 1). Discoveries of naturally occurring ribozymes such
as self-splicing introns [2] and ribonuclease P [3] are irrefu-
table credentials of RNA as a catalyst. Such evidence also hints
towards the existence of an RNA world, where critical func-
tions could have been performed solely by RNA. RNA, recog-
nized for its Darwinian behaviour even in the absence of
cellular machinery, hence presents a compelling avenue for
investigating precellular evolutionary events. In such

scenarios, environmental selection could have acted directly
on this polymeric material using metals and mineral clusters
as active primitive catalysts [1,8]. Nevertheless, the exact pro-
cess of emergence of such RNA from a purely abiotic chemi-
cal environment remains obscure.

RNA also serves as the critical agent in replication [4], meet-
ing the criteria of a plausible self-replicating entity (Figure 1B).
The entire RNA world hypothesis rests on this very dogma
[1-8]. To test the limits of this self-replicating capability, Joyce
and others conducted groundbreaking research elucidating the
evolutionary dynamics of self-duplicating nucleic acids under
selection pressure for rapid growth [5]. Their findings indicated
that over several generations of molecular replication, the rate of
RNA synthesis became faster, and the products turned succes-
sively smaller. Mills et al. also provided a tantalizing opportunity
to explore the evolution of self-replicating nucleic acid molecules
beyond the confines of living cells [6,7].

Basic RNA sequences, featuring elementary secondary
configurations like hairpin or stem-loop motifs could have
adhered to these mineral surfaces, often originating from
meteoric impacts [10], facilitating the assembly of specific
structures conducive to molecular interactions [11-14]. In
theory, these surfaces could have hosted a complex network
of molecular synthesis and degradation [15-17], akin to
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Figure 1. A: central dogma. This schematic depicts the unidirectional flow of genetic information from DNA to RNA to protein. While exceptions to this flow exist, such
as reverse transcription in retroviruses, the central dogma remains a foundational principle in molecular biology. B: this schematic represents all the functions that would
be necessary for achieving exponential growth within Eigen’s error threshold for a primordial RNA-dependent RNA polymerase ribozyme. Its self-replication is its biggest
challenge along with folding and diversification. Meanwhile, each of these folded RNAs would act as a node within a network of short catalytic oligomers. C: example of
the earliest reactions that could have dominated the early earth — adapted from “life as a guide to prebiotic nucleotide synthesis” [9]. William Martin and colleagues used

many of these as the starter set for formation of an autocatalytic network which show promising networks with emergent properties.
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metabolism, long before the inception of the first cellular life
forms (Figure 1C). Simultaneously, RNA-small molecule
complexes, primarily through aptamers, facilitate the assem-
bly of complex tertiary structures via non-covalent interac-
tions, enhancing stability and structural diversity, thereby
endowing RNA with new functional capabilities such as
cofactors for catalysis, modulating folding dynamics, or act-
ing as signalling molecules [4,5,18-20]. These complexes also
acted as scaffolds for binding other RNA molecules, forming
larger networks that facilitated cooperative interactions and
the emergence of rudimentary cellular processes [4,18,20,21].
This integration, driven by aptamers, marked a crucial step
in early life evolution through the evolution of the networks,
contributing to RNA’s structural and functional diversity
and laying the groundwork for complex biological systems
[4,5,22,23].

Given the fact that RNA can be easily established as
a substantially catalytic macromolecule, which also has the
potential to form structured polymers, it stands to reason
that minimal networks of rudimentary molecules, with
catalytic influences on the other subset of the network
(catalytic networks): could have been formed as
a consequence [22,24,25]. Such networks, reminiscent of
collective autocatalytic sets (CASs) [26-29], represent
a critical phase in the transition from a stochastic ensem-
ble of arbitrary molecules to a more complex interdepen-
dent pool. Recent advances in the field suggest that CASs
played a pivotal role in the early stages of molecular
evolution. Autocatalysis, a fortunate by-product of CAS
systems, is often thought to have led to the emergence of
higher levels of complexity [29-32]. Although relics of
CASs persist in primary metabolism, its influence in the
genesis of the first self-replicating RNA molecule remains
understudied.

Y.

9

2. Challenge of exponential growth against
hydrolysis

One major hurdle concerns how RNA overcame hydrolysis to
achieve exponential growth during polymerization (Figure 2A).
Product inhibition, common in small molecule-dependent pro-
pagation like RNA, often leads to parabolic amplification,
although an exponential growth pattern is critical for
Darwinian behaviour of selection [7]. Additionally, theories
suggest that polymers of 30-60 monomers are necessary for
a viable genetic system [8,22,33], yet synthesizing such prebiotic
polymers in aqueous solutions is hindered by hydrolysis com-
peting with polymerization [18]. Thus, the question arises: how
did early RNA molecules reach the critical size range amidst high
hydrolysis rates? Furthermore, polymerase activity itself entails
a couple of prerequisites not met by purely recombination-based
systems. Firstly, it demands that the catalytic function of the
polymer is processive involving a cyclic process of binding,
catalysing, releasing, and rebinding, which is considerably
more intricate than, for example, trans-esterification
[18,22,25,26,34]. Additionally, modern polymerases utilize acti-
vated substrates, unlike recombination which primarily inter-
converts bonds of equivalent energy [34,35]. These complexities
raise questions about how early RNA achieved exponential
growth through simple recombination-based replication.

Joyce and co-workers had uncovered a self-replicating ligase
ribozyme over 20 years ago that catalyses the assembly of addi-
tional copies of itself through an RNA-catalysed RNA ligation
reaction [23,36].

