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Summary
Parasites are ubiquitous organisms which evolve to exploit their hosts in an efficient
way. Hosts, on the other hand, are under selective pressure to resist their parasites. The resulting reciprocal selective pressure is predicted to lead to genotype
or phenotype frequency changes over time, a process called antagonistic coevolution.
This form of coevolution can take different forms, one of them leading to negative
frequency-dependent selection. Under this type of selection, cyclic genotype or phenotype frequency dynamics are expected to occur, promoting coexistence of different
types in a population. The implications of such dynamic polymorphism are numerous and of great importance in ecology, veterinary and biomedical sciences, genetics,
agriculture, and conservation biology.
Studies of host-parasite coevolution can be subdivided into two main parts. One
fraction of these studies is concerned with observing the nature of antagonistic coevolution, either in the lab or in the wild; the recognition of the coevolutionary process
governing antagonistic interactions is of fundamental importance to understanding
the genetic and non-genetic change in biological systems. Most of the remaining
studies are concerned with the consequences of antagonistic coevolution on the evolution of traits of both species involved in those interactions, like the evolution of
resistance, virulence, or the evolution of sexual reproduction. In this thesis, I address
problems concerned with both branches of these studies.
In part I of the thesis (chapters 2-3), I use population genetic models to explore the
factors which might hinder the cyclic genotype or phenotype frequency dynamics in
spite of the presence of negative frequency-dependent selection. Chapter 2 considers
the impact of external environmental factors on host-parasite interactions, and how
changes in such factors can alter the coevolutionary dynamics of the two antagonists.
Chapter 3 examines the impact of non-genetic transmission of specific immunity on
the observed cyclic phenotype frequency patterns.
In part II of the thesis (chapters 4-6), I employ a mixture of population genetic
and population dynamic approaches to understand the problems concerned with the
evolution of sex in the context of antagonistic interactions. In chapter 4, I consider a
model of a population of hosts interacting with the population with multiple parasites, and examine how an increased and complex interaction space affects the spread
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of recombination modifiers in the host population. Chapter 5 analyses the evolution
of infection-dependent sex and examines under what conditions recombining at a
higher rate when infected can explain the maintenance of sexual reproduction. Chapter 6 looks at the role of recombination in a specific context of the coevolution of HIV
with the immune response.
In part III of the thesis (chapter 7), I quantify the evolutionary cost of escape of
HIV from the recognition by the immune system. This chapter provides a direct
measurement of one of the crucial parameters of a system which undergoes rapid
antagonistic coevolution.
In the final part IV of the thesis (chapter 8), I give an example of other work I have
performed in addition to working on this thesis. However, this work goes beyond the
scope of this dissertation.

Zusammenfassung
Parasiten sind universelle Organismen, die sich fortwährend entwickeln um ihre
Wirte in effizienter Weise auszunutzen. Andererseits sind die Wirte selektivem Druck
ausgesetzt, um diesen Parasiten zu widerstehen. Man nimmt an, dass der daraus
resultierende gegenseitige selektive Druck mit der Zeit zu einer Veränderung der
Genotyp- oder Phänotyphäufigkeiten führt. Dieser Prozess wird antagonistische Koevolution genannt. Diese Form der Koevolution kann unterschiedliche Formen annehmen, eine davon führt zu negativ frequenzabhängiger Selektion. Bei dieser Art
der Selektion können zyklische Dynamiken der Genotyp- oder Phänotyphäufigkeiten
auftreten, die die Koexistenz verschiedener Typen in einer Population fördern. Die
Auswirkungen eines solchen dynamischen Polymorphismus sind zahlreich und von
grosser Bedeutung in der Ökologie, Veterinär-und Biomedizin, Genetik, Landwirtschaft und für den Naturschutz.
Studien der Koevolution zwischen Wirten und Parasiten können in zwei Hauptbereiche gegliedert werden. Ein Teil dieser Untersuchungen befasst sich mit der
Beschaffenheit der antagonistischen Koevolution, entweder im Labor oder in der
freien Natur. Die Erfassung der koevolutionären Prozesse, die die antagonistischen
Wechselwirkungen regeln, ist von fundamentaler Bedeutung für das Verständnis der
genetischen und nicht-genetischen Veränderungen in den biologischen Systemen. Die
meisten der übrigen Studien beschäftigen sich mit den Folgen der antagonistischen
Koevolution auf die Entwicklung der Merkmale beider Arten, die an diesen Wechselwirkungen beteiligt sein. Dies schliesst zum Beispiel die Entwicklung von Resistenzen, Virulenz, oder die Evolution der sexuellen Fortpflanzung ein. In dieser Arbeit
befasse ich mich mit Problemen aus beiden Bereichen dieser Studien.
In Teil I der Arbeit (Kapitel 2-3) verwende ich populationsgenetische Modelle,
um die Faktoren zu erforschen, die trotz der Anwesenheit von negativ frequenzabhängiger Selektion die zyklische Dynamik der Genotyp- oder Phänotyphäufigkeiten
behindern könnten. Kapitel 2 betrachtet die Auswirkungen von externen Umweltfaktoren auf die Wirt-Parasit-Interaktionen und wie Veränderungen in diesen Faktoren
die koevolutionäre Dynamik der beiden Antagonisten beeinflussen. Kapitel 3 untersucht die Auswirkungen der nicht-genetischen übertragung der spezifischen Immunität auf die beobachteten zyklischen Phänotypfrequenzmuster.
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In Teil II der Dissertation (Kapitel 4-6) verwende ich eine Mischung aus populationsgenetischen und populationsdynamischen Ansätzen, um die Probleme zu verstehen, die mit der Evolution von Sex im Rahmen der betreffenden antagonistischen
Interaktionen auftreten. In Kapitel 4 betrachte ich ein Modell in dem eine Wirtspopulation mit einer Population verschiedener Parasiten interagiert. Ich untersuche, wie
ein vergröerter und komplexer Interaktionsbereich die Ausbreitung von Rekombinationsmodifikatoren in der Wirtspopulation beeinflusst. Kapitel 5 analysiert die Entwicklung von infektionsabhängigem Sex und untersucht, unter welchen Bedingungen eine erhöhte Rekombinationsrate bei Infektion die Aufrechterhaltung der sexuellen Fortpflanzung erklären kann. Kapitel 6 befasst sich mit der Rolle der Rekombination in einem spezifischen Zusammenhang der Koevolution von HIV mit der
Immunantwort des Wirtes.
In Teil III der Arbeit (Kapitel 7) quantifiziere ich die evolutionären Kosten die dem
HI-Virus entstehen, wenn es sich der Immunabwehr des Wirtes entzieht. Dieses Kapitel liefert eine direkte Messung einer der entscheidenden Parameter eines Systems,
welches einer schnellen antagonistischen Koevolution unterliegt.
Im letzten Teil IV (Kapitel 8) gebe ich ein Beispiel für andere Arbeit, die ich
zusätzlich zu den erwähnten Projekten geleistet habe. Allerdings geht diese Arbeit
über den Rahmen der vorliegenden Dissertation hinaus.
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Foreword
Biology is complex. At the level of particles, or even atoms, universal laws of physics
can be applied, whether classical, quantum or relativistic, in order to describe their
movement mathematically. However, biological systems operate at much lower energy scales than do particles; a set of equations describing the biochemistry of a single
cell, which carries roughly 1013 atoms, cannot be expected to be solved mathematically. To make matters worse, a cell is always a part of a larger system, which is a part
of yet larger system and so on. Thus, any biological system, constantly interacting
with other systems, cannot be dealt with like other many-particle systems in physical sciences. To obey this problem, astounding and powerful empirical techniques
were discovered to learn about the biological processes. These techniques have developed into modern branches of science, like biochemistry, genetics, molecular biology,
and others. Nowadays, these disciplines continue to shape our understanding of the
surrounding world.
Having said that, biology needs mathematics. Various mathematical methods have
proved as an invaluable tool alongside experimental and empirical studies to help
us understand how life works and how organisms evolve. It is enough to mention
Gregor Mendel who used combinatorics to discover laws of inheritance, Francis Crick,
Jim Watson, Maurice Wilkins and Rosalind Franklin who used a mathematical theory
of X-ray crystallography to discover DNA, or Ronald A. Fisher, John B. S. Haldane
and Sewall Wright who built modern population genetics. Currently, mathematical
analysis, algebra and statistics are an essential part of biology, and are continuously
applied to other, more applied disciplines like ecology, medicine, or agriculture. These
attempts have been sometimes so successful that they have resulted in novel, more
specialised and mathematical areas of biology like bioinformatics, systems biology or
phylogenetics.
Of particular importance in biology are mathematical models. Complex biological processes, whether DNA transcription, protein formation, cell-signalling pathway,
interactions of cells, parasite life cycle, population dynamic of bird colonies, or longterm evolution of Darwin’s finches – their understanding can be improved by mapping a complicated system onto a simple set of mathematical equations. The purpose
of these equations is then to approximate the behaviour of a real, complicated system
by the use of relatively simple mathematical properties. These properties can then
xiii
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reveal qualitative and quantitative relations, which would be difficult – even impossible – to understand otherwise. Indeed, mathematical models have proved successful
many times in the history of biology. They have helped us to understand the withinhost development and spread of many pathogens, like HIV or influenza, as well as
improving treatment efficiency thereof; to optimise resistance of crops in agriculture;
to learn about complicated and complex biochemical processes within a cell; to control the spread of drug-resistant bacteria in hospitals and in population; to understand
the spread of cancer and improve the probability of its early detection; to minimise
the risk of extinction of endangered species; to help informing public health policy
and evaluate risks; and even to improve counteracting against bioterrorism.

Nevertheless, many scientists remain skeptical about the approach of mathematical modelling. Many think that models are too simple to reflect the realism of natural
systems. Even though many of the models indeed seem overly simplified, their very
simplicity is their greatest strength: simple models clearly demonstrate and test the
consequences of our basic assumptions. The resulting conclusions should hopefully
serve all empiricists in (i) bringing out basic principles that might apply in a wide
set of more complex realistic interactions, or (ii) designing novel experiments which
would confirm or reject implications made by the use of models. The idea of a model
was best captured by the twentieth century Belgian painter René Magritte in his painting The Treachery of Images. The painting presents a pipe with a subtitle: Ceci n’est pas
une pipe (This is not a pipe). Indeed, the author reminds us that it is not a pipe, it is a
painting; the painting’s two-dimensional combination of colours and paint is merely
perceived by us as a three-dimensional pipe. In the same way, mathematical methods
(paint) can be used e.g., to produce transgenerational gene frequency oscillations in a
host-parasite system – coevolution (pipe). The plot showing coevolution is not supposed to be a real coevolutionary process (Ceci n’est pas une coévolution), but should
help us envisage the process in a simplified, reduced parameter space, and as a result,
understand the factors which cause this process and which are caused by it.

Chapter 1
Introduction
1.1

Antagonistic coevolution of hosts and parasites
“Humanity has but three great enemies: fever, famine, and war; of these by far the
greatest, by far the most terrible, is fever.”
– Sir William Osler

Parasites are found almost everywhere, and this is because almost all living organisms are parasites (Windsor, 1998). The ubiquity of parasites is suggestive of how
diverse and different they are. Parasites can be classified in various ways. The basic
distinction has been made by Anderson & May (1979) into microparasites, which multiply directly within their hosts (e.g. viruses or bacteria), and macroparasites, which
grow in their host but not necessarily multiply (e.g. helminths or parasitic insects).
However, this classification is conventional and further distinctions can be made (ectoparasites, endoparasites, etc.; see Schmid-Hempel, 2011). Parasites vary in their
complexity, but all of them have evolved clever and sophisticated ways to infect their
hosts as by doing so they can survive and reproduce. Parasite infections can be characterised by different life-cycles as well as molecular and physiological mechanism
which underlie the infection. Studies of various aspects of these infections have led to
the emergence of new disciplines in biology and medicine. For example, epidemiology
deals with transmission and distribution of parasites in a host population; immunology
studies host responses directed against parasites and parasite evasion mechanisms;
virology is concerned with viral agents and virus infections in particular; parasitology
more generally deals with various aspects of the parasite life-cycle and their ecology.
It is not an exaggeration to say that interactions between parasites and their hosts lie
in the heart of modern biology, and almost every single branch descending thereof.
It is easy to imagine an evolutionary consequence of host-parasite interactions. In
order to survive and reproduce, parasites need to infect their hosts. On the other
hand, since infections and diseases usually reduce host’s fitness, hosts need to resist
1
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parasite infections. In the long-term, this will generate a selective pressure which will
favour the better adapted phenotypes in both species, and this, because of (at least
partial) heritability of phenotypes, will result in gene frequency changes in the population. Thus, genetic changes in the host due to parasite’s infectiousness and genetic
changes in the parasite due to host’s resistance are expected to result in a coevolutionary process between hosts and parasites. In fact coevolution can occur in so many
other contexts, e.g. between different cells, males and females, parents and offspring,
mutualists or genes and culture, but the coevolution between hosts and parasites is
distinct in the sense that it is antagonistic. Furthermore, antagonistic coevolution does
not have to occur solely between hosts and parasites: it can occur between predators
and their preys or plants and herbivores; it can occur on a molecular level between
cells and microorganisms; it can also occur in the context of sexual conflict, between
reproducing individuals. However, because of the overwhelming prevalence of parasites, antagonistic coevolution between hosts and parasites, both on the between-host
level and the within-host level, is particularly fundamental in nature. Indeed, studies of host-parasite coevolution are of central importance for many topics of biology
and applied biology, like the spread of infectious diseases (Woolhouse et al., 2002),
emergence of drug resistance (Mitscher, 2008; Abel zur Wiesch et al., 2011), deployment of resistance genes in agriculture (Rausher, 2001), conservation biology (Daszak
et al., 2000), molecular genetics (Paterson et al., 2010), or even palaeontology (Lovisolo
et al., 2003). Therefore, a comprehensive understanding of the coevolutionary process
between hosts and parasite is of fundamental importance in biology.
Studies of host-parasite coevolution can be subdivided into two main branches.
The first branch deals with “catching the coevolution red-handed”, that is observing
gene frequency changes in the wild or in the lab. This is certainly difficult because
host-parasite coevolution will be detected only in long-term studies of systems whose
genetics is well understood. The second branch is concerned with the consequences
and implications of antagonistic coevolution. These, as pointed out above, can be
numerous, but typically concern the evolution of virulence (Ebert & Herre, 1996; Little
et al., 2010), the evolution of resistance (Graham et al., 2005; Chisholm et al., 2006),
maintenance of polymorphism (Roff, 1997; Tellier & Brown, 2007), and the evolution
of sex (Hamilton, 1980; Salathé et al., 2008a). In both cases, mathematical analysis and
computer simulations can be use to deepen our understanding of the antagonistic
coevolutionary process. In this thesis I focus on both problems in more detail. In
the first part, I study the impact of some of the important aspects of host-parasite
interactions on a particular form of antagonistic coevolution: dynamics polymorphism
(red queen dynamics). In the second part, I focus on one of the most interesting
implications of antagonistic coevolution: the maintenance of sexual reproduction. In
the next two subsections, I explain the two problems better, describe their current
level of understanding in the scientific community, and connect them to the questions
I have addressed in this thesis.

3

1.2

Maintenance of polymorphism via antagonistic coevolution

Reciprocal selection in host-parasite systems is predicted to induce gene frequency
changes over generations. Two qualitative patterns of these changes have been predicted and identified: the first one is called selected sweeps and the second one is
called ‘dynamic polymorphism’ or ‘red queen dynamics’ (Woolhouse et al., 2002;
Ebert, 2008).
Selective sweeps (Fig. 1.1, top) are predicted to occur if a single mutant appears in
the population. If this mutant is beneficial (i.e. in every way fitter than the wild-type),
then this mutant will likely spread to fixation. There are a few important characteristics of this process. First, mutations are typically rare events so selective sweeps will
likely be rare. Second, the time to fixation could take many generations, especially if
selection is weak and initial mutant frequency is low. Third, genetic polymorphism
will be transient, that is will occur only during the spread of the mutant. It is thus
generally considered that selective sweeps are unlikely to be a mode of rapid coevolution for systems other than viruses and unicellular hosts (Ebert, 2008).
Dynamic polymorphism (Fig. 1.1, bottom) is predicted to occur under negative
frequency-dependent selection, which can occur if rare hosts have a selective advantage over the common ones. This will result in selection against the common
host genotypes and selection for the rare host genotypes, resulting in a time-lagged
frequency-dependent selection, which will drive the genotype frequency changes in
the form of oscillations. This form of antagonistic coevolution is likely to be considerably faster than the other form since it does not require constant influx of novel mutations into the population; it predicts that the existing mutations will be maintained in
the population because of the frequency-dependent balancing selection. This scenario
is also called the ‘red queen’ dynamics after the character called Red Queen from
Lewis Carroll’s book Through the Looking Glass (sequel to Alice’s Adventures in Wonderland). In this novel, Alice finds herself on a hill and, unable to walk around properly,
is told by Red Queen that the landscape changes such that hills can become valleys
and valleys can become hills. Red Queen thus advices Alice to run as fast as she can
in order to actually stay on the hill. This story was later used by Leigh Van Valen
(1973) as a metaphor for species interactions.
Observing antagonistic coevolution in a natural setting is a challenging task. In
particular, it requires showing (1a) a reproductive cost of infection for the host, (1b)
a reproductive cost of lack of infection for the parasite, (2) genetic variation in both
species associated with variation in fitness, (3) gene frequency changes induced by antagonistic interaction, and (4) long-term persistence of this pattern (Woolhouse et al.,
2002; Little, 2002). Indeed, (1) and (2) have been abundantly demonstrated in many
systems and examples of (3) have been known (Little, 2002). However, a direct demon-
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Figure 1.1. Two alternative forms of antagonistic coevolution. Selective sweeps (top) are allele frequency changes
due to emergence of beneficial mutations that are under directional selection. Such dynamics are predicted to result
in transient polymorphism which, unless occurring in populations with large effective population size and high
mutation rate, makes this form of coevolution unlikely to explain the overwhelming polymorphism at the interaction
loci in various hosts (Maizels, 2009). In contrast, dynamic polymorphism (also known as red queen dynamics;
bottom) predicts that common host alleles are more likely to be recognised by the parasites, resulting in a selective
advantage of rare resistance alleles, and hence in negative frequency-dependent selection. This form of selection
is expected to maintain various alleles in the population by producing persistent allele frequency cycles which can
continue for many generations.

stration of (4) has proved difficult. This has been particularly true for the attempts
of showing red queen dynamics. In this case, indirect evidence has been provided,
including the evidence for time-lagged frequency-dependent selection (Antonovics &
Ellstrand, 1984; Barrett et al., 1988; Dybdahl & Lively, 1998; Brunet & Mundt, 2000;
Lively & Dybdahl, 2000; Koskella & Lively, 2009) as well as the evidence that adaptation of host genotypes to particular parasite genotypes changes with time (time-shift
experiments; Decaestecker et al., 2007; Bérénos et al., 2011; Gomez & Buckling, 2011).
The direct evidence of cycling of genotype frequencies has, perhaps unsurprisingly,
been so far observed once: in a snail-trematode system, a system studied extensively
for many years (Jokela et al., 2009). Overall, the evidence points to the fact that in
host-parasite interactions some genes will be under directional selection, while some
other under frequency-dependent selection (Bergelson et al., 2001). However, even
though the relative importance of the two types of antagonistic coevolution in hostparasite interactions remains not fully understood (Schmid-Hempel, 2011), in most
biological systems only red queen dynamics can produce visible phenotypic effects
which can manifest themselves in the time-period as short as a few generations.
Are then red queen dynamics so rarely observed because they are difficult to capture or because they are rare? The answer is not straightforward in any way. So

5
far the experience has been that the better known systems provide some (at least indirect) evidence of dynamic polymorphism. However, there is a number of factors
which might hinder allele frequency cycles in any population. Two such important
situations are discussed below.

1.2.1

Genetics of the host-parasite interaction, even though antagonistic, might not induce negative frequency-dependent selection

Antagonism of any interaction means that one species gains at the benefit of the other
one. Thus, genetic antagonism can be defined as a situation when a host allele that
maximises host’s fitness is different from the one which maximises parasite’s fitness.
However, this itself does not guarantee negative frequency-dependent selection – different parasites must specialise on different hosts. Of particular importance is how
one determines specificity in a host-parasite system: performance of a given genotype of species X needs to be compared relative to other genotypes of species X in
a context of a single genotype of the other species Y. This condition is analogous
to determining whether a genotype of a given species is locally adapted to a given
habitat. As suggested by Kawecki & Ebert (2004), this should be done by comparing
performance of a genotype by competing it with other genotypes in a single habitat (‘local vs. foreign’) and not across different habitats (‘home vs. away’). Likewise,
specificity of host-parasite interactions necessary for negative frequency-dependent
selection requires that performance of both species be assessed in a ‘local vs. foreign’
manner (see Fig. 1.2). The best example of a genetic interaction which is antagonistic
yet does not induce persistent negative frequency-dependent selection is the so called
‘gene-for-gene’ model, where additional assumptions have to be made (costs of resistance or virulence) in order to induce the ‘local vs. foreign’ type of specificity in both
species, and hence cyclic allele frequency dynamics (Frank, 1993).

1.2.2

Change in a phenotype might not reflect a change in the corresponding genotype

This problem has two fundamental layers. The first layer is that, as mentioned above,
the antagonistic interaction, which occurs on the phenotypic level, changes with the
environmental background such that the specificity is altered. Even though this property of a genotype-phenotype map has been know in the context of single species as
‘reaction norms’ (Stearns & Hoekstra, 2005), the importance of such phenotypic plasticity in the context of host-parasite interactions has not been fully appreciated until
recently (Wolinska & King, 2009). The second layer is that, even in a constant environmental background, a single genotype may nevertheless produce different pheno-
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Figure 1.2. Specificity in host-parasite systems. Antagonistic interaction is a necessary but not a sufficient condition
to produce negative frequency-dependent selection (FDS). To illustrate that, consider two different measurements of
determining specificity of parasite A on host A and parasite B on host B. In first measurement (‘local vs. foreign’),
specificity is determined by competing both parasites on the same host and comparing their performance; if parasite A
outcompetes parasite B on host A, and vice versa on host B, then specificity is confirmed. In the second measurement
(‘home vs. away’), specificity is determined by competing parasites independently on different hosts and comparing
their performance; if parasite A performed better on host A and parasite B performed better on host B, then specificity
is confirmed. Consider now two different scenarios of parasite performance, as depicted above. According to the
‘local vs. foreign’ measurement, specificity would exist in scenario 1 but not scenario 2. According to the ‘home
vs. away’ measurement, specificity would exist in scenario 2 but not scenario 1. However, in scenario 2 (unlike in
scenario 1), parasite A will perform better regardless of the host type, thereby inducing directional selection and not
frequency-dependent selection.

types. Likewise, the extent of this phenomenon is only beginning to be recognised
(Agrawal, 2001; Acar et al., 2008). Both phenomena might blur the effect of direct
genetic interactions, either because the selective pressures become weaker, or because
the genetic specificity is reduced (see subsection 1.2.1, but also Schmid-Hempel, 2011).
Given the complexity of host-parasite systems and the caveats of any empirical
or experimental approach, mathematical modelling provides a perfect tool to examine the consequence of fundamental assumptions made about the system in question. Models can be used to understand how antagonistic coevolution would proceed
given particular genetics of host-parasite interactions as well as given any genotypephenotype map.

1.3

Antagonistic coevolution and sex

Sexual reproduction remains one of the greatest riddles of evolutionary biology. Why
go to the trouble of reproducing with the opposite sex when the processes of finding
the partner and mating with it are both so costly(Otto, 2009)? Not only that, sexually
reproducing individuals can transmit as little as only 50% of their genes to the next
generation, while asexually reproducing individuals transmit all of them. This generates an additional cost known as the twofold cost of sex (Bell, 1982). If this were not
enough, genetic shuffling carries a risk of breaking down the best gene combinations
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in the population. So why bother? The problem is that almost all eukaryotic and many
prokaryotic organisms reproduce sexually, and many, like bacteria or some viruses,
have recombination-like mechanisms which genetically have a similar effect (Otto &
Lenormand, 2002). The great question therefore is: how to explain the maintenance
of sexual reproduction?
Since the end of 19th century (Weismann, 1889), the argument has been that sex
and recombination increase genetic variance, and by that accelerates the population’s
response to selection by increasing its mean fitness. But this can simply be untrue.
First, recombination need not increase genetic variation: when extreme genotypes
(i.e. those with high or low number of mutations compared to the wild-type) are
overrepresented in the population, intermediate genotypes (i.e. those with intermediate number of mutations compared to the wild-type) will be produced and variance
will shrink. Second, increased variation need not be beneficial for the population:
when the intermediate genotypes are the fittest and most frequent, recombination
will decrease the population’s mean fitness by producing more of extreme genotypes
which are lees fit (Otto, 2009). The first problem is known as reduction principle
(Feldman et al., 1996), whereas the second problem is known as the recombination
load (Otto, 2003). In spite of many attempts to tackle these problems, the issue remained largely unsolved until a theoretical discovery that negatively curved fitness
landscapes (epistasis) could promote the spread of recombination modifiers (Feldman
et al., 1980; Kondrashov, 1984; Charlesworth, 1990, 1993). However, all these models
require that the epistasis be weakly negative (Barton, 1995; Otto & Feldman, 1997),
and many empirical studies suggest otherwise (Rice, 2002; de Visser & Elena, 2007;
Kouyos et al., 2007b). Altogether, this indicates that epistasis alone is not enough to
solve the mystery of recombination.
In the mean time, it has been realised that the assumption of a (relatively) constant environmental background widely assumed in most models of recombination
may not be justified considering prevalent species interactions. More than three
decades ago, Hamilton (1976), inspired by George C. Williams’ book Sex and Evolution (Williams, 1975), remarked that
“... it seems to me that we need environmental fluctuations around a trend line
of change. For the source of these we may look to fluctuations and periodicities
inherent in our solar system, and also to the possibility of others generated by the
life itself. The latter line of thought tends to carry us back from the egg of sex
to the hen of multi-species system. To get the best possibilities of limit cycles and
pseudo-random fluctuations offered by present ecological theory it seems to me that
we might need to give preeminence to the annual life cycle – and so back again to
the solar system.”
This thought has been later turned into a full hypothesis that antagonistic species interactions, like those between hosts and parasites, may promote the spread of genes
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(modifiers) inducing higher recombination rates, and this hypothesis has become
known as the Red Queen Hypothesis (RQH; Jaenike, 1978; Maynard Smith, 1978;
Hamilton, 1980; Lloyd, 1980; Bell, 1982; for reviews see: Salathé et al., 2008a; Lively,
2010). Importantly, this hypothesis is built on the assumption of antagonistic coevolution in the form of negative frequency-dependent selection, which is discussed in the
previous subsection. When the idea of ‘beneficial’ and ‘detrimental’ becomes timedependent, recombination, instead of causing a load, would increase fitness of the
offspring immediately or in the near future (Maynard Smith, 1978; Bell, 1982; Salathé
et al., 2009).
Has the RQH succeeded as a theory in explaining the maintenance of sex then?
Partially yes, but the theory suffers from a few weaknesses. First, if the landscape
changes with time, then there is a trade-off between a short-term benefit and the longterm benefit of recombination. This results in a stringent constraint on the speed of
environmental change in order for sex to be beneficial (Barton, 1995; Peters & Lively,
1999, 2007), which in turn requires strong selection on one of the species (Salathé
et al., 2008b), an assumption which may not be valid for all host-parasite systems.
Second, the RQH has been shown to fail when hosts interact with parasites via a
single locus (Kouyos et al., 2009b), and whether the number of loci involved in the interactions with the parasites is greater than one has been a subject of debate (Barbour
& Restrepo, 2000; Wilfert & Schmid-Hempel, 2008; Kusch & Schmidt, 2001; Luijckx
et al., 2010). Third, the RQH works far better in haploid models then in diploid models
(Agrawal & Otto, 2006), and given the widespread of polyploidy in nature, this points
to a serious flaw in the current theoretical Red Queen literature. The limitation of the
RQH models is the more visible given the emerging empirical support of the theory
(Lively, 1987; Fischer & Schmid-Hempel, 2005; Jokela et al., 2009; King et al., 2009;
Kerstes et al., 2011). This underlines the importance of further theoretical research,
both through modelling and data analysis, to infer patterns of red queen dynamics
from the wild as well as explain the universal presence of sexual reproduction in the
wild.

1.4

Contributions of this thesis

In this thesis I use a combination of both mathematical modelling and data analysis
to analyse the patterns of antagonistic coevolution in multiple contexts. The thesis is
subdivided into four parts. In part I (chapters 2-3), I analyse the robustness of the
cyclic pattern of antagonistic coevolution under two forms of the genotype-phenotype
map. In part II (chapters 4-6) I examine the evolution of sex in the context of antagonistic coevolution, both at the between-host level and at the within-host level. In part
III (chapter 7), I attempt to quantify an important aspect of antagonistic coevolution
at the within-host level. In part IV (chapter 8), I look at the evolution of a specific kind
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of phenotypic plasticity, namely phenotypic heterogeneity, in a single species context.
Chapter 2 asks what pattern of gene frequency changes can be expected if environment alters the outcome of the genetic interaction between hosts and parasites. I
specifically focus on the type of environmental heterogeneity which could alter the
strength and the direction of selection (specificity) in a host-parasite system. This
study points to the importance of the inclusion of an environmental context in the
host-parasite studies. In this chapter, as well as in three subsequent chapters, I use
a mathematical model of difference equations to calculate genotype/phenotype frequencies as a function of a generation-time.
Chapter 3 examines the role of transgenerational phenotypic plasticity on the pattern of antagonistic coevolution. Specifically, I focus on the type of phenotypic plasticity which affects the interaction of the two antagonists, e.g. epigenetic inheritance.
I find that antagonist-induced adaptation could destroy the predicted persistence of
cyclic frequency dynamics in such a system.
Chapter 4 analyses the Red Queen Hypothesis under the extension of multiple
parasites interacting with a single host. This chapter notes that multiple-species interactions can increase the interaction space in the host, thereby producing LD/epistasis
dynamics which might result in strong selection for or against increased recombination rates. This chapter emphasises the importance of multi-species interactions,
especially in the context of the evolution of sex.
Chapter 5 extends the Red Queen Hypothesis to the case where effective recombination rates vary between individuals, namely when infected individuals are more
likely to engage in sexual reproduction than asexual ones. The analysis of such case
reveals that different selective pressures might act on the modifiers in infected individuals and on the modifiers in non-infected individuals, leading to the evolution of
condition-dependent sex.
Chapter 6 looks at the Red Queen Hypothesis in a particular context: interaction
of human immunodeficiency virus with the immune system. In this case, the virus
becomes a “host”, which undergoes recombination, and the immune system becomes
a “parasite”, which chases the virus. In a parameter regime which is specified by a
multitude of experimental studies of HIV and SIV, I find that recombination is likely
to play a beneficial role for the virus in its arms-race with the immune system.
Chapter 7 attempts to quantify the cost of escape from human leukocyte antigen
(HLA) class I molecules in HIV-1 protease and reverse transcriptase. Quantification
of such costs is important because, as pointed out in the introduction, the strength
of selection is likely to play a great role in determining the patterns of coevolution in
natural systems, both at the between-host level and the within-host level. This chapter
provides evidence that mutations which help one antagonist (virus) escape the other
one (immune system) are significantly more costly than other mutations, thereby supporting a fundamental requirement for the occurrence of antagonistic coevolution at
the within-host level.
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Chapter 8 goes outside the scope of this topic and considers a population which
deals with unpredictable environmental change by the use of two forms of phenotypic heterogeneity responsive switching and random switching. The findings of this
chapter demonstrate that under environmental variation, both spatial and temporal,
there may not be a single optimal strategy to deal with unpredictable change.

