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Chaos in chemoton dynamics
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Gánti’s chemoton model (Cell.Biol.Int. 26, 729, 2002) is considered as an iconic example of a minimal proto-
cell including three key ingredients: membrane, metabolism and information. The three subsystems are coupled
and it is suggested they guarantee a stable, homeostatic replication cycle. However, a detailed exploration of
the model indicates that it displays a wide range of complex dynamics, from regularity to chaos. Here we report
the presence of a very rich set of dynamical patterns potentially displayed by a protocell as described by the
chemoton model. The implications for early cellular evolution and synthesis of artificial cells are discussed.
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I. INTRODUCTION

Cells are the basic building blocks of all life on our planet.
They are the minimal systems able to self-replicate in a regu-
lar manner and evolve through changes in genetic information.
Understanding how cellular life emerged is one of the most
challenging problems in life sciences. The early origin of cel-
lular life was certainly not associated to a complex membrane
with a long genome and intrincated metabolic pathways. In-
stead, it is believed to have been the result of coupled, simple
chemical reactions that allowed evolution to act on replicating
nanostructures. Theoretically, this hypothesis is the basis of
the most relevant modelling approaches available in the liter-
ature [8]. Experimentally, the moment of the synthesis of an
artificial nanocell based on this theory seems to be closer than
ever [7].

What are the minimal building blocks of a self-replicating
protocell? This is a fundamental question of both theoretical
and practical relevance. At its fundamental level, it becomes
linked with early conjectures about what is required in order
to have self-replication. Pioneering work by von Neumann
revealed that a machine able to replicate itself needed three
basic ingredients which can be easily identified with the key
components found in real cells in our current biosphere (see
[4] and references therein). More precisely, all cells dealwith
the three basic components of cellular networks: metabolism,
information and membrane [1]. All cells replicate their hered-
itary information through template polymerization, whichis
stored in the same linear chemical code (the DNA). In order
to sustain life, cells have to be in a nonequlibrium state, taking
free energy from the environment. Raw materials are used to
drive the chemical reactions inside the cell body with the help
of proteins acting as catalysts. The result of cellular evolution
is a complex set of structures that allow living forms to sur-
vive and exchange information with the environment. Beyond
the specific paths used, they all share a common trait: they
operate in closed cycles and define a non-separable whole.

Simple, minimal protocells should be able to sustain a re-
liable replication cycle, properly coupling the components in
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a way that they help each other. Clearly, once a threshold
of chemical complexity is reached, nonlinear phenomena are
likely to develop. In this context, it is relevant to ask what
types of dynamical patterns are expected to occur when an ar-
bitrary set of conditions are used to build a protocell: are sta-
ble replication cycles a generic feature of a coupled set of cel-
lular components? Can nonlinearities jeopardize the presence
of a stable cell cycle and potential heredity? Is the complex-
ity of templates a key ingredient in sustaining reliable repli-
cation? Little is known about these questions. In this paper
we want to address them by means of a numeric study of the
so calledchemoton model. This model is a simple, but rich
approach to protocellular dynamics. It has been used as a pro-
totype model of cellular life. As shown here, very complex
dynamical patterns can be observed even at this simple level,
thus suggesting that the richness of potential dynamical be-
haviors exhibited by protocells can be high. Besides, it gen-
erates new evolutionary questions to be answered by future
experiments in this area.

II. CHEMOTON MODEL

As the driving force of living systems is the chemical en-
ergy and as chemical reactions can proceed with suitable in-
tensity only in fluid phase, generally a solution, living systems
can be thought to have as a fundamental unit a fluid automata

FIG. 1: Template chains may open randomly and for monomers’
concentrationV ′ below the critical thresholdV ∗, the opposite ends
reconnect. ForV ′

≥ V ∗, bonding with available monomers can
occur, leading to the zip-like replication of the polymerpV2n.
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TABLE I: Chemical reactions of the chemoton model