Although the initial rate of synthesis seemed conducive
towards exponential growth, the two fragments of the evolved
ribozyme failed to form functional complexes after few iterations
[23]. Networks of RNA can potentially circumvent this problem
of exponential growth while maintaining Eigen’s error threshold
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Figure 2. A: challenges of a primordial ribozyme. This cartoon represents a plethora of problems that the primordial ribozyme needed to solve for maintaining

exponential growth, without compromising on the Eigen'’s error threshold. We
environment of an early earth. B: this cartoon, adapted from “Autocatalytic chemi
Reflexively Autocatalytic Food-generated network and their interdependence in

discuss each of these and the possible pathways by which the RNA navigated the
cal networks preceded proteins and RNA in evolution” [32] represents a rudimentary
maintaining the network.



through several mechanisms such as dynamic equilibrium, com-
petition and selection (Figure 2B). As networks can exist in
dynamic equilibrium with their environment, where the rates
of replication, degradation, and mutation are balanced to pre-
vent uncontrolled growth while still allowing for adaptation and
evolution. Moreover, within a population of molecules compris-
ing the network, competition for resources and selection pres-
sure can act to limit the proliferation of less efficient or
deleterious variants, helping to maintain the overall stability
and functionality of the network. Autocatalytic networks seem
to be the perfect candidate showcasing such attributes.
Autocatalytic reaction networks are defined as a class of che-
mical or biochemical systems where the products of a reaction
within the network act as catalysts for subsequent reactions
[14,15,22,29,31,32]. In other words, the reaction network is self-
sustaining or self-propagating due to the autocatalytic nature of its
components (Figure 2B). In the context of the origin of life,
autocatalytic networks can undergo evolution and selection
[27,28,37-40]. Variations in the network’s structure or chemistry
may lead to more stable or efficient self-propagating systems over
time. This is the concept that has been used time and again by
Szostak as well as Joyce to initiate and study test tube evolution
processes [22,25,41]. Autocatalytic sets and theoretical constructs
in the study of the origin of life have been substantiated by
numerous experimental examples involving nucleic acids or pro-
teins [27,37,42-44]. These sets range from simple systems of
mutually catalytic nucleotide sequences to more complex net-
works involving multiple peptides or ribozymes [27,42-45].
Experimental studies, such as those examining peptide formation
or ribozyme networks, have provided valuable insights into the
behaviour of autocatalytic systems, often corroborating theoretical
frameworks [38,41,46-50]. By employing these strategies, auto-
catalytic networks of RNA can potentially achieve a delicate bal-
ance between stability and adaptability, allowing them to evolve
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and persist in complex and fluctuating environments while avoid-
ing the pitfalls of uncontrolled exponential growth.

To tackle this problem in a laboratory setting, Joyce and Inoue
described a chemical replication protocol that allows exponential
increase in the concentration of RNA oligomers [51]. Their inno-
vative use of surfaces for immobilization and displacement of
templates and to separate complementary templates from stable
duplexes in solution allowed for a much more robust synthesis
[51]. Similar processes may also have played a role in the origin of
life on Earth because the earliest replication systems may have
proliferated by spreading on mineral surfaces. Similarly, Deck et al.
showed that inhibition by used monomers, formed by the hydro-
lysis of the activated nucleotides, is often the cause for incomplete
extension of growing daughter strands in RNA templates [52-55].
By immobilizing strands and incorporating periodic displacement
of the solution containing the activated monomers, inhibition of
extension can be overcome [23]. This would be akin to a rock
surface of an early earth environment (like montmorillonite or
hydroxylapatite), which would be frequently washed away by rains
and often induce formation of larger polymers [11].

Huang et al. describes the synthesis of a 40-mer oligonucleotide
within a day using 1-methyladenine as an activating group when
montmorillonite was used as a catalyst. This study substantiated
that naturally occurring minerals contain the potential to catalyse
synthesis of oligomers that kindled initial lifeforms on early Earth
[12]. Innovations such as enhanced ligase ribozyme polymeriza-
tion through eutectic phases in water-ice mixtures and the dis-
covery of RNA molecules catalysing polymerization highlight
ongoing efforts to elucidate the mechanisms underlying the
early RNA-driven evolution [13,14]. The aforementioned work
and several other researches highlight the mechanisms by which
exponential growth can be achieved. The pivotal role played by
exponential growth in the emergence of self-replicating entities
remains one of the critical challenges of early evolution.
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Figure 3. Eigen's error threshold. This is a pictorial depiction of how RNA evolution takes place in systems maintaining below Eigen’s error threshold (E;pyeshold)
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3. Challenges of maintaining Eigen’s error threshold

Another challenge for the establishment of the RNA world came
in the form of Eigen’s error threshold (Figures 2B, 3). In 1971,
Eigen and co-workers introduced this concept of an error thresh-
old for replicating macromolecules, which sets an upper limit on
tolerable copying errors [24]. This model involves a population of
replicating polynucleotides relying on a finite supply of activated
mononucleotides to create more copies of themselves. The net
rate of production depends on the difference between the rate of
formation of error-free copies and the rate of decomposition of
existing copies. To outcompete others, an advantageous RNA
must produce error-free copies more rapidly than other RNAs.
Below the error threshold, replication fidelity ensures that muta-
tions are sufficiently rare for the system to retain its genetic
information accurately over generations. However, as the muta-
tion rate increases beyond this threshold, the system enters
a phase where errors accumulate faster than they can be corrected
by selection or other mechanisms. This leads to a collapse of the
genetic information, causing the system to lose its ability to
replicate faithfully and ultimately resulting in an error catastrophe
of the population [24]. The outstanding question is, ‘as the pri-
mary replicative molecule leading the transition of abiotic to biotic
era, how did RNA manage to stay below Eigen’s error threshold
while also maintaining exponential growth (Figures 2B,3)?’

Over evolutionary time scales, recombination of the constitu-
ent nucleotides will eventually yield polymers exhibiting minimal
polymerase activity, which can be further refined through selection
to enhance replication efficiencies to the extent that they fall below
Eigen’s error threshold [22,25,56]. This is the ethos of a plausible
RNA world composed of primordial ribozymes and fragments of
short-chain nucleotide oligomers. RNA replication in a laboratory
setting is supported by three approaches: RNA polymerization by
an RNA polymerase ribozyme [22,57-59,59,60], non-enzymatic
template-directed ligation [19,20,61-66], and mutually interde-
pendent catalytic RNA networks (Figure 2C) [27,70-73].