Part I
Patterns of antagonistic coevolution
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Chapter 2
The impact of environmental change on
host-parasite coevolutionary dynamics
published as
Rafal Mostowy & Jan Engelstädter
The impact of environmental change on host-parasite coevolutionary dynamics.
Proceedings of the Royal Society B (2010), published online before print
http://dx.doi.org/10.1098/rspb.2010.2359
Supplementary material available online.

Abstract
Environmental factors are known to affect the strength and the specificity of interactions between hosts and parasites. However, how this shapes patterns of coevolutionary dynamics is
not clear. Here we construct a simple mathematical model to study the effect of environmental
change on host-parasite coevolutionary outcome when interactions are of the matching-alleles
or the gene-for-gene type. Environmental changes may effectively alter the selective pressure and the level of specialism in the population. Our results suggests that environmental
change altering the specificity of selection in antagonistic interactions can produce alternating
time-windows of cyclical allele frequency dynamics and cessation thereof. This type of environmental impact can also explain the maintenance of polymorphism in gene-for-gene interactions without costs. Overall, our study points to the potential consequences of environmental
variation in coevolution, and thus the importance of characterising genotype-by-genotype-byenvironment interactions in natural host-parasite systems, especially those which change the
direction of selection acting between the two species.
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2.1

Introduction

Hosts are under selective pressure to resist parasites, and parasites are selected to
overcome host defences. This may lead to coevolutionary dynamics, where gene frequency changes in one species trigger gene frequency changes in the other species
and vice versa (reviewed in Little, 2002 and Woolhouse et al., 2002). Because rare
genotypes are expected to be advantageous in such a scenario, cyclic gene frequency
dynamics may ensue, sometimes referred to as Red Queen (RQ) dynamics. Although
RQ dynamics have been documented in some study systems (Barrett et al., 1988; Decaestecker et al., 2007; Jokela et al., 2009), they remain poorly understood. This gap
in our knowledge is particularly noteworthy since antagonistic coevolution between
hosts and parasites has far-reaching implications for many topics in biology, including local adaptation (Kaltz & Shykoff, 1998), maintenance of genetic polymorphism in
populations (Roff, 1997; Tellier & Brown, 2007), molecular evolution (Paterson et al.,
2010), deployment of resistance genes in agriculture (Rausher, 2001), evolution of
pathogen virulence (Read, 1994; Day & Burns, 2003), emergence and spread of infectious diseases (Woolhouse et al., 2002), and the evolution of sex (Jaenike, 1978;
Hamilton, 1980; Salathé et al., 2008a).
It is commonly accepted that the genetics of the host and the parasite are a major
determinant of infection success. A number of studies have shown that one parasite genotype may be more infective than another parasite genotype on a given host,
but on another host this hierarchy is reversed — a pattern known as genotype-bygenotype (G×G) interaction (Lively, 1989; Ebert et al., 1998; Carius et al., 2001; Luijckx
et al., 2010; see Lambrechts et al., 2006b for review). Modeling has demonstrated that
the exact type of genetic interaction is decisive for the coevolutionary dynamics expected to occur, and in particular for whether RQ dynamics ensue or polymorphism
at the interaction loci is lost (e.g. Mode, 1958; Jayakar, 1970; Agrawal & Lively, 2002;
Engelstädter & Bonhoeffer, 2009). On the other hand, there is increasing evidence that
the outcome of host-parasite interactions can be substantially affected by environmental factors, e.g., temperature or availability of nutrients (reviewed in Wade, 2007;
Laine, 2009; Lazzaro & Little, 2009; Wolinska & King, 2009). Thus, it is uncertain how
stable G × G interactions are in the presence of environmental fluctuations, and how
the coevolutionary dynamics of hosts and parasites are affected by such fluctuations.
How can a host-parasite G × G interaction respond to environmental conditions?
First, environmental variation could have an equally strong influence on the fitness
values of all genotypes involved. Within a population genetic framework (i.e., when
there is no density-dependent selection), this type of impact is not expected to affect the coevolutionary dynamics because the relative fitness of each genotype is not
affected by the environment. Second, fitness values of different genotypes could be
affected differently by environmental factors, but still in a way that the ranking of
fitness values remains the same. Finally, the specificity of the G × G could be changed
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through environmental variation. Assuming only two host and two parasite genotypes, this means that on each host, the fittest parasite in one environment is the least
fit in a different environment (cf. box 2 in Wolinska & King, 2009). The latter two
situations are often referred to as G × G × E interactions, and cases of environmental impact on both the strength and the specificity of selection have been reported
(Tétard-Jones et al., 2007; Bryner & Rigling, 2011; Sadd, 2011; see also Discussion).
In this study we examine the impact of the second and third kind of environmental change – where the specificity and the strength of the G × G is changed –
on host-parasite coevolutionary dynamics by means of a simple mathematical model.
The impact of temporal environmental heterogeneity has previously been studied in
the context of the geographic mosaic theory (Nuismer et al., 2003), where the authors
considered an environment which alters the quality of interaction between species
(antagonism vs. mutualism). Here we investigate G × G × E effects in strictly antagonistic interactions. Although we focus on situations where both the strength and
the specificity is affected by the environment, our model also covers cases where only
the strength of selection is environment-dependent. As the mechanistic basis of hostparasite interactions remain poorly understood, we assume that the genetic basis of
interaction is mediated by two standard, biologically documented interaction models, namely the matching-alleles (MA) and the gene-for-gene (GFG) models (see The
Model for a brief discussion of these models). Our results show that if the specificity
of the interaction is changed through environmental variation, the resulting coevolutionary dynamics can be qualitatively affected, even to the extent that RQ dynamics
disappear completely where they would occur in a constant environment, or emerge
where they would not.

2.2
2.2.1

The Model
General construction

To investigate the impact of environment on host-parasite RQ dynamics, we consider
a standard, discrete-time, population-genetic model of host-parasite dynamics (see
e.g. Nee, 1989; Otto & Nuismer, 2004). For the sake of simplicity, both species are
assumed to be haploid and to reproduce asexually. Each species carries a single,
biallelic locus. The allele frequencies in the next generation are determined by the
fitness values, given by the interaction model (see Table 2.1), as well as frequencies
of host and parasite alleles in the current generation. First, each species undergoes
selection, which operates as follows. If fH
i denotes the frequency of allele i of the
host and fPi denotes the frequency of allele i of the parasite, then the frequencies after
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selection will be given by
fi0H = fH
i

wH
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wPi
,
w̄P

(2.1)

where the vector wsi denotes the fitness conferred by allele i in species s and w̄s
denotes the mean fitness of species s (host H or parasite P). These fitness values are
given by
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i

where the matrix ws = (wsij )2×2 denotes the fitness values of an individual of species
s with allele i when encountering an individual of the second species with allele j.
These fitness values are given by the interaction model (cf. Table 2.1). In order to
avoid extinction of one of the alleles, selection is followed by reproduction during
which mutation between the two alleles can occur at a rate µ = 10−5 . Both host and
parasite population are assumed to be infinitely large and are started with random
allele frequencies. Simulation are started with a burn-in phase of at least 6000 generations, followed by 2000 generations during which the actual dynamics are recorded.
matching-allele model (MA)

host fitness
parasite A
parasite B

host A
1 − sH
1

host B
1
1 − sH

parasite fitness

host B
1 − sH
1 − sH

parasite fitness

parasite A
parasite B

host A
1
1 − sP

host B
1 − sP
1

host A
1 − sP
1

host B
1
1

gene-for-gene model (GFG)

host fitness
parasite A
parasite B

host A
1
1 − sH

parasite A
parasite B

Table 2.1. Interaction models in one locus, two-allele models. The matching-alleles (MA) model is thought to
represent interactions between hosts with the immune system and antigenic parasites, which have to specifically
match the host in order to infect it. The gene-for-gene (GFG) type of interaction, inspired by interactions of plants
with their pathogens, represents the situation where host needs to recognise specific ‘effectors’ of the parasite in order
to launch its defence, hence here matching is equivalent to resistance. Mutations both in the host and the parasite
would lead to the lack of such recognition, and hence to infection. Therefore, the parasite population consists of
specialists (parasite allele A can only infect host A) and generalists (parasite B can infect any host allele). Above,
sH denotes the relative fitness cost of the host due to parasitic infection, sP denotes the relative fitness cost of the
parasite for the inability to infect the host. We assume that 0 < sH < 1 and 0 < sP < 1.
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2.2.2

Environment

We allow the abiotic environment to affect the interaction between the host and the
parasite. In particular, the environment is given by a parameter E which varies continuously between two extreme environments, E1 and E2. The interaction model
between the two species is given by the interaction matrix ws,E1 in environment E1
and ws,E2 in environment E2, respectively, where s stands for the host (H) or parasite
(P) species. The fitness matrix for an arbitrary environment E ∈ [0, 1] is then given by
the equation
ws (E) = E × ws,E1 + (1 − E) × ws,E2 .

(2.3)

Here, E = 1 yields the interaction model in environment E1 and E = 0 in E2. There
are at least two interpretations of such environmental impact on the fitness values
assumed. The first interpretation is that the fitness values of individuals in the population depend linearly on the parameter E, which can vary on a continuum between
zero and one. Here, all individuals are assumed to be equally affected by an environmental factor (a good example might be temperature), and the fitness of each
genotype is an E-weighted mean of the fitness values in the extreme environments.
A second interpretation is that environment is discrete (e.g., presence or absence of a
certain nutrient). Thus, only environments E1 and E2 occur, but these two environments are distributed spatially in the habitat of the population. In each generation,
a randomly chosen fraction E of genotypes then undergoes an interaction defined by
ws,E1 and the remaining fraction 1 − E undergoes an interaction defined by ws,E2 .
This interpretation of the model requires global competition and complete mixing of
the population during reproduction. Finally, we generally assume the environment
to be abiotic, but a biotic interpretation is also possible as long as the environmental
fluctuations are independent of the coevolutionary dynamics.
By default, we assume E to be time dependent, oscillating between the extreme
values according to
E(t) = 12 [1 + cos(2πt/T )].
Here, both the mean value of the environment and the amplitude of oscillations are
equal to 1/2, and T is the period of oscillations. We also investigated the impact of
other types of environmental change, which are discussed in the results.

2.2.3

Environment-dependent interactions

We examine two classes of interaction models: the matching-alleles (MA) class of
interactions and the gene-for-gene (GFG) class of interactions (see Table 2.1). The
main difference between the two models is the degree of specialism/generalism. The
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MA model represents a full degree of specialism where a given parasite is better than
any other parasite in infecting a given host but is worse off on any different host.
This type of lock-key mechanism (match vs. non-match) is thought to emulate animal
self/non-self recognition systems (Grosberg & Hart, 2000). The GFG model on the
other hand allows for both specialist and generalist parasites, the latter being equally
effective in infecting all hosts. Although initially introduced to describe plant-fungal
interactions (Flor, 1955; Parker, 1994), the general context of this model is beginning
to be recognised (Dangl & Jones, 2001; Nürnberger et al., 2004; Laine & Tellier, 2008;
Fenton et al., 2009). Both models can produce persistant RQ dynamics, although these
dynamics differ in some respects (Parker, 1994; Agrawal & Lively, 2002).
When MA interactions are considered, we assume that the ‘matching’ is environment dependent, where ‘matching’ refers to the interaction between the host allele
and the parasite allele that results in infection. In particular, in environment E1 allele
A matches allele A and B matches B, whereas in environment E2 allele A matches B,
and B matches A. The interaction matrices then take the following form




1 − sE1
1
1
1 − sPE1
P,E1
H,E1
H
, w
=
,
w
=
1
1 − sE1
1 − sE1
1
H
P




1
1 − sE2
1 − sPE2
1
H,E2
P,E2
H
w
=
, w
=
.
(2.4)
1 − sE2
1
1
1 − sE2
H
P
E1
The notation we use is the following: sE1
H and sP are the selection coefficients for the
E2
hosts and parasites, respectively, in environment E1 and sE2
H and sP are the selection
E2
coefficients in environment E2. (Unless noted otherwise, we assume sE1
H > 0, sH > 0,
E1
E2
sP > 0, sP > 0.) For any given environment, E, the effective interaction matrices are
obtained by the use of equation (2.3).
When GFG interactions are considered, we assume that the ‘matching’, which
in this context results in host resistance, occurs solely between one pair of loci: in
environment E1 only host allele A matches parasite allele A, and in environment E2
only host allele B matches parasite allele B. Therefore in the host, allele A confers
resistance in environment E1 and susceptibility to parasite in E2, wheras the converse
is true for allele B. In the parasites, allele B is a generalist in E1 because it allows
infecting any host (universal virulence) and is a specialist in E2 because it allows
infecting only host B (avirulence); the converse is true for allele A. The interaction
matrices are given by




1 − sE1
1
1
1 − sE1
H,E1
P,E1
H
P
w
=
,
w
=
,
1 − sE1
1 − sE1
1
1
H
H




1 − sE2
1 − sE2
1
1
H,E2
P,E2
H
H
w
=
,
w
=
,
(2.5)
1 − sE2
1
1 1 − sE2
H
P

where the notation is identical to the one in the case of the MA model, and the
effective interaction matrices are also obtained by the use of equation (2.3).
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2.3
2.3.1

Results
Matching-alleles interactions

In order to examine the impact of environment on the host-parasite dynamics defined
by the matching-alleles (MA) type of interaction, we examined the robustness of RQ
dynamics when the environment is assumed to alter the specificity of the interaction
between the two species. In particular, we assumed that the ‘matching’ of alleles depends on the environment in which the interaction takes place (see The Model). Given
the interaction matrices (2.4) for the two extreme environments, we first calculated the
effective interaction model in any given environment E ∈ [0, 1] from Eq. (2.3). One can
show that this effective interaction model is again exactly a matching allele model (see
Table 1) with the original coefficients sH and sP replaced by the following ‘effective
selection coefficients’ ξH and ξP :
ξH =

E2
E2
(sE1
H + sH )E − sH
1 − sE2
H (1 − E)

and

ξP =

E2
E2
(sE1
P + sP )E − sP
.
1 − sE2
P (1 − E)

(2.6)

Thus, the environment-dependent model behaves like a regular MA model for any
fixed value of E, although now the effective selection coefficients need not be positive.
As we were interested in the conditions for the occurrence of oscillatory behaviour,
we next developed a general framework in order to derive such conditions given
an arbitrary, but constant fitness interaction model, which is given in part I of the
Electronic Supplementary Material (ESM). Using inequalities (S6), we first derived the
conditions for the occurrence of RQ dynamics given a static environment, i.e. when
E = const, and then used these to examine the case of a slowly changing environment.
It can be shown that the condition (S6) in the context of the interaction model (2.4) is
equivalent to
ξH ξP > 0.

(2.7)

This means that for RQ dynamics to occur, the genetic interaction must be ‘antagonistic’, defined as an interaction where a host allele that is optimal for the host,
given interaction with a particular parasite, does not maximize parasite fitness, and
vice versa. By contrast, when the optimal allele for the host is also optimal for the
parasite, a synergistic genetic interaction occurs (see also ESM).
A graphical representation of condition (2.7) is shown in Fig. 2.1A. One can see that
as E increases from 0, both ξH and ξP increase from negative to positive values. The
point where ξH and ξP change sign marks a switch in the specificity in the interaction
for each species, but importantly, this switch will in general occur for a different
value of E in hosts and parasites. The result of this partial change in specificity is
E1
E2
E2
E1
E2
that there will be a range of E (between sE2
H /(sH + sH ) and sP /(sP + sP )), where
negative frequency-dependent selection (FDS) changes into positive FDS, leading to
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Figure 2.1. Impact of environment on host-parasite coevolutionary dynamics with MA interactions. (A): Theoretical
predictions for the persistence of RQ dynamics. The horizontal axis shows environmental parameter E and the vertical axis show effective selection coefficients. The blue and the purple curves shows the effective selection coefficient
of the host and the parasite, respectively. The horizontal bar shows the parameter areas of E where the interaction is
antagonistic (ξH ξP > 0; hatched areas), and where it is synergistic (ξH ξP < 0; white area). (B): The coevolutionary
dynamics for the situation in (A) when environment changes slowly. RQ dynamics occur only for the values of E
E1
E2
E2
where ξH ξP > 0. Values used in (A) and (B) are sE1
H = 0.3, sP = 0.35, sH = 0.1, sP = 0.5. (B) further assumes
T = 4000.

fixation of one host allele and one parasite allele. Negative FDS results from an
antagonistic genetic interaction between the two species, whereas positive FDS stems
from synergistic interaction. Positive FDS occurs only in models where the specificity
of interaction varies. When the environment changes solely the strength of selection,
synergism of genetic interaction never occurs and hence only the speed of cycles is
affected. This can be seen from the fact that condition (2.7) is fulfilled for any value
E2
of E when sE2
H < 0 and sP < 0.
The results can now be applied to understand the impact of environmental change
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on the coevolutionary dynamics, i.e., the case when E = E(t) and hence ξH = ξH (t)
and ξP = ξP (t). When the environment changes slowly (T >> 1), ξH and ξP will stay
approximately constant relative to the velocity of allele-frequency change, and thus
this case is readily understood from the analytical predictions illustrated in Fig. 2.1A.
Fig. 2.1B shows an example of the resulting coevolutionary dynamics. It can be seen
that, as expected, for intermediate values of E (when ξH and ξP are of opposite sign),
a time-window of allele fixation emerges. In this time-window, antagonistic interaction changes into a synergistic interaction, leading to positive FDS. These results are
qualitatively the same for other selection coefficients and other (non-zero) mutation
rates. Examples for allele frequency dynamics when the environment affects only the
E2
strength, but not the specificity of the interaction (i.e., the case of sE2
H < 0 and sP < 0),
are shown in Fig. S5 in the ESM.
As the environment changes more swiftly, the ‘constant E’ approximation is not
valid anymore. For this case, the geometric mean of effective selection coefficients
over many generations determines the dynamics of the system. Defining
ξ̄H ≡ 1 − GM(1 − ξH )

and ξ̄P ≡ 1 − GM(1 − ξP ),

(2.8)

where GM denotes the geometric mean, it can be shown (see ESM) that the condition
for the maintenance of RQ dynamics under temporal environmental variation (S11)
reads
ξ̄H ξ̄P > 0.
(2.9)
Note that condition (2.9) is a generalisation of the condition (2.7).
In the extreme case of maximally rapid environmental change (T = 2), we have
s
s
E1
1 − sH
1 − sE1
P
ξ̄H = 1 −
and
ξ̄
=
1
−
,
(2.10)
P
E2
1 − sE2
1
−
s
H
P
E1
E2
E1
E2
E1
and condition (2.9) implies that either sE2
H > sH and sP > sP , or sH < sH and
E2
E1
sP < sP must hold for RQ dynamics to occur. If not, the antagonism will effectively
change into synergism and polymorphism will not be maintained (see Fig. S2B in
ESM). Extensive numerical screenings of the parameter space have confirmed the
analytical predictions (results not shown).
If condition (2.9) is fulfilled, a phenomenon is sometimes observed that may on
first sight be counter-intuitive: RQ dynamics can proceed slower in systems with
larger selection coefficients than in systems with smaller selection coefficients (see Fig.
2.2 for an example). This effect can again be understood with the help of the geometric
mean effective selection coefficients. Equation (2.10) shows that the effective selection
acting on the populations can be small even if the selection coefficients measured in
environment E1 and E2 are large, provided they are of comparable magnitude. As
a result, the environmental fluctuations may effectively weaken the average selection
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Figure 2.2. Impact of rapidly changing environment on host-parasite coevolutionary dynamics with MA interactions.
Both panels show the simulation results of the model. (A): Rapid RQ dynamics in spite of comparatively weak
selection. (B): Slow RQ dynamics in spite of comparatively strong selection. Allele frequency changes proceed
faster in (A) than in (B) because the long-term, average selection acting on the population (effective selection) in
(A) is stronger than such long-term selection in (B). In both panels sub-plots show rapid allele fluctuations from
one generation to another caused by rapidly altering direction of selection. Importantly, in both panels the condition
ξH ξP > 0 is fulfilled; its violation would lead to a permanent synergistic interaction, and hence allele fixation. Values
E1
E2
E2
E1
E1
used in (A) are sE1
H = 0.4, sP = 0.6, sH = 0.01, sP = 0.1, and values used in (B) are sH = 0.71, sP = 0.95,
E2 = 0.94. All simulations use T = 2 (environment not shown).
sE2
=
0.7,
s
H
P

acting on the population. Such long-term impact of environment stands in contrast to
a short-term impact, which stems from the changes of the magnitude and the direction
of selection from one generation to another. These changes will lead to rapid allele
fluctuations, which in turn may contribute to shaping temporal patterns of genetic
variation in the population (see small sub-plots in Fig. 2.2A and Fig. 2.2B). Such clear
distinction between a long-term and a short-term effect becomes blurry as T becomes
larger: the short-term effect and the long-term effect will gradually merge into the
regular cycles observed for E ≈ const.
Finally, we also studied the impact of two other types of environmental change.
First, we examined the impact of discrete switches between the extreme environments
(i.e., E takes only the values 0 and 1 for n generations). In the case of maximally short
persistence (n = 1), this situation is equivalent to the earlier discussed situation of T =
2. In the case of long persistence (n >> 1), the coevolutionary cycles observed in both
environments are only briefly interrupted following a one-generation switch from E1
to E2 (or vice versa); otherwise the cycles are defined by the interaction model for a
given environment (either E1 or E2; see Figure S2 in ESM). Second, we examined the
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Figure 2.3. Impact of slowly and rapidly changing environment on host-parasite coevolutionary dynamics with GFG
interactions. (A): Impact of slowly changing environment. Coevolutionary cycles emerge for E ∈ (0, 1). As E
changes between E1 and E2, the interaction model changes from the GFG into the MA-like interaction. (B): impact
of rapidly changing environment. The impact of environment is again subdivided into a long-term and a short-term
effect. The long-term effect is determined by the geometric mean effective selection coefficient. The short-term effect
yields step-like allele fluctuations due to an inherent asymmetry of the GFG model (selection acting on an allele in
one environment is much stronger than the selection acting in the other environment). Values used in (A) and (B) are
E1
E2
E2
sE1
H = 0.35, sP = 0.48, sH = 0.3, sP = 0.45 and furthermore T = 4000 in (A) and T = 2 in (B).

effect of stochastic environmental change (see Figure S3 in ESM). For weak selection,
the geometric mean condition for oscillatory allele frequency dynamics can in this
case be approximated by
hξH i > var(ξH )/2
hξP i > var(ξP )/2

or

hξH i < var(ξH )/2
hξP i < var(ξP )/2,

(2.11)

where the derivation is based on the one given in Nuismer et al. (2003), and hxi denotes the expected value of x. As anticipated, the long-term/short-term distinction
can again be observed in a rapidly changing environment, whereas for more steady
environments, the E ≈ const approximation is informative of the coevolutionary dynamics.

2.3.2

Gene-for-gene interactions

In this section we analyse the impact of environmental change on the host-parasite interactions defined by a class of gene-for-gene (GFG) models. Specifically, we consider
here a situation where the environment changes specificity in both the host and in the
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parasite (see Model section). This means that the two alternative phenotypes of the
host interaction locus (resistance and susceptibility) as well as two alternative phenotypes of the parasite interaction locus (avirulence and virulence) are interchanged
under the influence of the environment. Under these circumstances, the interaction
model is given by (2.5). Based on the general results given in part I of ESM, one can
show that with fixed E coevolutionary cycles will ensue if and only if
0 < E < 1.

(2.12)

Fig. 2.3 shows simulation results for slowly and rapidly changing environments.
Fig. 2.3A shows cycling of allele frequencies in time when environment changes
slowly. E can therefore be considered as approximately constant in each time point,
which explains the resulting lack of coevolutionary dynamics for E = 0 and E = 1. As
the environment changes between the two extremes, the antagonism and specialism,
and hence the cycles, resume. Interestingly, as the environment changes between E1
and E2, the interaction model changes from the GFG into a MA-like model. In parE1
E2
ticular, for E = sE2
H /(sH + sH ) the host exactly undergoes the MA interaction given in
Table 2.1 with
sH =

E2
sE1
H sH
E2
E1
E2
2sE1
H sH − sH − sH

and the same reasoning applies to the parasite. Hence, a changing environment which
affects the specificity of a GFG interaction can induce negative FDS, thus explaining
the maintenance of polymorphism in the population.
Fig. 2.3B shows the dynamics for the case when environmental change is rapid
(i.e. changes every generation). Similarly to MA interactions, we can see that the
impact of environment can be sub-divided into a short-term effect and a long-term
effect. The long-term effect is determined by the geometric mean selection coefficients
over many generations, which again can be derived in analogy to the MA model
case (although now there are two coefficients per species; see ESM). The short-term
effect stems from the selection coefficients acting on each allele in each of the extreme
environments, thus changing every generation. In the case considered here, it can be
seen that the rapid allele fluctuations observed for the MA model are replaced by the
step-like fluctuations, suggesting that the short-term selection acting on them is unidirectional (see the small sub-figure in panel B). Such qualitatively different dynamics
are the consequence of the inherent asymmetry of the GFG model, where one observes
recurrent sweeps of the resistant and the virulent alleles. Since here, virulence and
resistance are phenotypes expressed solely in one of the environments, the periods
of increase are interrupted by periods of allele frequency stagnation. Finally, the
condition for the maintenance of polymorphism in stochastic environment can be
derived in the weak selection limit in analogy to condition (2.11); see part II of ESM.
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We analysed different impacts of environment on the GFG model and found that
polymorphism persists only if the specificity of interaction is altered in both species.
Similar conclusions can be drawn if one “inverts” the GFG model by assuming that
the matching does not yield resistance but infectivity. Such model typically represents pathogens that possess receptors mediating their enterance into their host (Fenton et al., 2009) but also in the interaction of plants with their necrotrophic parasites
(Stukenbrock & McDonald, 2009). In this case, a switch in specificity of selection in
both species is again required in order to yield evolutionary cycles. We also extended
our analysis to switches between different interaction models (see Figure S4 in ESM).
Even though the results depend on the interaction model considered, in each case the
analysis presented here can be repeated in order to examine the underlying dynamics. Overall, we have seen that if the environment affects the specificity of interaction
between the host and the parasite, the antagonism and hence coevolutionary dynamics can be affected in a way that is not to be expected from interactions obtained in a
constant environment.

2.4

Discussion

Using a simple mathematical model, we studied the impact of environmental changes
on coevolutionary dynamics between hosts and parasites. Our results show that when
environmental factors influence the specificity of G × G host-parasite interactions,
this can have profound effects on the coevolutionary dynamics. Most importantly,
temporal environmental changes can inhibit RQ dynamics where they would occur in
a stable environment (MA interactions) and trigger RQ dynamics where they would
not occur (GFG interactions). These effects can be understood through the notion of
effective selection coefficients, which clarify how both specificity and antagonism in
the host-parasite interaction can be affected by environmental change.
An important factor is the velocity of environmental change. If the environment
changes rapidly between the two extremes (e.g. every generation), then the impact
of the environment can be subdivided into a long-term and a short-term effect. The
long-term effect stems from the average of host and parasite selection coefficients
over many generations. This long-term selection acting on the populations is typically weaker than the selection defined in a single, constant environment. On the
other hand, the short-term effect stems from changes in selection coefficients from one
generation to another. This can produce rapid allele fluctuations, the amplitude and
direction of which depends on the difference in the relative selective pressure between
the two interacting species. As environmental changes become slower, the short-term
and the long-term effects will gradually merge together producing oscillations (or
lack thereof) increasingly similar to those observed for a constant environment (cf.
Fig. S1). When the environmental change is slow relative to the generation time,
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the coevolutionary dynamics are governed by an approximately constant interaction
model at each time point (see Fig. 2.1).
Our results have a number of interesting implications for studies of host-parasite
interactions. First, in populations that undergo G × G × E interactions with change in
the specificity of selection, the effective selection acting in a population may be weaker
than selection measured in constant environments. In particular, if strong selection
coefficients in a host-parasite interaction are measured in two different environmental
states, this does not necessarily mean that rapid coevolutionary dynamics – or any
dynamics – are to be expected when the environment changes between these two
states. There may be periods with slow allele frequency oscillations (due to weak
effective selection) or fixations of alleles (due to temporary loss of antagonism or
specificity) that alternate with periods of rapid allele-frequency change.
Our findings can also be viewed within the framework of the geographic mosaic
theory of coevolution (Thompson, 1994, 2005). This theory states that three processes
are primary drivers of coevolutionary dynamics: (i) a selection mosaic mediated by
genotype-by-genotype-by-environment interactions, (ii) the existence of communities
where selection may or may not be reciprocal, yielding evolutionary hot- and coldspots, respectively, and (iii) a dynamic genetic structure of the coevolving species
affected by gene flow, random genetic drift and other factors. Mathematical models
studying the geographic mosaic have mainly focused on the impact of spatial environmental heterogeneity on the coevolutionary process (see e.g. Nuismer et al., 1999;
Gomulkiewicz et al., 2000; Nuismer et al., 2000; Gavrilets & Michalakis, 2008; but see
also Nuismer et al., 2003 for an investigation of temporal environmental variability).
Here we have assumed that the sign and the magnitude of selection in host-parasite
interaction changes with temporal environmental variation within a coevolutionary
hot-spot. We have shown that in spite of an inherent antagonistic interaction, temporal environmental variation can remove the negative FDS where it would occur in a
constant environment (matching-alleles) and produce such selection where it would
not occur (costless gene-for-gene). As a result, the environmental change affecting
the direction of G × G interactions within a coevolutionary hot-spot may qualitatively
affect the coevolutionary host-parasite dynamics. It would be interesting to embed
our model into a spatial context and examine the impact of environmental change
affecting the specificity of host-parasite interactions in local coevolutionary hot-spots
on the global coevolutionary dynamics in a metapopulation.
Even though a sole change in the strength of selection can substantially affect the
speed of allele frequency change (see Fig. S5), our results show that it is the change
in specificity of selection that leads to most dramatic impact on RQ dynamics. Although the latter form of environmental impact might not be as empirically common
as assumed in this model, our study points to the importance of extensively characterising these interactions in natural host-parasite populations. At present, the scale of
occurrence of this latter type of environmental impact remains not well understood.
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Only three studies – one in a plant-aphid and the other in a bumblebee-trypanosome
system – have provided direct evidence for G × G × E interactions (Tétard-Jones et al.,
2007; Bryner & Rigling, 2011; Sadd, 2011). However, many studies have demonstrated
strong G × E interactions, i.e., environmentally induced switches in the specificity of
infection success of several parasite genotypes on a single host or vice versa (e.g., Blanford et al., 2003; Price et al., 2004; Mitchell et al., 2005; Fels & Kaltz, 2006; Lambrechts
et al., 2006a; Laine, 2007; Lazzaro et al., 2008; Vale et al., 2008; reviewed in Wolinska &
King, 2009). Importantly, none of these studies could reject the presence of G × G × E
interactions because either only a single host or only a single parasite genotype was
tested. Taking the available evidence for both G × G and G × E interactions together
and also taking into consideration that only a small fraction of genotypes and environmental conditions can be tested in experiments, it is to be expected that G × G × E
interactions are common in natural systems. Our study points to the importance of
extensively characterising such interactions in natural host-parasite populations.
Environmental change as studied here may also have implications for the maintenance of polymorphism in host-parasite systems that undergo the GFG type of interaction. One important property of the GFG model is that in the absence of costs
associated with the resistance allele in the host and the virulence allele in the parasite,
the virulence allele will become fixed in the parasite population and coevolutionary
dynamics cease. In the context of the GFG interactions the notion of costly resistance/virulence has been a subject of debate (Bergelson & Purrington, 1996; Sacristán
& Garcı́a-Arenal, 2008; Vila-Aiub et al., 2009), and a number of alternative explanations have been put forward (Damgaard, 1999; Salathé et al., 2005; Stukenbrock &
McDonald, 2009). Recently, it has been suggested that heterogeneous environments
affecting selection in host-parasite systems undergoing GFG interactions may serve as
yet another explanation for the persistence of polymorphism in natural populations
(Laine & Tellier, 2008). Here, we show that persistent coevolutionary cycles can indeed emerge in the absence of costs and spatial structure, provided that environment
affects the specificity of GFG interaction in both species.
We have deliberately kept the model as simple as possible, as this enabled us to obtain analytical solutions and provide intuitive interpretations of the simulation results.
We realise that this model is too simple to fit any experimental case of G × G × E interactions in host-parasite systems. However, we believe its simplicity may reveal basic
patterns of environmental impact on coevolutionary dynamics which might underlie the outcome of interactions in real host-parasite system with complex interaction
networks. Extending our model to include multiple loci, recombination, population
dynamics and life-history of both species, epistatic effects and potentially diverging
impact of different environmental factors on different loci would be a valuable future
task.
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Chapter 3
Transgenerational phenotypic change
and the patterns of antagonistic
coevolution
to be submitted as
Rafal Mostowy, Jan Engelstädter & Marcel Salathé
Transgenerational phenotypic change and the patterns of antagonistic coevolution.

