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Summary

Host-parasite interactions are composed of a sequence of steps, all necessary for successful infection:
parasites need to encounter their hosts, to enter into their bodies, and to proliferate within them. Selection
will act on the mechanisms used in each of the steps; the parasite being selected to increase their efficiency,
and the host selected to reduce it. | have proposed, and shown, that explicitly analyzing the factors that
influence each of the steps and their impact on host and parasite fitness is of crucial importance for a
complete understanding of host-parasite interactions. In my Ph.D. research work, | identified markers of
different steps of the interaction between the host crustacean Daphnia magna and its natural bacterial
parasite Pasteuria ramosa, and investigated factors influencing different steps, as well as the contribution of
each of them to shaping the interaction between the two species.

| established that the infection of Daphnia magna by Pasteuria ramosa could be decomposed in at
least five sequential steps (Chapter 1): 1) the encounter between the host and the parasite, 2) the activation of
the parasite transmissible, resting stage, which happens once it contacts the host, 3) the attachment of the
parasite to the host cuticula, 4) the penetration of the parasite into the host body cavity, and 5) the
proliferation of the parasite within the host. The factors affecting the likelihood of encounter between host
and parasite had been investigated before, in a study that revealed that there is a host genetic component, and
polymorphism for the ability of the host to avoid encountering the parasite. Resolving the interaction into its
different steps and focusing on steps affect the encounter allowed me to see that: i) different steps are under
the influence of different factors (Chapter 1), ii) the traits underlying some steps, but not all, do not seem to
be polymorphic (Chapter 1), iii) the parasite genotype specificity of the success of the attachment step can
explain the genotype specificity of the host susceptibility (Chapter 1), iv) the speed with which the parasite
penetrates the host body after attachment is crucial for the parasite success (Chapter 2), v) the molting,
usually seen as a cost against parasite, can be beneficial to reduce the likelihood of infection, vi) once in the
host body, the parasite will adapt to the environment that is characteristic of the most common host sex, here
female characteristic (Chapters 3 and 4), vii) the success of proliferation of P. ramosa inside D. magna hosts
is not influenced by previous host exposure to that same parasite (Chapter 5). All in all, | show that
considering each of the steps explicitly provides new light into the mechanisms and selective pressures on
hosts and their parasites. Each of the two interacting parties will, indeed, be under more or less strong
selection to maximize their success at each of the steps. Below | will elaborate on this idea in relation to my
specific findings and the research perspectives they open.






Introduction

Background

The costly exploitation of one species by another
(i.e. parasitism) is one of the most abundant
lifestyles and the antagonistic interactions
between host (the exploited species) and parasite
(the exploiting species) are a key structuring force
in natural populations of all organisms. The
coevolution of hosts and their parasites is the
result of multiple adaptations (e.g. for the parasite
to infect the host) and counter-adaptations (e.g.
for the host to avoid infection) evolving in concert
at several stages of the interaction [1].

From phages to ectoparasites, the success of
the infection, or its failure, depends on the success
of each of the sequential steps which compose the
whole interaction. First, the parasite must
encounter its host. During this step, the parasite
will be selected for traits that increase the
likelihood of this encounter. For example, it is
known that humans carrying the transmissible
stage of the parasite responsible for Malaria,
Plasmodium falciparum, attract more the
mosquito vector, Anopheles gambiae, than those
individuals  uninfected or carrying non
transmissible stages [2]. On the other hand, the
need to avoid parasites acts as a major selection
pressure on animal behavior [3] and elements of
their migratory [4], social [5], and foraging
strategies [6] are important for parasite avoidance.

Once encounter has taken place, parasites
need to enter the host tissues, either partially (e.g.
bloodsucking ectoparasites) or entirely (in
endoparasites). For many parasites, this step is
preceded by the attachment to the host protective
layer (i.e. the cuticula/skin). Many hosts have
evolved mechanisms to prevent this attachment.
For example, some species produce extra layers
upon their cuticula/skin — the usual first barrier
against infection - that obstruct parasite
penetration [mucus that functions in coral
protection, 7,e.g. salivary mucins that preserve
oral cavity health, 8]. Host can also have other
means to remove the recently encountered parasite
(e.g. grooming behavior, local immune

inflammations after a bite of ectoparasite). Such
defense mechanisms impose strong selection on
the parasite to develop adaptations to cross the
host epithelium quickly, minimizing the chances
of being noticed and removed by the host. For
example, blood-sucking arthropods, like ticks and
mosquitoes, have a modified rostrum to penetrate
through the skin of their vertebrate hosts and
saliva that disrupts the recognition by the host’s
dermal immune system [9]. As a more extreme
example of a parasite adaptation to penetrate the
host quickly, microsporidian parasites evolved a
host invasion apparatus that rapidly pierces the
host cell membrane, and serves as channel for
sporoplasm passage into the new host cell, thereby
skipping any attachment to the host external
cuticula [10].

After the penetration into the host, the next
step of the infection process is the parasite
proliferation inside the host’s body. During this
step, the parasite will adapt to maximize the
exploitation of the host’s resources, under the
conditions that the most common host type
provides as environment [11]. To counter this
proliferation, the host can adapt to be able to
modify the parasite environment and make it less
suitable [e.g. iron-withholding strategy in innate
immunity of vertebrates and invertebrates, 12] or
actively defend itself with an immune response.
The immune system is a “mobile organ” resulting
from hosts having adapted to avoid parasite
establishment after penetration, or to reduce the
parasite proliferation and its cost. Thus, the
immune system, both innate and acquired, confers
a fitness advantage to the individual using it and
is, therefore, always adaptive. In counterpart,
under the specific selection pressures of different
components of host immunity, parasites evolved
strategies to disrupt or hide from the host immune
recognition [13]. For example, the Gram-positive
bacterium, Bacillus anthracis, produces antrax
toxins that disarm the host’s immune response
repertoire [14].



Each step of the infection process involves
different traits (e.g. particular aspects of
morphology or physiology) of both the host and
the parasite. For example, the mosquito sense
organs are used to find their host, their rostrum is
used to penetrate through the host skin, and their
saliva to avoid being detected by the host while
they feed. Each of these traits is selected for the
successful exploitation of the host resources.
Because the different steps of the infection
involve distinct sets of parasite and host traits,
those different steps are probably under the
control of different genes, and may be influenced
by the environment to different degrees. Still, and
even though, each step may contribute to the
success of the infection in a different manner,
studies of host-parasite interactions typically
investigate the success of the whole process of
infection and do not take explicit account of each
of the steps of that process. For example, hosts are
characterized as resistant regardless of which step,
or steps, of the interaction might be failing. | will
argue that the intermingling of the effects of all
steps has limited the interpretation of results of
previous studies. Understanding the origin of
variation in parasite success, central for
controlling disease, will require understanding
variation in success of each step. Therefore, the
polymorphism of the traits involving in each step,
their role and the strength of selection acting on
them are important to be determined to fully
understand the host-parasite interactions.

Aims of the thesis

As explained above, the successful infection of
one host by a parasite depends on the success of
each of a sequence of steps. Because these steps
are at least partially independent from each other,
they can make distinct contributions to the
coevolution of hosts and parasites. Yet,
surprisingly, very few studies of host-parasite
interactions take explicit account of this. The aim
of my Ph.D. research work was to show that
disentangling the process of infection can help to
better understand host-parasite interactions, their
specificity, their dynamics, and their evolution.
The first objective of the thesis is to characterize

the sequence of steps of the interaction, develop a
method to disentangle them easily, and test the
effect of genetic and environmental factors on the
success of the initial steps (Chapter 1). The
second objective is to investigate which type of
adaptations can occur at different steps to avoid or
favor the infection. | investigate whether the host
can be adapted to avoid the penetration once in
contact with the parasite (Chapter 2), and whether
the parasite can specifically adapt to proliferate in
the common host physiology, more specifically,
related to differences between male and female
hosts (Chapters 3 and 4). The third specific
objective was to find out whether the host can
reduce the likelihood of infection after recurrent
exposure to the same parasite (Chapter 5).

Experimental model

| used the host Daphnia magna and its natural
bacterial parasite Pasteuria ramosa. This system
has been investigated in both field and laboratory
studies. It has been shown that P. ramosa evolves
tightly with Daphnia, and it imposes strong
selection on Daphnia [15,16]. This is one of the
few systems with empirical evidence for
frequency-dependent  selection  in  nature
(Decaestecker et al. 2007). Recently, the
possibility of working with clonal strains of the
parasites in laboratory revealed that the interaction
is very D. magna genotype - P. ramosa genotype
specific [17]. The knowledge about the
conditions of infection associated with the control
of both parasite and host genotypes have been
crucial in this thesis.

The host Daphnia magna is a planctonic
crustacean. Daphnia have been intensively studied
for 250 years for eco-toxicology, phenotypic
plasticity, and behavior, and, more recently, for
the interactions with their natural parasites, with
emphasis on issues of antagonistic coevolution
[reviewed in 18]. Daphnia provides both
extensive genetic and genomic resources
(including the fully sequenced genome of D. pulex
[19], and genetic maps for D. magna [20]; see
Daphnia Genomics Consortium at
https://wiki.cgb.indiana.edu/display/DGC/Home)
and solid knowledge on its ecology. All there



make it a powerful model system (also in the
official list of NIH model systems), including for
modern evolutionary ecology.

Daphnia have a wide, nearly cosmopolitan,
distribution and colonize most of still freshwater
bodies [21]. The environmental conditions of their
habitats can range from very stable (e.g. large
temperate lakes whose water depth and
temperature changes relatively little throughout
the seasons and years) to extremely unstable (e.g.
rockpools, which can dry or be covered with snow
within the same year, with sometimes more than
15°C difference within the same day). They are
small transparent crustaceans (Figure 1) whose
body is covered with a carapace, mainly made of
chitin, which is shed at regular intervals [22]. The
transparency of the body facilitates checking
infected and reproductive status, and was of great
relevance for the work described in chapter 1 of
this thesis. The shedding of the whole carapace
(molting) was important for the work described in
chapter 2. Daphnia are planctonic filter feeders,
eating mainly planctonic algae and, in our
laboratory, they are kept in a freshwater medium
on a diet of unicellular green algae (Scenedesmus
obliquus during my experiments).

The majority of Daphnia species reproduce
by cyclical parthenogenesis. They reproduce
asexually for most of the season and sexually
when conditions deteriorate (e.g. high densities)
or predict future deterioration (e.g. change in
photoperiod before winter). The asexual eggs are
kept for several days in the female brood pouch
(several dozen per clutch) and are released into
the environment when the offspring are able to
swim (Figure 1A). These eggs will produce
mainly female offspring, and occasionally males.
Males and females are, thus, genetically identical
(and also identical to their mothers) and sex is
environmentally determined [24]. Adult males and
females differ in size, morphology (Figure 2),
physiology, behavior and, of course, in their roles
in reproduction. The predominantly asexual
reproduction has as consequence that the sex
ratios in Daphnia populations are typically very
strongly female biased for most of the year. The
differences between males and females in
phenotype and in abundance were of great
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Figure 1: Asexual and sexual reproductive female.
A- Female carrying asexual embryos in the brood
pouch. Adult females can carry several dozens of
offspring genetically identical of herself. B- Female
carrying an ephippium, i.e. is a melanized structure
derived from the carapace that protects sexual eggs
from harsh conditions. Ephippia are shed during
molting. [Picture from 23].

relevance for the work described in chapters 3 and
4.