Metabolism Membrane Template

A1 + X
k1
←−−→
k′

1

A2

A2

k2
←−−→
k′

2

A2 + Y

A3

k3
←−−→
k′

3

A4 + V ′

A4

k4
←−−→
k′

4

A5 + T ′

A5

k5
←−−→
k′

5

A1 + A1

T ′
k8
−→ T ∗

T ∗ + R
k9
←−−→
k′

9

T

replication initiation: pV2n + V ′
k6
←−−→
k′

6

pV2n · pV1 + R

replication propagation:pV2n · pVi + V ′
k7
−→ pV2n · pVi+1 + R ,

1 ≤ i ≤ 2n − 1

pV2n · pV2n → pV2n + pV2n

endowed with the following properties: to function under the
direction of a program, to be separated from the environment
and to reproduce itself. Ǵanti first described such a model
in 1971, where the program-controlled self-reproducing fluid
automata was called chemoton – see review [6].

The chemoton consists in three functionally dependent au-
tocatalytic subsystems: the metabolic chemical network, the
template polymerization and the membrane subsystem enclos-
ing them all. The self-reproducing metabolic network trans-
forms the external nutrients into chemoton’s internal material
necessary for template replication and membrane growth.

The second subunit consists in the self-replication of a
double-stranded template. For the double-stranded templates,
the chain ends can open due to inherent fluctuations, but with
high probability the corresponding monomers of the oppo-
site strands reconnect. If a sufficiently high concentration of
monomers is present, the bonding can also take place with
free monomers, leading to a zipper-like opening of the double-
stranded complex and to its replication (Fig 1). Once the ini-
tiation step has occurred, the secondary bonds are more prob-
able to open up, and thus the addition of new monomers is
supposed to propagate quite fast . It is an oversimplified ver-
sion of the semiconservative DNA replication where the two
strands of the parental double helix unwind and each specifies
a new daughter double-strand by base-pairing rules.

The program-controlled role of the template replication
consists in the fact that the monomers would not polymerize
until they have reached a certain concentration. The control
thus implies the regulation of the monomer consumption in
the copying process, depending on the number of template
molecules present and the length of the strands, i.e. the num-
ber of monomers needed to synthesize a new double-strand.
As the templates are double, the amount of monomers should
also double in order to ensure a stable functioning of the au-
tomata, leading to the necessity of the autocatalytic nature of
the metabolic subunit.

The third subunit is a model of a two-dimensional mem-
brane forming a spherical enclosure of the system. Once the
amount of monomers passes the required threshold value, the
template replication starts and its waste products react with
the membrane precursors producing real membrane molecules
which are spontaneously incorporated in the membrane, thus
increasing its surface and implicitly the chemoton’s volume.

Once again it discloses the controlling and coordinating role
of the template subunit.

The correct functioning of the chemoton lies in the precise
stoichiometric coupling of the three subunits, more precisely
the coordination between the accumulation of molecules and
the surface increase in order to achieve an equilibrium of the
osmotic pressure relative to the environment. If the concen-
tration of molecules increases rapidly, the microsphere bursts
when the osmotic pressure reaches a critical value. On the
other hand, if the increase of the autocatalytic and membrane
molecules is parallel and exponential, with a similar growth
of the microsphere surface, the liquid becomes diluted and
the sphere decompresses. Gánti (2002) argues that in order to
resolve the instability by division into two identical spheres
in osmotic equilibrium with their environment, the chemoton

mT

k+mT

mT 1+mT

R

k2

FIG. 2: The chemoton: the metabolic unit, the template (informa-
tion) subunit and the membrane subsystem. The dots in the template
subsystem indicate the iterative development of the template replica-
tion frompV2n · pV1 to pV2n · pV2n−1.
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must reach a state where both the surface and the inner com-
ponents have doubled their initial amount [5]. At this pre-
cise moment, it is assumed that, due to the concentration de-
cay, an osmotic vacuum develops and the membrane sphere is
elongated, with a neck forming in the middle leading to the
subsequent division (none of these physical events are really
introduced in the model explicitly).