Abstract
Antagonistic species interactions can lead to coevolutionary genotype or phenotype frequency
oscillations, with important implications for ecological and evolutionary processes. However,
direct empirical evidence of such oscillations is rare. The rarity of observations of oscillations is generally attributed to inherent difficulties of ecological and evolutionary long-term
studies, to weak or absent linkage between species, or to the absence of negative frequencydependence. Here, we show that another factor – transgenerational phenotype change, mediated for example by epigenetically inherited mechanisms – can completely eliminate oscillations even if only a small fraction of offspring are affected. We analytically derive the
threshold value of this fraction at which the dynamics change from oscillatory to stable, and
investigate how selection, mutation and generation times affect the threshold value. Given
increasing evidence of transgenerational effects on the outcomes of antagonistic species interactions, we suggest that these effects should be incorporated into ecological and evolutionary
models of linked species.
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3.1

Introduction

The phenotypes of species are generally assumed to be adapted to their environment
by natural selection. A change in an environment can therefore lead to an evolutionary change in phenotypes as species adapt to new circumstances. Environments
comprise both biotic and abiotic elements, and evolutionary change in one species is
often driven by evolutionary change in another species. Indeed, ecology is dominated
by species interactions such as predation, parasitism, mutualism and competition.
If species interactions are antagonistic (i.e. one species benefits at the expense of another), the resulting patterns of adaptation and counter-adaptation can lead to cyclical
dynamics typical of predator-prey or host-parasite systems. Understanding the causes
and consequences of such fluctuating population dynamics is crucial in a number of
biological phenomena, and particularly also in applied fields such as conservation
biology and pest management.
The population dynamics of antagonistic species interactions can be captured
with well-established models such as the Lotka-Volterra model, the Nicholson-Bailey
model, or the Red Queen model. The Red Queen model stands out as a coevolutionary model because it does not primarily focus on fluctuating population densities, but
rather on fluctuating genotype and phenotype frequencies of the interacting species.
The causes and consequences of fluctuating genotype and phenotype frequencies in
host-parasite, host-parasitoid and predator-prey interactions (Nuismer & Thompson,
2006) are increasingly well understood at least in two-species systems, but direct empirical evidence of long-term dynamics is rare (Schmid-Hempel, 2011), not at least
because long-term dynamics are inherently difficult to measure (Abrams, 2000; Little,
2002).
Phenotypic adaptations to changing environments need not be driven by natural
selection alone, because many phenotypes are plastic and can change due to adverse
environmental conditions, a property generally referred to as phenotypic plasticity.
Interestingly, phenotypic change can be stably transmitted across generations at various levels of specificity. Transgenerational induction of defences has been reported
in animals and plants (Agrawal et al., 1999; Agrawal, 2001; Poulin & Thomas, 2008).
The maternal transfer of antibodies in vertebrates is a well known phenomenon, and
in recent years, it has become clear that both vertebrates and invertebrates exhibit
transgenerational immunity (see Hasselquist & Nilsson 2009; Schulenburg et al. 2009
and references therein). In the context of host-parasite coevolution, one of the most
remarkable demonstrations has been given by Little et al. (2007) who have provided
evidence for strain-specific immunity transmitted from mother to offspring in Daphnia
magna infected with the pathogenic bacteria Pasteuria ramosa. Also, transgenerational
phenotypic inheritance of virulence traits has been demonstrated in the malaria parasite Plasmodium falciparum (Lopez-Rubio et al., 2007). In the microbial world, phenotypic switching has been reported both as a direct response to environmental change
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(Miller et al., 2004) and as a stochastic event (Acar et al., 2008) anticipating environmental change, and phenotypic states are often inherited stably across generations
(Lim & van Oudenaarden, 2007; Rando & Verstrepen, 2007).
Our goal here is to understand the effect of transgenerational phenotype switching on patterns of antagonistic coevolution. We develop a simple model where two
species (e.g. host and parasite) are interacting, and if their phenotypes match, the outcome of the interaction has negative fitness consequences for one species (host) and
positive for the other species (parasite). Assuming just two phenotypes per species,
we are purposefully agnostic about the nature of the phenotype (e.g. molecular, developmental, behavioral etc.) and about the underlying mechanism responsible for
transgenerational inheritance (e.g. epigenetic inheritance). In the absence of transgenerational phenotype switching, this model reduces to the most basic model of antagonistic coevolution exhibiting negative frequency dependence and resulting in the
classical Red Queen dynamics (i.e. oscillations of phenotypes). We find that transgenerational phenotype switching strongly affects cycling behavior typical of Red Queen
dynamics by dampening the phenotype frequency oscillations. In particular, very low
rates of transgenerational phenotype switching are sufficient to completely eliminate
the cycling behavior, and we derive analytical expressions of the threshold rate at
which this elimination occurs.

3.2

The Model

In order to understand how transgenerational phenotype switching affects the patterns of antagonistic coevolution, we consider a simple, discrete-generation, coevolutionary model of two species X and Y which interact antagonistically, e.g. hosts
and parasites or predators and their preys. Each species is represented as a haploid,
single-locus genotype with two possible alleles. The locus can be a genetic factor
(gene or genotype) encoding for a given phenotype, or simply a phenotype itself. The
two populations, X (host or prey) and Y (parasite or predator) thus carry two alternative phenotypes, ‘+’ and ‘−’, and the model tracks the frequency of each phenotype
in every generation. We assume both populations to be infinitely large and initiate
their phenotype frequencies at random. Coevolution of X and Y then proceeds for
11000 generations, and only during the last 1000 generations are the measurements
taken. At each generation, both species undergo selection and reproduce; the crucial
feature of the latter process is the ability to switch phenotypes due to antagonistic
interaction. The two steps are carried out as follows.
Antagonistic interactions induce fitness costs on both species: successful interactions come at a cost for species X while unsuccessful interactions come at a cost for
species Y. The resulting selection coefficients, sX and sY are summarized in Table 3.1.
During selection, the phenotype frequencies in the next generation are determined by
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rel. fitness
of species X
X+
X−

Y+
1 − sX
1

Y−
1
1 − sX

rel. fitness
of species Y
X+
X−

Y+
1
1 − sY

Y−
1 − sY
1

Table 3.1. The fitness values resulting from the antagonistic interaction between X and Y.

the fitness values given by the interaction model, as well as their frequencies in the
current generation. If x denotes the frequency of phenotype X+ , 1 − x the frequency of
phenotype X− , y the frequency of phenotype Y+ and 1−y the frequency of phenotype
Y− , then the frequencies after selection will read
sX x(1 − x)(1 − 2y)
,
1 − sX [xy + (1 − x)(1 − y)]
sY y(1 − y)(1 − 2x)
y0 = y −
;
1 − sY [x(1 − y) + (1 − x)y]
x0 = x +

(3.1)

(see e.g. Gavrilets & Hastings, 1998).
During reproduction, each species is assumed to produce offspring of the same
phenotype unless phenotypic switching, either induced or stochastic, occurs. Induced
switching is caused by the antagonistic interaction which is detrimental for one of
the species, and thus by phenotype matching for species X and by phenotype nonmatching for species Y. Each species transmits the opposite phenotype to the next
generation with a given probability (αX for species X and αY for species Y). The
frequencies after such process will read
x 00 = x 0 + αX (1 − x 0 − y 0 )
y 00 = y 0 + αY (x 0 − y 0 ).

(3.2)

In contrast, stochastic switching occurs independently of antagonistic interaction, and
happens with probability µX in species X and µY in species Y, hence the frequencies
after mutation read
x 000 = (1 − µX )x 00 + µX (1 − x 00 )
y 000 = (1 − µY )y 00 + µY (1 − y 00 ).

(3.3)

In order to avoid extinction of one of the phenotypes, we generally assume that µX =
µY = 10−8 , unless mentioned otherwise.
Finally, we allow for asymmetry in the generation time between the two species
by defining parameter g, which denotes the number of generations that species Y
undergoes in a single generation of species X. During one generation of Y, a fraction
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1/g of the population X is updated according to the equations given above, while
the fraction 1 − 1/g remains unchanged. This process is then repeated g times, and
the resulting frequencies x 000 and y 000 yield the phenotype frequencies after an entire
generation of species X (Kouyos et al., 2007a). By default, we assume g = 1 unless
mentioned otherwise.

3.3

Results

It is generally expected that antagonistic interactions can result in cyclic allele frequency dynamics, reflecting a continuing arms race between the two species (Woolhouse et al., 2002). In the absence of transgenerational phenotype switching (αX =
αY = 0; see top panel in Fig. 3.1A) our model reveals such pattern. In this situation, if
the common phenotype of species X (say X+ ) is more likely to interact antagonistically
with the corresponding matching phenotype of species Y (say Y+ ), then phenotype X−
has a selective advantage causing a gradual increase of the frequency of X− and a decrease of the frequency of X+ . Such change will in turn drive the frequency change in
species Y by selecting for phenotype Y− . These oscillations are expected to continue
indefinitely, unless mutation rate is low, in which case fixation or extinction of one of
the two phenotypes occurs.
Consider now a situation where induced phenotypic switching is possible in a
single species. Fig. 3.1B-C shows the impact of such a process on the frequency
dynamics between species X and Y. We see that as the switching rate increases in
species X (αX > 0, αY = 0), the cycles become faster and of lower amplitude (Fig.
3.1B and D) eventually leading to a stable state (x∗ , y∗ ) = (1/2, 1/2); (Fig. 3.1C). This
happens when the switching rate αX exceeds a certain threshold value, α∗X , such that
when αX < α∗X the cycles are maintained (even though with altered amplitude and
frequency), and when αX > α∗X , cycles dampen and reach a stable equilibrium.
When induced switching occurs in both species (αX = αY = α > 0), we continue
observing the effect, but note two important differences. First, the threshold at which
stable oscillations vanish is lower compared to the situation where αY = 0. Second,
for sufficiently high values of α oscillations reemerge. This phenomenon can be seen
in Fig. 3.1D-E, where the amplitude and the speed of cycles are measured for the two
cases mentioned. These results thus illustrate that (a) induced switching in general
can fundamentally affect the oscillatory dynamics in the system, an (b) the effect of
induced switching in both species affects the phenotypic frequency dynamics more
strongly than when such switching is observed only in one species.
Interestingly, the nature of cycles for low and high levels of induced switching
is very different. In the case of αX = αY = 0, the oscillatory behaviour will persist
due to time-delayed negative frequency-dependent selection (being rare is advantageous, being common is disadvantageous), whereas for αX = αY = 1 oscillations will
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Figure 3.1. Impact of induced phenotypic switching on the cyclic phenotype frequency dynamics. (A): Coevolutionary dynamics between antagonistic phenotypes are predicted to continue indefinitely when no induced switching
occurs (α = 0). (B): When induced switching occurs but at a low rate (0 < α < α∗ ), cycles also continue indefinitely
but at a lower amplitude and higher speed. (C): When the switching rate exceeds a threshold value α∗ , cycles begin
to dampen and reach a stable equilibrium. (D-E): When switching occurs in a single species only (blue line), cyclic
behaviour is lost above the threshold value and never regained for α > α∗ . In contrast, when switching occurs in
both species (violet line), cycles are lost already at lower rates α but can reemerge for higher values of α. The reemergence of phenotypic oscillations at high rates of switching is due to artificial “mirror dynamics” between species X
and Y (see Results). The following parameter values were used: (A-C) sX = 0.1, sY = 0.5, α = αX , αY = 0,
(D-E) sX = sY = 0.9; (B) α = 0.015, (C) α = 0.03. Period is defined as a number of generations during which the
phenotype frequency cycles around to its original state.

occur even in the absence of a selective force. The reason for this is that the latter
situation represents the case where the phenotype frequency of one species in the
next generation will be fully determined by the frequency of the phenotype of the
other species. This will result in one species being constantly adapted to the other
species population in the previous generation. However, since the other species does
exactly the same, the two species will constantly cross-react even in the absence of
any evolutionary force, leading to oscillatory “mirror dynamics” (see Discussion).
Regardless of whether induced switching is observed in both or just one species,
its impact will depend on the strength of selection. In order to quantify this effect, we
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derive an analytical expression for the stability of cyclic behaviour as a function of αX ,
αY , sX , and sY (see Appendix). This allows us to find the exact values of switching
rates for which the cycles will disappear or reemerge, given the selection coefficients
sX and sY in species X and Y, respectively. Fig. 3.2A and B show the analytically calculated parameter areas of induced switching space where oscillations will continue
indefinitely, for two scenarios of selection. Fig. 3.2C and D show the minimum and
maximum values of αX = αY between which there are no oscillations. First, we see
that increased selection pressure allows for higher levels of induced switching without annihilating the cyclic dynamics. Second, we generally observe the predominance
of areas where no cycles are expected: unless selection is exceptionally strong in both
species, cycles will be lost at very small (and regained at very high) levels of induced
switching. Overall, these results suggest that the impact of transgenerational phenotypic switching on the observed frequency dynamics can be surprisingly powerful.

Stochastic switching can also destroy cyclic frequency dynamics. This is illustrated
in Fig. 3.3A (panels A1 and A2). As the stochastic switching rate µ increases, whether
in a single species (µX = µ and µY = 0) or in both species (µX = µY = µ), the threshold
induced switching rate decreases (i.e. even lower induced switching rates can destroy
the cyclic frequency behaviour). The figure also shows that while stochastic switching
rates as high as µ = 10−1 can visibly affect the threshold induced switching rates,
values µ 6 10−2 will only have a small or negligible effect on the results shown earlier.
This is not surprising: it has been known for a while that high mutation rates in hostparasite coevolution decrease the amplitude of genetic allele frequency oscillations,
and that when such rates are high enough, stable equilibrium can be reached (see
e.g. Nee, 1989 and references therein). However, as the genetic mutation rates are
typically very small, they are not expected to cause any dampening effects in natural
populations. Stochastic switching rates, however, can be orders of magnitude higher
(Acar et al., 2008).

Finally, we examined the effect of asymmetric generation times between species
X and Y (Fig. 3.3B), a situation that is certainly to be expected in host-parasite systems, and not uncommon in host-predator systems. We see that increased speed of
adaptation of species Y effectively lowers the induced phenotypic switching rate at
which the cycles are lost. Interestingly, in this case the oscillatory “mirror dynamics”
described above do not emerge for very high values of αX and αY . This is because
when one of the species (here Y) evolves faster, the symmetry of these dynamics is
violated: species Y will always react more quickly, thereby immediately adapting to
the other species.
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Figure 3.2. Impact of the strength of selection on the persistence of cyclic phenotype dynamics. (A-B): The persistence
of phenotype oscillations (black regions) is typically achieved for low and high values of induced switching rates
αX = αY and disappears for intermediate rates (white regions). When the switching rates become asymmetric
(αX 6= αY ), the cyclic dynamics will be more common at low switching rates and less common at high switching
rates. (C-D): Increased selective pressure sX and sY allow for more induced switching without destroying the
oscillatory behaviour. In particular when the rates are equal in both species (αX = αY ), increasing selection in both
species will result in a higher switching rate at which cyclic dynamics are lost (C), and a lower switching rate at which
cyclic dynamics are regained (D). Results were obtained by the use of analytical model in the absence of mutation;
oscillations were predicted based on the stability analysis (see Appendix). The following selection coefficients were
assumed: (A) sX = 0.1, sY = 0.5, (b-D) sX = sY = 0.9.

3.4

Discussion

Antagonistic coevolution is pervasive in nature, and oscillatory dynamics are generally thought to be one of if its key signatures. The stability of this pattern is of
fundamental importance in biology because the dynamics of phenotypes and genotypes are central to evolutionary and ecological processes. Furthermore, the absence
of oscillations could be interpreted as the absence of an antagonistic interaction. We
have shown here that in a simple model of antagonistic coevolution between two
species, transgenerational phenotypic switching, whether environmentally-induced
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Figure 3.3. Impact of stochastic phenotypic switching and asymmetric generation times on the persistence of phenotype oscillations. (A1-A2): Similarly to induced phenotype switching, stochastic phenotype switching tends to
destroy cyclic phenotype oscillations. Thus, higher rates of stochastic switching decrease the parameter space
0 6 αX , αY 6 1 where phenotype oscillations persist. This effect is stronger if both species undergo stochastic
switching (A2) than if only one species undergoes stochastic switching (A1). (B): When one of the species (here Y)
has a shorter generation time than the other species (X), cyclic phenotype dynamics are lost for lower induced switching rates αY . Additionally, faster evolution of one of the species eradicates the “mirror dynamics” (cyclic behaviour
for high induced switching rates). The following parameter values were used: sX = 0.9, sY = 0.9, (A1-A2) µX = µ,
µY = 0, (B) µX = µY = µ. Threshold amplitude at which cycles are considered non-existent is 0.5 × 10−2 .

or stochastic, can have a dramatic effect on the patterns of antagonistic coevolution.
Minimal levels of induced switching can completely eliminate oscillatory dynamics
and result in stable frequencies. This therefore suggests that even in the presence
strong links between the two species (i.e. strong selection, high specificity, etc.), antagonistic coevolution need not result in fluctuations of genotypes and phenotypes.
We have identified three parameters that affect the threshold level of induced
switching at which cycles disappear. The first is the strength of selection in an an-
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tagonistic species interaction. For the threshold level to be high, both species need to
suffer large fitness costs. Parasites may indeed pay such costs because their reproduction often depends on a successful antagonistic interaction with a host (see e.g. King
et al., 2011). The same may be said for prey species, but they may very well be able
to reproduce before being predated, avoiding the most serious fitness costs. On the
other hand, while both hosts and predators suffer fitness costs from being infected,
or not being able to predate, their costs are arguably much lower. Second, any increase in g, the number of generations of the faster evolving species (e.g. the parasite)
per generation of the other species (e.g. the host), reduces that threshold value. This
is particularly relevant in the case of microparasites whose generation times can be
many orders of magnitude shorter than that of their hosts. Finally, stochastic events
affecting phenotypic switching also reduces the threshold value. As stochastic switching events are increasingly being discovered in the microbial world, this effect might
again be most relevant in the case of host-parasite interactions.
What makes the cycles disappear? Fundamentally, cycles depend on time-lagged,
negative frequency-dependent selection (see e.g. Bell, 1982). Any factor that acts to
reduce the time-lag will act to reduce the amplitudes of cycles. In the absence of
transgenerational phenotypic switching, the speed at which the rare phenotype with
a fitness advantage will increase in frequency depends on the strength of the antagonistic interaction. Lower fitness costs, higher discrepancy in generation times (i.e.
higher g) and higher mutation rates all act to reduce the realised strength of interaction. For example, fast evolution in one species can lead to dampened cycles, masking interactions such that even though two species might be tightly linked (i.e. under
strong selective pressure), the realized strength of interaction is low, and cycles are
strongly dampened (Yoshida et al., 2007). In the presence of transgenerational phenotypic switching, there is limited scope for selection to reduce the frequency of the
disadvantaged (common) phenotype; for example when induced switching occurs,
counter-adaptation occurs instantly at rate α, without the action of natural selection.
A more formal way to describe this phenomenon is to realize that under selection,
the change of phenotype frequency in a single generation in one species, say X, depends on the variance of phenotype frequencies, x(1−x). This leads to a certain inertia
characteristic of natural selection that produces the time-lags in counter-adaptation
and thus the cyclical dynamics. Imagine a very common phenotype of X that is confronted with its equally common matching phenotype of Y, reducing its fitness. While
this is obviously detrimental to this phenotype, the change in x in the next generation
will be relatively small (assuming that population size does not affect relative fitness)
because individuals with this phenotype are mostly competing against individuals
of the same phenotype (see upper right and lower left corners of Fig. 3.4A). Under
induced switching, however, this is not the case: under the same scenario, the change
in x does not depend on the variance in phenotypes frequencies – a proportion α of
the common X phenotype that is matched by Y will immediately switch to the other
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phenotype in the next generation (which is why the arrows are so much longer in the
corners of Fig. 3.4B). As a consequence, the time-lag will be reduced and oscillations
of phenotype frequencies x will gradually vanish. Similarly, high levels of stochastic
switching will destroy oscillations in phenotype frequencies (Fig. 3.4C).

Figure 3.4. Impact of the three evolutionary forces of our model on the change in phenotype frequency x and y
during a single time step, as given by equations (3.1), (3.2), and (3.3). The beginning and end of each arrow marks the
phenotype frequencies before and after the respective step. As can be seen, selection tends to produce oscillations,
whereas both induced and stochastic phenotypic switching tend to dampen these oscillation. Parameters used are
(A) sX = sY = 0.5, (B) αX = αY = 0.2, and (C) µX = µY = 0.1.

Overall, one of the most striking findings of this study is just how little transgenerational phenotypic switching, especially interaction-induced, is necessary to completely eliminate cycles. One is tempted to speculate that such a process could be
one of the reasons why evidence of dynamic polymorphisms is so rare, apart from
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the fact that long-term observations are difficult (Little, 2002). On the other hand,
there are a number of caveats to consider. First, evidence for transgenerational phenotype switching as envisioned in this model is still rare, despite the fact that the
number of demonstrations of strain- or pathogen-specific immunity has been steadily
increasing. Second, not every type of induced switching fits the implementation in
our model. For example, maternal transfer of antibodies can make the offspring resistant to a pathogen strain encountered by the mother, but it does not come at the
cost of becoming susceptible to another strain. However, such a tradeoff assumption
is necessary for oscillations to appear in the first place – the model simply argues
that if these tradeoffs do exist such that oscillations could be expected all else being equal, then phenotypic switching can dampen the oscillations altogether. Third,
to what extent phenotype switching is stable across generations is currently largely
unknown, and its adaptive value is an open question as well. Fourth, antagonistic
fitness interactions are often resulting in fluctuating population densities, which may
affect themselves evolutionary dynamics (Abrams, 2006; Yoshida et al., 2007; Mougi
& Kishida, 2009; Mougi & Iwasa, 2010; Mougi et al., 2011). In order to understand
the nature of the dynamics of phenotype frequency oscillations, we have purposefully
ignored such population dynamics. Furthermore, how these results extend to complex communities of multiple species currently remains unknown. Finally, costs of
induced switching may reduce its dampening effects. However, for such a reduction
to occur, the cost would need to be paid only by those individuals who are actually
switching – a general cost of maintaining a sensory mechanism for an antagonistic interaction, for example, would not suffice since every individual would pay the same
cost, and relative fitness would not be affected. Our simulations (data not shown)
indicate that costs of realized switching do indeed counter the effect, but they would
have to be extremely high in order to have a qualitative effect on the dynamics of the
system.
Environmentally induced phenotypic change that is stable across generations has
recently been demonstrated in a number of cases, many of them involving stable
epigenetic modifications (Kaufmann et al., 2007; Jablonka & Raz, 2009). Given the
recent advances in this field, we expect many more demonstrations of these phenomena, and we see no obvious reason why they should not be observed in the realm of
antagonistic interactions, especially that all species are likely to suffer severe fitness
consequences if they are at the losing end of these interactions.

Part II
Antagonistic coevolution and sex
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Abstract
Host-parasite coevolution has been studied extensively in the context of the evolution of sex. Although
hosts typically coevolve with several parasites, most studies considered one-host/one-parasite interactions. Here, we study population-genetic models where hosts interact with two parasites. We find
that host/multiple-parasite models differ non-trivially from host/single-parasite models. Selection for
sex resulting from interactions with a single parasite is often outweighed by detrimental effects due to
the interaction between parasites if coinfection affects the host more severely than expected based on
single infections, and/or if double infections are more common than expected based on single infections. The resulting selection against sex is caused by strong linkage-disequilibria of constant sign that
arise between host loci interacting with different parasites. In contrast, if coinfection affects hosts less
severely than expected and double infections are less common than expected, selection for sex due to
interactions with individual parasites can now be reinforced by additional rapid linkage-disequilibrium
oscillations with changing sign. Thus, our findings indicate that the presence of an additional parasite
can strongly affect the evolution of sex in ways that cannot be predicted from single-parasite models,
and that thus host/multi-parasite models are an important extension of the Red Queen Hypothesis.
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4.1

Introduction

Sexual reproduction, here broadly defined as the production of offspring by recombining random sets of genes from the parents, remains one of the main conundrums
of evolutionary biology. Although sexual reproduction is widespread in nature, its
evolutionary benefit still remains debated. For a long time, the reasoning has been
that it enhances genetic variability, and hence allows evolution to proceed faster than
in a non-recombining population. Whilst this argument is intuitive, it can be demonstrated that recombination does not always promote variability and variability in turn
need not be beneficial (Otto & Lenormand, 2002). Moreover, sex involves fitness costs,
such as the twofold cost of sex in anisogamous species, implying that asexually reproducing organisms possess an immediate advantage over the sexually reproducing
ones (Maynard Smith, 1971; Lloyd, 1980).
In response to these problems, a number of theories have been proposed in the past
decades. One of the most prominent theories is the Red Queen Hypothesis (RQH)
(Jaenike, 1978; Bell, 1982; Hamilton et al., 1990). It proposes that recombination may
be advantageous when interacting species, such as hosts and their parasites, evolve in
an evolutionary arms race. In such situations, mixing of parental genes may provide
an evolutionary advantage to the offspring due to the production of novel genotypes
that escape the coevolving parasite species. In host-parasite systems, the probability
of a host becoming infected by a certain parasite depends to a large extent on the
genotype of the two species. Host-parasite systems are thought to have an inherent
tendency to lead to coevolutionary dynamics characterised by fluctuating selection
in both species (Jaenike, 1978; Hamilton, 1980; Nee, 1989). A parasite genotype in a
population of mostly susceptible host genotypes will quickly increase in frequency.
After some time, novel genotypes in the host species may occur that are resistant, and
thus disproportionately fit. This will lead to an increase of the novel host genotypes
until the cycle begins anew, with the evolution of a parasite genotype able to attack the
novel host genotype. Such dynamics may in principle continue for many generations,
leading to a constant battle between the two species.
Population genetic models have shown that the coevolution between species may
produce fluctuations in linkage disequilibria, which in turn can cause fluctuations
in epistasis by favouring different genotypes at different times. As a consequence
of this process, the oscillating epistasis and linkage disequilibria can be of opposite
signs resulting in a possible advantage to recombination (the so-called short term
effect, see e.g. Hamilton 1980; Barton 1995; Peters & Lively 1999). At the same time,
recombination may also increase phenotypic variance in fitness and be selected for
because it increases the selective response to directional selection (the so-called long
term effect). Which of these effects predominates in the RQH is currently debated
(Peters & Lively, 2007; Salathé et al., 2008a, 2009).
In recent years, the RQH has gained a substantial amount of support. Experi-
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mental studies have focused on the verification of the above assumptions in natural
populations and tests of the RQH in general (Lively, 1987; Dybdahl & Lively, 1998;
Carius et al., 2001; Fischer & Schmid-Hempel, 2005), whilst theoretical approaches
attempted to specify the precise conditions under which the RQH works. In particular, it has been argued that linkage disequilibria (LD) and epistasis should change
sign every few generations for recombination to be beneficial (Barton, 1995; Peters &
Lively, 1999; Gandon & Otto, 2007). Salathé et al. (2008b) demonstrated that selection imposed by parasites on the host population need not be strong as long as the
fitness costs for parasites that fail to infect their host are severe. Furthermore, the
importance of the precise type of interactions has been the focus of attention of many
studies (Agrawal & Lively, 2002; Otto & Nuismer, 2004; Kouyos et al., 2007a), which
showed that epistatic interactions between loci of coevolving species are essential for
the RQH to work.
With few exceptions (Hamilton et al., 1990; Otto & Nuismer, 2004; Kouyos et al.,
2009b), essentially the entire literature on the RQH focuses on the coevolution of host
populations with a single parasite, and the role of coevolution with multiple parasites
simultaneously has been largely ignored. Moreover, the studies that have addressed
this problem reach contradictory conclusions about whether sexual reproduction is
beneficial in multi-parasite systems. The study by Hamilton et al. (1990) suggests
that host/multiple-parasite systems tend to select for sex, albeit it does not allow to
assess where the beneficial effect comes from because the role of individual factors
cannot be disentangled. It is therefore unclear whether the observed selection for
sex is a consequence of the interactions with additional parasite species per se or
whether it is due to something else. Otto & Nuismer (2004) argue that in host/multiparasite models the change in frequency of a modifier allele is the sum of changes
induced by each of the n independently acting parasites. However, the result is based
on a number of assumptions (quasi-linkage equilibrium approximation assuming, for
example, weak selection and epistasis), and it remains unclear whether their result can
be extrapolated to the coevolutionary systems with epistatic interactions and strong
selection. Finally, a recent study by Kouyos et al. (2009b) shows that host/multipleparasite systems can yield parameter areas of strong selection against sex caused
by strong LDs of constant sign. Importantly, the model proposed by Kouyos et al.
considers only interactions between the two parasites and ignores all within-parasite
interactions. However, according to some previous work on the RQH, such within
interactions are likely, under certain conditions, to lead to selection for sex (Peters &
Lively, 2007; Salathé et al., 2008b) and it is not clear if/how such interactions could
affect the result. In addition, all studies mentioned above have assumed that the entire
host population is either simultaneously infected by both parasites or not infected
at all, an assumption which in reality might not always be justified. As a result,
the theoretical host/multiple-parasite literature offers contradictory predictions as to
whether sexual reproduction is beneficial in such systems or not.
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Nevertheless, the biological relevance of coevolution with multiple parasites is in
our view indisputable (for reviews see Petney & Andrews 1998; Cox 2001; Woolhouse
et al. 2002). Many studies can be found that document coinfection by many parasites
being common in plants, animals and humans (Baird, 1951; Stirnadel & Ebert, 1997;
Petney & Andrews, 1998; Sorensen & Minchella, 1998; Brogden & Guthmiller, 2002;
Hood, 2003). Moreover, hosts may be simultaneously coinfected by multiple strains
of one parasite species (Read & Taylor, 2001).
In this study, we aim to examine the impact of a host’s exposure to two parasite
species on the evolution of sexual reproduction in the host. To do this we extend
the standard population genetic host-parasite models by allowing hosts to interact
with another parasite. In this way we attempt to reconcile two apparently conflicting
observations. On the one hand, if selection for/against sex by multiple parasites is
expected to be additive under certain conditions (Otto & Nuismer, 2004), then, in a
parameter range for which sex is beneficial in host/single-parasite systems (Salathé
et al., 2008b) one might expect twice the selection for sex if two parasites are present.
On the other hand, interactions between parasites might lead to other populationgenetic effects that can disfavour increased recombination rates (Kouyos et al., 2009b).
In order to address this issue, we examine the impact of these factors on the evolution
of sex across a wide range of parameter space, and dissect factors selecting for and
against sex. We find that due to interactions between the two parasites, both on the
genetic and the population level, the host/multi-parasite models differ non-trivially
from the single parasite models, and that the effect of coevolution with two parasites
generally cannot be predicted solely on the basis of the single parasite effects.