Induced by changes in the environment,
females can also produce haploid eggs that need
fertilization by males. Similarly to asexual eggs,
sexual eggs are laid in the brood pouch (maximum
two per clutch). Whether fertilization occurs
before or after this event is unknown. Unlike the
asexual eggs which develop without interruption,
the embryos resulting from the sexual eggs stop
developing around the gastrula stage (Elham
Sheikh-Jabbari, personal communication). During
development, the brood pouch becomes dark

because of the formation of two chitinous layers
Male fe Mating

Antennules

Figure 2: Morphological differences between male
and female D. magna. Males are distinguished from
females (here both in ventral view and during mating)
by their smaller size, larger antennules (typically too
small to be seen easily in females), modified post-
abdomen (open chest) and first legs, which are armed
with a hook used in clasping during mating.




surrounding the eggs (Figure 1B). This structure,
which is part of the carapace, is called an
ephippium and it will be released with the eggs
inside once the mother sheds her carapace.
Because of the protective role of the ephippium,
protecting the embryos from desiccation and
allowing Daphnia revival when the pool is refilled
with water, the sexual eggs are also called resting

eggs.

Asexual reproduction is the means of
reproduction in normal conditions, and sexual
reproduction is inducible with environmental
conditions. The cyclical parthenogenesis of
Daphnia can be controlled in the laboratory,
adding to their value as an experimental system in
evolutionary ecology. On the one hand, the
asexual mode of reproduction allows for keeping
hosts as clonal lineages, and to record phenotypic
traits like fecundity, growth and survival on
multiple replicates of the same genotype. This has
been crucial for all the experiments in the thesis.
On the other hand, the sexual mode of
reproductions allows for performing crosses to,
for example, study the genetic basis of variation in
different traits. The durability of the sexual eggs
allows for recovering natural genotypes conserved
in mud which can be hatched and studied decades
later.

The parasite In nature, Daphnia magna is
frequently found to suffer from bacterial, fungal
and microsporidial infections [23,25], among
them by the bacterium Pasteuria ramosa [25].
This parasite is a common parasite of several
Daphnia species [23,25,26], and infections have
been reported from both Europe and North
America (Ebert 2005).

Pasteuria ramosa is a Gram-positive,
endospore-forming bacteria closely related to
Bacillus and Clostridium, both of which include
species responsible for human diseases (e.g.
Anthrax acute disease). P. ramosa is an
extracellular endoparasite, proliferating within the
hemocoel and the musculature of the Daphnia
host [27]. It infects susceptible hosts when the
waterborne endospores are ingested while the
hosts filter the water for food procurement. This

endospore is a resting stage of the parasite that
can remain dormant in the ground for decades
[28] thanks to the protection of an external layer
called exosporum. The activation of the dormant
endospores was addressed in chapter 1. After
infection, it is only after 12 to 14 days that the
first parasites can be detected under microscope.
This explains why in laboratory the Daphnia
infection status cannot be determined reliably
before 14 days after host and parasite are put into
contact.

Shortly after the start of the proliferation
inside the host body, the parasite castrates the host
[29]. This induces host gigantism, which increases
the host carrying capacity for proliferating
parasite spores. This point was crucial for the
work in chapter 4. The Daphnia infection status
starts to be reliably noticeable by visual inspection
thanks to the obvious symptoms that includes host
castration, reddish body color and gigantism (see
Figure 3). Once infection is noticeable, Daphnia
magna can generally not recover from a P.
ramosa infection, unless treated with antibiotics
[30]. This was crucial for the experimental design
of the work described in chapter 5. Parasite
proliferation leads to the production of several
millions of endospores which will be transmitted
horizontally only after host death. This parasite is
not transmitted vertically.

Figure 3: Female D. magna infected by P. ramosa.
Infected females are reddish, castrated, and larger than
healthy female individuals.

Thesis outline

The consecutive chapters of this thesis more or
less follow the sequence of steps in the Daphnia
magna-Pasteuria ramosa infection process, to
explore different aspects of the interaction and
coevolution of the system.




Chapter 1 The success of each of the sequential
steps that compose the infection process is
necessary for parasite transmission. Each step can
have a different impact on the interaction between
hosts and parasites. In this chapter, | present a
case study where | characterize a series of
consecutive steps of an infection process and
distinguish the effects of different factors
(environment, genetics and phylogeny) on each of
the steps. | developed a new method using the
transparent D. magna hosts and fluorescently-
labeled spores of its parasite P. ramosa to identify
easily markers of the steps. My key finding is that
different consecutive steps of the infection
process, notably, the activation and attachment of
the parasite spores after encountering the hosts,
are influenced by different factors, and thus, can
make different contributions to shaping host-
parasite interactions and coevolution. More
precisely, | found that the activation and
attachment steps are not affected by
environmental factors like temperature, food level
and population density, and occur in both female
and male hosts. On the other hand, the two steps
differ in the way they are affected by genetic
factors. Activation does not depend on host
genotype - parasite genotype combinations, and
the cues triggering it are phylogenetically
conserved. On the other hand, the attachment step
is highly host genotype - parasite genotype
specific. With my data, | showed that infection
success, a process which is generally considered
to show a quantitative outcome (i.e. the likelihood
of infection can be any number between 0% and
100%), can in fact be reduced to a Yes/No
outcome (i.e. the likelihood of success at any of
the steps can be either 0% or 100%) when the
right step in the infection process is looked at.
These binary outcomes, presumably based on
binary underlying mechanisms, are often key
assumptions of theoretical models of host-parasite
co-evolution (e.g. the Red Queen model and the
Selective Sweep model). My results show that an
approach that disentangles the contribution of the
individual steps to the success of the whole
infection process can help reconcile empirical data
with predictions based on such evolutionary
models and reveals why previous attempts had
difficulties in doing so.

Chapter 2 The attachment of the parasite to its
host body is a crucial step in most host-parasite
interactions, where it precedes penetration of the
parasite into the host. In invertebrate hosts, this
attachment often occurs onto the protective layer
that surrounds the body cavity, called the cuticula.
The complete shedding of this layer, a process
called molting, is a crucial feature in the life-cycle
of many invertebrate phyla (and of some
vertebrates). In this chapter, | investigated
whether host molting can contribute to resistance
to parasites, and whether it can be manipulated by
infected hosts for that purpose. | used D. magna
hosts which molt at regular intervals and its
parasite P. ramosa which attaches to the host
cuticula before penetrating into the host body
cavity where it can proliferate. 1 show that
molting does rid the host of attached parasites,
and by doing so, reduces the likelihood of
infection. My data shows that for this to be
effective, host molting has to occur within the first
12hr after infection, before parasite penetration
into the host. Because molting can reduce
parasitism, | asked whether infected Daphnia
hosts could actively manipulate timing of molting.
Parasite-induced delay of molting has been shown
in other invertebrates. However, my results show
that exposure to the parasite does not affect
molting interval in Daphnia magna hosts. |
discuss the implications that molting as a passive
mechanism of resistance may have on parasite
evolution.

Chapter 3 Once the parasite is inside the host, it
will face whatever challenges are imposed by the
host’s internal environment. Common, clear, and
consistent differences between host individuals
can be seen in cases of sexual dimorphism, which
is common in bisexual species. Males and females
typically differ for all sorts of traits, including
morphology, physiology and behavior. In this
chapter, 1 combined conceptual thinking with a
review of the literature on host sex-specific
parasitism to make the case that host sex
differences are likely to represent different
challenges and different opportunities for
parasites. | propose that host-sex driven selection
on the parasite can lead to three different



scenarios in terms of parasite evolution: 1) sex-
specific adaptation, 2) single sex-specialization,
and 3) sex-specific phenotypically plastic
expression of parasite traits. Which of these
scenarios will dominate depends mainly on two
variables: the degree of host sexual dimorphism
and the likelihood that the parasite encounters
hosts of each sex. Taking parasite evolution into
account this chapter might contribute towards
explaining the widespread phenomenon of host
sex-biased parasitism and disease expression.
With this chapter, | hope to have contributed
novel insight and to have opened new
perspectives to  studies of host-parasite
interactions.

Chapter 4 In this chapter, | explore
experimentally the ideas developed in Chapter 3,
i.e., that parasites might adapt to the most
common host sex. | hypothesized that divergent
selection on parasites, imposed by differences
between male and female hosts, could result in
parasite adaptations specific to the most common
host sex, and possibly neutral or disadvantageous
in the rare sex. | used a parasitic clone of
Pasteuria ramosa isolated from a female host
individual of a strongly female-biased population
of D. magna, and tested whether it was better
adapted to female than male hosts. My main
results suggest that parasite-induced host
castration leading to gigantism, which increases
carrying capacity for parasite proliferation, is a
parasitic trait that seems to have been selected for
in the female host environment. My data shows
that while parasite-induced castration, so far
described only for female hosts, also occurs in
males, it does not result in male gigantism, the
described adaptive value of female host castration.
Thus, it seems that the parasite’s ability to induce
castration is an adaptation in female hosts which
does not have an adaptive value in male hosts. To
my knowledge, this is the first report of specific
adaptation to the most common host sex of a
horizontally transmitted parasite. | predict that
many more will be found as researchers start
looking for them.

Chapter 5 After the parasite penetrates into the
host body cavity, the host’s immune system is
expected to reduce the chance of, or limit, parasite
proliferation. The higher efficiency of the immune
response upon a second exposure to a parasite is
the principle of vaccination, and has been
intensively studied in both vertebrate and
invertebrate organisms. But while that type of
memory property of the immune system is well
established for vertebrates, controversy remains
about its occurrence in invertebrates. In this
chapter, | took into account common criticisms on
previous studies investigating the
presence/absence of specific memory in
invertebrate immunity, and investigated the
possibility of vaccination of the relatively short-
lived Daphnia magna against its natural bacterial
parasite Pasteuria ramosa. Using clones of the
host and clones of the parasite, | tested whether a
first exposure (“priming”) of a host to a parasite,
followed by clearing of the parasite with
antibiotic, gives an advantage to the host upon a
later challenge with the same parasite clone. My
results showed that there is neither memory nor
better protection following priming. | discuss the
predictability of such results in relation to host
lifespan, and natural parasites able to adapt to the
host immune system.
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CHAPTER 1
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Abstract

Background

Infection processes consist of a sequence of steps, each critical for the interaction between host and parasite. Studies of
host-parasite interactions rarely take into account that different steps might be influenced by different factors and might,
therefore, make different contributions to shaping coevolution. We designed a new method using the Daphnia magna —
Pasteuria ramosa system, one of the rare examples where coevolution has been documented, to resolve the steps of the
infection and analyze the factors that influence each of them.

Results

Using the transparent Daphnia hosts and fluorescently-labeled spores of the bacterium P. ramosa, we identified a
sequence of infection steps: encounter between parasite and host, activation of parasite dormant spores, attachment of
spores to the host, and parasite proliferation inside the host. The chances of encounter had been shown to depend on
host genotype and environment. We tested the role of genetic and environmental factors in the newly described
activation and attachment steps. Hosts of different genotypes, gender, and species were all able to activate endospores
of all parasite clones tested in different environments; suggesting that the activation cue is phylogenetically conserved.
We next established that parasite attachment occurs onto the host esophagus independently of host species, gender and
environmental conditions. In contrast to spore activation, attachment depended strongly on the combination of host and
parasite genotypes.

