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Current research on the origin of life aims at finding the simplest entity that can undergo spontaneous

Darwinian evolution toward increasing replication efficiency. Here I consider some of the models of self-

replicating molecular systems, and I show that they exhibit a distinct feature, namely, an infinity of

stationary states forming a continuous curve; i.e., they are only marginally stable. I show that, in

marginally stable chemical systems, thermodynamic fluctuations induce a drift directed toward increasing

replication efficiency. This drift represents a form of evolution, taking place slowly, cooperatively, in

macroscopic volumes of water.

DOI: 10.1103/PhysRevLett.105.058102 PACS numbers: 87.23.Kg, 05.70.Ln, 82.39.Rt

The research on abiogenesis aims at finding a plausible
model to explain how life could have arisen from nonliving
matter. The likelihood of a model is assessed by reproduc-
ing in the laboratory some of the hypothetical basic steps,
as in a bottom-up approach to the generation of artificial
protocells. Experiments have shown that the building
blocks of biological informational polymers, in particular,
RNA, can spontaneously form [1,2] and polymerize [3].
Directed (artificial) evolution [4] has been used to create
molecules that mimic some of the characteristic features of
living entities, in particular, ribozymes, i.e., RNA mole-
cules with catalytic activity. Among them, Refs. [5–7]
describe ribozymes that can self-catalyze their formation,
and Ref. [8] describes a ribozyme that can copy other RNA
molecules, i.e., a replicase.

The presence of a replicase R, able to replicate generic
templates T, is a necessary condition for inheritance, i.e.,
the ability of a living entity to transmit its mutations to its
offspring, which is one of the key features required by
Darwinian (spontaneous) evolution. It has been observed
[9] that a purely chemical system including a replicase R
lacks another key feature of Darwinian evolution, namely,
selection: the ability to replicate other templates T gives R
no advantage in being replicated, so the concentration of R
does not increase over the other polymers whose templates
are present. It has been argued that Darwinian evolution
requires a physical process besides traditional chemistry,
namely, the coupling of the replicating polymers with
membranes [9], to introduce competition between different
entities [10–14]. This argument presents a challenge, be-
cause the informational polymers must emerge simulta-
neously with the membrane structure that contains them.

Here I describe a different physical process that plays
the role of selection in Darwinian evolution. I consider the
effect of thermodynamic fluctuations, i.e., fluctuations of
the number of molecules in a given volume, due to thermal
motions. Recently, it has been noticed that fluctuations can
induce ‘‘deviant nonclassical effects’’ on certain biochemi-
cal systems [15,16]. I will show that replicases make it

possible to build systems that can be influenced by fluctu-
ations, due to a distinct feature that I will call ‘‘chemical
marginal stability.’’ I will show the results of numerical
calculations, concerning simulations of different margin-
ally stable chemical systems where fluctuations are taken
into account. Quite surprisingly, the fluctuations induce not
only a random walk, but also a drift, directed towards
increasing replication efficiency. The relevance of this
phenomenon for the origin of life, and possible in vitro
experiments are discussed.
Figure 1(a) shows a ribozyme L that is able to ligate two

substrates, B1 and B2, i.e., a ligase. The outcome of the
reaction is a new molecule L, identical to the ligase that
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FIG. 1. Panel A, self-catalysis: the ribozyme L (a ligase)
catalyzes the ligation of substrates B1 and B2, forming a new
molecule L. Panel B, replication with inheritance: the ribozyme
R (a replicase) copies a generic RNA template, including other
molecules of R.
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generated it. Such a reaction can be described as self-
catalytic. It has actually been obtained in an artificial
system [5,6]; a cross-catalytic version of the reaction,
involving two ligases, was able to self-sustain and produce
an exponential amplification of a small initial amount of
the ligases [7].

The fact that the outcome of the ligation is the same as
the ligase L that catalyzes the reaction relies on the pecu-
liar choice of the substrates B1 and B2. In general, a mutant
ligase L2will not transmit its mutation to the newly formed
ligase product. Inheritance, which is one of the features
needed by Darwinian evolution, requires some enzyme
performing a replication activity, i.e., a replicase. Fig-
ure 1(b) shows a toy model where a hypothetical replicase
R can copy any generic template T, including other repli-
case molecules R, by polymerizing the monomers Bn. In
such a system, a superior mutant replicase R2 would also
be replicated. I will refer to this case as ‘‘replication with
inheritance,’’ as opposed to the previous ‘‘self-catalysis.’’ It
is worth noting that the ribozyme R can act both as a
replicase and as a template, but the same molecule cannot
play both roles simultaneously; the production of a new R
thus requires two molecules of R, one as a replicase and
one as a template.

