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Abstract

Within natural populations, males and females can be strikingly different. Often exhibiting
differences in body size, reproductive investment, longevity, ornamentation, or behaviour, the
sexes represent some of the greatest variation within a species. These differences reflect the
diverging life-history strategies employed by each sex, that is, how males and females allocate
their finite resources into attracting mates and producing offspring. An often observed
consequence of sexually dimorphic life-histories is a difference between the sexes in susceptibility
to disease or severity of infection, which are reported in many taxa from mammals to
invertebrates. While well studied in the context of host fitness, how sexual dimorphism in disease

outcome impacts on pathogen fitness has received comparatively little attention.

The aim of my thesis is to explore how sexual dimorphism in its many forms can impact on
pathogen fitness and shape the evolution of disease. | first address this aim with a literature
review, highlighting the unrecognized implications that sexual dimorphism may have for the
genetic basis of host-pathogen coevolution. | subsequently perform a series of experiments using
the planktonic crustacean, Daphnia magna, and its obligate bacterial endoparasite, Pasteuria
ramosa. Using quantitative and molecular approaches, | demonstrate how host sex, as well as its
interaction with age or dietary condition, can determine pathogen fitness, the outcome of
competition between co-infecting pathogen genotypes, the evolution of virulence, and the

maintenance of pathogen genetic variation.

My results demonstrate the ability of male-female differences to affect infectious disease
evolution through their interaction with naturally varying population characteristics such as age
structure and nutrient availability. | found that changes in optimal virulence due to the interaction
of host sex and age may favour the maintenance of different pathogen virulence strategies. Next, |
found that sex-specific resource investment fundamentally changes how pathogens exploit hosts
of each sex and contributes to variation in disease outcome. Finally, | found that differences in the
exploitation potential of each sex can change the outcome of within-host pathogen competition
and maintain pathogen genetic diversity. Collectively, my results suggest that the pervasive source
of host heterogeneity provided by sex will affect many aspects of pathogen fitness and should

encourage further research into the role sex plays in the evolution and spread of disease.
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Chapter 1 - General introduction

Stemming from anisogamy and the unequal costs of producing male and female gametes, the
sexes exhibit fundamentally different strategies for producing offspring (Andersson 1994). These
divergent strategies are often typified by males that compete for access to multiple mates and
females that must balance the cost of producing expensive gametes by choosing to mate with only
high-quality males. An early observation of this pattern was described by Bateman (1948), where
the fitness of male Drosophila melanogaster increased with the number of mates whereas female
fitness was limited by egg production. These mating strategies ultimately result in selection
favouring different phenotypic or behavioural characteristics which increase fitness for each sex
(Schérer et al. 2012). Yet, organisms must invest into fitness-related traits from a finite pool of
resources (Rowe and Houle 1996; Hunt et al. 2004) and life-history decisions must balance the
fitness gain of investment into one trait with the consequences of limiting resources to another.
Such life-history trade-offs can result in a variety of evolutionary consequences, such as how males
and females balance their investment in reproduction with varying levels of investment in defence

against the constant threat of parasitism (Zuk and Stoehr 2002; Zuk 2009).

The differential costs of reproduction for males and females play a central role in life-history
trade-offs related to immunity. In general, females are expected to invest more resources into
immunity due to its benefits to longevity and thus the production of eggs or parental investment
(Rolff 2002). Conversely, males achieve higher fitness by investing a greater proportion of their
resources into traits that increase mating success at the expense of lower investment into
immunity. These common life-history differences may underlie the observation that males are
often the “sicker sex”, becoming infected more frequently and more severely than females (Poulin
1996; Schalk and Forbes 1997; Zuk 2009; Cousineau and Alizon 2014). However, host populations
experience a range of sex-specific effects on life-history that are relevant to immunity, including
strong sex differences in how infection affects fitness, variation in the degree of sexual
dimorphism, or sex biases in exposure to pathogens. Whether one sex is in fact “sicker”, and which
is the sicker sex, will therefore depend on the host-pathogen system of interest (McCurdy et al.

1998; Sheridan et al. 2000; Stoehr and Kokko 2006).
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From the perspective of pathogen evolution, however, the more interesting problem is that such
heterogeneity in disease outcome exists, rather than which particular sex is more susceptible. In
nature, host populations often vary in sex ratio (Clutton-Brock and lason 1986; Pusey 1987;
Duneau and Ebert 2012) which, in turn, will impact on the likelihood of a pathogen encountering
either sex. Pathogen fitness may thus be affected not only by sex-specific patterns of disease, but
also the likelihood of encountering the more or less susceptible sex, yet both theory and empirical
studies have only recently begun to address the fitness consequences for pathogen populations
infecting sexually dimorphic host populations (Duneau and Ebert 2012; Cousineau and Alizon

2014).

The aim of my thesis is to explore the variety of ways by which host sex can influence pathogen
fitness as well as their evolutionary implications. | first address this aim with a literature review,
exploring how host sex influences the nature and pace of host-pathogen coevolution. | then use
the Daphnia magna - Pasteuria ramosa host-pathogen model system to experimentally test how
common occurrences in natural populations, such as variation in age-structure or nutritional
condition, might interact with host sex to influence pathogen fitness in single and co-infections.
Recognizing that host sex provides a major source of variation in the exploitative environment
experienced by an invading pathogen, | investigated how male and female differences affect the
relationship between pathogen virulence and transmission, and play an integral role in the

maintenance of genetic diversity in pathogen populations.

The many forms of sexual dimorphism and their impact on host-pathogen coevolution

In Chapter 2, | explore how sexual dimorphism affects the maintenance of genetic variation in host
and pathogen fitness as well as the rate of host-pathogen coevolution. This review builds upon
studies that discuss how sexual dimorphism in immunity, and importantly other sources of sexual
dimorphism such as behaviour, physiology, or varying rates of pathogen exposure to male or
female hosts, impact on pathogen evolution. Duneau and Ebert (2012) were the first to frame
cases of sex differences in disease outcome in the context of pathogen evolution. Drawing on
examples like the specialisation of Kudoa ovivora parasites to the ovaries of female Thalassoma
bifasciatum (Swearer and Robertson 1999), the authors described how sex differences can skew
the establishment of pathogens to a single host sex and how this may ultimately lead to patterns
of sex-specific pathogen adaptation analogous to pathogen local adaptation (Lively 1989).

Subsequently, Cousineau and Alizon (2014) reviewed sex differences in immune defence
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strategies, finding that while males are often more susceptible to disease, they can better tolerate
the harmful effects of infection. Cousineau and Alizon (2014) then modelled the differences in
selection that resistance and tolerance exert on pathogen virulence, and showed that such sex-
specific immune strategies can select for varying levels of virulence depending on patterns of
contact between the sexes. Collectively, these studies present some of the first formal arguments

that host sex can affect pathogen evolution.

While each study explored the evolutionary optima of pathogens which encounter sexually
dimorphic host populations, they did not consider how pathogen evolution may be affected by the
genetic architecture underlying sexually dimorphic host characteristics. In addressing this issue, |
discuss how varying patterns of pathogen fitness between the sexes or the shape of cross-sex
genetic correlations affect the speed of coevolution or maintenance of pathogen genetic variation.
| first consider these concepts in the context of genotype-by-environment interactions (GxE, Hunt
et al. 2004; Ingleby et al. 2010), where the relative difference or rank order of pathogen fitness
may vary within each host sex. Then | consider how genetic correlations stemming from a shared
genetic architecture between males and females (Lande 1980; Bonduriansky and Chenoweth
2009) affect a host population’s adaptive response to exploitation by a pathogen population.
Finally, | consider how a male-biased mutation rate (Haldane 1935), coupled with more severe
fitness consequences of deleterious mutations for infected males than females (Sharp and Vincent
2015), can cause variation in the selection imposed on the pathogen population by male and

female hosts.

Host sex, age of exposure, and pathogen fitness

Natural populations consist of individuals that vary in their capacity to fight infection (Altizer et al.
2006; Wolinska and King 2009), causing heterogeneity in the level of host harm upon infection and
in pathogen fitness. The life-history strategies employed by each sex will change not only the
patterns of disease between males and females, but also how disease outcome varies over the
course of male or female development. For example, the less choosy sex is often described by an
early reproductive peak followed by a decline in survival with increasing age (Vinogradov 1998;
Sgro and Partridge 1999; Bonduriansky et al. 2008). Partially underlying these sex differences in
survival are the sex-specific patterns of susceptibility to disease or severity of pathogen-induced
harm with increasing age (Giefing-Kroll et al. 2015; Klein and Flanagan 2016). As both sex ratio

(Clutton-Brock and lason 1986; Duneau and Ebert 2012 and table 2 therein) and age structure
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(Charlesworth 1994) vary within natural populations, so too may a pathogen’s exploitation
strategy when encountering different hosts, having unexplored consequences for the evolution of

disease.

A variety of theoretical predictions have been made for how pathogens should adapt to
contrasting patterns of selection imposed by different hosts (Regoes et al. 2000; Gandon 2004,
Osnas and Dobson 2012; Williams 2012). If pathogen fitness varies across host types, selection
may favour exploitation strategies that lead to greater average fitness across host types rather
than pathogens adapted to a single host type. Yet a successful generalist strategy depends on a
high probability of encountering each host type, and pathogens may be better off specializing on
the most common host when fitness differences between hosts are large. In Chapter 3, | consider
how an individual’s sex and age collectively influence pathogen fitness to better understand how
these natural sources of host heterogeneity may influence the evolution of disease. To do so, |
infected male and female Daphnia at one of four age groups, spanning from a young age, to well
after the onset of reproductive maturity. | then measured the age-specific patterns of mortality
within each sex, relating these patterns to the relationship between pathogen virulence and
transmission. In this study, | provide some of the first insight into how host sex and age can
interact to influence pathogen fitness and the maintenance of diverse exploitation strategies

among pathogens.

Pathogen exploitation is sex-specific and underlies dimorphism in disease outcome

Infection is characterized by a conflict between a pathogen and host over a finite pool of
resources. This principle drives the virulence-transmission trade-off whereby pathogen
reproduction is inherently harmful to the host and fitness is maximized by efficiently exploiting
resources before host death (Jensen et al. 2006; Alizon et al. 2009). Upon pathogen exposure,
hosts are expected to mount an immune response, sequestering resources from the pathogen
(Lee 2006; Hall et al. 2017). Meanwhile, pathogen reproduction directly appropriates host
resources (e.g. host castration, Ebert et al. 2004; Clerc et al. 2015). An intimate link thus exists
between the outcome of infection and the host’s pool of resources, or condition (Rowe and Houle
1996; Hunt et al. 2004), leading to several predictions and observations on how host condition can
change the outcome of infection (Laine 2007; Seppala et al. 2008; Wolinska and King 2009; Vale et
al. 2011). In addition, because the different life-history strategies of males and females lead to sex-

specific patterns of resource acquisition or allocation to fitness-related traits (Rowe and Houle
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1996; Stoehr and Kokko 2006; Boggs 2009; Scharer et al. 2012), from a pathogen’s perspective the
net amount of exploitable resources as well as how pathogens can best exploit those resources
may differ in male and female hosts. Consideration of the role that host sex plays in creating a
variable resource environment for an invading pathogen may thus be important in understanding

the basis for sexual dimorphism in the outcome of infection.

One way to explore how resources underlie sex differences in disease is to compare patterns of
disease outcome across male and female hosts to those predicted when pathogens encounter
hosts of varying condition. Hall et al. (2009c) provide an invaluable model that describes how the
relationship between pathogen virulence and transmission is expected to change across hosts of
varying condition. In the model, infection progresses rapidly within hosts of high condition and
results in high pathogen fitness as well as high levels of pathogen virulence in these hosts.
Conversely, low condition hosts lead to lower levels of pathogen exploitation, characterised by low
virulence and pathogen reproduction. Yet as the sexes often vary in resource allocation as well as
acquisition, they may not only vary in the size of their exploitable resource pool but also in which
traits those resources are invested, potentially altering the relationship between host condition
and pathogen exploitation. In Chapter 4, | infected male and female Daphnia raised on either a
high-quality or low-quality diet and measured the effect of host sex on the condition-dependence
of pathogen fitness and the form of pathogen exploitation. In doing so, | explored how resource
availability differentially affects pathogen fitness within male or female hosts, and how sex-

specific resource allocation influences the pathogen exploitation strategy.

Host sex changes the competitive outcome of co-infection

Within natural populations, individuals are often infected with multiple types or strains of
pathogens (Read and Taylor 2001; Rigaud et al. 2010; Balmer and Tanner 2011). Such multiple
infections are particularly interesting in the context of pathogen evolution due to their potential to
select for more competitive pathogen strains; in contrast to single infections which select on the
absolute performance of a pathogen in isolation (Alizon et al. 2013; Seppala and Jokela 2016).
Fuelling this fitness variation is how virulence (often explored through reduction in lifespan or host
fitness within multiple infection studies, see Alizon et al. 2013) affects pathogen fitness across
these different infection contexts. While low virulence may be favoured in single infections so that
pathogens have more time to reproduce before killing their hosts (Bull 1994; Frank 1996; Alizon et

al. 2009), more virulent pathogens often outcompete less virulent pathogens in multiple infection

16



contexts because virulence relates to a pathogen’s exploitative potential (Alizon et al. 2013;
Cressler et al. 2016). Interestingly, pathogens may express different levels of virulence within male
or female hosts (see Table 1, Cousineau and Alizon 2014) and thus the relative competitive ability

of pathogen genotypes may also vary between the sexes.

Chapter 5 explores how host sex may impact on the relative fitness between co-infecting
pathogen genotypes. In this study | co-infected male and female Daphnia with two pathogen
genotypes that exhibit strong variation in virulence when singly infecting female hosts (Clerc et al.
2015). | also exposed hosts to single infections to compare the disease outcome for each pathogen
genotype within single and co-infection contexts. As a measure of individual pathogen fitness, |
used molecular analyses to measure the relative contribution of each co-infecting pathogen to the
overall production of spores. The outcome of multiple infection can have a variety of evolutionary
implications, from selecting on increased levels of virulence (Alizon et al. 2013; Sofonea et al.
2018) to maintaining pathogen genetic variation by increasing variation in fitness (Seppala and
Jokela 2016). As pathogen virulence and fitness can vary when infecting male or female hosts in
single infection contexts, host sex affects the traits which may determine pathogen competitive

ability and impact on pathogen evolution.

Thesis organization

This thesis is presented as a “thesis including published works” consisting of two peer-reviewed
and published papers and two manuscripts intended for publication in peer-reviewed journals, as
well as a general introduction (Chapter 1) and a conclusion (Chapter 6). Chapter 2 is published in
Evolution and Chapter 3 is published in The Journal of Evolutionary Biology. The Appendix includes

a paper | co-authored during my thesis and which was published in Scientific Reports.

With the exception of the fragment analysis and genotyping performed by the Australian Genome
Research Facility and described in Chapter 5, | was responsible for the collection of the data
presented in this thesis. Additionally, | was responsible for the planning, research, laboratory
work, data analysis, and manuscript preparation for each presented chapter. However, the first-

person plural is used in subsequent chapters to reflect the collaborative nature of my research.

17



Chapter 2 — The evolution of sexual dimorphism and its potential impact on host-

pathogen coevolution

Stephen A.Y. Gipson' 2 and Matthew D. Hall%'3

1. School of Biological Sciences, Monash University, Melbourne, Victoria 3800, Australia

2.
3.

Keywords: sexual dimorphism; genotype-by-environment interactions; genetic correlations;

mutation; host-pathogen interactions; coevolution

Manuscript published in May 2016, Evolution 70 (5)

18



Abstract

Sex and infection are intimately linked. Many diseases are spread by sexual contact, males are
thought to evolve exaggerated sexual signals to demonstrate their immune robustness, and
pathogens have been shown to direct the evolution of recombination. In all of these examples,
infection is influencing the evolution of male and female fitness, but less is known about how sex
differences influence pathogen fitness. A defining characteristic of sexual dimorphism is not only
divergent phenotypes, but also a complex genetic architecture involving changes in genetic
correlations amongst shared fitness traits, and differences in the accumulation of mutations — all
of which may affect selection on an invading pathogen. Here, we outline the implications that the
genetics of sexual dimorphism can have for host-pathogen coevolution and argue that male-

female differences influence more than just the environment that a pathogen experiences.

The Interplay between Sexual Dimorphism and Infection

Within any population there is often no bigger difference between individuals than the
dimorphism that can occur between males and females. Driven by the fundamental differences in
reproductive investment between the sexes, males and females commonly vary in body size and
shape, reproductive investment, longevity, choosiness (investment in selecting a mate) and the
degree of sexual ornamentation (Scharer et al. 2012). Sex-specific differences also extend to a
host’s investment in immune defence (Zuk and Stoehr 2002). Males, for example, are typically
thought of as the “sicker sex” (Zuk 2009), investing fewer resources in maintaining an effective
immune response in favour of their costly sexual displays (but see Box 1 for discussion). Each sex,
therefore, differs in important properties that help to define pathogen fitness, such as encounter
rates, degree of resistance, exploitative potential (body or organ size) and resource availability

(e.g. Christe et al. 2007).

Despite the well-documented differences between males and females in behaviour, physiology,
and immunity, only recently has the interplay between sexual dimorphism and infection been
considered in light of infectious disease evolution (Box 1). Duneau and Ebert (2012) were first to
develop explicit hypotheses on how a pathogen should adapt to selection imposed by each sex,
noting that this process might eventually lead to pathogens that are either optimally adapted to
one sex, or are able to plastically respond to the challenges of sexual dimorphism. Building on this
insight, Cousineau and Alizon (2014) modelled how the evolution of pathogen virulence depends
on whether sexual dimorphism occurs in the probability of becoming infected (resistance) or in
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mitigating the damage caused by a pathogen once infected (tolerance). Together, these two
studies highlight how sex differences can be an underappreciated driver of pathogen evolution;
yet they only formalise one component of sex-specific pathogen evolution — the evolutionary

optima of a pathogen when faced with sexual dimorphism in a host’s internal environment.

In this article, we outline the unrecognised implications that sexual dimorphism can have for the
genetic basis of host-pathogen coevolution. The struggle between pathogens and hosts has long
fascinated biologists, and has been fundamental to our understanding of the very basis of male
and female differences — the origin of sexual recombination (see Box 2). Driven by differences in
the type of gametes they produce, however, each sex is often pushed towards different
evolutionary optima, a process that often requires some important genetic architecture to
proceed. The decline in positive genetic correlations amongst shared fitness traits, the cyclical
coevolution of sex-specific behaviours, and the differential accumulation of mutations are all
aspects of genetic architecture that underlie the evolution of sexual dimorphism. Drawing on the
type of insights common to studies of mate choice evolution, we discuss three key implications
arising from the complex genetics of male-female differences: i) the importance of genotype-by-
environment interactions for shaping the evolutionary potential of a pathogen; ii), the role of
cross-sex genetic correlations in enhancing or constraining host-pathogen coevolutionary cycles;
and iii) the potential for sex-specific mutation patterns to influence the rate at which a host can

respond to the threat of parasitism.

The Sex-Specific Evolutionary Potential of an Invading Pathogen

Host populations are rarely homogeneous, and pathogens will encounter individuals that differ in
age, nutritional condition, body size, immune status, and physiology (Schmid-Hempel 2013). By
modelling the epidemiological characteristics of disease when there are two or more host classes,
theory has established how this heterogeneity can affect the evolution of pathogen fitness
(Regoes et al. 2000; Gandon 2004; Williams 2012). These approaches have recently been extended
to include variability in the internal host environment as caused by male-female differences (Box
1). For simplicity, however, the emerging study of sex-specific pathogen evolution has yet to
consider explicitly how the impact of host sex may depend on the genotype of the invading
pathogen. Such genotype-specific responses are nonetheless a common feature of both a host and
pathogen’s response to environmental change (reviewed in Wolinska and King 2009). Here we

consider the adaptive implications of male-female differences in light of the extensive body of

20



research on the evolutionary importance of such genotype-by-environment interactions (GxEs, see
Hunt et al. 2004; Ingleby et al. 2010). We focus on two important aspects of GxEs — the

maintenance of genetic variation, and the change in evolutionary potential.

In general, GXEs arise when the relative fitness of different genotypes, or sometimes strains in the
case of pathogens, is dependent on the environment in which that they are expressed (Fig. 1). In
the absence of a GxE (Fig. 1A), the relative differences among pathogen genotypes remain
unaltered in each sex, and so it is only the overall degree of sexual dimorphism in resistance that
influences pathogen evolution. This scenario is most analogous to the theoretical considerations
of host sex heterogeneity so far, whereby one sex, typically females, is more able to supress
pathogen fitness. The evolution of disease thus progresses depending on how often the invading
pathogens encounter the two environmental classes and how well invading pathogens are able to
exploit host resources and transmit to new uninfected animals (e.g. Box 1). However, a more
complicated scenario for host-pathogen coevolution, and one that is likely to be biologically
widespread, occurs when the response of a pathogen to the sex of a host is genotype specific —

either involving a change in genotype rank order, or a change in the scale of genetic variation.