Conclusions

Our results show that different steps are influenced by different factors. Host-type-independent spore activation
suggests that this step can be ruled out as a major factor in Daphnia-Pasteuria coevolution. On the other hand, we show
that the attachment step is crucial for the pronounced genetic specificities of this system. We suggest that this one step
can explain host population structure and be a key force behind coevolutionary cycles. We discuss how different steps
can explain different aspects of the coevolutionary dynamics of the system: the properties of the attachment step
explaining the rapid evolution of infectivity, and the properties of later parasite proliferation explaining the evolution of
virulence. Our study underscores the importance of resolving the infection process to better understand host-parasite
interactions.
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Background

Host-parasite coevolution is the result of
multiple adaptations and counter-adaptations
evolving in concert within the constraints of a
particular system. Hosts use diverse defense
mechanisms that coevolve with the offensive
mechanisms of the parasite. From phages to
ectoparasites, the success of infection depends
on a series of steps and for each of them, the
hosts may have specific defense mechanisms
[1,2]. The following steps may be
distinguished, with more or fewer steps
potentially existing depending on the system,
and the level of resolution: The host
encounter with the parasite is the first step.
During this step, the host may exhibit
particular behaviors to avoid the parasite [3],
and there may be polymorphism for such
behaviors within species [4]. Once encounter
has taken place, parasites with a dormant
stage may need to be activated to terminate
diapause and initiate the infection process, for
example, by endospore germination [e.g. 5].
After the activation step, endoparasites need
to enter the host tissues. For many parasites,
including the one studied here, this occurs
through the attachment of the parasites to the
host tissues. Hosts may evolve to prevent this
attachment. For example, plants often have
very specific mechanisms to prevent fungal
pathogens from entering leaf tissue [6], and
some species produce layers upon their
epithelium - the first barrier against infection -
to obstruct parasite penetration [e.g. mucus in
coral protection, 7, e.g. salivary mucins to
preserve the oral cavity health, 8]. After
attachment and entering its host, the next step
of infection is proliferation. To counteract
parasite ~ growth, the  host  adapts
physiologically [e.g. iron-withholding, 9] or
actively defends itself with an
response. In a final step of infection, the

immune
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parasite releases transmission stages, to infect
other hosts.

It has been argued that the fact that
infection trials often intermingle the effects of
different infection steps strongly influences
our interpretation of host-parasite interactions
[1,10,11]. For example, if only one of the
steps is specific, the entire infection process
will be specific. The same is true for
environmental effects and host genotype-
parasite genotype interactions. Furthermore,
even if each of the steps is under simple
genetic control (i.e. one or few loci) the
combination of all of them might behave as a
quantitative genetic trait and become more
difficult to investigate. Resolving the
infection process into its component steps
simplifies the complexity of the infection
process and helps to better understand host-
parasite interactions. Evolutionary models of
host-parasite interactions are usually based on
relatively simple assumptions about the
underlying genetics and the impact of the
environment. They commonly consider binary
(Yes/No) infection outcomes (e.g. matching-
allele [12,13,14]), though
available experimental data suggests more
quantitative outcomes when looking at host
and parasite interactions [15,16,17]. Explicit
analysis of individual steps of infection can
help bring in line theoretical models and data
concerning the entire infection.

Because little is known about the degree
of specificity of individual steps, the
specificity  attributed to  host-parasite
interactions is usually the combined effect of
all steps. Although it is reasonable to assume
that different steps are under the control of
different genes and are influenced by the
environment to different degrees, it is possible
that a single component of the infection
pathway may explain most of the observed
variation in host-parasite interactions. This is

matrix even



particularly important because understanding
variation in host susceptibility is central for
controlling understanding
evolution. Here, the Daphnia-
Pasteuria host-parasite system to investigate
which step(s) best explains the high degree of
host genotype by parasite genotype
interactions reported for this system
[18,19,20]. We analyze the contribution of
host and parasite genetics, host gender, host
phylogeny and of the environment for the
dynamics of host-parasite co-evolution.
Reproduction in planctonic crustacean
Daphnia is primarily clonal, which is very
suitable for dissociations of genetic and
environmental effects of its interactions with
parasites. Daphnia are frequently found to
suffer  from  bacterial,  fungal and
microsporidial infections [21,22], among
them the Gram-positive bacterium Pasteuria
ramosa [21,22,23]. P. ramosa produces
endospores for transmission [Fig. 1A and B;
21] that can remain dormant for decades [24].
Transmission is waterborne and endospores
do not have flagella. The infection process is
unknown, but penetration of the host cuticula
has been observed for the congeneric species
P. penetrans, a parasite of root-knot
nematodes [25]. Inside the host, P. ramosa
proliferates in the hemocoel and musculature,
castrates females and is transmitted
horizontally after the release of endospores
from the dead host [26,27]. The interaction of
D. magna clones and P. ramosa clones has
been shown to be specific [20]. Pasteuria was
shown to impose strong selection on its host
[28] and there is evidence for coevolution
[29]. Furthermore, strong effects of the
environment  and
interactions were reported for the overall
infection process [30,31]. The goal of this
study is to disentangle the different steps of
the infection process and to analyze how they

disease  and
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are shaped by host and parasite genetics, and
the environment. We aim at finding the step
which explains the most variance for the
strong host-parasite interactions reported for
the overall infection process.

We consider the following steps of the
infection process and will investigate in
details the second and the third, previously
undescribed: (i) Encounter. (ii) Activation
(i.e. once in contact with Daphnia, parasite
endospores need a signal to germinate). (iii)
Attachment (i.e. the parasite must attach to
the host and cross the host epithelium). (iv)
Proliferation (i.e. Parasite proliferation and
spore production). (v) Termination (i.e.
killing the host to release spores). For the
and the proliferation steps
environmental and host clone effects have
been shown [4,30,32,33,34,35]. However,
neither of them can explain the strong host
genotype by parasite genotype interactions
described for the overall infection process in
this system. Here, we localize where the
activation and attachment steps take place and
test for genetic and environmental factors
influencing those steps.

encounter

Results

Spore activation

We developed a new method that traces
fluorescently-labeled spores of Pasteuria
ramosa in the transparent Daphnia magna
hosts to investigate the activation of parasite
spores and the attachment of the parasite to
the host. Within minutes of exposing Daphnia
host to P. ramosa spores, we observed a
characteristic change in spore morphology.
Spores acquire a ‘“‘sombrero”-like structure
(Figure 1C and D) which corresponds to the
shedding of the exosporium and the extension
of the peripheral fibers. This morphology was
never observed in spores not exposed to hosts.



We call this morphological change in spore
shape “activation.” Activation was found to
happen regardless of the host clone or
Pasteuria clone used and was observed in
both resistant and susceptible D. magna
clones (Table 1).

Spore attachment

We used different combinations of hosts and
parasite clones previously characterized to be
resistant or susceptible to given Pasteuria
[20]. We observed the fate of
fluorescent spores of three parasite clones
exposed to 14 D. magna host clones with the
aim to identify differences which correlate
with the compatibility of a given host-parasite
combination (Table 1). The parasites attach to
the host esophagus for all susceptible
(compatible)  host-parasite = combinations,

clones

while they never do so for the resistant
combinations (Table 1, Figure 1F, 2A). Thus,
the result of this attachment-test was 100%
consistent with the results of infection trials
(Table 1). For susceptible combinations the
host esophagus was densely covered with
spores forming a dense layer in the
esophagus, while there were no spores
attached in resistant combinations. We never
observed ambiguous cases, €.g. only few
spores attached. While spores in the mid and
end gut moved with the flow of the food,
those attached to the esophagus were not to
the esophagus and all spores passed with the
flow of the food through the gut (Figure 2B).

Thus, spore attachment in the esophagus was
very specific to the D. magna and P. ramosa

genotype and consistent with
resistant/susceptibility ~ status  for  each
combination.

Table 1: Results of infection trials, spore activation tests, and attachment-tests.

Infectivity trail

Attachment-test

Spore activation (attached out of five)

Clones of Pasteuria C19 C1 Cl4 C19 C1 Cl4 C19 C1 Ci14
D. magna Origin

HO1 Hungary R R R Yes Yes Yes 0 0 0
HO2 Hungary S S S Yes Yes Yes 5 5 5
HO3 Hungary R R R Yes Yes Yes 0 0 0
M5 Belgium R R R Yes Yes Yes 0 0 0
M10 Belgium S S S Yes Yes Yes 5 5 5
linb1* Germany* R R R Yes Yes Yes 0 0 0
Mul2 Germany R R R Yes Yes Yes 0 0 0
DG-1-106 Germany S R R Yes Yes Yes 5 0 0
AL144 Finland R S S Yes Yes Yes 0 5 5
Xinb3* Finland* S R R Yes Yes Yes 5 0 0
XI* Finland* R R R Yes Yes Yes 0 0 0
Xfa6* Finland* S R R Yes Yes Yes 5 0 0
Kela-39-09 Finland R S S Yes Yes Yes 0 5 5
Kela-18-10 Finland S R R Yes Yes Yes 5 0 0

We tested all combinations of three P. ramosa clones (C19, C14, C1) with 14 D. magna clones. Infectivity trials results
are defined by exposing Daphnia to the parasites and determining the infection status after 20 days. Resistant means
that none of the replicates were infected. Activation was determined by observing spores in the gut of the host with a
sombrero-like shape. R means that the host clone is totally resistant to the concerned parasite clone. S means that the

host clone is susceptible to the concerned parasite clone. Yes means that the spores were activated. * Labcross:

“linb1™ is “*“Mull” (Belgium) selfed once; “Xinb3” is “X” (Finland) selfed 3 times; “Xfa6” is “AL144” selfed
3 times and crossed with “Xinb3”’; ”XI” is a cross between “linb1” and “Xinb3”.
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Figure 1: Scanning (SM) and transmission (TM) electron microscopic images of the activation and the
attachment step of the infection process of Pasteuria ramosa in Daphnia magna. A.) SM image of a resting stage of
Pasteuria ramosa. B.) TM image of resting stage before activation. The exosporium (ex) encloses the two peripheral
fibers (pf) and the endospore (en). C.) SM image of activated spores trapped by Daphnia phyllopods. D.) TM image of
activated spores in Daphnia esophagus. Top left, spore is in the process of activating and shedding the exosporium.
Bottom right, activated spore with its sombrero-like structure in cross-section. Spore coat (sc) surrounding the cortex
(cx). E.) TM image of peripheral fibers (pf) and its microfibers on the upper side (upf) and on the lower side (Ipf). The
upper side is more furnished in microfibers and is likely to play a role in the attachment. F) TM image of Pasteuria
attached to the Daphnia esophagus wall (ew). The nomenclature were defined according to the nomenclature of
Pasteuria penetrans in [36].
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Table 2: Influence of the environment and host gender on spore attachment, as determined by the attachment-

test.
Treatments

o s HF, 20°C,

LF, 20°C, single HF, 20°C, single | HF, 10°C, single HF, 15°C, single HF, 25°C, single crowded
Pasteuria Daphnia Kela Kela Kela Kela Kela Kela Kela Kela Kela Kela Kela Kela
clone clone 39-09 18-10 39-09 18-10 39-09 18-10 39-09 18-10 39-09 18-10 39-09 18-10
C1 Female 6/6 0/5 9/9 0/9 10/10 0/10 10/10 0/10 10/10 0/10 10/10 0/10
Male 10/10 0/10 9/9 0/9 9/9 0/10 10/10 0/10 9/9 0/10 10/10 0/10
C19 Female 0/10 7/7 0/8 8/8 0/9 10/10 0/10 10/10 0/9 9/9 0/10 10/10
Male 0/5 10/10 0/10 9/9 0/10 10/10 0/10 9/9 0/9 9/9 0/10 10/10

Infection trials (see Table 1) showed that D. magna clone Kela-39-09 is susceptible to P. ramosa clone Cl1, but
resistant to C19. Kela-18-10 is resistant to C1, but susceptible to C19. LF= low food condition, HF = high food
condition, single = Daphnia raised single in a 100 ml jar, crowded = Daphnia randomly picked from crowded cultures
(high density).The bold characters highlights results where P. ramosa were attached to the D. magna esophagus.