The system shown in Fig. 1(b) is extremely simplified:
in real experiments, partial success has been reached in
producing, by directed evolution, a ribozyme R that creates
a complementary strand T’ of a generic RNA template T
by extending a primer [8].

The fundamental difference between self-catalysis and
replication with inheritance has been described; now I will
show that this difference has a counterpart in kinetics. In
the case of self-catalysis, I consider a ligase L1, together
with a more active ligase L2; they both catalyze the liga-
tion giving rise to L1. The corresponding mass-action
equations are

_L 1 ¼ k1B
2L1 þ k2B

2L2 � k3L1
_L2 ¼ �k3L2

_B ¼ �k1B
2L1 � k2B

2L2 � k3Bþ k4
(1)

where the concentrations of the substrates B1 and B2 are
assumed to be equal to B. It is worth noting that the system
is open: the term k4 represents the source of substrates, and
the term k3 represents the loss of molecules.

In the case of replication with inheritance, I consider two
replicases R1 and R2, with different activities. The mass-
action equations are

_R1 ¼ k1R
2
1Bþ k2R1R2B� k3R1

_R2 ¼ k1R2R1Bþ k2R
2
2B� k3R2

_B ¼ �ðk1R1 þ k4R2ÞðR1 þ R2ÞB� k3Bþ k4:

(2)

Since polymerization takes place by progressive extension,
one monomer at a time, the rate is proportional to the

concentration of monomers. The replicase R2 is more
active than R1, so that k2 > k1.
Figures 2 and 3 show the kinetics obtained by integrating

the differential equations (1) and (2). The trajectories in the
concentration space are shown as black arrows. In the case
of self-catalysis (Fig. 2), all the initial states a, b, c, d, e,
and f eventually lead to the same stationary state S,
corresponding to the vanishing of the more active ligase
L2. In the case of replication with inheritance (Fig. 3), the
initial states a, b, c, a0, b0, and c0 lead to the different
stationary states aS, bS, and cS. The presence of many
different stationary states is the kinetic counterpart of
‘‘inheritance’’: the newly produced molecules are of the
same species of their ancestors, and the two populations
can coexist in different proportions.
The stationary states form a continuous curve, shown as

a black line. The presence of a manifold of stationary states
is referred to as ‘‘marginally stable stationarity’’ in dy-
namic system theory, but until now has never been detected
in chemical systems.
In mechanics, an example of a marginally stable system

is a marble on a horizontal track. The marble can remain in
any point of the track, since any point is a nonunstable
equilibrium state. On the other hand, a disturbance will
result in a displacement of the marble along the track; the
marble will not return to the original position, but will
reach a different stationary point, since there is no restoring
force. Analogously, the stationary-state curve of Fig. 3
allows the chemical system to move smoothly under the
effect of spontaneous concentration fluctuations, passing
from one stationary point to one of the surrounding sta-
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FIG. 2. Kinetics of the self-catalytic chemical system de-
scribed by Eq. (1). The ligase L2 is more active than the ligase
L1, but is not produced in the reaction. The arrows represent the
kinetics obtained from the mass-action equations, Eq. (1). The
symbol * represents the stationary state. The parameters are
k1 ¼ 4:5k33=k

2
4 and k2 ¼ 18k33=k

2
4; the values of k3 and k4 are

irrelevant under the adimensionalization used.
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tionary points, without being prompted to return. This is
not possible in a system like the one in Fig. 2, where the
displaced system eventually comes back to the stationary
state S, which is an attractor.

Concentration fluctuations are always present in any
solution: in the simplest case, they coincide with the
Poisson fluctuations of the number of solved molecules
in a given volume of solvent, which fluctuates due to the
Brownian motion of molecules entering and exiting from
the volume. In order to describe the fluctuations, the
reaction-diffusion equations must be considered:

@

@t
csðx; tÞ ¼ Fs½crðx; tÞ� þDsr2csðx; tÞ; (3)

where the concentrations cs of the species s depend both on
spatial position x and time t; Ds are the diffusion coeffi-
cients, and Fs½crðx; tÞ� represent the mass-action aspects,
as in Eqs. (1) and (2). Fluctuations can be studied by
considering the reaction-diffusion master equations
(RDME) [17]. Following [18], I divide the reaction volume
into N � N � N cubic cells, with a side length of l. The
dynamic variables nðs; i; j; kÞ are the number of molecules
of the species s in the cell with integer indices i, j, k; a
constant � is defined so that �l3cðs; i; j; kÞ ¼ nðs; i; j; kÞ.
The random variables nðs; i; j; kÞ change as the result of a
Markovian process, including chemical reactions, modeled
as ‘‘birth and death’’ processes, and diffusion, modeled as a
random walk. The probability that a molecule will move
from a cell to a neighboring one during a time interval�t is