In situations where the rank order of fitness among genotypes changes (Fig. 1B), GxEs have the
potential to influence the maintenance of genetic polymorphisms in natural populations. As long
as there is gene flow between environments, no one genotype will be consistently favoured,
allowing fluctuating selection to maintain genetic variation in fitness (Gillespie and Turelli 1989).
This process helps to explain why male sexual traits typically show significant heritability
(Pomiankowski and Mgller 1995), despite the prediction that female choice should rapidly erode
genetic variation in sexual signals (Kirkpatrick and Ryan 1991). Similar arguments help explain why
we observe considerable variation in infectious disease characteristics, despite the expectation
that selection should favour completely resistant hosts or infective pathogens (e.g. Blanford et al.
2003; Vale et al. 2008; Hall and Ebert 2012). Indeed, environment specific responses of pathogens
may be almost universal, with GxEs occurring for a wide range of environmental conditions such as
temperature, food quality, and the maternal environment (Wolinska and King 2009). Given the
widespread potential for heterogeneity to arise due to male and female differences, we therefore
suggest that sex driven GxEs may be another factor helping to maintain genetic variation in

pathogen populations.
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A more subtle version of a GxE can also occur when the relative fitness of a pathogen genotype
changes across environments, but rank order of the genotypes remains the same (Fig. 1C). Such
changes in the scale of variation do not directly help to maintain genetic variation, as one
genotype is always superior. Instead genotypes differ in their sensitivity to the alternative
environments, altering the intensity of any response to selection as the expression of genetic
variance has now changed in each environment (Hoffmann and Merila 1999). Work on infectious
disease has already shown that pathogen genetic variability can increase or decrease with
environmental change, such as with the age of a host (Mideo et al. 2011; Clerc et al. 2015). More
broadly across a landscape of environmental variability, it has also been suggested that changes in
genetic variation can substantially influence the intensity of host-pathogen coevolution, creating
evolutionary “cold spots” or “hot spots”, depending on the degree of difference amongst
genotypes in each environment (Thompson 1994; Gomulkiewicz et al. 2000). Extrapolating the
results would suggest that host sex is another possible environmental variable that could enhance
or constrain pathogen evolution, contributing to local hot spots or cold spots in the environmental

landscape that a pathogen experiences.

Genotype-by-environment interactions clearly have potential to shape the evolutionary dynamics
experienced by an invading pathogen; but their precise outcome will depend on the type of trait
experiencing such interactions. Broadly speaking, the fitness of a pathogen depends on a variety of
traits related to the force of infection (the number of infections acquired over time), namely,
infection rates, transmission potential, and the length of the infection period (Anderson and May
1991). Evolutionary theory, however, makes distinctions between the outcomes that arise from
each of these different parameter types (e.g. Anderson and May 1982; van Baalen 1998; Gandon
et al. 2002; Raberg et al. 2009). As discussed in Box 1, for example, variation in investment
between males and females in resistance (limiting pathogen burden) or tolerance (limiting severity
of pathogen burden), will lead to different evolutionary outcomes for a pathogen. Similar
arguments could also be made for changes in pathogen genetic variation that arise for traits
related to either partial (quantitative) or complete (qualitative) resistance against a pathogen
(Gandon and Michalakis 2000). Thus, while the general form of a GxE (rank order or scale changes)
defines the broad evolutionary relevance of an interaction between males, females, and

pathogens — the precise outcome will depend on the trait and host-pathogen system of study.
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Sex-Specific Selection and the Constraint of Host-Pathogen Dynamics

Central to the understanding of Red Queen dynamics are the repeated coevolutionary cycles
between hosts and pathogens (Box 2). At the heart of this process are the genetic associations
that build up and break down between the antagonistic combatants, whereby selection on one
party results in a correlated response in the other (Fig. 2A). But what if there is an additional party
in this process that is also undergoing coevolution with one of the combatants? While the Red
Queen concept has been applied to a wide range of evolutionary problems, such scenarios have
traditionally been limited to simple two party systems in isolation — either host and pathogen, or
predator and prey (Brockhurst et al. 2014). A rare example of a study examining coevolutionary
patterns within a three-party system is that of Dercole et al. (2010) which modelled predator-prey
coevolution in a three species food chain (Fig. 2B). The inclusion of a coevolving super-predator
forced the normally stable evolutionary cycles between predator and prey to become chaotic,
with both the direction and strength of selection becoming intrinsically unpredictable beyond a
short evolutionary time. In stark contrast to the predictable cycles of typical Red Queen dynamics,
therefore, the addition of another external source of genetic variation vastly complicates the

process of coevolution.

Here we consider what happens to Red Queen dynamics when the genetic architecture of sexual
dimorphism is introduced into the Red Queen process (Fig. 2c). A defining characteristic of sexual
populations is that males and females can undergo their own coevolutionary struggle, as each sex
experiences contrasting patterns of natural and sexual selection (Parker 2006; Cox and Calsbeek
2009). At the heart of this tension are the cross-sex genetic correlations amongst homologous
traits (rvr) that arise as a consequence of a shared gene pool (Lande 1980, 1987; Bonduriansky and
Chenoweth 2009). Tight genetic correlations between shared traits act to prevent phenotypic
divergence between males and females. With different evolutionary optima for each sex, this
inevitably constrains adaptation, as selection on one sex will now produce a correlated response in
the other. To overcome these limitations, rvr values should diminish or even become negative.
When selection is concordant but varies in strength, a decline in rur allows shared traits to evolve
independently and more readily reach their separate optima (Lande 1980). However, if selection is
sexually antagonistic and differs in its direction, a negative genetic correlation between traits can
build up as alleles are favoured that benefit one sex, but are detrimental to the other (intralocus
sexual conflict, reviewed in Bonduriansky and Chenoweth 2009). Evolution in sexual populations,

therefore, is characterised by a spectrum of rur values, from the strong and positive values for
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many shared traits, through to those which diminish from unity as traits become more closely

related to fithess (Poissant et al. 2010; Griffin et al. 2013).

An initial glimpse into the consequences of sexual dimorphism for disease is offered by models
which have previously explored the impact of separate sexes on the rate of adaptation for a
species in general (Lande 1980; Connallon and Clark 2014). Strong and positive correlations
between traits are predicted to enhance the rate of adaptation only when selection on males and
females is tightly aligned (Lande 1980). This is essentially the null model for host-pathogen
dynamics, reflecting that male and female defence components are assumed to share the exact
same genetic architecture, and undergo stable coevolutionary cycles as part of a normal two-party
system (sensu Dercole et al. 2010). As the fitness correlation between the sexes diminishes (rvr <
1), however, so to can the rate of adaptation if selection remains sexually concordant (e.g.)
(Connallon and Clark 2014). With the uncoupling of male and female resistance (rvr = 0), adaptive
changes in one sex would no longer be reflected in the other due to a lack of any correlated
response. Chaotic cycling is now a possibility, as by uncoupling male and female traits, Red Queen
dynamics will most closely reflect the three-party dynamic of Dercole et al. (2010). Finally, as
cross-sex genetic correlations change sign (rvr < 0), the change in resistance of both sexes can
become suboptimal, with selection on one sex directly impeding the adaptive evolution of the
other (Connallon and Clark 2014). Thus, under the constant threat of parasitism, the genetic
architecture of sexual dimorphism could potentially reduce the rate of host adaptation, thereby

modifying the process of host-pathogen coevolution.

Despite the well-developed predictions for the evolution of infectious disease (Box 2) and sexual
dimorphism (Lande 1980; Bonduriansky and Chenoweth 2009; Connallon and Clark 2014),
evolutionary theory has yet to explore the implications of sex-specific adaptation for host-
pathogen coevolution. Yet the evolutionary decoupling of male and female resistance is likely, at
least in part, given the presence of considerable sexual dimorphism in traits related to host
resistance (Vincent and Sharp 2014). What remains unclear, however, is the ecological and
evolutionary conditions that permit cross-sex genetic correlations to constrain or enhance the rate
at which hosts can adapt to pathogens. While the work by Dercole et al. (2010) has shown that
genetic variation introduced by another evolving party can fundamentally change the direction
and strength of selection during Red Queen dynamics, it is important to note that genetic
constraints can eventually be overcome if selection is strong enough. Studies of sexual

dimorphism, in general, have shown that stressful conditions can cause rvr for fitness to change
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sign and become more positive as increased sexually concordant selection favours overall genetic
quality (Long et al. 2012; Berger et al. 2014). Identifying how strong and frequent Red Queen
cycles need to be before sexual dimorphism ceases to matter will be essential for unravelling the

potential importance of cross-sex genetic correlations for host-pathogen coevolution.

The Implications of Male-Biased Mutation for Genetic Variability in Resistance

A key requirement for host-pathogen coevolution via selective sweeps is that novel pathogen
infectivity and host resistance alleles must constantly arise for coevolution to occur (Box 2). In this
case, mutations are commonly the source of novel genetic variation and provide the raw fuel for
evolutionary change. However, while the consequences of mutation on the rate of evolution are
well understood (Maynard Smith 1976), an important consideration is how differences in mutation
rates amongst hosts may impact on pathogen evolution. It is well known that genes involved in
defence against a pathogen, such as those within the major histocompatibility complex or plant
Resistance (R) pathways, evolve at high rates (Bergelson et al. 2001; Borghans et al. 2004).
Additionally, theoretical studies have shown populations with higher mutation rates are better
able to track the constantly moving optima driven by their antagonistic species (Gandon and
Michalakis 2002; Salathé et al. 2005; Tellier et al. 2014). Less attention, however, has been
directed towards the implications for infectious disease if some individuals within a population are
more likely to accumulate mutations. We discuss how biases in mutation rate between males and
females, together with the observation that the fitness consequences of mutations are often more

severe in males, may fundamentally alter the outcome of host-pathogen coevolution.

Although the occurrence of novel mutations has traditionally been considered to be random, it has
long been proposed that the rate at which mutations arise may be higher in males than females
(Haldane 1935). The mutation bias stems from a fundamental difference in the production of male
and female gametes, with spermatogenesis requiring more cell divisions than oogenesis, and thus
more opportunity for replication errors (Hurst and Ellegren 1998). Consequentially, if adaptation
depends on the supply of beneficial new mutations, then sex biases in mutation will substantially
alter the rates of evolutionary change. Indeed, in the context of sex linkage, theory has shown how
male-biased mutation can accelerate the accumulation of beneficial changes on specific
chromosomes, with male sexual displays predicted to evolve most rapidly when Z-linked
(Kirkpatrick and Hall 2004). However, reducing the waiting-time for an adaptive mutation to arise

is even more important in the context of Red Queen dynamics and selective sweeps, where
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pathogens typically have effective population sizes that far outstrip that of their hosts (i.e. Lanfear
et al. 2014). While the potential for male-biased mutation to accelerate host-pathogen
coevolution has not yet been considered, a study of baculovirus resistance in the codling moth
linked the rapid emergence of host resistance to the rise of Z-linked resistance alleles (Asser-Kaiser

et al. 2007), suggesting a role, at least in principle, for male-biased mutation.

In general, however, most mutations are predicted to be deleterious (Eyre-Walker and Keightley
2007). Theory has previously explored the link between pathogens, mutations, and sex, in terms of
the maintenance of sexual recombination. By magnifying the negative effects of mutation
accumulation, pathogens strengthen the opportunity for sex to overcome the advantages of
remaining asexual (Park et al. 2010). Yet an interesting finding from studies of spontaneous
mutation is that the severity of the fitness loss is felt much stronger by males, even though
mutations are generally sexually concordant (Sharp and Agrawal 2013). Driving this pattern is the
elevated intensity of selection acting on male mating success, whereas females are typically able
to find a mate even if under mutational duress (Agrawal 2001; Whitlock and Agrawal 2009). But
what about the consequences of mutation load for the ability of a male to fight or tolerate
infection? To date, only Sharp and Vincent (2015) have considered how pathogens and mutation
interact with male-female differences. Their results show how pathogen exposure further
exacerbates the fitness loss experienced by males, again contributing to the effective purging of
deleterious alleles. Nonetheless, the evolutionary implications of this process for pathogen
transmission or virulence remain unexplored. On one hand males are more susceptible to
infection and less likely impose strong selection on pathogen infectivity; but on the other, total
selection on males is likely to be stronger and males are predicted to evolve more rapidly.
Understanding the tension between these two contrasting patterns will shed light on whether

males or females are the optimal sex for a pathogen to exploit.

Future Directions

While recent attention has been given to the role that sex differences play in pathogen evolution,
we believe that this review highlights unrecognized ways in which sexual dimorphism can impact
on the genetic basis of host-pathogen coevolution. A logical next step will be to formalize theory

which explores the interplay between sex-specific adaptation and the rapid coevolutionary cycles
that result from host-pathogen coevolution. Key to this process will be understanding the impact

of male-female genetic correlations on rates of adaptation when patterns of selection change
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rapidly in both direction and magnitude. In general, theory predicts that when selection is sexually
concordant, positive genetic correlations will accelerate adaptation to natural selection, whereas
negative correlations will constrain how quickly a population can adapt to change (or vice versa
with sexually antagonistic selection, Lande 1980, 1987; Bonduriansky and Chenoweth 2009).
However, the constraints that arise from cross-sex genetic correlations have yet to be studied in
the context of a rapidly changing environment, such as the once provided by a coevolving
pathogen (but for some related contexts, see Chevin 2013; Kopp and Matuszewski 2014). We may
expect that if resistance is strongly positively correlated between the sexes, then host adaptation
to a pathogen will proceed as expected by current theory. For other genetic correlation values,
however, the rate of coevolution may decline or become unpredictable, particularly in the sex that

less sensitive to the threat of infection (sensu Connallon and Clark 2014).

Complementing theory will be empirical work which explicitly examines the impact of host sexual
dimorphism on pathogen adaptation. While it is both empirically and theoretically well-
established that males and females can differ in their susceptibility to infectious disease (Sheridan
et al. 2000; Cousineau and Alizon 2014), progress now depends on estimating and interpreting
parameters directly relevant to the impact of host sex on pathogen populations (e.g. infection
rates, transmission potential and infection period, Anderson and May 1991). Study systems well
suited to this work will utilize hosts which are sexually dimorphic in immunity, plus have
experimentally manipulable sex ratios or sex-role reversal — thus presenting the pathogen with
two selectively distinct environments, as well as variability in the frequency of encountering each
environment (e.g. Rolff 2002; Duneau et al. 2012; Masri et al. 2013). Additionally, comparisons
between population that have differed for many generations in the rate at which a pathogen
encounters each sex offer a powerful way to find evidence for sex-driven pathogen evolution,
whether via the classic cross-infection experiments (discussed in Schmid-Hempel 2013), or more
modern developments in unravelling molecular signals of local adaptation (Balenger and Zuk

2014).

Concluding Remarks

We believe that an emerging challenge for disease research is to consider how the evolution of
male-female differences permeates through the process of host-pathogen coevolution. The view
that the sexes differ in a range of characteristics is well established and has recently been

implicated in host resistance and pathogen adaptation (Duneau and Ebert 2012; Cousineau and
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Alizon 2014). Recognising the importance of the genetic architecture of sexual dimorphism in
these contexts, however, will offer new opportunities to understand the drivers and constraints
placed on host-pathogen coevolution. Encouraged by the universal nature of sexual dimorphism
and the recent results discussed in this review, we anticipate a greater exploration of male-female
differences will offer new insight into how infectious disease evolves and the opportunities

available to predict or control the spread of pathogens.
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Chapter 2 boxes and figures

Box 1: Insight into the Impact of Male-Female Differences on Pathogen Adaptation

Evidence for the interplay between host sex and pathogen evolution is rare, but awareness that
heterogeneity between sexes can influence disease evolution is growing. In birds and mammals,
surveys of the literature have found that males are often more susceptible to infection and
consequently experience higher infection rates and intensities than females (Poulin 1996; Schalk
and Forbes 1997; Zuk 2009; Cousineau and Alizon 2014). This pattern, however, is not necessarily
universal, and predictions for which sex should invest more in immunity will likely vary with the
study species or environmental context, particularly in invertebrates (McCurdy et al. 1998;
Sheridan et al. 2000; Stoehr and Kokko 2006). Indeed, what matters most is not whether males or
females are generally the “sicker sex”, but that sexual dimorphism in host resistance exists and can
drive pathogen adaptation to the differences between male and female hosts (Christe et al. 2007;
e.g., Duneau et al. 2012). With the widespread occurrence of sex-ratio biases, social hierarchies,
and differences in male and female explorative behaviours (Duneau and Ebert 2012 and Table 2
therein) there is ample opportunity for pathogens to encounter males and females at different
rates, and experience differences in the patterns of selection that a sexually dimorphic host can

generate.

In developing the arguments for the link between host sex heterogeneity and infectious disease,
Duneau and Ebert (Duneau and Ebert 2012) established the evolutionary requirements for how
host sex could drive pathogen evolution. Based on the expectation that a pathogen will adapt to
the characteristics of its most common host (Lively 1989), they outlined how the degree of host
sexual dimorphism, and the probability of encountering the opposite sex, will define how a
pathogen evolves. A generalist pathogen is predicted to evolve if the frequency of encountering
multiple sexes is high and fitness trade-offs between environments are small. Conversely,
pathogens are expected to become specialised to one sex when the sexes strongly differ, but the
pathogen is unlikely to encounter both sexes. Finally, a pathogen may evolve a plastic response to
host sex if both the frequency of experiencing male and female hosts, together with the fitness

differences between environments, is high.

Complementing this work, Cousineau and Alizon (2014) focused on the evolution of pathogen
virulence in response to how males and females defend against infection. In surveying a diverse

range of mammalian pathogens, from viruses like influenza to macroparasites such as Schistosoma
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(Cousineau and Alizon 2014 and Table 1 therein), they found that males are typically more
susceptible to initial infection than females, but are better able to cope with higher pathogen
loads once infected. With these differences in mind, Cousineau and Alizon (2014) modelled how
sex differences in either resistance or tolerance shape pathogen evolution. Sexual dimorphism in
resistance was found to yield an increase in pathogen virulence only when pathogen transmission
occurs only between members of opposite sexes, as this is when the most resistant sex will always
be encountered. Conversely, dimorphism in tolerance accelerated the evolution of virulence under
any pattern of contact between the sexes. Their results demonstrate how pathogen virulence will
depend on a complex interaction between the degree of sexual dimorphism, the form of defence

(resistance or tolerance), and the pattern of contact between the sexes.

Box 2: Pathogens, Red Queen Dynamics, and Sex

Infections are a powerful evolutionary force, driving “arms races” between hosts and pathogens,
as host are forced to repeatedly evolve counter-adaptations to the constant threat of parasitism
(May and Anderson 1983). This process of cyclical adaptation and counter-adaptation is commonly
known as a “Red Queen” dynamic (van Valen 1973; Bell 1982). Originally attributed to the
probability of taxon extinction, the Red Queen process has come to define an important concept
in biology — the role of biotic interactions for rapidly shaping evolutionary outcomes (reviewed in
Brockhurst et al. 2014). Of particular interest for infectious disease are the ways in which
antagonistic interactions can lead to perpetual evolutionary change (Woolhouse et al. 2002; Lively
2010). Models of coevolution by negative frequency dependent selection, for example, describe a
process whereby pathogens adapt to the most common host, providing a selective advantage to
rare host genotypes (Hamilton 1980). Selection thus occurs in a time-lagged and negative
frequency-dependent manner and genetic diversity within a population is maintained (e.g.
Dybdahl and Lively 1998). Antagonistic coevolution can also occur via recurrent selective sweeps.
Here coevolution proceeds via the repeated occurrence, spread and fixation of beneficial
mutations, which inevitably reduces genetic diversity within populations (Levin 1981; Buckling and

Rainey 2002).

Not only has the pervasive nature of the host-pathogen antagonism been fundamental to our
understanding of infectious disease evolution, it has also provided an explanation for the very
basis of male and female differences — the origin and maintenance of sexual recombination

(Jaenike 1978; Hamilton et al. 1990; Lively 2010). In this context, sex is most strongly associated
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with negative frequency-dependent oscillations between host and pathogen genotypes. By
breaking up statistical associations amongst loci, and increasing the frequency of rare alleles under
the threat of parasitism (Peters and Lively 1999), recombination allows sexual organisms to
overcome the “two-fold” reproductive advantage of asexual competitors (Maynard Smith 1978).
Although widely accepted as a fundamental component of infectious disease evolution, it is
difficult to demonstrate Red Queen patterns in the field (but see Dybdahl and Lively 1998;
Decaestecker et al. 2007; Koskella and Lively 2007; Thrall et al. 2012), and correlative evidence
from genomic studies is not without its controversy (Hall and Ebert 2013). Nonetheless, the
antagonistic coevolution between hosts and pathogens is integral to the evolution of sex, and the

genesis of reproductive and behavioural differences between males and females.
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(A) No GxE

Fitness GP

(B) Rank order GxE
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Figure 1. Conceptual reaction norms for the relative
fitness of three pathogen genotypes (Gp) and two
host sexes (male or female). (A) In the absence of a
Grx E, pathogen genotypes (represented by different
colours) may differ in their fitness, and each sex may
be more or less resistant, but the effects are the
same for each genotype. In the presence of a Gpx E,
(B) the rank order of the pathogen genotypes may
change between the sexes, or (C) the scale of genetic
variation changes between the sexes, but the rank
order of pathogen genotypes remains the same. Each
scenario has different consequences for the intensity
of a selection response and the maintenance of

genetic variation.
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Figure 2. lllustrative examples of different Red Queen interactions. (A) The basic Red Queen

process describes hosts and pathogens as existing in an indefinite and predictable cycle of

adaptation followed by a proportional counter adaptation (Brockhurst et al. 2014). (B) Red Queen

“Chaotic” hypotheses (Dercole et al. 2010) describe the unpredictability of both strength and

direction of selection of classic Red Queen models with the addition of a third coevolving species.