Influence of gender and culture conditions

Activation of spores was observed in all
treatments and in all host clone-Pasteuria
clone combinations (Table 2). In contrast, the
specificity revealed by the attachment-test
was found to be independent of host gender,
temperature and culture conditions (i.e.,

single vs. crowded; high vs. low food, Table
2).

Spore activation and resistance of other
Daphnia species

Spores were found to be activated after
exposure to all Daphnia species tested (Table
3). We found that spores of the P. ramosa
clone C19 were able to attach to the
esophagus and infect D. dolichocephala
(Table 3) but did not stick to the esophagus or
infect D. arenata, D. galeata, D. barbata, D.
similis or D. lumholtzi. We also tested other
species for spore activation of P. ramosa.
Upon exposure to Simocephalus vetulus
(Daphniidae) spores were readily activated,
but did not attach to the esophagus nor did
they infect any of the individuals tested. Upon
exposure to mosquito larvae (Culex spp.),
which are also filter-feeding but are not
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crustaceans, P. ramosa spores were neither
activated nor attached to the host.

Discussion

The aim of the current study was to analyze
two steps in the life cycle of a bacterial
parasite, characterize the specificity of the
interaction with regard to genetic and
factors, and
findings to what is known about host-parasite
coevolution in this system. We focused on the
activation of the parasite’s resting stages, and
on the attachment of the activated spores to
the host tissue where it enters the host. Our
study revealed that P. ramosa spores captured
by the filter feeding Daphnia are
indiscriminately activated by every Daphnia
clone and Daphnia species tested (Table 1
and 3). Furthermore, activation was not only
found to be independent of the host genotype
or species and host gender, but also of the
environmental conditions (namely, density,
temperature and food conditions). The
following step of the infection process,
however, the attachment of the activated
spore to the esophagus wall of the host,
depended strongly on the combination of the
D. magna and parasite genotype, but not on

environmental relate these



Figure 2: Fluorescently labeled parasite spores attach to the oesophagus of susceptible, but not resistant, Daphnia
clones. A.) Picture of a susceptible Daphnia magna exposed to fluorescently labeled spores. The entire animal is
shown. Parasites are attached on the epithelium of the esophagus (arrow). Other labeled spores can be seen with the rest
of the food in the end gut (arrowhead). B.) Picture of a resistant Daphnia magna exposed to fluorescently labeled
spores. The entire animal is shown. The esophagus is free of parasite (arrow). Labeled spores can be seen with the rest
of the food in the end gut (arrowhead). Note the autofluorescence of the mandibule. Extended focus images obtained by
the camera Leica DFC 300FX and the program Leica Application Suite (Version 3.4.0, package “Montage”). Intensity,
contrast and sharpness were increased with the same strength.

Table 3: Relationship between one D. magna-derived clone of Pasteuria ramosa (clone C19) and several Daphnia
species belonging to three different subgenera (Daphnia magna belongs to the subgenus Ctenodaphnia).

Clones of Sub-genus Origin Infectivity Spore Attachment-test
Daphnia species trail activation (attached out of five)
D. arenata Daphnia USA R Yes 0

D. galeata Hyalodaphnia Germany R Yes 0

D. barbata Ctenodaphnia Zimbabwe R Yes 0

D. similis Ctenodaphnia Israel R Yes 0

D. lumholtzi Ctenodaphnia Zimbabwe R Yes 0

D. dolichocephala Ctenodaphnia South Africa S Yes 4

Legend as in Table 1.
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the host’s gender, nor the environmental
conditions which they were kept (Table 1, 2
and 3).

Previous studies with the Daphnia-
Pasteuria system were not able to disentangle
activation, attachment and proliferation step.
Thus, infection success as
reported in earlier studies
[19,32,35,37,38,39,40,41] may be explained
by the combined effects of these steps.
However, the binary polymorphism found in
infection trials with high doses of single
parasite clone [20] correlates perfectly with
the results of our attachment-test (Table 1).
This suggests that only Pasteuria clones able
to attach to the esophagus are able to infect
the host. Ben-Ami et al. [39] proposed that D.
magna might be either completely resistant or
susceptible to P. ramosa depending on the
genotype-genotype interaction. They called
this the “binary infection hypothesis.” Our
data are consistent with this hypothesis and
further pinpoint which specific step of the
infection process is responsible for the high
degree of specificity. For a given combination
of host and parasite genotypes, the activated
spores are either able to attach and then infect,
or they do not attach and do not infect. We
did not see any evidence for a graded
(quantitative) form of interaction.

variation in

Spore attachment is a key step in Daphnia-
Pasteuria coevolution

The Daphnia-Pasteuria system has become
one of the prime examples of antagonistic
coevolution. Host and parasites show strong
genetic effects for resistance, virulence and
infectivity; genotype x genotype interactions
have been reported within and across
populations, and selection acts rapidly in
natural populations [18,19,41,42]. Our study
suggests that the parasite-dependent [28] host
population structure and the coevolution [29]
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described for this system are mainly driven by
the properties of a unique step, the attachment
step. First, this step revealed very strong host
genotype by parasite genotype interactions
(Table 1). Second, the attachment step is
independent of the environmental conditions.
Third, a recent study of D. magna - P. ramosa
coevolution using resurrected host and
parasite isolates from lake sediments showed
a signal of fluctuating selection only for
infectivity, but not for parasite virulence [29].
Virulence (the parasite's effect on infected
hosts) was observed to evolve as well, but at a
slower rate [29]. The authors proposed that
the difference between the evolution of
virulence and infectivity resulted from
different genes contributing to these traits.
Here we give a mechanistic explanation for
this finding. Infectivity depends
attachment and most likely on the ligands
present on the host and on the parasite. On the
other hand, expression of virulence may
depend on the host's immune response during
the within-host proliferation step. It is likely
that these processes are determined by
different sets of genes.

on the

The identification of the attachment
step as the key step in the coevolutionary
dynamics in this system will allow us to
improve our understanding of the patterns of
antagonistic For
evolutionary models studying the coevolution
of the infectivity and the virulence steps [43]
can fit our system in relation to the
coevolution of the attachment and the
proliferation steps. Those models typically
characterize infection outcomes as binary
(Yes/No), while empirical data suggest they
are more quantitative [15,16,17]. Here we
show that we can observe a binary outcome
when individual steps of the infection process
are considered. Furthermore, our method
provides a fast and reliable way to test

coevolution. example,



individuals and populations for their
susceptibility to Pasteuria. Ongoing research
in our group showed that up to 400 Daphnia
individuals can be tested in a day (P. Luijckx
in preparation). The assay we developed
makes it possible to test for susceptibility
without the potentially confounding effect of
the within-host proliferation step in the
infection trials.

From the environment to the host body cavity

The resting endospores of P. ramosa can
remain dormant for decades under harsh
environmental conditions [24,29]. Before
attachment to the host, the spores need to be
activated (Fig. 1D). The filter-feeding
Daphnia  capture  particles, including
parasites, from the water and transport them
on a mucus-layered pathway from the
phyllopods to the mouth. During this process,
the parasite’s by an
unknown trigger, releasing the activated spore
form within less than 10 minutes (Fig. 1).
Despite spore activation is a necessary step
for the infection; this step is
unspecific with regard to Daphnia species and
clone, host gender and the environmental
conditions (Tables 1, 2 and 3). The signal that
triggers spore activation may be related to
chemical substances in the mucus of the
filtering apparatus, but other factors (e.g.
mechanical) cannot be excluded.

exosporium opens

entirely

Once the activated spore enters the
esophagus, it will attach to the esophagus
wall, if host and parasite genotype are
compatible. There it presumably penetrates
the gut wall and enter the host’s body cavity.
A similar attachment process on the cuticula
is also known from P. penetrans, but in this
case the parasite seems to be able to attach to
any area of the nematode’s body surface [25].
It has been proposed that the lower part of P.
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nishizawae attaches to the host, because this
part is densely covered by microfibers [44]. In
contrast, P. ramosa, it is the upper part of the
peripheral fibers (Fig. 1E) that are most
densely covered with a layer of microfibers.
These fibers may be involved in the
attachment (Fig. 1F).

An endospore adhesin epitope, situated
on the exosporium of P. ramosa, has been
identified and suggested as a ligand that might
be responsible for the recognition and the
binding onto the host [45]. However,
according to our results, it is unlikely that this
epitope is involved in the attachment because
the exosporium of P. ramosa is removed
during the activation step. A later study,

analyzing surface proteins of P. ramosa
spores by two-dimensional gel
electrophoresis,  proposed  collagen-like

protein as responsible for the binding onto the
host but might suffer the same problem of the
previous study [46]. We propose that latter
studies on candidate proteins responsible for
the specific attachment to the host in this
system investigate the spores once activated.
The development of Pasteuria, from the
moment they attach to the esophagus until the
vegetative stage can be detected in the
hemolymph (about 8 days at 20°C [47]), is
unknown. Also, the penetration mechanism is
poorly described. Sayre and Wergin [25]
show a transmission electron micrograph of
P. penetrans with a structure they call a germ
tube crossing the host epithelium. Our
hypothesis is that the endospore makes a hole
across the host epithelium and injects its
cortex into the host. As one response of
Daphnia to wounding is an increase of
Phenoloxidase (PO) activity [48], one might
expect the penetration process to trigger an
immune response, but this remains an open
question. However, resolving the infection
process will allow studying the immune



response during the proliferation step without
the confounding effect of genetic variation in
the attachment step.

Environment effects and the proliferation step

We found that environmental effects do not
influence the activation and attachment step
(Table 2). Excluding these steps, we suggest
that the proliferation step is the one
responsible for the reported sensitivity of the
overall infection process for environment
effects [32,34].
attachment step seem independent of the
host's immune system (defined as a system
that is potentially able to kill parasites), while
the proliferation step is likely to be governed
by the host's immune system. The immune
system may lead to variation between and
within those Daphnia clones that allow
Pasteuria attachment (and thus the parasite to
enter the host), thereby contributing to local
and temporal adaptation, maternal effects and
induced resistance [29,34,49]. We suggest
that future studies on host immunity should
use only Pasteuria clones that can attach to a
given clone of Daphnia so that all variation
observed is likely to originate from variation
during the proliferation step. These factors
highlight the importance of controlling the
host and parasite genotypes and breaking
down the infection process to understand the
respective role of each step in host-parasite
interactions.

