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Abstract 

In this paper we argue that molecular evolution, and the evolution of prebiotic and early biological systems are 
qualitatively different processes, in which a crucial role is played respectively by structural stability and by dynamical 
mechanisms of regulation and integration. These different features entail also distinct modalities of interaction between 
system and environment that need to be taken into consideration when discussing  molecular and biological evolution 
and selection. 
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1.Introduction 
In this paper we advocate the view according to which the emergence of life constitutes a discontinuity in 
natural history, such that abiogenesis and biological evolution are to be considered (1) as qualitatively 
distinct steps of a more comprehensive discontinuous process, and (2) characterized by different dynamics 
and entities.  
Our thesis consists in that: distinct mechanisms and driving forces are at work in the physicochemical 
molecular domain, in prebiotic systems (e.g. protocells) and in the biological domain, and they involve 
different instances of selection. More specifically, we sustain that at least three distinct processes - that is, 
molecular evolution, origins of life, and evolution of life - need to be taken into consideration when 
addressing this issue. Therefore we will argue in favor of a complex and multi-step perspective on the origins 
of life, in which molecular evolution and the emergence of living systems are considered as distinct, yet 
complementary processes. 
By taking into consideration a specific model of basic living systems, the one based on the notion of 
“biological autonomy”, we will clarify and discuss the main conceptual nodes concerning the relation 
between molecular evolution, emergence of life and early biological evolution. In the first place we will 
point out how different theoretical frameworks, specifically the molecular and systemic ones, entail different 
views on abiogenesis and emergence of life. Then we will analyze the factors that make a living system an 
emergent processual unity – a self-producing and self-maintaining system - different from a chemical one, 
namely: regulation, coordination, and integration, contrasted with the structural stability characteristic of 
physicochemical systems. On this basis, and in order to provide theoretical tools to address the issue of the 
requirements for evolution, we will provide a further distinction between physicochemical and living 
systems with respect to the modalities of interaction with the environment. 



2. Theoretical orientations: molecular vs. systemic 
Before addressing in detail the issue of the mechanisms at work in the pre-biotic and biological domains, let 
us make a brief preliminary distinction between different perspectives based on distinct theoretical 
approaches to the characterization of minimal life. Our aim is to show that molecular, component-focused 
frameworks are in line with a continuistic perspective about the origin and evolution of life, while systemic 
frameworks are at the basis of discontinuous multilevel views.  
2.1 The molecular approach 
The molecular-evolutive framework, in order to characterize living organisms and the processes they are 
involved in, follows a specific theoretical procedure. In the first place it focuses the attention on the intrinsic 
properties of molecular components. For example, it bases the characterization of life on the stability of 
nucleic acids, both in the functioning of organisms and, especially, in the passage from one generation to the 
other. The perspective that emerges from this operation is based on replication, and has deep implications. 
On the one hand, it breaks the univocal correspondence between units of evolution and unities of life. In this 
case, in fact, the process of evolution does not necessarily involve full-fledged living systems, but evolution 
can be already implemented by molecules or compounds undergoing any form of replication under selection. 
On the other hand, it identifies in reproduction and heredity the main properties of living systems, properties 
that they have in common with some molecular systems. As a consequence, these theoretical perspectives do 
not entail a sharp discontinuity between pre-biotic and biological processes. They advocate for a more 
comprehensive unitary process of evolution. 
The molecular-evolutive theoretical framework identifies as the main mechanism at work in molecular 
evolution, one based on stability: when more stable molecules are produced, those have more chances to be 
preserved and, successively, to lead to more stable macrostructure. From this standpoint, selection concerns 
stability and persistence, and the main driving force consists in the increment of these two properties of 
molecular compounds. By appealing to the principle of continuity, the same mechanism based on stability is 
ascribed to both the historical processes leading to the origins of life, and those involving living organisms as 
well. The difference between the two is considered as a matter of different degrees of complication. Yet, as 
we will advocate in the following section, this is not the case, because this approach is able to deal only with 
a part of the problem. In fact, by focusing only on the properties of components, it misses the organizational 
dimension of the issue, and the specificities that characterize the persistence of living systems in their 
environments, together with the other distinctive features that they exhibit with respect to other classes of 
systems.  