(C) Similar to Red Queen Chaotic, patterns of host-pathogen coevolution with the added

complexity of males and females may be difficult to predict using classic Red Queen models. In this

scenario, pathogens will adapt to the different selective pressures presented by each sex, while

the sexes will independently develop reciprocal adaptations as modulated by cross-sex

correlations (rwve).
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Abstract:

The patterns of immunity conferred by host sex or age represent two sources of host
heterogeneity that can potentially shape the evolutionary trajectory of disease. With each host sex
or age encountered, a pathogen’s optimal exploitative strategy may change, leading to
considerable variation in expression of pathogen transmission and virulence. To date, these host
characteristics have been studied in the context of host fitness alone, overlooking the effects of
host sex and age on the fundamental virulence-transmission trade-off faced by pathogens. Here
we explicitly address the interaction of these characteristics and find that host sex and age at
exposure to a pathogen affect age-specific patterns of mortality and the balance between
pathogen transmission and virulence. When infecting age-structured male and female Daphnia
magna with different genotypes of Pasteuria ramosa, we found that infection increased mortality
rates across all age classes for females, whereas mortality only increased in the earliest age class
for males. Female hosts allowed a variety of trade-offs between transmission and virulence to
arise with each age and pathogen genotype. In contrast, this variation was dampened in males,
with pathogens exhibiting declines in both virulence and transmission with increasing host age.
Our results suggest that differences in exploitation potential of males and females to a pathogen
can interact with host age to allow different virulence strategies to coexist, and illustrate the
potential for these widespread sources of host heterogeneity to direct the evolution of disease in

natural populations.

Introduction

Resulting from the contrasting strategies by which males and females maintain fitness, the sexes
are expected to vary in their relative immune investment, condition, and morphology (Zuk and
Stoehr 2002; Zuk 2009), all of which can lead to sex biases in the outcome of infection (Poulin
1996; Schalk and Forbes 1997; McCurdy et al. 1998; Sheridan et al. 2000). In humans, for example,
males are generally more susceptible to infectious diseases such as tuberculosis and hepatitis B
(Giefing-Kroll et al. 2015; vom Steeg and Klein 2016) and harbor a larger viral load than females in
the case of HIV (Napravnik et al. 2002; Donnelly et al. 2005). However, the “sicker sex” can vary
from species to species (see Table 1, Cousineau and Alizon 2014) and many studies have
considered the consequences this has for host susceptibility and mortality (Giefing-Kroll et al.
2015; Klein and Flanagan 2016) as well as mate choice (Hamilton and Zuk 1982). Recently,

attention has turned to how sexual dimorphism relates to the evolution of pathogen fitness itself,

35



leading to predictions, many yet untested, for how male-female differences might impact on the
evolutionary dynamics of host-pathogen interactions (Duneau and Ebert 2012; Cousineau and

Alizon 2014; Gipson and Hall 2016).

A component of pathogen fitness that may be particularly susceptible to disruption by sexual
dimorphism is the fundamental trade-off between transmission and virulence. In natural
populations, pathogens are inevitably transmitted through hosts that differ in their capacity to
fight infection (Altizer et al. 2006; Wolinska and King 2009), spurring many theoretical predictions
on how a heterogeneous host population will affect the optimal level of virulence (Regoes et al.
2000; Gandon 2004; Osnas and Dobson 2012; Williams 2012). Gandon (2004), for example,
highlighted how a specialist virulence strategy is predicted if the frequency of encountering only
one host type is high. In this context, by adapting to the most common host, a pathogen can
become maladapted to the less common one as a consequence of either suboptimal exploitation
or overexploitation. This cost becomes progressively smaller as the chance of encountering the
less common host type is reduced. In contrast, when the likelihood of transmission between
different host types is higher, more generalist strategies are now favoured that can select for
intermediate values of virulence (assuming all things being equal in other demographic

parameters such as background mortality, Gandon 2004).

In the context of host heterogeneity, sex is simply another factor, much like species, genotype, or
immune status that leads to pathogens potentially encountering different hosts at each
transmission event (see Osnas and Dobson 2012). What matters for pathogen evolution will be the
degree to which a pathogen differentially exploits males and females, and the proportions of each
sex that remain uninfected in a population (Gandon 2004). To date, very few empirical studies
(Duneau et al. 2012; Thompson et al. 2017; Willink and Svensson 2017), and only one theoretical
model (Cousineau and Alizon 2014), have explicitly considered male-female differences in the
context of virulence evolution. Notably, Cousineau and Alizon (2014) modelled how a pathogen
might evolve depending on whether sex differences occur in preventing infection (resistance) or in
minimizing the damage caused by given a pathogen load (tolerance). Their approach highlighted
the need to consider the interaction between host sex and multiple components of pathogen
fitness and revealed how variation in host sex ratios, either at birth or due to differential mortality,

can modify the effect of host heterogeneity on pathogen evolution.
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Male-female heterogeneity will arise not only from average differences in immunity, reproduction,
or energy acquisition between the sexes (Stoehr and Kokko 2006), but also their timing of
investment in these components of fitness (Rolff 2002). Heterogeneity due to sex, therefore, has
an inherently dynamic aspect. The “live fast, die young” reproductive strategy that often typifies
the less choosy sex, for example, describes a shift in reproductive peak towards an earlier age,
followed by a continual decline in general performance and survival (Vinogradov 1998; Sgro and
Partridge 1999; Bonduriansky et al. 2008). Age-specific sex differences extend to patterns of
immunity, represented as changes in susceptibility with increasing age (Giefing-Kroll et al. 2015;
Klein and Flanagan 2016). Given the propensity for natural populations to vary both in their sex
ratio (Clutton-Brock and lason 1986; Duneau and Ebert 2012 and Table 2 therein) and age
structure (Charlesworth 1994), it is likely that the interaction between the age and sex of a host,
rather than solely their independent effects, will be a pervasive source of heterogeneity governing

the evolution of infectious disease.

In this study, we consider how interactions between host sex and age at pathogen exposure
influence pathogen fitness. We use the crustacean Daphnia magna and its bacterial pathogen
Pasteuria ramosa to measure the impact of sex on age-specific patterns of mortality and how
these modulate the relationship between pathogen virulence and transmission. In this system,
infection is associated with castration, gigantism and reduced survival (Ebert et al. 2016), but
these patterns are modified by a range of host genetic, pathogen genetic, and environmental
factors (e.g. Carius et al. 2001; Vale et al. 2008; Hall and Ebert 2012). Both sex- and age-specific
differences have been previously explored in isolation. In terms of age structure, for example,
both host resistance (Garbutt et al. 2014), and the relationship between pathogen virulence and
transmission (Clerc et al. 2015; Izhar and Ben-Ami 2015), depend on the age of the host; indicating
that the optimal infectivity and virulence strategy for a pathogen may be age-specific. In turn,
research has shown that males are more resistant to infection, that mean pathogen fitness is
greater within the female host (Duneau et al. 2012; Thompson et al. 2017), and that the relative
fitness advantage of any given pathogen genotype is greater within females (Thompson et al.

2017).

Via a series of experimental infection trials, we exposed genetically identical male and female
Daphnia to one of two compatible P. ramosa genotypes at either 10, 20, 30 or 40 days old. We
then measured the resulting changes in the costs of infection via age-specific mortality rates and

linked them to aspects of pathogen fitness such as infection rate, pathogen-induced reduction in
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lifespan (virulence), and the production of spores (transmission). In light of previous studies which
have investigated the effects of host sex or age on disease in isolation (Duneau et al. 2012; Clerc et
al. 2015; Izhar and Ben-Ami 2015; Clark et al. 2017; Thompson et al. 2017), we predicted that
mortality rates and virulence should increase with the age at which a host encounters a pathogen
as a consequence of the ageing process (Adamo et al. 2001; Doums et al. 2002; Zerofsky et al.
2005), and that these increasing costs would be felt most strongly by the less resistant sex, which
in Daphnia is females (Duneau et al. 2012; Thompson et al. 2017). We discuss how our results
may impact on the evolution of optimal infectivity and virulence for a pathogen and contribute to

the maintenance of variability in infectious disease in natural populations.

Materials and methods

Daphnia magna Straus is a freshwater crustacean that reproduces via cyclic parthenogenesis and
can produce genetically identical male and female clones (Ebert 2005). Pasteuria ramosa
Metchnikoff (Green 1974; Ebert et al. 2016) is a common pathogen of D. magna that invades the
host via attachment to the oesophagus and subsequently reproduces within the hemolymph of
the infected Daphnia, filling the body with transmission spores. P. ramosa transmission is
exclusively horizontal, occurring after the release of spores from a dead host. This experiment
utilized male and female Daphnia of genotype HU-HO-2 and novel P. ramosa genotypes C20 or
C24 that have previously been shown to strongly vary in their expression of fitness characteristics
and capture a range of possible transmission-virulence combinations (Clerc et al. 2015; Thompson
et al. 2017). On average, C20 produced less spores and reduced the lifespan of the host more than

C24 (Clerc et al. 2015 and Table 1 therein).

Production of experimental animals

Prior to the experiment, juvenile female Daphnia were collected from stock cultures and
individually maintained in 60-mL vials filled with 50 mL of artificial Daphnia medium (ADaM,
Kluttgen et al. 1994; modified by Ebert et al. 1998). Daphnia were transferred into fresh media
twice weekly, maintained under standard conditions (20°C, 16L: 8D) for three generations, and fed
up to 5 million Chlorella vulgaris algal cells daily, steadily increasing from birth to accommodate
the growing needs of the animal. Experimental males and females were produced using methods
from Thompson et al. (2017). In short, females were exposed to 300 ug/L of the hormone methyl

farnesoate (Product ID: S-0153, Echelon Biosciences, Salt Lake City, Utah) after producing their
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first clutch and then transferred into fresh hormone-treated media every two days. Subsequent
clutches were collected and the sex of all offspring determined. This method can be used to
reliably produce male and female Daphnia while having no detectable impact on lifespan,

fecundity, infection rates, or spore loads (Thompson et al. 2017).

Infection experiment design and estimates of pathogen fitness

Male and female Daphnia were randomly exposed to one of the two pathogen genotypes at ages
10, 20, 30, or 40 days. For each treatment combination, we individually placed between 60 and
120 males and females in jars, with the larger sample sizes allocated to the older ages to
compensate for natural deaths occurring before pathogen exposure; with an additional 50
individuals of each sex as unexposed controls (2 sex x 2 pathogen genotypes x 4 ages x 60 to 120
replicates + [2 sex x 50 control replicates]). Infections took place in 60-mL vials filled with 20 mL of
media. The infection process occurred over two days wherein 20,000 pathogen spores were added
daily (40,000 spores total). This process was applied to a new group of animals at each infection

date. Animals were maintained under standard conditions as above.

Survival was checked for daily and upon death, Daphnia were frozen in 500 plL of water for
subsequent assessment of infection success and production of mature transmission spores. Before
spore counting, Daphnia were thawed, crushed, and checked for infection using phase-contrast
microscopy to assess the presence or absence of spores at any stage of development. If infection
was detected, the sample was counted using an Accuri C6 flow cytometer (BD Biosciences, San
Jose, California). Custom gates based on fluorescence (FL3) and side scatter (SSA) were used to
guantify mature transmission spores only, with fluorescence used to omit algae from the final
counts, and side scatter used to isolate only mature spores based on their differences in
morphology and size relative to animal debris and immature spores (i.e. Ebert et al. 2016). In one
counting round 32 wells of a round-bottomed PPE 96-well plate were filled with 190 pL of 5mM
EDTA and mixed with 10 pL of crushed Daphnia sample. Each sample was counted twice and

averaged.

Immortal time bias and survival analysis

All statistical analyses were performed using R (version 3.3.1; R Development Core Team, available
at www.r-project.org). One of the challenges of analysing cohort based survival data is a

phenomenon known as “immortal time bias” (Ho et al. 2012). Immortal time bias occurs when the
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survival rate of an experimental treatment is inflated simply because those individuals must live
long enough to receive treatment whereas control individuals experience mortality from the
beginning of an experiment. To control for this bias, we paired exposed and infected animals with
a matched control cohort (as per Lévesque et al. 2010). Age-matched control cohorts were created
by filtering control survival data to animals which lived at least 14 days after each exposure age as

this is the earliest point in which infection status can be accurately diagnosed.

Using the age-matched cohorts, we modelled the time-to-death of each individual using a Weibull
hazard function as estimated via the survival package, and visualized these trends via Kaplan-
Meier survival curves using the ggfortify package. Variation in mortality was estimated as a
function of the main effects of exposure outcomes (exposed, infected or, control), host sex (male
or female), and age of exposure (days 10, 20, 30 or 40), as well as their interactions, using a three-
factor analysis of variance (Type Ill). To help explain any observed treatment differences, we
estimated hazard ratios for infected or exposed individuals (relative to the age-matched control
cohort baseline) for each combination of sex and age of exposure using the SurvRegCensCov
package. Here, hazard rates were parameterized as odds of death at any given time due to

exposure to or infection by a given pathogen.

Characterizing age-specific trends

Complementing the analysis of mortality, we also analysed traits directly related to pathogen
fitness and the virulence-transmission trade-off. Due to differences in the average lifespan
between males and females (males: 33 days + 1.9, females: 67 days *+ 2.0; Thompson et al. 2017),
we focused on three traits of common currency: the proportion of exposed animals that became
infected; the reduction in lifespan as compared to the average of the age-matched control
cohorts; and the production of transmission spores at host death (analyses included only infected
individuals, see supplementary Table 1). Comparisons between the sexes and pathogen genotypes
were analysed using a generalized linear model (binomial error distribution, logit link function) for
infection rates and a least-squares linear model for both the reduction in lifespan and the
production of spores. Before analysis, we square root transformed spore loads to meet the

requirement of normality, although data are presented on the original scale to aid interpretation.

For each sex, we used a sequential model fitting approach (e.g. Hall et al. 2008) to describe the

relationship between pathogen fitness traits and age of infection. This approach begins with a
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model containing only pathogen genotype (C20 or C24) as a factor, with each of the following
terms added sequentially: the linear terms for age of infection; the corresponding quadratic term;
the interaction between the linear term and the pathogen factor; and, finally the interaction
between the quadratic term and the pathogen factor. A partial F-test was used to assess whether
the relationship between age of infection and each trait was linear or nonlinear (based on the
significance of the linear and quadratic terms respectively), and if these trends differed between
the pathogen genotypes (based on the interaction of this factor with either the linear or quadratic
regression coefficient). We then visualized the most appropriate model and compared them
between the two sexes using the most complex model possible and the “drop1” model

simplification function in R.

Results

Host mortality depends on both the sex and age of a host

Our results point to a complex interaction between exposure outcomes (control versus exposed-
and-uninfected versus exposed-and-infected), host sex, and the age of exposure on patterns of
host mortality. Comparison of the survival curves for control, exposed but not infected (herein
exposed), and infected animals (Fig. 1), showed that, as expected, the median lifespan of control
males was shorter than control females for all ages of exposure (e.g. day 10 controls, male: 36.32
+0.99; female: 65.74 + 1.48); and not surprisingly, that the duration of life remaining decreased as
animals got older, irrespective of whether the host was exposed or not (e.g. day 40 controls, male:
11.66 + 0.87; female: 35.74 + 1.48). In addition to these obvious sex (P < 0.001) and age effects (P
< 0.001), we found a significant interaction between host sex and age on host mortality, with
marginal contributions from interactions between age and exposure outcome (P = 0.068) and a
three-way interaction between all factors (P = 0.075, see supplementary Table 2 for ANOVA

specifics).

Further exploration of the hazard rates for each treatment combination highlighted the driving
forces behind these patterns of mortality (Table 1). Relative to the age-matched control cohort,
we found that infections in females resulted in higher mortality rates, and that the odds of death
at any given age were between 2.5- and 5-fold across all ages of exposure. Conversely, mortality
was only increased in males infected at 10 days old, with a 2-fold increase in the likelihood of

death (Fig. 1b). Infected male hazard rates at all other age classes were indistinguishable from
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those of the control cohorts. For both sexes, individuals that were exposed to the pathogen but
did not become infected showed no increase in hazard ratio (no hazards were greater than 1),

except for one marginal case for females at age 40 (Fig. 1g).

Host sex changes the relationship between virulence and pathogen fitness

While hazard rates are informative in describing the odds of death at any given time due to
exposure to or infection by a given pathogen, what is important from the pathogen perspective is
the margin by which pathogen exposure reduces survival at each age class, and the relationships
that this has with other aspects of pathogen fitness, namely infection success and spore loads.
Irrespective of the sex of the host, we found that the relationships between age of infection and
components of pathogen fitness were non-linear in the case of infection rates and virulence
(reduction in host lifespan), but linear for the production of transmission spores (Table 2, Fig. 2).
Sex did, however, affect the strength and sign of the above relationships, and whether or not they

depended on the genotype of the infecting pathogen.

The probability of infection differed between pathogen genotypes in female hosts, but not in
males (Table 2). For females, the interaction between pathogen genotype and the quadratic term
arose because intermediate ages led to the highest success for pathogen C20 (negative quadratic:
Age?: -0.004 + 0.002, P = 0.015), while C24 showed the opposite pattern, albeit weaker and non-
significant (positive quadratic: Age?: 0.002 + 0.002, P = 0.399, Fig 2a). In contrast, for males, the
lack of any significant interactions indicates that the relationship between age-of-infection and
infection success was the same for both pathogens (Table 2), with infection success declining non-
linearly with age (age: 0.186 + 0.078, P = 0.017; age?: -0.005 + 0.002, P = 0.002, Fig 2b). Although
this would suggest that the influence of host sex depends on the pathogen genotype and age of
infection in combination, the three-way interaction between sex, pathogen and age-of-exposure
was dropped from a model including both male and female data (see supplementary Table 3),

suggesting the contrast between males and females may be marginal.

Similar patterns were observed for both virulence and spore loads, with the pathogen effect only
detected for females (pathogen by age or age? interactions, Table 2). In females, the virulence of
pathogen C20 declined in an accelerating manner (age: 0.884 + 0.540, P = 0.108; age?: -0.028 +
0.01, P =0.013), while for pathogen C24 it peaked at intermediate ages (age: 2.161 +1.019, P =
0.043; age?: -0.041 + 0.020, P = 0.055). This trend was reversed for spore loads (Fig. 2e), with C20
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displaying no significant change with increasing age (age: 0.013+ 0.033, P = 0.687), compared to
the rapid decline in spores for C24 (age: -0.250+ 0.062, P = <0.001). In males, no difference
between the genotypes was detected (Table 2). Both virulence (age: -1.367 + 0.503, P = 0.008;
age?: 0.024 + 0.012, P = 0.046, Fig. 2d) and spore loads (age: -0.033 + 0.013, P = 0.012, Fig. 2f)
peaked in males exposed at day ten and then declined. Models including both male and female
trends always retained a three-way interaction with either the linear or quadratic term, supporting
the conclusion that the influence of host sex on pathogen fitness is specific to both the pathogen

genotype and the age of infection (see supplementary Table 3).
Discussion

The process of aging is expected to place considerable stress on the capacity of a host to fight
infection (Adamo et al. 2001; Doums et al. 2002; Zerofsky et al. 2005). Arising from either the
increasing costs of mounting an immune response (High 2004), or a decline in immune function
with age (Katz et al. 2004; Plowden et al. 2004), we predicted that the costs of infection, as
estimated by an increase in mortality rates, should increase with the age of infection and that
these increasing costs would be felt most strongly by the less resistant sex, in this case females. In
the end, though, our results were more complex. While hazard rates were indeed higher in
females, consistent with the idea that they suffer the greatest fitness loss due to infection
(Thompson et al. 2017), the trend with age was sex-specific; mortality rates were always higher in
infected females across the four age classes, whereas mortality only increased in the earliest age
class for males. Based on these findings, we suggest that the observed age-specific patterns may
have more to do with the differences in the exploitation potential of males and females to a

pathogen, than simply an ageing immune system.

When two hosts differ in the amount of resources they provide to a pathogen, theory predicts that
pathogen reproduction will accelerate in the more exploitable host at the expense of decreasing
host fitness (Hall et al. 2009c). Although previously applied only in the context of host differences
in the acquisition of nutrients, the contrast between male and female hosts in our study system
presents an analogous scenario. Female Daphnia are larger and longer lived than males, and have
a significant pool of resources available to invest in producing clutches of offspring every three
days (e.g. Clerc et al. 2015). In contrast, males represent a more difficult host to exploit, providing
less physical space and fewer resources for pathogen growth (e.g. Thompson et al. 2017). Our

results suggest that old age may further impact on the resources that each sex cedes to a
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pathogen. As the remaining lifespan of females is greater than males at any given age (Fig. 1), the
higher overall infection rate, virulence, and spore load observed in females (Fig. 2) may be a
product of the increased time allowed for exploitation by the pathogen. Fewer resources to
exploit and the short lifespan of males may simply not provide enough time and energy for the
pathogen to either establish a successful infection or reach the intensity of infection that would

facilitate a substantial increase in the rate of mortality (c.f. females).

In general, evolution favours pathogens which strike a balance between transmission and
virulence (Alizon et al. 2009). However, when the difference between host environments is large,
as we have shown between young and old individuals, or between males and females, then a
range of possible virulence strategies may be maintained (Regoes et al. 2000; Gandon 2004; Osnas
and Dobson 2012). Indeed, when infecting females, the two pathogen genotypes displayed a
range of relationships between transmission (spore loads) and virulence (relative reduction in
lifespan) at each age class (Fig. 2c), Pathogen C24 matched the results of a previous study whereby
time to host death remained constant across exposure ages, while transmission declined with age
(see Izhar and Ben-Ami 2015); C20 showed the reverse pattern with constant transmission across
each age class at the expense of virulence. In contrast, both virulence and pathogen transmission
were highest at earlier ages in males, irrespective of pathogen genotype. These findings highlight
how complex interactions between host sex and the age at which a host encounters a pathogen

can prevent a single pathogen strategy from maximizing fitness.