The activation and the

Resolving the infection process leads to better
understand host-parasite interactions

Resolving the infection process in its
sequential steps has been proposed in a
number of theoretical models [10,11] but
experimental data are scarce. Our approach is
transferable to other host-parasite systems and
our results suggest that this can provide
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important new insights about host-parasite
interactions and their evolution. Increasing
the degree of resolution of the infection
processes  highlights  the
possibilities of the different levels at which
host and parasites interact. The different steps
might differ in how they are influenced by the
environment. They might also differ in which
sets of genes regulate them. As is probably
the case for our study system, different steps
of the infection process might follow distinct
evolutionary dynamics and be explained by
different model (e.g. balancing selection,
directional selection) [10,11].
because of the sequentiality of the steps, it is
possible that the selection on one might
depend on the selection on other steps. We
propose that analyzing infection as a
succession of well characterized steps will
help to empirical data with
predictions based on alternative
coevolutionary models (e.g. Red Queen and
Selective Sweep models).

universe  of

However,

reconcile

Spores of all P. ramosa clones tested,
and which were isolated from natural D.
magna populations, were activated by all D.
magna clones as well as by six other Daphnia
species (Table 3) and even a more distantly
related Cladoceran, Simocephalus vetulus.
Also, aside from the natural host D. magna,
D. dolichocephala, too, became infected
following attachment of the activated spores
to the host esophagus. This suggests that the
triggers for spore activation and, to a lesser
extent, for attachment are phylogenetically
conserved. This may facilitate host range
evolution of the parasite. Indeed, despite its
high specificity on the level of the host clone,
P. ramosa infections have been reported in
several species within the family Daphniidae
[50]. It will be necessary to test more clones
of different Daphnia species to determine
their pattern of susceptibility and resistance to



the parasite. Importantly, phylogenetically
conserved steps of the infection process can
be ruled out as major factors in coevolution,
but are perhaps the most appropriate targets
for vaccine and drug development. In fact, the
genes involved in some infections steps have
been worked out for some systems [51,52]
and can be of use in biomedicine for diseases
control [53,54].

Conclusion

Our study highlights the explanatory power of
resolving the steps of the infection process to
better understand host-parasite interactions
and coevolution. Attachment appears to be the
crucial step for the previously observed high
specificity in the Daphnia-Pasteuria system
and we speculate that it is the crucial step for
coevolution as observed in this system [29].
Our results reveal that each step can involve
different interactions between host, parasite
and environment and that certain steps can be
phylogenetically  conserved. With this
knowledge at hand, it will be easier to apply
simple models of host-parasite interactions to
this system and identify the mechanistic basis
of trade-offs, maternal effects, genotype x
environment interactions and coevolution.
The logic of this procedure can equally be
applied to other host-parasite systems but also
to study other types of biotic interactions.

Methods

Host and parasite

We used 14 isofemale lines (here after
referred as clones) of Daphnia magna and one
clone each of six other Daphnia species
(Tables 1, 3). Unless otherwise stated,
Daphnia clones were kept in standard
medium (ADaM) [55, modified by using only
5% of the recommended Selenium dioxide
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concentration] at 20°C and fed with the

chemostat  cultured  wunicellular  algae,
Scenedesmus obliquus.
The parasites used were single

genotypes of Pasteuria ramosa, C1, C14 and
C19, characterised as clones in Luijckx et al.
[20] and originated from D. magna
populations in Moscow (Russia), Tvirminne
(Finland), and Gaarzerfeld (Germany),
respectively. Spore suspensions of Pasteuria
were obtained by homogenizing infected D.
magna in ADaM and quantifying spore
density. The status of resistant or susceptible
D. magna were defined previously [20]. The
infection status of two further Finnish D.
magna clones (“Kela-39-09” and “Kela-18-
10”) exposed to Pasteuria clones were tested
with the same protocol. All infections in these
experiments were done with naive individuals
born to naive mothers, kept under high food
conditions. These conditions were applied
because they are known to minimize
triggering of immune effect [34,35,56].

Fluorescence labeling of spores

Fluorescently labeled spores of P. ramosa
were produced by homogenizing infected
Daphnia in  ADaM, by
centrifugation at 10 000 g for 5 min at room
temperature. The spore pellet was suspended
in 0.5 ml of 0.1 M sodium bicarbonate (pH
9.1) containing 2.0 mg/ml of fluorescein-5(6)-
isothiocyanate ~ (F3651-100MG,  Sigma-
Aldrich), a green fluorescent dye that stains
proteins unspecifically [57]. Spores were
incubated in the dark for 2 hours at room

followed

temperature with occasional vortexing. The
suspension was centrifuged at 10 000 g for 5
min, and the supernatant removed. The spore
pellet was suspended in distilled water and
again subjected to centrifugation. This
process was repeated until the supernatant



was clear. Labeled spore suspensions can be
stored at 4°C in the dark for several months.

The shape and location of the green
labeled spores the
transparent Daphnia using a microscope with
fluorescent light (Leica DM 2500, at
magnification 200 x and 400 x) and filter
cubes Leica B/G/R (bandpass filter excitation
420/30nm; 495/15nm; 570/20nm — band pass
filter suppression 465/20nm; 530/30nm;
640/40nm). We increased the color contrast
by adding a red fluorescent dye to the
medium in which the Daphnia were observed.
This was done by preparing a solution of
concentrated red dye (0.05 ml of DMSO with
0.0015 g of Tetramethylrhodamin-5-
isothiocyanate; T0820-5MG by Sigma-
Aldrich), which was homogenized in PBS to
make the diluted dye (1 pl of concentrated
solution with 10 ml of PBS). We added 1 pl
of this solution to the Daphnia medium 10
minutes before observing the Daphnia. We
obtained extended focus images using a
camera Leica DFC 300FX and the program
Leica application Suite (Version 3.4.0,
package “Montage™).

were examined in

The separation of the different steps and their
specificity

Adult Daphnia were put individually in 1 ml
of medium in 24-well-plates and exposed for
at least 1 hour to around 17,000 labeled P.
ramosa spores. Susceptible hosts exposed to
labeled spores become infected, suggesting
that the dye does little or no harm to the
spores (data not shown).

Spore activation

Pilot trials revealed that the labeled spores
remain in their typical spherical shape as long
as they are not in contact with a host. Upon
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contact with the host phyllopods (swimming
and respiratory appendages of branchiopod
crustaceans), spores with a ‘“sombrero”-like
shape are observed (Figure 1C and D). We
called this process spore activation. We tested
all combinations of 14 D. magna clones and
three P. ramosa clones for spore activation
(Tablel). The same was done for one clone
cach of six further Daphnia species, but only
in combination with one P. ramosa clone
(Table 3). We used five replicates for each
host-parasite combination (in total (14 x 3 x
5)+ (6 x 1 x5)=190; details in Table 1).

Spore attachment

After exposure, Daphnia were placed on a
microscopic slide, and we examined the
complete Daphnia body under a fluorescent
microscope. The transparent body of Daphnia
allowed us to determine in which body region
activated fluorescent spores attach in the
living animals. Once we determined the
specific area, we tested resistant and
susceptible Daphnia magna clones (five
replicates of 14 clones, details in Table 1) for
differences in attachment. The same was done
with clones of other Daphnia species (five
replicates of one clone per species; details in
Table 3). To validate the assignment of
individuals with apparently no spores attached
to their esophagus, we viewed the esophagus
of slightly squashed animals at 400 x
magnification. For each experiment, the
examiner was not informed whether the
animals belonged to a susceptible or to a
resistant clone. To confirm that the Daphnia
ingested spores, the gut content was inspected
for the presence of spores. All exposed
animals had spores in the feces. We call this
procedure to test for spore attachment the
“attachment-test.”



Influence of gender and culture conditions

To analyze if the specificity pattern observed
in the attachment-test was dependent on host
sex or culture conditions, ten host individuals
of each sex were tested in each of six
treatments. This was done with D. magna
clones “Kela-39-09” and “Kela-18-10”
because these two Daphnia clones have the
reverse pattern of infectivity to the two P.
ramosa clones used, and they are -easily
induced to produce male and female offspring
in the laboratory. Daphnia were raised either
at one of four temperatures (10°C, 15°C,
20°C, 25°C, with high food), two food levels
(at 20°C, fed daily with 2.5 or 5 million algae)
or two density levels (at 20°C, high food
level, single Daphnia or Daphnia from
crowded stock cultures) (see Table 2). These
conditions were chosen to represent various
environments that are common in natural
Daphnia populations. We did not employ a
full factorial design, as our interest was not in
establishing reaction norms but in testing for
the influence of non-genetic conditions in
general. Daphnia of both clones raised under
these  conditions were exposed to
fluorescently labeled spores of P. ramosa Cl1
and C19. Given the very clear effects
observed with the 4 combinations of hosts and
parasites used and the range of conditions
tested, we do not believe that other
combinations would change our results
drastically. Still, we cannot exclude with
certainty that some combinations might lead
to a different result.

Resistance or susceptibility of other Daphnia
species

One clone of each of six other Daphnia
species (D. arenata, D. dolichocephala, D.
galeata, D. barbata, D. similis and D.
lumholtzi) were assayed for their propensity
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of esophageal spore attachment using P.
ramosa clone C19. For this assay, groups of
five conspecific individuals were exposed to
200,000 P. ramosa spores of clone C19 in 20
ml medium. Four replicates per species were
used. After 5 days we filled the jars to 100 ml,
and changed medium on a weekly basis.
Animals were fed daily with 5 to 10 million
algal cells per jar depending on the size of the
Daphnia species. The infection status was
investigated under a microscope with phase
contrast (magnification 400 x), at host death
or 29 days after exposure.

Electron microscopy

To prepare Daphnia for transmission electron
microscopy (TEM), infected individuals were
fixed on ice in 4% glutaraldehyde buffer in
Sorensen's phosphate buffer (0.1 M KH,PO4
and 0.1 M Na,HPO,) and kept in the dark for
several hours. The animals were then rinsed
five times on ice using the same buffer for a
total of 5 min. Post-fixation was carried out
with 1% OsQO4 in Sorensen's phosphate buffer
on ice. After post-fixation, the Daphnia were
again washed in Sorensen's phosphate buffer
on ice, dehydrated in a graded acetone series,
and finally embedded in the epoxydic resin
EPON.

Transversal and sagittal sections were
made through the esophagus. Semi-thin
sections (diamond knife, 0.7-1 um) were cut
to approach the right spot on the resin block
using a RMC MT 6000-XL (RMC Inc.)
ultramicrotome. To identify regions of
interest for transmission electron microscopy,
the tissue was stained using Richardson’s dye
[58] and examined under a light microscope.
To see parasite structures using transmission
electron microscopy, 5-8 ultrathin sections
(diamond knife, 60 nm) were cut after every
10 semithin sections. The ultrathin sections



were mounted on Formvar-coated copper
grids and stained with uranyl acetate and lead
Ultrathin
analyzed wusing a FEI
Morgagni™ transmission electron microscope
at 80 kV equipped with a digital camera.

