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Introduction

“ I think that science suggests to us (tentatively of course) a picture of a Universe
that is inventive or even creative; of a Universe in which new things emerge on new

levels.”

Sir Karl Raimund Popper, The first Darwin Lecture at Darwin College, Cambridge

University

Darwin in the Origin of Species [1] laid the foundations of modern evolutionary biology

on two central ideas: (i) all species are related to one another through a history of common

descent, and (ii) the exquisite match between a species and its environment is explained

by natural selection, a process in which individuals with beneficial mutations leave more

offspring. These two ideas concern very different time-scales. This dichotomy of long

and short time scales is a fundamental feature of evolution; a fundamental problem of

evolutionary theories tyring to understand the evolution and maintenance of sex or altruism;

a fundamental theme of the evolution of life on Earth, as reflected in the punctuated tempo

of the progression of form in the fossil record or the maintenance of extant biodiversity.

It is this dichotomy of long and short time-scale in evolution that we explore in the

work presented in my thesis. We explore this dichotomy from a statistical physics perspec-

tive; undertaking a bottom up program of trying to discern statistical laws, and understand

emergent complexity, from the behaviour of large numbers (a population) of simple (or at

least simplified) individuals subject to shared constraints. We consider in detail two factors

that lead that lead to emergent long-time-scale evolutionary patterns and phenomena. The

effects of population structure and the mapping between genotype and phenotype.

Methods
In the course of our work we used both analytical and numerical techniques to derive and

compute the evolutionary dynamics of different systems. We also sampled the statistical

ensemble of structures of microRNA (miRNA) sequences from diverse eukaryotic taxa.

We derived the Fokker-Planck equation describing the evolutionary dynamics of an ar-

bitrary game in a population with hierarchical scales of mixing. We used a similar approach

to construct a model of genetic exchange among bacteria of the same species (the bacterial

equivalent of sex) with which we were able to take into account the effects of spatial and

temporal fluctuations.

To examine the effect of recombination on genetic robustness we generated sample

random networks based on uniform attachment and preferential attachment rules. We also

generated a scaled down miRNA stem-loop neutral network. We derived deterministic (in-

finite population size) and stochastic (finite population size) population dynamic equations

that include recombination. We used these to numerically calculate the stationary value of

genetic robustness in finite and infinite population, on networks with different topology.

We obtained precursor sequences from the online database miRBase. For each miRNA

precursor sequence we produced a sample of random sequences with identical minimum
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free energy structure. We sampled the thermodynamic ensembles of both background and

real-life sequences to uncover traces of adaptation for robustness.

Results

The effects of population structure
Population structure induced by both spatial embedding and more general networks of

interaction, such as model social networks, have been shown to have a fundamental effect

on the dynamics and outcome of evolution. These effects have, however, proved to be

sensitive to the details of the underlying topology. We introduce a minimal population

structure that is described by two distinct hierarchical levels of interaction: (i) the size of

tightly interacting local populations and (ii) the strength of migration between them. We

believe this model is able to identify effects of spatial structure that do not depend on the

details of the topology. We use our model to explore the effects of minimal population

structure on evolutionary games, and apply it to the problem of the maintenance of sex in

bacteria.

Evolutionary games in minimally structured populations

In our publication Ref. [2], we derived the dynamics governing the evolution of a sys-

tem starting from fundamental individual level stochastic processes through two successive

mean field approximations. This allowed us to demonstrate that:

1.1a Cooperation dominates in minimally structured populations if the ratio of benefit to
cost is smaller than the local population size.
A continuous transition leading to the dominance of cooperation exists in populations with

hierarchical levels of interaction. Simulations show that cooperation is maintained at a high

level if the benefit to cost ratio is smaller then the local population size.

1.1b A constant influx of defectors can maintain cooperation in the repeated prisoner’s
dilemma game.
Applying our model of spatial structure to the repeated prisoner’s dilemma we uncovered

a novel and counterintuitive mechanism by which the constant influx of defectors sustains

cooperation.

1.1c Minimal spatial structure can reproduce effects of explicit spatial embedding insensi-
tive to topological details.
Exploring the phase space of the repeated prisoner’s dilemma and also of the “rock-paper-

scissor” game we found indications of rich structure and are able to reproduce several

effects observed in other models with explicit spatial embedding, such as the maintenance

of biodiversity and the emergence of global oscillations.

3



The maintenance of natural genetic transformation in bacteria

Why sex is maintained in nature is a fundamental question in biology. Natural genetic

transformation (NGT) is a sexual process by which bacteria actively take up exogenous

DNA and use it to replace homologous chromosomal sequences. As it has been demon-

strated [3], the role of NGT in repairing deleterious mutations under constant selection is

insufficient for its survival, the lack of other viable explanations have left no alternative

except that DNA uptake is maintained to provide nucleotides for food.

In our publication Ref. [4], we develop a novel simulation approach for the long-term

dynamics of genome organization (involving the loss and acquisition of genes) in a bacte-

rial species consisting of a large number of spatially distinct populations subject to inde-

pendently fluctuating ecological conditions.