Ultimately it will be the frequency of encountering different sexes or host ages that will determine
how much diversity in different strategies is maintained (see Gipson and Hall 2016). In the wild, we
expect Daphnia populations to be predominately female biased, but males can still constitute up
to half of the population for two to three months of the season (e.g. Galimov et al. 2011), and the
increase in male production has been shown, at least in one case study, to occur prior to a disease
outbreak (Duncan et al. 2006). Age-structure is less well known, but evidence suggests that the
age classes, on the scale explored here, are likely relevant: Daphnia must survive to approximately
two weeks to produce their first clutch (Ebert 2005); have been observed to overwinter in nature
(Gliwicz et al. 2001; Slusarczyk 2009); and can live as long as 150 days in laboratory settings (Ebert
et al. 2016). Under these conditions, female biased populations of mixed age classes will occur for
much of the year and will be particularly labile for pathogen evolution, with changes in the rank
order of pathogen genotypes occurring for transmission, virulence, and infection rates whenever a

pathogen encounters animals of different ages. In contrast, males will present a simpler scenario
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with infection rates and spore loads highest at early ages for all pathogen genotypes. Thus,
deviations from an even sex-ratio and young cohort can lead to situations where one pathogen
genotype is more consistently favoured (i.e. females, Fig. 2e) or mask the variation between

pathogen genotypes (i.e. males, Fig. 2f).

Given the likelihood that a pathogen will encounter males and females of varying ages at some
stage during a season, our results can also be interpreted in light of theory on the evolution of
optimal virulence (Regoes et al. 2000; Gandon 2004; Osnas and Dobson 2012; Williams 2012;
Cousineau and Alizon 2014). In considering variation in the level of resistance or the frequency of
encountering each sex, Cousineau and Alizon (2014) found that the optimal level of virulence
decreased when transmission frequently occurred within only one sex. This is because pathogen
reproduction occurs mainly through the least resistant sex, where selection for increased virulence
is weaker. As with broader theory on host heterogeneity, if between-type transmissions rates
increase, then virulence levels are predicted to shift (Gandon 2004). Pathogens are now forced to
overcome any maladaptation associated with a previously uncommon host, and if this leads to
increased contact with a more resistance host type, then elevated levels of virulence will also
ensue. In the Daphnia—Pasteuria system, therefore, we might predict that the more frequently the
pathogen encounters male Daphnia the less likely it is to underexploit this host relative to females,
and the greater chance that the more resistant males will facilitate the evolution of increased

virulence in general.

In summary, we have shown how basic characteristics of natural populations, such as sex and age
heterogeneity, can impact on patterns of host mortality and pathogen fitness. In females, age-
specific infection gives rise to phenomena that fundamentally change the pace of infectious
disease evolution, whereas in males disease outcomes are more dampened (see also Thompson et
al. 2017). What happens outside the host, in terms of the within and between host-type
transmission rates, will be key to understanding the evolution of virulence in this system.
Quantifying natural variation in sex-ratios and age-structure over time will help to define how
much P. ramosa may have experienced prior adaptation to younger female hosts. Yet, if host sex
and age impact on pathogen fitness in other systems as they have here, regardless of whether
males or females are the more resistant sex, we propose that an understanding of a population’s

sex ratio and age structure are crucial in predicting the severity and spread of disease.
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Chapter 3 tables and figures

Table 1: Summary of statistical analyses describing the differences in survival between control,

exposed but not infected, and infected groups for each combination of sex and age of exposure.

Asterisks denote significant effects (a = 0.05). Hazard ratios indicate the increased odds of death

at any given age compared to the control group, with values equal to one indicating equal

mortality rates between groups and values greater than one indicate an increase in mortality

rates. Bold indicates values significantly different from one.

Hazard ratio

Sex Age of Deviance  P-value Exposed [95% C.I.] Infected [95% C.I.]
exposure (x?)

Male Day 10 8.602 0.014 * 1.027 [0.779, 1.354] 2.191 [1.346, 3.566]
Day 20 1.970 0.374 0.894 [0.667, 1.198] 1.246 [0.787, 1.972]

Day 30 0.190 0.910 0.969 [0.676, 1.389] 0.884 [0.503, 1.553]

Day 40 0.315 0.854 0.992 [0.640, 1.537] 1.527 [0.362, 6.435]

Female Day10 25.675 <0.001 * 0.981 [0.744, 1.294] 4.032 [2.472, 6.577]
Day 20 42.328 <0.001 * 0.865[0.651, 1.149]  5.074 [3.204, 8.034]

Day 30 25.374 <0.001 * 0.925[0.697, 1.228] 4.121 [2.482, 6.843]

Day 40 18.794 <0.001 * 0.691 [0.516,0.926] 2.570[1.465, 4.507]
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Table 2: Results of the sequential model fitting approach describing the effects of pathogen
genotype and age of exposure on infection rate, virulence, and spore load. Each term was added

sequentially beginning with a model containing the pathogen genotype (C20 or C24) as a factor,

followed by the linear and quadratic terms for age of infection, and finally the interaction between

these terms and the pathogen factor. Asterisks denote significant effects (o = 0.05).

Females only Males only
For y? df  P-value For y? df P-value

Probability of infection

Pathogen factor 8.02 1 0.005* 0.54 1 0.463

Age 1.97 1 0.160 14.07 1 <0.001*

Age? 1.93 1 0.164 10.25 1 0.001*

Pathogen: Age 0.21 1 0.650 0.04 1 0.839

Pathogen: Age? 4.89 1 0.027* 0.01 1 0.917
Virulence and the relative reduction in lifespan

Pathogen factor 0.24 1,77 0.629 0.55 1,55 0.460

Age 4.42 1,77 0.039* 13.32 1,55 <0.001*

Age? 10.43 1,77 0.002* 4.21 1,55 0.045*

Pathogen: Age 11.28 1,77 0.001* 0.23 1,55 0.636

Pathogen: Age? 0.40 1,77 0.530 2.45 1,55 0.123
Production of transmission spores

Pathogen factor 5.06 1,79 0.027* 0.25 1,55 0.616

Age 10.98 1,79 0.001* 6.81 1,55 0.012*

Age? 0.04 1,79 0.844 2.38 1,55 0.129

Pathogen: Age 16.91 1,79 <0.001* 0.63 1,55 0.430

Pathogen: Age? 0.83 1,79 0.364 1.34 1,55 0.252
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Figure 1: Kaplan-Meier survival curves describing the influence of sex and outcome of pathogen
exposure on survival in female (left column) and male (right column) individuals following
exposure at 10 (a, b), 20 (c, d), 30 (e, f), or 40 (g, h) days old. Red lines denote control individuals,
green lines denote exposed individuals which did not become infected, and blue lines indicate

infected individuals. Shading indicates 95% confidence intervals.
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Figure 2: The Influence of host sex and age
of pathogen exposure on infection rate (a,
b), pathogen induced reduction in lifespan
(c, d), and spore production (e, f). Shown
are the treatment means, standard errors,
and the trends over time as suggested by
the best fitting linear models (see Table 2).
Female results and male results are
visualized in the left and right columns
respectively. A solid line with triangles or a
dashed line with circles represents the C24

or C20 pathogen genotype respectively.
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Chapter 3 supplementary material

Table S1: Sample sizes for analysis of infection rate, virulence (pathogen induced reduction of

lifespan), and transmission (mature spore load).

Age of exposure Pathogen Initial Infected  Virulence Transmission
(days) genotype n (n) (n) (n)
Male 10 C20 61 11 11 11
20 C20 60 12 12 12
30 C20 63 10 10 10
40 C20 63 1 1 1
10 C24 60
20 C24 60 11 11 11
30 C24 60 6 6 6
40 C24 54 1 1 1
Female 10 C20 62 11 11 11
20 C20 62 19 19 19
30 C20 63 16 16 16
40 C20 62 8 8 8
10 C24 65 11 11 11
20 C24 63 8 8 8
30 C24 63 5 5 5
40 C24 62 7 7 7

Table S2: Summary of analysis of variance (Type lll) describing the effects of host sex, host age at

exposure to a pathogen, and exposure outcome on survival. Asterisks denote significant effects (a

= 0.05), hashes denote marginally significant effects.

Deviance (y?) df P-value
Sex of animal 191.267 1 <0.001*
Age of exposure 107.674 2 <0.001*
Exposure outcomes 12.251 2 0.002 *
Sex x Age 7.362 2 0.025 *
Sex x Exposure 0.377 2 0.828
Age x Exposure 8.736 4 0.068 #
Sex x Age x Exposure 8.501 4 0.075#
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Table S3: Candidate regression models describing the effects of host sex (sex), pathogen genotype (par), and age of exposure (age) on infection rate,

virulence, and spore load. The least complex model includes a linear relationship for each combination of sex and pathogen genotype and the most

complex model estimates separate relationships.

Trait Model type Model terms added AIC AIC
Weight

Infection rate  Nonlinear  ~ sex + par + sex : par 821.915 0.000
~ sex + par + sex : par + age + age? 805.212  0.080

~sex + par + sex : par + age + age? + sex : age + sex : age’ 801.689 0.450

~sex + par + sex : par + age + age? + par : age + par : age’ 806.030 0.051

~sex + par + sex: par + par : (age + age?) + sex : (age + age?) 802.299 0.319

~sex + par + sex : par + sex : par (age + age?) 804.544 0.099

Virulence Nonlinear  ~sex+ par + sex : par 1047.187 0.000
~ sex + par + sex : par + age + age? 1037.891 0.000

~sex + par + sex : par + age + age? + sex : age + sex : age? 1028.485 0.016

~sex + par + sex : par + age + age?+ par : age + par : age? 1031.534 0.003

~sex + par + sex : par + par : (age + age?) + sex : (age + age?) 1021.242 0.420

~sex + par + sex : par + sex : par (age + age?) 1019.862 0.561

Spore load Linear ~ sex + par + sex : par 713.969  0.000
~ sex + par + sex : par + age 702.688 0.000

~ sex + par +sex: par + age + sex : age 702.267 0.000

~ sex + par +sex: par + age + par : age 685.670 0.052

~ sex + par + sex : par + age + par : age + sex : age 685.191 0.059

~ sex + par +sex: par + age + par : age + sex : age + sex : par : age 679.480 0.889
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Abstract

Sexual selection theory predicts that males and females will differentially invest resources into
fitness-related traits such as immunity. These immune differences may underlie the frequently
observed sexual dimorphism in disease outcomes. Yet, the sexes will not only vary in how
resources are invested, but also in how they are acquired and processed. As hosts and pathogens
are at conflict over a shared pool of resources, such sex-specific variation in acquisition or
allocation may impact both the net amount of resources a pathogen can access and the
exploitation strategy they use to convert these resources to transmission stages. In this study, we
explore the role that resource dynamics play in varying infection outcomes between the sexes. To
do this we raised male and female Daphnia magna on a high or low diet treatment and exposed
them to the bacterial pathogen Pasteuria ramosa. We found that females are a greater resource
pool for P. ramosa as represented by increased virulence, pathogen reproduction, and pathogen-
induced change in metabolic rate as compared to males. We additionally found these traits to vary
due to dietary treatment in females, but remain largely unchanged across diet in males. Finally we
found that host sex and dietary treatment interact to influence optimal pathogen exploitation
strategy. Collectively, these results provide evidence that variation in exploitable resources
underlie considerable variation in disease outcome, but that sex-specific resource acquisition and

use fundamentally changes the way in which pathogens extract resources from their hosts.

Introduction

Sex differences in the prevalence, course, and severity of infection are universal. Across the animal
kingdom, one sex is often described as the “sicker sex” with females typically more susceptible to
infection in invertebrates, versus males in mammals and birds (Poulin 1996; Schalk and Forbes
1997; McCurdy et al. 1998; Sheridan et al. 2000; Zuk 2009; Cousineau and Alizon 2014). In
explaining these common differences, life-history theory has focused on the ways that males and
females differentially invest in immunity versus other components of fitness such as reproduction
or growth (Rolff 2002; Zuk and Stoehr 2002; Stoehr and Kokko 2006; Zuk 2009). This host-centric
perspective, however, captures only part of the complexity of how sex differences influence
disease outcomes (Duneau and Ebert 2012; Gipson and Hall 2016). From the perspective of a
pathogen, the sexes of a host may represent different resources that can be exploited to differing
extents, an effect that potentially contributes to the frequently observed sexual dimorphism in the
outcome of disease.
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Competition over a shared pool of resources underlies much of the conflict that arises whenever
hosts and pathogens interact. Upon pathogen exposure, hosts are expected to mount an immune
response, which will sequester resources from the pathogen and reduce its growth (reviewed in
Ong et al. 2006; Hall et al. 2017). In turn, essential functions like host growth or maintenance may
be affected by pathogen appropriation of host resources (Hall et al. 2009c). Any differences in the
way males or females acquire, store, or allocate nutrients (Stoehr and Kokko 2006; Boggs 2009;
Schérer et al. 2012) will thus impact on the way conflict over a shared pool of resources is
resolved. As a result, the next availability of resources available for exploitation by a pathogen
(herein host condition, sensu Rowe and Houle 1996), and the way in which pathogen exploitation
relates to host damage (De Roode et al. 2008; Seppala et al. 2008; Hall et al. 2009c), will both
depend on the sex of a host. Yet so far pathogen exploitation strategies have not been considered
in light of fundamental differences in the “quality” of each sex as a potential host (but see

Thompson et al. 2017; Gipson and Hall 2018).

In exploring how host condition affects the interplay between host harm and pathogen
reproduction, Hall et al. (Hall et al. 2009c) modelled the effects of a host’s nutritional environment
on multiple aspects of the infection process. They found that with increasing host condition, in
terms of the net availability of resources for the pathogen to exploit, disease progressed more
rapidly and allowed for greater pathogen reproduction at the expense of increased virulence. In
contrast, hosts of lower condition were constrained in both growth and food intake, limiting the
resources of which a pathogen can exploit and thus pathogen reproduction. Applying the insight of
this model to sex differences and pathogen exploitation would suggest that the sex that provides a
greater pool of resources to the pathogen, or is more able to translate nutrients in the
environment into accessible resources, will most likely suffer an accelerated progression of
infectious disease. Our goal for this study was to uncover if the relationships between host harm
and pathogen exploitation progress similarly between males and females, or if these relationships
are differentially modulated by changes in the availability of resources a given sex has access to in

their environment.

One way to explore how host sex and condition interact to influence disease outcome is to
manipulate resource availability and characterize how changes in the availability and use of energy
translates to variation in disease symptoms. Indeed, much work has shown that when resource
availability is modulated, many components of host and pathogen fitness vary, presumably due to

changes in either immune investment (Brown et al. 2000; Seppala et al. 2008) or the pool of
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resources which a pathogen can exploit (Ebert et al. 2000, 2004; Bedhomme et al. 2004; De Roode
et al. 2008). Yet, sex-specific patterns of resource acquisition or allocation may further complicate
the relationships between a host’s use of resources and infectious disease. Obtaining measures of
how infected hosts use, transform, and expend energy is key to linking resource availability to
pathogen exploitation strategies. Metabolic rates provide such a bridge (Kearney and White 2012;
Arnold et al. 2013). Indeed, previous work has found that males and females vary in the way
metabolic rates respond to infection or immune activation (Evans et al. 2009) and that these
differences are mediated through sex-specific physiology or energy use (Bashir-Tanoli and Tinsley
2014). Infection thus represents a repartitioning of host resources (Ots et al. 2001; Gray and
Bradley 2006; Arnold et al. 2013), which may be particularly susceptible to variation due to sex-

specific patterns of resource allocation and acquisition.

In this study, we utilize the Daphnia magna - Pasteuria ramosa model system to explore how
differences in the way each sex acquires and expends energy can help explain the diversity of
disease outcomes seen in sexually dimorphic species (Sheridan et al. 2000; see also Table 1,
Cousineau and Alizon 2014). Previous studies have shown that female Daphnia are more
susceptible to infection, allow for greater pathogen reproduction, and live longer post-infection
than males, all of which suggest that females are the more exploitable sex for a pathogen (Duneau
et al. 2012; Thompson et al. 2017; Gipson and Hall 2018). Additionally, studies focusing on female
Daphnia have found that energy availability and use is likely to play an important role in these
differences. For example, dietary manipulations have shown that host condition influences the
relationship between pathogen reproduction and host fitness or mortality as well as pathogen
infection rate (Hall et al. 2009c; Vale et al. 2011; Hall and Ebert 2012). Furthermore, P. ramosa has
been shown to increase Daphnia metabolic rate upon infection, affirming a potential energetic
cost of infection in this system (Hall et al., in prep). Daphnia magna is thus an excellent model to
explore how sexual dimorphism and its relationship to pathogen exploitation of resources may
underlie some of the diversity in disease outcome we observe between males and females in

general.

Here, we investigate how host sex and condition interact to influence pathogen exploitative
potential, defined here as the ability of pathogens to utilise host resources for their own
reproduction. To do this we designed a cross-infection experiment using genetically identical male
and female Daphnia raised on different levels of food availability. We infected male and female

individuals from each diet treatment with one of two pathogen genotypes, and measured the
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effect of each treatment on characteristics which collectively influence pathogen fitness: spore
production, changes in host lifespan, and changes in host body size. We then related patterns of
pathogen fitness within each sex to changes in host mass-corrected metabolic rate upon infection.
With this design, we explored how food acquisition differentially affects the outcome of disease
within male and female hosts, and how differences in the exploitative potential of males and

females underlie sexual dimorphism in disease outcome.

Methods

Daphnia magna Straus is a globally distributed freshwater crustacean which produces genetically
identical male and female offspring via cyclic parthenogenesis (Ebert 2005). Daphnia filter feed on
planktonic algae which brings them in contact with their natural pathogen Pasteuria ramosa
Metchnikoff (Smirnov 2014; Ebert et al. 2016). P. ramosa is a bacterial, spore forming pathogen
which decreases the lifespan and fecundity of infected hosts (Ebert et al. 2016). P. ramosa
transmission occurs exclusively horizontally via the production of spores that, once taken up by
Daphnia hosts, reproduce and fill the body cavity before being released upon host death (Ebert et
al. 2016). This experiment utilized male and female Daphnia from genotype HU-HO-2 and novel P.
ramosa genotypes C20 or C24 which have been previously shown to vary in pathogen induced
reduction of lifespan and the production of transmission spores (Clerc et al. 2015; Thompson et al.

2017).

Prior to the experiment, all animals were maintained under standardized conditions for three
generations in order to minimize any potential maternal effects. Juvenile female Daphnia were
collected from stock cultures and raised individually in 60-mL vials filled with 50 mL of artificial
Daphnia medium (ADaM) (Kluttgen et al. 1994; modified by Ebert et al. 1998). Thereafter, Daphnia
were transferred into fresh media twice weekly and maintained at 20°C and exposed to a 16-hour
light to 8-hour dark cycle. Animals were fed daily with green algae (Scenedesmus sp.), beginning
with 0.5 million cells per animal per day at birth and increasing gradually to 5 million cells per

animal per day to meet the growing energy demands of the animals.

Production of experimental animals

Genetically identical male and female Daphnia were produced by exposing the standardized
females to a short pulse of the hormone methyl farnesoate (300 pg/L, Product ID: S-0153, Echelon

Biosciences, Salt Lake City, Utah). Following previously established protocols (Thompson et al.
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2017), animals were moved into artificial media treatment upon the release of their first clutch.
The third clutch produced post-exposure to the hormone was collected and returned to normal
media. The sex of each Daphnia was determined by presence or absence of a modified appendage
which is unique to male Daphnia (Ebert 2005). This method of producing male Daphnia has been
shown to have no detectable impact on either the lifespan and fecundity of control animals, nor

the virulence or spore production exhibited by infected individuals (see Thompson et al. 2017).

Infection experiment design and measures of pathogen fitness

Male and female Daphnia were randomly exposed to either pathogen C20 or C24 and assigned to
either a high or low diet treatment of 4 million or 1 million algal cells daily as part of a factorial
design. Similar dietary treatments have been previously used in this system, whereby females
raised on a diet of 1 million spores exhibit reduced size and delayed production of their first clutch
as well as lower overall host fecundity and pathogen spore production (Ben-Ami et al. 2010; Hall
and Ebert 2012). Each treatment combination consisted of 160 individuals with an additional 50
males and 50 females assigned as uninfected controls (2 sex x 2 pathogen genotypes x 2 diets x
160 replicates + [2 sex x 50 control replicates] = 1380 individuals). Daphnia were infected over the
course of two days at four and five days old. Infections took place in 60-mL vials filled with 20 mL
of ADaM and 20,000 spores were added daily (40,000 spores total). On day six, animals were
transferred to fresh jars filled with 50 mL of ADaM and maintained under standardized conditions

as outlined above.

Survival of Daphnia was checked daily and upon death, individuals were frozen in 500 uL of
purified water for later determination of infection status and measurement of transmission
spores. All Daphnia were thawed, crushed with a pestle, and sampled individually for infection
status and spore count using an Accuri C6 flow cytometer (BD Biosciences, San Jose, California).
Each counting round consisted of 32 wells of a round-bottomed PPE 96-well plate filled with 190
uL of 5mM EDTA and 10 pl of a single crushed Daphnia. Custom gates based on fluorescence and
side scatter were used to measure the number of mature spores produced. Each Daphnia was
measured twice and spore counts were recorded as the average of the two measurements.
Infection status was additionally assessed, based on the presence or absence of mature spores

using phase-contrast microscopy.
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Measurements of host metabolic rate

Oxygen consumption rates (VO2) were used as a proxy for metabolic rate. Measurements were
conducted using a fluorescence-based respirometry system on Daphnia at three weeks post
exposure to P. ramosa. This age was selected as it captures a phase of intense within-host
competition between host and pathogen for resources (Clerc et al. 2015; Ebert et al. 2016).
Daphnia were first rinsed in ADaM and loaded individually into 4-mL vials with non-consumptive
oxygen sensor spots adhered to the bottom. Prior to measurement, oxygen sensor spots were
calibrated using air-saturated ADaM (100% air saturation) and ADaM containing 2% sodium sulfite
(0% air saturation). Daphnia media was autoclaved and returned to 20°C prior to use to remove
any bacteria which may impact on oxygen consumption measurements. For each air-tight vial,
oxygen consumption rates were measured using multiple 24-channel readers (SDR SensorDish
Reader, PreSens Precision Sensing GmbH, Germany), run in parallel (8 x 24-channel readers at a
time) (White et al. 2011). Each run took place in a dark, temperature-controlled room at 20°C for
1.5 hours with oxygen consumption measurements taken once every minute. The experimental
period began at 40 minutes post initiation of the measurement software as measurements before

this time can be unreliable as conditions have yet equilibrate after the loading process.

