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Stochastic Simulations of Branching Processes: Study on
Complexity Threshold of RNA-World Species

The main reason of popularity of RNA-world hypothesis is the fact that it resolves by introduction of
RNA-species the unsolved in another way problem of anteriority of DNA or proteins in the beginning
of Life [1]. The problem is similar to that with an egg and a hen: the enzymatic proteins are needed for
the replication of DNA strands (anteriority of proteins), however, DNA strands are required for
forming enzymatic proteins (anteriority of DNA). The RNA-world eliminates both: the hen laying an
egg and the egg giving the birth to a hen, and introduces the ancestral hybrid capable for performing
roles of both a hen and an egg.

Similarly, in hypothetical RNA-species RNA plays the role of both genetic material and enzymes
(called rybozymes) required for reproduction. This is a very attractive hypothesis, and perhaps it lacks
only the experimental confirmation. The problem is that the enzyme, crucial for reproduction of any
RNA-species, called RNA-based RNA-replicase is yet to be discovered. The advocates of RNA-world
do not treat seriously this lack of experimental confirmation, believing that it is only the matter of time
when such confirmation comes. Remarkably, some enzymatic activity exhibited by RNA molecules
has been already discovered, and extending this limited activity to activities performed by all enzymes
required for reproduction is only one step further.

Not going into hot debate between RNA-world proponents [1] and antagonists [2], we consider the
problem of the complexity threshold of the RNA-species. This threshold defines a maximum sequence
length, based on theory of branching processes and stochastic computer simulations. In the paper we
summarize main theoretical results of Demetrius et. al. [3] and Kimmel and Axelrod [4], and further
discuss them obtaining values of complexity threshold for different mutation rates and surviving
probabilities. The stochastic simulations of slightly supercritical branching process for species not
exceeding complexity threshold are also presented. They are performed by the software using
sophisticated random number generators described in [5, 6]. This simulating branching processes
software was used also in [7] to make inferences about interactions of Neanderthals and archaic H
sapiens, based on the mitochondrial DNA record.

It is known that different species during reproduction produce almost identical copies of
themselves. The word almost is of great concern in our study (and probably in the whole history of
Life) since it is responsible for rare changes (caused by mutations) on one hand, and for keeping
relatively constant genotype of the given species on the other. If the replication of nucleotide strands
had occurred without any error then natural selection could not lead to whole variety of the living
creatures. On the other hand if the mutation rate was to large, then instead of self-replication we would
have random changes of the nucleotide sequence and the process of evolutionary organization of Life
could not proceed.

Genetic observation indicate that the rate of mutation is influenced by a lot of factors, including the
DNA repair performed by DNA helicases. They are involved in many aspects of DNA metabolism,
including transcription, accurate chromosomal segregation, recombination, and repair. Helicase-
dependent DNA repair include mismatch repair, nucleotide excision repair, and direct repair [8, 9].
Since genomes are subject to damage by chemical and physical agents in the environment, as well as
by free radicals, endogenously generated alkylating agents or replication errors, the genetically
determined effectiveness of repair is one of the important factors determining the fitness of
corresponding phenotype.



Species which posses such complicated mechanisms of DNA repair must have long genome capable
for coding many complex enzymes. This simple observation leads to the conclusion: the more accurate
replication of the separate nucleotide (i.e. the smaller mutation rate per nucleotide), the longer
nucleotide chain required. However, the longer chain, the smaller probability that it is replicated
without error, given the value of a mutation rate. It is so because replication of the total chain exhibits
not large departures from model of independent replications of separate nucleotides. Therefore, the
question arises: what is the maximum length of a poly-nucleotide strand that will not (almost surely,
i.e. with probability one) become extinct. This value is dependent on the mutation rate per nucleotide,
and on ability to survive and perform reproduction.

Let us consider the RNA-species with the RNA chain length equal to A. Assume also the mutation
rate per nucleotide as equal to p. Then the probability that the single nucleotide is copied without error
is equal to p =1 - p. In a model of independent replications of nucleotides, the resulting probability of
replication of the whole strand P is equal to p*. There are three situations Sy, S| and S, yielding 0, 1,
and 2 individuals respectively in the next generation. S, denotes the situation when (with the
probability 1-w) the individual does not survive to replication stage (next generation). S; denotes the
situation when (with the probability w(1- p")) the individual does survive to next generation, but
produce descendant with the error. Finally, S; denotes the situation when (with the probability wp") the
individual does survive and replicates without error.

Let us assume, that the population of error-free RNAs follows the Galton-Watson branching process
where Z; denotes the number of individuals in generation ¢ and the number of progeny of each
individual is denoted by random variable X. Such a process is said to be supercritical when the
probability of eventual extinction g < 1. This happens only when E(X)>1 (even if lim;,, E( Z, )=
1 when E(X) = 1, counterintuitively, the probability of eventual extinction ¢ =1 in this critical case).
In our study the E(X)=w (1+p"), so it must hold: w(1+p") > 1. The last statement is satisfied only if
"> (1 -w)/w, or (since both sides of inequality are less than 1) A < [In(1-w) — In(w)] / In(p).

In the Fig. 1 the 3D plot of the border function is presented. We can see that even for surviving
probability w = 0.7 and replication probability of a single nucleotide p = 0.999 (that is mutation rate
u=0.001 as given in [1]), the RNA sequence length A cannot be larger than 800 nucleotides. On the
other hand it is hard to imagine the RNA-species of the genome length less than 800 nucleotides,
capable for replication with such accuracy. Yet, if its length is larger, then such species will eventually
extinct with probability 1.

Fig.1 The plot of the function A = [In(1-w) — In(w)] / In(p) for w changing from 0.68 to 0.7 and p
changing from 0.995 to 0.999.

If we assume that A < [/n(1-w) — In(w)]/ In(p), then the probability of non-extinction g = 1—(1 -
w) / wp”. In the paper we present simulations of Galton-Watson branching process, representing the
evolution of considered RNA-species showing that even if above inequality if fulfilled, the extinction
often happens (see Fig. 2). Therefore, the paper can help to grasp the values of parameters p, w, and



the complexity threshold A, feasible from biological perspective concerning the early Life, and in
particular the moment, when it all started and (according to RNA-world hypothesis) first RNA-species
of the length A nucleotides began its self-replication.
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Fig. 2 Two extinct realizations of an evolution based on a slightly supercritical Galton-Watson
branching process with £(X)=1.000184.
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