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THE APPEAL TO THE NOTION OF REGULATION is widespread in biology, and it is usually 

referred to the capability of a living system to compensate internal changes or external 

perturbations: a property also related to the ideas of homeostasis and adaptation. Yet, 

this notion is still not well defined and very dissimilar types of phenomena are gathered 

under this label. In fact, regulative roles or properties are usually ascribed to processes, 

components and subsystems whose behaviors and contributions to the functioning of 

living systems are qualitatively different. This lack of preciseness becomes particularly 

problematic when the notion of regulation is applied to issues related to the origins of 

life, like for example the processes of emergence of proto and early cells, the 

characterization of minimal living systems, and the identification of their specificity 

with respect to physico-chemical systems. 

The aim of this paper is to explore the role played by the notion of regulation in 

the origins of life domain and in minimal life, in particular in the metabolic approach 

based on the notion of “biological autonomy” (Ruiz-Mirazo and Moreno 2004). A 

distinction will be proposed between different forms of compensating mechanisms in 

proto and basic living systems: namely, structural stability, passive and active 

regulation.  

One of the main issues emerging in the elaboration of theoretical models of 

basic autonomy concerns the integration of the properties of self-production and self-

maintenance with the capability to respond to internal and external perturbations 
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without losing the identity of the system: for example, processes like Piaget’s adaptation 

through assimilation and accommodation (Piaget 1967). In fact, although models of 

minimal living systems like Ganti’s Chemoton (Ganti 2003) and Rosen’s M/R-system 

(Rosen 1972; 1991) can, at least in principle, make sense of self-production and self-

maintenance they do not explicitly account for a minimal form of regulation –even 

thought in Ganti’s theoretical framework the capability for regulation is listed among 

the “absolute criteria” for life (Ganti 2003). Yet, production processes themselves take 

place in a well specified internal environment that needs to be stabilized in order to 

enable the existence of those same processes: they therefore require mechanisms able to 

compensate for external perturbations, to prevent destructive side reactions to take 

place, to damp the continuous internal variations in concentrations, to select distinct 

internal pathways among the possible ones, and to maintain the parameters of the 

internal environment inside a specific interval. In addition, some chemical interactions 

need to be harnessed towards a certain degree of specificity, necessary to favor those 

processes involved in self-production. 

Different kinds of mechanisms of stabilization of the internal environment and 

of compensation of perturbations can be identified. At a basic level we can identify 

passive mechanisms like, among the others: physical buffering; robustness to 

perturbation in the form of damping of variations in concentrations; mutual stabilization 

between coupled processes; assimilation and accommodation of new substrates into the 

system. Feedback circuits too are in place between the internal activity of self-

production of the system and its parameters, so that a change in the parameters of the 

internal environment can affect the whole internal activity of the system and vice versa 

(parametric feedback). We can also conceive of more active mechanisms that allow the 

system the capability of operating differentially on its own internal dynamics in a way 

subordinated to its own maintenance. A feature common to most of them is that it seems 

more problematic to ascribe the regulatory power to the intrinsic properties of 

individual components or subsystems than to consider it as a shared/organizational 

property, as a change in one component or step can be easily compensated by changes 

in the others, canceling its effect (Fell 1997). 

Ganti’s and Rosen’s models seem to embed at least some of these simple forms 

of regulation enabled by their nonlinear or cyclical modes of organization: e.g. feedback 
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control, metabolic repair, and –in Ganti’s only– compartment production and 

information based control (Bechtel, 2007). Furthermore, other ideas that implicitly 

involve regulation can be found in the notion of “conservation of organization” 

proposed by the autopoietic school (Maturana and Varela 1980). Nevertheless, at their 

current status of development, these ideas seem to be compatible both with a basic 

inertia to changes and with active compensating mechanisms. What is therefore needed 

is a theoretical framework for regulation. 

The issue of the normative dimension of regulation in basic living systems will 

be not addressed here, but normativity and intrinsic purposivity will be assumed as 

grounded in the mechanism of self-production and self-maintenance of the living 

system, in other words in its organizational closure (Mossio et al. 2009). Instead, a 

general classification of those properties to which a regulatory role is usually ascribed 

will be proposed, clarifying the form of the compensating response to the environmental 

perturbations and the organization of the internal mechanism that generates it.  

1) Structural Stability. It 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 an opposite direction: the perturbing and perturbed variables are directly dependent 

on each other (Sommerhoff 1950). Stability is characterized by the following features: 

(a) it concerns the persistence of an entity in a given environment; (b) interactions take 

place at the same time-scale and do not entail differential contributions by subsystems; 

(c) it does not need organized systems in order to be implemented, as molecules can 

already exhibit it. Paradigmatic cases are constituted by the pendulum in its simple and 

damped forms, or by Le Chatelier’s principle in chemical systems at equilibrium. Other 

examples in the chemical domain are molecular resistance to environmental conditions 

like hydrolysis, buffering by self-assembled compartments without channels, etc. 

2) Passive regulation. It takes place in the presence of a coupling between 

subsystems, or an organized network of processes, that interact with each other by 

opposing the displacement of the system from a certain state, due to perturbations. As in 

the previous case, here too perturbation and response take place on the same time scale. 

Examples are couplings between processes like those represented by Locke-Volterra 

systems, and some cases of feedback (e.g. the parametric one) that work in accordance 

with the condition about time scales. Simple forms of Piagetian adaptation (assimilation 
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and accommodation) can already take place in these kinds of mechanisms in the form of 

mutual compensations between strictly coupled subsystems of sub-processes in the 

presence of internal and external perturbations. 