For scanning electron microscopy
(SEM), D. magna were fixed in 3%
glutaraldehyde buffer in 0.1 M phosphate
buffer for 2 hours at 20°C. Samples were
washed two times in distilled water for 5 to 10

citrate to enhance the contrast.

sections were

seconds, dehydrated in graded ethanol series,
and critical point dried overnight (16 hours).
The specimens were coated with gold (20 nm)
and viewed using a Philips XL 30 ESEM
under high volume conditions from 5 to 15
kv.
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CHAPTER 2
THE ROLE OF MOLTING IN THE DEFENSE AGAINST AN ENDOPARASITE

David Duneau, Dieter Ebert

Abstract

Parasitic infections consist of a succession of steps during which hosts and parasites interact in
specific manners. At each step, hosts can use diverse defense mechanisms to counteract the parasite
attempts to invade and exploit them. The penetration of parasites into the host body cavity is a key
step for a successful infection, which leads to the proposition that the epithelium is a line of defense
against parasites. The shedding of this protective layer that surrounds the body cavity (molting), a
crucial feature in the life-cycle of several invertebrates and vertebrates, is generally considered as a
cost for hosts exposed to parasites. Here, we used the crustacean Daphnia magna to test whether
molting can be beneficial for the host by decreasing the likelihood of infection by the bacterial
pathogen Pasteuria ramosa. This parasite is known to attach to the host cuticula before penetrating
into its body. We found that the likelihood of successful parasite infection is strongly lowered if the
host molts within 12 hours after parasite attachment. We further show that exposure to the parasite
does not induce hosts to molt earlier. We discuss that such a passive mechanism of resistance may
have implications for host and parasite evolution and epidemiology.
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Introduction

All multicellular organisms have an external
layer, called cuticula or skin. This layer serves a
protective role by forming a physical barrier
against external biotic and abiotic attacks, as well
as an immune shield [e.g. mammals, 1]. This
barrier has been shown effective against parasites,
and mechanical damage to it correlates with an
increase in probability of infection [2]. Parasites
evolve elaborate adaptations to cross this barrier,
such as the specialized ovipositors of parasitoids
that lay eggs inside insect hosts, the unique
adaptations of fungal pathogens to cross the cell
wall of their plant hosts [3], and the modified
rostrum of blood sucking arthropods that exploit
vertebrate hosts. Parasites also have diverse
strategies to penetrate into the host body quickly
[e.g. invasion apparatus of microsporidia allowing
the penetration into the host cell without ever
attaching to the host integument, 4] and
minimizing notice by host defense mechanisms
[e.g. the saliva of the bloodsucking arthropods
disrupts the recognition by the dermal immune
system, 5]. Thus, parasites commonly evolve
adaptations to efficiently cross the host
skin/cuticula on one side, and host evolves ways
of reducing the likelihood of parasite invasion
through the barrier on the other side.

The  ecdysozoans (e.g.  arthropods,
nematodes) and the squamata (i.e. lizards and
snakes) need to shed their cuticula/skin for
growing, a process called molting or ecdysis.
There are costs and benefits to this process. One
of its consequences is that shortly after having
shed the barrier, the new barrier is temporarily
soft and thin with individuals sometimes unable to
walk or fly. The individuals are, therefore,
vulnerable to predators, competitors, and parasite
penetrations until the barrier is fully re-established
[2,6]. On the other hand, molting at regular
intervals benefits the host by regularly removing
the accumulation of epibionts [7,8] and wounds
[9]. Given the costs and benefits, the timing of
molting is crucial. The crustacean Gammarus
pulex adjustes the time of its molt cycle in
response to parasitic infection risk, elongating it
by several days when the individuals are exposed
to “micro-organism-enriched” water [10]. This
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result raised the exciting possibility that, despite
likely developmental constrains on the molting
process, hosts might be able to alter the moment
of molting as an adaptation to avoid infection.
Such mechanism might highlight the role of
parasites on ecdysozoan development.

Many ecto- and endoparasites need to
attach to their hosts before penetrating the
cuticula. If the molting occurs when the parasite is
already attached to the host epithelium but before
it penetrates the barrier, it could interfere with the
penetration and prevent infection. Here we test
this hypothesis. Using the Gram positive
bacterium Pasteuria ramosa and its host Daphnia
magna, we investigate the possibility that molting
interferes with the success of infection. Parasitic
bacterium of the genus Pasteuria attach and
penetrate the host cuticula before proliferating
within the body in nematodes and crustaceans
[11,12]. The host susceptibility is explained by the
specific attachment of the parasite to the host
esophagus which precedes it entering the host
body cavity [12]. In arthropods, the esophagus is
part of the ectoderm and is, therefore, shed during
molting [13]. Thus, we predicted that if molting
occurred shortly after the attachment of the
parasite to the host, the parasite might not have
enough time to penetrate into the host’s body. If
this is the case, molting could be an effective
mechanism for freeing hosts of attached parasites
and might be an important selective pressure on
endoparasite penetration speed. Moreover, if
molting interferes with parasite penetration, it is
conceivable that hosts might respond to parasite
attachment by shortening the time to the molting.
We test these hypotheses in this study.

Material and methods

Biological material

We used different genotypes (clones) of the
transparent crustacean Daphnia magna (Kela 39-
09, Kela 18-10 and Xinb3 from Finland, HO2
from Hungary and M10 from Belgium). Host
clones were kept in standardized medium [ADaM,
14, modified by using only 5% of the
recommended Selenium] at 20°C, and fed daily
with  chemostat cultured unicellular algae,



Scenedesmus obliquus. The parasites used were
Pasteuria ramosa clones C1 and C19, originally
sampled from infected D. magna in natural
populations in Moscow (Russia) and Gaarzerfeld
(Germany), respectively [15]. Parasite
suspensions for experimental exposure were
produced from homogenized infected Daphnia.

Parasite removal with host molting

To test whether parasite spores attached to the
host cuticula can be found in the esophagus of the
shedded carapace after molting (=exuviae), we
exposed 23 Daphnia magna females from the
laboratory stock of clone Kela 39-09 and Kela 18-
10 to 20000 fluorescently labeled spores (cf.
Duneau et al. 2011) of each of the Pasteuria
ramosa clones C1 and C19. The two Daphnia
clones were chosen because they have an opposite
infection pattern for the two parasite clones. The
clone Kela 39-09 is susceptible to P. ramosa C1
but not to C19, and the clone Kela 18-10 is
susceptible to C19 but not to C1 [12]. Daphnia
were raised in mass culture and then placed
individually in 24-well plates, where exposure to
the parasite took place. Thirty six hours after
exposure to parasites, we checked all host
individuals for molting by visual inspection. For
the 30% of individuals that had molted within the
36 hours (susceptible combinations: Kela 39-09 /
Cl n=5, Kela 18-10 / C19 n=13; resistant
combinations: Kela 39-09 / C19 n=6, Kela 18-10 /
C1 n=6), we checked for presence or absence of
parasite spores attached on the esophagus of the
exuviae under a fluorescence microscope (Leica
DM 2500) with RGB filter cubes (Leica, bandpass
filter excitation 420/30 nm; 495/15 nm; 570/20
nm - band pass filter suppression 465/20 nm;
530/30 nm; 640/40 nm).

Effect of molting on parasite infection

To test whether molting interferes with the
process of infection, we conducted two
independent experiments in which we exposed
196 (experiment 1) and 160 (experiment 2) D.
magna individuals from clone HO2 to P. ramosa
clone C19. HO2 is known to be susceptible to C19
[12]. We used 28 additional Daphnia as control
(non exposed). Individual D. magna juveniles, not
older than 3 days, were placed individually in 20
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mL ADaM with 20000 spores (juveniles molt
approximately every 36 hours at 20°C). Because
the experiment 1 revealed a short time window for
results to be observed, we conducted the
experiment 2 with a reduced duration for parasite
exposure from 12 (exp. 1) to 4 hours (exp. 2).
After the exposure, host individuals were
transferred to 80 mL of parasite-free medium. In
both experiments, each individual was checked
for molting every 4 hours, between 0 and 36 hours
after exposure to P. ramosa spores. After 36
hours, all individuals that had molted were kept
individually in 80 mL for 25 days during which
the medium was renewed weekly. After this
period the individuals were checked for infection
status. The design of experiment 2 was modified
based on the experience with of experiment 1.
First, in experiment 1, juveniles originated from a
mass culture, thus, their mothers were unknown.
In experiment 2, we took four juveniles per
individually-kept mother. Second, individuals
which molted during the exposure phase were
excluded. And finally, to reduce the possibility
that spores passing the gut are present in the
medium, we transferred all host animals a second
time, after one hour, into parasite-free medium.
We ended up with total sample sizes of 157 (exp.
1) and 98 (exp. 2) individuals. The number of
molting Daphnia for each 4 hour interval varies
between intervals, but was generally larger than
ten (see Figure 2).

To study the influence of the time between
exposure and molting on the probability that the
host became infected, we used a generalized linear
model [GLM; 16] with a binomial error
distribution, and logit link constructed as:
Infection status ~ Experiment * Time between
exposure and molting. “Infection status” is either
0 (uninfected) or 1 (infected), and ““*’* indicates
that the effects were tested of both main factors as
well as their interaction. The assumption on the
error distribution was checked by estimating
dispersion parameters in GLM. No significant
overdispersion was detected. For the experiment
2, we tested separately the effect of the mother by
taking “mother” as a random factor in a general
mixed model. As the factor “mother” did not
affect the outcome concerning the time period
between exposure and molting and its relationship



Figure 1: Exuviae (= shed cuticula) of D. magna exposed to P. ramosa. Pictures represent the same exuviae under light (a) and
fluorescent (b) stereomicroscopy. Picture (c) represents the magnification (x 200) of the esophageal region. Spores were found
attached to the esophagus part of the exuviae in 100% for susceptible hosts, but not in resistant hosts.

to the probability of infection, we present here the
simplest generalized linear model combining the
two experiments and excluding “mother” as
factor.

Molting as a passive defense against parasites

We investigated whether hosts exposed to P.
ramosa shed their cuticula earlier than those not
exposed. We used three Daphnia clones from very
distinct geographical regions (HO2, M10, and
Xinb3) and the P. ramosa clone C19. These
combinations are known to be compatible [12].
For each host clone, we used 50 pairs of offspring
, each taken from one clutch from a different
mother, and exposed one offspring to the parasite
and the other not (exposed to healthy Daphnia
homogenized in ADaM to control for the
exposure to Daphnia tissue). Individuals were
kept in 24-well plates and were checked for
molting every 2 hours during the 30 hours after
exposure. The total amount of replicates having
molted within the 30 hours for the clones HO2,
M10, and Xinb3 Daphnia were 43, 33 and 39
pairs respectively.
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Results

We wused different Daphnia genotypes and
protocols to test whether molting can help
reducing infection and whether it can be
manipulated by exposed hosts for that purpose.
We conclude that molting does get rid of attached
parasites (Figure 1) and reduces the likelihood of
infection (Figure 2), but it is not accelerated by
the exposure to parasites (Figure 3).

