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1. Prebiotic synthesis and molecular diversity
1.1.

THE SUBSTRATE OF EARLY EVOLUTION

Investigating the evolutionary path that led to present-day cells is a little like tracing a
maze, where the entrance and exit are known, but much work remains to find the paths
that connect them. For the origin of life, the “entrance” is the multifaceted environment
of a water- and carbon-rich planet and the “exit” is a protocellular structure subject to
Darwinian evolution.
Whether terrestrial life started on our planet or elsewhere in the Universe is a recurrent
subject of debate, often nourished by proposals of Panspermia scenarios (Crick, 1981;
McKay, 1997), and recently inspired by the finding of candidate relics of martian life
forms (Kerr, 1996; McKay et al., 1996). An extraterrestrial origin cannot be absolutely
discarded using the present knowledge, but there are two good reasons for setting aside
this debate: (i) there is currently no solid evidence of extraterrestrial life, and (ii) moving
the problem elsewhere still requires solving it. While exciting recent analyses have certified the presence of planetary systems other than the solar one (Lissauer et al., 2000), and
future explorations might one day give us the opportunity to analyze frozen relics of extraterrestrial life, most origin of life scenarios assume that the cradle of life-as-we-knowit has been planet Earth (de Duve, 1995; Lahav, 1999; Oparin, 1957).
Although the details of prebiotic Earth conditions and of the nature of the earliest forms
of life are probably lost forever, a lot is known about the general features primordial
Earth. For example, a time window for the transition from inanimate to animate matter
has been estimated using geophysical and astronomical methods. The lower bound of this
window, 3.9 billion years ago, corresponds to the end of a period of intense meteorite
bombardment (Chyba and Sagan, 1992), as testified, for example, by the analysis of the
Moon’s craters (Maher and Stevenson, 1988). For the upper bound we can rely on geological records, such as stromatolites and microscopic fossils, which provide evidence
that 3.8 billion years ago life was already present on Earth (Mojzsis et al., 1996; Mojzsis
et al., 1998; Schopf et al., 1965).
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Since Oparin’s first detailed description of how the emergence of life could be in principle explained on a molecular basis (Oparin, 1957), several experiments have been performed for evaluating potential paths towards the spontaneous emergence of a primordial
cell. This has been mostly guided by the chemistry of present-day organisms, and in particular by the fundamental role of nucleic acids (Gesteland et al., 1999; Gilbert, 1986;
Orgel, 1998) and proteins (Fox, 1991; Lee et al., 1996). This concept is inspired by an
extreme of the Continuity Principle, stating that every stage in evolution is connected
continuously to the previous ones (Morowitz, 1992; Orgel, 1968). It is assumed that very
early life contained the same biopolymers as present day life (cf. Orgel, 1998).
At the other extreme, inorganic clay minerals were proposed to be the first substrate for
life-like processes (Cairns-Smith, 1982). In the model proposed by Graham CairnsSmith, imperfections in a growing crystal are the first form of inheritable information,
and organic life is proposed to have arisen later, through a genetic takeover (CairnsSmith, 1982). Clays are minerals made of micron-size particles, composed of complex
crystals based on silicon, aluminum, iron and other inorganic compounds. The fluidity
and the complexity of collections of these particles in water inspired the analogy with
organic macromolecules. The clay mineral model, however, is considered a less likely
predecessor of the cell, because it constitutes an extreme deviation form the Continuity
Principle (Fry, 2000; Morowitz, 1992).
An intermediate approach may be envisaged, in which continuity is used to indicate
that life started with carbon-based molecules, but without any assumption about the detailed structure of the primordial organic compounds. As opposed to the view invoking
the initial abundant presence of present-day building blocks, this scenario envisages a
selection process that gradually reduces the diversity of molecular building blocks, in
analogy to the screening of large random libraries in random chemistry experiments
(Segrè and Lancet, 1999).
1.2. SOURCES OF MOLECULAR DIVERSITY
The formation of the chemical elements necessary for the emergence of life started with
the Big Bang (Macià et al., 1997; Orò, 2000; Sciama, 1971). Light nuclei, such as H, D,
3
He and 4He, are believed to have formed during the early dense stages of the expanding
Universe (Arnett, 1996). Additional synthesis of He and of heavier elements by thermonuclear burning followed the formation of stars and galaxies. Newly synthesized elements, from C to U, were ejected by exploding supernovae, and eventually incorporated
into other stars or into planets (Arnett and Bazan, 1997; Trimble, 1997). The nuclear reaction responsible for the formation of the nuclide 12C is the condensation of three alpha
particles (Oberhummer et al., 2000). This reaction, as well as the formation of O in large
amount, S, and small fractions of P (Macià et al., 1997) is thought to happen especially in
carbon stars (Doty and Leung, 1998; Orò, 2000). Upon migrating to the circumstellar and
cooler regions of the star, at temperatures of a few thousands degrees, the biogenic elements (H, C, O, N, S, P) produce more complex molecules (Doty and Leung, 1998),
through ordinary chemical reactions. The newly formed compounds include diatomic and
triatomic species such as C2, CN, CO, CH, NH, OH and H2O, as observed also in the
atmosphere of the Sun (Orò, 2000).
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Anders (Anders, 1989) and Chyba and Sagan (Chyba and Sagan, 1992) have found
evidence that interplanetary dust particles (IDP) were the most abundant source of extraterrestrial organic carbon in the late accretion phase of the early Earth. Comets and carbonaceous meteorites would contribute smaller amounts. The total delivery over a period
of 100 million years of the late Hadean - early Archean eras is estimated to be on the order of 1016-1018 kg (Chyba and Sagan, 1992). For comparison, the total organic carbon in
the present biosphere is 6·1014 kg, i.e. 10 to 1000 times smaller. Hence, organic material
delivered as extraterrestrial infall was likely to have been a significant contribution to the
organic inventory of the early Earth environment. In addition to extratrerrestrial delivery,
several potential prebiotic reactions that could produce simple organic compounds on
early Earth have been proposed (de Graaf et al., 1995; Huber and Wachtershauser, 1997;
Miller and Urey, 1959; Schlesinger and Miller, 1983; Wachtershauser, 1988). Energy
sources available to drive such reactions range from volcanoes and hydrothermal vents to
lightning discharges, solar photochemistry and pyrite-dependent reduction. It should be
stressed that in many cases, in addition to water-soluble organic compounds that are easily analyzed, insoluble residue (e.g. "tar" or "tholins" (Bernstein et al., 1999; McDonald
et al., 1996) are reported in prebiotic synthesis simulations (Miller and Urey, 1959;
Schlesinger and Miller, 1983). These are likely to contain sparingly soluble hydrophobic
and amphiphilic compounds of relatively large molecular mass.
Why should one be interested in this large diversity of molecular shapes formed abiotically on early Earth or in outer space? Many scholars have been screening potential prebiotic mixtures in search for amino acids (Miller, 1953; Miyakawa et al., 2002), nucleosides (Ponnamperuma et al., 1963a; Robertson and Miller, 1995), and other precursors of
present-day cellular life (McCollom et al., 1999; Ponnamperuma et al., 1963b; Reid and
Orgel, 1967; Sagan, 1963). The success of such searches is sometimes mistakenly appraised as the solution to the problem of the origin of life. Indeed, the conclusion that a
prebiotic mixture contains some of the building blocks of a present-day living cell constitutes a fundamental link between the inanimate and the animate worlds (Morowitz,
1992). Yet, a prominent alternative view is that one should take into account the whole
primordial repertoire of organic compounds, and ask how its physical and chemical properties may lead to life-like characteristics (Fraser and Folsome, 1975; Lifson, 1996;
Morowitz, 1992). This question, of how a “wild” prebiotic mixture (primordial soup)
could self-organize to give rise to a self-reproducing and evolving system remains largely
unanswered (Dyson, 1999).
Mathematical and computational models aimed at understanding these early stages of
biological organization do not generally depend on a detailed knowledge of the composition of a primordial soup (Dyson, 1999; Kauffman, 1993). Rather, they make use of
global measures, like the diversity of molecular species, or statistical parameters, such as
the probability that a given molecules catalyzes the synthesis of any other molecule in a
set. The question of prebiotic molecular diversity has been addressed explicitely by
Morowitz (Morowitz, 1992), who reported the number of isomeric alkanes as a function
of carbon number. The numbers fit an exponential law