For each 24-channel reader, we randomly allocated 20 animals and 4 blank controls containing
only sterile artificial media. Daphnia from each sex, diet, and pathogen genotype combination
were evenly distributed among each oxygen reader. For each run, VO was calculated from the
change in oxygen saturation over time (% h™!) as per White et al. (2011) as VO = — [(ma — mc)/100]
x V x BO2; where m, is the rate of change of oxygen saturation for an experimental animal, mc is
the per run average rate of change for the controls, BO; is the oxygen capacitance of air-saturated
water at 21°C (6.40, Cameron 1986), and V is the water volume of the vials (0.004 L). The
parameters m, and m¢ were estimated using the LoLinR package in R (Olito et al. 2017), which uses
local linear regressions to objectively estimate the monotonic rates from oxygen consumption
data. VO3 estimates (in mL O, h'l) were then converted to metabolic rate (milliJoules h™!) using the
calorific conversion factor of 20.08 ) mL* O, (Lighton 2008). Immediately following oxygen
consumption measurements, the body size of each individual was measured using a dissecting

microscope and converted to dry weight (mg) as per Yashchenko et al. (2016).
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Statistical analyses

Of the 1380 animals which initiated the study, not all were available for the metabolic assay at
three weeks post exposure to P. ramosa or were removed from the study due to sampling errors.
In total, we were able to measure 574 out of the 928 initially measured animals at three-week
post exposure (87 male and 79 female controls, 118 males and 123 females exposed to C20, and
finally 67 males and 100 females exposed to C24) split across the low and high diet treatment (292

and 282 individuals respectively).

All statistical analyses were performed in R (version 3.4.1; R Development Team, available at
www.r-project.org). We focused on four traits that are directly comparable between infected
males and females: the change in (i) lifespan, (ii) body size, and (ii) mass-corrected metabolic rate
following infection; and, (iv) the production of mature transmission spores at host death.
Following Hall et al. (Hall et al., in prep), mass-corrected metabolic rates (hereafter “metabolic
rate”) were derived from the residuals of a second order polynomial regression of raw metabolic
rates on logio mass. Next, the relative changes in lifespan, body size, and metabolic rate were
calculated as the difference between an infected individual’s trait values and the average of the
sex-specific control individuals. Traits were analysed using a full-factorial analysis of variance
(white corrected ANOVA Type lll, car package, Fox and Weisberg 2011) with host sex (male or
female), pathogen genotype (C20 or C24), diet (low or high), and their interactions as fixed effects.
We also fit separate ANOVAs for each sex for the purpose of determining which sex was driving

patterns of significance in the full models.

Finally, based on the predictions of Hall et al. (2009c), we explored how changes in how an
infected animal uses, transforms, and expends energy (i.e. its metabolic rate) combined with the
virulence of disease (i.e. the reduction in lifespan) to predict the fitness of a pathogen. To do so we
used response surface analysis, as implemented using general additive models (GAMs, mgcv,
Wood 2017), to test whether these relationships varied by sex or diet. Response surfaces are a
common approach in evolutionary studies, whereby a second-order polynomial regression or GAM
is used to characterize the relationship between multiple traits and an estimate of fitness (Hall et
al. 2008, 2009a; Polak et al. 2017). With this approach, we first scaled our fitness measure, spore

production, to a relative fitness measure by dividing by the mean within each treatment. We then
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standardized all other traits to a mean of zero and standard deviation of one. For all GAMs, we
analysed the standardized change in virulence and relative metabolic rate, as well as their
interaction as nonlinear smoothing splines, with pathogen genotype a fixed factor (to control
mean difference between pathogens) and relative spore numbers as the predictor variable.
Differences in the response surfaces between each sex and diet was assessed using likelihood ratio

tests.

Results

The influence of food availability and host sex on disease characteristics

In all measured traits we found that interactions between diet treatment and sex or pathogen
genotype defined variation in disease outcome. Both spore load (pathogen fitness) and mass-
corrected metabolic rates were influenced by an interaction between diet and the sex of the host,
whereas pathogen-induced reduction in lifespan (virulence) and relative body size was determined
by a three-way interaction between host sex, pathogen genotype, and diet (Table 1). Overall the
results were characterized by the greater response of females to the high diet treatment. High diet
in females resulted in a threefold reduction in lifespan, a doubling in both metabolic rates and
spore loads, and a decrease in body size. The responses were concordant for both pathogen
genotype, except for body size where the magnitude of change was pathogen-specific. In contrast,
for males the pathogen C24 produced more spores and C20 exhibited higher levels of virulence,
but the effect of diet was limited to a reduction in lifespan, with high diets leading to lower
virulence. There was no effect of diet nor pathogen genotype in the cases of body size and

metabolic rates in males.

The sex-specific relationship between pathogen exploitation and pathogen fitness

Having established that interactions between diet and sex impact on patterns of infection, we
then explored how these characteristics influence how virulence and changes in metabolic rate
interact to predict pathogen transmission. Using generalized additive models, we found that the
best fitting response surface was one that allowed for an interaction between host sex and diet
treatment (Table 2). We then tested whether the response surfaces varied: 1) between diets
within a given sex; and, 2) between sexes within a given diet. Within a given sex, the surfaces were
not significantly different between the high and low diet treatment for males (d.f. = 3.509, x2 =

0.697, P = 0.167), but were significantly different for females (d.f. =6.260, x*> = 2.565, P =0.034).
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Within a given diet treatment, the exploitation surfaces were not significantly different between
the sexes within the high diet (d.f. = 3.693, x? = 0.188, P = 0.804), but were significantly different
within the low diet (d.f. = 2.807, x> = 3.153, P < 0.001). Collectively, these results suggest that
pathogens in males and females on a high diet alone share a common exploitation strategy, but
females on a low diet represent a fundamental shift in how energy use and virulence are

translated into pathogen fitness.

To visualize these exploitation surfaces we estimated a single response surface for males from
both diets with pathogen genotype and diet as additional fixed effects, and separate response
surfaces for females raised on the low or high diet with pathogen genotype as a fixed effect. The
parameter estimates for these models are shown in Table 3. For both males and females on the
high diet, we found that both the standardized reduction in lifespan and the standardized increase
in mass-corrected metabolic rates were important for predicting pathogen fitness either
independently or in combination. Relative pathogen fitness in each context was lowest when the
reduction in lifespan was the most extreme and mass corrected metabolic rates following
infection increased by the least amount (Fig. 2a and 2b). In contrast, for females on the low diet
the standardized virulence and the standardized increase in mass-corrected metabolic rate acted
independently to influence the production of pathogen transmission spores. The response surface
was described by a ridge of high spore production with relative pathogen fitness peaking at mid to
low standardized values for the reduction in lifespan and increased with increasing standardized

relative mass-corrected metabolic rates from there (Fig. 2c).

Discussion

A host’s nutritional status can have far reaching effects on the outcome of disease (Wolinska and
King 2009), as well as the relationship between host and pathogen fitness characteristics (Vale et
al. 2011). When hosts vary in condition, and thus the amount of exploitable resources, the optimal
level of pathogen exploitation will change, impacting on both the level of host harm and pathogen
reproduction (Hall et al. 2009c). The sexes are also predicted to vary in their energy use due to
differences in physiology, behaviour or immune investment (Rolff 2002; Zuk and Stoehr 2002; Zuk
2009; Duneau and Ebert 2012), yet how energy intake and expenditure influence the net amount
of exploitable resources and the outcome of disease for each sex has yet to be fully addressed. In
this study, we explored how an individual’s sex can modify the relationship between condition, the
flow of energy from environment to pathogen, and the capacity of pathogens to exploit their host.
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We found that both sex and diet interact to influence the severity of disease in infected animals as
well as how the relationship between virulence and energy flux translate into pathogen
performance for each sex. We discuss how sex differences in the way energy is acquired, used,
and allocated may help to explain the diversity of disease outcomes that are observed in species
with two-separate sexes. We further discuss the relevance of these results in natural contexts
where simple variation in the energetic demands of males and females, and thus variation in the

impact of relative resource availability, may drive the observed patterns.

Resource availability on sex-specific patterns of pathogen fitness and evolution

Variation in environmental conditions such as resource availability can affect multiple aspects of
host-pathogen interactions (Wolinska and King 2009; Vale et al. 2011). By influencing an
individual’s acquisition of resources, such environmental variation can impact on immune
investment or resources within a host, changing the patterns of exploitation by pathogens (Brown
et al. 2000; Ebert et al. 2000, 2004; Bedhomme et al. 2004; De Roode et al. 2008; Seppala et al.
2008). Here, we considered how such condition-dependent disease outcomes may be influenced
the diverging patterns of resource acquisition or allocation between the sexes (Stoehr and Kokko
2006; Boggs 2009; Scharer et al. 2012). We found that females represent a much larger
exploitative environment for pathogens than males as indicated by increased levels of spore
production, virulence and metabolic rate (Table 1, Fig. 1). Females also more readily allowed for
resources in the environment to be translated to pathogen exploitation as represented by
increased pathogen spore production and virulence when raised on a high diet. These patterns
were qualitatively consistent with the model predictions of Hall et al. (Hall et al. 2009c), where
increasing resources of the host should relate to greater pathogen reproduction and virulence.
Conversely, pathogens infecting males expressed constant levels of spore production and more

subtle changes in virulence across diets.

These sex-specific patterns of diet treatment on disease outcome may have a variety of
evolutionary implications. By increasing the costs or likelihood of becoming infected, changes in
the environment may accelerate cycles of coevolution between host and pathogen (Lively 1999;
Blanford et al. 2003; Vale et al. 2011). In this study, shifts from the low to high diet are associated
subtle changes in virulence within males, yet strong differences in virulence within females (Fig.
1b). Resource fluctuations in natural environments may then result in evolutionary “hot” or “cold

spots” (Thompson 1994; Gomulkiewicz et al. 2000) where the speed or intensity of host-pathogen
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coevolution will depend on an interaction between resource acquisition and host sex.
Furthermore, these patterns of virulence are associated with strong variation in pathogen fitness;
with two- to four-fold differences in spore production between males and females in low or high
diet respectively (Fig. 1a). Consequently, diet influences the difference in pathogen fitness
between male and female hosts, which may increase the likelihood of sex-specific pathogen

adaptation within high resource conditions (Duneau and Ebert 2012).
Sex-specific patterns resource use favour different pathogen exploitation strategies

Sex differences in immunity may underlie much of the observed variation in disease outcome
between the sexes, either by changing patterns of susceptibility (Zuk 2009) or varying the amount
of resources sequestered from pathogens as part of immune defence (reviewed in Ong et al. 2006;
Hall et al. 2017). Yet the sexes will also vary in their relative resource allocation into fitness related
traits (Rowe and Houle 1996; Stoehr and Kokko 2006; Boggs 2009; Scharer et al. 2012), their
allocation strategies based on patterns of resource acquisition (Houslay et al. 2015), and
ultimately the proportion of resources invested at different levels of condition (Zajitschek and
Connallon 2017). Collectively this suggests that changes in nutritional environment may
fundamentally affect how resources are used between males and females and, as a consequence,
the optimal pathogen strategy to exploit host resources. Patterns of resource use may thus
underlie variation in disease between males and females in tandem with sex-specific patterns of

immunity.

Our results show that the sexes vary in their sensitivity to the availability of resources in the
environment. This is represented, as discussed above, by sex-specific effects of diet treatment on
pathogen induced changes metabolic rate or virulence (Fig. 1). Irrespective of these shifts in mean
trait values, however, are differences between the sexes in the relationships between the
properties of an infection that determine pathogen fitness. In males from either dietary treatment
or females raised specifically on a high diet, we found that increases in virulence and decreases in
metabolic rate lead to low pathogen reproduction (Fig. 2a, b). Yet, this pattern changed within
females raised on a low diet where these traits acted independently, favouring an increase in
pathogen reproduction with increasing metabolic rate, but only at intermediate values for the
reduction in host lifespan (Fig. 2c). Collectively, these results suggest that what best predicts
pathogen fitness will change depending on patterns of resource acquisition within females, yet

remain robust to this variation within males. In this way, a host’s resource environment can affect
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the optimal pathogen exploitation strategy and may thus be an additional factor driving sex-

specific outcomes of infection.
The consequences of sex differences in exploitation for disease spread in the wild

In nature, organisms may experience variation in their ability to acquire resources from the
environment, either due to seasonal resource fluctuations (Sommer et al. 1986; Reynolds et al.
2017) or environmental feedbacks between resource consumption and availability (McCauley et
al. 1999; Schenk et al. 2002). In this study, we find that changes in resource acquisition can have
far-reaching impacts on disease due to sex differences in how resources translate into pathogen
fitness. Specifically, we found that the flow of resources from the environment to the pathogen
population occurs disproportionately through female hosts. Fluctuating food availability coupled
with naturally varying sex ratios (Clutton-Brock and lason 1986; Duneau and Ebert 2012 and Table
2 therein) will likely drive patterns of disease where varying resource acquisition may have little
impact on disease prevalence in male-biased populations, but strongly influence both pathogen

reproduction and virulence in female-biased populations.

These dynamics may be important for the spread of disease in natural populations. For example,
Hall et al. (Hall et al. 2009b) found that how host resources are made available for exploitation by
pathogens may also be important in the timing of disease epidemics: hosts providing few
exploitable resources will delay the start of epidemics, whereas increased host resources may
decrease patterns of host susceptibility and thus inhibit epidemics. If difference between the sexes
hold true in other species, then one sex may have strong impacts on the timing of epidemics in
natural populations whereas the other may be less influential in these disease dynamics even as
environmental conditions fluctuate. A logical next step would thus be empirical studies which
directly examine the effect of host food availability on pathogen resources (e.g. iron, reviewed in
Ong et al. 2006) within each sex or long-term mesocosm studies measuring pathogen transmission

under a variety of resource availabilities and sex ratios.

Partially underlying the sex differences observed in this study may be variation in the resource
requirements of male and female Daphnia. Female Daphnia are the larger sex (Duneau et al. 2012;
Thompson et al. 2017) and exhibit substantial resource investment into producing a clutch of
offspring every three days post reproductive maturity (Ebert 2005). As a result, our diet treatment

may simply not have stressed male Daphnia to the extent that it stressed females. Nevertheless,
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we have shown that identical changes in resource availability can have strong differences on
pathogen exploitative potential when encountering male or female hosts. In this way, host sex can
influence patterns of exploitation by pathogens simply if one sex is more impacted by fluctuations
in resource availability. Yet males and females frequently exhibit variation in physiology,
behaviour, and resource investment (Schéarer et al. 2012); suggesting that resource acquisition
may often differentially affect the sexes as well as the optimal strategy for exploitation by

pathogens.

Conclusion

In this study, we found that male Daphnia are a poorer environment for pathogen exploitation but
conclude that intrinsic differences between the sexes alone are insufficient to explain why disease
outcome so often varies between males and females (Sheridan et al. 2000; see also Table 1,
Cousineau and Alizon 2014). Instead, we find that sex-specific differences in the use of resources
fundamentally change the way pathogens exploit their hosts. In females, dietary treatment
impacts on the optimal pathogen exploitation strategy whereas males are robust to these
changes, favouring a single pathogen exploitation strategy. Yet, males and females may vary in
their resource requirements due patterns of sexual dimorphism. Further, the relative abundance
of resources may influence an individual’s metabolic rate (Bohrer and Lampert 1988).
Nevertheless, we have shown how fluctuations in resource availability that may be expected in
natural populations can dramatically influence sex-specific patterns of pathogen fitness. If the
specific sex and environmental context influence pathogen exploitation strategy as described
here, the pervasive differences in acquisition and allocation strategy between the sexes (Rowe and
Houle 1996; Stoehr and Kokko 2006; Boggs 2009) may underlie much of the sex-specific patterns

of disease outcome observed in nature.
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Chapter 4 tables and figures

Table 1: Summary of analyses of variance (white corrected, Type lll) describing the effects of host

sex, pathogen genotype, and diet treatment on pathogen production of transmission spores,

change in host lifespan, change in host body size, and change in host mass-corrected metabolic

rate as compared to control. Asterisks denote significant effects (a = 0.05).

F d.f. p-value
Production of transmission spores
Sex 333.630 1,400 <0.001 *
Pathogen genotype 4,396 1,400 0.037 *
Diet 63.105 1,400 <0.001*
Sex : Pathogen 0.113 1,400 0.737
Sex : Diet 50.113 1,400 <0.001*
Pathogen : Diet 0.001 1,400 0.969
Sex : Pathogen : Diet 0.607 1,400 0.436
Change in host lifespan (days)
Sex 56.218 1,393 <0.001 *
Pathogen genotype 42.187 1,393 <0.001 *
Diet 107.606 1,393 <0.001 *
Sex : Pathogen 7.186 1,393  0.008 *
Sex : Diet 263.828 1,393 <0.001 *
Pathogen : Diet 0.694 1,393 0.405
Sex : Pathogen : Diet 5.420 1,393 0.020*
Change in host body size (mm)
Sex 201.990 1,400 <0.001*
Pathogen genotype 30.195 1,400 <0.001 *
Diet 47.429 1,400 <0.001 *
Sex : Pathogen 13.763 1,400 <0.001 *
Sex : Diet 30.096 1,400 <0.001*
Pathogen : Diet 10.676 1,400 0.001 *
Sex : Pathogen : Diet 9.141 1,400 0.003 *
Change in host metabolic rate (mJ/h)
Sex 66.405 1,400 <0.001 *
Pathogen genotype 0.612 1,400 0.434
Diet 20.244 1,400 <0.001 *
Sex : Pathogen 0.185 1,400 0.668
Sex : Diet 37.582 1,400 <0.001*
Pathogen : Diet 0.052 1,400 0.819
Sex : Pathogen : Diet 0.440 1,400 0.508
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Table 2: Candidate generalized additive models (GAMs) describing the effects of host sex and diet
treatment on the response surface of pathogen fitness represented by relative changes in host
mass-corrected metabolic rate and the reduction in lifespan. The least complex model estimates
no sex- or diet-specific response surface and the most complex model estimates separate
response surfaces for each treatment combination. Models were ranked by AIC and the best-

fitting model selected by AIC weight.

Candidate response surfaces Number of AIC AAIC AIC weight
model terms

1. No response surface 0 515.703 100.700 0.000

2. Single response surface for all treatments 3 425.665 10.662 0.005

3. Response surface varies by sex only 6 420.634 5.631 0.056

4. Response surface varies by diet only 6 424,932  9.929 0.007

5. Response surface varies by sex and diet 12 415.003 - 0.933

68



Table 3: Summary of generalized additive models (GAMs) describing the effect of virulence, mass-

corrected host metabolic rate (millijoules), and their interaction on pathogen spore production.

Asterisks denote significant effects and hashes denote marginally significant effects (o = 0.05).

Parametric Estimate S.E. T value P value
Pathogen  0.122 0.048 2.565 0.011 *

% Diet 0.024 0.038 0.625 0.533

% E Smooth e.d.f Ref. d.f. Fvalue P value
= _g Virulence  1.000 1.000 5.249 0.023 *
= Millijoules  1.000 1.000 2.863 0.092 #

Vir. X mJ 3.237 27.000 0.171 0.166

Parametric Estimate S.E. T value P value

Pathogen -0.016 0.053 -0.297 0.767

% % Smooth e.d.f Ref. d.f. Fvalue P value

E f:tlaf:n Virulence  1.000 1.000 1.418 0.237
Millijoules  1.000 1.000 4.811 0.031 *
Vir. X mlJ 3.201 27.000 0.218 0.067 #

Parametric Estimate S.E. Tvalue Pvalue

Pathogen  0.072 0.065 1.102 0.273

% g Smooth e.d.f Ref.d.f. Fvalue P value
§ 2 virulence 4324 5340 10645 <0.001*
B Millijoules  1.000 1.000 7.648 0.007 *

Vir. X mJ <0.001 27.000 0.000 0.999
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Figure 1: The influence of host sex and diet treatment on pathogen spore production (a), change in
host lifespan (b), change in host body size (c), and change in host metabolic rate. Shown are
treatment means and standard errors for each diet treatment. Male and female results are
presented in the left and right columns respectively. A solid line with triangles or a dashed line
with circles represents pathogen C24 or C20 respectively. Asterisks indicate significant effects (a =

0.05, *** p < 0.001; ** p<0.01; * p<0.05; # p<0.10).
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Figure 2: Response surfaces
represented by relative changes in host
mass-corrected metabolic rate and the
reduction in lifespan which predict
pathogen spore production for infected
males (a), females raised on high diet
(b), and females raised on low diet (c).
Spore production is mean centred
whereas metabolic rate and change in
lifespan are in units of standard
deviation from mean values of their
respective axes. Infected individuals
exhibited lifespans ranging from those
similar to controls, to those much
shorter than controls. Red or blue
coloration represents high or low spore

production respectively.
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Abstract

Natural infections often consist of multiple pathogens of the same or different species. In multiple
infections pathogens compete for access to host resources and fitness is determined by how well a
pathogen can reproduce compared to its competitors. Here, we consider how the relative fitness
between competing pathogens is affected by sexual dimorphism in the outcome of disease, such
as the varying patterns of host harm or reproduction within male and female hosts. Using the
Daphnia magna - Pasteuria ramosa model system, we exposed male and female hosts to either a
single genotype infection or co-infections consisting of two pathogen genotypes of varying levels
of virulence, measured as pathogen-induced reduction in host lifespan. We found that the
relationship between pathogen fitness and virulence was similar between males and females, yet
the scale of this relationship was much greater in females. This resulted in strong variation in
fitness between co-infecting pathogen genotypes in females where the most virulent genotype
frequently outcompeted the less virulent genotype. Conversely, co-infecting pathogens expressed
similar levels of fitness within males or favoured the transmission of less virulent pathogens in
some sequential co-infection contexts. These results suggest that infection in males may maintain
pathogen genetic variation as no one genotype is always most fit, whereas infection in females
may favour the transmission of more virulent pathogen genotypes, potentially impacting on
pathogen evolution. Collectively, these results suggest that host sex may be a powerful selective

force on pathogens in natural populations.