Over the last few decades, in vitro evolution experiments have
vastly improved ribozyme functionality and ability to self-
replicate. More recently, Joyce showed that an RNA polymerase
ribozyme can synthesize its own precursor [23,31,36]. The inno-
vation of Joyce and colleagues, was to evolve a polymerase ribo-
zyme that can synthesize the class I ligase into three fragments.
While this was innovative and successful in the synthesis step, the
activity was often lost within a few generations because of the
accumulation of mutations. Thus, the fidelity of RNA polymer-
ization should be considered a major bottleneck to the evolution
of an RNA-only network system that can maintain stability in the
form of autocatalysis [22]. When pushed to the limits of its
activity, the polymerase operates with lower fidelity, which is
a critical impediment to maintaining functional information, as
would be needed to provide an RNA-based world. For polymer-
ization of abiotic RNA oligomers, phosphodiester exchange reac-
tion can rearrange two sequences to generate a new set of
sequences with different lengths (e.g. combining an 8-mer with
another 6-mer to produce 10-mer and a 4-mer) [67]. Introduction
of stability through secondary structures could drive such energy-
neutral reactions providing them the far-from equilibrium
impetus in a prebiotic context [18,23,63]. The resulting products
could act as templates for reactions, that in turn, catalyse their own

production, a process often defined as ‘reproduction’ to distin-
guish it from the typical ‘replication’ reaction that generates
a complementary RNA strand through polymerization chemistry.

Template-directed ligation is also an alternate route for mole-
cular-reproduction [22,23,56,57,62], which involves the concate-
nation of two sequences. Various RNA molecules, including hc
ligase ribozyme and in vitro-evolved ligases, catalyse template-
directed polymerization of NTPs, each with distinct characteristics
[68]. Evolution experiments starting from the class I ligase led to
a ribozyme with robust NTP polymerization activity, capable of
incorporating 14 consecutive nucleotides with an average fidelity
of ~97% per nucleotide — a remarkable feat [68]. Self-assembling
fragments, like the class I ligase and its descendants, form func-
tional units, showing the potential for ribozymes that can poly-
merize RNA to integrate and develop into mutually
interdependent networks of RNA polymers™ [69] through cyclic
physicochemical processes driving the expansion of RNA
complexity.

The third approach of mutually interdependent catalytic
RNA networks, akin to a CAS, is a relatively new concept [70-
73], often studied using simulations and analytical techniques
[30,70-73]. The ability of a set of catalytic reactions to be auto-
catalytic within its network and be sustained by naturally-
occurring nucleotides is observed to be the common require-
ment for the origin of life [70,71,74]. In a reactionary autocata-
Iytic network of RNA, these nucleotides would be the external
supply of substrates that serve as the starting materials for the
autocatalytic reactions within the network. These molecules are
typically required for the initial steps of the autocatalytic process
to occur. As the autocatalytic reactions progress, they generate
products that can further catalyse the reactions, leading to self-
sustaining cycles of chemical transformations [75]. Without
a constant supply of suitable molecules, the autocatalytic reac-
tions would cease, leading to the collapse of the network [76].

A recent breakthrough came from Lehman and co-workers in
2019. In this study, computer simulations were employed to
investigate if autocatalytic networks could provide the emergent
property of reproduction under prebiotically possible catalytic
conditions. It was determined that a small degree of diversity
within an RNA population was sufficient to trigger reproduction.
In fact, higher diversity tended to reduce the likelihood of repro-
duction in finite populations. Reproduction at high diversity levels
showed some improvement with increased population size
[67,77,78]. Conversely, extremely limited variation in RNA
sequences also rendered reproduction non-conducive. This inter-
mediate threshold is crucial to initiate reproduction. Within this
range, autocatalytic networks were more favourably formed with
a high probability. While theoretically, a single RNA could have
led to the emergence of the biological world, it is much more
feasible to envision a network of RNA that led to the transition.
This contrasts with the conventional outlook, which envisions the
emergence of a RNA polymerase ribozyme capable of self-copying
another long RNA polymer - an unstable concept. Here, Lehman
and co-workers introduced the reflexively autocatalytic and food-
generated set (RAF): which offers a more stable framework
(Figure 2C).

Replication from a truly physio-chemical nature could
have occurred from the stacking interactions often seen in
short RNA oligomers. Each stacked RNA complex would



harbour several diverse 5° overhangs that can act as intramo-
lecular templates for extension of the paired 3’-terminus from
the same or a different RNA oligomer from within the stack
[79]. Individually, the RNA oligomers from the stack can also
act as a part of the recombinatory collective autocatalytic sets,
increasing the likelihood of enhancing polymerase activity
[67,80]. Lehman et al. suggests that this process transfers the
task of reproduction to a RAF and gradually evolves
a polymerase capable of self-replication limited only by its
own stacked size as well as complexity [67,80,81]. Both RAFs
and constructively autocatalytic food-generated networks
(CAFs) are mathematical models that allow the investigations
of networks specifically with respect to emergent properties.
While RAFs, emerging from ambient food sets, require all
necessary catalysts to be produced by the network, modelling
the emergence of specificity, speed, and efficiency in autoca-
talysis, CAFs only require catalysts to be present in the
food set.