N G = KeαC

(1)
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where NG indicates the global number of different chemical species possible, C is the
number of carbon atoms, and K=6.7·10-3 and α=0.915 are parameters characteristic of the
specific class of compounds. For 10 carbons the number of isomers is 75. A double number of carbons yields more than 360,000 compounds. It should be stressed that this calculation is relative to carbon and hydrogen atoms only. Hence, the above formula could be
considered as a possible lower bound for molecular diversity. This kind of calculation, in
addition to being useful for explicit mathematical modeling of prebiotic phenomena,
should remind us of how narrow the chemical spectrum of present-day cellular life is
with respect to the variegated universe of all possible chemical structures. Living cells
typically contain less than thousand different low molecular weight “monomeric” compounds.
2. Chemical evolution
2.1. DARWINIAN EVOLUTION AT THE MOLECULAR LEVEL
The three classical elements of Darwin’s theory, self-reproduction, mutation and selection, are widely accepted as the fundamental ingredients of evolution at the level of organisms. As stated by Li and Graur (Li and Graur, 1991), natural selection is the “differential reproduction of genetically distinct individuals or genotypes within a population”.
This definition could be extrapolated to early forms of life with primitive genomes, or
even to freely floating lone genes capable of copying themselves (Eigen, 1971). But such
definitions appear inapplicable to systems that do not possess genetic material. Any
model that assumes early protocells that constitute ensembles of molecules without genetic machinery, would appear unable to explain how an early Darwinian process could
take place. This puzzle is one facet of the Chicken-Egg paradox, summarized as follows:
(i) Biopolymer-based self-reproducing systems must have evolved from simpler non-selfreproducing systems, (ii) Evolution can act only upon systems based on self-reproducing
bio-polymers. Apparently, when dealing with primordial life, we should consider relinquishing one of these propositions. Relaxing proposition (i) implies that the first selfreproducing system emerged without evolving, i.e. that life originated in a one-time
“lucky” jump. Such a view is sometimes accepted as an axiom of the inexplicability of
life’s origin (Yockey, 1992). Alternatively, self-organization processes have been suggested to potentially happen at the molecular level in absence of selective pressure
(Horowitz, 1945), perhaps in analogy to random genetic drift (Dyson, 1999). Often the
argument is presented that despite the extremely low probability for the chance sudden
emergence of a self-reproducing system, the long available time and the huge set of possible geophysical settings could make such an event reasonably likely. An alternative
view involves relaxing proposition (ii). This implies that a kind of natural selection may
act on systems that do not contain self-reproducing biopolymers, perhaps on systems totally lacking genes and enzymes (Woolfson, 2000; Segrè et al., 2000). Is this possible?
Could there be self-reproduction before genes? What would be the meaning of natural
selection in a population of geneless protocellular systems?
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2.2. INHERITANCE OF WHAT?
In modern living organisms, as the central dogma teaches us, biological information is
contained in the genome (Crick, 1981). The flow of information is basically unidirectional, starting from DNA and ending with proteins. It is generally assumed that inheritance has to do with the copying of the message contained in the genome (Dawkins,
1996; Muller, 1966; Orgel, 1998). Indeed, this mechanism is so important, that the mutation of a single letter in this message might critically determine the fate of the cell receiving the modified sequence. When we talk about biological inheritance, however, we are
not considering abstract systems that send and receive symbols like in Shannon's theory
(Yockey, 2000). A DNA sequence alone has no meaning. Biological inheritance involves
the self-reproduction of a complex molecular structure - the cell. The fact that one of its
components, DNA, possesses an alphabet based string-like structure does not imply that
information and inheritance should be ascribed only to sequences embodied by nucleic
acid polymers. During cell division, lipids, proteins, whole organelles, cytosolic molecules and many other components are being inherited together with DNA. What is then
biological information? What is inherited during a self-reproduction process?
Along the history of life, from an inanimate mixture of organic compounds to a sophisticated reproducing cell, there must have been intermediate stages involving protoorganisms capable of undergoing evolution without relying on the complex genetic machinery present today (Morowitz et al., 1988; Shapiro, 2000). It is conceivable that biopolymers were initially much shorter, and yet, an evolutionary process took place. It is
necessary to envisage a simpler form of inheritance, which does not involve genes, coding and translation. This form of inheritance is the transmission of a peculiar chemical
composition, as pioneered by Oparin (Oparin, 1957), and elaborated by many others
(Dyson, 1982; Kauffman, 1986; Morowitz, 1967; Morowitz et al., 1988; New and Pohorille, 2000; Woolfson, 2000; Segrè et al., 2000). This is embodied in the "garbage
bags" scenario (Dyson, 1999) where assortments of diverse simple molecules are capable
of growing and splitting inaccurately. And interestingly, it is essentially true even today,
where molecular compositions inherited during mitosis contain highly evolved, specialized and complex biopolymers, and the fate of each molecule upon cell division is carefully programmed. This compositional inheritance view is, however, still debated by
many investigators. One of the reasons for this is the relatively small number of proposed
formal analyses of such a process.
2.3. MOLECULAR SELF-REPLICATION
One of the fundamental characteristics of a living system is the capacity to make more of
itself. The simplest chemical system bearing such attribute is an autocatalytic molecule,
i.e. a molecule capable of accelerating the rate of its own production from precursors.
(Lifson, 1996; Orgel, 1992; Szathmary and Maynard Smith, 1997). Autocatalytic molecules were experimentally designed in the laboratory, and it was shown that molecular
self-replication in vitro is indeed possible. Examples involve modified nucleotides (Li
and Nicolaou, 1994; Rebek, 1994; Tjivikua et al., 1990), as well as short peptides (Lee et
al., 1996). One of the most attractive forms of autocatalyisis is the one involving biopolymers, as explored by Orgel’s through the template-directed synthesis of oligonucleo-
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tide analogues (Orgel, 1992; Schwartz and Orgel, 1985; Sievers and von-Kiedrowski,
1994). Despite the increasing success in the design of autocatalytic molecules, it should
be mentioned that no relevant example has been reported within any life form. Neither
DNA nor RNA is truly autocatalytic, as they require the aid of specialized enzymes. How
likely is it that nature could randomly hit upon a contrived self-replicating molecule similar to molecules whose synthesis presently requires the careful engineering of experienced organic chemists? This is a question that would require considerable future pursuit.
2.4. FORMAL ANALYSIS OF SELF-REPLICATING MOLECULES
Setting aside the plausibility of self-replicating molecules, it is legitimate to assume their
existence and investigate their kinetic behavior. This approach brought to the initiation of
a formal description of molecular systems that may undergo evolutionary processes. Such
formalism is analogous to the evolutionary dynamics of more highly organized living
systems. The most prominent mathematical model was developed by Manfred Eigen and
Peter Schuster in the 70's (Eigen, 1971; Eigen and Schuster, 1979). This is analogous to
the classical formalisms used in population biology for describing the increase and regulation of animal populations (Wilson and Bossert, 1971), based on a Malthusian growth
law (Szathmary and Maynard Smith, 1997), as summarized by the logistic equation
dN/dt = aN-bN2