Introduction

Due to the ubiquity of pathogens in natural populations, individuals are usually infected with more
than one type of pathogen or multiple strains of a single pathogen (Read and Taylor 2001; Rigaud
et al. 2010; Balmer and Tanner 2011). Such multiple infections have been observed in humans
which may carry as many as five strains of the malaria causing parasite Plasmodium falciparum
(Babiker et al. 1999; Lord et al. 1999). In multiple infections, pathogen types or strains compete for
access to host resources where the most fit competitor is determined by the relative difference in
host exploitation between competitors, often explored through impacts on host fecundity or
lifespan (Alizon et al. 2013; Bashey 2015). It is in this relationship between host exploitation and
pathogen fitness that the predictions for multiple infections vary from those of single infections.
While prudent pathogen exploitation leads to the highest pathogen fitness in single infection
contexts represented by a trade-off between pathogen reproduction and host harm (Bull 1994;
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Frank 1996; Alizon et al. 2009), a pathogen’s ability to acquire more resources than competing
strains largely dictates relative pathogen fitness in multiple infections. Yet, host populations are
rarely homogeneous and host heterogeneity in characteristics such as age at exposure, nutritional
background, or genotype have been previously shown to influence patterns of infection-induced
mortality, and ultimately the relative fitness of co-infecting pathogens (Hodgson et al. 2004; Izhar
et al. 2015; Louhi et al. 2015). As such, it is important to explore how additional sources of
variation between hosts may influence patterns of within-host pathogen competition as well as

their evolutionary consequences.

In this study, we consider the role of host sex in affecting the competitive ability of pathogens and
thus outcome of multiple infection. Due to differences in life-history strategies, physiology, or
behaviour (Parker 2006; Scharer et al. 2012) the sexes represent varying exploitative
environments from the perspective of a pathogen (Duneau et al. 2012; Gipson and Hall 2018), yet
how these sex differences impact on the outcome of multiple infections has received limited
consideration (but see Thompson et al. 2017). In general, female fitness is related to longevity,
resulting in the prediction that females should invest relatively more resources into immunity than
should males (Rolff 2002; Zuk 2009). Yet the sicker sex can vary from species to species (Poulin
1996) and males may invest more in immunity relative to females in certain environmental
contexts or patterns of sexual selection (Sheridan et al. 2000; Stoehr and Kokko 2006).
Consequently, the sexes exhibit variation in pathogen-induced decreases in fecundity or lifespan
(see Table 1, Cousineau and Alizon 2014; Giefing-Kroll et al. 2015; Klein and Flanagan 2016), the
same virulence characteristics which determine pathogen fitness within multiple infection
contexts (Alizon et al. 2013; Bashey 2015). If males and females vary in the effects of exploitation
by pathogens then the sex encountered by pathogens may either accentuate or mask pathogen
variation in exploitative potential, influencing the competitive outcome of within-host pathogen

competition.

Competition between multiple pathogen genotypes can take a number of forms including, among
others: 1) Exploitation- where pathogens compete for a limited pool of resources; 2) Apparent
competition- where stimulation of the immune response by one pathogen indirectly impacts on
competitors; or 3) Interference competition- where pathogen reproduction directly limits
exploitation by other strains either through prior establishment or competition over physical space
(Mideo 2009; Balmer and Tanner 2011; Alizon et al. 2013; Bashey 2015; Cressler et al. 2016).

These different forms of competition may have a variety of effects on pathogen virulence.
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Competition for resources, for example, may increase the level of virulence due to the “tragedy of
the commons” where pathogen genotypes over exploit their hosts (Chao et al. 2000; de Roode et
al. 2005); yet competing pathogens may interfere with one another, leading to lower levels of
exploitation and thus virulence in these competition contexts (Massey et al. 2004; Eswarappa et
al. 2012). Inhibition may also extend to infections where one genotype establishes prior to the
other; often favouring the earlier establishing pathogen regardless of their virulence
characteristics (de Roode et al. 2005; Eswarappa et al. 2012). Yet predictions for how co-infections
should impact on virulence are often complicated or conflicting, due either to the variety of
strategies by which pathogens can extract resources from their hosts (reviewed in Alizon et al.
2013) or how host genotypes interact with co-infecting pathogen genotypes to produce a variety

of co-infection outcomes (GxG interactions, see Louhi et al. 2015).

Within the varying forms of within-host pathogen competition exist opportunities, many
unexplored, for host sex to modulate the way pathogens exploit their host and thus influence the
outcome of co-infection. The previously discussed effects of host sex on fecundity and lifespan, for
example, may affect the relative competitive ability of pathogens by impacting on patterns of
pathogen virulence. Additionally, physiological differences between the sexes may cause one sex
to have fewer resources or less physical space for a pathogen to exploit (Duneau and Ebert 2012;
Thompson et al. 2017; Gipson and Hall 2018), potentially intensifying the competition between
pathogens over host resources, or limiting the potential for pathogens to establish in previously
infected hosts. The effect of prior pathogen establishment may further be influenced by sex
differences in patterns of immunity where sex differences in the immune response to infection
may impact on the likelihood of subsequent pathogen establishment. Given the propensity for
males and females to vary in the characteristics which may affect within-host pathogen
competition, the sex encountered by a pathogen may create substantial variation in the outcome
of multiple infections, factoring into the variety of coinfection outcomes which ultimately

determine pathogen fitness (Alizon et al. 2013).

In this study, we use the Daphnia magna- Pasteuria ramosa model system to assess the impact
that host sex has on the outcome of multiple infection. In this system, male Daphnia are smaller,
exhibit shorter lifespans, are more resistant to infection, experience lower rates of infection
induced mortality, and allow for lower production of pathogen spores; collectively suggesting that
they are a more difficult resource to exploit than females (Duneau et al. 2012; Thompson et al.

2017; Gipson and Hall 2018). In nature, Daphnia may be infected with as many as eight genotypes
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of P. ramosa (Mouton et al. 2007) and have consequently been used to study the effects of
multiple infection on both the outcome of competition between pathogens as well as the
evolution of virulence (Ben-Ami et al. 2008; Andras and Ebert 2013; Ben-Ami and Routtu 2013;
Izhar et al. 2015). Co-infections in this system often favour the reproduction of more virulent
genotypes, are as virulent as the most virulent genotype in isolation, and will only favour the
reproduction of less virulent genotypes when they establish first (Ben-Ami et al. 2008; Ben-Ami
and Routtu 2013). Yet co-infections play out differently between males and females, where
females exhibit pathogen virulence and reproduction intermediate to that of the competing
pathogens in isolation, whereas the outcome within males is more variable (Thompson et al.
2017). Remaining to be explored though is how these sex-specific patterns of co-infection may
impact on the relative fitness between pathogen genotypes and the implications this may have for

the maintenance of genetic variation.

Using pathogen genotypes of known virulence characteristics (Clerc et al. 2015), we exposed
genetically identical male and female Daphnia to either a single pathogen genotype or to a co-
infection consisting of two pathogen genotypes of varying levels of virulence. We then varied the
schedule of these exposures, either exposing the host a single time, or allowing infection to
establish prior to a subsequent exposure. Upon host death, we measured pathogen-induced
reduction in lifespan (virulence), overall pathogen spore production (transmission), as well as the
relative spore production of competing pathogen genotypes using microsatellite analysis. Due to
the relationship between virulence and pathogen competitive ability, as well as the often
observed sex-specific patterns of disease outcome, we make the following predictions: 1) the less
exploitable sex will suppress variation of pathogen genotypes in virulence, resulting in similar
reproductive output between competing pathogen genotypes; 2) the more exploitable sex will
allow for pathogens to exhibit variation in virulence, causing the more virulent pathogen to
reproductively outcompete the less virulent genotype; and consequently 3) the patterns of
sequential co-infections in the more exploitable sex will closely match those of theory and
empirical studies (de Roode et al. 2005; Ben-Ami et al. 2008; Eswarappa et al. 2012), whereas the
less exploitable sex will allow for more equal reproduction of each genotype regardless of the
relative virulence of the previously established genotype. We discuss the implications of these

patterns for the maintenance of genetic variation in pathogens and the evolution of virulence.
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Methods

Daphnia magna Straus is a freshwater crustacean found throughout the globe which produces
genetically identical male and female offspring via cyclic parthenogenesis (Ebert 2005). During
filter feeding, Daphnia encounter the bacterial pathogen Pasteuria ramosa which reduces the
lifespan and fecundity of its host (reviewed in Ebert et al. 2016). P. ramosa is an obligate killing
pathogen, transmitting exclusively horizontally after inducing host death and spores being
released from the decaying cadaver. This experiment utilized host genotype HU-HO-2 and novel P.
ramosa genotypes C19, C24, and C1. Prior to the experiment, we established a parental
generation by isolating juvenile female Daphnia from pre-existing stock cultures and maintaining
them in standardized conditions for three generations to minimize maternal effects. Juvenile
female Daphnia were raised individually in 60-mL vials filled with 50 mL of artificial Daphnia
medium (ADaM, Klittgen et al. 1994; Ebert et al. 1998) and were transferred into fresh ADaM
twice weekly. These females were maintained at 20°C, exposed to a 16-hour light to 8-hour dark

cycle, and fed up to 5 million cells of algae daily.

Production of experimental animals

Once the third-generation standardized females released their first clutch, they were exposed to a
short pulse of the hormone methyl farnesoate (300 pg/L, Product ID: S-0153, Echelon Biosciences,
Salt Lake City, Utah) to stimulate the production of genetically identical male and female offspring.
Following previously established methods (Thompson et al. 2017), the standardized females were
transferred into 60-mL vials filled with 20 mL of hormone treated ADaM and were transferred into
fresh hormone treated ADaM three times weekly. Male and female offspring were collected from
the second and third clutches post hormone exposure. This treatment has previously been shown
to have no detectible impact on host lifespan and fecundity, nor pathogen transmission and

virulence (Thompson et al. 2017).

Infection design

To measure the effect of host sex on the outcome of within-host pathogen competition, as well as
how this competition proceeds when one genotype has already established, we randomly exposed
males and females to either single infections or co-infections (infections consisting of two
pathogen genotypes). These exposures were carried out in one of two exposure “schedules”: 1)

simultaneous- exposure occurred once when the individual was five days old or 2) sequential-
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exposure occurred at 5 and 12 days old (see Table 1 for infection design details). All exposures
consisted of a 40,000 pathogen spores of either a single pathogen genotype (in the case of single
infections) or evenly split among two pathogen genotypes (in the case of co-infections). Consistent
spore doses among exposed individuals were ensured by using a Neubauer haemocytometer to
count the total number of spores in a homogenized sample for each pathogen genotype before
preparing dilutions. In sequential co-infections, the host was exposed to 20,000 spores of one
pathogen genotype a week prior to 20,000 spores of the second genotype to allow for prior
establishment of infection. Replicate treatments were created so that each possible order of
pathogen genotype exposures were represented. In sequential single infections, the host was
simply exposed to 20,000 spores at each of the exposure periods by the same genotype. We
herein refer to the multiplicity of genotypes and schedule of exposures collectively as “co-

infection treatment.”

Three P. ramosa genotypes with previously studied disease characteristics were used in this study:
C19, C24, and C1. When singly infecting female Daphnia, genotype C19 exhibits high virulence and
low transmission (average infection duration: 45.29 days; average spore load: 8.56 million spores)
whereas genotypes C24 and C1 cause similar infection outcomes, exhibiting lower average
virulence (higher durations of infection) and higher average transmission as compared to C19
(Clerc et al. 2015). Co-infections consisted of genotype C19 and either C24 or C1 as these genotype
pairings represent similar virulence combinations and were thus predicted to exhibit similar
patterns of competitive outcome. Additionally, genotypes C24 and C1 cannot be distinguished
using our genetic analyses whereas C19 can be distinguished from C24 or C1, allowing us to
determine the relative contribution of each pathogen genotype to the total spore production of
co-infected Daphnia (see Genetic analysis section). 33 individuals from each sex were allocated to
each co-infection treatment with an additional 33 individuals of each sex allocated as uninfected
controls. In total this experiment consisted of 26 treatments (33 replicates * 2 sex * [3
simultaneous single infections + 3 sequential single infections + 2 simultaneous co-infections (C19
with C24 or C1) + 2 sequential co-infections treated with C19 first + 2 sequential co-infections

treated with C19 second + 1 uninfected control treatment] = 858 individuals).

Measures of disease characteristics

Survival was checked daily for the assessment of lifespan of control and infected individuals. We
calculated the pathogen-induced reduction in lifespan by subtracting the average lifespans of
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control male or female treatments from the lifespan measurement of infected male or female
individuals respectively. Upon host death, Daphnia were individually frozen in 500 uL of purified
water for later determination of infection status and pathogen fitness as measured by overall
production of transmission spores. Infection status was assessed by thawing a Daphnia sample,
crushing it with a pestle, and noting the presence or absence of mature transmission spores using
phase-contrast microscopy. Individuals identified as infected were immediately assessed for
overall spore production using an Accuri C6 flow cytometer (BD Biosciences, San Jose, California).
The spore load of each infected Daphnia was counted twice by diluting 10 uL of Daphnia sample
into 190 puL of 5mM EDTA and loading this dilution into one well of a round-bottomed PPE 96-well
plate. Custom gates based on fluorescence (FL3) were used to omit algae cells from the final count
whereas custom gates based on side scatter (SSA) were used to identify only mature spores based
on their distinct size and morphology compared to immature spores and animal debris (Ebert et al.
2016). The final overall spore load was calculated from the average of the two flow cytometer

counts.

Genetic analysis and measures of within-host pathogen competition

To assess the fitness of co-infecting pathogen genotypes, we performed DNA extractions on
infected Daphnia from co-infection treatments and determined the relative contribution of each
pathogen genotype using variable number tandem repeats (VNTRs, (Mouton et al. 2007)).
Specifically, pathogen genotypes were distinguished using primer sequences Prl, Pr2, and Pr3
(Table 2, Mouton et al. 2007) and have been previously used to distinguish P. ramosa isolate P1
from isolates P4 and P5 (Ben-Ami and Routtu 2013) from which P. ramosa clones C19, or C24 and
C1 are respectively derived (Luijckx 2012). As clones from isolates P4 and P5 cannot be
distinguished using this method, co-infections always consisted of pathogen genotype C19 and

C24 or C1.

DNA extractions were performed using the EZNA Tissue DNA kit (Omega Bio-tek, Norcross,
Georgia) with a modified protocol based on similar studies assessing the genetic composition of P.
ramosa infections (Ben-Ami et al. 2008; Andras and Ebert 2013; Ben-Ami and Routtu 2013; Izhar et
al. 2015). Immediately after spore counting, the crushed Daphnia samples were pelleted via
centrifugation for 3 minutes at 12,205 RCF, supernatant removed, and washed with 1 mL of
double-distilled water. The samples were again centrifuged using the same settings, supernatant
removed, and suspended in 200 pL lysis buffer and 25 pL OB protease. The samples were then
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homogenized via bead beating with approximately 0.25 g of 0.1 mm zirconia beads for 2 minutes
(1 x10s, 1 x 20s, and 3 x 30s). Subsequently, samples were incubated in a heat block at 55°C for 1
hour before centrifugation at 10°C for 15 minutes at 5005 RCF. After collecting the supernatant,
the DNA extraction proceeded as directed by the manufacturer protocol. An optional step of
incubating samples for 2 minutes at 70 °C prior to elution greatly increased DNA yields. Final
elution volume was 100 pL. DNA was amplified via PCR with temperature cycling methods
identical to Andras and Ebert (2013). Fragment analysis and genotyping was performed on these
PRC products by AGRF (Melbourne, Australia) to determine the size of microsatellite alleles and
the strength of their fluorescence (represented by peak height). The peak height ratio of the
microsatellite markers were interpreted as the relative proportion of spores produced by each
pathogen genotype as described by Ben-Ami et al. (2008). This proportion was multiplied by the
absolute number of spores produced within the infected host to determine the relative

transmission of competing genotypes.

Statistical analyses

Only 823 of the 858 individuals initially set up for this experiment were used in final analyses as
some individuals either died before infection status can be adequately determined (14 days post
exposure, Clerc et al. 2015) or were removed due to experimental error. These 823 individuals
consisted of 65 uninfected control individuals, 129 exposed but uninfected individuals, 319
individuals infected from single infection treatments, and 310 individuals infected from co-
infection treatments of which P. ramosa DNA was extracted from 290 individuals. All statistical
analyses were performed in R (version 3.4.1; R Development Team, available at www.r-
project.org). Studies of multiple infection commonly explore how the most fit pathogen genotype
is related to reduction in host fecundity or lifespan upon infection (reviewed in Alizon et al. 2013;
Bashey 2015). Here, we focused on pathogen induced reduction in lifespan as a comparable
measure of pathogen virulence between males and females. We then related patterns of virulence
to overall pathogen transmission (total production of pathogen spores) as well as the transmission

of individual co-infecting pathogen genotypes.

We first analysed the effects of sex, pathogen co-infection treatment, and their interaction on
pathogen spore production and virulence using full-factorial analyses of variance (white corrected
ANOVA Type lll, car package, Fox and Weisberg 2011). Then we explored how the relationship

between pathogen virulence and overall pathogen fitness changes due to host sex, pathogen co-
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infection treatment and their interaction using a multivariate analysis of variance (MANOVA Type
I, car package). Using the eemeans package (https://github.com/rvienth/emmeans) to perform
post-hoc comparisons of the multivariate means for equivalence, we then explored how the
relationship between virulence and overall spore production varied due to host sex or either of
the two pathogen genotype combinations (C19 and C24 or C19 and C1). Finally, we tested whether
the fitness of individual co-infecting pathogen genotypes changed due to host sex, co-infection
treatment, or their interaction. To do this we fit linear mixed models for each co-infection
treatment (/me4 package, Bates et al. 2015) with an individual’s unique ID fit as a random
intercept, an interaction between sex and pathogen genotype as fixed effects, and relative
production of spores as the response. We also fit separate ANOVAs for each co-infection
treatment in order to describe which co-infection treatment was driving patterns of significance in

the full model.

Results

The effects of host sex on pathogen virulence, transmission, and their interaction

Our results indicate interactive effects of host sex and patterns of co-infection on the combined
influence of pathogen fitness (the total spore production of co-infections or single genotype
infections) and pathogen induced reduction in host lifespan (virulence). Across all single and co-
infection treatments, the multivariate ANOVA reveals how infections in females lead to higher
spore loads and a greater reduction in lifespan than in males (Fig. 1); but that the magnitude of
any response to infection is not shared equally between the sexes due to the presence of the
interaction term (Table 2). Figure 1 and Table 2 (univariate ANOVA) suggest that this interaction is
largely driven by greater variation in spore loads between co-infection treatments occurring in
females (Fig 1a), with pathogens producing between 9.6 million and 5.9 million average spores
within females and between 1.9 million and 1.1 million average spores within males. In contrast,
females experienced higher levels of virulence than males, but the relative differences in virulence
among co-infection treatments was similar between the sexes (Fig. 1b). Collectively this suggests
that while pathogens which delay host death produce the greatest amount of spores in females,
this trade-off is more dampened in males where variation in virulence relates to a much smaller

range in pathogen reproduction (Fig. 1).
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Despite the difference in the scale of the trade-off between males and females, within each sex
the relationship between pathogen transmission and virulence across each co-infection treatment
remained qualitatively similar. As expected, in females we found pathogen genotype C19 was
more virulent and produced less transmission spores than C24 (Fig. 2a) or C1 (Fig. 2b) in single
infection contexts. Similarly, sequential single genotype infections were indistinguishable from
simultaneous single infections. Simultaneous co-infections always behaved like the more virulent
pathogen in single infection contexts (C19), yet the order of sequential co-infections influenced
the relationship between virulence and transmission differently based on the genotype of the
competitor. In competitions with between C19 and C1, sequential co-infections always behaved
like the genotype that established first (i.e. sequential C19, C1 behaved like single infections with
C19, whereas sequential C1, C19 behaved like single infections with C1; Fig. 2b). In contrast, the
relationship between virulence and transmission of sequential co-infections were indistinguishable
in competitions between C19 and C24 (Fig. 2a). Males exhibited comparatively similar patterns to
females, with C19 more virulent and producing fewer spores than C24 (Fig. 3a) or C1 (Fig. 3b) in
single infections; sequential single infections exhibiting similar patterns to simultaneous single
infections, sequential co-infections with C24 exhibiting similar patterns regardless of infection

order, and sequential co-infections with C1 behaving like the genotype which established first.

