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1. INTRODUCTION AND AIMS

The Chemoton hypothesis is so far the most comprehensive theoretical approach to 

the origin of life. It is composed of three autocatalitic subsytems – i, metabolism, ii, 

information carrying molecules  and  iii, boundary – which are  stoichiometrically 

coupled.  The  Chemoton hypothesis  satisfies  both  the  real and  potential “life-

criteria” of (Gánti 1978). All known theoretical and empirical work on the origin of 

life fit  into the framework of  the system or  combinations of  the subsystems (as 

infrabiological units, Szathmáry 2006) of the Chemoton. 

The first part of this Ph.D. dissertation summarizes the theoretical and empirical  

results of research on the origin of life and introduces the most accepted prebiotic 

scenario: the  RNA world hypothesis. According to the RNA World hypothesis each 

RNA molecule  has  two  functions:  they  act  both  as  templates  for  their  own 

replication and as catalysts of different chemical reactions (Joyce 2002, Cech 2009). 

The  template  function  enables  the  RNA molecule  to  transmit  its  own  genetic  

information  from  generation  to  generation  (replication  process).  Due  to  their 

catalytic function RNA molecules can take part  in various chemical reactions as  

enzymes. 

The problem of prebiotic information transmission is loaded with several theoretical 

(Eigen and Schuster 1979) and empirical (Wochner et al. 2011) difficulties. Perhaps 

the most persistent theoretical complication related to information transmission is  

known as the Eigen-paradox: long replicators cannot be reliably copied without the 

catalytic help of long replicators (Eigen and Schuster 1979).  One solution to this 

paradox is  offered  by  the  Metabolic  Replicator  concept  (Czárán  and  Szathmáry 

2000)  in  which  enzymatic  replicators  aspecifically  interact  with  each  other  in  a 

mutualistic manner. Each enzymatic replicator type catalyses a single reaction of a 

hypothetical  metabolic  reaction  network  which  produces  monomers  for  the 

replication of all replicators. With any one of the metabolic replicators missing the 

metabolic reaction network collapses and, in the absence of appropriate monomers,  
2



replicators are no longer capable of replicating themselves. This mutualistic relation 

among replicators creates a community of molecular cooperators which, in spite of 

the  differences  in  the  replication  rates  of  the  metabolic  replicators,  remains 

coexistent. The system remains coexistent even in the presence of a replicator type 

which does not contribute to the production of monomers but uses them for its own  

replication  (parasite).  The  parasite  may  have  the  largest  replication  rate  in  the 

community, without threatening the system as a whole. Contrary to common-sense 

expectation, such parasites cannot ruin the whole metabolic replicator community,  

but  they  do  not  disappear  from  the  system  either  –  they  coexist  with  all  the 

cooperating, catalytic replicators (Czárán and Szathmáry 2000).

In the second part of the dissertation two models adopting the Metabolic Replicator  

concept  are  introduced.  The  first  one  suggests  an  evolutionary  process  for  the 

development of an (ecologically) stable metabolic replicator community, with close 

reference to the experimental results of catalytically multi-active RNA molecules 

(Schultes  and  Bartel  2000).  Each  replicator  catalyses  only  one  reaction  of  a 

hypothetical metabolic reaction network and each uses the end-products (monomers) 

of metabolism for its own replication process – as replicators did in the original  

Metabolic Replicator Model. The simplest possible implementation of the Metabolic 

Replicator  Model  was  applied:  the  metabolic  reaction  network  consists  of  two 

reactions,  each  catalysed  by  an  enzyme  activity  that  is  supplied  either  by  two 

specialist  RNA replicators  or  by  a  single  generalist.  Each  replicator  has  three 

evolvable features (two enzymatic activities and its replication rate) which are in  

complex trade-off relations, meaning that any one of the three features can improve 

only at the expense of the other two. Theoretically this model can end up in more  

than  one  final  stable  states:  1) all  replicators  are  generalists  (they  acquire  both 

enzymatic  activities,  but  they  must  be  inefficient);  2) all  replicators  become 

specialists  (each  of  the  two  coexistent  replicator  populations  acquires  only  one 

efficient enzymatic activity – in this case the original Metabolc Replicator Model is 
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obtained); 3) all replicators become parasites (replicators not catalysing any reaction 

in the metabolic reaction network – it results in the collapse of the system); and 

finally  4) the combinatorial  composition of the above mentioned replicator types 

(generalist, specialists and parasite). 

The  second  model  is  aimed  at  studying  the  development  of  a  new  enzymatic 

function in the original, ecologically stable Metabolc Replicator Model. If one of the 

functioning  metabolic  replicators  would  be  the  subject  of  evolution  towards  a 

different function, then it would obviously ruin the metabolic replicator community, 

because  an  essential  metabolic  function  would  be  impaired.  So  the  subject  of 

evolution  towards  a  new  function  may  be  a  replicator  type  that  is  either  very 

common (redundant) or that does not have any function essential for the system at 

all. In the original Metabolic Replicator Model there was only one such replicator 

type: the parasite. Theoretically, parasites are capable of evolving towards many new 

useful features  to  the benefit  of  the replicator community and themselves – and 

deleterious mutations which impair the metabolic replicator community are locally 

selected against anyway. We have studied the evolution of the parasitic replicators  

towards a general replicase function (which catalytically supports the replication of  

all  replicator  types),  because it  is  probably one of  the most  important  functions 

needed for the take-off of a viable replicator community (see the  Eigen-paradox). 

The goal of the project was to understand whether the replicase function can be  

improved if a  trade-off relation is assumed between the replicase activity and the 

template efficiency (replication rate) of the evolving parasite.