(2)

In Eigen’s scenario, a set of RNA polymers is enclosed in a flow reactor. Each such
polymer is assumed to catalyze its own replication from constantly supplied activated
monomers, and can therefore be referred to as a self-replicating information carrier, or
replicator (Szathmary, 1999; Szathmary and Maynard Smith, 1997). The fidelity of a
replicator is not always absolute: errors during copying may occur (Eigen and Schuster,
1979; Swetina and Schuster, 1982), whereby a polymer may catalyze the production of a
variant polymer, rather than its own. Such replication errors are analogous to DNA sequence mutations.
In one of the possible formulations (Constant Population (CP)) the equation for the
concentration of replicator i can be written as follows (Kuppers, 1983)
dx i
= (Wi − E (t )) x i +
dt

∑ψ

ij x j

(3)

j ≠i

where Wi is the autocatalytic rate enhancement (or selection value) of replicator i, E(t) is
the average excess productivity, which keeps the overall concentration constant (in fulfillment of the CP constraint), and ψij is the probability that replicator i will erroneously
give rise to replicator j. An overall matrix of kinetic rates may be visualized as composed
of the autocatalysis Wi terms (diagonal values) and the error rates ψij (off-diagonal values). Eigen shows that a steady state is reached (Eigen, 1971; Eigen and Schuster, 1979;
Kuppers, 1983), for which only a specific linear combinations of replicators, called a
quasi-species, persists. In a transformed linear system of equations, the quasi-species
corresponds to the eigenvector associated with the largest eigenvalue of the linear opera-
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tor (Jain and Krishna, 1998). The quasi-species is hence associated with a distribution of
RNA sequences with maximal replication rate. The larger the ψij values with respect to
Wi, the broader the distribution of different sequences contributing to the quasi-species.
2.5. ERROR CATASTROPHES
An important aspect of Eigen’s analysis is the characterization of a threshold value for
the rate of replication mistakes, which critically determines the information transfer property of the quasi-species (Alves and Fontanari, 1998; Eigen, 2000). Small error rates do
not affect the replicating polymers in a dramatic way: the distribution of sequences at
steady state is centered around a master polymer (i.e. the species with highest autocatalytic rate), whose information is faithfully propagated through the generations. When a
critical value (the error threshold) is reached, however, the information of the master sequence is lost, and the mixture of self-replicating polymers becomes randomized (Swetina and Schuster, 1982). This occurs in a way analogous to a phase transition, referred to
as the error catastrophe (Eigen, 2000). It should be mentioned that while a slow mutation
rate prevents the loss of information, a fast mutation rate can increase the capacity of a
system to explore the sequence space and optimize its fitness. A balance between these
two opposite tendencies is what determines, according to Eigen, an optimal mutation rate
(Eigen and Schuster, 1979). The error threshold analysis imposes a limit to the length of
sequences that can be replicated with sufficient accuracy. Structures with a higher level
of organization, the hypercycles, involving protein enzymes coded by the nucleic acid
polymers, are shown to be necessary in order to afford longer polymers with the same
accuracy of replication (Eigen, 2000).
2.6. RNA WORLD
An important origin of life scenario involving molecular replication is the RNA-world
(Gesteland et al., 1999; Gilbert, 1986; Joyce, 1991). Following the discovery that RNA
can perform catalyitc activities (Cech, 1986), it was proposed that the early evolution of
life may have undergone through the following stages: (i) RNA polymers could act as
primitive genes and enzymes (ribozymes, cf. Ellington et al., 1997; Lohse and Szostak,
1996), and propagate information through self-replication (Cech, 1986; Szostak, 1992),
then (ii) RNA acquired the capability of synthesizing coded polypeptides (Lohse and
Szostak, 1996), which would later specialize into becoming the major biocatalyst, and
(iii) DNA took over for the role of genetic information carrier (Robertson and Miller,
1995). Ribozymes were invoked as possible indications of RNA’s prebiotic role, since
they persist today in tRNAs and within many cofactors, as well as in the active portion of
the ribosome (Wimberly et al., 2000).
The interest in the potential role of RNA as an omnipotent biological molecule, generated major efforts in the last fifteen years (Gesteland et al., 1999), towards demonstrating
whether indeed all the major cellular catalytic functions could be in principle performed
by RNA. It was recently discovered, for example, that RNA may catalyze the synthesis of
further nucleic acids building blocks (Unrau and Bartel, 1998). A comprehensive list of
catalytic activities displayed by ribozymes, generated through in vitro RNA evolution
(Ellington et al., 1997; Wright and Joyce, 1997), has been reported (Bartel and Unrau,
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1999). In parallel to the interest in the historical path that has led to life, the RNA-world
body of knowledge is often directed towards the attempt of engineering an artificial selfsustaining form of cellular life (Szostak et al., 2001). An engineered experimental realization of an RNA-based cell, however, would be unlikely to resemble the real protocells
that once populated our planet. The spontaneous prebiotic emergence of a set of autocatalytic RNA polymers, in addition, encounters serious difficulties, mostly due to the implausibility of RNA synthesis and stability under prebiotic conditions (Bartel and Unrau,
1999; Niesert et al., 1981; Shapiro, 1984; Shapiro, 2000; Yarus, 1999).
2.7. ENSEMBLE REPRODUCTION
Despite the fact that the model of Eigen was constructed specifically for self-replicating
nucleic acid polymers, the idea of describing molecular evolution with kinetic equations
is quite general, and can be applied to cases of mutual catalysis rather than autocatalysis
(Bagley and Farmer, 1991; Farmer et al., 1986; Segrè et al, 1998a; Segrè et al., 2000).
The interpretation of variables and parameters in the two cases, though, is radically different. In Eigen’s model the emphasis is on the autocatalytic replicating biopolymers, i.e.
on the diagonal term of the matrix of interactions. The molecular interactions utilized in
the compositional inheritance model (Bagley and Farmer, 1991; Segrè et al., 2000), on
the other hand, do not require the ad hoc assumption of a self-replication capacity for
individual molecules. The kinetic equations in this case are for catalyzed growth of entire
molecular ensembles, due to the catalyzed aggregation and/or the formation of small organic compounds within non-covalent assemblies. The individual molecular species are
not replicators, nor do they carry information. Both self-reproduction and inheritance are
obtained as the emergent property of a collection of such molecules (Kauffman, 1986;
Dyson, 1985). Interestingly, phenomena that resemble the quasi-species error threshold
behavior can also observed for collective replication (Kauffman, 1993; Segrè et al.,
2001a).
2.8. KAUFFMAN’S MODEL
This model (Kauffman, 1986) was one of the first attempts to formalize the idea that mutually catalytic metabolism-like networks of interacting molecules. It may lead to selfreproduction even if none of the individual molecules is a replicator (cf. McMullin, 1995;
Oparin and Gladilin, 1980). Kauffman and colleagues demonstrated that a set of random
polymers might undergo collective self-reproduction, provided that it entails sufficient
diversity of molecular species (Farmer et al., 1986; Kauffman, 1986; Stadler et al., 1993).
In Kauffman’s words, this is an attempt to show that “self-reproduction and homeostasis,
basic features of organisms, are natural collective expressions of polymer chemistry”.
According to this view, self-reproduction of a mixture of molecular species, exemplified
by, but not restricted to oligomers, is caused by growth of the concentration of all the
molecular species included. This is due to the mutual catalysis, or mutual rate acceleration, that each polymer exerts on the synthesis of others. Based on a graph theory derivation, Kauffman argues that any sufficiently complex set of molecules may attain the
emergent collective property of catalytic closure, whereby every member of the set has at
least one of the possible last steps in its formation catalyzed by some member of the set.