4.2
4.2.1

The Model
General construction

In order to investigate the role of sex in host/multiple-parasite systems, we extend the
standard host-parasite models used in the literature (Otto & Nuismer, 2004; Kouyos
et al., 2007a; Salathé et al., 2008b) to allow for two parasite populations interacting
with the host population, such that the host can, with a given probability, be infected
by either only one of the two parasites or simultaneously by both. For the sake of
simplicity, we consider a deterministic model in which selection acts in the haploid
phase. Hosts reproduce sexually with a random partner, whereas pathogens reproduce clonally. The model assumes that the host genome has five biallelic loci arranged
in the following order: PPMQQ (variations of such order of loci are considered in Fig.
S5 in the supplementary material). The two P loci determine the genetic interaction
between the host and the parasite species p, and the two Q loci determine the genetic
interaction between the host and the parasite species q. The locus M is a recombina-
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tion modifier locus, which determines the host recombination rate and is selectively
neutral. Assuming two modifier alleles m and M, there will be three possible combinations of these alleles during the diploid phase of reproduction, resulting in three
recombination rates per genome: rMM , rMm , and rmm . In general we assume that
rMM > rMm > rmm .

(4.1)

To account for the fact that parasites typically have considerably shorter generation time than their hosts we introduce a parameter npg , which denotes number of
parasite generations per host generation. We also assume that a fraction fp of the
host population is infected with only parasite species p, a fraction fq is infected with
only parasite species q, and a fraction fpq is infected with both parasite species p and
q. We further denote the genotype frequencies for the host of genotype a by fh
a , and
pi
frequencies of the parasite of species p or q and genotype b by fb , where pi = {p, q}.
The host and each of the parasite populations is initiated in linkage equilibrium with
random allele frequencies, except that all hosts have initially allele m, and thus recombine at the rate rmm . After a burn-in-phase of 1000 host-generations, a modifier-phase
begins and a mutant allele M is introduced randomly into 50% of the host population;
coevolution continues for another 1000 host-generations after which the frequency of
the M allele, ffinal
M , is recorded. The increase (decrease) in this final frequency with
respect to the initial frequency of 50% is used as the measure of selection for (against)
sex. For all simulations shown, unless stated otherwise, we set the recombination
rates rMM = 0.10, and rMm = rmm = 0. For this choice of recombination rates there
is no genetic exchange between the genomes carrying allele M and m. This parameter setting describes the competition between the sexual and asexual clones, or more
precisely, the type of linkage modifier and the selected loci that occurs when sexual
and asexual clones compete; see also Salathé et al. (2008a). (The results for higher
recombination rates are shown in Fig. S2 in the supplementary material.) Finally, we
assume the mutation rate to be µ = 10−5 per locus per generation, the population
size to be infinite, and the host-parasite generation ratio to be npg = 2 (unless stated
otherwise).
Each reproduction cycle in the host consists of three steps: recombination R, selection Sh , and mutation Mh . In the parasites, a reproduction cycle consists only of
selection Spi and mutation Mpi as we assume that parasites do not recombine. The
recombination step assumes a single cross-over event at a random location, and the
mutation step assumes that the probability of a forward mutation is the same as that
of a backward mutation (for a more detailed description of these two steps see Kouyos
et al. 2006).
The selection step takes into account all interactions between the host and parasite
populations. The effect of these interactions on the host is defined in three arrays:
h|p
h|q
wij , which represents interactions with a single parasite p, wik , which represents
h|pq
interactions with a single parasite q, and wijk , which represents interactions with
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both parasites p and q, respectively. The arrays give the fitness of the host of genotype i when attacked by genotype j of pathogen species p and/or by genotype k of
pathogen species q. The fitness of the host genotype i is then
wh
i

= (1 − fp − fq + fpq ) + (fp − fpq )

4
X

h|p

wij fpj

j=1

+ (fq − fpq )

4
X

4
X

h|q

wik fqk + fpq

k=1

h|pq

wijk fpj fqk .

(4.2)

j,k=1

The fitness effect of the host on each parasite population is taken into account by
pi
the use of the fitness interaction matrices wji
, which specify the fitness value of the
parasite pi = {p, q} of genotype j when infecting the host of genotype i. In analogy
to the previous case, these arrays should be summed over the frequencies of all the
species that affect the calculated fitness. Thus, the fitness of the two parasite species
is obtained by
32
X
pi
pi h
wj =
wjk
fk ,
(4.3)
k=1

Finally, the frequencies after selection are given by
Sh [fh
i] =

wh
i h
f ,
w̄h i

Spi [fpj i ] =

wpj i pi
f ,
w̄pi j

(4.4)

where the bar indicates the mean fitness, and again pi = {p, q}.
The host and parasite populations are updated simultaneously. In particular, at
every parasite generation, a fraction fp + fq − fpq of hosts and all parasites undergo
viability selection. During that time, a fraction of 1/npg hosts reproduces (mutation
and recombination) as well as all parasites (mutation only). Thus, our model captures
the following essential features of host-parasite systems: (i) that parasites reduce the
viability of their host, (ii) that typically not all hosts in the population are infected by
a parasite at all times (fp + fq − fpq < 1), (iii) that hosts often have overlapping reproductive generation times, and (iv) that parasites typically have shorter generation
times than their hosts (npg > 1). Note that the npg = 1 scenario corresponds to the
reproductive scenario case considered by many authors previously, with the exception that we make the realistic assumption that not all hosts interact with a parasite.
Mathematically speaking, the host and parasite frequencies from parasite generation
t to t + 1 are updated as follows:





 h h

1
1
h
h
h
1−
f (t) +
R M [fi (t)]
fi (t + 1) = S
npg i
npg


(4.5)
fpj i (t + 1) = Spi Mpi [fpj i (t)]
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where R, Mh , Sh denote the successive application of the recombination step, the
mutation step and the selection step in the host population, respectively. Likewise,
Mpi , Spi denote the successive application of the mutation step and the selection step,
respectively, in any parasite population.
In order to quantify selection on the modifier, the frequency of the M allele is
measured at the end of the simulation (i.e. after 1000 host-generations of the burnin-phase and 1000 host generations of the competition between the M and m allele,
referred to as the modifier phase) for selection coefficients ranging from 0.01 to 0.99
with 0.01 gradation. As interaction between the host population and the two parasite
populations is a function of four parameters {sP1 , sP2 , sH1 , sH2 }, we assume (unless
stated otherwise) that both parasites have equal virulence, namely sH1 = sH2 = sH ,
and are equally affected by the host, i.e. sP1 = sP2 = sP . For simulations that do
not assume symmetry between interactions with the two parasites please refer to the
supplementary material (Fig. S4) .

4.2.2

Interactions

A central aspect in describing host/multiple-parasite systems is the way in which the
species interact with each other. One of the fundamental assumptions of the RQH is
that fitness is affected by genetic combinations of the coevolving species. In particular,
if a parasite species pi manages to infect a host, it decreases the host fitness by sHi .
On the other hand, if the parasite fails to infect the host, its fitness is decreased by the
amount sPi .
number of matched alleles
GI
MMA
host fitness
MA
OMA
GI
MMA
parasite fitness
MA
OMA

0
1
1
1
1
1 − sPi
1 − sPi
1 − sPi
1 − sPi

1
(1 − sHi )1/2+w
(1 − sHi )1/2
1
1 − s Hi
(1 − sPi )1/2−w
(1 − sPi )1/2
1 − sPi
1

2
1 − s Hi
1 − s Hi
1 − s Hi
1 − s Hi
1
1
1
1

Table 4.1. Epistasis within parasite. The interactions within each parasite population of genome of length 2. The
parameter w ∈ [−0.5, +0.5] denotes the within-epistasis coefficient, and sHi and sPi are the virulence of ith
parasite population, and selection imposed on the ith parasite population, respectively. The parasite fitness values
are independent of each other.

In general, RQH models assume that the efficacy of infection is proportional to the
degree by which the host and parasite genotypes are matched; the more the genotypes
match, the more severe the infection is. In our model, the interactions between host
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and each parasite species are taken into account by the use of a generalised interaction
model (GI, see Table 4.1). This model depends on the number of matched alleles
between host and parasite, and a parameter w , which determines the strength of
epistasis between host loci on which the parasite acts. The non-epistatic model, also
known as the multiplicative matching allele model (MMA), is retrieved for w =
0. (Note that this model is non-epistatic only in the sense that there is no built-in
epistasis, as the actual epistasis can arise through linkage disequilibria in the parasite
populations.) The fully epistatic models, namely the matching allele (MA) model
and the opposite of MA (OMA) are obtained for the maximal values of w , namely
w = −0.5 and w = 0.5, respectively. The fitness values corresponding to each
interaction pattern are shown in Table 4.1.
Another fundamental aspect regarding the interactions in a multi-parasite species
model is the way in which the parasite species interact together. The simplest assumption is that the overall fitness cost on the host is the product of the fitness costs
due to each parasite population individually. This implies that there are no epistatic
interactions between the two parasite populations. If, on the other hand, coinfection
by two parasite species is more or less detrimental for the host than expected on the
effects of each parasite species individually, then these are deviations from the multiplicative scheme, and hence epistasis. We define here a between-parasite epistasis
parameter b , which denotes the strength of the deviation from multiplicativity of the
parasite effects on the host. Table 4.2 describes the effect of coinfection based on the
parameter b .

host fitness (GI)

no infection
1

single infection
1 − s Hi

coinfection
[(1 − sH1 )(1 − sH2 )]1−b

Table 4.2. Epistasis between parasites. The interactions between the two parasite populations and their effect on
host’s fitness. In the case of a single infection, the host fitness is decreased by the quantity sHi . In the case of
coinfection, the multiplicative effect of the two parasite species is less (b > 0) or more (b < 0) detrimental for the
host.

Finally, we describe a third way of interaction in a multi-parasite model: the fraction of hosts exposed to both parasite populations fpq might be higher or lower than
expected on the basis of products of single infection ratios, fp and fq . In other words,
a double infection might be more likely than expected on the basis of individual
parasite frequencies, i.e. fpq > fp fq , or a double infection might be less likely than
expected on the basis of individual parasite frequencies, i.e. fpq < fp fq . For that purpose, we define a parameter δfpq which describes the deviation from the expected
rate of double infection such that
fpq = fp fq + δfpq .

(4.6)

Hence, δfpq > 0 corresponds to an excess of double infections in the host population,
and δfpq < 0 corresponds to an underrepresentation of double infections in the host
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population. The condition of non-negativity of infection rates yields the following
constraint on δfpq :
− min [(1 − fp )(1 − fq ), fp fq ] 6 δfpq 6 min [fp (1 − fq ), (1 − fp )fq ] .

(4.7)

Thus, our model represents a generalised version of the standard host-parasite models
in the literature. In particular, it generalises the interaction between the two parasites
considered in Kouyos et al. (2009b), where host coevolving with the two parasites
could never be infected only by one parasite (here obtained by setting fp = fq = f,
δfpq = f − f2 ), but it also generalises the multi-parasite species case considered in Otto
& Nuismer (2004), where the results were derived for the case of independence of the
two parasites (here obtained by setting fp = fq = 1, δfpq = 0).

4.2.3

High complemenatarity behaviour

Kouyos et al. (2009b) observed that host-parasite models can, for very specific parameter settings (e.g. continuous time, no recombination), converge towards equilibrium
points with strong LD that are either positive or negative, depending on the initial
conditions. For a much broader range of parameters (e.g. non-vanishing recombination rates), these models demonstrate a qualitatively similar behaviour. Specifically,
they are characterised by potent LD of constant sign but instead of converging to an
equilibrium point, they exhibit limit-cycle behaviour.
Such behaviour relates to a similar phenomenon in single-species population genetics: a number of studies found that certain diploid models can reach equilibrium
states with strong LD, and these states have been termed high complementarity equilibria, or HCE for short (Bodmer & Felsenstein, 1967; Franklin & Lewontin, 1970;
Feldman et al., 1974). However, the related limit cycle behaviour around constant
positive/negative values has been so far reported solely in the context of coevolutionary models (Kouyos et al., 2007a, 2009b), and has been termed high complementarity
behaviour (HCB).
The mechanism of selection for sex/recombination underlying the RQH is based
on fluctuations of LD. In particular, it has been argued that one of the necessary
conditions for the RQH to work is that LD change sign every few generations (Peters
& Lively, 1999; Gandon & Otto, 2007). Because both phenomena, HCE and HCB, are
characterised by strong LD of constant sign, it is natural to expect selection against
sex/recombination in parameter regions that are characterised by HCE or HCB. This
indeed has been shown in Kouyos et al. (2009b).
In order to quantify the HCB in this study, we follow the value and sign of all six
pairwise linkage disequilibria between the set {PPQQ} of loci involved in host-parasite
interactions in the modifier-phase. If the LD does not change sign for at least 100
generations, we integrate its value in this period and divide by the length of the
modifier-phase (second 1000 generations). For every subsequent occurrence of such
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a behaviour the calculation is repeated. Mathematically speaking, if ∆tk denotes the
duration time of the k-th HCB phase in the modifier phase, and Dij (t) denotes the
measure of LD for the locus pair ij at time t, then HCB between the loci i and j is
measured as follows
Dij
abs

a
=
1000

Z

a
Dij (t) dt +
1000
t∈∆t1

Z
Dij (t) dt
t∈∆t2

+ ...

(4.8)

where a is the normalisation constant chosen such that the highest observed Dij
abs
yields 0.25. The overall measure of HCB, Dabs , is simply the sum of individual contributions
X ij
Dabs =
Dabs .
(4.9)
ij∈{PPQQ}

4.3

Results

The aim of this study was to examine the evolution of sex when a host population is
exposed to two parasite populations. Specifically, we wanted to dissect the selection
for recombination in a multiple parasite model into (i) the part coming from the interaction of the host with each parasite individually and (ii) the part coming from the
simultaneous presence of the two parasite species, as implemented in equation (4.2).
The factors selecting for sex in host/single-parasite models have been determined in
detail in several studies (Peters & Lively, 1999; Otto & Nuismer, 2004; Kouyos et al.,
2007a; Salathé et al., 2008b). However, the effect of the simultaneous presence of multiple parasites has been studied less extensively, and depending on the result can range
from simple additivity of effects (Otto & Nuismer, 2004) to a strong selection against
sex (Kouyos et al., 2009b). We therefore divided the results into three sub-parts. In
the first part we examined whether the simultaneous presence of two parasite species
in a host population selects against sexual reproduction in spite of the beneficial interactions with each parasite individually (via the matching-allele model), and then
surveyed the generality of the obtained results with respect to changes in the parameters. In the second part, we asked how strong the forces selecting against sex
are (described and quantified in the first part) in the context of the full host/multiparasite model defined in the previous section, where the simultaneous presence of
two parasite species occurs with a given probability. In the third part we examined
to what extent the evolution of sexual reproduction can be determined based solely
on interactions with single parasite species, or to put it differently, how additive the
effects of the two parasites are.
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4.3.1

HCB and selection against sex

In order to quantify the impact of the interaction between both parasites on the evolution of sex, we compared three special cases of the host/multi-parasite model:
1. Exclusive infection scenario (EIS): The host is exposed to both parasite species, but
can never be infected by two parasites at the same time; we assume that fpq = 0
and fp = fq = fEIS .
2. Independent infection scenario (IIS): The host is exposed to both parasite species,
but both infections occur independently of each other; we assume that fpq =
fp fq and fp = fq = fIIS .
3. Simultaneous infection scenario (SIS): The host is exposed to both parasite species,
but can be infected either by two parasites at the same time or none; we assume
that fp = fq = fpq = fSIS .
For each of these three scenarios we plotted the final frequency of the M allele, ffinal
M ,
as a function of the selection coefficients: sH (parasite virulence), and sP (selection
imposed on the parasites by the host). In order to describe interactions within each
parasite, we have chosen the matching-allele (MA) model (that is w = −0.5 see
Table 4.1), which has been shown to typically favour sexual over asexual reproduction
(Kouyos et al., 2007a; Salathé et al., 2008b). The infection rates are assumed to be
fEIS = fIIS = fSIS = 0.5.
The results for all three scenarios are shown in Fig. 4.1. Panel A shows the selection
for/against sex in the case of the EIS scenario, panel B shows the selection for/against
sex in the case of the IIS scenario, and panel C shows the selection for/against sex in
the case of the SIS scenario. The legend in all three panels is the same: the red-towhite regions indicate increasing selection for sex (ffinal
M > 0.5), and the blue-to-black
final
regions indicate increasing selection against sex (fM 6 0.5). In particular, panel A
shows that when the two parasites do not interact together in the sense that they
never appear at the same time (EIS), the coevolution generally favours sex. Likewise,
panel B shows that when there is no interaction between the two parasites in the sense
that both infections are fully independent (IIS), the system favours sexual over asexual reproduction. In contrast, panel C shows that when the simultaneous infection
occurs (SIS), parameter areas emerge with strong selection against higher recombination in the region of the parameter space that selected for increased recombination in
models with exclusive infection and independent infection scenarios (panels A and
B). Remarkably, the region for which strong selection for sex occurred in EIS and IIS
models (where the qualitative pattern is very similar to interactions with only one
parasite – results not shown) changed into a region of the strongest selection against
sex in the SIS scenario shown in panel A.
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Figure 4.1. LD dynamics and the evolution of sex. The first three panels show ffinal
M as a function of selection
coefficients sH and sP , showing regions of selection for sex (red to white) and regions of selection against sex (blue
to black). (A): The host is exposed to both parasites but never infected by both at the same time; the system generally
selects for increased recombination rates. (B): The host is exposed to both parasites but the two infections are fully
independent and the system also generally selects for increased recombination rates. As mentioned later, in this
situation the effects of the two parasites are additive for any value of sH and sP . (C): The host is exposed to both
parasites but when infected then with two parasites at the same time. In this case, areas of strong selection against
sex emerge for high selection values. (D1): Time course of LD dynamics for parameter combination 1 in panel C, an
example that results in selection for sex, shows domination of rapid LD oscillations around zero (within parasites)
over the LDs that oscillate very weakly (between parasites). (D2): Time course of LD dynamics for parameter
combination 2 in panel C, an example that also results in selection for sex, shows that associations between parasites
build up initially, and then are destroyed once recombination is introduced. (D3): Time course of LD dynamics for
parameter combination 3 in panel C, an example that results in selection against sex in a fraction of parameter space,
shows the strong LDs of constant sign (HCB). (E): Strength of high complementarity equilibria δfpq for the same
parameter setting as in panel C (see also main text). The colour scale corresponds to the measure of the intensity of the
HCB. Comparison of the black to blue region in panel C with regions of HCB in panel E (δfpq > 0.2) indicates that
regions with HCB result in strong selection against sex. The parameters used are rMM = 0.10, rMm = rmm = 0,
b = 0 and w = −0.5, fEIS = fIIS = fSIS = 0.5, and npg = 2. We assume sH = sH1 = sH2 , sP = sP1 = sP2 .
Graphs in panel A, B, C and E show the average results of 1000 simulation runs.

Fig. 4.1D shows examples of LD dynamics for three parameter settings, highlighted in Fig. 4.1C as points 1, 2, and 3. Each colour corresponds to one of the
six pairwise linkage disequilibria between the interacting loci of the host population.
For the parameter setting 1 in panel D1 (low sH and sP ), we see typical Red Queen
dynamics with (almost all) LDs oscillating between positive and negative values. For
the parameter setting 2 in panel D2 (intermediate sH and sP ), we observe that strong
associations built up between some of the loci in the initial phase, which then were,
for the most part, destroyed once recombination was introduced into the host popu-
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lation. Finally, for the parameter setting 3 in panel D3 (high sH and sP ) we observe
more stable types of dynamics with two out of six LDs converging to high, constant
values. Such dynamics, i.e. strong LDs of constant sign, have been shown to occur
in single host-parasite models (Kouyos et al., 2007a, 2009b), and have been termed
high complementarity behaviour (HCB) in analogy to the qualitatively similar phenomenon of high complementarity equilibria or HCE (Bodmer & Felsenstein, 1967;
Franklin & Lewontin, 1970). In the context of the RQH, any LD of constant sign, as
HCE/HCB, is typically expected to lead to selection against sex due to a detrimental
short-term effect. (More precisely, selection against sex is expected if the detrimental
short-term effect is not compensated by a long term effect that results from directional
selection on allele frequencies.)
In order to assess how much of the selection against sex seen in Fig. 4.1C can
be explained by the HCB, we chose the following approach. First, we measured the
average strength of HCB in the period between the 1000th and 2000th generation for
each possible pair of interacting loci in the host. The overall measure Dabs is the sum
over contributions from all such possible pairs (see the model section for details). The
results can be seen in Fig. 4.1E, where the intensity of colour corresponds to the value
of Dabs . As a HCB contribution from a single pair of loci can reach maximally 0.25 in
absolute value, and in the analysed case only two of six pairwise LD produced HCB
(always loci between the two parasites, see Fig. S1 in the Supplementary Material), the
value of Dabs does not exceed 0.5. The comparison of Fig. 4.1C and 4.1E shows that
HCB (i.e. Dabs & 0.2) can be observed in those regions where ffinal
M < 0.5. Therefore,
generally the entire parameter area where selection against sex is observed in Fig. 4.1C
can be attributed to HCB. In contrast, if the detrimental LD dynamics becomes weak
enough (parameter setting 1 and 2), the same phenomenon that selected against sex
in the parameter region of strong selection can now be outweighed by the beneficial,
epistatic effects, leading to selection for sex/recombination.
Thus, we observed that if the host population can only be infected by two parasite
species simultaneously or by none, then (a) an interaction between the two parasites
leads to the emergence of parameter areas with strong selection against sex, and (b)
the observed parameter areas with selection against sex are caused by HCB. We next
examined the robustness of the good agreement between the areas of selection against
sex and the areas with HCB with respect to changes in the interaction pattern between
the host and the two parasite species, namely the changes in the epistasis-within w
and the epistasis-between b . We chose the parameter range −0.5 6 w 6 0 (between
the maximally epistatic MA model and the non-epistatic MMA model; results for
0 6 w 6 0.5 were qualitatively similar) and −1 6 b 6 0.5; see the model section and
Table 4.2 for a detailed description of these two parameters.
Fig. 4.2 shows the influence of the two types of epistasis on the evolution of recombination rate. Specifically, Fig. 4.2A shows the percentage of the total parameter
space 0 < sH , sP < 1 in which sex is selected against (i.e. ffinal
M < 0.5) as a function of b
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Figure 4.2. The role of epistasis. (A): The percentage of the sH , sP -parameter space where sex is selected against
(fM 6 0.5), as a function of b (epistasis between parasites) and w (epistasis within parasites). (B): The percentage
of the same parameter space where the high complementarity behaviour (HCB) is observed, as a function of b
and w . In the majority of parameter space, one observes a good agreement between the two regions, suggesting
that the emerging HCB is a good determinant of selection against sex. In the remaining parameter areas, especially
of small w , there is less agreement between the two regions, which is due to the fact that additional regions
of selection against sex, not caused by HCB, arise. The parameters used are rMM = 0.10, rMm = rmm = 0,
fp = fq = fpq = 0.5, npg = 2, and sH = sH1 = sH2 , sP = sP1 = sP2 . Note that the b -axis has been reversed.
Results are averaged over 10 simulations.

and w (note that the case of w = −0.5 and = 0 corresponds to the situation in Fig.
4.1A). Fig. 4.2B shows an equivalent plot regarding the influence of HCB. In particular, it shows the percentage of the total parameter space 0 < sH , sP < 1 where HCB is
observed (here defined as Dabs > 0.2). For parameter values close to the MMA model
(w → 0) we observe very strong selection against sex (Fig. 4.2A) and, accordingly,
stronger impact of HCB in that region (Fig. 4.2B). Likewise, in the parameter areas
where epistasis-between had an additional influence on the strength of HCB, as seen
in Fig. 4.2B, we see an increased percentage of the parameter space where selection
against sex is observed. Thus, we generally observe a good agreement between the
regions with strong HCB and the regions where selection against sex/recombination
is observed. In particular, sex is selected against if HCB is strong. It needs to be
emphasised, however, that whilst HCB always causes selection against sex, selection
against sex need not be caused by HCB, and this is responsible for the slight discrepancies between Fig. 4.2A and 4.2B. The emergence of parameter areas with selection
against recombination not caused by HCB was extensively discussed in the study by
Salathé et al. (2008b) and can be explicitly seen in runs with higher recombination
rates, which we show in Fig. S2 and S3 in the supplementary material.
We analysed numerous variants of the SIS model, including for example different npg and fSIS values (satisfying fSIS < 1, see the supplementary material for a
detailed discussion), different recombination and mutation rates, finite population
sizes, asymmetries between the two parasites, altered host genome architecture, inhibition/facilitation between the two parasites, and introduction of the modifier at low
frequencies (see supplementary material for simulations of some of these modifica-
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tions). Many of these alterations affected the HCB in a way that is predictable, e.g.
higher recombination rates, uneven parasite mutation rates, or a diminished role of
one of the parasites (sH1 > sH2 and sP1 > sP2 ) reduce the strength of the HCB, while
a faster parasite evolution (higher npg or larger parasite mutation rate) increase the
strength of the HCB. On the other hand, some changes such as the order of the selected loci and the modifier locus affected the occurrence of HCB in a way that cannot
be easily generalised. However, in all examined scenarios we observed a systematic
accordance between parameter regions with strong selection against recombination
and parameter regions with strong HCB, like between Fig. 4.1C and 4.1E. Therefore,
we conclude that the HCB is a very powerful determinant of selection against sex in
host/multi-parasite models.

4.3.2

The impact of HCB in the Red Queen models

Having observed a rather substantial impact of HCB in models that assumed that
hosts, when infected, are infected by both parasites at the same time, we next examined the role of such behaviour in the context of the full host/multi-parasite model
defined in the model section, i.e. when the simultaneous infection happens with a
given probability fpq . We assumed that fp = fq = 0.5, that fpq is given by equation
(4.6), and examined the dependence of the model on the two following parameters:
b (epistasis between the two parasites) and δfpq (deviation from the expected coinfection rate). The remaining parameters were identical to the ones used in Fig. 4.1
and 4.2.
The results are shown in Fig. 4.3. Since for the recombination rates used here
HCB, as measured in Fig. 4.1 and 4.2, has proved a good measure of selection against
sex, we quantified the behaviour of the host/multi-parasite model solely based on the
percentage of parameter space 0 < sH , sP < 1 where HCB is observed. One can see
that HCB becomes significant in the parameter region where δfpq > 0 and b > 0,
but it also occurs for δfpq > 0 and b < 0 although to a lesser extent. On the other
hand, HCB weakens significantly when δfpq < 0, and as a result we observe little
or no selection against sex. (In the supplementary material, we provide an intuitive
explanation for why it is so; see also the discussion.)
In short, we observed that sexual reproduction in the host/multi-parasite model is
the least favoured when there is (a) strong positive epistasis between the two parasites
affecting the host fitness (b > 0) and (b) an excess of double infections in the population (δfpq > 0); this result is generally robust to variations in parameters. Moreover,
the occurrence of HCB is typically higher in the region δfpq > 0, b < 0 than in the region δfpq < 0, b > 0 (however, we saw some exceptions to this, especially for high fp
and fq ; see Fig. S7 in the supplementary material). We also observed less HCB when
the effects of the two parasites are asymmetric, namely when infection by parasite p
is more virulent than the infection by parasite q (see Fig. S4), and when the infection
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Figure 4.3. The impact of HCB in the host/multi-parasite RQ model. The percentage of the sH , sP -parameter
space where the high complementarity behaviour (HCB) is observed, as a function of δfab and b . One observes
the most extensive HCB, and hence the largest areas with selection against sex, in the area of δfab > 0 (excess
of double infections) and b > 0 (positive epistasis between parasites). The parameters used are rMM = 0.10,
rMm = rmm = 0, fp = fq = 0.5, npg = 2, and sH = sH1 = sH2 , sP = sP1 = sP2 . Results are averaged over 10
simulations.

by parasite p is more likely than the infection by parasite q (see Fig. S8).

4.3.3

How additive are the effects of individual parasites?