In a same 2019 study, Lehman and co-workers showed
using molecular simulations that for template-directed recom-
bination and ligation, RNA reproduction is unlikely to occur
in populations with either low or high sequence diversity, but
it exhibits robustness in populations characterized by inter-
mediate sequence diversity. Furthermore, this intermediate
range tends to expand towards higher diversity as the popula-
tion size increases. Interestingly, the emergent property of
reproduction seems to favour autocatalytic networks, where
each member of the network could facilitate the reproduction
of the other, rather than a single RNA ribozyme trying to
battle both exponential growth and Eigen’s threshold. Small
RNA oligomers, which would lack diversity in the earliest of
times, could still rely on network formation for eventual
emergence of reproduction from within the reactionary set
[67,77-81]. Hordijk et al. deduced an algorithm to determine
the feasibility of sustaining such a network within the combi-
nation of a group of individual oligomers (RNA or amino
acids) while simultaneously maintaining autocatalytic proper-
ties. Intriguingly, their findings can be even used to determine
an autocatalytic set from within a composite of metabolic
pathways. [27,28,82]. Their results indicate that the autocata-
lytic networks of small oligomeric RNA could circumnavigate
the issues of maintaining Eigen’s error threshold, as the mis-
takes would not be sustainable within the valid frame of the
network and as soon as mutations accumulate it would self-
correct below the levels of the threshold. Similarly, by regulat-
ing the activation threshold for catalysis or replication within
the network, autocatalytic reactions can be controlled to pre-
vent runaway growth while still maintaining a sufficient level
of activity to sustain the network. Simultaneously, the expo-
nential growth is sustained through other variables creating
Le Chatelier’s pull by removal of products as discussed in
section 7.

4. Challenges of fidelity in primordial ribozymes

While the emergence of the autocatalytic network could cir-
cumnavigate the problems of stability, and competitive rates,
it still assumes that the RNA within the network will be
enzymatically efficient and processive while also maintaining
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fidelity. The formation of medium chain RNA fragments
relies on efficient catalysis by such primordial ribozymes
[83-87]. How these ribozymes maintained secondary struc-
tures to induce primitive catalysis while ensuring fidelity
remains a question (Figure 2A). For Darwinian-type evolu-
tion, RNA polymerase ribozymes must amplify complex
RNAs, including themselves, accurately to avoid deleterious
mutations [7,22,83]. However, only a few synthetically
assembled ribozymes retain catalytic activity as discussed ear-
lier [22,23,36].

Ribozymes must adopt a folded structure to achieve cata-
lysis [3,9,88-94]. Natural and synthetic ribozymes can also be
architectured from multiple fragments, which often show
higher activity and stability than a single stranded ribozyme
[90-99]. A prime example of such a 3-part system is the sunY
self-splicing intron [100]. Even with these advances, the fea-
sibility of template-directed ligation under prebiotic condi-
tions remains a well-debated topic. So, what was the source
of the RNA primer for polymerization-based propagation of
the first templates also remains a mystery.

There have been several attempts to create RNA polymer-
ase ribozymes that can rival the polymerase activity without
compromising on fidelity [7,13,57,101-104]. Although exist-
ing polymerase ribozymes can synthesize portions of func-
tional RNAs like tRNA and the polymerase’s catalytic subunit,
they do so at very low yields and require preformed oligonu-
cleotides [59,104-106]. Zaher et al. stress the importance of
selecting an improved RNA polymerase ribozyme with super-
ior extension and fidelity for synthesizing complex functional
RNAs effectively [107]. While in vitro evolution of RNA
polymerase ribozymes has progressed, achieving a self-
replicating RNA-dependent RNA polymerase remains chal-
lenging due to the complex structural elements of ribozymes
that are difficult to copy [108].

The search for efficient, high-fidelity ribozymes capable
of self-replication is not only crucial for understanding the
origins of RNA-based life but also for constructing syn-
thetic RNA life in laboratory settings. Pressman et al. pro-
pose that prebiotic chemical inventories may have been less
complex than previously thought, indicating that ribozyme
catalytic capabilities are evolving towards self-replication
objectives [109]. Ekland et al. presented a significant
advancement in this quest by demonstrating an RNA mole-
cule capable of synthesizing RNA through reactions resem-
bling those catalysed by protein enzymes during RNA
polymerization. This ribozyme exhibits remarkable template
fidelity and retains ligase functionality [101]. Attwater et al.
emphasized the importance of RNA folding in catalytic
processes and introduced a breakthrough in RNA-
catalysed RNA synthesis on structured templates using tri-
plet substrates. This innovation resolves longstanding chal-
lenges in RNA replication and enables ribozyme self-
assembly, opening new avenues for understanding the com-
plex interplay between RNA structure and function in the
context of early life evolution [13,101-103,103,104].

Attwater et al. describe the evolution of RNA polymerase
ribozymes capable of synthesizing RNAs approaching their
own size, a crucial step towards RNA self-replication.
Through in vitro evolution of water ice, cold-adaptive
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Figure 4. A; non-templated polymerization driving the initial pre-RNA world followed by emergence of ribozymes and eventual autocatalytic network of ribozymes in
the Early-RNA world. Specific events are highlighted in cartoons from the non-templated formation of ribonucleotide oligomers to the formation of ribozymes in the
later stages and their integration into networks B. This graph, adapted from “autocatalytic chemical networks preceded proteins and RNA in evolution” [32], depicts
the influence of individual monomeric molecules and the combinatory size of the conglomeration on the size of the RAF generated.

mutations yield polymerase ribozymes operational at sub-zero
temperatures, capable of accurately synthesizing RNA
sequences up to 206 nucleotides long. This achievement lays
the foundation for RNA self-replication in extreme environ-
ments [13,102-104]. Horning et al. further
enhances polymerase ribozyme activity and generality via
in vitro evolution, enabling synthesis of complex structured
RNAs, including aptamers or rudimentary riboswitches, ribo-
zymes, and other forms of catalytic folded RNAs. The
improved polymerase can amplify short RNA templates by
over 10,000-fold, fulfilling the prerequisites of Darwinian life
without protein involvement (Figure 4A) [83]. Additionally, it

was demonstrated that ribozyme-catalysed transcription led to
the evolution of a polymerase ribozyme synthesizing RNAs up
to 95 nucleotides in length. Recombining evolved traits yields
a more versatile polymerase ribozyme capable of synthesizing
diverse RNA sequences, including enzymatically active ribo-
zymes, echoing a fundamental aspect of RNA-based genetic
systems [83,103,103,110]. While origin of the first template still
remains a mystery to the curious mind, it goes without saying
that proofreading or template-directed replication can help to
maintain the fidelity of replication within the network, pre-
venting the accumulation of deleterious mutations beyond
Eigen’s error threshold (Figure 4A).