As defined, the model would allow a cycle stoichiomet-
ric coupling of the autocatalytic cycles such that the num-
ber of membrane molecules necessary for surface doubling
is equal to the number of polymerization iterations needed for
complete replication of all template molecules. For example,
(Gánti 2003) let us assume a sphere of 10 million molecules
membrane and10

5 simple strand templates. In order for the
chemoton to double its surface and template molecules, the
strands must be composed of10

2 nucleotides [6].
One can notice that the total number of templates somehow

“genetically” influences the size of the chemoton (a simple
phenotypic trait) as well as its replication time. As a conse-
quence of this interdependence, the statistical halving ofthe
number of template molecules leading to possible differences
in the number of templates in the offspring cells might in-
troduce hereditary changes and genetic diversity of chemoton
populations [6].

III. THE MODEL

Unfortunately, the chemoton model introduced and stud-
ied by Ǵanti in several papers has drawn the attention of only
a few scientists: Csendes (1984) and Fernando& Di Paolo
(2004) - [2, 3]. Within the general approach to chemical re-
action networks, simulations of the chemoton model used the
standard kinetic differential equations providing the temporal
evolution of the metabolites’ concentrations. More realistic
simulations are presented in [3] where a discrete probabilistic
treatment of the template replication is coupled with a con-
tinuous deterministic treatment of the metabolism and mem-
brane subunits. However, no complete stochastic simulation
of the chemoton model has been performed so far.

Table I includes the chemical reactions of the chemoton
model, whereki are the rate constants. The members of the
metabolic autocatalytic cycle are denoted asA1, ..., A5. The
five elements are produced fromA1 through a closed cycle in-
volving five reactions: the consumption of the external nutri-
entX, the formation of wasteY , of template and membrane
precursors,V ′ andT ′, respectively, and the closing step of
the autocatalytic cycle producing twoA1(see Table 1). It is
assumed that a large quantity of nutrientX is available and
that the wasteY is eliminated through the membrane in such
manner that the number ofX andY molecules can be con-
sidered as constant, denoted asX andY . One can notice that
at least one of the metabolism molecules must be present at
an initial moment inside the chemoton in order to ensure the
metabolism functioning and thus chemoton’s survival. In ac-
cordance with these chemical reactions, the kinetic differen-
tial equations describing the temporal evolution of the chem-
ical system are included in Table II, where the upper dot im-

TABLE II: Kinetic differential equations of the chemoton model

Ȧ1 = 2(k5A5 − k′

5A1A1) − k1A1X + k′

1A2

Ȧ2 = k1A1X − k′

1A2 − k2A2 + k′

2A3Y

Ȧ3 = k2A2 − k′

2A3Y − k3A3 + k′

3A4V
′

Ȧ4 = k3A3 − k′

3A4V
′
− k4A4 + k′

4A5T
′

Ȧ5 = k4A4 − k′

4A5T
′
− k5A5 + k′

5A1A1

V̇ ′ = k3A3 − k′

3A4V
′ + k′

6 pV2n · pV1 R−

−k6pV2nV ′
−

2n−1X

i=1

k7 pV2n · pVi V
′

Ṙ = k6pV2nV ′
− k′

6 pV2n · pV1 R + k′

9T−

−k9T
∗R +

2n−1X

i=1

k7 pV2n · pVi V
′

Ṫ ′ = k4A4 − k′

4A5T
′
− k8T

′

Ṫ ∗ = k8T
′
− k9T

∗R + k′

9T

Ṫ = k9T
∗R − k′

9T − k10TS

Ṡ = k10TS

˙pV2n = 2k7 pV2n · pV2n−1 V ′ + k′

6 pV2n · pV1 R−

−k6 pV2n V ′

˙z }| {

pV2n · pV1 = k6 pV2nV ′
− k′

6 pV2n · pV1R−

−k7 pV2n · pV1V
′

˙z }| {

pV2n · pVi+1 = k7 pV2n · pVi V ′
− k7 pV2n · pVi+1 V ′

1 < i < 2n − 1

plies a derivative with respect to time.
As a particularity, thek8-equation was considered as neces-

sary by Csendes (1984) “since otherwise in the case of certain
ki andk′

i the accumulatedT ′ might make the autocatalytic
cycle slow down still beforeR, originated from thepV2n syn-
thesis, might extract it.”