Otto & Nuismer (2004) showed that, within the limitations of the quasi linkage equilibrium approximation, the total selection on recombination modifier is the sum of the
effects of each individual parasite. In contrast, our analysis shows that that in spite
of highly beneficial effects stemming from the interactions with individual parasites,
strong detrimental effects on the modifier can emerge as a result of interactions between the two pathogens. The high complementarity behaviour responsible for this
effect can overwhelm any other advantageous effects, and eventually cause strong
selection against sex in a considerable region of the parameter space. As this result
implies that the effects of individual parasites are not additive in at least part of the
parameter space, we investigated more thoroughly departure from additivity in the
selection for sexual reproduction.
To this end, we calculated the effect of coevolution (selection) on the recombination
modifier in a host population exposed to both parasites, spq
M and the effect of coevolution on the recombination modifier in a host population exposed to solely parasite
p plus the effect solely due to parasite q, sp+q
= spM + sqM . We were interested in two
M
measures of additivity in the context of our model: (a) the relative deviation from
p+q
pq
additivity: Dval = sM
− spq
M / |sM |, and (b) the direction of deviation from addipq
p+q
tivity: Ddir = sgn(sM − sM ). Dval thus quantifies the deviation from additivity in
the system, and Ddir measures whether exposure to two parasite species led to more
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selection against sex (Ddir > 0) or to less selection against sex (Ddir < 0) than expected
on the basis of individual effects.

Figure 4.4. Non-additivity of parasite effects. (A): The percentage of the sH , sP -parameter space where the effects of
the two parasites deviate from additivity, as a function of f and b . Various colours correspond to different extents
of non-additivity (defined as Dval < 0.1, see main text), ranging from violet (additive for all selection values) to red
(non-additive for all selection values). As the model shows, the host/multi-parasite systems are the most additive
for independent infections (f = b = 0), and the area of deviation from additivity increases once the two parasites
become non-independent vanishes. (B): The direction of deviation from additivity, and more precisely, the percentage
of the sH , sP -parameter space where the two parasites select for sex less than expected on the basis of the individual
effects. The colours range from white (less sex than expected for all selection values) to black (more sex than expected
for all selection values). The parameters used are rMM = 0.10, rMm = 0, rmm = 0, w = −0.5, fp = fq = 0.5,
npg = 2, and sH = sH1 = sH2 , sP = sP1 = sP2 . Results are averaged over 200 simulations.

The results are shown in Fig. 4.4. Panel A shows the percentage of the parameter
space 0 < sP , sH < 1 in which deviation from additivity was observed (Dval > 0.1) as
a function of δfpq and b . In contrast, panel B shows the percentage of the parameter
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space in which there is less sex than expected on the basis of individual parasite
effects (Ddir = −1) as a function of δfpq and b . One can see that the effects of
the two parasites show the least deviation from additivity when the two infections
are fully independent (δfpq = b = 0). However, as soon as epistasis-between or
excess/underrepresentation of double infections become non-zero, the host/multiparasite system departs from additivity and selects for/against sex more or less than
expected on the basis of single parasite effects. In particular, we observed the strongest
departure from additivity in the region of positive b and δfpq , which is also the
parameter region where HCB is relatively common (cf. Fig. 4.3). There we also see
that the exposure to two parasites led to less sex than expected. In the region where
little or no HCB was observed (δfpq < 0), one can also see a deviation from additivity
of parasite effects. In this case, however, the exposure to two parasites led to more
sex than expected. This is, in large part, also true for the region of δfpq > 0, b < 0,
where we saw a mixture of the two kinds of deviations: a positive deviation from
additivity (more sex than expected) in the region with HCB, and a negative deviation
from additivity (less sex than expected) in the region with low sH (results not shown).
The corresponding results for higher recombination rates are shown in Fig. S9 in the
supplementary material.
That the host/multi-parasite models are the most additive in the region of δfpq =
b = 0 (full independence) is intuitive as in this case host does not experience any
epistasis (see the supplementary material). What is more surprising is that, under the
assumption of independence of parasites, our results showed that the additivity of the
parasite effects on the modifier holds for any value of sP and sH (not shown). Interestingly, this result not only supports the intuition of the study by Otto & Nuismer (2004),
which was derived on the basis of the quasi-linkage equilibrium approximation, but
also shows that, in some special cases, the additivity can extend to the regions which
are thought to violate the quasi-linkage equilibrium approximation.

4.4

Discussion

In this study we have extended previous Red Queen Hypothesis (RQH) models (Peters & Lively, 1999; Otto & Nuismer, 2004; Kouyos et al., 2007a; Salathé et al., 2008b) in
order to investigate the interactions of multiple parasite species with one host species,
and the effect of these interactions on the evolution of sex/recombination. Generally speaking, we have shown that the host/multi-parasite models differ non-trivially
from the models that simulate interactions with a single parasite. The reason for
this is that the non-independency of the two infecting parasites, either in terms of
epistatic interactions between the two parasites or in terms of infection probabilities,
can very often drastically affect the outcome of the model expected on the basis of
a single-parasite model. The appearance of the second parasite in a host population
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can therefore lead to significantly more or less sex than expected on the basis of the
individual parasite effects.
Although host/multi-parasite interactions have been a subject of study by a few
authors previously (Hamilton et al., 1990; Otto & Nuismer, 2004; Kouyos et al., 2009b),
our treatment of the host/multi-parasite coevolution goes beyond previous work in
that it dissects the selection for/against recombination into the part coming from the
interaction of the host with each parasite individually, and the part coming from
the simultaneous presence of the two parasite species. This allows for an explicit
analysis of the factors selecting for and against sex in such a system. Moreover, our
model allows for parasitic coinfection at a given rate (probability), which reflects the
ecological aspect of host-parasite coevolution that not all hosts exposed to more than
one parasite population will be infected by more than one parasite (or even be infected
at all).
In accordance with the study by Kouyos et al. (2009b), we observed the emergence of high complementarity behaviour (HCB) as a result of an interaction between
the two parasites. There, the HCB, which is identified with strong LDs of constant
sign, had been shown to select against sex in a two-locus host/multi-parasite model.
Here we found that, in spite of strongly beneficial interactions with each parasite
individually (through the matching-allele model), the simultaneous presence of two
parasite species can similarly lead to the emergence of parameter regions with strong
selection against sex. This selection against sex is caused by the same force – strong
LDs of constant sign (HCB). This phenomenon can be best seen when one assumes
that a fraction of hosts remains uninfected while the rest of the host population is
simultaneously coinfected by two parasites. In that case, HCB generally emerges in
the parameter regions where selection values are the highest (especially with high
parasite virulence sH1 , sH2 ). These regions (characterised by strong selection for sex
in models with exclusive and independent infections, and hence no HCB; see Fig.
4.1A and 4.1B) exhibited a strong selection against sex in models with the simultaneous presence of the two parasites (Fig. 4.1C). However, in the parameter regions
with low parasite virulence the effect of the detrimental LD dynamics became weaker
and was generally compensated by the positive effects coming from the interactions
within each of the parasites; selection for sex occurred quite frequently under these
conditions. Finally, we have seen that HCB is a good determinant of selection against
sex.
In reality, however, not all hosts are infected but parasitic infections in a host
population happen with a certain probability. Therefore, we examined the impact
of HCB on the evolution of recombination in the host when infected by only one
of the two parasites, coinfected by both parasites, or remains uninfected, all with a
given probability. For that purpose we introduced rates of infection, as defined in
equations (4.2) and (4.6), and assumed again that interaction with a single parasite is
highly beneficial for sexual reproduction. The analysis showed that also under these
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assumptions we could still observe substantial parameter areas with HCB, and hence
selection against sex. In particular, the HCB turned out to be the strongest when two
conditions were met: (i) the parasitic coinfection was more severe than expected on
the basis of individual virulence measures, and (ii) the parasitic coinfection was more
likely to happen than expected on the basis of the single infection rates. Notably, the
HCB was always absent when the coinfection was less severe and less common than
expected (see Fig. 4.3 as well as Fig. S7 and S8 in the supplementary material).
In order to understand why HCB is most likely to arise for positive epistatic interactions between the two parasites, one has to understand how HCB arises in general.
This question is difficult to address even in the context of a simpler, two locus, biallelic host-parasite model. Therefore, we only provide an intuitive argument for why
HCB emerges in host-parasite systems. The argument is described in detail in the
supplementary material of this study, and, in a nutshell, it shows how HCB could
be explained by a positive feedback loop between the LD in the host and the correlation between the allele frequencies in the two parasites. (For example, a positive
correlation between the parasite allele frequencies generates positive epistasis, which,
through positive LD, leads again to a positive allele correlation; hence a positive HCB.)
Importantly, however, for such a feedback to occur, a specific set of conditions is required. In particular, the feedback always occurs if δfpq > 0 and b > 0. Therefore,
our results show that positive epistatic interactions between the two parasites usually
generate HCB, and HCB in turn produces a detrimental effect on the evolution of
sexual reproduction during the host/multi-parasite coevolution.
The fact that the emergence of an additional parasite species can lead to the appearance of strongly disadvantageous effects for sexual reproduction speaks against
an intuitive null-model that the individual parasite effects should add up with each
additional parasite acting on the host, an intuition supported by the analytical approximations in Otto & Nuismer (2004). Indeed, in this study we have have shown
that such additivity is characteristic of only a small fraction of the parameter space
(full independence of the two parasites). In the regions where HCB was present (positive epistatic interactions and excess of double infections), the coevolution with two
parasites led to less sex than expected on the basis of individual parasite effects. Interestingly, the non-additivity was also characteristic of regions where HCB was absent
(negative epistatic interactions and underrepresentation of double infections). Surprisingly, there the coevolution with two parasites led to more sex than expected on
the basis of individual parasite effects. A closer examination showed that the effects
responsible for this were additional rapid LD oscillations around zero between loci
involved in interactions between the two parasites (results not shown). As a complete
independence of parasitic infections, however, is quite rare due to many known interactions between the parasites (Cox, 2001; Woolhouse et al., 2002; Graham et al., 2007),
we show that the presence of another parasite is vital to the evolution of sex.
The presented study thus points to an important role of coevolution with more
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than one parasite in the evolution of host’s sexual reproduction (but also in a more
general context), an aspect which, with few exceptions, has been largely ignored in
the host-parasite theoretical literature. Our study shows that the interactive dynamics,
resulting from the presence of an additional parasite, can be crucial to the fate of the
recombination modifier and thus can decide whether the system selects for or against
sexual reproduction. In some cases (e.g. for positive epistasis between the parasites
and excess of double infections) interactions between the parasites can result in strong
LD states of constant sign that are detrimental for sex (HCB), while in other cases
(e.g. for negative epistasis between the parasites and deficiency of double infections)
it can give rise to additional rapid LD oscillations around zero that favour genetic
shuffling. Our results qualify those derived by Kouyos et al. (2009b), who suggested
that the host/multi-parasite models are less likely to explain the evolution of sex than
the single parasite models. Here we have shown that this result strictly depends
on the parameter range one examines. Moreover, our study confirms and extends the
insight provided by Otto & Nuismer (2004), where the authors have suggested that the
effects of the independent parasites should add up in the quasi-linkage equilibrium
parameter regime. Here we have shown that additivity can also occur in areas which
are thought to violate such regime (e.g. strong selection), and that it breaks down
almost immediately as soon as the independence assumption is violated.
In summary, we provide two important reasons for why inclusion of more than one
parasite species is fundamental for understanding the role of sex in host-parasite systems: (a) an interaction between the simultaneously infecting parasite species could
lead to strong detrimental effects which select against increased recombination, and
(b) the host-parasite systems with more than one parasite are likely to behave differently from what one would expect based on effects due to a single parasite. Taken
together with the empirical observations that hosts coevolving with multiple parasite
species seem to be the rule rather than the exception (Petney & Andrews, 1998; Cox,
2001; Woolhouse et al., 2002) suggests that studying interactions of multiple parasite
species with their hosts is crucially important. Thus, in order to advance our understanding of the coevolution of a host population in an environment of multiple
parasite species, as well as understanding the role and importance of high complementarity behaviour in real populations, there is a clear need for further theoretical
investigations alongside experimental studies to enable narrowing down the relevant
areas of the parameter space.
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Chapter 5
Host-parasite interactions can induce
selection for condition-dependent sex
to be submitted as
Rafal Mostowy & Jan Engelstädter
Host-parasite coevolution induces selection for condition-dependent sex.

Abstract
Sex and recombination remain of of the biggest riddles of evolutionary biology. One of the
most prominent hypothesis, the Red Queen Hypothesis, claims that sex has evolved as a
means to resist the parasite-mediated selection by creating resistant genotypes. However,
previous models of the Red Queen have assumed that all individuals are equally likely to
engage is sexual reproduction, regardless of their infection status. Here we consider a simple population-genetic model of a recombining host population coevolving with the parasite
population, and assume that the probability to engage in sex varies in the infecteds and noninfecteds. Our model shows that such condition-dependent sex can often evolve much easier than condition-independent sex, especially under weak/intermediate selection and loose
linkage. We identify at least two reasons for this: (i) a short-term advantage of non-breakingdown gene combinations of fit individuals, and (ii) a selfish spread of the condition-dependent
modifiers, in analogy to the “abandon ship” effect in single species. Finally, we show that the
optimal rate of sex in sick individuals should always be maximal, while in healthy individuals
it may depend on many factors.
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5.1

Introduction

From the evolutionary point of view, the pervasiveness of sex and recombination is
difficult to understand. Why pay a substantial fitness cost for a means of reproduction
which may break down the fittest gene combinations? For a long time, the answer
has been that genetic shuffling increases genetic variance in the population, thereby
accelerating the population’s response to selection. However, increased variance need
not increase the population’s fitness, a phenomenon known as the “recombination
load” (Otto & Lenormand, 2002; Otto, 2009). One scenario in which this effect might
become overridden is when the environment changes rapidly with time, because then
the advantageous genotypes can quickly become detrimental and higher recombination rates can be favoured (Maynard Smith, 1971; Charlesworth, 1976). Parasites,
being under continuous selective pressure to infect their hosts, have been recognised
as a potential realisation of such an environment (Levin, 1975). It has been suggested
therefore that sexual reproduction in the hosts may be beneficial in the arms race with
the parasite as it helps creating novel genotypes that are at a selective advantage. This
idea has been known as the Red Queen Hypothesis (Jaenike, 1978; Hamilton, 1980;
Bell, 1982).
In spite of recent advances in our theoretical understanding of the RQH (Salathé
et al., 2008a; Lively, 2010) and the accumulation of empirical support for it (Fischer
& Schmid-Hempel, 2005; Decaestecker et al., 2007; Jokela et al., 2009; King et al.,
2009; Koskella & Lively, 2009; Wolinska & Spaak, 2009), the hypothesis still suffers
from a few weaknesses. One of those weaknesses is that strong selection on the
parasites needs to be assumed for recombination in the hosts to be favoured (Salathé
et al., 2008b). This assumption, although reasonable for many obligate parasites,
may not be justified in case of facultative parasites as well as those with a large host
range. Furthermore, the RQH has been shown to work better when the recombination
modifier and various interaction loci are all strongly linked (Peters & Lively, 2007).
By contrast, QTL studies have demonstrated that host loci involved in interactions
with parasites are often in different linkage groups (Wilfert & Schmid-Hempel, 2008).
Given the ubiquity of sexual reproduction (Vrijenhoek, 1998), these restriction are
problematic for a general theory to explain the maintenance of sex.
At the same time, models of the RQH have generally assumed that individuals are
equally likely to reproduce sexually and that recombination rates are equal among all
individuals in the population. However, rates of sex and recombination can vary between individuals. In particular, stressful conditions have been shown to affect the frequency of sexual reproduction in many organisms (see references in Hadany & Otto,
2009). Mathematical and computer simulation models of single-species systems have
shown that even in the presence of substantial fitness costs, condition-dependent sex
typically evolves much easier than condition-independent sex (Redfield, 1988; Gessler
& Xu, 2000; Hadany & Beker, 2003; Hadany & Otto, 2007, 2009). Two main reasons for
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a greater evolutionary success of conditional-sex strategy have been identified. First,
populations undergoing conditional sex carry a smaller recombination load than populations which always recombine (recombination tends to destroy less optimal gene
combinations). Second, modifiers inducing condition-dependent sex behaviour tend
to become associated with fitter (non-stressed) genotypes just because the individuals undergoing stress recombine at a higher rate, which leads to a selfish-gene effect
called “abandon ship” mechanism.
In the context of antagonistically interacting species, a few studies have also associated low performance with increased level of sexual reproduction. In particular,
larvae of parasitic nematodes from hosts that have have developed immunity against
them were more likely to develop into sexual adults (Gemmill et al., 1997; West et al.,
2001). In plants, changes in somatic and meiotic recombination frequencies due to
infection by pathogens is a widely known phenomenon (reviewed by Boyko & Kovalchuk, 2011). Furthermore, infection-induced upregulation of recombination also
occurs in genomic parasites (B-chromosomes; Camacho et al., 2002). This evidence
suggests that stress-induced sex and recombination also extends to antagonistic interactions, but the evolutionary forces driving this form of plasticity remain not fully
understood.
In this study, we examine the evolution of condition-dependent sex in the context
of the RQH. In a world where the idea of a good and bad gene combination varies
with time, the benefit of stress-induced recombination would likely depend on how
fast these changes occur. Indeed, we find that condition-dependent sex evolves most
easily when selection is weak or intermediate and when recombination rates are high.
We identify two fundamentally different effects that might lead to this behaviour, the
first one being an immediate benefit of conditional-sex in the presence of negative
frequency-dependent selection, and the second being a coevolutionary version of the
“abandon ship” phenomenon. Finally, we discuss what these results mean for the
RQH as a theory, and if they can help elucidate the reasons for the near universality
of obligate and facultative sexual reproduction in the wild.

5.2

The Model

In order to investigate the evolution of conditional sex in a host-parasite system, we
consider a standard population genetic model of host-parasite coevolution with discrete generations (Nee, 1989; Otto & Nuismer, 2004), with the extension that the reproductive strategy depends on the infection status. We assume that both species
are haploid, and that their interaction is mediated by two biallelic loci a/A and b/B.
Additionally, hosts carry a sex modifier locus with two alternative alleles m and M
which determine the reproductive strategy of the individual carrying a specific allele
at this locus. The life-cycle comprises selection and reproduction in both species. Re-
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production is fully asexual in the parasites, whereas hosts can undergo either sexual
or asexual reproduction. In both species, reproduction may also involve mutation.
The selection process in the parasite consists of a single step, and it estimates
the parasite frequency pi0 of genotype i ∈ {ab, aB, Ab, AB} given selection coefficient
sP and the frequency in the previous generation pi . This is done via the following
recurrence equation
(5.1)
pi0 = wpi pi ,
where wpi is the frequency-dependent, relative fitness of genotype i. This fitness is
given by
P p
j wij hj
p
,
(5.2)
wi = P
p
i,j wij pi hj
where hj denotes the frequency of the host genotype j ∈ {mab, maB, mAb, mAB,
Mab, MaB, MAb, MAB}; wpij = 1 for matching alleles at both interaction loci (e.g.
i = aB, j = maB) and wpij = 1 − sP for all others pairs of i and j.
The selection process in the host consists of two steps, namely infection and selection on the infected individuals. First, the number of infected and non-infected
individuals is established by the following relations
h+
i = α hi pi + β hi (1 − pi ),
−
hi = (1 − α) hi pi + (1 − β) hi (1 − pi ),

(5.3)

where the superscript + denotes infection (sick individuals), the superscript − denotes the lack of infection (healthy individuals), α denotes the infection probability for
matched genotypes, and β denotes the infection probability for non-matched genotypes. As interaction is of the matching-alleles type, we assume that α = 1 and β = 0.
The infected individuals then undergo selection, and the host frequencies are updated
according to
h+
− s)
i (1P
,
1 − s i h+
i
h−
i
P
hi0− =
,
1 − s i h+
i

hi0+ =

(5.4)

where s is the selection coefficient for the infected individuals. A selection coefficient defined for the entire host population sH (in analogy to the parasite selection
coefficient sP ) can be expressed as a function of α, β and s as
sH =

(α − β)s
.
1 − sβ

(5.5)

Note that for the case of a strict matching-alleles model where matching always leads
to infection (α = 1) and non-matching precludes infection (β = 0), we have sH = s.
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Each modifier allele, m and M, has its own assigned reproductive strategy which
determines the likelihood of an individual carrying this allele to engage in a sexual
reproduction depending on whether it has been infected (+) or not (−). We thus
define four probabilities which are defined by two strategy vectors: vector ~σm =
(σm− , σm+ ) defines a reproductive strategy for m allele, and vector ~σM = (σM− , σM+ )
defines a reproductive strategy for M allele. Each σ value defines a probability of
a given individual (or its gametes) to end up in a ‘sex pool’ (a gene pool where all
individuals reproduce sexually); otherwise the genotype goes to an ‘asex pool’ (a gene
pool where all individuals reproduce asexually). Four default strategies are defined:
• the asexual strategy ~σasex = (0, 0) implies that each individual will always reproduce asexually, regardless of the infection status,
• the sexual strategy ~σasex = (1, 1) implies that each individual will always reproduce sexually, regardless of the infection status,
• the conditional-sex strategy ~σcond = (0, 1) implies that each healthy individual
will always reproduce asexually and each sick individual will always reproduce
sexually,
• the general strategy ~σgen = (σ− , σ+ ) implies that a fraction σ− of healthy individuals and a fraction σ+ of sick individuals will reproduce sexually, and all
others will reproduce asexually.
We compete different strategies by assigning one strategy to each modifier allele, m
and M. For example, a modifier m with asexual strategy will be denoted as masex and
a modifier M with conditional strategy will be denoted as Mcond .
The host frequencies in each of the pools are determined by the following equations
−
+
hsex
m,k = hm,k σm− + hm,k σm+ ,
−
+
hsex
M,k = hM,k σM− + hM,k σM+ ,
−
+
hasex
m,k = hm,k (1 − σm− ) + hm,k (1 − σm+ ),
−
+
hasex
M,k = hM,k (1 − σM− ) + hM,k (1 − σM+ ),

(5.6)

where k ∈ {ab, aB, Ab, AB}. After that, all genotypes in the sex pool undergo sexual
reproduction with random mating. We define two recombination rates, R and r, where
R denotes the probability of cross-over between the modifier locus and the a/A locus,
while r denotes the probability of cross-over between the a/A locus and the b/B locus.
The host frequencies after the recombination step are then given by the following
equation
1 X sex sex sex
,
(5.7)
Ri|j,k hj hk + hasex
hi0 =
i
θsex j,k
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P
where θsex = i hsex
and Rsex
i
i|j,k denotes a probability of obtaining genotype i by recombination of genotypes j and k with recombination rates R and r (see (Kouyos et al.,
2006) for an explicit definition of this tensor).
Finally, both species undergo mutation at their interaction loci. (We assume that
no mutation occurs at the host’s modifier locus.) Backward and forward mutation
rates in both species are the same and set to a default value of µ = 10−5 .
Both species are initialised with random genotype frequencies, and in addition the
host population is initiated with the modifier M at frequency fM = 0. After a burn-in
phase of N0 = 1000 generations, the modifier M is introduced at linkage equilibrium
into the host population, with a frequency of fM = 50%. Following further N = 1000
generations of coevolution, the final modifier frequency ffinal
M is recorded. This entire
procedure is repeated 100 times and the average of ffinal
M is calculated. The effective
selection coefficient of the modifier M during the N generations is then calculated
using the formula
q
sM =

5.3

N

final
ffinal
M /(1 − fM ) − 1.

(5.8)

Results

The aim of this study is to examine the evolution of condition-dependent sex in the
host during its coevolution with the parasite. To that end, we first consider three reproductive strategies: asexual (never reproduce sexually), sexual (always reproduce
sexually), and conditional (when infected, always reproduce sexually, otherwise asexually), and compete those three strategies in pairs. Fig. 5.1 shows the success of
various strategies encoded by allele M (i.e. effective selection sM ) for various selection coefficients sH , sP . In particular, Figs. 5.1A and D show the standard RQH results, i.e. the success of the sexual strategy when invading the asexual strategy. These
results confirm the earlier findings that the selection for the sexual strategy is the
strongest when selection on the interaction loci is strong and recombination rates are
low (Salathé et al., 2008b). By contrast, Figs. 5.1B-C and E-F show that the success of
conditional strategy against sexual and asexual strategies is the highest when selection is weak or intermediate and recombination rates are high. Thus, we see that the
condition-dependent sex reproductive strategy can be selected in regions of parameter
space where the condition-independent sex strategy cannot.
We next examine the success of condition-dependent sex in a more general sense,
namely when infection status determines the probability of engaging in sexual reproduction. Such general strategy is competed against the unconditional asexual
and sexual strategies (see The Model), and its success is calculated depending on
the probability of having sex when being infected (σM+ ) or non-infected (σM− ). The
results of this competition for different strength of selection are shown in Fig. 5.2
and illustrate three interesting points. First, we generally see that there are many
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Figure 5.1. Success of condition-dependent and condition-independent sex strategies. Three strategies are competed
in pairs: the asexual strategy (asex; never engage in sexual reproduction), the sexual strategy (sex; always engage
in sexual reproduction), and the conditional strategy (cond; always engage in sexual reproduction when infected,
otherwise never). The effective selective pressure sM acting on the invading strategy (encoded by modifier allele
M) is plotted against the strength of selection acting on the host sH and the parasite sP . Blue areas denote positive
selection (invasion), while olive-green areas denote negative selection (no invasion). We distinguish between no
linkage between the host loci (A-C) and tight linkage between host loci (D-F). The sexual strategy is more successful
than the conditional strategy when selective pressure is strong, and this effect becomes quite prominent at low
recombination rates (C,F). On the other hand, the conditional strategy invades both the sexual and the asexual
strategy best when selection is weak or intermediate (E-F), and when recombination rates are extreme (B-C); the
effective selective pressure on the modifier suggests that this is possible in spite of substantial costs of sex. The
following parameters were used: N = N0 = 1000, α = 1, β = 0, µ = 10−5 ; (A-C) r = R = 0.5, and (D-F)
r = R = 0.05. Plots were generated in the resolution of 99 × 99 by averaging over 100 simulation runs.

condition-dependent sex strategies which are more successful than both sexual and
asexual strategies. Second, the number of successful conditional strategies increases
with the strength of selection. Third, and most importantly, reproductive strategies
characterised by σM+ > σM− are generally more successful than those characterised
by σM+ < σM− . This suggests that reproductive strategies with higher effective recombination rate amongst the infected individuals than amongst the non-infected
individuals are generally better invaders than those with the opposite scenario.
Why does condition-dependent sex spread better than condition-independent sex?
One possibility is that the modifiers inducing condition-dependent sex benefit more
from breaking down maladapted gene combinations in the infected subpopulation
than in the non-infected subpopulation. If this were true, one would expect that the
statistical associations between alleles in the infected and the non-infected host sub-
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Figure 5.2. Success of a general reproductive strategy. Effective selection sM on a general reproductive strategy Mgen
is shown as a function of the proportion of non-infected individuals which engage in sexual reproduction (σM− ),
and the proportion of infected individuals which engage in sexual reproduction (σM+ ). The colouring scheme is
analogous to Fig. 5.1. Six plots show the success of Mgen when invading the asexual strategy (A-C) and when
invading the sexual strategy (D-F), and three ranges of selection strength are considered: weak (A,D), intermediate
(B,E), and strong (C,F). Note that the corners of the plots correspond to the earlier defined reproductive strategies:
asexual (σM− = σM+ = 0), sexual (σM− = σM+ = 1), and conditional (σM− = 0, σM+ = 1). The following
parameters were used: N = N0 = 1000, α = 1, β = 0, µ = 10−5 , r = R = 0.5; (A,D) sH = sP = 0.1, (B,E)
sH = sP = 0.5, (C,F) sH = sP = 0.9. Plots were generated in the resolution of 101 × 101 by averaging over 100
simulation runs.

populations differ, and that these differences underlie varying selection pressures on
modifiers inducing condition-dependent and condition-independent strategies. In order to test this hypothesis, we assess the linkage disequilibrium (association between
alleles at two interaction loci) in all, infected and non-infected individuals, D, D+ and
D− , respectively. These are given by the following equations:
+
(h+
ab hAB
(θ+ )2
1

D = hab hAB − haB hAb
+
−
−
−
− h+
D− = (θ−1 )2 (h−
aB hAb ) ,
ab hAB − haB hAb ) ,

D+ =
(5.9)
P
−
+
where θ+ = i h+
i and θ = 1−θ . We then calculate epistasis in the host population
by the following equation
h
h
h
E = wh
ab wAB − waB wAb ,

(5.10)

where wh
i denotes host fitness (conditional on parasite frequencies) and is given analogously to equation (5.2). Finally, we calculate the products E × D, E × D+ , and
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E × D− , which measure whether the disproportionally fit genotypes are also more
common than expected in the entire host population, in the infected subpopulation
and in the non-infected subpopulation, respectively. A negative sign of these products
suggests that fit genotypes are also underrepresented and the modifiers which induce
genetic shuffling will have an immediate advantage over the non-recombining ones.
In contrast, if the product is of positive sign, recombination will be likely to break
down well adapted combinations of genotypes and will be selected against.

Figure 5.3. Short-term benefit of condition-dependent sex. The product of epistasis and linkage disequilibrium is
plotted against selection coefficients sH and sP . For the entire population (E×D; A,D), in the infected subpopulation
(E × D+ ; B,E) and in the non-infected subpopulation (E × D− ; C,F). Green colours denote a positive sign of the
product, and violet colours denote a negative sign of the product. Example dynamics for each of the three cases
are plotted in the subplots below the main panels. The following parameters were used: N0 = 11000, N = 1000,
µ = 10−5 . Plots were generated in the resolution of 99 × 99; the mean of the product was taken over N generations,
and averaged of 50 simulation runs; subplots in panels A-C were run for N generations.

Fig. 5.3 shows the mean values of E × D, E × D+ , and E × D− for various selection
coefficients. When the population undergoes asexual reproduction (Fig. 5.3, panels
A-C), we generally observe E × D+ < 0 and, except for high sH , that E × D− > 0. This
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suggests that in those regions, conditional modifiers will have a short-term advantage
over the asexual modifiers. Comparison of Figs. 5.3B-C with Figs. 5.1B and E suggests
that such short-term effect can indeed explain the success of the conditional strategy
in the majority of the parameter space, as well as its lack of success when selection
is close to maximal (sH , sP ∼ 1). Example linkage disequilibrium/epistasis dynamics
which select for conditional modifiers are shown in subplots of Figs. 5.3A-C. Furthermore, when the population undergoes sexual reproduction (Fig. 5.3D-F), we generally
observe E × D− > 0. This result is qualitatively similar for lower recombination rates
(data not shown). Comparison of Fig. 5.3F with Fig. 5.1C and F suggests that the
short-term benefit could promote the spread of conditional modifiers in a large fraction of the parameter space. However, as such spread occurs mostly when selection
is weak or intermediate, especially under tight linkage, the short-term effect cannot
promote the conditional modifiers when selection is strong. Overall, we see that the
immediate benefit of recombination in sick individuals can – but does not have to –
explain the advantage of conditional strategy over asexual and sexual strategies.