Ds�t=l
2. Periodic conditions are imposed so that nðs; iþ

N; j; kÞ ¼ nðs; i; j; kÞ, and so on.
The solution of the RDME is obtained numerically by a

Monte Carlo approach. The trajectories obtained with
RDME are shown in Fig. 3 as blue arrows. At first, the
system approaches the stationary-state curve, but then a
motion along the stationary-state curve is observed. Quite
surprisingly, the motion is not a random walk, but a drift
pointing toward the increase of the most active replicase
R2. This drift has a straightforward interpretation: in vol-
umes with a higher concentration of R2, more templates
will be replicated, and, in turn, a larger fraction of them
will be R2. The observed drift can constitute the required
effect for obtaining evolution: the concentration of the
more efficient replicase R2 increases and becomes domi-
nant; afterward, a third, still more active replicase can arise
due to random mutations, and its concentration will in-
crease, and so on, in analogy with Darwinian evolution.
The directionality of the drift implies that the stationary

states cannot be thermodynamic equilibrium states. The
systems described in Fig. 1 are manifestly open, since they
exchange molecules with the environment; in general, the
nonequilibrium can be represented by an energy flow, for
example, in the form of nucleoside triphosphates [5–8].
In order to quantitatively evaluate the speed at which the

amplification of the best replicase takes place, it must be
noted that the average rate dR2=dt obtained by the numeri-
cal model depends on the linear dimension of the cell, l; the
limit as l ! 0must be taken. The graph of Fig. 4 shows the
dependence of the speed dR2=dt on l for two different sets
of parameter values. Two regimes can easily be observed.
At longer l, the drift speed decreases as l3: this behavior
can be explained by observing that the drift is a second-
order effect of the numerical fluctuations and thus is pro-
portional to the average number of molecules in a cell,
which is in turn proportional to the volume l3. At shorter l,
saturation is reached, representing the limit as l ! 0 of the
speed. The roll-off value of l is compatible with the reac-
tive mean free path [19,20], that is, the value of l at which
microscopic simulations with RDMEmust be performed to
find a quantitative agreement with observations.
To observe the drift shown in Fig. 3 experimentally, a

replicase R2 must be found that can self-sustain its self-
replication. The other template R1 can be nonactive, k1 ¼
0. The reaction starts with a solution containing a concen-
tration B0 of the nucleotides Bn and an equal quantity of
the replicase R2 and template T. At fixed time steps �T, a
fraction f�T of the solution is removed and replaced by a
new solution of nucleotides at concentration B0. This
operation gives the terms k3 ¼ f and k4 ¼ fB0 shown in
Fig. 1. Given the activity of R2, namely k2, the refresh rate
must be f ¼ k2B

2
0=9. Under these conditions, the system is

represented by the numerical simulations shown in Fig. 4.
From the graph, it can be observed that the drift speed is
roughly some percentage of k4, which, in turn, is of the
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FIG. 3 (color). Kinetics of the chemical system that self-
replicates with inheritance described by Eq. (2), with two re-
plicases, R1 and the more active R2. The black arrows represent
the kinetics obtained from the mass-action equations Eq. (2).
The black line represents the stationary-state curve. The trajec-
tory shown by the blue arrows is calculated by means of the
reaction-diffusion master equations. The parameters are k1 ¼
4:5k33=k

2
4, k2 ¼ 18k33=k

2
4, DR1 ¼ DR2 ¼ k3ðk3=k4=�Þ2=3, DB ¼

10k3ðk3=k4=�Þ2=3, and l ¼ 3ðk3=k4=�Þ1=3; the values of k3, k4
and � are irrelevant under the adimensionalization used.
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same order of the replication speed, and should be easily
observable.

It is worth noting that not all chemical systems including
a replicase showmarginal stability; on the contrary, the aim
of this work is to show that some peculiar system, that can
actually exist, can be marginally stable and that such a
system undergoes spontaneous evolution. On the other
hand, any chemical system showing marginal stability
could be involved in abiogenesis, even if it does not include
replicases.

Observation of the drift shows that an evolutionary
advantage is indeed present, pushing the system toward
increasing replication efficiency. It takes place slowly,
cooperatively, in macroscopic volumes of water, but plays
the same role as selection in Darwinian evolution, which,
in contrast, is based on competition between small entities.
I propose that this kind of evolution took place before the
compartmentalization induced by membranes, which led
to smaller and more efficient self-replicating entities in
competition with one another [9].

The reproduction of marginal stability in the laboratory
would be the first experiment in which spontaneous evo-
lution takes place in a chemical system, and the first
‘‘in vitro’’ model of the primordial chemical reactions
that led to life.
I am grateful to Francesco Mantegazza, Domenico

Salerno, Valeria Cassina, and Roberto Ziano for stimulat-
ing discussions.
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