Parasite removal with molting

Because the cuticula of Daphnia esophagus is
shedded during molting, we hypothesized that
spores attached to this part might be in the
exuviae. Microscopic examination of the exuviae
of D. magna that had been exposed to parasites
revealed that the parasite was attached to the
cuticula of the esophagus in 100% of the
susceptible host individuals (n= 18, Figure 1) and
in 0% of the resistant ones (n=12).
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Effect of molting on parasite infection

Because attached P. ramosa might need time
before penetrating into the body, we hypothesized
that molting shortly after parasite exposure would
interfere with infection. Our data showed that if
the host molts within 12 hours after exposure, the
probability of infection is strongly reduced
(Figure 2). The time between exposure and
molting was a factor contributing significantly to
the likelihood of infection (GLM, n= 255, df=1,
deviance= 56.21, p< 0.0001), while its interaction
with the factor Experiment (GLM, n= 255, df=1,
deviance=3.59, p= 0.06) was not significant. The
two experiments did show consistent results
(GLM, n= 255, df= 1, deviance= 0.2, p=0.66,
Figure 2).

Molting as a passive defense against parasites

The time interval between parasite exposure and
host molting was not significantly different
between the three host clones (ANOVA, n=115,
df= 2, F=2.15, p=0.12). Thus, we tested whether
the exposed group molted before the non exposed
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group without taking host clone into account. We
found no significant difference in molt interval
between Daphnia exposed versus not exposed to
the parasite (Paired t-test, df= 114, t= -0.41,
p=0.68, Figure 3).

Discussion

Parasitic infections consist of a succession of
steps (e.g. encounter between host and parasite,
attachment of the parasite to the host, penetration
of the host body cavity, and proliferation within
the host) during which hosts and parasites can
interact in specific manners. The penetration into
the host body cavity is a key step for a successful
infection of endoparasites. Selection during this
step should lead parasites to evolve mechanisms
to rapidly cross the host skin/cuticula, and hosts to
evolve ways of reducing the likelihood of parasite
invasion. The shedding of the complete protective
layer that surrounds the body cavity is a crucial
feature in the life-cycle of several invertebrate
phyla (the Ecdysozoa) and some vertebrates of the
order of Squamata (snakes and lizards). It is
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generally assumed that molting during exposure to
parasites is costly because it increases the
probability = of  successful  infection to
endoparasites [2,10,17]. Here, we investigated
whether this shedding of the cuticula can be
beneficial for the host and play a role in parasite
resistance.

We show that host molting soon after
parasite exposure does rid hosts from parasites
attached to their cuticula (Figure 1) and reduces
the likelihood of successful infection (Figure 2).
To our knowledge, this is the first time that host
molting is reported to interfere directly with the
success of infection by a parasite. The attachment
of the bacterial parasite P. ramosa to the
esophagus of its D. magna host was described
before [12], but the mechanism the parasite uses
to cross the cuticula after the attachment is still
unknown. The strong increase in likelihood of
infection when hosts did not molted within the 12
hours following the parasite exposure (Figure 2)
suggests that it takes about 12 hours for the
parasite to penetrate into the host’s body cavity
and penetration has to occur before host molting.
At 20°C, the interval between Daphnia magna
molts is about 36 hours in juveniles and 3-4 days
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in adults [18]. Molting-related disposal of
parasites is therefore not trivial for parasites,
considering a constant exposure to the parasite,
about one third of all spores would be lost before
penetration in host juveniles, and 10 to 20% in
adults. Thus, it is likely that molting impose
selection on parasite to penetrate shortly after
being attached.

The probability of failure of parasite
infection due to host molting has important
implications for experiments with the Daphnia-
Pasteuria system, which has advanced to a major
system for studies of host-parasite evolutionary
ecology [19,20,21,22]. Putative variation in host
molting among experimental groups can lead to
increased noise, or even spurious results, in
infection rates. For example, poor resource intake
lengthens the intermolt period in Daphnia [18]
and would thus increase the likelihood of
infection. Furthermore, molting in cohorts of
exposed animals may be synchronized (e.g. in
groups of animals born in the same time) and thus
can cause systematic biases, rather than just
random noise. Our results suggest that, to
minimize these effects, experimental designs
should expose Daphnia to P. ramosa for longer
than 12 hours, the approximate time for the




parasite to penetrate into the host. Alternatively,
to reduce the chance of losing the spores with the
molt, it seems appropriate to expose Daphnia
several times to a smaller dose of parasite spores.

The protective role of molting is likely to be
relevant also in other host-parasite interactions.
One of these interactions might involve vector
borne disease agents who take advantage of the
adaptations of their bloodsucking vectors to cross
the skin of their host and to be transmitted. For
example, in the case of the etiological agents of
Lyme disease, Borrelia burgdorferi s.s., the
endoparasite needs that its tick vector is attached
for around 78 hours before being transmitted to its
mammalian hosts [23]. Many vector borne
zoonoses (e.g. mites transmitting haemogregarian
blood parasites, ticks transmitting Borrelia sp.)
parasitize snakes and lizards [24]. The here
discussed mechanism suggest that regular molting
of these vertebrates might have consequences for
their likelihood to become infected, especially
when the time before transmission takes several
days. If the host can shed its skin with the vector
before the transfer of the endoparasite, it might
explain in part the observation that lizards are less
good hosts for certain parasites than other
vertebrates [24].

Exposure to “micro-organism-enriched”
water has been shown to increase molting
intervals in other systems [10]. Therefore, timing
of molting can be plastic and, in our system where
molting shortly after exposure reduces the
likelihood of infection, it is likely that D. magna
exposed to P. ramosa accelerate molting cycles.
The results represented in Figure 3 suggest that
parasite exposure does not induce the shedding of
the cuticula. The induction of molting may be
physiologically constraint, either altogether or
within the limit of 12 hours during which molting
could help minimize infection. However, somatic
growth of crustaceans, thus molting cycles, is
known to depend on environmental conditions
[e.g. food, 25,and temperature, 26] and the
reaction norms are different between genotypes
[27]. In Daphnia-Pasteuria system as in many
others, environmental factors are known to affect
infection outcomes differently according to the
host genotype, the parasite genotype or their
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combination [28]. Our results suggest that host
molting, correlating strongly with somatic growth
in crustacean, may lead to an interaction between
parasite success, host clone and environment.

In summary, we confirmed the hypothesis
that when an Ecdysozoa host molts shortly after
parasite exposure, the parasite infection process is
compromised. Therefore, molting can be
advantageous to prevent parasite infections and
might select for higher parasite penetration speed.
It also shifts the cost-benefit calculation for
molting further in the direction of the benefits. We
showed that in our system this process is not
accelerated by the contact with the parasite.
However, it might be an issue for other organisms.
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CHAPTER 3

HOST SEXUAL DIMORPHISM AND PARASITE ADAPTATION
David Duneau, Dieter Ebert

Abstract

In species with separate sexes, parasite prevalence and disease expression is often different in the two host sexes. This
effect has mainly been attributed to differences in immune response and resource allocation between the two host sexes,
but other host sex differences, including morphological, physiological, and behavioral, may also contribute to these
observed patterns. Here we make the case for how properties of parasites themselves can also matter. Specifically, we
suggest that differences between host sexes can impose selection on parasites and might, therefore, contribute to
explaining host sex-biased disease prevalence and expression. We propose that host-sex driven selection on parasites
can lead to three different scenarios in terms of parasite evolution: 1) sex-specific adaptation leading to dimorphism in
the parasite population, 2) single sex-specialization of parasites, and 3) phenotypically plastic sex-specific expression of
parasite traits leading to sex-specific disease. Considering these possibilities will be a significant step forward in the
study of host-parasite interactions, with potentially great impact on epidemiological and biomedical studies.
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Introduction

In populations of sexual species, it is often
observed that parasite prevalence, disease
symptoms and virulence are different in males and
females [see review in 1, recent examples in
2,3,4,5]. This effect of host sex, recorded even in
humans, has mainly been attributed to differences
in immune response, hormones and resource
allocation between the two host sexes
[1,6,7,8,9,10,11], but other host sex differences
including morphological, physiological,
behavioral, dietary, and life history traits, may
also contribute to these observations. Here we
suggest that differences between host sexes can
impose selection on the parasite itself, which in
turn might contribute to variation in disease
prevalence and expression among males and
females.

We propose that host-sex driven selection
on the parasite can lead to three different
scenarios of parasite evolution: 1) sex-specific
adaptation leading to dimorphism in the parasite
population, 2) single sex-specialization of
parasites, and 3) phenotypically plastic sex-
specific expression of parasite traits leading to
sex-specific disease. We think that considering
these possibilities will contribute to understand
the commonly observed differences in the
distribution of infectious diseases among host
sexes. We begin by explaining three possible
evolutionary scenarios. Then, we discuss how host
demographic properties, notably host sex-ratio
and social structure, can influence the extent to
which the parasite evolves. Specifically,
differences between host sexes can affect the

likelihood and extent of transmission within and
among host sexes and determine how host sexes
represent different selective environments for the
parasites. We conclude by considering the
implications of host sex-specific adaptation for
studies for ecology and evolutionary biology but
also for applied subject such as biomedicine,
veterinary medicine, agriculture.

Host sexes and parasite evolution

Males and females are under divergent selection
resulting in sexual dimorphism in many traits
including morphology, physiology, life history,
and behavior. In fact, the most extreme
differences described within species are often
those between sexes and, typically, sex
differences explain most of the phenotypic
variation between adults in a sexual population.
Parasite populations are expected to be adapted to
the characteristics of their most common host type
[12]. Therefore, when a parasite population is
evolving mainly in one host sex, some of the host
sex-specific characteristics may be of relevance
for parasite adaptation (Table 1). Without
considering the host sex in which the parasite
primarily evolved, it is difficult to disentangle
whether sex-biased parasitism is due to host
and/or parasite characteristics. The hypothesis of
host sex specific parasite adaptation may be tested
in systems where hosts and parasites can be used
in experimental infections and where parasite
isolates can be obtained from both host sexes.
Such experiments have to our knowledge, never
been done, apparently because it is generally
assumed that sex-biased disease prevalence and
severity are only due to host properties.

Table 1: Examples of sexually dimorphic traits, which might influence parasite evolution.

Sexually dimorphic traits Implications for parasites

Examples

Sex specific tissue

- Parasite adaptation to the tissue only present in one host

Primary sexual traits.

sex. [e.g. ovarian parasites of fish, 49, and testicular parasites

of fish, 50]

Sex specific properties of tissue

sexes, 92]

- Parasite adaptation to the specific host properties of a tissue
existing in both host sexes. This may results in specific
parasite communities adapted to the sex specific properties
[e.g. different microbial community on hands of different

- Different skin properties [e.g. men sweating more than women, 93].
- Differences in diet with implication on digestive apparatus [e.qg.
American bison males eat relatively more C4 plants and females more
C3 plants, 40]

Sex specific need/metabolism

- Parasite adaptation to resources available in each sex.

- Males with wings and females wingless [e.g. Velvet ants, 94] might
have different physiology and different needs.

- Differences in diet for different needs [e.g. Male capucin monkeys
eating more animals than females, 41]
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Figure 1: Possible outcomes of experimental tests with parasites sampled and tested in male and female hosts. A)
Parasites either did not diverge (i.e., does not contain genotypes that fare better in one sex, so that the types sampled in
male and female hosts are the same on average) or express plastically the sex-specific adaptation for each sex according
to which sex they infect. There is no significant effect of parasite origin and host sex visible. B) Parasites did not
diverge, but one host sex is more suitable than another (here, female host, but it can be reversed). The parasite may be
adapted specifically to one sex. There is a “host sex” main effect. C) The parasite shows sex-specific performance and
parasite evolved sex specific dimorphism. A *“host sex” x “parasite origin” interaction is visible. The way parasite
performance is measured will depend on the system used and may include traits like infectivity, virulence, transmission

stage production, etc.