The main appeal of the molecular-evolutive framework is due to the fact that it applies to the origins of life a 
shared and accepted theory of processes of historical transformation: evolution under selection. In doing so it 
stresses the molecular continuity which underlines both the physicochemical and biological domains, and at 
the same time it allows for some trend towards an increase in complication. In addition, it has the advantage 
of grounding reproduction and heredity - two properties of the biological phenomenology strictly related to 
evolution - in the underlining biochemistry. The discontinuist perspectives that constitute the theoretical 
counterparts of the molecular-evolutive framework, on the contrary, have their very major shortcoming in 
that: they cannot provide a unitary model of historical transformation. On the other hand, though, they have 
the advantage of allowing, unlike the continuistic approaches, the identification and the comparison of the 
specific characteristics of entities, mechanisms, and processes that are at work at different levels of 
organization and in distinct stages of natural history.  
The molecular-evolutive framework, in fact, addresses only one dimension of the problem, and an approach 
based exclusively on this perspective risks to be only tangential to the issue of the origins and 
characterization of life. Specifically, it misses to characterize what effectively emerges when living 
organisms originate, the specificities of these kinds of unities with respect to molecular compounds and 
systems, and the distinctive character of the domain they generate - the domain of biological phenomenology 
-, with respect to the physicochemical one. As it has been previously pointed out [1], this approach, being 
based mainly on replication, reproduction and heredity, focuses on two levels of description - the molecular 
level and the level of populations and species (reproduction and evolution) - that miss the level characteristic 
of the units – or, better, unities - of life. Therefore it fails to account for the living individual. In fact 
biological reproduction and evolution presuppose, on the logical and phenomenological point of view, the 
existence of biological individuals. On the other side, the molecular description alone cannot succeed in 
specifying the conditions under which metabolic processes take place and are integrated. And by focusing 



mainly on stability, it fails to account for organized processual unities able, as living systems are, to self-
maintain and to interact actively with the environment. 
2.2 The systemic approach 
The systemic approach, instead, has as its target the middle level of description, the generative core of the 
biological phenomenology, that is, the one characteristic of the individual unity. This kind of perspective is 
focused on unities (full fledged systems or configurations of elements) and their specific properties. It is 
grounded on the idea of emergence, that is, that a unity exhibits qualitatively novel internal dynamics and 
behaviors, and properties that its components alone or in different configurations do not possess. It is a 
multilevel approach, in which the emergence of new unities – organisms, niches, ecosystems, etc. - 
contributes to change their same context. They establish new domains of interaction, characterized by 
different dynamics and rules of change, which often require different kinds of explanations. As it has been 
argued [2,3], it follows that the emergence of new unities contributes to the instantiation of new evolutionary 
trajectories, so marking discontinuity points –that is, transitions - in a multilevel natural history.  
A relevant instance of the systemic approach applied to biology, and in particular to the origin and 
characterization of minimal life, is constituted by the tradition of biological autonomy. It dates back to the 
60’s and 70’s to the pioneering theoretical works of Piaget [4], of Maturana and Varela on autopoietic 
systems [5], to Rosen’s and Ganti’s models of minimal living systems respectively in the mathematical [6] 
and abstract chemical domains [7]. Recently this theoretical approach has been further developed by 
grounding its descriptions in the thermodynamic domain [8,9].  
The common feature to all these theoretical elaborations consists in the attempt to explain the basic behavior 
of living systems - their external autonomy, the capability to actively respond to environmental 
perturbations, that is, “to act on their own behalf” [9] – with the characterization of the internal dynamics 
able to generate it: their internal autonomy. The latter is characterized through the properties of self-
production of components, self-maintenance of the whole dynamics despite internal and external 
perturbations, and self-distinction from a background, that is the realization of a structurally cohesive unity 
through, for example, the production of a physical boundary.  
It is an approach which specifically focuses on the particular conditions under which the metabolic 
transformations give rise and are integrated into an individual unity capable of exhibiting the 
phenomenology of biological systems. They are organizational conditions, that characterize a living system 
as a self-maintaining organization: a closed network of components and processes which produce and 
maintain each other through their mutual integration, in such a way that the system they realize can be said to 
be globally able to self-maintain despite the continuous change at the level of its structural components. It is 
a property usually referred to as organizational closure [4,6,5,10,11]. In the systemic framework, therefore, 
the main focus of the attention is not placed on the intrinsic properties of physicochemical components but, 
rather, on how the processes that involve them are organized to enable their own production, replacement 
and functioning; on how they are integrated in an individual unit; and on the mechanism of conservation of 
the identity of the system facing perturbations. 