The membrane subsystem obtains the precursor molecules
from the other two subunits and transforms them into a proper
membrane moleculeT (second column of Table I).These
molecules are spontaneously incorporated into the mem-
brane’s molecules and the speed of the process is proportional
to the membrane surface areaS, with a proportionality coeffi-
cientk10 (Csendes 1984).

We denoted the double-stranded template molecules as
pV2n indicating its composition, formed by two simple strands
of n pieces of monomerV ′. As in the previous studies, we
consider the template replication in a zipper-like form as ex-
pressed above, where a waste moleculeR is also produced
(see the third column of Table I). Overall, the template repli-
cation ensures that exactly as manyV ′ are necessary to repli-
cate thepV2n templates as manyT are produced and are
needed to equal the double of the initial number of membrane
molecules.

The reaction rate constant of the initiation for the tem-
plate replication isk6 = 0 for V ′ < V ∗, whereV ∗ is the
monomer threshold associated to replication initiation. The
template replication initiates once the conditionV ′ ≥ V ∗ is
fulfilled. At this moment,k6 acquires a nonzero value and the
surface, and implicitly the volume, of the chemoton starts to
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FIG. 3: Time series of metabolites concentration for the strong condition oftemplate replication:X = 100, N = 25, V ∗ = 35. This case
presents two self-replication periods. One can notice that the concentrations increase after division. The surface is denoted byS.

grow. When the surface doubles its initial value, the chemo-
ton is assumed to divide, a process interpreted as the halving
of its surface and all its metabolites, and the system of dif-
ferential equations resumes integration with the new values of
the metabolites’ concentrations.

The volume is not explicitly introduced in the model and
therefore neither in the equations system describing the tem-
poral evolution of the concentrations. However, the concen-
trations depend intrinsically on the volume. Thus, in order
to obtain their correct value at each step, one must rescale
them to the new volume resulting from the increase of surface
S. This implies that, once the template replication and also
surface growth start, after each stepi, one must multiply the
resultant concentrations by the factor

f =
Vi−1

Vi
=

(

Si−1

Si

)3/2

, (1)

with the resulting values being used as input conditions forthe

FIG. 4: Dependence of the replication time on the monomers thresh-
old for the case of strong replication condition withN = 10 and
X = 100.

next integration step. Since concentrations are given in mols
per volume, the division, as defined here, implies the halving
of both moles and surface. This entails the multiplication of
the concentrations at division with a factordiv = 0.5 ∗ f =√

2, with f = 2
3/2. It is a consequence, on one hand, of

the halving in moles and, on the other hand, of the volume
rescaling factor asSb = 2Sa, with b anda referring to the
values before and after division, respectively. One can notice
that the concentrations of the substrates increase at splitting.

This rescaling is not performed in [2], while in [3] it is dis-
cussed, but not included in the simulation, as one can see in
their Fig. 2 that the concentrations decrease at division. This
introduces a warning with respect to the results they obtain
and their interpretation. Their main results concern the depen-
dence of the chemoton’s replication time on the main param-
eters of the model, such as monomers thresholdV ∗, template
length N or nutrient concentrationX. Interesting enough,
Csendes (1984) obtains that longer templates have lower repli-
cation times at low levels of nutrient concentration, implying

FIG. 5: Dependence of the replication time on the monomers thresh-
old for the case of strong replication condition withN = 10 and
X = 10.
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FIG. 6: Time series of metabolites concentration for the strong condition oftemplate replication:X = 100, N = 10, V ∗ = 90. This case is
representative for a dynamics characterized by a diversity of self-replication periods. See Fig. 4.

an increased fitness in harsher environments. Fernando &Di
Paolo (2004) disprove this result, but discuss the kinetic con-
ditions that could lead longer-templates chemoton into faster
replication [3].