The effects of host sex on the relative fitness among co-infecting pathogen genotypes

Finally, we explored how host sex and pathogen genotype collectively influence the relative
pathogen fitness within co-infection contexts. We found that an interaction between host sex and
pathogen genotype determined relative pathogen fitness (Table 3). Upon examining each
pathogen co-infection treatment individually, we found that an interaction between sex and
pathogen genotype influenced relative pathogen fitness in every co-infection treatment except for
sequential C24, C19 (Table 3). In females, the more virulent genotype (C19) produced the majority
of transmission spores in each co-infection context except for when pathogen genotype C24
established first (Fig. 4). Conversely, co-infection in males resulted in equal spore production of
the competing genotypes except for when the less virulent genotypes (C24 or C1) established
before C19. In both of these cases, prior establishment of the less virulent genotype resulted in

C19 being competitively inferior.
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Discussion

Much of our understanding on how pathogens should exploit hosts and how exploitation
strategies should evolve are influenced by studies focusing on single infections. Yet in nature,
infection is more likely to co-occur between multiple pathogen genotypes of the same or different
species (Read and Taylor 2001; Rigaud et al. 2010; Balmer and Tanner 2011). When multiple
pathogens establish within a host, theory predicts that co-infection commonly favours more
virulent pathogens through increased competition for host resources (Alizon et al. 2013).
However, many hosts within a given population will vary in their ability to acquire and store
energy (i.e. condition, Rowe and Houle 1996; Hunt et al. 2004), thus the evolution of more virulent
pathogens is not necessarily a universal outcome of co-infection (Alizon et al. 2013; Cressler et al.
2016). In this study we considered how the expression of virulence and the maintenance of
pathogen genetic variation within co-infections are influenced by a common source of host
heterogeneity: the difference between the sexes in their capacity limit pathogen performance (see

Table 1, Cousineau and Alizon 2014).

Our results indicate that the ability of co-infections to modify the relationship between pathogen
growth (i.e. spore production) and pathogen induced reduction in host lifespan (i.e. virulence) will
depend on the sex of the host. While infection in females is marked by a negative relationship
between spore production and virulence, similar virulence patterns in male hosts correspond with
more limited variation in spore production (Fig. 1). This was also observed in Thompson et al.
(2017) where the scale of the trade-off between virulence and spore production varied due to
host sex, driven largely by a reduction in overall variation in pathogen fitness across co-infection
treatments in males. Despite this lower variation in spore production within male hosts, we found
that the relationship between pathogen virulence and spore production was qualitatively similar
between the sexes. Regardless of sex, simultaneous co-infections often exhibited relationships
between pathogen virulence and spore production equal to that of the most virulent pathogen in
isolation (Fig. 2, 3). Likewise, the relationship between virulence and spore production in
sequential co-infections depended on pathogen genotype and order of establishment, but was
unaffected by sex. These patterns culminate with females representing an environment within
which pathogens can attain the highest levels of reproduction; yet co-infections within females

also represent a substantial decrease in pathogen spore production as compared to males.
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Despite commonalities between the sexes in the overall patterns of transmission and virulence,
the relative fitness between co-infecting pathogen genotypes varied strongly between males and
females. We found that females exhibited significant differences in spore production between
competing genotypes in all but one co-infection treatment, with the more virulent pathogen (C19)
producing up to 5.3 million spores more than its competitor (Simultaneous C19, C24; Fig. 4). In
contrast, when pathogens competed within males, each genotype produced an equal number of
transmission spores in simultaneous exposures and sequential exposures when the more virulent
pathogen established first (Fig. 4). Explaining these results may be that the weaker exploitative
environment of male Daphnia (i.e., the amount of host resources that pathogens may utilize for
their own reproduction, Thompson et al. 2017; Gipson and Hall 2018) prohibits pathogens from
exhibiting variation in exploitation strategies. Males then may be a reservoir for pathogen genetic
diversity, resulting in equal fitness between competing genotypes and even favouring genotypes

which are frequently outcompeted within female hosts.

Our results also indicate that the arrival sequence of co-infecting pathogens will lead to different
competitive outcomes depending on the host sex encountered. Previously established pathogens
may inhibit later arriving competitors by blocking pathogen establishment, exhausting resources,
or by inducing host immune responses (de Roode et al. 2005; Lohr et al. 2010; Hoverman et al.
2013). In these situations, early establishing pathogens may exhibit considerable levels of
reproduction even in competition with more virulent genotypes. Indeed, Ben-Ami et al. (2008)
found that less virulent genotypes can exhibit substantial levels of reproduction when establishing
first even though they are outcompeted when establishing after more virulent genotypes. Here,
females exhibited this general pattern with the more virulent C19 genotype outcompeted by C24
and producing a similar number of spores as C1 when establishing second (Fig. 4). Conversely, the
constraints imposed by male hosts appear to keep pathogen C19 from ever outcompeting other
genotypes when they establish first. Consequently, male hosts may thus maintain pathogen
genetic variation that would otherwise be eroded by infection in females where the more virulent

genotype is more frequently transmitted.

Taken together, our results suggest that the evolutionary outcome of pathogen virulence in co-
infection contexts will depend on how often pathogens encounter male and female hosts. In co-
infections, more virulent pathogens often transmit more than their less virulent competitors,
potentially favouring the evolution of higher virulence (Bell et al. 2006; Raberg et al. 2006; Ben-

Ami et al. 2008; Balmer et al. 2009; Ben-Ami and Routtu 2013). Here, we find that co-infections in
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female hosts favour the transmission of the more virulent pathogen, potentially selecting for
higher levels of virulence. In contrast, co-infection in males is characterized by either equal fitness
of competing pathogens or higher fitness of less virulent pathogen genotypes. Co-infection in
males may then either slow the evolution of virulence or completely reverse selection on virulence
depending on the exposure context. Yet, the evolutionary outcome of virulence will depend not
only on the within-host outcomes of infection, but also in how disease is transmitted between
hosts (van Baalen and Sabelis 1995; Frank 1996; Mideo et al. 2008; Alizon et al. 2013). Indeed, sex
ratio can vary within a variety of species (Clutton-Brock and lason 1986; Pusey 1987; Duneau and
Ebert 2012 and Table 2 therein), including Daphnia (Galimov et al. 2011), which may influence the
frequency of pathogen transmission between each sex and thus the overall patterns of selection
on virulence. A higher proportion of the more exploitable sex, for example, may favour the
transmission of more virulent pathogens, whereas population shifts to the less exploitable sex may

restrain or reverse this pattern.

The ubiquity of pathogens in natural populations suggests that individuals are likely to encounter
and become infected by multiple pathogen genotypes. We show that host sex may further impact
on the relative fitness among pathogen genotypes due to within-host competition, finding that
differences in the scale of the trade-off between pathogen virulence and transmission between
the sexes affect the relative fitness among competing pathogens. Ultimately, how virulence should
evolve within co-infection contexts will then depend on frequency of encountering each sex as
well as variation in the exploitative potential of male and female hosts. Collectively, our results
suggest that the often observed relationship between virulence and pathogen competitive ability
may not apply equally to each sex, providing a mechanism for the maintenance of pathogen

genetic variation in sexually dimorphic host populations.
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Chapter 5 tables and figures

Table 1: Description of the four infection types used in this study. Single infections consisted of one genotype and co-infections consisted of

genotypes C19 and C24 or C19 and C1.

Dose at 5 days old | Dose at 12 days old
Infection type Description

Geno.A Geno.B | Geno. A Geno. B

Individual was exposed once to a single 40,000 - - -

Simultaneous single infection
pathogen genotype spores

. . . Individual was exposed once to two pathogen 20,000 20,000 - -
Simultaneous co-infection

genotypes spores  spores
. . . Individual was exposed to a pathogen at day 5 20,000 - 20, 000 -
Sequential single infection
and then to the same pathogen at day 12. spores spores
Individual was exposed to one pathogen at day 20,000 - - 20,000

S tial co-infecti
equential co-intection 5 and then to a different pathogen at day 12. spores spores




Table 2: Summary of univariate and multivariate analyses of variance (white corrected, Type lll)
describing the effects of host sex, pathogen co-infection treatment, and their interaction on
pathogen production of transmission spores, pathogen induced reduction in host lifespan and

their multivariate interaction. Asterisks denote significant effects (a = 0.05).

Univariate ANOVA F d.f. p-val
Production of transmission spores
Sex 2048.260 1,605 <0.001 *
Pathogen co-infection 15.535 11,605 <0.001 *
treatment
Sex : Pathogen 7.146 11,605 <0.001 *
Reduction in host lifespan (days)
Sex 655.365 1,605 <0.001 *
Pathogen co-infection 6.110 11,605 <0.001 *
treatment
Sex : Pathogen 0.526 11,605 0.886
Multivariate ANOVA Pillai’s trace Approx. F d.f. p-val
Production of transmission spores, reduction in host lifespan (days)
Sex 0.90683  2939.4 2,604  <0.001*
Pathogen co-infection 0.16749 5.0 22,1210 <0.001 *
treatment

Sex : Pathogen 0.10780 3.1 22,1210 <0.001 *



Table 3: Summary of an analyses of variance (white corrected, Type lll) describing the effect of

host sex, pathogen genotype, and their interaction on relative pathogen fitness within co-infection

treatments. Asterisks denote significant effects (a = 0.05).

Relative pathogen fitness

. . F d.f. p-val

(relative spore production)
Full model including all co-infection treatments

Sex 170.335 1,574 <0.001 *

Pathogen genotype 49.093 1,574 <0.001 *

Sex : Pathogen genotype 69.034 1,574 <0.001 *
Simultaneous C19, C24

Sex 40.511 1,72 <0.001 *

Pathogen genotype 57.442 1,72 <0.001 *

Sex : Pathogen genotype 43.890 1,72 <0.001 *
Sequential C19, C24

Sex 47.780 1,98 <0.001 *

Pathogen genotype 48.988 1,98 <0.001 *

Sex : Pathogen genotype 49.133 1,98 <0.001 *
Sequential C24, C19

Sex 26.541 1,88 <0.001 *

Pathogen genotype 6.991 1,88 0.008 *

Sex : Pathogen genotype 1.776 1,88 0.183
Simultaneous C19, C1

Sex 29.257 1,84 <0.001 *

Pathogen genotype 6.960 1,84 0.008 *

Sex : Pathogen genotype 5.386 1,84 0.020 *
Sequential C19, C1

Sex 49.962 1,96 <0.001 *

Pathogen genotype 73.905 1,96 <0.001*

Sex : Pathogen genotype 58.960 1,96 <0.001 *
Sequential C1, C19

Sex 42.688 1,106 <0.001 *

Pathogen genotype 0.538 1,106 0.463

Sex : Pathogen genotype 8.934 1,106 0.003 *
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Figure 1: The influence of host sex and co-infection treatment on overall pathogen spore

production (a) and reduction in host lifespan (b). Shown are treatment means and standard errors.

Female results are represented by a solid green line with triangles and male results are
represented by a dashed blue line with circles. Pathogen co-infection treatments are ordered by

ascending average spore production in females. Sequential (Seq.) infection labels refer to the

order in which the two pathogen genotypes established in their hosts whereas simultaneous (Sim.)

infection labels refer to the two pathogen genotypes which established in their host at the same

time.

89



a. Females - C19 vs C24 b. Females - C19 vs C1

10.0 - 10.04
A Sim.C24,C24 4 A Sim.C1,C1
3 /\  Seq.C24, C24 13 A Seq.CH,C1
Seq. C24, C19 ' Seq. C1, C19
~ 9.0 Sim. C19, C24 9.0- Sim. 19, C1
g Seq. C19, C24 Seq. C19, C1
\ L <7 Seq.C19,C19 5 3 </ Seq.C19,C19
® 2,3 ¥  Sim.C19, C19 : ¥  Sim.C19, C19
S 8.0 T 8.0-
E 1,2
b
S 704 7.0- 1,2
g 1 1
|4
& . 1 1 1
6.0 1 | 1 6.0- [
25 30 35 25 30 35

Virulence (days + S.E.)

Figure 2: The influence of co-infection treatment on the relationship between overall pathogen spore production and reduction in host lifespan
(virulence) for females exposed to pathogen genotype C19 and/or C24 (a) and females exposed to pathogen genotype C19 and/or C1 (b). Solid green
triangles indicate single simultaneous infections, open green triangles indicate single sequential infections, blue squares or circles refer to sequential
co-infections where the host was exposed to pathogen genotype C19 first or second respectively, and red diamonds refer to simultaneous co-
infections. Shown are multivariate treatment means and standard errors with different associated numbers signifying a significant difference in
multivariate mean between treatments. Sequential (Seq.) infection labels refer to the order in which the two pathogen genotypes established in

their hosts whereas simultaneous (Sim.) infection labels refer to the two pathogen genotypes which established in their host at the same time.
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Figure 3: The influence of co-infection treatment on the relationship between overall pathogen spore production and reduction in host lifespan

(virulence) for males exposed to pathogen genotype C19 and/or C24 (a) and males exposed to pathogen genotype C19 and/or C1 (b). Solid green

triangles indicate single simultaneous infections, open green triangles indicate single sequential infections, blue squares or circles refer to sequential

co-infections where the host was exposed to pathogen genotype C19 first or second respectively, and red diamonds refer to simultaneous co-

infections. Shown are multivariate treatment means and standard errors with different associated numbers signifying a significant difference in

multivariate mean between treatments. Sequential (Seq.) infection labels refer to the order in which the two pathogen genotypes established in

their hosts whereas simultaneous (Sim.) infection labels refer to the two pathogen genotypes which established in their host at the same time.
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Figure 4: The influence of host sex and co-infection treatment on within-host pathogen competition as measured by relative spore production of
individual genotypes. Green bars represent spore production by pathogen genotype C19 and blue bars represent spore production by the competing
pathogen genotype (either C24 or C1). Shown are individual means for each genotype and standard errors. Asterisks indicate significant difference in
mean spore production between competing genotypes within a single sex (two sample t-tests: *** p <0.001, ** p<0.01, * p<0.05, # p<0.10, — >

0.10).
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Chapter 6 — The consequences of sexual dimorphism for host-pathogen

coevolution

In this thesis, | explored the evolutionary consequences of sexual-dimorphism for host-pathogen
coevolution. First, | reviewed theory on the response of pathogen fitness to environmental
changes, on how cross-sex genetic correlations can impact on the population level response to
selection, and how sex biases in mutation rates will influence evolutionary change. | considered
these works in light of pathogen adaptation to host sex. | then performed a series of empirical
studies using the waterflea host Daphnia magna and its obligate bacterial pathogen Pasteuria
ramosa. With this model system | used infection designs, dietary manipulation, within-host
pathogen competition experiments, and genetic analysis to explore the mechanisms underlying
variation in disease outcome and pathogen fitness. My results collectively show how host sex can
be a powerful selective force on pathogens by exhibiting varying impacts on relative pathogen
fitness throughout age, interacting with diet to determine the optimal pathogen exploitation
strategy, and by exhibiting potential to favour different levels of pathogen virulence in co-infection

contexts.

Host sex and the genetic basis of host-pathogen coevolution

In a literature review, | explored some previously overlooked consequences of sexual dimorphism
for the nature and pace of host-pathogen coevolution (Chapter 2). | first drew from literature on
genotype by environment interactions (GxEs), considering host sex as a variable environment for
pathogens and the evolutionary consequences of sex-specific pathogen fitness. Previous work has
theorized that when pathogen fitness varies between each sex, adaptation will progress
depending on the extent of the fitness trade-off between the two sexes as well as the frequency of
encountering each sex (Duneau and Ebert 2012; Cousineau and Alizon 2014). Here, | considered
two more complex, but biologically relevant scenarios for host-pathogen coevolution. First, if the
rank order of pathogen fitness changes across each host sex, pathogens may experience a
fluctuating selective environment which will maintain pathogen genetic variation as no single
genotype is consistently most fit (Gillespie and Turelli 1989). Second, host sex may instead impact
on the variance in fitness among pathogen genotypes, yet the rank order remains the same. Here,

even though one genotype is always most fit, the intensity of selection on fitness differences will
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vary across environments (Hoffmann and Merild 1999) potentially impacting on the speed of

coevolutionary cycles (Gomulkiewicz et al. 2000).

| next considered the role of cross-sex genetic correlations in accelerating or constraining patterns
of host-pathogen coevolution. When the genetic basis of a trait is positively correlated and the
sexes experience similar patterns of selection, theory predicts rapid adaptive responses to
selection (Lande 1980). In the context of host pathogen co-evolution, a positive correlation for
traits underlying immunity may allow for hosts to exhibit a rapid adaptive response to selection by
pathogens. If there is no cross-sex genetic correlation for immunity, the adaptive response of one
sex will not be reflected in the other potentially allowing for sex-specific adaptive responses to
selection. In this situation, the male, female, and pathogen population are best viewed as three
different coevolving entities which may result in “chaotic” cycles of coevolution (Dercole et al.
2010). Finally, if immunity is negatively correlated an adaptive response of one sex may disturb
the phenotypic optima of the other. In this scenario, selection on one sex will impede on the
adaptive evolution on the other (Connallon and Clark 2014), potentially reducing the rate of host

adaptation.

Finally, | explored how male biases in mutation rate (Haldane 1935) stemming from replication
errors during the production of gametes (Ellegren and Fridolfsson 2003) may impact on host-
pathogen coevolution. Previous work has shown that males experience stronger selection on
deleterious mutations and that the resulting purging of mutations through males can improve
mean fitness in females (Sharp and Vincent 2015). Yet, it remains unclear how these patterns will
impact on pathogen evolution and should be explicitly explored in the future. For example, if
males are the more susceptible host they may also impose weak selection on the pathogen and
thus lower rates of pathogen adaptation. Conversely, stronger selection on male fitness may result
in the rapid fixation of beneficial immune-related mutations, potentially accelerating the adaptive

response of the host population.

Host sex and age of exposure shape the virulence-transmission trade-off

Using male and female Daphnia of four different age groups, | measured how sex and age of
exposure to pathogens collectively affect the outcome of disease. In females, | found that
infection with P. ramosa increased mortality rate as compared to uninfected females at each age
group and that the odds of death were 2.5 - 5 fold greater than controls. Conversely, mortality

rate only increased in males infected at the earliest age class as represented by two-fold increase
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in odds of death. The observation that mortality rate only increased due to infection in the earliest
age class for males, but was consistently higher across age in females suggests that males are a
less exploitable sex. The relatively lower post-infection lifespan of males may simply not allow for

disease to progress to the point where pathogen reproduction impacts on host mortality.

The increased mortality rate of infected females was mirrored by greater pathogen infection rates,
virulence (reduction in lifespan), and fitness (spore production) within female hosts. Furthermore,
pathogen genotypes exhibited variation in these traits within females, whereas the two pathogen
genotypes used in this study behaved identically in males. Interestingly, we observed that the
most fit pathogen genotype changes with age within females. Again, the longer lifespan of female
Daphnia (Duneau et al. 2012; Thompson et al. 2017) may be driving these differences, allowing P.
ramosa more time to exploit its host and thus express variation in disease characteristics (Clerc et
al. 2015). This study suggests that naturally varying population characteristics like age distribution
or sex ratio (Clutton-Brock and lason 1986; Charlesworth 1994; Duneau and Ebert 2012), by
affecting the relative fitness between pathogen genotypes, may represent a mechanism to

maintain genetic variation within pathogen populations.

Optimal pathogen exploitative strategies underlie sexual dimorphism in disease outcome

| then explored how sex-specific patterns of resource acquisition or allocation (Stoehr and Kokko
2006; Boggs 2009; Scharer et al. 2012) affect pathogen fitness and optimal exploitation strategy
(Chapter 4). Using dietary manipulations, | infected male and female Daphnia hosts with P. ramosa
and measured the resulting impacts of host condition on pathogen fitness within each sex. | found
that the sexes vary in how acquired resources are transferred to the pathogen. Specifically, | found
that shifts from the low to the high diet in females were represented by increased pathogen spore
production and virulence, whereas these changes were more subtle within males. Mirroring these
results was the effect of host condition on pathogen-induced changes in metabolic rate; measured
to assess the effects of infection on the use, transformation, and expenditure of energy (Kearney
and White 2012; Arnold et al. 2013). While metabolic rate remained unchanged across diet within
males, we observed a strong increase in metabolic rate in females raised on the high diet,

suggesting that the overall level of pathogen exploitation varied due to diet in female hosts.

The dietary treatment, however, did not only affect the relationship between host condition and
pathogen fitness, but also the relationship between the characteristics of pathogen exploitation

which best predict pathogen fitness. In considering how pathogen-induced reduction in lifespan or
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increases in metabolic rate interact to determine spore production, we found that diet impacted
on the relationship among these traits only within female hosts. Indeed, in males from either
dietary treatment or females raised specifically on a high diet, low pathogen fitness was predicted
by an interaction of low increases in metabolic rate or high virulence. Conversely, shifts to the low
diet only changed the optimal exploitation strategy in females where pathogen fitness increased
only along a narrow ridge of increased metabolic rate and small reductions in virulence. These
findings provide evidence that inherent differences in patterns of resource allocation between the

sexes may favour different strategies of pathogen exploitation.

Host sex changes the competitive outcome of coinfection, favouring different pathogen

virulence strategies

Finally, | explored how variation in the expression of virulence due to host sex (see Table 1
Cousineau and Alizon 2014; Giefing-Kroll et al. 2015; Klein and Flanagan 2016) may influence the
relative fitness among co-infecting pathogen genotypes. To do so, | infected male and female
Daphnia with combinations of P. ramosa genotypes which exhibit varying impact on host lifespan
within single infection contexts (Clerc et al. 2015). | then measured how co-infections in each sex
impact on measures of pathogen fitness and used microsatellite analysis to measure the relative
fitness of competing pathogen genotypes. | first found that the virulence-transmission trade-off
within co-infection contexts was qualitatively similar among male and female hosts. In general,
when pathogens were exposed to their hosts simultaneously, virulence and transmission
resembled that of the more virulent pathogen in single infection contexts. When one pathogen
established first, however, virulence and transmission resembled that of the earlier arriving

genotype regardless of its virulence characteristics in single infections.