The differences in point of view and in theoretical assumptions between these two perspectives, the 
molecular-evolutive and the systemic ones, entail different ways of identifying the relevant entities and 
levels for modeling the phenomena under investigation as well as of characterizing the relation between 
systems and environment, and the properties and mechanisms involved. In the following section, in pointing 
out the differences between molecular evolution and the emergence of life, we will dwell in particular upon 
the modalities according to which a system is able to persist and interact as a distinct unity in its changing 
environment, despite the intrinsic tendency of its internal processes towards dissolution. 
3. Structural Stability and Regulation: basic principles and distinctions 
Coming back to the question whether molecular evolution, abiogenesis and the evolution of life constitute 
one single or multiple distinct processes, one of the crucial points the molecular perspective fails to deal with 
is represented by the interaction with the environment and the compensation of perturbations. The molecular 
perspective as such, in fact, is unable to give reason of higher level unities, characterized by internally 
differentiated, yet organized processes. Hence, we will sustain the thesis according to which the molecular 
approach alone is not suitable for characterizing those forms of persistence or endurance in a changing and 
perturbative environment gathered under the label of “regulation”. This thesis applies even more deeply to 



those more complex mechanisms involving the coordination of subsystems and their integration, through 
self-production, in dynamical adaptive unities like those represented by living systems.  
From the molecular point of view the persistence of an entity in a given environment can be explained in 
terms of physical stability like, for example, in the case of the resistance of a molecule to hydrolysis. 
Stability does not require complex machineries. In fact, it is a passive structural property which depends on 
the intrinsic physicochemical properties of an entity at the instant of the perturbation. By rephrasing 
Sommerhoff [12], stability can be defined as the property according to which in a perturbed system, the 
restoring force acts at the same time as the perturbing one, and in the opposite direction with respect to it. 
The paradigmatic example is represented by a perturbed pendulum, which seems to act as opposing any 
attempt (perturbation) to move it from its equilibrium position, and after the perturbation comes back to that 
position. The distinctive features of physical stability are (1) an asymmetric relation with the environment, 
which is the only source of change and whose action determines the response of the system; (2) the relevant 
interactions – those between the perturbing and the restoring forces, as well as the contribution of additional 
damping effects – take place at the same-time scale and in principle do not entail differential contributions of 
different subsystems; (3) its instantiation does not require the presence of a complex organization (networks 
of processes) in the system that realizes it, as it can already be exhibited by physical objects.  
This is not the property we usually think of when facing the capability, proper of living systems, to interact 
with the environment without losing their identity. The forms of interaction or compensation of perturbations 
that living systems exhibit appear prima facie to be qualitatively different from stability. They involve more 
active mechanisms, or at least mechanisms able to assimilate the perturbation through the internal processes 
and produce a more endogenously specified response than a mere reactive one. Metabolic processes exhibit 
features much richer than those that can be found in the category of stability [13]. They are based on global 
mechanisms of self-production and self-maintenance, and are characterized by complex multi-scale (spatial 
and temporal) interactions between processes, modules or components. This is the domain of regulation, a 
property of compensation of changes. Despite being not well defined yet, and usually ascribed to a very 
dissimilar range of phenomena, even in the biological or proto-biological domains alone, regulation entails a 
quite different framework than the one of stability. In fact, it depends primarily not on the intrinsic properties 
of the components realizing it but, rather, on the dynamical organization of the processes they take part into 
[14]. For this very reason it cannot be accounted for from the standpoint of a molecular perspective alone. In 
fact, each individual process or component contributing to a regulatory mechanism, if considered singularly, 
can be intrinsically unstable in the external environment, yet, the mechanism itself as a whole is quite 
persistent. 
Regulation can be distinguished from stability for in the former the perturbing and the perturbed variables 
are not directly dependent on each other, yet they are correlated. It means that unlike in stability, even if the 
response of the system or of a subsystem to perturbation is triggered by the perturbation itself, the responses 
are not determined by the value of the perturbing variable at that instant. That means that the different 
processes take place at different time scales. Regulation can be therefore defined as a mechanism of 
correlation between processes, acting at different time scales, which keeps certain variables inside a specific 
interval of values or canalizes a dynamics. Furthermore, the system undergoing regulation has to satisfy the 
following requirements, which a molecular compound alone cannot. It needs: (a) to allow for different 
possible internal regimes under the same environmental conditions (and it is not the case for 
physicochemical systems, even in the most complex instances like self-organizing systems, e.g. Bénard 
cells); (b) to be internally organized and, thus, to be realized by the interaction between distinct processes 
which contribute differentially to the self-maintaining dynamics they are involved in (on the issue of the 
emergence and role of functional differentiation see [13]); (c) that the different processes that contribute to 
the regulative behavior work on different time scales, that is, that they are not directly dependent. Therefore, 
according to the distinction proposed, a membrane without channels, working as a physical buffer, pertains 
to the domain of stability. It relies on molecular properties alone, and not on organizational-dynamical ones. 