Figure 5.4. The impact of linkage on the spread of conditional modifier. The plots show the effective selection sM
on the conditional modifier when introduced in asexual population (A-C) and sexual population (D-F) as a function
of recombination rates; the legend is the same as in Fig. 5.1-5.2. The rate R denotes the linkage between the modifier
and the first interaction locus, while the rate r denotes the linkage between the two interaction loci. The following
parameters were used: N = N0 = 1000, α = 1, β = 0, µ = 10−5 , (A,D) sH = sP = 0.1, (B,E) sH = sP = 0.5,
(C,F) sH = sP = 0.9. Plots were generated in the resolution of 101 × 101 and by averaging over 100 simulation runs.

We next examine the impact of linkage on the selection for the conditional strategy.
Fig. 5.4 shows the invasion success of the conditional strategy in sexual and asexual
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populations for various recombination rates R and r. The results show that the conditional strategy is more successful when recombination rates are high, especially
when selection pressure is intermediate, in accordance with Fig. 5.1. When selection is weak, condition-dependent sex modifiers evolve both in the presence of the
sexual and the asexual strategy, regardless of the recombination rates (Fig. 5.4A and
D). As selection becomes stronger, the conditional strategy becomes less successful.
However, whereas the invasion success of conditional modifier in asexual population
depends solely on the strength of selection (Fig. 5.4A-C), the invasion success in a sexual population is largely determined by the recombination rates, r and R (Fig. 5.4D-F).
Interestingly, when r = 0 (which is equivalent to the case of a single interaction locus)
the conditional strategy still spreads in the population as R increases. This spread
cannot be caused by the generation of fit genotype combinations (because there is no
recombination that could affect the statistical distribution of the interaction loci in the
population). Rather, it seems to be driven by a “selfish gene effect” of the modifier allele, which, because of recombination in infected individuals, tends to associate itself
more often with non-infected individuals, and thus with individuals of higher fitness.
This effect is analogous to the so-called “abandon ship” mechanism described in the
context of single species models (see Discussion).

Figure 5.5. Success of conditional strategies modifying effective recombination rates in either sick or healthy individuals. In both panels we assume that the residing population (with modifier m) undergoes sexual reproduction with
a certain probability τ, independently of the infection status. The invading modifier M can alter this probability in
either sick individuals (π, panel A), or in healthy individuals (ρ, panel B). The resulting effective selection on M, sM ,
is then plotted against π and τ (A), and against ρ and τ (B). The following parameters were used: N = N0 = 1000,
α = 1, β = 0, µ = 10−5 , sH = sP = 0.5, r = R = 0.05. Plots were generated in the resolution of 101 × 101 and
averaged 100 times.

Last but not least, we study the invasion success of the conditional strategy in a
residing population which undergoes sexual reproduction at a uniform rate σm− =
σm+ = τ, with 0 < τ < 1. Specifically, we consider two scenarios: (a) invasion by a
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strategy that alters the effective rate in sick individuals (σM− = τ, σM+ = π), and (b)
invasion by a strategy that alters the effective rate in healthy individuals (σM− = ρ,
σM+ = τ). Fig. 5.5A shows that the upregulation of the rate of sex in sick individuals
is always selected for, regardless of the value τ (we observe qualitatively identical
results for different selection coefficients and recombination rates; data not shown).
On the other hand, Fig. 5.5B suggests that, surprisingly, a downregulation of the
recombination rates in healthy individuals can depend (for intermediate selection and
recombination rates) on the initial fraction of the population which engages in sex, τ:
higher effective recombination rates in healthy individuals are promoted if sex is rare
(small τ), and lower effective recombination rates in healthy individuals are promoted
if sex is common (large τ). When selection strength or linkage decrease, coevolution
selects for ρ > τ, and as selection strength or linkage increase, coevolution selects for
ρ < τ (data not shown). This result points to the fact that the optimal rate of sex in
healthy individuals depends on the rate of sex in sick ones, but not vice versa.

5.4

Discussion

In this article we study the evolution of condition-dependent sex in the context of
host-parasite interactions and the RQH. Our results indicate that a modifier allele
inducing sex in infected individuals and asexual reproduction in non-infecteds individuals can often outcompete both a fully sexual and a fully asexual reproductive
strategy. This effect is particularly strong with weak and intermediate selection in
both species, as well as high recombination rates between the modifier and the interaction loci. More generally, in the absence of costs associated with sex, a large range of
condition-dependent sex strategies can outcompete unconditionally sexual and asexual reproduction. Finally, in species with facultative sex, any modifier which causes
infected individuals to reproduce sexually at an increased rate is always selected for
in our model, but this is not the case for modifiers which cause the non-infected
individuals to alter the effective recombination rate.
There are at least two forces which produce selection for a condition-dependent sex
modifier: an immediate benefit of condition-dependent sex and a selfish-gene effect.
The immediate benefit of condition-dependent sex stems from overrepresentation of
deleterious gene combinations among the infected individuals (epistasis and LD of
opposite sign). As in unconditional RQ models, breaking down those combinations
results in an immediate benefit of recombination. In uninfected individuals, however,
beneficial gene combination are often overrepresented (epistasis and LD of same sign),
so that recombination is selected against in these individuals. Unfortunately, this
simple relationship between selection for the sex modifier and E × D does not hold in
all regions of the parameter space, especially those where selection is strong. Thus, it
seems that other effects – in particular the “long-term effect” and the “delayed short-
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term effect” described previously in RQ models (Salathé et al., 2009) – can become
more important than this immediate effect.
On the other hand, the induction of sexual reproduction in infected individuals
may impart a selfish-gene advantage to the modifier. This advantage is analogous
to an effect described in single-species models with fitness-associated sex, called the
“abandon ship” mechanism (Agrawal et al., 2005). Here, modifiers inducing higher
rates of recombination in unfit individuals have been shown to spread to fixation by
breaking away from their low fitness haplotype background (Hadany & Otto, 2007,
2009). In this way, metaphorically speaking, modifiers spread by avoiding “sinking ships”. In the context of antagonistic co-evolution, condition-dependent sex also
allows these modifiers to frequently become associated with fitter genotypes even
though fitness changes with time. This is especially so when the difference between
effective recombination in sick and healthy individuals is large.
Our results support the RQH for the initial evolution of sexual reproduction. One
problem with this hypothesis has been that strong selection on the parasites as well as
tight linkage between the modifier and the interaction loci is necessary for the modifier allele to spread in the population (Salathé et al., 2008b). Our model shows that in
its condition-dependent version, the RQH also works well with weak or intermediate
selection and free recombination between all loci. This extension also makes the RQH
consistent with findings indicating that facultative sex was the first form of sexual
reproduction to evolve (Dacks & Roger, 1999).
The flipside of this, however, is that the condition-dependent RQH struggles to
explain the evolution and the evolutionary maintenance of obligate sex (as do single
species models of condition-dependent sex Hadany & Otto, 2007). Assuming weak
selection or free recombination between all loci – the conditions that are favourable
for the spread of a condition-dependent sex modifier in an asexual population – such
a modifier can also spread in sexual populations (see Fig. 5.1C and F), and strategies which upregulate the rate of sex in infecteds are always favoured (see Fig. 5.5).
Condition-dependent sex thus seems to be superior to obligate sex, but at least in
multicellular organisms, the latter is much more common. One solution to this seeming paradox could be that facultative forms of sexual reproduction are more common
than previously assumed, in the sense that recombination rates in infected individuals are higher than those in uninfected individuals. Although we have not explicitly modelled condition-dependent recombination modifiers, we expect that a higher
propensity of reproducing sexually in infected than in uninfected individuals should
qualitatively have the same effect as an increased recombination rate. Thus, selection
for condition-dependent sex may also manifest itself in the emergence of obligate sex
with condition-dependent recombination rates. In plants, recombination rates that depend on parasite infection have indeed been documented (Kathiria et al., 2010; Boyko
& Kovalchuk, 2011), but in animals this remains largely understudied.
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Abstract
The evolutionary implications of recombination in HIV remain not fully understood. A plausible effect could be an enhancement of immune escape from cytotoxic T lymphocytes (CTLs).
In order to test this hypothesis, we constructed a population dynamic model of immune escape in HIV and examined the viral-immune dynamics with and without recombination. Our
model shows that recombination (i) increases the genetic diversity of the viral population,
(ii) accelerates the emergence of escape mutations with and without compensatory mutations, and (iii) accelerates the acquisition of immune escape mutations in the early stage of
viral infection. We see a particularly strong impact of recombination in systems with broad,
non-immunodominant CTL responses. Overall, our study argues for the importance of recombination in HIV in allowing the virus to adapt to changing selective pressures as imposed
by the immune system and shows that the effect of recombination depends on the immunodominance pattern of effector T cell responses.
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6.1

Introduction

Human immunodeficiency virus (HIV) frequently undergoes recombination (OnafuwaNuga & Telesnitsky, 2009; Robertson et al., 1995; Wooley et al., 1997). The high recombination rate is the consequence of both a high switching rate of reverse transcriptase
between the two viral RNA strands during proviral synthesis (An & Telesnitsky, 2002;
Chen et al., 2006; Kuwata et al., 1997; Rhodes et al., 2003) as well as of the large fraction of infected cells that harbour more than one provirus (Gratton et al., 2000; Jung
et al., 2002; Quiñones-Mateu & Arts, 1999; see Onafuwa-Nuga & Telesnitsky, 2009 for
review). Thus, when two non-identical virions infect the same cell, RNA from two
different viruses can be packaged into a new virion, and upon a subsequent infection, a crossover event between the two RNA strands can result in recombination of
the genetic material (see Fig. 6.1A). The evolutionary implications of recombination
have been, to some extent, addressed in the context of the evolution of anti-retroviral
resistance in HIV (Althaus & Bonhoeffer, 2005; Bonhoeffer et al., 2004; Fraser, 2005;
Kouyos et al., 2009a; Moutouh et al., 1996; Vijay et al., 2008). However, the effect of recombination in HIV on coevolutionary dynamics between the virus and the immune
system has, to the best of our knowledge, not been addressed.
HIV is known to evade the immune control, for example by escaping from the
recognition by cytotoxic T lymphocytes (CTLs). These CTLs recognize and kill cells
that display fragments of viral peptides on their surface. More specifically, proteins
produced by the virus inside an infected cell are processed by the host cell machinery into antigenic peptides, and loaded onto MHC class I molecules. The resulting MHC:peptide complexes are then presented on the surface of the cell such that
the host’s CTLs, which scan the MHC:peptide complexes, can recognize and destroy
the infected cells. Viruses can evade the immune response, and studies of HIV-1
and SIV infections have shown selection of CTL escape variants during both primary
and chronic infections (Borrow et al., 1997; Draenert et al., 2004a; Jones et al., 2004;
Phillips et al., 1991). The escape is mediated by the ability of the virus to alter the
presented peptide sequences (see Fig. 6.1B). The mutated proteins then become invisible to the antigen-presenting machinery (e.g. TAP or proteasome), dissociate from
the MHC molecule, or become unrecognisable to the effector T cell receptors (Goulder
& Watkins, 2004b; Lopez et al., 2007). On the other hand, escape mutations typically
come at a cost to the virus by decreasing the viral replicative capacity (Fernandez
et al., 2005; Liu et al., 2007), although compensatory mutations which partially restore
the fitness can emerge (Friedrich et al., 2004; Kelleher et al., 2001) (see also Fig. 6.1C).
Thus, HIV can efficiently escape the selective pressure of the immune system.
The immune escape dynamics in HIV can generate an environment which is beneficial for recombination. When the immune system generates immune responses
against frequent virus strains, a strong selective pressure arises which leads to the
escape of the virus. The immune system in turn produces novel responses that can
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Figure 6.1. The model of recombination in HIV. A: Recombination in HIV occurs in virions that contain two nonidentical copies of RNA. During reverse transcription, one or more crossover events between the two strands can take
place and result in recombination. B: Immune escape of the infecting virus is modelled by assuming that n of the
epitopes presented on the surface of infected cells are recognised by the CD8+ T cells. The figure shows a situation
for n = 3 and an infected cell i, which contains two epitopes recognised by the immune system (a = 1, 3) and one
epitope that escapes the surveillance of the effector T cells (a = 2). C: Escape from immune recognition comes at
a fitness cost for the virus, and thus we assume that an escape mutation impairs the reproductive capacity of the
pathogen (blue bar). A compensatory mutation partially restores the fitness cost (green bar). In the absence of the
escape mutation, the compensatory mutation not only decreases the replicative capacity of the virus but also does
not confer immune-resistance (brown bar).

recognize the escape variants and lead to further escape. The resulting coevolutionary arms race between the virus and the immune system resembles the so-called Red
Queen dynamics between hosts and parasites, where recombination has been shown
to play an important role (Hamilton et al., 1990; Otto & Nuismer, 2004; Salathé et al.,
2008a). In such a scenario, parasites adapt to infect frequent host genotypes, which
gives rare host genotypes a selective advantage. Under these conditions recombina-
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tion can give the host an edge in the arms race with the parasite by rapidly generating
resistant genotypes. Thus in terms of the classical Red Queen terminology, HIV plays
the role of the “host” and the immune system plays the role of the “parasite”. Given
the parallel between host-parasite coevolution and virus/immune-system dynamics,
it is plausible that recombination may, under appropriate conditions, help the virus
to escape from the immune system.
In this study, we examine the role of recombination for immune escape of HIV
by using a population dynamic model of HIV. We find that recombination accelerates
the evolution of escape in the virus in the early stage of infection. We also find
that the CTL hierarchy is of vital importance to viral/immune coevolution as well
as viral recombination. In particular, we find that the immunodominance pattern of
the CTL response strongly affects the mean number of escapes in the virus as well as
the impact of recombination. Furthermore, we determine which parameters increase
or decrease the impact of viral recombination on the immune escape, and discuss in
which situations genetic shuffling could contribute to the viral immune escape as well
as to adaptation of HIV to the host in general.

6.2
6.2.1

Methods
General construction of the model

Mathematical models have proved an excellent tool for studying complex viral dynamics in vivo (Ho et al., 1995; Wei et al., 1995) as well as investigating population genetic and dynamic consequences of recombination (Otto & Lenormand, 2002). Thus,
in order to examine the impact of recombination on the viral immune escape we consider a population dynamic model which is an extension of a standard HIV dynamics
model (Nowak et al., 1995; De Boer, 2007; Althaus & De Boer, 2008). The model mimics the interaction of HIV with the immune system by taking into account some basic
properties of the coevolutionary dynamics between the virus and the immune system.
The model can be expressed by the following set of ordinary differential equations:
Pm
TI
dT
i=1 β
Pi m i ,
= λ − δT T −
dt
1 + T + i=1 Ii
n
X
dIi
βi T Ii
P
=
− δI Ii − kIi
αia Ea ,
dt
1+T + m
i=1 Ii
a=1
X
dEa
Ii αia
Pn
P
= σ + gEa
− δE Ea .
dt
Ka + b=1 αib Eb + m
j=1 Ij αja
i=1
m

(6.1)

Three populations of cells are considered: susceptible naive CD4+ T cells (T ), infected CD4+ T cells (I), and effector CD8+ T cells or CTLs (E). Naive target cells, T , are
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produced at a constant rate λ, and die at a rate δT . They can become infected by any
of m distinct viral strains in the population. A naive T cell infected by a virus strain i
becomes an infected cell of type Ii . The virus is assumed to be in quasi-steady state
(Ramratnam et al., 1999), which implies that free virus is, to a good approximation,
proportional to the infected cells at all times. The transmission rate of an infected
CD4+ cell of type Ii is then defined as βi = βfi , where β denotes the transmission
rate by cells infected with a wild-type strain and fi denotes the relative reproductive
fitness of the virus strain i (which implies that fwt = 1).
Parameter
λ

Assumed value
2 × 107 cells/d

δT

0.01 d−1

max βi − δI

1.5 d−1

k

kmax /E∗ cell−1 d−1 ; kmax =
0.9 d−1 by default

δI

0.1 d−1

g

1.0 d−1

Ka
δE
σ/δE

variable; rand(Kmin , Kmax )
by default
0.01 d−1
103 cells

n

variable, 15 by default

fmin

variable, 0 by default

µ

3 × 10−5

ρ

variable; 3 by default

pdb

0.1

Name & reference
Daily production of CD4+ target cells (Wei et al.,
1995; Hellerstein et al., 1999)
Natural death rate of naive CD4+ target cells
(Mohri et al., 1998; Stafford et al., 2000)
Initial replication rate of the viral population (Petravic et al., 2008); taken from SIV assays
Assumes maximal CTL kill rate at 0.9 d−1 , and otherwise ranged between 0.1 - 10 d−1 (Asquith et al.,
2005; Regoes et al., 2007; Yates et al., 2007)
Death rate of virus-infected cells not due to the CTL
killing; chosen such that the total HIV death rate is
1 d−1 by default (Markowitz et al., 2003)
Maximal proliferation rate of CD8+ cells (Davenport et al., 2004)
Distribution of dissociation rates; defines the immunodominance pattern of the response
Death rate of CD8+ cells (Ogg et al., 1999; Casazza
et al., 2001)
Number of CD8+ cells of type a in the absence of infection; chosen based on the assumption that CD8+
T cell clones increase > 1000-fold upon stimulation
(Butz & Bevan, 1998)
Number of targeted epitopes (Addo et al., 2003;
Wang et al., 2009)
minimal fitness due to single mutation (Parera
et al., 2007)
Virus mutation rate per locus (Mansky & Temin,
1995)
Mean number of crossovers per genome (Jetzt et al.,
2000; Onafuwa-Nuga & Telesnitsky, 2009)
Percentage of doubly infected cells (Jung et al.,
2002; Josefsson et al., 2010)

Table 6.1. Assumed parameter values for HIV dynamics.

An infected cell displays n distinct types of MHC:peptide complexes, all of which
are recognized at the beginning of infection by effector cells (CTL of type Ea recog-
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nizes an epitope a). Mutations at these epitopes can lead to escape from recognition
by CTLs and here we focus solely on those mutations that result in a complete lack of
recognition by the immune system. Whether the clone a recognizes the viral strain i
is defined in a binary interaction matrix αia , where 1 denotes recognition and 0 denotes escape (see Fig. 1B). We assume that each viral epitope consists of two loci: an
escape locus and a compensatory locus. A single mutation in either locus leads to an
impairment of the replicative capacity respective to the wild-type (each fitness value
is randomly drawn from a uniform distribution between fmin and 1), while a double
mutation partially restores it (uniformly drawn from the higher fitness of the two loci
and 1; see Fig. 6.1C). The
Qn fitness of each strain i, fi , is then the product of individual
epitope fitness values a fa .
All infected cells Ii die at a rate δI due to reasons other than immune killing
(e.g. cytopathicity), and we assume that δI > δT . In addition, they are killed by the
immune response at a rate k = kmax /E∗ per day, where kmax is the maximal death
rate of infected cells due to CTL killing and E∗ is the number of CTLs in the steady
state in the absence of escape (see Table 6.1). Furthermore, the strength of killing
depends on how well the viral strain is recognized by the immune system, and hence
is proportional to the number of CTLs specific for the particular strain i, namely
P
a αia Ea . Likewise, the activation and production of the effector sub-population Ea
is proportional to the viral sub-population recognized by this clone. The effector cells
Ea are produced at a constant rate σ, are activated to proliferate at a maximal rate g,
and die at a rate δE .
The rates of new infections and CTL production are assumed to obey MichaelisMenten dynamics, which generates a saturation effect in these terms similar to the
Michaelis-Menten enzyme-substrate kinetics (De Boer, 2007; Müller et al., 2001; Segel,
1988). By dividing the standard mass-action term by the density of the cells that
undergo such kinetics, one generates more realistic and less oscillatory population
dynamics of virus/immune-system interactions. The terms describing target cell depletion and the increase of infected cells saturate as a function of the total of naive and
infected CD4+ cells, reflecting the T cell density-dependence of the transmission rate
β (De Boer, 2007). Likewise, the proliferation via activation of the CTLs saturates as a
function of infected cells and effector cells reflecting a non-trivial CTL kinetics in vivo,
including competition for antigen and saturation in killing (Althaus & De Boer, 2008;
Graw & Regoes, 2009; Yates et al., 2007). The constant Ka is a dissociation parameter,
which is an inverse of the measure of sensitivity (avidity; see below) of the effector T
cell clone a: low Ka corresponds to a sensitive clone, and high Ka corresponds to an
insensitive clone. By varying the distribution of the parameter Ka , the immunodominance of an effector response is altered. The overview of parameters together with
the assumed values is given in Table 6.1.
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6.2.2

Mutation and recombination

Mutation and recombination are implemented as stochastic events and are executed
at discrete time steps during the simulation. When new mutants and recombinants
are generated, the ancestral viruses are removed from the population of infected cells,
new strains are added, and the set of equations (6.1) is restructured accordingly. Importantly, both mutation and recombination do not alter the number of infected cells
but only the genetic composition of the provirus population.
In order to perform mutation, we approximate the number of CD4+ cells infected
with a single virus of type i between the time t and t + ∆t as
∆Ii (t) =

βi T (t)Ii (t)
P
∆t.
1 + T (t) + m
k=1 Ik (t)

(6.2)

This fraction undergoes mutation and is changed accordingly in the population. The
mutation step is carried out by assuming that mutation occurs independently at every
locus with probability µ.
In order to perform recombination, we assume at every time-point that (i) a fraction pdb of all infected cells is doubly infected, (ii) amongst these doubly infected
P cells,
the cells infected with two different strains i and j occur at a frequency 2Ii Ij /( k Ik )2 ,
which implies that the infection of a target cell by one virus strain happens independently from infection of the same target cell by another virus strain, (iii) a cell doubly
infected with virus strains i and j produces a new infection between the time t and
t + ∆t with the probability
(βi + βj )/2
P
T (t)∆t,
1 + T (t) + m
k=1 Ik (t)

(6.3)

(iv) in the course of such infection event, strains i and j are enclosed in the same viral
capsule with the probability of 50%, and that (v) the average number of crossover
events is equal to ρ and crossover-sites are randomly distributed across the viral
genome. Likewise, the newly recombined strains substitute the old strains in the
population of infected cells.

6.2.3

Measures

Escape types. We distinguish between two types of escape, E and EC. The escape E
is the escape which only carries a mutation at the escape locus and regardless of the
type of allele at the compensatory locus; the escape EC is the escape which carries
a mutation at both escape locus and the compensatory locus (see Fig. 6.1C). Unless
mentioned which type of escape mutation is analyzed, we refer to the E escape type.
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Time of escape. The average time of escape of a mutant with k escape mutations is
measured by calculating the total abundance of CD4+ cells infected with viruses with
k escape mutations and capturing the time when the number of these cells exceeds
104 .
Mean number of escapes. The mean number of escape variants in the population at
a given time is calculated by the mean Hamming distance of the escape types from the
wild type. For example, in order to calculate the mean number of E escape variants,
we calculate the abundance of all strains with the number of E escapes equal to zero,
one, two, etc., then multiply each by its Hamming distance from the wild type, and
finally weight by the total virus load.
CTL avidity. Each CTL clonal sub-population has its assigned sensitivity (avidity)
value Sa = max(Ka )/Ka , where Ka is the Michaelis-Menten constant assigned to each
clone. Thus, the least sensitive population has mean avidity of 1. For each run (unless
mentioned otherwise), we randomly choose the Ka values between Kmin and Kmax .
CTL diversity. The diversity of the CTL population is a measure of their distribution.
At each time point in one simulation run we calculatedP
the diversity of the CTL
response by the use of the Shannon diversity index 1 + ( i ci log ci )/ log(n) where
ci is a frequency of each CTL clone and n is the number of CTL clones. The mean
diversity was calculated by first averaging over all simulations runs and then over
time.

6.3

Results

The aim of this study was to examine the impact of recombination on the immune
escape of HIV. To that end, we considered a deterministic, population dynamic model
of HIV infection with a stochastic implementation of mutation and recombination
(Nowak et al., 1995; De Boer, 2007; Althaus & De Boer, 2008), and examined the viralimmune dynamics with and without recombination (see Methods). Using the model
we quantified the impact of recombination on a number of important characteristics
of the viral population (viral load, emergence of escape, diversity, etc.) as well as a
number of important characteristics of the immune system (strength, distribution of
CTL clones, etc.).

6.3.1

Recombination accelerates the acquisition of escape mutations

A key question is whether recombination can accelerate the emergence of escape mutations in HIV, and if so, whether this is beneficial for the virus. Fig. 6.2 shows two
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representative simulation runs of the immune escape dynamics with and without
recombination. The figure shows the frequencies of escape mutations at different epitope loci with three chosen escape frequencies shown in colour. Fig. 6.2A shows an
example of dynamics where the impact of recombination is high. Fig. 6.2B shows an
example of dynamics where the impact of recombination is low. This illustrates that
recombination can, but does not generally accelerate the emergence and the fixation
of immune escape. Furthermore, the distinct escape dynamics which can be seen in
both panels suggest that the characteristics of the immune response play an important role in the scale of the recombination impact, as will become evident in the next
section. (Even though the virus recombines with the same strength, the properties
of not only the virus but also the immune system lead to a much weaker effect of
recombination.)

Figure 6.2. Example simulation runs of the virus escape dynamics. Simulation runs without recombination are
shown with solid lines (ρ = 0), and with recombination with dashed lines (ρ = 1). Plotted are frequencies of
escapes at all n = 15 loci as a function of time, and in each case three chosen loci are printed in colour. (A): An
example simulation run for a parameter setting in which the impact of recombination is strong. (B): An example
simulation run for a parameter setting in which the impact of recombination is weak. Recombination mostly, but not
always, accelerates the emergence and fixation of immune escapes. Parameters used in (A): fmin = 0.6, Kmin = 0
Kmax = 108 . Parameters used in (B): fmin = 0.0, Kmin = 0 Kmax = 5 × 109 ; the remaining parameters are the same
and are defined in Table 6.1.

In order to assess a general impact of recombination on the evolution of escape in
HIV, we measured the mean time of appearance of escape mutations during infection.
In particular, we measured an average speed of accumulation of successive mutations
from the time point of infection, i.e. the average time of appearance of a single mutant,
the average time of appearance of a double mutant, etc. The results are presented in
Fig. 6.3 where panel A shows the average times of appearance of successive E escape
mutants and panel B shows the average times of appearance of successive EC escape
mutants (see Methods and Fig. 6.1C for an explanation of E and EC escape mutants).
The figure shows that in runs with recombination successive escape variants appear faster than in the runs without recombination, and that the accumulating effect
of recombination increases with the number of escape mutations. The impact of re-
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combination is even stronger for EC than for E escape types. Since EC escapes need
two point mutations, the results suggest that genetic shuffling not only helps bringing
together escape mutations from different epitopes but also bringing together escape
and compensatory mutations at the same epitope (see Discussion). Thus, our model
shows that recombination accelerates the emergence of escape variants by clustering
together various escape mutations in the virus.

Figure 6.3. The average times of appearance of successive accumulations of escape mutations. In both panels the
time of emergence of mutants with a given number of escape mutations is shown. Orange and blue bars correspond
to runs with and without recombination, respectively. (A): The time of appearance of E escapes (escapes at the escape
locus). (B): The time of appearance of EC escapes (escapes at the escape and compensatory locus). The simulations
show that recombination accelerates the emergence of escape mutations. Parameters used: fmin = 0, Kmin = 0
Kmax = 109 ; the others are defined in Table 6.1. The plot shows an average of 10000 simulation runs.

On the other hand, the acceleration of the emergence of escape mutations is likely
to have other consequences on the virus dynamics, and thus we next examined which
of the determinants of the viral population are significantly affected by genetic shuffling. We found that recombination has a considerable impact on viral diversity as
well as the average number of escape mutations in the population. The results are
shown in Fig. 6.4 where the average over many stochastic simulation runs is considered. Fig. 6.4A shows the viral genetic diversity as a function of time since the beginning of infection. One can see that due to the faster appearance of escape variants, a
higher level of genetic diversity is achieved in virus populations with recombination.
Fig. 6.4B shows the mean number of E escapes in the viral population as a function
of time (see Methods). The runs with recombination resulted in an increased level
of escape on the population scale early in the infection, however after 2-3 years the
same runs (ρ > 0) showed only a marginally higher number of escapes than the runs
without recombination (ρ = 0). The initial increase in the number of escapes occurred
because of a high selective pressure to escape the CTL responses, resulting in a subsequent decrease of the stimulation of T cells and hence of the selective pressure. At
the same time, an increase in the mean number of escapes decreased the fitness of the
virus population, making it susceptible to the invasion by strains with the wild-type

89
allele (results not shown). As a result, the escape epitopes became selected against
during the chronic stage of infection.

Figure 6.4. The effect of recombination on chosen parameters of the model. Orange and blue bars correspond
to runs with and without recombination, respectively. (A): Viral diversity as a number of strains in the population
(results for other measures of diversity were qualitatively similar). It can be seen that recombination has a significant
impact on diversity regardless of the stage of infection. (B): Mean number of escapes measured by the mean HD at
the escape loci. The panel shows that recombination accelerates the evolution of immune escape in the virus in the
early phase of infection because it accelerates the acquisition of the escape mutations when they are beneficial. Note
that the strain with mutations at all loci (HD = 30) has arisen only in the runs with recombination (one blue bar
missing in panel B). The parameters are identical as in Fig. 6.3 and the plot also shows an average of 10000 simulation
runs.

In line with this interpretation, we observed little or no reversion to the wild-type
in simulations where the cost of escape was low or absent (results not shown). The
higher mean number of escapes with ρ > 0 suggests that the process of selecting
escape variants in the primary phase of infection was accelerated by the mechanism
of recombination. Interestingly, we observed that recombination had no significant
effect on the viral load unless the process of escape led to the appearance of an escape mutant with a substantially decreased kill rate and a relatively high replicative
capacity (results not shown; see Discussion).