5. Challenges of far-from-equilibrium
thermodynamics

In previous sections, we explored the origins of RNA frag-
ments and how primordial ribozymes catalysed polymeriza-
tion steps, ultimately leading to replication and the assembly
of reactive CASs. However, a few crucial questions remain:
How were these improbable events, far from equilibrium,
sustained? What effectors of the early-earth paradigm com-
pensated for entropic loss in transitioning from a random
pool of RNA to the establishment of the first templates
(Figure 2A)? Branscomb et al. stress the necessity of catalysis
for life’s emergence on prebiotic Earth, where specific reaction
networks require acceleration. Living systems maintain far-
from-equilibrium states, comprising numerous subordinate
disequilibria, each driven thermodynamically uphill and
coupled to dissipation of a greater disequilibrium, transcend-
ing mass-action solution chemistry [111].

The potential of RNA-directed recombination processes to
establish networks filled with interacting RNA as an answer
to the challenge of far-from-equilibrium thermodynamics is
becoming clearer [112]. One crucial aspect of autocatalytic
networks is their robust network structure, comprising inter-
connected reactions that facilitate self-propagation. This
structure is fundamental for the self-sustaining behaviour
observed in autocatalytic systems, making them pertinent to
the study of life’s emergence on Earth [27,28,37,40,113-115].
The initial formation of RNA polymers involves recombina-
tion, where RNA fragments interact to form recombined
versions through transesterification reactions with near-zero
Gibbs free energy [4,63]. Primordial ribozymes likely cata-
lysed these energy-neutral reactions, facilitating network
diversification and the development of CASs (Figure 4B).
Stuart Kauffman and colleagues highlighted recombination’s
role in closing autocatalytic sets and transitioning random-
ness to non-random nucleotide polymers [37,40,115].
Autocatalytic closure occurs as polymers reach a certain
length threshold, typically 12-27-mers, depending on the
probability of catalysed reactions. Recombination could sig-
nificantly reduce the required polymer length range, enhan-
cing obtainability through abiotic processes. Polymerase
ribozymes with multiple fragments could feasibly replicate,
possibly  arising from  prebiotic RNA  synthesis
[18,21,24,27,28,116,117]. Autocatalytic networks often exhibit
feedback loops, where products generated from reactions act
as catalysts, accelerating further product formation. This
feedback mechanism, evident in studies by Gerald Joyce
and others, contributes to the system’s self-propagation
[7,27,28,37,42,118]. Additionally, experiments on the evolu-
tion of polymerase ribozymes have revealed the sensitivity of
autocatalytic systems to initial conditions, a characteristic
shared with chaotic systems and considered significant in
the context of the origin of life (Figure 4B) [4,13,23,70].

5.1 Autocatalytic networks solely made of RNA

Given the laboratory success of RNA polymerase and RNA
ligase ribozymes, it is not far-fetched to envision a cyclic
autocatalytic reaction network, purely composed of RNA
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fragments. Joyce and co-workers showed that RNA autoca-
talytic networks can undergo Darwinian evolution [4,7,22].
Variations in the sequence or structure of RNA molecules
can lead to changes in their catalytic activity. Natural selec-
tion can then act on these variations, favouring those that
improve replication efficiency and stability (Figure 4C). This
can explain the molecular cascade of exponential rise in the
complexity and diversity of the RNA molecules
[22,25,38,68,119].

Recently, Lehman et al. discusses a recurrent complication
with too much success in the synthesis of a complementary
copy [26,29,30,34,77,78,80]. The longer the product, the more
tighter it becomes bound to the template and the less likely it
is to dissociate, creating another bottleneck for the exponen-
tial progression. A better model of prebiotic reproduction
involves the existence of an autocatalytic network, instead of
binary template-product pairs, where each molecule is multi-
plied by another, facilitating collective reproduction. This was
found to be the case even in scenarios involving template-
directed ligation [22,23,26,29,30,34,77,78,80]. Meanwhile, the
transition from simple networks to RAFs likely occurred
when monomeric networks and their by-products yielded
a sufficiently large number of oligomers of lengths conducive
to folding and self-catalysis [27,28,40,82,120]. This expansion
led to autocatalytic closure and the effective transition from
an unbound to a bound set of monomers within the reac-
tionary network (Figure 4C) [35-37, 122-124].

In the context of RAF sets of polymers, a system for the
reproduction of stored information emerged when the
chemically feasible framework attained stability [15,43-
45,122,123]. Unlike the conventional RNA world perspec-
tive, which emphasizes polymerization, this model suggests
that information reproduction primarily relied on recombi-
nation, and it was distributed within the population in an
altruistic or cooperative manner [16,17,124]. Recombination
is less efficient at exploring diversity for optimal solutions,
than mutations, which is sudden and significant [125-129].
Additionally, reproduction through recombination could be
overshadowed by template-directed replication when the
environment favoured the latter, allowing for inter-self-
competition [70,130-133]. Similar kinetic constraints could
have acted upon the earliest forms of the RAF in the manner
of physical and chemical variables which we discuss later,
thereby limiting the rate of replication or catalysis, and thus
mitigating the potential for uncontrolled exponential
growth.

5.2 Catalysts of the early evolution of RNA networks

Employing the Azoarcus group I intron ribozyme frag-
ments, Lehman and his team demonstrated the self-
assembly of these fragments through specific genotype
interactions, culminating in the creation of full ribozymes
[134]. Their research delved deeply into the dynamics of
small networks, emphasizing those with three or four
members, and the influence of a tri-member core on the
addition of subsequent nodes. Their empirical data not
only validated the theory that augmenting connections to
a central network could boost its growth rate but also
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Figure 5. Physical and chemical variables that influence far-from equilibrium evolution with inset of an RNA network that could exclude side reactions potentially
forming within rock clusters, adapted from “the origins of life: the Managed-Metabolism Hypothesis”. [121].

highlighted the consequential role of the direction of these
connections. Furthermore, the team formulated a model
considering primary interaction effects, which proficiently
anticipated the expansion trajectory of more intricate net-
works when equilibrium was achieved [134]. The relevance
of RAFs and CAFs in understanding modern metabolism
also allows us to gain insights into the early earth
[77,78,80], where many enzymatic reactions involve cofac-
tors and metals that can themselves perform catalysis. It
suggests that prebiotic chemical networks maintain vestiges
within modern biochemistry [16,27,28,114]. The role of
catalysts, including inorganic catalysts (Figure 5) and con-
structively autocatalytic sets, is crucial in establishing the
conditions for life’s emergence on Earth, possibly facilitated
by physical entrapment, surface catalysis, and microenvir-
onments like rock crevices and drying ponds (Figure 5)
[135-138].