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In the mathematical formulation of this model, monomers of different kinds can form
polymers with length up to a maximal value M. A constant probability parameter P describes the chance that a molecular species in the set will catalyze any reaction leading to
the formation of another species. As one considers increasing values of M, the number of
possible polymer types goes up as an exponent of M, but the number of synthesis and
cleavage reactions grows even faster. The ratio of reaction count to polymer types is
shown then to increase linearly with M. When M is large enough, catalytic closure is realized and therefore each polymer in the set is efficiently synthesized. The outcome is
that the whole set produces more of itself, despite the fact that none of the components of
the set is assumed to be an autocatalyst. This concept of self-organizing metabolism-like
network has been explored in different forms, including the study of systems of differential equations for the kinetics of polymers formation (Bagley and Farmer, 1991; Bagley et
al., 1991) and the construction of an abstract artificial chemistry based on λ calculus
(Fontana and Buss, 1994).
Kauffman’s complexity-dependent closure reflects a widely diffused view that the
emergence of life-like properties should resemble a phase transition, i.e. that the tuning of
a fundamental parameter may determine in a critical way whether a system is in a state of
randomness, or has undergone a sudden self-organization (Dyson, 1999). In the formalism of Eigen, this phase transition corresponds to the error threshold behavior described
above. In Kauffman’s model, the tuning parameter is the number of different mutually
catalytic polymers, and the ensuing self-organization property is represented by catalyitc
closure (Kauffman, 1986; Kauffman, 1993).
The self-reproduction behavior ensuing from a network of mutually catalytic interactions has been experimentally demonstrated using complementary nucleotide-based oligomers (Sievers and von-Kiedrowski, 1994), as well as an enhanced version of Ghadiri’s
self-replicating peptides (Kauffman, 1996; Lee et al., 1997; Lee et al., 1997). Both these
experiments involve at most dual catalysis. More complex networks of mutually catalytic
molecules are still missing experimental verification.
2.9. DYSON’S MODEL
While Kauffman champions the role of increasing diversity in leading to self-replication,
Dyson’s approach expresses the importance of a time-dependent process that leads to
homeostasis. Both Dyson’s and Kauffman’s models describe possible transitions between
a poorly organized catalytic network and a well connected system of catalytic interactions, capable of increasing the global rate of synthesis of the constituent molecules from
externally available “food” material.
Dyson assumes that molecules enclosed in a bounded microenvironment are composed
of monomers that exist in two states: catalytically active and catalytically inactive. An
autocatalytic phenomenon is assumed, whereby active molecules will convert others into
a similarly privileged state. Since Dyson’s model includes a backward reaction, in which
an active species may be inactivated, the exponential explosion typical of autocatalysis is
prevented, and steady states are reached under certain conditions. Dyson shows that given
the probability 1/a of specific catalytic activation (a is roughly the number of monomer
types) and if one assumes a single mean-field catalytic enhancement factor b, then the
efficacy of an existing molecular population in promoting the formation of new catalysts
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within it may be computed as a function of x, the fraction of active catalysts. For some
combinations of the parameters a and b, there are three steady states. An assembly can
move through single substitution mutations from the disordered steady state (α) to the
ordered one (γ), by passing through the unstable steady state (β). This process leads to the
emergence of an organized metabolism. The average time for this transition to occur can
be expressed as a function of a, b, and of the total number of monomers.
The simplifications implied by Dyson’s mean field approach are limiting the applicability of such model to reality. Nevertheless, the increasing available computational power
may allow the implementation of simulations where explicit interactions between chemical species could be reproduced, as foreseen by Dyson himself. Dyson’s point γ would
then be substituted by a whole landscape of possible organized states, with different levels of complexity, stability and effectiveness in metabolizing external resources. The
presence of multiple steady states may open also the way to a competition between different mutant assemblies, allowing evolutionary processes to occur. Interestingly, an experimental example of non-equilibrium bistability resembling Dyson’s transition has
been reported for mixed surfactant systems (Buhse et al., 1997)
It should be stressed that while in the first version of his model (Dyson, 1982; Dyson,
1985) Dyson depicted the monomers as linked into polymers that float in a vesicleenclosed aqueous solution, in the 1999 edition (Dyson, 1999) the same membrane is assumed to enclose unbound monomers. Moreover, in the novel scenario, the catalyzed
chemical reactions of activation and inactivation are identified with adsorption and desorption at sites of the vesicle rather than with changes in their position within polymers.
This change of view reflects the concept of catalyzed amphiphilic monomers aggregation,
which characterizes the Amphiphile-GARD model (Segrè and Lancet, 1998; Segrè and
Lancet, 2000; Segrè et al., 2000).
2.10. THE MOROWITZ BOUNDARY
In models of collective self-reproduction, like the ones proposed by Dyson and Kauffman, the production of similar progeny is not evident as in the case of single molecule
replication. If self-reproduction of a noncovalent assembly is to be obtained through a
process of ongoing accretion or synthesis of molecular species through mutual catalysis,
the generation of two or more entities out of a single one requires an additional step of
physical separation. This has been classically described as a process of budding or splitting (Fox, 1976; Koch, 1985; Luisi et al., 1999; Morowitz, 1992; Morowitz et al., 1988).
Under the assumption of randomly disposed molecules within an assembly, splitting may
critically determine the fate of the progeny, i.e. whether the mixture of chemicals inherited by each daughter assembly may keep the catalytic network intact and guarantee continuing homeostasis. Statistical calculations may ascertain whether enough of each component is transferred to the progeny upon division. Morowitz shows how constraints on
the transmissibility of information through direct inheritance of a molecular composition
are related to the size of the assembly and the diversity of its molecular species
(Morowitz, 1967). It is demonstrated that if an assembly contains m molecular types (the
complexity of the assembly, or its intricacy (Smith and Morowitz, 1982)), and if each is
present with an average copy number 2r per assembly, then Pd, the probability that all
molecular types are represented in the progeny in at least one copy, is given by Pd = (1 –
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e-r)·m Assuming that all the components are catalytically essential, Pd represents the likelyhood of a successful functional division. If, for example, m=4 and 2r=32, then the
probability of faithful division Pd is very near to 1 (only one in a million chance for a
“wrong” division). However, if the assembly was much smaller, say with 2r=4, then the
splitting success probability would go down to about Pd = 0.55. For a given average copy
number, it is thus possible to define a “Morowitz boundary”, corresponding to the assembly size that yields Pd = 0.5.
This concept may be crucial for determining specific ranges of parameters allowing the
spontaneous emergence of protocellular structures capable of faithful collective selfreproduction (Segrè et al. 2000; Segrè et al., 2001a). In a description of membraneenclosed assortments of genes, Szathmary proposed the “stochastic corrector model” for
inheritance through protocell division, which is based on the same principle as above, but
refers to a later evolutionary stage (Szathmary and Maynard Smith, 1997).
2.11. AUTOPOIESIS
An important demonstration that self-reproduction can be the property of a molecular
assembly derives from the experiments done by Pier Luigi Luisi (Bachmann et al., 1992;
Luisi et al., 1999). Inspired by the concept of autopoiesis (from the Greek ‘auto’ (self)