Despite these similar patterns between the sexes, we found that an interaction between sex and
the order of pathogen establishment influenced the relative fithess among competing pathogen
genotypes. In females, co-infections generally favoured the transmission of the more virulent
genotype regardless of co-infection treatment. In contrast, co-infection in males resulted in either
equal fitness among competing pathogens or higher fitness of less virulent pathogen genotypes.
While co-infections are often predicted to favour the transmission of more virulent pathogen
genotypes (Alizon et al. 2013), we provide evidence that host sex may constrain or even reverse

this pattern and may thus be a powerful force in the maintenance of pathogen genetic diversity.
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Future directions

My studies emphasise the critical role that host sex plays in influencing multiple aspects of the
infection process. There remains a distinct shortage of disease research that either incorporates
both male and female individuals or formally analyses sex-specific effects on the progression and
outcomes of infection. Unfortunately, this routine omission of host sex in the primary literature
has led to a variety of real world problems, ranging from poor representation of females in clinical
trials to medicinal dosages tailored to only half of the population (Johnson et al. 2014).
Furthermore, while there has been a growing appreciation for how host heterogeneity may
influence disease spread or management in natural populations (Johnson et al. 2015), the lack of
studies incorporating both sexes may be ignoring an important, inherent source of natural host
variation. Indeed, in my thesis | have presented several lines of evidence that the sexes can vary in
the rate of becoming infected, the amount of within-host pathogen reproduction, and how these
traits are influenced by age or nutritional condition - all sources of heterogeneity which may
underlie disease dynamics in natural populations (Lloyd-Smith et al. 2005; Hall et al. 2009b;
Beldomenico and Begon 2010). A practical implication of my thesis work is therefore the
importance of incorporating host sex differences into studies of disease at all stages, from primary

research to the development of disease treatments.

My work demonstrates that a greater focus on the effects of host sex — both sex-specific
responses to infection in hosts, and host sex-specific effects on pathogen virulence and
transmission — will lead to new insights into disease evolution and the dynamics of epidemics. The
approach taken in my thesis thus has implications for theory on host-pathogen coevolution, and
for modelling the spread and severity of disease through host populations. These are both vital to
our ability to manage disease in natural populations, yet more data on more host-pathogen

systems is needed to inform models and generate theory.

In conclusion, my thesis has highlighted just a few of the many ways in which sexual dimorphism
can impact on the evolution of infectious disease. | have shown that male and female hosts can
represent substantial variation in the selective environment for pathogens, and that host sex
interacts with other sources of heterogeneity such as host age or acquisition of resources to
influence the relative fitness of pathogen genotypes, and thus, the evolutionary potential of
disease. Yet, studies of disease evolution are frequently performed on a single sex, overlooking the

ubiquity of sexual dimorphism across most complex organisms. There remain numerous open
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guestions about the role of sex in the outcome of disease. It is my hope that this research, and the
recent work of other researchers on this topic, will inspire a greater appreciation for how host sex

affects the spread and evolution of disease in nature.
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Abstract

Males and females vary in many characteristics that typically underlie how well a host is able to
fight infection, such as body-size, immune capacity, or energy availability. Although well studied in
the context of sexual signalling, there is now growing recognition that these differences can
influence aspects of pathogen evolution as well. Here we consider how co-infection between
multiple pathogen strains is shaped by male-female differences. In natural populations, infections
by more than one pathogen strain or species are believed to be a widespread occurrence. Using
the water flea, Daphnia magna, we exposed genetically identical males and females to replicated
bacterial co-infections. We found that pathogen transmission and virulence were much higher in
females. However, males did not simply lower average pathogen fitness, but rather the influence
of co-infection was more varied and less defined than in females. We discuss how pathogens may
have more fitness benefits to gain, and consequently to lose, when infecting one sex over the

other.
Introduction

Males and females of the same species can be strikingly different from each other. They may differ
in many overt traits, such as size, morphology or colouration !; but these differences can also
extend to the immune response, with one sex often being more severely affected by infections %3.
In birds and mammals, for example, males are often more susceptible to infection and develop
higher parasite loads than females #°, whereas the reverse pattern is often observed in
invertebrates ©8, When combined with the diversity of sex ratios, sex biases in dispersal, and
general behavioural difference between males and females »>19, there is ample opportunity for

dimorphism between the sexes to influence many aspects of disease epidemiology and evolution

3,8,11

Here we consider how differences between males and females can influence a widespread feature
of host-pathogen interactions — the influence of co-infections on the outcome of infection.
Multiple infections are believed to be more common in nature than infections composed of only a
single parasite species or genotype 1213, Both theory and empirical studies have shown that the
overall virulence of a co-infection can increase, decrease, or remain intermediate to the intrinsic
properties of each infection pathogen 4. Rarely, however, have these concepts been explored

within the context of sexual dimorphism in host resistance and exploitative potential. Co-infection
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studies typically either explore infection outcomes in only one sex 1>18, or have not explicitly

accounted for males-female differences ’.

We explored the interplay between host sex and co-infection using the well-studied crustacean
Daphnia magna and its obligate bacterial pathogen Pasteuria ramosa *>:'8°, In Daphnia up to 50
percent of all individuals in a population can be infected with two or more pathogen species 2, or
eight or more genotypes of the one pathogen species ?!. Male Daphnia, however, are significantly
smaller, more resistant, and die younger than females %?; potentially offering a parasite a more
difficult pool of resources to exploit than females. To study how the contrasting environments
provided by males and females impacted on host and pathogen fitness, we manipulated pathogen
competition in genetically identical male and female Daphnia (genotype HU-HO-2), using three P.
ramosa genotypes (C1, C14, and C19) with known infection characteristics. In line with theory 4,
time to host death and the total production of pathogen transmission spores were used as
estimates of co-infection outcomes. We hypothesised that any differences between single and
multiple infections seen in females would be dampened in males as a result of the sexual

dimorphism in physiological characteristics.

Results

Our results reveal that the production of transmission spores under single and co-infections
depended on the sex of the host (Fig. 1). While all pathogen genotypes performed significantly
better in females (overall sex effect P < 0.01, Table 1), the influence of the pathogen combinations
was sex-specific (overall infection term, P < 0.05, Table 1). This significant interaction was driven
by the co-infection combinations where the two pathogens differ in their capacity to produce
spores (Figures 1C and 1D, see Table 1; but not Figure 1B). Corresponding to the pattern of
pathogen growth, we found that the relative changes in virulence were concordant for each sex
(Fig. 2). Overall the average reduction in host lifespan was strongly and negatively correlated with
the average production of mature transmission spores (correlation [95% Cl]: females -0.93 [-0.99, -
0.45]; males -0.98 [-0.99, -0.78]). Although females suffered a much higher reduction in lifespan
than males (overall sex effect: P < 0.01, Table 1), there was no evidence for differences between
the sexes in how well different pathogen combinations induced virulence (overall interaction

term, P > 0.05, Table 1).
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We compared virulence under coinfection with that expected based on interference competition
(intermediate values), competition for resources (higher values than most virulent) or spite (lower
values than the least virulent). Post-hoc comparisons, as indicted in Figures 1 and 2, revealed that
co-infection scenarios similar to resource competition or spite are least unlikely, as co-infection
never significantly exceeded the most virulent pathogen, nor was lower than the least virulent.
Instead, co-infection largely matched the average of the innate characteristics of each infecting
genotype in isolation; albeit with some sex-specific differences. When the two pathogens differed
in their virulence or spore production, co-infection in females was indistinguishable from the
average of the two single infections, and different to that predicted by either the least or most
virulent strain (see Table 2). In contrast, coinfection in males was more varied, with one co-
infection (C1 + C19) not significantly different to the predicted intermediate values, and another

(C14 + C19) more similar to the most virulent and least transmissive strain (C19).

Discussion

Males and females vary in many characteristics that combine to offer pathogens two
environments that differ in their exploitative potential 3. Here, males of Daphnia magna are
smaller and more resistant to infection than their genetically identical female counterparts %2, a
pattern common to many other arthropods ®7. Our results show that these differences change
how well a pathogen can exploited a host, with pathogen transmission (mature spore loads) and
virulence (reduction in expected lifespan) being much higher in females. However, the presence of
the significant interaction term for pathogen transmission indicates that males do not simply
lower average pathogen fitness, but rather the transition from the worst performing pathogen, to

the mixed co-infection, to the best performing pathogen was different in each sex.

Emerging from our results is that the best performing pathogens have the most to gain from single
infections in females, but also the most to lose from co-infections in the same sex. High-growth
pathogen strains (C1 or C14) outperformed their lesser performing competitor (C19) in single
infections by 2.1 million spores on average in females, versus only 0.55 million spores in males. As
the evolutionary advantage of a pathogen depends its success relative to other competitors, not
its absolute transmission, this represents a nearly four-fold improvement in relative fitness.
Conversely, the same pathogens also experienced the greatest reduction in transmission success
when co-infections occurred in females. Total spore loads for a co-infection were always less than
that of the high-growth pathogen strain in isolation; a substantial loss of potential fitness even if
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the other pathogen was outcompeted completely. We also cannot rule out that the lesser
performing pathogen in isolation (C19) is a superior competitor in a co-infection, a fact that would
further decrease the fitness of the pathogen ranked best in isolation. Overall, this loss of fitness
for high growth pathogens (and potential gain for low growth pathogens) was three-fold higher in

females (1.2 million spores) than males (0.41 million spores).

In the context of the co-infection virulence the distinction between males and females was more
subtle. For females, virulence in co-infections closely matched those expected by interference
competition or immune-mediated competition between competing strains 4. Overall virulence of
a co-infection was firmly intermediate to that of the two competing pathogens, ruling out
alternate explanations that predict either an increase (competition for a finite pool of resources,
or facilitation via immune depletion) or a decrease (generation of spite) in virulence *. Evidence
for interference competition-like mechanisms in males was less well-supported, as certain co-
infection combinations tracked the overall characteristics of the least virulent pathogen. Given the
lack of an overall significant interaction term for virulence, however, it appears that co-infection in
males does not fundamentally change the driver of overall virulence, but rather that the patterns

of co-infection in males may be less defined or extreme than in females.

As with any form of sexual dimorphism, underlying the observed differences in pathogen virulence
and transmission may be a range of morphological, physiological, or immune based processes. In
this system, males are more resistant (in terms of infection success) and so presumably also better
equipped to limit the growth of a pathogen. For male and female Daphnia, however, an obvious
point of difference is the divergence in body size 2, whereby males are approximately 25 percent
smaller than females. This could also explain the results we observe; irrespective of any immune
response. With the larger body size and greater capacity for gigantism (i.e. pathogen induced
growth) in females, there is naturally more resources available for a pathogen to exploit (energy or
space for replication, for example). Infections in males may just be more constrained by the host,
limiting both the potential fitness gains, and even loses, that a pathogen can derive from infection

in this sex.

Our findings divert somewhat from previous studies in this system which have typically assumed
that virulence tracks the most virulent co-infecting strain >, but increasingly it is becoming clear
that co-infections depend as much on the specific genotype of the pathogens involved, as well as

that of the host, and their interaction 1724, We suggest that heterogeneity between the sexes is an
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additional factor that is likely to influence co-infection outcomes by reducing the intensity of co-
infection scenarios when males are infected. Extending this work to include genetic difference in
the degree of sexual dimorphism, which we expect given the strong clonal differences observed in
Daphnia, would further integrate the study of host-pathogen co-evolution with the evolution of

male-female differences (see 3).
Methods

The host and pathogen genotypes used in this study were chosen as completely compatible and
displayed strong genetic interactions for the severity of infectious disease in earlier studies 1923,
The host genotype (HU-HO-2) originates from Hungary, while the three pathogen genotypes were
C1 originating from Moscow, Russia; C19, derived from North Germany; and, C14 from Finland,
Tvarminne. Various combinations of these clones, in some form, have been used previously in

studies of co-infection 242>,
Production of male and female Daphnia

To reliably induce the production of males and females from a single Daphnia genotype, we used a
modified protocol based on the work of Olmstead and Keblanc 2°. Briefly, we exposed the parental
generation to a juvenoid hormone, methyl farnesoate (Echelon Biosciences, product number S-
0153), after their first and second clutches, and then collected the third and fourth clutches for
use in this experiment. Individuals were placed in 20-mL of the standard Daphnia media (ADaM; ?/,
modified after 28), but supplemented with methyl farnesoate at a concentration of 300 pg/L. This
media was changed either every two days, or when an animal produced a clutch. Importantly, we

found that the hormone had no detectable effect on the subsequent fitness of the offspring.

A short pulse of hormone has been used in previous studies to study male-female differences in
genetically identical Daphnia ?°. To confirm that the hormone had negligible impact on the life-
history of exposed animals, we conducted a series of experimental trials (see Table 3) using female
Daphnia raised from mothers that were either exposed to the hormone or raised normally in
standard Daphnia media. We found that there was no significantly difference between the animals
collected from treated and untreated mothers in the trait means and variances of both general
life-history traits (lifespan and clutch production), and the characteristics of infection (infection

rates; spore loads, lifespan, and clutch production of infected animals). Using this approach
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removes the need to stress mothers (low-light, high-density, or starvation) to induce male

production; a process which can also influence infection characteristics %3,

Experimental infection trials

Animals were first raised individually in 60-mL jars containing 50 mL of artificial Daphnia medium
following standard protocols [18, 19], and fed daily with algae (Chlorella vulgaris, up to 5 million
cells animal* day). At four days old, individual males and females were exposed to 20,000 spores
from a single P. ramosa genotype (C1, C14, and C19), or 20,000 spores containing an equal mix of
two genotypes (C1+C14, C1+C19, or C14+C19, 10,000 per genotype). As per standard approaches,
this process was repeated the following day when the animals were five days old (40,000 spores in
total) to ensure that an internal immune or physiological response, rather than moulting,
contributed to differences in infection (see 3%). In total, there were 12 treatment groups (two host
sex groups x [3 single infections + 3 multiple infections]), with 36 animals initially assigned to each,

plus 20 unexposed controls per sex (472 initial animals).

Survival was monitored daily and animals frozen on the day of death for the assessment of
infection status and spore production using a Neubauer haemocytometer. As expected, overall
infection rates were lower in males (mean + SE: 0.58 £ 0.06; range: 0.35 to 0.70) than females
(mean + SE: 0.83 + 0.04; range: 0.69 to 0.92). Analysis of variance revealed that infection rates
indeed varied significantly with host sex (y% = 33.18, df =1, P < 0.01) and the co-infection
treatments (y2 = 18.91, df = 5, P < 0.01), but were otherwise largely consistent (interaction term:
x2=6.13,df =5, P = 0.29). Due to difference in the average lifespan between males and females
(males: 33 days + 1.9; females: 67 days * 2.0), we subsequently focused on two traits of common
currency: the production of transmission spores at host death; and, the reduction in lifespan as

compared to the average of the unexposed controls.

Statistical analysis

All statistical analyses were performed in R (ver. 3.2.4; R Development Core Team, available at
www.r-project.org). Initially there were 472 animals exposed to the co-infection treatments,
arising from approximately 36 animals each assigned to 12 treatment groups (two host sex groups
x [3 single infections + 3 multiple infections]) plus 20 male and 20 female unexposed controls.
However, this sample size was reduced by the end of the experiment as: i) not all animals became

infected; ii) they died before day 15 post-infection and so could not reliably have their infection
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status assessed; or iii) were removed from the study due to sampling errors (see supplementary
Information for more details). Before analyses, we checked for the assumptions of linear models
(normality, homogeneity of variances). In the case of the spore loads at host death and the
reduction in average lifespan, we used a white-adjusted analysis of variance to correct for unequal

variances as implement using the car package of R 32

Traits were first analysed using a full-factorial analysis of variance (Type IIl) with the infection
treatment (various single or multiple infections), host sex (male or female), and their interaction as
fixed effects. For each trait of interest, we began first with an overall test, using the entire dataset
(both single and multiple infection together). If a significant effect was detected (host sex,
Infection treatment, or their interaction) we then explored each subset of pathogen combinations
(e.g. C1 versus C14 versus C1+C14) to see if specific single versus multiple infections combinations
were contributing to the overall pattern. In this way, we avoid issues of multiple testing that would
arise if we explored every related combination of single and multiple infections in isolation. Finally,
one sample t-tests were used to compare the values for co-infection treatment groups against
expected value based on interference competition (intermediate values), competition for

resources (higher values than most virulent) or spite (lower values than the least virulent).
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Table 1: Influence of host sex and co-infection on the production of transmission spores, and the relative reduction in host lifespan. In bold are the

overall tests using the entire dataset for the influence of host sex on the outcome of all infection treatments (all single and co-infections together).

Below these are the individual analyses for each co-infection combination.

Infection treatment Host sex Interaction
F-ratio df P-value F-ratio df P-value F-ratio df P-value
Spore loads at death 8.80 5,259 <0.001 170.41 1,259 <0.001 3.02 5,259 0.011
Subset by: C1+C14 0.33 2,133 0.723 105.19 1,133 <0.001 1.632 2,133 0.199
Cl1+C19 10. 2,125 <0.001 75.30 1,125 <0.001 4.61 2,125 0.012
Ci4+C19 10.01 2,116 <0.001 67.17 1,116 <0.001 6.55 2,116 0.002
Reduction in lifespan 12.18 5,263 <0.001 288.26 1,263 <0.001 1.60 5,263 0.159
Subset by: C1+C14 0.20 2,136 0.819 119.69 1,136 <0.001 0.90 2,136 0.407
Cl1+C19 10.96 2,127 <0.001 182.94 1,127 <0.001 1.00 2,127 0.368
Ci4+C19 11.36 2,117 <0.001 119.02 1,117 <0.001 3.44 2,117 0.036
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Table 2: Tests of equality between the production of spores and the relative reduction in lifespan

in the co-infection treatments. Presented are one sample t-tests comparing the co-infection

treatment groups against the predicted means of various single infection outcomes. We compared

virulence under coinfection with that expected based on interference competition (intermediate

values), competition for resources (higher values than most virulent) or spite (lower values than

the least virulent). The sign of the t-value indicates whether the co-infection outcome was lower

or higher than expected.

Female co-infections

Male co-infections

t-value df P-value t-value df P-value
True mean is equal to the average of the two single infections
Spore loads: C14 +C1 -2.243 29 0.033 0.669 20 0.511
C19 + (1 0.830 31  0.413 -0.866 21  0.396
C19 +C14 -0.718 26 0.479 -2.329 17 0.032
Lifespan reduction: C14 + C1 0.113 31 0.912 -0.957 20 0.350
C19+ (1 -0.558 31 0.581 -0.781 21 0.444
C19 +C14 0.804 26 0.429 4.510 17 <0.001

True mean is equal to the average of the most virulent strain and least transmissive

strain

Spore loads:

Lifespan reduction:

Ci14 +C1
C19 + (1
C19+C14
Ci14 +C1
C19 + (1
C19+C14

-2.182
5.846
2.082

-0.893

-3.086

-1.981

29
31
26
31
31
26

0.037
<0.001
0.048
0.389
0.004
0.053

1.483
1.536
-0.756
-1.300
-3.275
2.139

20
21
17
20
21
17

0.154
0.140
0.460
0.209
0.003
0.047

True mean is equal to the average of the least virulent and most transmissive strain

Spore loads:

Lifespan reduction:

Ci14 +C1
C19 + (1
C19+C14
Ci14 +C1
C19 + (1
C19+C14

-2.305
-4.187
-3.517
1.112
1.970
3.589

29
31
26
31
31
26

0.029
0.002
0.002
0.273
0.058
0.001

-0.145
-3.268
-3.902
-0.615
1.713
6.877

20
21
17
20
21
17

0.886
0.004
0.001
0.546
0.104
<0.001
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Table 3: The influence of the hormone treatment on the fitness characteristics of the following offspring generation. Equality of means was assessed
using a least-squares linear model in the case of lifespan and spore loads, and a generalised linear model for the number of clutches produced
(Poisson distribution, log link function) and infection rates (Binomial distribution, logit link function). Where appropriate, Levene's test was used to
assess homogeneity of variances between the offspring of untreated and treated mothers. All measures were estimated using a single genotype of

both D. manga (HU-HO-2) and P. ramosa (C14), following the same basic infection process outlined in this study.

Untreated mothers Treated mothers Equality of means Equality of variances
Mean SD Mean SD For x2 df  P-value For x2 df P-value

Trial 1: Characteristics of uninfected animals or controls
Lifespan (days) 66.86 5.04 67.36 471 0.705 1,268 0.402 0.570 1,268 0.451
Clutches produced 11.73 1.68 11.49 1.62 0.334 1,268 0.563 0.201 1,268 0.654
Trial 2: Characteristics of infected animals
Infection rates 0.89 0.05 0.86 0.054 0.002 1,69 0.966 - - -
Spore loads (millions) 3.97 1.79 3.89 1.94 0.029 1,61 0.866 0.076 1,61 0.784
Lifespan (days) 51.88 11.82 50.55 13.38 0.174 1,61 0.678 0.137 1,61 0.713
Clutches produced 3.03 1.28 3.10 0.83 0.022 1,61 0.882 1.362 1,61 0.248
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Figure 1: Transmission spores at death for all co-infection treatments. Pathogen
combinations in panel A are ordered by spore loads in infected females (left to right, lowest
to highest). Panels B to D show the same results subset by the co-infection combinations,
with lower-case letters indicating significant groupings via post-hoc t-tests and Benjamini &

Hochberg adjusted p-values.
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Figure 2: Relative reduction in host lifespan for all co-infection treatments. Pathogen

combinations in panel A are ordered by spore loads in infected females (left to right, lowest

to highest). Panels B to D show the same results subset by the specific co-infection

combinations, with lower-case letters indicating significant groupings via post-hoc t-tests

and Benjamini & Hochberg adjusted p-values.
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