The environmental conditions of the early Earth, charac-
terized by higher temperatures and salinity, played a crucial
role in ribozyme activity and evolution [7,12,22]. Non-
equilibrium environments, like hydrothermal vents, facili-
tated the assembly and segregation of early life molecules,
promoting continuous enrichment of prebiotic molecules
[13]. Recent studies demonstrated that thermal gradients
drove a complex enrichment process of prebiotic molecules,
cycling RNA precursors, monomers, ribozymes, and oligo-
nucleotides between dry and wet states, enhancing enzymatic
activity (Figure 5) [14]. Non-equilibrium systems, prevalent
on early Earth, particularly through hydrothermal activity,
provided conditions essential for biological processes [7].
Gas-water interfaces in thermal gradients played a crucial
role in the emergence and evolution of life (Figure 5) [56],
facilitating processes like lipid and DNA adsorption and
peptide bond formation [10,30,31,139]. Approaches to the
origin of life require high concentrations of probiotic mole-
cules, likely facilitated by niche environments such as small
pools, that are away from equilibrium states [65,66]. For

example, heat currents in porous mineral precipitates drove
extreme accumulation of molecules, particularly single
nucleotides, across pores (Figure 5), often facilitated by
trapped gases [58]. Understanding primitive enzyme evolu-
tion in different environmental conditions is a current focus,
revealing changes in function and adaptations over time
[19,20]. Reconstruction of Precambrian thioredoxin enzymes
has shown them to be more stable and active than modern
counterparts, offering insights into ancient protein adapta-
tion [20].

6. Advances in the research of RNA catalytic
networks

In some RNA autocatalytic networks, ribozymes can also
cross-catalyse each other, creating a more robust and inter-
connected system. This leads to enhanced self-replication and
overall network stability [23,140-143]. This is critical for the
co-development of the ligase and polymerase functionalities.
Moreover, given the possibilities of a metabolism-only proto-
cell, stability of such a system is crucial. In an RNA-
dominated world, the challenge faced by singular self-
replicating RNAs involved maintaining a sufficiently low
mutation rate [144-146]. This is crucial to both preserve
genetic integrity and to successfully diminish chances of evo-
lution for ‘virus-like’ molecular entities. The research con-
ducted by the Lehman and Hayden groups introduced
a theoretical perspective suggesting that networks of interact-
ing molecules were more likely to show emergent properties
including cooperativity, anabolism and catabolism from spon-
taneously assembled networks [77,78,80]. This underscores
the inherent capacity of RNA populations to evolve increased
complexity through collaboration [77,78,80,147]. The
observed evolvability of networks via in vitro selection further
underscores the advantages of cooperative behaviour even
during the early molecular stages of life’s emergence.



6.1 Cooperativity as the basis of early evolution of RNA
networks

Vaidya et al. demonstrate that mixtures of self-assembling RNA
fragments generate cooperative catalytic cycles and networks
with an essential emergent property being cooperativity. Their
work indicates the intrinsic ability of RNA populations to
evolve complexity through cooperation [15,70]. Through
in vitro selection, they observe the evolvability of these net-
works, emphasizing the advantages of cooperative behaviour
even at the molecular stages of nascent life [72]. Review from
Higgs et al. underscores key concepts in RNA world research,
particularly the mechanisms of RNA replication and the role of
cooperation in molecular evolution. Autocatalytic feedback
mechanisms are highlighted as potential drivers of RNA repli-
cation. Cooperation among molecules is identified as crucial
during the origins of life, with three types of molecular coop-
eration proposed. The review also discusses the possibility of
chemical alternatives to RNA and the importance of network
establishment in organizing the living state, from small mole-
cules to cell-like structures (Figure 5- inset) [28]. Sievers et al.
reported on the replication of nucleic acids using complemen-
tary strands and demonstrated self-replication of complemen-
tary templates, providing kinetic evidence for selective
stimulation of synthesis [148]. This study also offered insights
into the mechanisms underlying the replication of nucleic acids
and the potential implications for early Earth conditions [148].

The 2018 study made a giant leap by simulating a prebiotic
environment and fuelled the Azoarcus ribozyme system solely
with modified RNA substrates that cannot directly form auto-
catalytic ribozymes [149]. Surprisingly, unmodified fragments
are reconstituted, resulting in the production of wild-type cata-
lysts. Detailed analyses reveal that this transformation of raw
materials is catalysed by the reaction products through a multi-
step reaction pathway, involving specific but unexpected binding
interactions between RNA substrates and the ribozyme. This
combination of catabolic and anabolic steps facilitated collective
autocatalysis [147,149]. The study also demonstrated that CASs
composed of multiple species are maintained under similar
conditions. This discovery underscores the presence of rudimen-
tary catabolism, where catalysts convert available resources into
building blocks that drive their own formation [149]. Nghe’s
subsequent breakthrough demonstrates how anabolic and cata-
bolic processes may cooperatively lead to the formation of auto-
catalytic networks based on RNA. These CASs utilize available
environmental substrates, showcasing their potential as
a mechanism for life’s origin, especially in environments with
limited resources [147,150]. The 2018 study focusing on
Azoarcus ribozymes also revealed how catabolic processes
within CASs can broaden the range of usable substrates in
diverse prebiotic environments. It illustrates the role of coopera-
tive networks fuelled by modified substrates in producing cata-
lysts efficiently, highlighting the importance of coupled
catabolism and anabolism even in the early RNA world
[147,149]. Additionally, a 2019 study by Lehman et al. demon-
strates that RNA reproduction exhibits robustness in popula-
tions characterized by intermediate sequence diversity,
facilitating autocatalytic network formation and increasing
information capacity [50,67,149].
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6.2 Influence of catabolic reactions in the development of
the network