2. METHOD

These problems were both studied using Stochastic Cellular Automata (SCA). The 

SCA approach is appropriate to answer questions of prebiotic evolution, because –  

according  to  the  experimentally  supported  and  widely  accepted  RNA  World 

hypothesis –  the polymerization (replication)  of  macromolecules  (e.g.  RNAs) on 
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primordial  Earth  may have  been  assisted  by  mineral  surfaces  (Ferris  2006).  So 

replicators  with  diverse  catalytic  function(s)  may  have  developed  and  formed 

molecular communities on surfaces (Ma et al. 2007) which are best modelled on the  

2D lattices of cellular automata.

Cellular  Automata  are  spatially  explicit  models  in  which  all  interactions  among 

entities  (here:  replicator  molecules)  are  local.  Each  site  on  a  300x300 grid 

(representing  the  mineral  surface)  may  be  empty  or  occupied  by  a  replicator 

molecule (Czárán 1998). Asynchronous update rules were applied in both models: a  

randomly chosen site becomes empty (if it was occupied earlier – death) or becomes 

occupied by an offspring of a replicator (if it was empty earlier – replication) due to 

local interaction among the focal molecule and those in its local  neighbourhood. 

Each site is updated once per generation on average. Neighbourhoods at the edge are 

different from those inside the lattice, thus local interactions are also distorted on the 

edge. To eliminate this problematic  edge-effect the grid is closed to form a torus. 

Local interactions are also modified by the size and shape of neighbourhoods. To  

take these into account  we have examined the effect of neighbourhood size  and 

shape in both models. 

The limited movement of replicators on the grid (diffusion) played a very important 

role in both models. In the replicase-evolution model we have applied the Toffoli-

Margoulus algorithm which is rigourously proven to simulate diffusion processes 

well – but it is a very slow algorithm (Toffoli  and Margolus 1987).  Thus in the  

metabolic replicator community evolution model we have chosen a different, faster 

diffusion algorithm, without the simulation results being noticeably affected.

The  evolving  replicator  features  (replicase  activity,  enzymatic  activities  and 

replication rate) – as continuous probability variables – mutate in both models; the 

directions and the magnitudes of mutations are determined by applying appropriate  

trade-off functions.
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3. THESES OF PH.D. DISSERTATION

Evolution of metabolic replicator communty

Depending on the model parameters the initial replicator populations (which were  

random with respect to enzyme activities and replication rates alike) have developed  

into different evolved equilibrium distributions: 

1) Strong  trade-off relations  among  enzymatic  activities  favour  the 

emergence of specialist replicators. Conversely, weak  trade-off relations 

result  in  the  spread  of  a  generalist  replicator  type.  The  shift  from 

specialism to generalism occurs at a threshold strength of the  trade-off 

relation which is in turn influenced by the strength of diffusion.

2) Diffusion favours the spread of specialist replicators because it dissolves 

the  homogeneous  aggregates  of  the  same  replicator  type.  Eliminating 

aggregation ensures the local metabolic complementation of the different 

replicators and thus maintains monomer production in the system.

3) The  strength  of  the  trade-off relation  among  enzymatic  activities  and 

replication rate does not have a significant effect on the results. At strong 

trade-off, parasite replicators emerge and persist in the system but their 

presence  does  not  threaten  the  coexistence  of  the  evolved  replicator 

community.

4) The  efficiency  of  enzymatic  activities  decreases  with  increasing  the 

maximal replication rate due to the  trade-off relation among enzymatic 

activities  and  replication  rate.  However,  this  does  not  change  the 

distribution of specialists and generalists: the system evolves less efficient 

specialist (but still specialists) at higher maxima of the replication rate.

Evolution of replicase function

5) The coexistence of replicators is almost independent of the evolution of 

the replicase function, provided that the metabolic-neighbourhood is not 
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too big and diffusion is slow – in accordance with the prediction of the 

original Metabolic Replicator Model. To a certain limit, the harmful effect 

of  larger  metabolic  neighbourhoods  can  be  compensated  by  strong 

diffusion.

6) The replication rates of parasite replicators are directly selected for,  so 

they will improve first until they reach the upper limit of the replication 

rate.. 

7) The evolutionary improvement of the replicase activity of parasites starts 

only if their replication rate is very close to the upper limit, because better  

replicase  activity  increases  the  fitness  of  the  parasite  only  indirectly,  

through locally improving the fitness of the metabolic replicators which 

produce monomers for the parasite as well.

8) The development of replicase activity depends on two parameters (slope 

and  noise)  of  the  trade-off relation  between  replicase  activity  and 

replication rate. Some noise on a gently sloping trade-off function favour 

the evolutionary improvement of the replicase activity; conversely, a steep 

and strict trade-off relation results in a purely parasitic population without 

any replicase activity.

4. CONCLUSION

The two models discussed in this dissertation are fully consistent with the “prebiotic  

pizza” hypothesis which is widely accepted within the research area of the origin of  

life. One of the models expands the relevance of the Metabolic Replicator concept, 

by revealing a possible scenario for the evolutionary diversification of a metabolic 

replicator  community  through  darwinian  adaptation.  On  the  other  hand,  the 

relevance  of  the  original  Metabolic  Replicator  Model  is  also  extended  by  the  

inclusion of evolution towards a replicase function which enables the whole system 

to be more efficient and thus more competitive against similar metabolic systems  

lacking the replicase. In our opinion the Metabolic Replicator concept is the most  
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coherent model family in the literature of early evolution of the Earth, and it is also 

consistent with much of the experimental work done on the field so far. Both models 

in  which  the  Metabolic  Replicator  Model  evolves  are  based  on  plausible 

assumptions so it’s further study – theoretical and possibly experimental – is both 

desirable and promising: the Metabolic Replicator Model may play key role in a  

future explanation of the origin of life on Earth.
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