6.3.2

CTL dynamics and the impact of recombination

Several measures of the T cell response are used extensively in immunological literature (e.g. immunodominance, breadth, strength). However, using them to characterize
the CTL dynamics during a viral infection has the disadvantage that these measures
not only result from the properties of the immune cells but are are strongly affected
by the interactions of the immune response with the virus and the stochastic effects.
In order to characterize the response itself, one could measure the avidity distribution
of the T cell population for a given antigen, but such quantification in experimental
assays remains not feasible. A mathematical model, on the other hand, has the advantage that the sensitivity of each CD8+ T cell clone to the wild-type virus is defined
before the simulation run (by the avidity value Sa ; see Methods). Therefore, in this
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study we propose to quantify the CTL response by the mean avidity and the variance
of avidity in each run. In this way, (a) two independent variables are used to quantify
the immune response, while typical measures used in the literature can be read off
the plot, and (b) a correspondence between the measures of the T cell population and
the observed immune dynamics are investigated.
The results are displayed in Fig. 6.5 where panel A shows the diversity of the CTL
response as a function of mean and variance of the T cell avidity (see Methods) averaged over many simulations (ρ = 0 assumed but results for ρ > 0 are qualitatively the
same). As expected, the diversity of the CTL response decreases (responses become
more even) as the variance of avidity decreases (low diversity for low avidity occurs
because all clones are equally weak). However, increasing the mean avidity at a constant variance (with the exception of the zero variance and the very weak response)
increases the evenness and hence the breadth of the response. Thus we see that the
relation between the avidity and the breadth of the response can be non-trivial and
counter-intuitive.
Fig. 6.5B shows the mean number of escapes at the escape loci after one year from
infection, as a function of the mean and the variance of avidity. Fig. 6.5C shows the
factor of increase in the measure in panel B due to recombination. One can see that
as the potency (mean avidity) of the immune response increases, the efficiency of escape reaches an optimum, namely an initial increase in the impact of recombination
is followed by a decrease. The initial increase occurs because with a higher avidity the
strength of the immune system increases and so does the selective pressure. However,
as explained above, by increasing the mean avidity the hierarchy of the immune response changes yielding a broader CTL response. Such immune response effectively
targets the virus at many loci, disabling the evasion of the immune system (escape
becomes too costly). However, at the same time that the immune response broadens, the impact of recombination becomes stronger. This is particularly evident for
potent and non-immunodominant CTL responses, i.e. for runs with high mean and
small variance in avidity. We see qualitatively the same pattern when measuring the
acceleration of the appearance of the full escape mutant (Fig. 6.5D-F).
Why is the impact of recombination stronger for broader (non-immunodominant)
responses? The reason is that when all effector responses are similarly strong, the
expected time of escape at any epitope will be comparable, meaning that all epitopes
will escape on average at a similar time because they will all become advantageous
at a similar time. A multiple number of escape variants increasing in frequency will
in turn allow for almost any combination of those mutations to be advantageous too,
possibly outgrowing variants with a smaller number of escape epitopes. This creates
an environment in which genetic shuffling will have a significant effect. By contrast,
immunodominant responses will favour different escape variants at different times,
which will decrease the diversity in the viral population, and hence the variance
which recombination can act on. This is why we see a stronger impact of recombina-
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Figure 6.5. CTL dynamics and the impact of recombination. Figures are plotted as a function of mean avidity and
variance of avidity of the CTL response. (A): Mean diversity of the CTL population which decreases with increasing
mean (except for an initial increase in avidity) and decreasing variance in avidity. (B): Mean number of escapes during
infection without recombination after 1 yr. of infection, which has an optimum for a given mean avidity of response
and correlates well with the diversity of the CTL response in (A). (C): Factor of increase in the number of escapes after
one year (cf. panel B) due to recombination, which is the strongest for broad and even responses. (D) and (E): Time
of appearance (days) of the full escape variant without and with recombination, respectively. The hatched areas show
runs in which the full escape mutant did not appear within the time of 1000 days. The impact of recombination on
the time of emergence of the full escape mutant (F) corresponds well to the impact of recombination on the number
of escape mutations after one year, shown in (C). The mean and variance of log avidities (M and V, respectively)
plotted in all panels are defined in each simulation, and the distribution of avidity values is drawn from a uniform
√
√
distribution in each simulation run between M − 3V and M + 3V. The parameters used: fmin = 0, n = 10,
ρ = 2. All other parameters are given in Table 6.1. Each point in the plot shows an average of 5000 simulation runs.

tion on the number of escapes in models with little or no immunodominance.
We also examined the impact of recombination for a decreased cost of escape, and,
in accordance with the intuition, we observed an increased effect of recombination on
the emergence of escapes (results not shown). With decreasing cost of escape, the impact of recombination on the emergence of escape variants increased markedly. This is
because fitter escape variants competed more efficiently with the wild-type variants
which in turn, by increasing viral diversity, enhanced the impact of recombination.
Finally, as we observed that a decreased level of immunodominance is generally asso-
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ciated with an increased breadth of the response and also with an increased number
of CD8+ cells, we conclude that broader and stronger (higher activation and killing)
immune responses are likely to increase the impact of viral recombination on the
escape dynamics.

6.4

Discussion

In this study we show that recombination in HIV accelerates the initial phase of viral
coevolution with the immune system. We demonstrate that random shuffling of the
genetic material (a) accelerates the emergence of escape mutations (both with and
without compensatory mutations), (b) increases viral diversity during infection (in
line with the experimental observations; see Charpentier et al., 2006), (c) accelerates
the acquisition of escape mutations in the early stage of infection. Furthermore, our
model exhibits a negative correlation between the impact of recombination and the
efficiency of escaping the immune system. In particular, we observe that the impact
of recombination is strongest in broad, non-immunodominant systems. Although
our analysis focuses on the escape from cytotoxic T-lymphocytes, similar effect might
occur with escape from other virus-specific responses including antibodies.
Generally, we see a higher impact of recombination with than without compensatory mutations, suggesting an acceleration in the adaptation of the virus due to
recombination in spite of positive epistasis (a double mutant has higher fitness than a
single mutant). This may seem paradoxical as under positive epistasis, recombination
may be expected to decelerate adaptation (Bretscher et al., 2004). We see three potential explanations for this paradox: (i) stochastic effects in this model may override the
effects of possible epistasis (Althaus & Bonhoeffer, 2005); (ii) the epistasis experienced
by the virus is also influenced by the CTL dynamics, and these could therefore outweigh the positive epistasis of compensatory mutations with respect to reproductive
fitness; and (iii) more generally the model here is substantially more complex than the
population genetic models that have been used to determine the mentioned effects of
epistasis on recombination, such that it is difficult to translate their observation to the
situation considered here.
Depending on the total fitness cost of escape, and thus also on the number of escape loci, a mutant can arise that escapes at all loci. Because such full escape is no
longer controlled by the immune response, the appearance of this mutant is accompanied by a substantial increase in viral load. The time of appearance of the full escape
mutant depends strongly on the recombination rate. However, whether such total
escape ever occurs in late stage patients is currently unclear.
Generally, we find that viral recombination increases the set-point viral load. Given
the moderate magnitude of this increase (typically 5-10%, data not shown) and the
large variance seen between clinical measurements of the virus load, it is not an effect
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that could easily be detected in clinical data even if there were considerable variation
in recombination rates between different viral isolates. The fact that in our model recombination has only a weak effect on virus load, however, is compatible with strong
selective pressures on escape mutants, as observed experimentally (Allen et al., 2004;
Asquith et al., 2006; Asquith & McLean, 2007; Fernandez et al., 2005; Mandl et al.,
2007; O’Connor et al., 2004), because large changes in viral fitness in vivo do not necessarily induce substantial changes in virus load (Bonhoeffer et al., 1997, 2003).
As common strains are likely to be targeted more strongly by the immune response, a negative frequency dependent selection may ensue, leading to potentially
cyclical frequency dynamics between the virus and the immune system. This behaviour shows a resemblance with the so-called Red Queen dynamics in evolutionary
biology, where fluctuating selection in host-parasite systems leads to allele frequency
cycles and the maintenance of genetic variants over long periods of time. One of the
leading hypothesis for the evolution of recombination (Red Queen Hypothesis) states
that such circumstances can explain the evolutionary maintenance of genetic shuffling (Bell, 1982; Hamilton, 1976; Jaenike, 1978; see Salathé et al., 2008a for a review).
Here, we have focused on examining the consequences rather than the evolution of
recombination rate. Nevertheless, the fact that viral recombination accelerates the acquisition of beneficial mutations in the virus indicates that recombination, like in the
Red Queen scenario, could be advantageous for the virus. However, our model differs
in a number of ways from the typical Red Queen models (multiple loci, absence of
persistent allele fluctuations, interaction models, etc.), and whether the observed benefit of recombination stems from the similar effects as in the Red Queen Hypothesis
is a topic that warrants further investigation.
Although the primary aim of this study has been the impact of recombination on
the coevolution of HIV with the immune system, the results presented here might
shed light on the evolutionary history of recombination in HIV (or other retroviruses
like SIV). On the one hand, we have found that recombination can have a strong
impact on the speed of acquisition of escape mutations, and thus arguably, on the
adaptation of the virus to the new hosts. This suggests that the within-host selection
acting on the virus might select for non-zero recombination rates. On the other hand,
the total viral load has been correlated with the transmission probability of HIV, and
since we have seen that recombination moderately increases the total virus load, the
between-host selection acting on the viral recombination is likely to be weak or zero.
This also emphasizes the importance of the within-host stage of evolution of HIV.
However, what evolutionary forces act on recombination and how, as well as whether
HIV had enough time to evolve its recombination rate, remains a matter of discussion.
HIV and the immune system remain one of the best qualitatively and quantitatively characterized coevolutionary systems. However, a better insight into the coevolutionary dynamics underlying the interaction of the virus with the immune system,
as well as into the population dynamical consequences of recombination, requires an
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improved understanding of the parameter space defining these interactions. First, the
recently underlined importance of macrophages in the development of HIV infection
(Benaroch et al., 2010) as well as of an increased recombination rate in those cells
(Levy et al., 2004) suggests that the inclusion of macrophages in a model of recombination might qualitatively affect the outcome of this study. Second, we have seen
a positive correlation between the number of crossover events in HIV and the mean
number of escape mutants in the late stage of infection (results not shown). Therefore,
a better understanding of the relation between viral fitness in vivo and the number of
escape mutations in the chronic phase of the infection might yield further insight into
understanding the optimal recombination rate in HIV. Third, our results show that
of particular importance is the estimation of the fitness of escape mutants in the context of the immune system (in vivo). The first component of this fitness is the cost
that these mutations induce in the absence of the immune response, which could be
measured by quantifying their effect on the replicative capacity of HIV in vitro. The
other component of the fitness in vivo reflects the interaction of the virus and the immune response. This is encapsulated by the parameter avidity, which describes both
the activation of the immune response by the virus as well as its subsequent recognition and the killing by the immune system. Obtaining more quantitative data on
the specificity and diversity of the T cell repertoire recognizing the virus would allow
better understanding of the effect of recombination on the population dynamics of
the virus, and more generally would enable more quantitative approach to the causes
underlying immunodominance.

Part III
Quantitative aspects of antagonistic
coevolution
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M. Whitcomb, Christos J. Petropoulos, Can Keşmir & Sebastian Bonhoeffer
Estimating the fitness cost of escape from MHC class I presentation in HIV-1 protease and reverse
transcriptase.
* These authors contributed equally to this work

Abstract
HIV-1 is known to escape recognition by cytotoxic T lymphocytes (CTL) by escaping the binding to major histocompatibility complex (MHC) class I molecules. We assess the replicative
cost of human leukocyte antigen (HLA) escape mutations in HIV-1 protease and reverse transcriptase by combining computational approaches for prediction of in vitro replicative fitness
and peptide binding affinity to HLA. We find that on average escape mutations carry higher
fitness costs than non-escape mutations in HLA-A but not HLA-B. The fitness cost of escape
mutants is correlated with the frequency of the HLA-A alleles from which they escape in the
host population. We also provide evidence for a cost of escape for rare HLA-A alleles. This
suggests that the observed fitness costs from HLA-A are in part due to the selective pressure
exerted by the host population and in part due to intrinsic costs of escape.
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7.1

Introduction

The evolutionary dynamics of viral infections are often characterized by the opposing forces of immune control and viral escape. These forces shape both the within
host dynamics of infections as well as the dynamics of spread on an epidemiological level. On the within host level, the role of the opposing forces are manifest in
chronic infections such as HIV, SIV or HCV. For these infections it has been shown
that the virus population frequently escapes immune control by B- or T-cell responses
(O’Connor et al., 2001; Wei et al., 2003; Goulder & Watkins, 2004a; Bowen & Walker,
2005; Guglietta et al., 2005; Davenport et al., 2008; Thimme et al., 2008; Liu et al., 2011).
Moreover, in HIV/SIV slow disease progression has been associated with efficient immune control (Draenert et al., 2004b; Frater et al., 2007; Kiepiela et al., 2007). At the
epidemiological level, the balance between immune control and escape often affects
the success of vaccines. Vaccines against viral infections characterized by complete absence of escape, such as smallpox, measles, mumps and rubella, are typically highly
protective (Lipsitch & O’Hagan, 2007), whereas vaccines against viruses, which periodically escape from immune control, such as influenza, require a periodic updating
(Smith et al., 2004; Smith, 2006; Russell et al., 2008). Furthermore, at the epidemiological level, the selection for escape imposed by the host population can be traced in the
genetic structure of viral infections (Poon et al., 2007; Cobey & Koelle, 2008; Goulder
& Watkins, 2008; Kawashima et al., 2009).
Deeper insight into the coevolutionary dynamics of immune control and viral escape requires an improved quantitative understanding of the benefits and costs for
the virus to escape from the immune responses. The literature on escape of HIV and
SIV from immune responses clearly documents the existence of costs and benefits for
viral escape as well as the necessity of quantifying them. The observation that escape
mutations often revert in HLA-mismatched patients (Leslie et al., 2004; Fernandez
et al., 2005; Kearney et al., 2009) and that escape mutations are often followed by
compensatory mutations (Kelleher et al., 2001; Brockman et al., 2007; Crawford et al.,
2007) is strongly indicative of the presence of costs of escape mutations. Large variability in the cost of escape mutations has been demonstrated experimentally (Troyer
et al., 2009) and mathematical models have shown that the dynamics of immune escape strongly depend on the cost of escape mutations both at the within-host and
the epidemiological level (Althaus & De Boer, 2008; Fryer et al., 2010; Mostowy et al.,
2011). Taken together these studies thus underline the importance of assessing the
replicative cost of escape mutations.
Here, we quantify the fitness cost of escape mutations in the HIV-1 protease and
reverse transcriptase using an in vitro and in silico approach. Specifically, we focus on escape from recognition by major histocompatibility complex (MHC) class I,
which in humans is encoded by human leukocyte antigen (HLA) genes. To that end,
we combine two computational approaches. On the one hand, we use the results of a
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ridge-regression approach to quantify the impact of amino-acid substitutions in HIV1 protease and reverse transcriptase on the viral replicative capacity in vitro (Hinkley
et al., 2011). On the other hand, the impact of these mutations on binding strength
to various HLA molecules is predicted using a neural network approach, as implemented in Nielsen et al. (2007) and Hoof et al. (2009). Combining these two methods
allows us to assess how changes in binding affinity correlate with changes in viral
fitness in vitro. Furthermore, we examine whether the fitness cost of mutations that
confer escape from MHC binding (escape mutations) differs from the fitness cost of
mutations that do not (non-escape mutations).

7.2

Results

In order to test whether the fitness cost of single mutations may be associated with
their impact on HLA presentation, we analyze the correlation between the predicted
fitness cost of mutations and their effect on HLA binding affinity. The in vitro fitness
cost of mutations was predicted via ridge regression and their impact on HLA presentation was predicted via a neural-networks approach (see Methods). Figure 7.1 shows
that the predicted effect of mutations on peptide-binding affinity correlates significantly with their predicted fitness effect for HLA-A, but not for HLA-B, independent
of whether the absolute or the relative criterion is employed for epitope definition
(Spearman rank correlation; HLA-A: absolute criterion, ρ = −0.116, p < 0.0001, relative criterion, ρ = −0.091, p < 0.005; HLA-B: absolute criterion, p > 0.5, relative
criterion, p > 0.1). Thus, mutations that disrupt binding to HLA-A molecules seem
to carry a higher fitness cost than mutations that do not.
To compare directly the fitness cost of escape mutations to that of non-escape mutations we subdivide all single mutations into escape mutations and non-escape mutations (see Methods). Figure 7.2 shows the distribution of fitness of escape mutations
and that of non-escape mutations for HLA-A and HLA-B alleles. Not surprisingly,
both escape and non-escape mutations have on average a detrimental effect on the
viral replicative fitness. However, escape mutations from HLA-A alleles carry higher
fitness cost than non-escape mutations, where cost is defined as 1-fitness (Wilcoxon
test; median increase of 39.7% for absolute criterion epitopes, p < 0.005 and 88.9% for
relative criterion epitopes, p < 0.01). By contrast, we do not observe a significant difference in fitness cost between escape and non-escape mutations from HLA-B alleles
(p > 0.1 for both definitions of escape).
The association between the effect of a mutation on fitness and its effect on escape
from HLA-A binding may in principle be due to two, mutually not exclusive reasons.
First, the differences in fitness cost could come about through selection for escape on
the host population level. Since our data is not based on random mutations, but rather
mutations as they are observed in viral populations sampled from infected hosts, the
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Figure 7.1. Effect of single mutations on HLA-binding. (A) Effect of mutations on binding affinity to HLA-A
molecules according to two alternative epitope definitions (absolute criterion: n = 1172, relative criterion: n = 1106).
In both cases we observe a significant correlation between the fitness of single mutants and the impairment of binding
to HLA (Spearman rank correlation, absolute criterion: ρ = −0.116, p < 0.0001; relative criterion: ρ = −0.091,
p < 0.0005). Note, that if multiple HLA molecules are affected by a single mutation, we plot here the strongest
impairment. (B) Effect of mutations on binding affinity to HLA-B molecules for the two alternative epitope definitions
(absolute criterion: n = 1280, relative criterion: n = 1412). Here, no significant correlation between the quantities
in question was found (Spearman, absolute criterion: p > 0.5; relative criterion: p > 0.1).

fitness cost of an escape mutation could be offset by the benefit of escape on the host
population level. Second, there could be intrinsic differences between mutations that
reduce HLA-A binding and mutations that do not.
To test the first hypothesis we examine whether the observed fitness cost of an
escape mutation in a given epitope depends on the frequency of the HLA alleles in
the host population that recognize this epitope. To this end, we quantify population
escape probability of a given mutation by summing up the frequencies of HLA-A
molecules from which this mutation escapes (see Methods). As the sequences used
to estimate the fitness effects are predominantly from North America (Hinkley et al.,
2011) we estimated the frequency of a given HLA allele in the US population by calculating the mean over its frequency in the different ethnicities weighted by the HIV
prevalence estimates for these ethnicities (see Methods). Figure 7.3 shows that for
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Figure 7.2. Distribution of fitness of escape and non-escape mutations. (A) Density plot of mutations conferring
escape from HLA-A molecules (escape mutations – blue line) compared to the density plot of mutations which do
not confer escape from HLA-A molecules (non-escape mutations – orange line; see Methods). Escape mutations
(absolute criterion: n = 841, relative criterion: n = 800) have significantly higher fitness cost than non-escape
mutations (absolute criterion: n = 434, relative criterion: n = 309), as shown by the median fitness line (vertical
dashed lines; Wilcoxon test, absolute criterion: p < 0.005; relative criterion: p < 0.01). The absolute fitness of escape
and non-escape mutations differs only by 0.02 − 0.03 (blue and orange dashed lines). However, the difference in
fitness relative to the wildtype (which by definition has fitness 1) is substantial (39.7% higher median fitness cost in
escape than non-escape mutants for the absolute criterion and 88.9% for relative criterion). (B) Mutations conferring
escape from HLA-B molecules (escape mutations) are compared to mutations which do not confer escape from HLAB molecules (legend analogous to panel A). For both epitope definitions, no significant difference between escape
mutations (absolute criterion: n = 874, relative criterion: n = 1107) and non-escape mutations (absolute criterion:
n = 469, relative criterion: n = 308) was found (Wilcoxon test, p > 0.1 for absolute and relative criterion).

HLA-A, the fitness-cost of mutations correlates significantly with their population escape probability (Spearman rank test; absolute criterion: ρ = −0.132, p < 0.00001;
relative criterion: ρ = −0.102, p < 0.001). Hence, our analysis suggests that the
observed fitness cost of escape from HLA-A alleles increases with the HLA-A allele
frequency, which is consistent with the hypothesis that the fitness cost of escape mutations may at least in part be offset by the benefit of escape on the host population
level. The analogous correlation amongst escapes from HLA-B alleles, revealed no
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Figure 7.3. Fitness versus population escape probability of single mutations in regions targeted by HLA-A alleles.
The figure shows the correlation between fitness of single mutations and their population escape probability, where
the latter is defined as the sum of HLA-A frequencies in the population to which this mutation confers escape
(absolute criterion: n = 1172, relative criterion: n = 1106). For the sake of visibility, orange line shows the linear
regression. Both Spearman rank test and the linear model give a strongly significant negative correlation between
the two quantities, suggesting that mutations with a high population escape probability are more costly than those
with a low population escape probability (Spearman rank test, absolute criterion: ρ = −0.132, p < 0.00001; relative
criterion: ρ = −0.102, p < 0.001).

significance (absolute criterion: p > 0.05; relative criterion: p > 0.1). Thus, as for the
other analyses, a significant correlation between HLA frequency and fitness cost is
apparent only for HLA-A alleles.
To test the hypothesis that the difference in fitness cost may also be due to intrinsic differences between escape and non-escape mutations we consider only escape
mutations from rare HLA-A alleles (less frequent than 0.5%), which are hence likely
to impose a negligible selective pressure. Figure 7.4A shows the correlation between
fitness and impairment of binding due to single mutations in regions targeted by
such infrequent HLA-A alleles. For both definitions of escape, we see a significant
correlation between fitness and impairment of binding strength (Spearman rank test;
absolute criterion: ρ = −0.117, p < 0.005; relative criterion: ρ = −0.097, p < 0.05).
In analogy to figure 7.2, we then subdivide all single mutants into non-escape mutations and mutations which confer escape only from rare HLA-A alleles. Figure 7.4B
shows the difference in fitness cost between the two subsets of mutations, where a
significantly lower fitness of escape mutations is found only for the epitope definition
based on the relative criterion (Wilcoxon test: p < 0.05). Although the results are not
significant in all cases, our analysis does suggest that the association between fitness
cost and escape from HLA-binding may in part also be due to intrinsic differences
between the mutational effects of escape versus non-escape mutations.
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Figure 7.4. Cost of escape from infrequent HLA-A alleles. (A) Correlation between fitness of single mutations
and impairment of binding to infrequent (total frequency lower than 0.5%) HLA-A molecules (absolute criterion:
n = 648, relative criterion: n = 658). We observe a significant correlation for both epitope definitions (Spearman
rank correlation, absolute criterion: ρ = −0.117, p < 0.005; relative criterion: ρ = −0.097, p < 0.05). (B)
Comparison of escape mutations (absolute criterion: n = 157, relative criterion: n = 182) and non-escape mutations
(absolute criterion: n = 434, relative criterion: n = 309) from infrequent HLA-A alleles (lower in frequency than
0.5%; see Methods). A significantly higher fitness cost of escape mutations is found only according to the relative
criterion (Wilcoxon test, p < 0.05).

7.3

Discussion

The results of this study indicate that the fitness costs of mutations increase with their
effect on binding to HLA-A. Accordingly, we also find that mutations that confer
escape from binding to HLA-A carry a higher fitness cost than mutations that do not.
We identified two mechanisms underlying these patterns: population level differences
and intrinsic differences between escape and non-escape mutations.
Population level differences could explain our results because we can only predict
the fitness cost of those mutations which occur in the patient-population from which
the sequence data have been obtained. Due to natural selection, a strong reduction
of replicative fitness will reduce the probability that a mutation occurs in a natural

104
population (our dataset), unless this cost is compensated by some benefit; e.g. escape
from the immune system. Thus costly mutations are more likely to be observed in
our data-set if they confer escape than if they do not. Importantly, such a population
level effect means that the immune system acts (via HLA-A) as a substantial selective
force at the population level. That this mechanism causes at least part of the observed
effect is supported by our observation that escape from frequent HLA-A alleles (i.e.
alleles that are likely to exert a high selective pressure at the population level) tend to
be more costly than escape from infrequent HLA-A alleles (see figure 7.3).
Our results suggest that the MHC molecules also have an intrinsic tendency to
preferentially bind peptides in which escape mutations are particularly costly. This
intrinsic property of MHC binding is reflected as a significant difference between fitness cost and change in binding to rare HLA-A alleles, which are unlikely to exert
any selective pressure at the population level (see figure 7.4). However, this difference
is not robust with respect to the two epitope definitions used here (see figure 7.4B).
We tested whether certain biochemical properties of the peptides, such as hydrophobicity (Hughes & Hughes, 1995; Lucchiari-Hartz et al., 2003), amino-acid similarity
(Henikoff & Henikoff, 1992) or G+C content (Calis et al., 2010) could potentially underlie the observed intrinsic property of MHC binding, but did not find any significant
associations. Therefore, the mechanism underlying why HLA-A escape mutations are
more costly than non-escape mutations remains an open question.
Why do we observe a significant difference between escape and non-escape mutations from HLA-A alleles but not HLA-B alleles? This result seems unexpected given
that the number of HLA-B alleles included in the analysis is larger than for HLA-A
and therefore the statistical power should be higher for HLA-B than for HLA-A alleles. One potential reason is the accuracy of prediction of NetMHCpan: the predictive
power is higher for HLA-A than for HLA-B (Hoof et al., 2009). Another explanation
could be that the fraction of mutations which have a negligible effect on binding is
larger for HLA-B than for HLA-A epitopes. This suggests that efficient escape from
HLA-B molecules would require on average more than a single amino acid substitution. However, we observe this solely for one of the escape definitions (absolute
criterion; not shown). Finally, a further possibility is that the difference between
HLA-A and HLA-B is a peculiarity of the HIV-1 genomic region considered (protease
and reverse transcriptase).
Assessing the fitness cost of immune escape mutations presents a crucial step towards a quantitative understanding of the dynamics of infectious diseases and their
interactions with the immune system. To our knowledge, this study represents the
first attempt to quantify the cost of mutations on a large scale and to compare it with
the cost of mutations which do not affect the interaction with the immune system.
Our finding that, among the mutations naturally occurring in the HIV population,
escape mutations are more costly than non-escape mutations has two crucial implications: The evidence for an intrinsic cost of escape mutations suggests that the MHC

105
molecules may have evolved to bind to regions which are costly to change. The correlation between HLA-A frequency and cost of escape suggests that the host immune
response may act even on the epidemiological level as an important selective force on
HIV.

7.4

Materials & Methods

Quantification of fitness costs. The estimated fitness effects of single mutants in
HIV protease (PR) and reverse transcriptase (RT) were obtained using a recently published model that predicts in vitro replicative capacity from the amino acid sequence
of the entire PR and positions 1 to 305 of RT. The method of fitness estimation and
the underlying assay have been described in detail elsewhere (Petropoulos et al., 2000;
Hinkley et al., 2011). The fitness prediction model was trained on a data set of 65,000
sequences and was cross-validated on 5,000 sequences, where it explained between
35% and 66% of the variance in fitness depending on the specific environment in
which replication was measured. Specifically, the model is based on the estimated
main effects and pairwise epistatic effects of all 1,859 amino acid variants found in
these sequences.
Here we use this predictive model to calculate the fitness effects of single mutants, which are generated by substituting a single amino acid in the wild-type NL43 sequence. The relative fitness of such a single mutant is then given by its predicted replicative capacity relative to the predicted replicative capacity of the NL4-3
sequence.
Epitope prediction. In order to achieve broad HLA coverage, we used the panspecific method NetMHCpan (Nielsen et al., 2007; Hoof et al., 2009) to predict binding
affinities of peptides to HLA class I molecules. This machine-learning method has
been trained on a large set of quantitative MHC-peptide binding data for more than
80 human and non-human MHC class I molecules. The method extrapolates the
“rules” of MHC-peptide binding from the training set to predict the binding affinity
of MHC:peptide combinations that were not part of the training process. In this study
we focus on two of three HLA class I loci: HLA-A and HLA-B. In a benchmark study
based on these two genes, NetMHCpan has been shown to outperform other panspecific prediction methods (Zhang et al., 2009).
To utilize NetMHCpan to predict epitopes in PR and partial RT we cleave the
corresponding amino acid sequence of NL4-3 into all possible peptides of length 9
(9mers). A peptide is considered an epitope if its predicted binding affinity for a given
HLA molecule exceeds either a relative or an absolute threshold of binding affinity.
According to the absolute criterion, a peptide is an epitope for a given HLA allele if
the predicted binding affinity of the peptide to the given HLA allele is stronger than
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500 nM. According to the relative criterion, a peptide is an epitope for a given HLA
allele if the predicted binding affinity falls within the top 2% of affinities predicted
for this HLA allele based on a large set (n = 105 ) of random natural peptides.
Impairment of binding affinity in mutated epitopes. The degree to which a single
mutation in a peptide impairs its binding to an HLA allele is considered here only
if the peptide is an epitope for a given allele either by the relative or the absolute
criterion. Hence, assessing binding impairment depends on the criterion used to
predict epitopes.
For the absolute criterion (impairmentAC ), the impairment of binding strength due
to single mutation in epitopes is given by the ratio of the binding strength (nM)
of the mutated peptide to the HLA molecule in question and the binding strength
(nM) of the wild-type (non-mutated) peptide to this HLA molecule. If multiple HLA
molecules are affected by a single mutation, the strongest impairment is taken into
account.
For the relative criterion (impairmentRC ), the impairment of binding strength due
to single mutation in epitopes is given by the difference between the binding strength
(nM) of the mutated peptide to the HLA molecule in question and the binding
strength (nM) of the wild-type (non-mutated) peptide to this HLA molecule, relative to the specific threshold affinity value above which a given peptide is classified
as an epitope, plus one. If multiple HLA molecules are affected by a single mutation,
the strongest impairment is taken into account.
Definition of escape mutation. Whether a given mutation is an escape mutation or
not depends again on the criterion used to define epitopes. A mutation in a given
peptide is considered to be an escape mutation if for at least one HLA allele of the
considered locus (either A or B) the wild-type peptide is classified as epitope (according to this criterion) and the mutated peptide is not. Vice versa, any mutation that
does not fulfil the above condition is considered a non-escape mutation for the given
epitope criterion and HLA locus.
Frequency of HLA-alleles and escape. The frequency of a given HLA allele in the
US population is estimated from a HLA haplotype study in the US population stratified by ethnicity (Maiers et al., 2007). From this, an expected frequency of a given
HLA allele was calculated as the mean over the ethnicities weighted by the HIV prevalence estimates in the US population for different ethnicities (CDC, 2008). The escape
potential of a given mutation is then defined as the sum of the frequencies of all the
HLA-alleles (of the considered locus) for which this mutation is an escape mutation.
To investigate the effect of selection pressure for escape on fitness cost at the host
population level, we classify HLA alleles that occur at frequencies of 0.5% or lower in
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the host population as infrequent, assuming that these HLA alleles impose negligible
selection pressure for escape in the host population. An escape mutation from an
infrequent HLA allele is defined as any escape mutation that (a) is an escape mutation
for the subset of infrequent HLA alleles (total frequency lower than 0.5%) and (b) does
not confer escape from HLA alleles whose total frequency is higher than 0.5%.
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Abstract
Most organisms live in ever-changing environments, and have to cope with a range of different
conditions. Often, the set of biological traits needed to grow, reproduce, and survive varies
between conditions. As a consequence, organisms have evolved sensory systems to detect
environmental signals, and to modify the expression of biological traits in response. However,
there are limits to the ability of such plastic responses to cope with changing environments.
Sometimes, environmental shifts might occur suddenly, and without preceding signals, so
that organisms might not have time to react. Other times, signals might be unreliable, leading
organisms to prepare themselves for changes that then don not occur. Here, we focus on
such unreliable signals that indicate the onset of adverse conditions. We use analytical and
individual-based models to investigate the evolution of simple rules that organisms use to
decide whether or not to switch to a protective state. We find evolutionary transitions towards
organisms that use a combination of random switching and responsive switching in response
to the signal. We also observe that, in spatially heterogeneous environments, selection on
the switching strategy depends on the composition of the population, and on population size.
These results are in line with recent experiments that showed that many unicellular organisms
can attain different phenotypic states in a probabilistic manner, and lead to testable predictions
about how this could help organisms cope with unreliable signals.
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8.1