IV. RESULTS

As mentioned above, none of the previous works on chemo-
ton dynamics include explicitly the rescaling of the variables
due to volume increase. Such a correction is of high impor-
tance in order to obtain an appropriate mapping between the
implicit cell division occurring in this model and what is likely
to occur in real protocells. Using the previous set of equations
and the rescaling of concentrations, we can now analyze the
expected dynamical patterns and transitions to be observedin
a protocell.

FIG. 7: Dependence of the replication time on the monomers thresh-
old for the case of weak replication condition withN = 10 and
X = 100.

A. Strong replication condition

A strong condition for the template replication can be con-
sidered as the case in which the replication - initiationand
propagation - occurs only for values of monomer concentra-
tion above the threshold value. We present the time series
associated to this dynamics in Fig. 3. One can notice the
existence of multiple self-replication periods. Moreover, a de-
tailed analysis of the dependence of the replication time onthe
monomer concentration shows a highly nonlinear behavior, as
illustrated in Fig 4 for the case ofN = 10 andX = 100. Here
a bifurcation diagram has been constructed. It shows intervals
of the threshold value for which the cycle duration is the same,
while for other intervals it is chaotic.

In particular, a bifurcation occurs atV ∗

c ≈ 9 leading to
two different, alternating protocell cycle lengths. AsV ∗

grows further, successive bifurcations (including perioddou-
bling and halving) take place and the range of cycle durations
widens. This observation indicates that, in the chaotic do-
main, a homogeneous initial cell population with similar ini-
tial conditions would change towards a system with an het-
erogeneous spectrum of cell sizes. Additionally, the require-
ment thatV ≥ V ∗ implies that conditions for template repli-
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FIG. 8: Temporal evolution of the replication period forN = 10,
X = 100: (upper panel)V ∗ = 100 and(lower panel)V ∗ = 55. See
Fig. 7.
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FIG. 9: Dependence of the replication time on the template length
for the weak replication condition for the cases of(a) X = 100,
V ∗ = 35 andk7 = 10; (b) X = 1, V ∗ = 35 andk7 = 10; (c)
X = 100, V ∗ = 35 andk7 = 100.

cation involving high thresholds would be associated to non-
stationary replication cycles. This result suggests that,under
the present model constraints, evolution would have tuned the
efficiency of the polymerization event in order to avoid insta-
bilities.

One can see that a similar dependence of the replication
time on the monomer’s thresholdV ∗ holds for the case of
lower X, as can be observed in Fig. 5. As expected, the
replication periods are longer since the nutrients are scarce. A
more typical illustration of the temporal evolution of the con-
centrations and as an example of high diversity of replication
periods, we include in Fig 6 the time series of the concentra-
tions associated to the caseV ∗

= 90 of Fig 4.
Independent of these results, the condition on the template

replication discussed above and used for this study appearsas
too strict to be considered a realistic replication of a double-
stranded structure as represented in Fig. 1. More precisely, the
theory also suggests that the initiation step acts as a switch to
the template replication, with the latter being independent on
the monomer concentrations once the initiation has occurred.

B. Weak replication condition

As discussed in the previous section, a more relaxed and
realistic condition for the template replication consistsin
the following approach: the replication can initiate after
the monomers reach the threshold concentration, with the
propagation of the replication evolving unhindered by the
monomers concentration once the initiation has occurred. Our

study still revealed the irregular dependence of the chemoton
replication period on the template threshold, as can be seenin
Fig. 7. Additional to the bifurcations similar to the previous
section, we also show in Fig. 8 an example the temporal evo-
lution of the replication time for a stable and an irregular case
of replication.