In the same work of 2019, Phillippe Nghe’s group showed
how anabolic and catabolic processes might have coopera-
tively led to the formation of autocatalytic networks purely
based on RNA [150]. Collective autocatalytic sets, where RNA
molecules serve both as carriers of genetic information and as
catalysts, remain a potential mechanism for the origin of life.
A crucial feature of CASs is their ability to self-sustain using
available environmental substrates, often referred to as the
‘food set’. In contemporary biological systems, this property
has evolved into highly complex and diverse metabolic pro-
cesses. In the context of the origin of life and the RNA world,
where readily usable substrates were limited, it would have
been advantageous for self-replicating systems to thrive on
a wide range of resources by processing them before utiliza-
tion [150]. The 2018 study centred on RNAs derived from the
group I intron of the Azoarcus bacterium, which are 200-
nucleotide RNA recombinases capable of self-reproduction
and recycling of RNA materials through recombination reac-
tions. These ribozymes can catalyse their self-assembly from
fragments [149]. Previous studies on this system primarily
relied on artificially designed substrates obtained through
ribozyme fragmentation. In a more realistic prebiotic setting,
the initial reaction mixtures would likely contain a broader
spectrum of molecules, potentially inhibiting or disrupting the
self-reproduction of CASs [149]. This could occur for various
reasons, such as the inability of available molecules to serve as
catalyst substrates or the production of futile products that
lack catalytic abilities.

These findings illuminated how catabolic processes within
collectively autocatalytic sets can broaden the range of usable
substrates (Figures 4B, 5), a crucial advantage in a diverse
prebiotic environment. The assimilation of modified sub-
strates is enabled by the recombination activity of Azoarcus
ribozymes, featuring a multi-step reaction pathway distinct
from other experimental autocatalytic systems [149,150].
Moreover, cooperative networks, comprising several species
and fuelled by modified substrates, prove to be almost as
efficient at producing catalysts as those with unmodified sub-
strates while maintaining the relative distribution of species.
Although the RNA fragments used in this study were rela-
tively long, Azoarcus ribozymes can be formed from much
shorter RNA fragments, making them relevant to prebiotic
scenarios [149,150]. The study also introduced an inherent
form of molecular-level selection, arising from the differential
protection of functional and parasitic folds from recombina-
tion. This mechanism aligns with concepts from dynamical
combinatorial chemistry, offering insights into preventing the
extinction of early metabolic cycles [149,150]. The coexistence
of coupled catabolic and anabolic processes, although differ-
ent from contemporary living systems, reflects a universal
aspect of biology, where complex molecules are broken
down into simpler building blocks and utilized to synthesize
new biomolecules. This observation suggests that even in the
early RNA world, coupled catabolism and anabolism could
have played a pivotal role, despite the system’s lower complex-
ity at that time.
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7. Physical and chemical variables affecting Eigen’s
threshold and far-from-equilibrium dynamics

7.1 Physical variables

It is important to discuss the physical and chemical vari-
ables that would have influenced the coupled stabilization
of the far-from-equilibrium thermodynamics. Here we will
discuss some of these recent discoveries. These are just
highlights of some of the variables at play and in no way
representing an exhaustive list of all variables. The RNA
world likely originated in aqueous environments, such as
hydrothermal vents or warm little ponds, facilitated by
meteoritic delivery of nucleobases (Figure 5). A numerical
model developed by the authors integrates Earth’s early
evolution with prebiotic chemistry, suggesting rapid RNA
polymer appearance after meteorite deposition, predomi-
nantly from meteoritic nucleobases [10]. Wet-dry cycles in
warm little ponds promote RNA polymerization, contrast-
ing with hydrothermal vent conditions that yield shorter
RNA chains. Another theory suggests the geochemical ori-
gin for chemiosmotic coupling and Na'/H" transporters,
proposing proton gradients across FeS walls in alkaline
vents could drive carbon assimilation and protocell emer-
gence. Previous studies demonstrate RNA-like polymer
production in hydrothermal processes, enhanced by amphi-
philic phospholipids [151]. These findings illuminate the
plausibility of RNA polymerization in hydrothermal envir-
onments, enriching our understanding of early Earth chem-
istry and life’s origins [151].

Hydration-dehydration cycles with monovalent salts sig-
nificantly enhance polymer yields, as evidenced by ethidium
bromide-stained products showing base pairing. LiCl and
other monovalent cationic chlorides (Figure 5) yield synthesis
of A and U oligomers (10-300 in size) [151]. Bouossau et al.
(2013) propose a novel approach to explore the ecology of the
last universal common ancestor (LUCA). Their analysis of
resurrected proteins suggests a thermophilic bacterial ances-
tor, followed by adaptation to lower temperatures, supported
independently by ribosomal RNAs and protein sequences.
This approach reconciles conflicting results and offers insights
into the evolution of ecological traits across life’s tree
[77,78,80] highlights constraints on RNA availability on the
early Earth, including biases in abiotically synthesized RNAs,
a bias towards shorter RNA molecules during prebiotic poly-
merization and limitations imposed by the need for compart-
ments for sustainable genetic information propagation [67].