Introduction

Most organisms, from bacteria to multicellular eukaryotes, have sensory systems that
allow measuring environmental cues, and responding to these cues by adjusting gene
expression and modifying patterns of development and growth (Schlichting & Smith,
2002; Koretke et al., 2000). The ability to modify the phenotype in response to signals
can increase survival and reproduction in variable environments (Via et al., 1995). One
important and well-studied example is the response to stressful conditions (Kultz,
2005). The concept of stress response is based on the idea that organisms can express
protective features that allow them to survive adverse conditions, and that the expression of these features comes at a metabolic cost (Ferenci, 2005). Because of these
costs, it is usually assumed that organisms express these features only in response to
signals that indicate stress.
Here, we are interested in the evolution of stress responses under conditions where
organisms are faced with unreliable environmental signals; a situation where episodes
of stress are usually preceded by a cue to which organisms can react – but in some
cases, signals are not followed by stress, or stress is not preceded by a signal. In
such a situation, a deterministic response to environmental cues might not be ideal.
Organisms that always express protective features in response to signals, and never
express them without signals, face two types of problems. First, they might suffer high
metabolic costs by always responding to the signal, even if it is often not followed by
stress. Second, it stress occurs without preceding signal, all individuals are in an
unprotected state, and are thus vulnerable to the deleterious effects of stress.
A number of previous studies investigated evolutionary responses to uncertain
environments (Blake et al., 2003; Kussell et al., 2005; Kussell & Leibler, 2005; Wolf
et al., 2005; Bishop et al., 2007; Acar et al., 2008). A common result is that such
conditions can lead to the evolution of organisms that express phenotypes probabilistically: an individual can express a set of different phenotypes (for example protected
and unprotected), and each phenotype is expressed with a certain probability. These
probabilities will typically depend on the genotype of the individual, as well as on the
state of the environment. Recent experimental advances have provided a solid basis
for the notion of probabilistic phenotypes. A number of experiments with genetically
identical microorganisms that live in homogeneous environments have found substantial phenotypic variation between individuals (Elowitz et al., 2002; Swain et al.,
2002; Rosenfeld et al., 2005). In some cases, clonal populations differentiate into two
or more discrete groups of phenotypes (Balaban et al., 2004; Ackermann et al., 2008;
Veening et al., 2008; Fraser & Kaern, 2009). The basis of this phenotypic differentiation
is usually thought to be stochastic gene expression (Elowitz et al., 2002). Importantly,
although individuals with different phenotypes are genetically identical, the propensity to express different genotypes is genetically encoded, and is thus an evolvable
trait.
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Both, theoretical and experimental studies suggest that probabilistic expression of
the phenotype can help organisms cope with uncertain environments, in two different ways (Blake et al., 2003; Kussell et al., 2005; Kussell & Leibler, 2005; Wolf et al.,
2005; Bishop et al., 2007; Acar et al., 2008). First, consider environments that undergo
rapid changes without preceding signals. Such situations can select for genotypes
in which each individual expresses an alternative (for example protected) phenotype
with a low probability, irrespective of environmental cues. As a consequence, part of
the population is in a state in which it is prepared for new environmental conditions
but typically performs worse in the present environment. This strategy is known as
bet-hedging and it increases mean reproductive output over time by minimizing its
variance, at the cost of a fraction of the individuals always being maladapted (Cooper
& Kaplan, 1982; Stearns & Bernoulli, 2000; Evans & Dennehy, 2005; Venable, 2007).
For the remainder of this text, we refer to this strategy as ‘random switching’. Second, consider a situation where environmental shifts are usually preceded by signals,
but these signals are not necessarily reliable. Such situation can lead to the evolution
of types that sense signals, and respond to them with a certain probability, rather
than deterministically. It has been shown in a game-theoretic model that such a strategy can outcompete random switching if signal reliability does not drop beneath a
certain threshold (Wolf et al., 2005). We refer to such sensing-based strategies with
probabilistic responses as ‘responsive switching’.
Previous studies have investigated how selection for random or responsive strategies depends on their costs and on the type of environmental change (Thattai & van
Oudenaarden, 2004; Kussell & Leibler, 2005; Wolf et al., 2005). It has been shown that
the optimal values of phenotype switching depend on the timescale of environmental
change (Lachmann & Jablonka, 1996; Thattai & van Oudenaarden, 2004; Kussell &
Leibler, 2005).
Our study focuses on evolutionary responses to unreliable signals that indicate
stress. We are interested in two main questions. First, we investigate the simultaneous
evolution of random and responsive switching. We are interested in the conditions
that favor one over the other strategy, and we analyze how the optimal combination of the two strategies can help organisms cope with environmental uncertainty.
Second, we are interested in how the evolution of random and responsive switching
depends on the ecological setting. Specifically, we are interested in how selection on
the response to unreliable signals can depend on the composition of the population.
We are using two theoretical approaches to address these issues. First, we use an
analytical model to derive a mathematical expression of the long-term growth rate of
a genotype, as a function of random and responsive switching, and of the properties
of the environment. We use this approach to analyze the combinations of random and
responsive phenotype switching values that maximize the long-term growth rate. We
find that, when signals are only partially reliable, genotypes can evolve that use both
strategies simultaneously. Second, we use an individual-based approach to assess the
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impact of random effects and density regulation. We first consider unstructured environments, where the evolutionary outcome is simply dependent on how well different
genotypes can match environmental fluctuations, and balance costs and benefits of entering a protected state. Then, we turn to environments that are divided into patches,
and in which the population density is locally regulated in each patch. In these situations, the success of a genotype depends on the strategies of the other individuals
in the population. In populations of risk prone individuals, risk adverse type benefit,
but this benefit vanishes once their numbers increase. Finally, we show that success of
a given combination of random and responsive switching depends on the population
size, and that small and large populations might evolve towards different strategies.

8.2

Results & Discussion

Our focus is on how organisms evolve to respond to environmental signals that indicate stressful conditions, and how the course of evolution depends on the reliability
of the signals. We assume an environment that occurs in two distinct states, benign
and stressful. We further assume discrete time steps. During each time step, the environment is in one of the two states; it can change the state during the transition to
the next time step. There is a signal that tends to indicate stressful conditions. If there
is a signal, it occurs at the beginning of a time step, and organisms can react to the
signal during that time step. The signal is not necessarily reliable: sometimes, signals
are not followed by stress; other times, there is no signal, but there is stress.
The organisms can also occur in two states: vegetative and protected. The vegetative state confers a high fertility in time steps without stress, but a high mortality
during time steps with stress. Individuals in the protected state have a lower fertility, but survive stress better. An individual’s transition from the vegetative to the
protected state is referred to as ‘phenotypic switch’. Responsive switching occurs in
response to the signal, while random switching occurs without signal. Both traits
are genetically encoded, and can thus evolve. Each individual has two loci to encode
these two traits, and there are an infinite number of alleles at each locus, ranging
from 0 (the organism never switches) to 1 (the organisms switches with probability
one). Our goal here is to investigate how the evolution of these two traits depends
on the environmental conditions. To that end, we employ two different modeling
approaches: an analytical model, to calculate the long-term growth function of a population, and an individual-based approach, to model the evolution of various traits in
heterogenous environments. The results of the analytical model are then compared to
the individual-based model, which gives us the idea of the impact of stochasticity as
well as population effects on the evolution of phenotypic heterogeneity. (See Materials & Methods for a detailed description of the two models and the parameters used;
see also Table 8.1.)
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parameter
pw
pp
α
s
t

rr
rw
r∗r , r∗w

description
probability of a warning signal
probability of stress
statistical association between signals and
stress
reproductive cost paid for switching to the
protective phenotype (investment)
reproductive cost paid for not having
switched to the protective phenotype if
there is a stress (punishment)
probability of random switching to the
protective phenotype (random switching)
probability of switching to the protective
phenotype in response to a signal (responsive switching)
combination
of
random/responsive
switching values that maximize long-term
growth rate G

Table 8.1. Basic parameters used in analytical and individual-based model.

We first examine a situation where stress is always preceded by a signal, but where
signals are not necessarily followed by stress. In other words, we assume pw > pp and
α = pp (1 − pw ). In this case, there is no benefit of switching in the absence of signal,
and random switching is thus expected to evolve towards zero (this is consistent
with the results of the analytical model). We thus examine how the reliability of
environmental signals affects the evolution of responsive switching, rw . By changing
the probability of signals (pw ) relative to the probability of stress (pp ), we vary how
reliable these signals are. We then calculate the long-term growth rate as a function
of rw , and identify the value of rw that maximizes the long-term growth rate. We find
that, as the reliability of signals increases (pw approaches pp ), the long-term growth
rate is maximized by increasingly larger values of responsive switching (Fig. 8.1).
Therefore, the analytical model predicts that the reliability of environmental signals
will determine the evolutionarily stable level of responsive switching, and thus drive
the evolution of this trait.
We next consider a more general scenario where stress is not always preceded by
signals and, as before, signals are not always followed by stress. Individuals can only
protect themselves against stress that is not preceded by a signal if they sometimes
switch randomly to a protected state, i.e., if their random switching is larger than
zero. We would thus assume that, at least for certain parameter combinations, long-
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Figure 8.1. Reliability of signal drives the evolution of responsive switching values. We assume that all stressful events
are preceded by signals, but not all signals are followed by stress, namely α = pp (1 − pw ) for pw > pp . The figure
shows the relative long-term growth rate as a function of the genotype rw for different values of pw , as predicted
by the analytical model given by equation (8.3), and rr = 0 is assumed. As the probability of signal pw decreases
and approaches the probability of stress pp , reliability of the signal increases and higher responsive switching value
maximize the long-term growth rate. The parameters used in the fitness-model are: s = 1.3, t = 1.9999, α = 0.01,
pp = 0.1. The different signal reliability is realized by varying the noisiness of signals: low to high signal reliability
is generated by using: pw = {0.9, 0.7, 0.5, 0.3, 0.1} respectively.

term growth rate is maximal for individuals that have intermediate values of both rr
and rw .
We investigate how different signal reliabilities affect the optimal combinations of
these two traits. To vary signal reliability, we vary α, the association between signal
and stress. Fig. 8.2 shows the long-term growth rate as a function of rw and rr . Fig.
8.2A-C show the optimal phenotype switching values when a population evolves in
a single patch, for different signal reliabilities. At least two interesting observations
can be made. First, we see that for intermediate values of α, the analytical model
predicts that intermediate values of random and responsive switching maximize the
long-term growth rate. Second, we see that an increasing signal reliability α drives the
evolution of higher responsive switching and lower random switching. Individualbased simulations support these results. They show that the dominant genotype after
many generations is close to the combination of rr and rw that maximize long-term
the growth rate according to the analytical model.
The consequences of these evolutionary changes are presented in Fig. 8.2D-F as Euler diagrams. Each Euler diagram is plotted for one particular genotype, and shows
the combination of random switching and responsive switching that maximizes the
long-term growth rate, given a certain signal reliability. The diagrams depict the sets
‘signal’, ‘stress’, and ‘switching’. Areas of overlap between sets present the frequency
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Figure 8.2. Simultaneous use of random and responsive switching can maximize the population’s long-term growth
rate. Long-term term growth rate predicted by the analytical model in a single patch as a function of random and
responsive switching values, rr and rw (A-C). Three green contour plots show the optimal combination of both
strategies depending on the signal reliability. Highly reliable or unreliable signals select for extreme responsive
switching values (A,C), whereas partially reliable signals select for intermediate responsive switching values (B).
Interestingly, in the latter case, both intermediate responsive and random switching values can be optimal. This
result is confirmed by the predictions of the individual-based model, where the dominant type after n generations
is close to the optimal combination of rr and rw predicted by the analytical model (black circles; A-C). For each
parameter combination (A-C), the Euler diagram (D-F) depicts the probability of false positive, false negative, and
correct decisions for the strategy that maximizes the long-term growth rate. When the second patch is introduced
(G), simultaneous use of both strategies can also be beneficial, however the optimal switching values depend on the
type of density regulation. When the population undergoes global density regulation (black circles), the dominant
types are close to the optimal combination of switching values predicted by the analytical model in two patches (G;
contour plot); when the population undergoes local density regulation (orange circles), the dominant types are close
to the optimal combination of switching values predicted by the analytical model in a single patch. Parameters used
in all panels are pp = 0.1, pw = 0.5, s = 0.32, t = 1.98, and for individual-based runs we evolve the population for
n = 1000 generations at the population size N = 108 and repeat it m = 100 times. The resolution used is d = 51.

of different outcomes. For example, the overlap between the three sets ‘signal’, ‘stress’,
and ‘switching’ presents the proportion of time steps that fulfill three conditions: there
is a stressful event, this event is preceded by a signal, and the genotype switches to

118
the protective state. From these diagrams, one can thus read the probability of all possible outcomes, including correct decisions, false positive decisions (switch if there is
no problem) and false negative decisions (do not switch if there is a problem). These
diagrams show that as the reliability of signal increases, the number of correct decisions increases as well. Overall, we see that the evolution of random and responsive
phenotype switching strategies is strongly affected by the reliability of environmental
signals, and both strategies can evolve simultaneously.
So far, we have assumed a simple ecological setting – a population that lives in
a homogeneous environment, and where all individuals are always subject to the
same conditions. Would the conclusions change substantially if we modified the ecological setting? We next consider a situation where the population evolves in two
spatially separated patches, and where the environmental conditions imposed in the
two patches are independent from each other (see Materials & Methods). We use the
analytical model to determine the combination of random and response switching
that maximizes long-term growth rate, and use the individual-based model to investigate the evolutionary dynamics (Fig. 8.2G). The analytical model predicts that in this
case the optimal switching values will be lower than in case of a single patch. An
intuitive explanation for this is that the distribution of the population on two independent patches decreases the variation in performance over time, and thus makes it
less important to avoid risk by investing more often into protection.
Interestingly, the evolutionary dynamics observed in the individual-based model
depends critically on how the density of individuals is regulated. In these models,
it is essential to include density regulation; without density regulation, the number
of individuals will either decline to zero, or grow without limit. We assume that
the environment has a constant carrying capacity, N, and implement two different
types of density regulation. With global density regulation, we add the number of
individuals in the two patches at the end of each time step, and impose mortality
(to bring the number of individuals down if it exceeds the carrying capacity) and
reproduction (to increase the number of individuals if it is lower than the carrying
capacity). With local density regulation, we assume a carrying capacity for each patch
(equal for the two patches), and adjust the density locally in each patch at the end of
each time step (see Methods).
With global density regulation, the phenotype that dominates the individual-based
models after many generations is close to the combination of random and responsive
switching that, according to the analytical model, maximizes the long-term growth
rate. In other words, the two modeling approaches give consistent results. The intuitive explanation for this is the following: If the population undergoes local density
regulation, individuals that survive in those patches where most other individuals
die because of stress experience low population density after selection and can produce a larger number of offspring. The analytical model, which does not include
density regulation, predicts that, with two patches, populations will be dominated by
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individuals with low random switching values. Conversely, if populations are subject to density regulation (as in the individual-based model), individuals with higher
random switching values have an advantage in cases when stressful events are not
preceded by signals, which tend to eliminate most individuals in the patch. However,
the benefit for individuals with higher switching values depends on the composition
of the population; if the population is already dominated by individuals with high
random switching, their benefit vanishes. One would thus expect that this leads to
negative frequency-dependent selection on a phenotype switching strategy.
To quantify this effect, we perform a pairwise invasibility analysis (Geritz et al.,
1997) of different switching strategies. In particular, we consider a population consisting of two genotypes, A and B. We assume that both genotypes have equal responsive
B
switching values rw , and different random switching values rA
r and rr . Henceforth,
A
B
we refer to values rr and rr as strategies A and B, respectively. Pairwise invasibility
analysis is then carried out to investigate whether A can invade into populations of B,
for all possible combinations of A ∈ [0, 1] and B ∈ [0, 1], and vice versa. To determine
the invasion success, we run individual-based models with a single genotype, and
introduce the invading strategy at 1% of the population size (see legend of Fig. 8.3).
The resulting pairwise invasibility plots for a single patch as well as for two patches
with global and local density regulation are shown in Fig. 8.3
Combinations of A and B that can invade each other are expected to lead to coexistence of the two types (Geritz et al., 1997). As expected, with a single patch (Fig.
8.3A-C), coexistence of different types is impossible. Likewise, with two patches and
global density regulation (Fig. 8.3D-F), coexistence does not occur either. Here, as
noted previously, the predicted evolutionary endpoint is one with lower switching
probabilities than in the case of the single patch. Finally, when population evolves
in two patches with local density regulation (Fig. 8.3G-I), the singular point is the
same as in the case of a single patch, but there are combinations of strategies that can
invade each other. This supports our previous interpretation of negative frequencydependent selection: invasion by a mutant is possible because each type has a high
growth rate when rare, and this growth rate decreases with increasing frequency.
This suggests that in spatially structured populations with local density regulation
different strategies can possibly coexist.
In order to analyze coexistence of strategies more closely, we investigated changes
in frequencies of two strategies over time, with global and local density regulation
(Fig. 8.4A-B). It can be seen that when the population are subject to global density regulation, one of the two strategies eventually goes extinct and the other fixes.
Conversely, when the population is subject to local density regulation, strategies can
coexist over long time; when one strategy is close to fixation, negative frequencydependent selection leads to an increase in frequency of the other strategy. This effect
is explicitly shown in Fig. 8.4C, where the probability of fixation for both strategies
is calculated. One observes that under global density regulation, the probability of
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Figure 8.3. Invasion success of random switching strategies for various ecological settings. Pairwise invasibility
plots are shown for three different ecological settings: single patch (A-C), two patches with global density regulation
(D-F), and two patches with local density regulation (G-I). To produce these plots, we fixed the value of responsive
switching to rw = 0.1 and performed the pairwise invasion analysis with two strategies, A and B, characterized by
B
two different values of random switching, rA
r and rr , respectively; the invading strategy was introduced at frequency
of 1%, and if increased in frequency after n = 500 generations, invasion was considered successful. Left panels
(A,D,G) show the invasion of strategy B into the resident population of strategy A, while middle panels (B,E,H)
show the invasion of strategy A into the resident population of strategy B; red color show successful invasion, while
yellow color show unsuccessful invasion. Right panels (C,F,I) show the overlay of the left and middle panels. Two
things can be noted. First, the evolutionarily stable strategy in two patches with global density regulation is the
one with lower switching values than in the remaining cases (see main text). Second, in the case of two patches
and local density regulation, parameter areas emerge where the two strategies are mutually invasible, implying that
coexistence of both types is possible. The population dynamic aspects of the six points denoted by black circles
(G1-G3 and L1-L3) are considered in Fig. 8.4. Parameters used are pp = 0.1, pw = 0.5, s = 0.32, t = 1.98, d = 51,
N = 108 , n = 500 for µw = µr = 0 and a semi-deterministic simulations (see Materials & Methods); results were
averaged m = 100 times.

fixation increases with time, presumably converging to 1, whereas under local density regulation fixation probability of either strategy stays small. This is the very
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effect that drives the coexistence of different strategies in a population, and is particularly strong at large population sizes and when strategies have comparable long-term
growth rates.

Figure 8.4. Population dynamics of responsive switching strategies. Plots are produced for parameter combinations
denoted with black circles G1-G3 and L1-L3 in Fig. 8.3. Even though two strategies can have comparable long-term
growth rates at large population size, ecological setting can result in two very different frequency dynamics over
time (A-C). In two patches under global density regulation, one of the two strategies will eventually win by fixing
and the other one by going extinct; two realizations of such scenario are shown in (A). In two patches under local
density regulation, negative frequency-dependent selection favoring rare strategies will ensue, thereby driving the
coexistence of both strategies in the population as seen in (B). This is reflected by the probability of fixation versus
time for both scenarios, which converges to 1 in case of global density regulation, and is low and constant in case of
local density regulation (C). The fixation probability will also depend on the population size (D-I). In particular, risk
prone strategies (low values of switching) will perform worse than risk adverse strategies at small populations (D-I)
even though may sometimes perform better at large populations (I). This is a consequence of a high punishment
for the lack of protective phenotype in the presence of stress which might eradicate risk prone populations. In some
cases, such risk prone strategies may perform best at intermediate population sizes (D,G), presumably due to balance
between drift and the risk of extinction. Parameters used are pp = 0.1, pw = 0.5, s = 0.32, t = 1.98, and n = 104 .
(A-B): Single realizations of the simulation were plotted at population size N = 108 . (C): Results were averaged over
m = 1000 such realizations. In all three panels d = 51 was assumed. (D-F): Fixation was defined as one of the
two strategies exceeding frequency (1 − 10−5 )%, otherwise coexistence was implied; we also assumed d = 21 and
m = 1000. (G-I): Fixation was defined as a strategy of a higher frequency after n = 104 generations, and d = 51
B
and m = 1000 were assumed. The following random switching values were considered: (L1): rA
r = 0.5, rr = 0.2,
B = 0.4, (L3): rA = 0.9, rB = 0.7, (G1): rA = 0.3, rB = 0.04, (G2): rA = 0.5, rB = 0.04, (G3):
(L2): rA
=
0.8,
r
r
r
r
r
r
r
r
r
B
rA
r = 0.7, rr = 0.04; in all cases rw = 0.1 was assumed.
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On the other hand, it is to be expected that small population sizes will lead to an
increase in the probability of fixation and extinction, and hence affect the coexistence
of strategies. Indeed, as shown in Fig. 8.4D-F, when the population size decreases,
the probability of coexistence also decreases because of a higher likelihood of fixation
of one of the two strategies. An interesting effect manifests when we compare two
strategies that have almost identical long-term growth rate, but one had a much higher
value of random switching than the other. At low population sizes the strategy with
higher random switching consistently performs better than the other one. This effect
is most evident when populations undergo global density regulation (Fig. 8.4G-I). The
intuitive explanation for this is that risk prone strategies (i.e. low values of random
switching) have higher variation in reproductive success, and therefore have, at low
population size, a higher probability to go extinct. This suggests that the phenotype
switching strategies that will evolve depend on the population size. In particular,
strategies that are good at invading might not be good residential strategies, and vice
versa.
These results show that subdivided environments with local density regulation
allow the stable coexistence of strategies. Does this mean that initially monomorphic
populations will evolve to a state where types with different values of phenotypic
switching will coexist? Whether or not this is expected to happen is likely to depend
on whether single mutations induce large changes in switching. If mutations with
large effects occur, they can lead to the emergence of mutant genotypes that are sufficiently different from the resident type, and can increase in frequency and coexist
with the former resident. If mutations with large effects do not occur, then populations will evolve to a state where they are dominated by a type with intermediate
random switching, with little variation around this type (this variation is a consequence of mutation-selection balance). This type corresponds to the singular strategy
depicted in Fig. 8.3, which is an attractor for the evolutionary dynamics which is evolutionary stable, and thus not invaded by mutants with different values of random
switching. Which scenario is more likely will presumably depend on the biological
system.

8.3

Conclusions

In this study we have applied two mathematical modeling approaches to examine
evolutionary responses to environmental stress. We have considered random switching to a protected phenotype as well as switching in response to signals which do not
have to be reliable. Our results show that for unreliable signals, using a combination
of both switching strategies can be most beneficial. It is important to acknowledge the
non-deterministic nature of responsive switching in this context: as signals and stress
get increasingly uncoupled, responsive switching gains a growing random compo-
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nent.
By examining the evolution of these traits in an ecological context, we find that the
optimal strategy depends on the composition of the population. In a spatially structured environment, coexistence of different traits can ensue due to negative frequencydependent selection. This is remarkable since, in the classical view, bet-hedging is
thought to maximize individuals fitness and does not depend on the composition of
the population. Consequently, it is possible that initially monomorphic populations
will evolve to a state where multiple traits will coexist.
Another important determinant of a strategys success is the population size. We
show that in small populations, risk prone strategies do worse than risk adverse strategies. This can be rationalized by a higher risk of extinction faced by risk prone strategies. As the population size increases, extinction becomes less likely, and risk prone
strategies can become more beneficial.
Overall, our results point to the importance of probabilistic behavior in response
to environmental stress and emphasize the role of ecological setting in the evolution
of phenotypic heterogeneity.

8.4

Materials & Methods

In order to understand the evolutionary benefit of the simultaneous use of the random
and responsive phenotype switching, we apply both analytical and individual-based
modeling approaches. In both cases we assume that individuals carry a genotype
which consists of two loci. The first locus encodes for the probability of random
switching (from vegetative to protected phenotype), and the second locus encodes for
the probability of responsive switching. In the benign environment, the growth rate
ns
of the vegetative phenotype is Gns
v = 2, and Gp = 2 − s for the protected phenotype,
where s denotes the investment in protection. In the stressful environment, the growth
rate of the vegetative phenotype is Gsv = 2 − t, and Gsp = 2 − s for the protected
phenotype, where t denotes the punishment for the lack of protection. The probability
of stress to occur is pp . Furthermore, the environment can send warning signals of
different reliabilities; these signals occur with probability pw , and they may or may
not be associated with stress. The association between signals and stress is defined as
α. Thus, four different environmental states are possible: no signal/no stress (E1 ), no
signal/stress (E2 ), signal/no stress (E3 ), signal/stress (E4 ). The probabilities of these
four events are given by
1 = (1 − pw )(1 − pp ) + α,
2 = (1 − pw )pp − α,
3 = pw (1 − pp ) − α,
4 = pw pp + α,

(8.1)
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respectively. Without the loss of generality, we assume that α > 0. The expected
growth rates in each of the four environments are given by the following equations
ns
G1 = (1 − qnw )Gns
v + qnw Gp ,
G2 = (1 − qnw )Gsv + qnw Gsp ,
ns
G3 = (1 − qw )Gns
v + qw Gp ,
G4 = (1 − qw )Gsv + qw Gsp ,

(8.2)

where qnw = rr is the proportion of the population that is in the protected phenotype
in the absence of signals, and qw = rr + rw − rr rw is the proportion of the population
that is in the protected phenotype in the presence of signals. The basic parameters of
the model are defined in Table 8.1.

Analytical model
We first derive an analytical expression for the long-term growth rate of a population
in a single habitat (single patch) and two habitats (two patches), given parameters
of the model defined above: pw , pp , s, t, and α (8.1). To that end, we assume a
continuous genetic spectrum of switching probabilities rr and rw and ask which of
these values maximize the obtained long-term growth rate.
In the case of a single patch, the long-term growth rate function can be calculated by assuming that the four environmental states change periodically, namely
{E1 , E2 , E3 , E4 , E1 , E2 , ...}, and that in each of the four environmental states Ei , where
i = {1, 2, 3, 4}, the actual growth rates are equal to the expected growth rates Gi defined in (8.2). The long-term growth rate is then calculated via the weighted geometric
mean,
4
Y
Gunstr =
Gi i
(8.3)
i=1

where the weights i are given in (8.1).
In the case of two patches, we assume two independent environmental realizations, resulting in sixteen periodic combinations of Ei and Ej , where i, j = {1, 2, 3, 4},
namely {E1 E1 , E1 E2 , E1 E3 , E1 E4 , E2 E1 , E2 E2 , · · · }. We assume full mixing between the
two patches, and thus the growth rate in each of the sixteen environmental states is
the arithmetic mean of the growth rates in each of the two patches. The long-term
growth rate is then given by
Gstr =

 
4 Y
4 
Y
Gi + Gj i j
i=1 j=1

2

.

(8.4)
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Individual-based model
For the individual-based approach, a population of N = 108 individuals is randomly
assigned to one of d = 21 discrete genotype categories for both rr and rw , spanning
the possible range between 0 and 1 with gradation of 1/(d − 1) = 0.05. These individuals enter one of the four possible environments, which is drawn from a multinomial
distribution with the probabilities given in (8.1). The number of individuals with the
protective phenotype is then drawn from a binomial distribution with probability qnw
in the absence of signals and qw in the presence of signals. The expected number of
offspring is a product of the number of individuals in each of the two phenotypes
and the corresponding growth rates, which depend on the reproductive costs s and
t. These expected numbers are scaled to the carrying capacity N such that the expected population composition remains unaffected. The actual number of offspring is
then obtained via a Poisson distribution. Mutation allows each individual to change
its genotype category with probability µr = 10−5 for the random switching category,
and µw = 10−5 for the responsive switching category. Only changes to neighboring categories are allowed and mutational “jumps” are not possible. This process is
repeated for n = 103 generations, and results of m = 100 runs are averaged. A semideterministic version of this model has also been used by assuming that the actual
rates are identical to the expected values (no sampling).
To simulate an environment with spatial structure, namely two independent habitats (patches), we used the same framework as before but all steps are performed
twice in parallel. At the end of each generation, all individuals from both patches are
pooled and distributed randomly to one of the two patches, and rescaled evenly to
the carrying capacity. Importantly, how scaling is performed depends on the type of
density regulation (see Results & Discussion).
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Appendix A
Stability conditions for antagonistic
coevolution with induced phenotypic
switching
In this appendix we derive the conditions for the stability of allele frequency oscillations when both species undergo transgenerational phenotypic switching, and when
mutation rate is zero in both species (i.e. µX = µY = 0). If we abbreviate x = x(t) and
x 0 = x(t + 1), such system is characterized by the following set of equations.
x 0 = FX (x, y) · x + αX [1 − FX (x, y) · x − FY (x, y) · y] ,
y 0 = FY (x, y) · y + αY [FX (x, y) · x − FY (x, y) · y] ,

(A.1)

where
1 − ysX
,
1 − sX [xy + (1 − x)(1 − y)]
1 − (1 − x)sY
FY (x, y) =
.
1 − sY [x(1 − y) + (1 − x)y]

FX (x, y) =

(A.2)

It can be shown that (x∗ , x∗ ) = (1/2, 1/2) is an equilibrium of this system with the
Jacobian of the form
!
2αX (sX −1)−sX
2αX
1 − 2−s
2−sX
Y
J|(1/2,1/2) =
,
(A.3)
2αY (1−sY )+sY
2αY
1
−
2−sY
2−sX
and its eigenvalues are λ± = a ±

√
b−2c
,
(2−sX )(2−sY )

where

αX
αY
−
,
2 − sY 2 − sX
b = [(2 − sX )(2 − sY − αX ) − αY (2 − sY )]2 ,
c = (2 − sX )(2 − sY ) [2 − sX (1 − sY ) − sY ] [1 − αY − αX (1 − 2αY )] .

a = 1−
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The condition for the stability at (x∗ , y∗ ) = (1/2, 1/2) requires that both eigenvalues
be smaller than one, or
|λ+ | < 1 and |λ− | < 1.
(A.4)
The values of αX and αY at which the condition (A.4) ceases to hold (for given sX
and sY ) can be obtained numerically, and are referred to as threshold phenotypic
switching values α∗X and α∗Y .
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