Fernando&Di Paolo (2004) obtained an optimum value for
the template length showing longer replication time, respec-
tively, for either higher or lower template length comparedto
that optimum value. However, we have to remark from their
Fig. 5(b) that the difference in the shortest and longest repli-
cation time is of the order of the integration time step, ex-
tremely diminishing the significance of an “optimum” value.
In Fig. 9, we present our results using the same parameters
which lead Fernando&Di Paolo (2004) to their results. One
can notice that we obtain a similar dynamics as the one from
the previous sections, implying an intrinsic characteristic of
the chemoton. Moreover, the differences between our results
and the ones existent in the literature suggest that they area
consequence of the way the chemoton responds to the increase
of volume. Thus, no optimum value of the template length is
apparent from our results. From Fig. 9a,bone can notice that
the scarcity of nutrients (low values ofX) has a significant im-
pact on the dynamics, leading to a more irregular replication
at low template lengths.

An even stronger effect in this direction is obtained by in-
creasing the reaction rate of the template replication reaction
(k7) (Fig. 9c) – as performed in Fernando&Di Paolo (2004) –
and based on a more realistic approach in which the bottleneck
step for the replication is the initiation, with the propagation
occurring on a much shorter time scale.

It is interesting to note that template length can be a source
of stability. As indicated in figure 7, increasing template
length (and this “genome” complexity) leads to a reduction of
the variance in cycle periodicity. By suppressing chaos (orat
least diminishing its influence) an increase in the complexity
of template molecules might be able to stabilize cell replica-
tion cycles. Our results thus suggest one possible source of
selection towards a more complex cell where, in spite of the
higher building cost, larger information carriers might befa-
vored.

V. DISCUSSION

As discussed in the introduction, the chemoton model [5]
is an important step toward an integrated model of a protocell
capable of performing the essential functions of a living sys-
tem [7, 9]. The importance of this model relies on the fact that
it is the simplest existent model which includes the three es-
sential processing units: the metabolism, the membrane com-
partment and the “genetic information”. The particularityof
the model resides in the stoichiometrical coupling of the three
autocatalytic subunits. This coupling ensures the “survival”
of the chemoton through the stability of the replication cycle.

Contrary to the existent studies of the chemoton model
through the deterministic reaction rate equations, out study of
the parameters space of the model reveals parameters ranges
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yielding not only stable replication cycle, but also parameter
ranges for which various replication periods exist. We recall
that the difference between our study and the ones existent in
the literature resides in the rescaling of the chemoton’s con-
centrations at each step due to the increase in volume, if it
occurs.

The richness of dynamical patterns shown here confirms
the commonality of nonlinear behavior found in most biolog-
ical systems. The presence of reliable, stable cell replication
is separated by sharp bifurcations from those less predictable
ones. Relevant parameters include continuous ones (such as
V ∗) and discrete ones (such as template length). The pres-
ence of these domains might have nontrivial implications. Just
looking at the two parameters explored here, selection towards
predictable cell cycles seems to be possible provided that ini-
tiation of template replication is efficient enough: low thresh-
oldsV ∗ would be searched for. On the other hand, increasing
template complexity might have more benefits than costs: if
selection towards fast-replicating cells is at work, it might also
require a reduction of fluctuations, which can be achieved by
using larger information carriers.

The existence of the irregular replication cycles is relevant
especially considering its absence in the previous studiesand
considering that the volume rescaling is mandatory. At the

first glance, this behavior may be considered as a drawback to
the model and an undesired result as it might suggest an in-
trinsic instability of the replication cycle. On the other hand,
it may imply an evolutionary advantage in the perspective of
a population of chemotons. More precisely, in the advent of
simulating a population of chemotons in order to identify se-
lection effects and population dynamics, the diversity of repli-
cation cycles, and implicitly of chemoton “genotypes” may
prove to be an advantage. This uncertainty can be resolved
only by the simulation itself, and we consider this issue as our
future investigation on the chemoton dynamics.
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