and ‘poiesis’ (formation)), first proposed by Maturana and Varela (Luisi, 1997), Luisi
demonstrated that micelles and vesicles can catalyze the production of their own constituents, and hence display a growth behavior akin to self-reproduction. Micelles and
vesicles are self-assembled systems containing 103-106 amphiphilic monomers and forming thermodynamically stable physical structures through hydrophobic forces (Deamer,
1986; Morowitz et al., 1988; Tanford, 1978). The universal presence of structures like
these in present day cells may indicate that lipid-like molecules played a major role during early evolution (Luisi et al., 1999).
In some of Luisi’s experiments, long fatty acid chains were used as an amphiphile. A
precursor of the surfactant (e.g. fatty acids anhydrides or esters) was initially deposited
on a water solution, forming oil droplets floating on the surface. In a classical example,
the hydrolysis of the ethylcaprylate precursors is responsible for the formation of caprylic
acid vesicles (Bachmann et al., 1992). The hydrolysis is initially very slow, but its rate
increases as vesicles are being formed. In other words, formed vesicles catalyze the production of further vesicle-forming components, in an autocatalytic reaction. Interestingly,
it is the whole vesicle that acts as a catalyst rather than a single molecule, similarly to the
cases of collective replication proposed by Kauffman and Dyson. Here too, single
monomers are not replicators.
One of the drawbacks of Luisi’s paradigm is the lack of diversity and therefore of evolution. Self-replicating micelles or vesicles would always look the same, unless different
kinds of lipid monomers were introduced. Even if examples of mixed autocatalytic vesicles were designed (Bonaccio et al., 1994), the concept of compositional inheritance was
not seriously taken into account, and the incorporation of self-replicating bio-polymers
within self-reproducing vesicles was pursued as a paradigm for a minimal protocell
(Oberholzer et al., 1995). In contrast, the recently proposed Lipid World hypothesis
(Segrè et al., 2001) expands the autopoiesis concept to the realm of complex prebiotic
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mixtures, and envisages lipid vesicles and micelles as possible carriers of compositional
information.
2.12. A WORKING DEFINITION OF LIFE
Several formal definitions of the living state have been proposed (for a broad collection,
see Lahav, 1999; Rizzotti, 1996), but no general agreement exists. This may be related to
the fact that phenomenological descriptions of life’s characteristics often refer to debated
scenarios for the emergence of life. A good definition of life should describe a set that
contains all the living systems we know, as well as any form of life possibly different
from the one we know. This implies trying to distill, from our understanding of life, all
those features that seem to be characteristic of the processes observed, without restrictions to specific molecular substrates. The latter may reflect “historical accidents” that
happened along evolution. Without further reasoning on this matter, which has complex
philosophical implications, one can formulate a working definition of life that is related
to the problems under study. This will be helpful as a reference, since descriptions of lifelike characteristics appear frequently in the models for prebiotic evolution presented here.
Life may be defined as an open chemical system far from thermodynamic equilibrium,
whose linked reactions are organized in such a way that homeostasis and selfreproduction ensue. In more detail, the following features could be listed:
a) A living system is an open chemical system far from thermodynamic equilibrium. This
involves the capacity of exchanging matter and energy with the surrounding environment.
For a living system to emerge and perpetuate itself, an external energy source and an external energy sink must exist (Morowitz, 1979).
b) Each molecular species in the system (possibly an organic compound) is linked to
other molecular species, forming a network of chemical transformations. The same molecular species may be involved in multiple functions within the reaction network and
may be at the same time a substrate, a product and a catalyst for different reactions
(Kauffman, 1986).
c) The network of chemical reactions and catalytic interactions displays a certain degree
of organization. This may involve the presence of cycles or other ordered topologies
(Morowitz, 1979).
d) From a functional perspective this organization implies two fundamental properties:
the first is Homeostasis (Dyson, 1985), i.e. the capacity of the system to sustain itself, and
maintain its internal order in spite of moderate fluctuations of environmental conditions.
The second, intimately connected to the first one, is self-reproduction, i.e. the possibility
to replenish molecular species that are diluted due to a growth in the total size and mass
of the system. Upon a scission process, this maintenance of molecular concentrations
upon growth ultimately leads to the duplication of the original system.
e) The self-reproduction process described above is, importantly, an imperfect one. The
system is therefore prone to acquire mutation-like changes and may therefore evolve according to the Darwinian paradigm.
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3. Random chemistry
What can be said about the interactions among organic molecules in a primordial mixture, without entering into details about their structures? Models for ensemble collective
self-reproduction often utilize statistical assumptions, e.g. Kauffman’s fixed probability P
of catalysis between to molecules in a random set, or Dyson’s mean field approximation
for catalytic activity within a monomers’ assembly. A deeper insight about the statistical
properties of noncovalent interactions in large molecular ensembles re-quires a detour
into the field of random and combinatorial chemistry.
3.1. PROBABILISTIC RECOGNITION
Many biological phenomena involve probabilistic recognition between randomly encountered molecules. This is especially manifest in biological repertoires, which have evolved
to contain the molecular diversity necessary for binding any randomly encountered ligand
with a functionally sufficient affinity. The immune repertoires, immunoglobulins and Tcell receptors, provide the most well known examples for systems displaying probabilitybased interactions. Other examples include the Multi Drug Resistance (MDR) proteins
that underlie the cellular efflux of a large set of compounds (Bolhuis et al., 1997), the
olfactory receptor repertoire, which recognizes diverse odorant molecules (Buck and
Axel, 1991; Lancet, 1986; Lancet and Ben-Arie, 1993; Glusman et al., 2001), and biotransformation enzymes like cytochrome P450, which provide examples of the phenomenon of “probabilistic catalysis” (Cupp and Tracy, 1998). Probabilistic interactions are
also found in catalytic antibodies (Janda et al., 1997; Schultz and Lerner, 1995).
Probability-based recognition is also at the core of the field of combinatorial chemistry.
Here, ligand repertoires are used to find new binders for specific molecular targets
(Collins, 1997; Hoogenboom, 1997; Lohse and Szostak, 1996; Lorsch and Szostak, 1994;
Plunkett and Ellman, 1997; Scott and Smith, 1990). Within the realm of probabilistic
recognition, the need for a formal depiction of the statistics that govern the interactions
within ligand and receptor repertoires has brought to the concept of Affinity Distribution.
This constitutes a frequency histogram for the affinities obtained when a single target is
tested against numerous members within a repertoire. The existence of such an affinity
distribution is widely recognized (Burnet, 1963; Inman, 1978; Kauvar et al., 1995; Lancet
et al., 1993; Levitan, 1997; Levitan, 1998; Macken and Perelson, 1991; Richards, 1975;
Vant-Hull et al., 1998). However, no general agreement exists on the specific functional
shape of such distribution.
An appealing suggestion is that biological recognition between receptors and ligands
obeys a simple, and very general, statistical law (Inman, 1978; Lancet et al., 1994a; Lancet et al., 1993; Rosenwald, 1998; Rosenwald et al., 2002). In other words, it is possible
that a simple mathematical model could describe the affinity distribution for many different repertoire types, including receptor multi-gene families and combinatorial ligands.
One of these statistical models, the Receptor Affinity Distribution (RAD) model (Lancet
et al., 1993) suggests that the number of interactions L contributing to the energy of binding between a receptor and an arbitrary set of ligands is distributed binomially,