As a system of transport and channeling, instead, the functioning of a membrane belongs to the domain of 
regulation. 
Of course, regulation does not concern only the response to environmental perturbations, but also to internal 
ones. It contributes to maintain and keep together internal processes that otherwise, if let alone, would 
exhaust themselves and dissolve. Also, different mechanisms of regulation need to be kept together and 
connected in their contribution to the self-maintenance of the whole system. This occurs through their 
involvement in higher order mechanisms that characterize its organization, such as those of coordination, 



that can be defined as the second order correlation between different regulatory mechanism, and those of 
integration, that is the correlative concatenation of processes of regulation and self-production in the global 
dynamics of self-maintenance of the system as a unity, whose organization and identity is kept invariant.  
What is involved in the process of emergence of life is primarily the origin and evolution of regulation, 
coordination and integration: properties and mechanisms that are qualitatively different from stability. The 
driving force towards stability that characterizes molecular evolution is replaced here by one towards more 
efficacious mechanisms of regulation and, ultimately, towards integration as global self-maintenance. In 
other words molecular evolution alone, based on stability, cannot make sense of the evolution of the 
distinctive properties of the entities that evolve towards life - as they escape its theoretical criteria as well as 
its epistemological filters - let alone of biological evolution tout court.  
This limitation becomes even more evident if we take into consideration another qualitative difference 
between physicochemical systems and living ones that follows from this discussion. If we shift the focus of 
the analysis from an internal to an external point of view, in the case of living systems the modality of 
interaction between system and environment is radically different from the one entailed by the molecular 
approach. In fact, the modality of interaction is not reactive, passive like in the phenomena of structural 
stability. Instead, it is mediated through different orders of integrated internal mechanisms of regulation, so 
that the response is not determined by the perturbation, but endogenously specified. Furthermore, the system 
is able to act on its own surroundings by maintain them as proper boundary conditions that enable its 
existence. Instead of an asymmetrical relation of unidirectional perturbation we have here a co-evolutive 
dynamics between system and environment. This difference needs to be taken into account when addressing 
the issue of evolutions and the role, scope, and modalities of selection.  
4. Conclusions 
In the previous discussion we showed that there are processes and mechanisms that even though crucial for 
understanding life, or complex enough prebiotic systems, yet they are not present at the molecular level. 
Therefore they cannot be characterized by strictly assuming a molecular-evolutive approach and they even 
risk resulting invisible to it. Also, their origin cannot be justified in terms of molecular evolution and 
increment of stability alone.  
We can therefore assert that organisms self-maintain and persist in a changing environment in a way that is 
not exhausted by the property of physical stability alone. In fact they exhibit properties like regulation, 
coordination and integration that are qualitatively different in terms of requirements and mechanisms. These 
properties are missing at the level of molecular components and populations, where systemic organized 
unities are not taken into consideration, and are invisible to an approach based on a molecular-evolutive 
framework. These properties, in fact, depend on correlations between processes, subordinated to the global 
dynamics of self-maintenance of the system. In order to be realized, they require organized systems 
characterized by the minimal internal degree of complexity able to harbor differential contributions to the 
response to perturbation. Hence they require a systemic framework in order to be addressed. 
Due to these distinctive features, living systems entail also modalities of interaction with the environment 
that are qualitatively different from those characteristic of molecular compounds and populations. These 
differences need to be taken into account when considering the specific instances of selection, and when 
identifying the main driving forces of the evolutionary processes taking place in these domains. In fact it 
appears from this argument that in the evolution of prebiotic and early living systems not only specific 
mechanisms are at work, but also a driving force can be identified that concerns the capability of regulation, 
rather than the property of stability alone. 
In conclusion, we assert that molecular evolution is only one dimension of abiogenesis, yet not the crucial 
one, because the latter process takes places at the level of unities. In fact, it involves not just molecular 
stability, but a distinctive way of constantly self-producing and self-maintaining, specific of organized 
unities, through the contribution of mechanisms of regulation, coordination and integration of processes 
whose role needs to be taken into consideration in addressing the issue of the emergence of life. Therefore 
we argue in favor of a complex multilevel framework on natural evolution, involving discontinuities and 
qualitatively distinct subprocesses taking place at different levels of organization.  
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