3) Active Regulation. The system modulates its own internal states and 

dynamics as well as its interaction with the environment. The following requirements 

can be ascribed to this more complex form of regulation: (a) the system needs to allow 

for different possible internal regimes. It is not the case, for example, of the behavior of 

water molecules in dissipative physical systems such as Bénard cells, that admit only 

one kind of dynamics –the hexagonal convection cells– under the strict boundary 

conditions in which they take place; (b) the systems needs to be internally organized, 

that is, to have different subsystems or subprocesses contributing differently to its 

internal dynamics; (c) the regulative behavior should be based on the correlation –

instead of the direct interdependence– between these subprocesses and subsystems 

(Sommerhoff 1950);1 (d) the different processes that contribute to the regulative 

behavior need to work on different time scales. Indeed, active regulation can be defined 

as a case of correlation of processes taking place at different time scales, characterized 

by the differential activation of distinct possible regimes available to the internal or the 

interactive dynamics of the system. The mechanisms involved work in a way 

subordinated to the maintenance of the system to which they belong –through their 

grounding in the self-production mechanisms– and they can act on internal processes to 

keep a certain variable inside a specific interval of values, to shift to a different interval 

to favor different internal dynamics, or to canalize certain processes. In basic living 

systems active regulation takes place through the action of meta-constraints which 

influence the activity of those basic constraints involved in the self-production of the 

system (e.g. the enzymes). For this reason it seems to entail a higher level of 

organization than the one in which self-produced constraints are involved. An example 

is a metabolic network with multi-scale feedback loops, in which the activity of the 

enzyme is modulated through allosteric interactions or, more indirectly, through 

changes in the properties of the internal environment (e.g. the pH).  

                                                   
1 Correlation in this case means that the state of a subsystem at a certain instant is not directly dependent 
on the state of another subsystem at that same instant - that is, they are somehow decoupled - yet the two 
subsystems are not unrelated, but are related indirectly through the system they integrate (e.g. common 
causes, etc.). 
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According to this framework, feedback is not synonymous with regulation. 

Feedback mechanisms do not characterize univocally one form of regulation either, but 

additional conditions need to be taken into consideration in order to identify their role in 

the system.  

Starting from this classification, some remarks can be made about the presence 

and the role of these different forms of regulation in the main models of minimal 

metabolism, like Ganti’s and Rosen’s ones. The latter accounts for mechanisms of the 

second kind (passive regulation): those based on compensating couplings between 

subsystems. The M/R-Systems model can also account for different modalities of 

integration of new substrates coming from the environment (Rosen 1972), that resemble 

the Piagetian mechanisms of assimilation and accommodation. In addition, Rosen’s 

model is characterized by the presence of feedback loops between different classes of 

processes that belong to the second class of regulative mechanisms. In fact the 

feedbacks loops are constituted by the strict direct coupling between subsystems, and 

they affect the processes of production, rather than the activity, of the internally 

generated constraints (in this case: the enzymes). 

Ganti’s model too presents some properties to which a regulative role has been 

often ascribed (Ganti 2003; Di Paolo 2005; Griesemer and Szathmáry 2009). A first 

regulatory aspect, mentioned both by Ganti (2003) and Di Paolo (2005), refers to the 

capability by the template subsystem to activate the production of the membrane after a 

certain threshold of concentration in the product of the metabolic subsystem is reached. 

The regulative role would consist in the system responding to the increment of internal 

pressure by enlarging the membrane in order to avoid exploding. According to the 

classification proposed, this example belongs to the first class of mechanism (stability), 

based on the damping of strictly structural perturbations: in this case the damping takes 

the form of threshold activation.  

A second case (of passive regulation) is the supposed capability by the template 

subsystem of the Chemoton to control the metabolism by affecting the concentration of 

its products. This is an example of a mechanism of regulation of the second kind 

(passive), which it is based on the “strict stoichiometric coupling” between the 

subsystems (Griesemer and Szathmáry 2009: 485). No regulative mechanism of the 

third kind can be identified in this model. As a consequence, the Chemoton does not 
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entirely satisfy Ganti’s fifth absolute life criterion, the one which states that “processes 

in living systems must be regulated and controlled” (Ganti 2003: 78), even though it can 

be considered to be “inherently stable” (third criterion).  

Yet, Ganti’s model implicitly contains the theoretical means to escape the 

regulatory limitations of the strict clock-like coupling between subsystems, which 

makes internal processes directly dependent from each other and so precludes 

mechanism of regulation of the third kind. As suggested in Griesemer and Szathmáry 

(2009), at least two modifications of the model can free the internal interactions from 

strict coupling. One is constituted by the replacement of the AND relation between the 

metabolic and the template subsystems with an OR one, which determines a partial 

decoupling between the internal subsystems. The other consists in the implementation 

of “stoichiometric freedom” in the system (Griesemer and Szathmáry 2009). It is 

obtained by introducing a new template composed of different monomers, that would 

enable sequence-based interactions and so make them independent from stoichiometric 

couplings. A third way is indicated by Zachar et al. (2011) by introducing two different 

template subsystems with a relation of the OR type between them, so that their internal 

dynamics become partially decoupled from those of the other subsystems. 

Nevertheless, these modifications constitute only some conditions of possibility 

for regulation, as they introduce forms of decoupling between subsystems that can allow 

for higher order interactions. They are not regulative per se unless integrated in a 

regulative metasystem, which is missing in Ganti’s model. 

In conclusion, both Ganti’s Chemoton and Rosen’s M/R-system, though 

exhibiting some form of simple regulative behaviour, cannot account for active 

regulation. This lack of mechanisms of the third kind seems to lead to the conclusion 

that both models are still too simple for describing some of the basic properties of 

minimal living systems.  
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