14

L

P ( L) =

B!
1  1

1 −
−
L! ( B L)!  S   S 

B−L

(4)

where B is the size of the binding site and S is the subsite diversity. The affinity of binding K is related to L through the following relation: L =(RT/α)log(K) where α is the average energy contribution for a single subsite interaction, R is the gas constant and T is the
absolute temperature. This distribution, in a Poisson approximation has recently been
verified in reference to experimental data (Rosenwald et al., 2002).
3.2 QUANTITATIVE KINETICS OF MUTUAL CATALYSIS IN RANDOM
ENSEMBLES
Besides their pharmaceutical importance for drug design, combinatorial chemistry tools
have been used for addressing important questions about biocatalysis and self-replication
in proteins (Moore et al., 1997) and nucleic acids (Gold et al., 1997). In the realm of origin of life, a statistical chemistry approach would view the random emergence of diverse
organic molecules, and their assemblies, as a natural consequence of undirected prebiotic
organosynthesis (Schwartz, 1996; Ehrenfreund and Charnley, 2000). It would then ask
how life-like processes could emerge within such primordial random assortments (Cousins et al., 2000), rather than study their specific molecular content (e.g. for α-amino acids
or nucleotide bases). One should not forget, however, that while in the traditional combinatorial chemistry studies one of the counterparts is usually a highly evolved biological
macromolecule, introduced by the experimenter, prebiotic scenarios assume that both
reactants are derived from the same combinatorial collection (Lancet et al., 1994b).
The importance of a probabilistic recognition approach to systems involving large
numbers of random chemicals has been shown to extend beyond its initial scope. In previous models for prebiotic catalytic interactions (Chou et al., 1994; Dyson, 1982; Kauffman, 1986) the assumptions about unevolved molecular recognition processes was not
based on explicit, biochemically rigorous results. This is where the RAD model can serve
as a tool for exploring in a more accurate and quantitative way mutually catalytic sets
(Segrè et al., 2001a; Shenhav et al., 2002).
The connection between RAD-governed binding affinity and catalytic activity in random collections of oligomers was explored previously (Lancet et al., 1994b). This expresses the fact that, since a fundamental step in catalytic reactions is the binding of the
catalyst to the transition state, the extent of the catalytic enhancement can be assumed to
distribute similarly to the binding affinity in a random repertoire.
The power of the statistical approach to mutually catalytic sets is greatly enhanced
when combined with a quantitative kinetic analysis (Bagley and Farmer, 1991; Bagley et
al., 1991; Wills 1997; Lancet 1994; Segrè et al., 2001a). This is essential for a rigorous
demonstration that such sets may undergo self-replication. A computational approach
realistic enough for faithfully simulating interactions among molecules in a prebiotic environment should thus best involve equations of chemical kinetics, as well as a statistical
account of catalytic events.
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Figure 1 A schematic depiction of how assemblies with different Intricacy (number of different types of molecular species inside an assembly) and N (size, in total number of molecular components), can display different
physical and self-organization properties relevant to the emergence of inheritance and self-replication (for more
details, see Segrè and Lancet, 1999; Segrè and Lancet, 2000).