1.2 NGT can be maintained as a mechanism to reload locally lost, intermittently selected
genes.
We show that in the presence of weak inter-population migration NGT is able to subsist as

a mechanism to reload locally lost, intermittently selected genes from the collective gene

pool of the species through DNA uptake from migrants. The machinery of transformation

survives under a wide range of model parameters readily encompassing real-world biolog-

ical conditions. These findings imply that the primary role of NGT is not to serve the cell

with food, but to provide homologous sequences for restoring genes that have disappeared

from or become degraded in the local population.

The mapping between genotype and phenotype
Our concept of evolutionary change is based on two aspects of biological organization:

phenotype and genotype. An organism’s phenotype is the sum of its physical, organiza-

tional and behavioral manifestations during its lifetime. An organism’s genotype is the

heritable repository of information that instructs the production of molecules whose inter-

actions, in conjunction with the environment, generate and maintain the phenotype. Se-

lection acts on phenotypes, variation, however, is generated by mutations of the genotype.

Consequently, evolutionary change through natural selection requires phenotypic variation

among organisms that reflects genetic variation. Grounding patterns of phenotypic evolu-

tion in biophysical principles and mechanisms, we can hope to uncover constraints imposed

on evolutionary trajectories of change by the process that translates genetic variation into

phenotypic variation – by development [5].

To understand the potential for innovation, we must first understand the effects of ge-

netic variation on a phenotype that selection acts to keep invariant. We must first understand

genetic robustness, the invariance of phenotype in the face of variation in genotype.

The effects of recombination on genetic robustness

It has previously been demonstrated that populations of genotypes evolving on the neutral

networks corresponding to all genotypes with the same secondary structure only through

neutral mutations can evolve mutational robustness [6], by concentrating the population on

regions of high neutrality.
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In our publication Ref. [7], we introduce recombination.

2.1a Mutational robustness is significantly enhanced in the presence of recombination.
We demonstrate, through numerically calculating the stationary distribution of an infinite

population on ensembles of random neutral networks that mutational robustness is signifi-

cantly enhanced.

2.1b The magnitude of the enhancement is sensitive to details of the neutral network topol-
ogy and population size.
We simulated finite populations of genotypes evolving on random neutral networks cho-

sen from random network ensembles with different topology, and also a scaled down mi-

croRNA neutral network. We show that even in finite populations recombination will still

act to focus the population on regions of locally high neutrality.

Evidence for the Congruent evolution of robustness in microRNA

The origin of genetic robustness, whether it evolves directly by natural selection or is a

correlated byproduct of phenotypic traits, is unresolved. Examining microRNA (miRNA)

genes of several eukaryotic species, Borenstein and Ruppin [8], showed that the miRNA

precursor sequnces exhibit significantly increased mutational robustness. The observed ro-

bustness was found to be uncorrelated with traditional measures of environmental robust-

ness – implying that miRNA sequences show evidence of the direct evolution of genetic

robustness. These findings are surprising as theoretical results indicate that the direct evo-

lution of genetic robustness requires high mutation rates and/or large effective population

sizes only found among RNA viruses, not multicellular eukaryotes.

In our publication Ref. [9], we demonstrated that:

2.2a Sampling methods used previously in the literature introduce significant bias.
The sampling method used by Borenstein and Ruppin introduced significant bias that lead

to an overestimation of robustness.

2.2b A high level of correlation exists between genetic and environmental robustness among
microRNA.
Introducing a novel measure of environmental robustness based on the equilibrium thermo-

dynamic ensemble of secondary structures of the miRNA precursor sequences we demon-

strate that the biophysics of RNA folding induces a high level of correlation between ge-

netic (mutational) and environmental (thermodynamic) robustness.

2.2c Genetic robustness observed in miRNA sequences is most likely the byproduct of se-
lection for environmental robustness.
In light of the small effective population sizes among multicellular eukaryotes the corre-

lation between mutational and thermodynamic robustness strongly suggests that genetic

robustness observed in miRNA sequences is the byproduct of selection for environmental

robustness.
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Conclusions
While there has been considerable work on studying the evolutionary games on graphs

and highly symmetric spatial structures, very little attention has been paid to the effects

of more minimal effective population structures. We believe that the minimal population

structure that our hierarchical mean field theory describes is potentially more relevant in a

wide range of natural systems, than more subtle setups with a delicate dependence on the

details and symmetries of the topology.

Our results on the maintenance of NGT among bacteria suggest that the ability of active

DNA uptake has evolved through the gradual specialization of a more general transport

mechanism. In other words, NGT is not an accidental byproduct of nutrient uptake, but

has come into existence in order to counterbalance gene loss, which inevitably occurs in

highly economized genomes under fluctuating selection pressure. Our model of a bacterial

species subdivided into strains with locally specialized genomes is also consistent with

recent results from large scale sequencing studies. These have shown that the number of

genes shared among all members of species is significantly less than the total number of

genes found in the species.

The correlation between the response to heritable (mutational) and nonheritable (ther-

modynamic) perturbation, and hence the congruent evolution of genetic and environmen-

tal robustness may extend to other systems with genotype-phenotype maps different from

RNA secondary structure. In ongoing work we have found evidence that effects of muta-

tions may be taken into consideration as an effective mutational temperature. This implies

a tight and rather general connection between robustness to mutational and environmental

perturbations.
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