7.2 Chemical variables

Originally proposed by Orgel in 1980, mineral surfaces
were identified to have the potential to selectively adsorb
longer RNAs, primarily on hydroxyapatite, suggesting
a chromatographic effect [5,20]. Despite its initial presenta-
tion, this concept has not been extensively explored. The
selective accumulation of longer RNA molecules on mineral
surfaces carries significant implications for the RNA world
hypothesis (Figure 5). Firstly, it can counteract the bias

towards shorter RNAs typically observed in abiotic or ribo-
zyme-mediated RNA synthesis [152,153]. Secondly, mineral
surfaces can protect longer RNAs from loss in self-
replicating systems, where shorter sequences tend to repli-
cate more rapidly [65,154]. Thirdly, the specific accumula-
tion of long informational RNAs may facilitate cooperative
interactions among RNA molecules, promoting complex
reactions and collective reproduction [155,156]. This under-
scores the importance of investigating the collaborative
effects of minerals and ribozymes in promoting cooperative
phenomena. Further exploration is needed to fully under-
stand these dynamics (Orgel).

Lehman’s group also presented some interesting research
on the general enrichment of longer RNAs on mineral sur-
faces involving various types of mineral grains and environ-
mental conditions [80]. They observed the preferential
accumulation of longer RNAs when they were incubated
with these minerals, with the extent of enrichment influenced
by factors such as temperature. Additionally, they explored
the integration of this size-selection capability with the cata-
lytic activity of a ribozyme, ultimately demonstrating that
mineral surfaces can enhance genetic complexity, especially
when combined with ribozymes. Lehman and Baum observed
from theoretical calculations that empirically several prebiotic
minerals have the capability to preferentially accumulate
longer RNA molecules, and this selectivity is notably heigh-
tened at elevated temperatures [80,157]. Additionally, they
illustrated the ability to combine surfaces with a catalytic
RNA to produce extended RNA polymers, indicating the
potential of minerals in the development of genetic informa-
tion during the early stages of Earth’s history [80,157].

Minerals on early Earth likely played a crucial role in
various processes relevant to the origins of life, offering
a diverse range of catalytic possibilities due to the presence
of co-precipitating ions and multiple cationic species within
the same mineral [8,33,155]. Numerous experiments explor-
ing the origins of life have utilized minerals to produce bio-
molecules and mimic biological pathways. Life is thought to
have originated on Earth around 4.4 ~ 3.5 billion years ago,
possibly in the presence of minerals, where organic molecules
evolved into systems capable of self-organization and repro-
duction. Mineral surfaces provide opportunities for catalytic
reactivity and concentration, potentially shaping the complex-
ification of the molecules of the early earth that led to the
emergence of life [158-160]. Recent studies have delved into
prebiotic mineral-organic interfacial processes, shedding light
on macromolecular interactions between geophysical scaffolds
and activated nucleotides, and offering insights into the origin
of life (Figure 5). In particular, the catalysed formation of 50-
mer oligonucleotides by minerals holds significant potential
for the RNA world scenario, highlighting the role of minerals
in the emergence of life based on RNA [8,33,155].

Various studies have explored the chemical synthesis of the
earliest molecules of earth and replication systems, leading to
the RNA world proposal [63,103,103,104]. From a geological
perspective, thermal gradients are prevalent in dissipative sys-
tems on early Earth, surrounded by porous rock clusters which
can accumulate single nucleotides [144,161-164]. The



accumulation process is highly resistant to changes in shape and
sizes, thereby allowing for various molecular compositions,
including short and long RNA oligomers to be concentrated
[58,164]. Submarine hydrothermal environments have been
considered as potential sites for life’s emergence due to their
contemporary habitability and supply of essential materials
[59,60]. Combining the multiplexing of hydrothermal environ-
ments with a concentration mechanism in porous rocks
strengthens the case for an environment conducive to the origin
of life. Considering multiple variables together, rather than in
isolation, is crucial for accurately recapitulating early Earth
environments. It is evident that exponential growth can help
surpass the threshold for the emergence of complexity by allow-
ing for the accumulation and interaction of molecules beyond
a critical mass. This threshold is essential for the transition from
simple chemical systems to more organized and functionally
integrated biological systems and could not have been driven by
an oversimplified mechanism of single-variable.

8. Concluding remarks

In the progression of primitive life on Earth, the transition
from polymers to polymerases and the emergence of complex
life remain one of the major events which we have thoroughly
discussed here with respect to Eigen’s error threshold require-
ment. Initially, the focus lies on the establishment of poly-
merase activity, enabling efficient exploration of phenotypic
phase space and overcoming challenges like the error thresh-
old and hydrolytic elements. The subsequent integration of
genetic information encoding into the system follows, laying
the foundation for further developments. Metabolic autocata-
lytic sets, potentially including amino acids and nucleotides,
played a crucial role in this process through wet-dry cycles. If
metabolic RAFs could produce essential nucleotides, then
RNA RAFs would naturally select for their production. This
led to the emergence of polymer RAF, likely dominated by
RNA. Polymers acted as catalysts facilitating the exploration
of molecular diversity space and enabling intermolecular
recombination. These recombination reactions, demonstrated
experimentally, allowed for rapid traversal of genotype and
phenotype space, contributing to the formation of extensive
networks  of  RNA-driven @ RNA  recombinations
[26,29,67,77,78,80,157].

Molecular evolution is a complex entity that has been
tested mostly in experimental isolation. Although necessary
to experiment with one variable at a time, it is critical to
consider the integration of multiple factors from chemical
and physical environments. As most lab research occurs in
‘test tube’ settings, new designs of experimental advances
allow for the investigation of complex variables that can
mimic particular real-life situations. For example, bubbling
experiments can provide gas-liquid phase separation in
a thermal gradient similar to geothermal vent systems that
existed on early Earth. By testing the RNA world hypothesis
and ribozyme experiments in such settings, we can better
recapitulate the native environment of where these cycles of
molecular evolution were presumed to take place in contrast
to previous experiments that take place in isolated settings.
Understanding how catalytic RNA is involved in the
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propagation and establishment of this self-replicatory cycle
will afford an understanding of molecular evolution on
Earth and guide the establishment for life on other planets.
As humans continue to venture into space and aim to
eventually colonize other planets, an inclusive knowledge
about molecular evolution is vital to ensure a successful
colonization and establishment of sustainable life in these
new ‘Earths’.
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