4. Accepting the twilight zone: the GARD model and the Lipid World
4.1. THE GARD “MANIFESTO”
Based on the aforementioned theoretical and experimental notions it is possible to delineate a set of guidelines for exploring theoretically the emergence of a primitive form of
inheritance in the absence of biopolymers:
• Origin of life research can be viewed as the study of physico-chemical principles that
were involved in primordial self-organization (Dyson, 1999; Kauffman, 1993; Oparin,
1957). The Graded Autocatalysis replication Domain (GARD) model (Segrè and Lancet,
1998; Segrè et al., 1998a) aims at distilling such principles and showing how life-like
features could emerge based on testable assumptions. The exact details of the early his-
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tory of life-as-we-know-it on Earth (Smith and Morowitz, 1982) are out of the scope of
such approach.
• The central players of the model are molecules. At a minimal level of detail, the kinetic
behaviors of ensembles of molecules are translated into differential equations based on
the laws of mass action and average statistical properties. However, in some cases, the
fluctuations related to stochastic effects of single molecule transformations become significant, as in the realm of mesoscopic physics, defining a high level of detail. The phenomena studied here - similarly to present-day cellular life - lie at the border between
these two levels (Bartholomay, 1962; Bolhuis and Frenkel, 1997; Shenhav et al., 2002).
• A viable way of coping with the ignorance about the detailed composition of a primordial mixture is to use the statistical knowledge available about large repertoires of molecules, and their mutual interactions. In this respect, the emergence of life could be
thought of as a planet-scale random chemistry experiment. The Receptor Affinity Distribution (RAD) model provides a statistical basis for modeling the probability of graded
catalytic efficiencies among random molecules (Lancet et al., 1993, Rosenwald et al.
2002).
• Continuity of functions, rather than continuity of molecular structures, has been used as
a criterion for depicting a self-organization scenario (Morowitz, 1992; Morowitz et al.,
1988). Some simple features of modern cell biochemistry, such as the widespread prevalence of hydrophobic forces (Tanford, 1978), or the ubiquity of networks of weak catalytic effects (Altreuter and Clark, 1999; Cousins et al., 2000) could be readily obtained in
an unevolved prebiotic scenario. Therefore such features should be included in a model
for early evolution.
• A model aimed at explaining the emergence of self-reproduction need not include molecular autocatalysis and self-reproduction in its foundations. Rather, self-reproduction
should be pursued as an emergent phenomenon (Dyson, 1999; Fontana and Buss, 1994;
Kauffman, 1993; Morowitz et al., 1988; New and Pohorille, 2000; Oparin, 1957; Segrè
and Lancet, 2000). This behavior may be derived from a large number of mutually catalytic interactions among different molecules, none of which is necessarily selfreplicating. This view of self-reproduction requires a thorough quantitative description,
similar to classical molecular autocatalysis (Eigen, 1971; Eigen and Schuster, 1979).
• Good candidate molecules for a chemical embodiment of early self-reproduction
should (i) be among the possible products of abiotic synthesis, (ii) entail self-aggregation
properties and soft-matter attributes, and (iii) possess the capacity to form spatially confined domains potentially capable of growing and dividing. Lipid-like amphiphilic molecules seem the best organic candidates. However, these could be rather different from
present-day lipids, and could have diverse chemical properties, particularly in their polar
head group (Segrè et al., 2001).
4.2. THE GARD SCENARIO
The GARD model was introduced in four fundamental forms: a) the Monomer-GARD, in
which NG kinds of monomeric species Aj can inter-convert through a common precursor
molecule A0. Molecular species are enclosed in a compartment, or vesicle; b) the DimerGARD, in which NG=F2 kinds of dimeric species Dij are formed from F different monomeric precursors Mi; c) the Amphiphile-GARD, in which NG kinds of amphiphilic
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monomers participate in reactions of spontaneous aggregation into noncovalent assemblies, such as micelles and vesicles. In this case the enclosure and the set of mutually
catalytic molecules are the same entity; and d) the Chiral-GARD, for which the NG
Monomer-GARD molecular species have a chiral center, and can appear in two enantiomeric forms (AjL and AjD) (Kafri, 2002).
4.2.1. Monomer GARD
The Monomer-GARD model provides a framework for a thermodynamic and kinetic
analysis of mutually catalytic assemblies combined with statistical tools. Similarly to
other scenarios (Dyson, 1999; Eigen and Schuster, 1979; Kauffman, 1993) it assumes a
finite enclosure (e.g. an amphiphilic vesicle), containing the catalytic set members, and
absorbing energy-rich chemical precursors (“foodstuff”) from the external environment,
represented by a single species A0. GARD’s chemical and physical rules are computationally implemented by numerical solution of differential equations or by Monte Carlo
simulation procedures. The flow of free energy that maintains the system far from thermodynamic equilibrium involves a volume expansion, combined with the supply of high
free energy precursor molecules. The dynamics of the molecular species is dominated by
the β matrix of kinetic parameters for mutual catalysis, rather than by the thermodynamic
equilibrium constants. Despite the simplicity of its reaction topology, the MonomerGARD model allows one to quantify the homeostatic capacity of molecular ensembles
and relate it to the microscopic kinetic properties of intermolecular interactions. Simply
formulated, if an enclosed, externally-fed catalytic set undergoes expansion, and if its
catalytic network is effective, then its idiosyncratic internal composition will tend to be
homeostatically preserved, despite the continuous growth of volume. Such preservation is
a basic hallmark of life forms, and a prerequisite for more elaborate characteristics, such
as reproduction and selection. The constant supply of free energy-rich precursors, together with the process of vesicle expansion, maintain the GARD system far from thermodynamic equilibrium. This is somewhat analogous to Eigen’s assumption in the quasispecies scenario, involving a combination of a monomers inflow and a polymers outflow.
This property is embodied in a measure of homeostatic preservation, λC, defined as the
highest expansion rate that still allows an above-threshold maintenance of the original
composition. The λC measure introduces for the first time a quantitative, graded scale for
the efficiency of a catalytic network. The strength of this criterion for measuring homeostatic efficiency is demonstrated by its capacity to lead to complex network selforganization, when used as a fitness parameter for stochastic simulations of GARD evolution. In such simulations, based on a Metropolis algorithm for mutation and selection,
stable compositions are obtained, which are resistant throughout millions of mutation
steps, and possess highly organized topologies of catalytic interconnections. The evolutionary time curve of the fitness parameter λC displays long plateaus of invariant states,
alternated to burst of changes and avalanches of reorganization steps. The distribution of
the lengths of the plateaus is shown to obey a power law with exponent –1, possibly revealing a self-organized critical behavior (Bak and Sneppen, 1993; Bak et al., 1987), or
other kinds of known self-organization dynamics (Newman and Sneppen, 1996).
The GARD formalism does not describe a specific molecular scenario, and may therefore apply equally well to different kinds of chemistries (e.g. peptides, nucleotides or
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amphiphiles) and reaction schemes (isomerizations, covalent dimerization or noncovalent
associations, as formulated in the different versions of GARD). In the context of Kauffman’s definition of catalytic closure (Kauffman, 1986), GARD is formally always catalytically closed, but it is possible to define within it realms, through the λC parameter, the
degree of catalytic closure for every conceivable assembly. Scenarios for prebiotic mutually catalytic sets (Kauffman, 1993, Dyson, 1982) had only included a qualitative discussion of the link between the catalyzed replenishment of a molecular ensemble subject to
dilution, and the self-reproduction potentially ensuing. Our work has provided for the
first time a detailed mathematical and computational description of this principle.
4.2.2. Dimer-GARD
The generation of diversity through combinatorics is one of the basic features of the
chemistry of life. In the Monomer-GARD model (as well as in the Amphiphile-GARD),
the diversity of monomer kinds is an assumption rather than a result, and further diversity
is obtained at the level of molecular ensembles, through the combinatorics of different
compositions. The fact that these compositions can be inherited constitutes one of the
main implications of this part of my work. The Dimer-GARD goes one step further, by
incorporating the covalent combinatorial diversity of dimers within the setup of a composition-based assembly.
One of the exciting prospects of the GARD view is the possibility of exploring a stepwise transition from such primordial form of homeostasis and implicit inheritance, to
more advanced systems, in which the initially available monomers can bind covalently to
each other to form longer and longer polymers. The Dimer-GARD constitutes a first step
in this direction. Dimer-GARD was shown to be formally equivalent to MonomerGARD, and therefore to share with it the property of homeostatic preservation during
growth. It is expected that collections of even longer oligomers would behave similarly,
and that more powerful computer simulations will allow to track in a graded fashion the
transition from assemblies of monomers to complex mixtures containing longer polymers
with specialized catalytic roles. It should be stressed that in an alternative interpretation,
the transition from Monomeric to Dimeric GARD may be viewed as a progression from
an absolutely heterotrophic to a somehow autotrophic organism (Maden, 1995), namely
from a system which only recruits available components from its surrounding to one that
performs covalent reactions for generating some of its constituents (Ben-Eli, 2000; Shenhav et al., 2003).
4.2.3. Amphiphile-GARD
Through the Amphiphile-GARD (A-GARD, Segrè and Lancet, 1998; Segrè et al. 1998;
Segrè et al. 2000) a self-consistent and comprehensive scenario for the emergence of
primordial self-reproduction is proposed. This brings together for the first time the concept of mutually catalytic networks (Dyson, 1982; Kauffman, 1986; Morowitz et al.,
1988), the fundamental role of self-assembling molecules (Bachmann et al., 1992;
Deamer, 1986), a mathematical formulation of chemical evolution through chemical kinetics equations (Eigen, 1971), and the stochastic nature of mesoscopic processes (Bartholomay, 1962; Gillespie, 1977). This synthesis is mainly due to the following innova-
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tive features with respect to the Monomer- and Dimer- GARD: (i) A natural process of
assembly growth is introduced. In the first two GARD embodiments, as well as in other
models, the coupling between the potential growth of a vesicle-like enclosure and the
internal catalytic activity is not clearly defined. In Amphiphile-GARD it is importantly
assumed that the same molecules that form the self-enclosed assembly, a micelle-like
structure, are also responsible for the mutually catalytic functions. In this way, growth of
assemblies becomes a kinetic consequence of successful mutual catalysis. (ii) Amphiphile assemblies have a facile capacity to undergo spontaneous, physically-dictated splitting, generating primitive progeny. The homeostasis ensuing from steady concentration
of mutually catalytic molecular species within an expanding boundary, nicely devised by
Dyson and Kauffman, is subject, in A-GARD, to the splitting events, which are chanceregulated sampling processes. This allows a natural definition of inheritance, which is
only implicit in the previous GARD versions. One may ask whether a given assembly is
“robust” enough to survive and keep propagating its composition despite the fluctuations
due to such splitting events. The Morowitz boundary formula (Morowitz, 1967) (see 2.10
above) provides an approximate answer to this question. In addition, the newly defined
Heritability measure η (Segrè et al. 2001a) represents a more advanced tool, which allows one to evaluate the probability of reaching different degrees of fidelity in compositional inheritance fidelity during the sampling process. This allows one also to express in
a rigorous way the fact that an assembly, whose composition vector is highly biased, has
higher probability of a faithful transmission of its molecular components. (iii) In AGARD equations and simulations, an assembly is described through the counts of molecules of different types, rather than through their concentrations. In this setup, the kinetics
of the catalyzed self-assembly process is governed by a stochastic single-molecule discrete approximation of the Monomer-GARD differential equations. Therefore the compositional mutations, which in other settings (including the evolutionary process for Monomer-GARD) are ad hoc externally imposed discontinuous events, become natural consequences of the dynamics of the system. This results in a situation where the dynamic
model for primordial evolution may begin in a condition of near-randomness, with compositional mutations being the rule rather than the exception, and end up in a stationary
state characterized by a relatively small mutation rate. (iv) A-GARD simulations provide
a pragmatic way of addressing the propagation of information along generations of growing and splitting assemblies. A new definition for assembly similarity H (Segrè et al.
2000) is employed to follow both the changes in an assembly’s composition with respect
to its past configurations (cross correlation), and the resemblance to reference compositions, such as the eigenvectors of the linear operator used for the linearized GARD equations. In the observed quasi-stationary states (QSSs) assemblies behave homeostatically
despite the on-going growth and splitting processes. In most cases these states have a
finite lifetime, and decay spontaneously into other states, as a consequence of large compositional fluctuations. In other cases the stationary states seem extremely stable. When
homeostasis prevails for numerous A-GARD cycles we say that a rudimentary form of
inheritance is taking place. What is inherited is the specific composition of the assembly,
which may be regarded as a Compositional Genome. The different QSSs observed during A-GARD simulations correspond to different assortments that have the capacity of
being propagated faithfully for a detectable number of generations. Such different states
are called Composomes.
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These features of A-GARD allow one to tackle profound questions about the properties
that characterize prebiotic self-reproducing assemblies. Populations of assemblies may be
simulated, so that different composomes can compete and give rise to a compositional
genome-based evolutionary process. We envisage that in simulations with larger NG a
process of Darwinian evolution could take place under these conditions.

Figure 2 Comparison of two possible views for the emergence of a reproducing protocell: The RNA world
(see chapter 2.6) and the Lipid World (chapter 4.3).

4.3. THE LIPID WORLD
The experimental evidence that lipid assemblies may entail many of the properties required by the A-GARD model led to the formulation of a novel scenario for the origin of
life, “The Lipid World” (Segrè et al. 2001). As part of the Lipid World view, several
novel concepts were proposed as fundamental unexplored aspects of early prebiotic evolution. One notion relates to the possible combinatorial nature of lipid-like chemicals.
Thousands of different configurations can be achieved with minimal variations on phospholipid-like structures. The Lipid Word View is compatible with the finding that molecular species found in the Murchison meteorite display aggregation properties in water
(Deamer, 1985), as well as with experimental proofs that amphiphiles could form under
likely pre-biotic conditions (McCollom et al., 1999).
In analogy to the concept of ribozyme (Lohse and Szostak, 1996), emphasizing
the catalytic role of RNA, we coined the term lipozyme (Segrè et al. 2001), by which we
indicate any noncovalent assembly, whose components exert catalytic action on any
chemical reaction. An autocatalytic lipozymes represents a specific case that can synthesize more of its constituents. It should be noted that while this concept is compatible with
the idea of mutually catalytic network, it does not involve necessarily autocatalytic molecules. This is supported by statistical analysis of a large amount of data for micelle and
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liposome catalysis, extracted from a list compiled by Janos Fendler’s (Fendler and
Fendler, 1975; Fendler, 1982; Segrè et al. 2001). It was found that the distribution of
catalytic rate enhancement factors obeys the lognormal shape predicted by the RAD
model (Lancet et al., 1993, Rosenwald et al. 2002) and used throughout GARD simulations.
The fluid nature of lipozymes may be responsible for the formation of transient efficient catalytic sites on a micelle or membrane, due to random encounter of molecules
freely diffusing on the interface (Fendler, 1987; Schneider-Henriquez et al., 1992). This
might be an intermediate step towards the formation of covalent bonds, which would
entail more specific and efficient, but less flexible catalytic functions. Tests of some of
these ideas could derive from extensions of Luisi’s experiments with autocatalytic micelles and vesicles (autopoietic units (Walde et al., 1994)), whereby many different molecular kinds could be used. Technical problems, especially related to the detection of
single assemblies compositions, need to be overcome in order for such an experiment to
be useful.
4.4. FUTURE PROSPECTS
An understanding of the evolutionary significance of the idea of a primordial inheritance
of a compositional genome requires a thorough description of large heterogeneous populations or assemblies of interacting molecules. GARD and other simulations mostly embodied up to NG=100 different types of molecular species. Realistic prebiotic mixtures, in
contrast, may contain a much larger number of different molecules, in the range of 106109 (cf. Morowitz, 1992). Larger NG values are expected to generate a remarkable assortment of different meta-stable compositions, many of which might arise only under
certain sets of initial conditions, or as a consequence of very rare compositional mutations. Large NG values, however, impose serious computational limitations. For example,
the β matrix for catalytic enhancement factors grows quadratically with NG.
Two main possible approaches can be envisaged for these simulations. The first, and so
far most productive, has been the one based on a fixed number (NG) of chemical kinetics
differential equations. This includes GARD kinetics, stochastic Amphiphile-GARD simulations, and many other kinetic models of mutually catalytic networks. In a second possible approach the repertoire of molecular species available is potentially unlimited. This is
because the composition of an assembly is represented by a complete list of its molecular
components, and no constraints exist on the number of possible kinds. Such an implementation requires however a consistent description of catalytic rate acceleration factors
for any possible molecular interaction. This could be obtained by defining a set of fundamental recognition rules for a given set of NG monomers, and implementing a universal
catalytic interaction function, based on string matching rules analogous to the RAD formalism (Bagley and Farmer, 1991; Shenhav et al., 2003), for computing the expected
catalytic rate exerted between oligomers.
A new generation of computer simulations, based on stochastic dynamics rather than on
rigidly defined differential equations, should be designed in order to cope with such an
unlimited number of different possible molecular species. One problem with such an embodiment is that small molecular assemblies might wander indefinitely in the unlimited
compositional space without ever falling into a stationary state, and without displaying
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any visible sign of organization. Only relatively large assemblies may be expected to
contain a sufficient number of molecular components, in accordance with the optimal
N/NG ratio (Segrè et al. 2001a).
Extended computations should also include more detailed physico-chemical features,
and conform accurately to standard physical chemistry rules for self-assembly, as previously explored in different contexts (Goetz and Lipowsky, 1998; Nekovee et al., 2000).
An ultimate GARD setting would be represented by a mesoscopic-scale molecular dynamics simulation (Shenhav et al., 2002), in which membrane and polymer formation
would be the consequences of elementary interaction rules. A richer description of the
dynamics of GARD populations, involving splitting and fusion of assemblies of different
sizes, may pave the way to a novel interpretation of early prebiotic evolution phenomena,
whereby single molecule compositional mutations could be extended to more elaborate
methods for the generation of compositional diversity, in analogy to the role of genetic
recombination.
Under these circumstances, it is conceivable that large-scale supercomputer simulations, analogous to the ones currently utilized for astrophysics and particle physics realistic simulations (Norman, 1998) may in the future open new horizons in our understanding
of early molecular evolution. One should bear in mind that such large-scale simulations
would produce an enormous amount of complex data, whose interpretation would require
a major theoretical effort, and perhaps the invention of new computational techniques, a
counterpart of the experimental ones used by biologists for deciphering the real biochemical world. It is becoming also increasingly apparent that interesting connections
exist between the study of present-day biochemical networks (Segrè et al., 2002) and the
mutually catalytic networks explored in origin of life research (Shenhav et al., 2002). The
study of prebiotic evolution and the rising discipline of Systems Biology, both involved
in an effort to uncover general principles of biological organization, may end up displaying deep and perhaps yet unknown links.
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