Experiments could be conducted by sampling
parasites from female and male hosts (“parasite
origin” in figure 1) and exposing them to
uninfected females and males (“host sex” in figure
1) in a factorial 2 x 2 experiment and score
parasite performance. Some outcomes of such an
experiment are shown in figure 1, which reveals
that breaking down parasite origin in combination
with host sex is the powerful way to reveal host
sex-specialization. An absence of a difference in
parasite performance (Figure 1A) may suggest an
absence of divergence between parasite
populations or that parasites evolved phenotypes
expressed plastically depending on the host sex
they infect. Figure 1B shows a difference among
host sexes and may indicate the specialization of
the parasite population to one host sex. An
interaction between “parasite origin” and “hosts
sex” (Figure 1C) would reveal parasite specific
adaptation to the two host sexes. Population
genetic methods using genetic marker analysis of
parasites collected from male and female hosts is
an alternative method to detect a dimorphism in
the parasite population, but does not allow
unambiguous conclusions. In the best case it
reveals that the parasite populations are to some
degree  subdivided into sex-specific  sub-
populations [13]. Below we elaborate three
possible scenarios of parasite adaptation to host-
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sex which we call “host sex-specific
dimorphism”, “single sex specialization” and
“plastic sex-specific disease expression”.

Host sex-specific dimorphism. Male and female
hosts may  represent two  sex-specific
environmental conditions to which lines of the
parasite may adapt specifically. An analogous
situation can occur in a geographical setting:
When resident genotypes in each environment
have on average a higher fitness in their local
environment than genotypes originating from
other environments, the population is said to be
locally adapted [14]. Local adaptation implies
antagonistic pleiotropy, whereby the selected
alleles have opposite effects on fitness in different
environments (trade-off in performance between
the environments) [15]. As a consequence, if the
two host sexes are viewed as two different
environments, this trade-off is expected to result
in parasite origin x host sex interactions for
parasite fitness (Figure 1C). In that context, the
evolution of parasite divergence in a sexual host
depends mainly on two parameters, the degree of
host sexual dimorphism (difference between
environments) and the likelihood to encounter the
opposite sex at each transmission event (Figure 2).
The later is conceptually the same as gene flow
between environments. In the scenario where
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respectively. The higher the degree of host sexual dimorphism and the lower the probability to encounter the same host
sex, the higher is the likelihood for a parasite to adapt specifically to its common host sex (panel A). When males and
females are very different from the parasite's point of view and the parasite encounters both sexes equally often (panel
B), the parasite might evolve phenotypic plasticity (e.g. Sacculina in crab). When one host is different from the other
and so rare, that a parasite cannot persist in it (e.g. males in a facultative sexual species like many rotifers, cladocerans,
and aphids) then the parasite species may specialize entirely on the common sex (panel C). When one host is very
different from the other in a trait important for the parasite (e.g. ovaries in sex changing fish) then, disregarding the rate
at which the opposite sex is encountered, the parasite may specialize entirely on the more suitable host (panel D).

parasite populations are structured by host sex, the
parasite populations may adapt to the conditions
specific to the host sex they encounter
predominantly. Thus, the parasite would evolve a
host sex-specific dimorphism (top left panel in
figure 2).

Single sex specialization. Two scenarios may
lead to the specialization on one host sex. In
extreme cases, one host sex may be so rare (e.g.
males in cyclically parthenogenetic species) that
the parasite rarely encounters them (bottom left
panel in figure 2). In such cases, the parasite may
specialize only on the host sex they encounter. In
this case, parasites sampled in the rare host would
be adapted to the common (opposite) host sex and
an experiment would not yield an effect of
“parasite origin” but of “host sex”. Parasites from
both origins will have a higher fitness in the
common host sex (Figure 1B). In another
scenario, the parasite adapts to a host trait that is
only found in one host sex. The parasite
populations may adapt only to this sex,
disregarding the likelihood of encountering the
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other (bottom right panel in figure 2). In this case,
parasites sampled in the host sex to which they are
not adapted would perform better in the opposite
host sex (Figure 1B).

Plastic  sex-specific  disease  expression.
Phenotypic plasticity, a property whereby the
same genotype translates into distinct phenotypes
depending on the environment, is a common way
for organisms to deal with fluctuating
environments [16]. Parasites having to face
distinct male and female host environments, might
have evolved plasticity in relation to those
environments and be able to express host sex-
specific traits accordingly. Following Scheiner
[17], the plastic expression of a trait is favored
when 1) environmental variability among
environments is high, 2) environments are equally
abundant, 3) the strength of selection is equal in
both environment, 4) the environmental cue
determining the phenotype is highly correlated
with the environment of selection, and 5) the cost
of plasticity, which is the cost of maintaining the




genetic and cellular machinery necessary to be
plastic, is compensated by its advantage. If these
conditions are met phenotypic plasticity is
expected to evolve (Figure 2B) otherwise a single
generalist phenotype will be favored. In case of
the evolution of a plastic response, parasites from
different origins will not have different fitness
when tested in the same sex environment (Figure
1A & B).

The conditions under which these three
scenarios may evolve differ strongly. Figure 2 is
an attempt to pinpoint conditions, which are likely
to play a crucial role for the evolution of sex-
specific parasite adaptation and lead either to
monomorphic parasite populations (red in figure
2) or to dimorphic parasite populations (blue in
figure 2). The two decisive variables are the
likelihood that a parasite is transmitted within,
rather than between sexes (x-axis in figure 2) and
the degree of sexual dimorphism of the host
trait(s) the parasite is exposed to (y-axis in figure
2). These two variables are discussed next.

Host population structure and parasite
transmission

The evolution of sex specific parasite adaptation
is affected by the likelihood of the parasites to be
transmitted within or among host sexes (Figure 2).
This likelihood depends strongly on the host
species and the ecological circumstances (Table
2). Here, we focus mainly on cases where the
likelihood of encountering a host of the opposite
sex is low. A low likelihood of intersex
transmission can result from very different
situations. Males and females are not always
equally abundant and, therefore, parasites might
be predominantly transmitting among the
common seX. Biased sex-ratios are often observed
in natural populations [18,19,20,21], and are even
an intrinsic characteristic of certain species, for
example the abundance of females in cyclically
parthenogenetic species (e.g. aphids, cladocera,
rotifers), and in many haplodiploid species such as
ants, bees, wasps and mites. Parasites infecting
social bees, wasps and ants will face mostly
female workers and will only rarely encounter
males. For bumble bees, it has been shown that
foraging female workers are more infected by
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tracheal mites than foraging males [22]. Female-
biased sex ratios can also result from sex-ratio
distorters such as Wolbachia bacteria, infecting at
least 20% of all insect species [23].

In species where sex ratios are unbiased,
social structures can lead to spatial segregation of
males and females and, consequently, of parasites
being associated with them. In many species,
males and females live in mixed social groups
only for limited periods of their life cycle. This is
the case for species with matriarchal social
organization, such as African elephants,
Loxodonta africana, where mature males leave
the group to be solitary or gather with other males
[24]. Sexual segregation is also common in groups
such as ungulates [25; Table 2], for example the
American bison, where bulls and cows are not in
contact for 11 months of the year [26]. This
segregation has been proposed to be related to a
strategy whereby females can avoid contact with
parasitized males [27], supporting our suggestion
that parasite populations may remain isolated
within a host sex.

Host sexual dimorphism and parasite
transmission

Sex-specific host traits may affect the rate at
which hosts of different sexes encounter parasites
and as a consequence the likelihood for parasites
to encounter both host sexes (Table 2). For
example, body size, which is often dimorphic, has
been suggested as part of the reason why parasites
in mammals more often infect the generally larger
males than females [28]. In many taxa, males are
larger than females [e.g. many birds, 29] but the
reverse is not rare in some groups [e.g. insects,
30] and can be extreme as is the case with dwarf
males  [31,32], potentially reversing or
exaggerating the pattern of infection bias observed
in mammals. Certain types of sex-biased
behaviors are also linked to an increased risk of
exposure to parasites. For example, in mice and
other mammals, male-specific sniffing of urine
and feces used to assess social hierarchy can
increase contact with pathogens [33,34]. In
domestic cats, the feline immunodeficiency virus
(FIV), a virus mainly transmitted via bites is twice



more prevalent in males because of the sex

differences in social behaviors. Males have a

Table 2: Examples of host sex differences, which might influence parasite evolution.

Host sex difference

Examples and their implications for parasites

Differences in visited areas.

- Male spadefoot toads spend many nights in water while females go only once for few
hours which results in males being the common hosts for aquatic parasites such
Pseudodiplorchis americanus [95].

- Cormorant males and females forage in different places which results in parasites of one
sex more likely to infect more this particular sex [36].

Differences in behavior increasing parasite encounter
risk.

Exposure

- Male of mammals sniff urine and feces for establishment of social hierarchy which
results in increasing the contact with pathogens [33,34] and male to male transmission.

- House finch males prefer contact with less aggressive males while females have no
preference which results in increasing the likelihood of infection between males when the
less aggressive males are more heavily infected [96].

Differences in host availability

- Biased sex-ratio in cyclically parthenogenetic species and in many haplodiploid species
such as ants, bees, wasps and mites may results in parasites more likely to infect only one
host sex.

Difference in social structures

- Spatial segregation of male and female hosts such as most ungulates which results in the
segregation of the parasite populations they carry.

Differences in host body size

- Males are larger than females (e.g. mandrills, elephants, sea lions). Male Bonellia
viridis (annelids) are drastically smaller than females (Agius et al. 1983) [see dwarf
males, 31].Strong sex size dimorphism increases the likelihood to encounter the larger
host sex [e.g. mammals, 28].

Differences in immunocompetence

Susceptibility

- Interaction between endocrine and immune system [44,45,46,47,48] which results in
males and females differing in ability to fight off parasites [43] and parasites having a
greater opportunity to spread within male hosts [e.g. twice for the striped plateau lizards,
48].

“Haploid-susceptibility hypothesis”

- In haplodiploid species, females are diploid, males are haploid. The “Haploid-
susceptibility hypothesis™ predicts that, the haploid males are more susceptible [97] and
might be the host type the most commonly successfully infected.

Differences in lifespan

Development

- Females living longer than males [e.g. male hymenoptera live for days, certain females
for years, 52, male marsupials of the species Antechinus sp. die shortly after the breeding
season, while females live for years, 53] which may result in more parasite generations
within same female host and a higher probability for female host to get infected during
their life time.

Differences in development

- In bees, Apis cerana, larvae development is longer in drones (males) compare to
workers. Varroa destructor mites have a developmental time matching those of drones.
Mites on worker host larvae cannot reproduce [63,64]. Varroa mites can actively choose
the drone brood cells [70].

higher propensity to bite each other [35]. Parasites
transmitted in this way will more often be
transmitted between male individuals. Conversely,
parasites associated with nests (e.g. fleas and
ticks) will encounter mature females or juveniles
(which, typically, have no pronounced sex
differences) more often than they will encounter
male hosts. Some sexually dimorphic behaviors
have been proposed to explain differences in
exposure to parasites (Table 2) including where
males and females forage [e.g. Cormorants, 36]
and what they eat [e.g. Fore people’s cannibalistic
practices, 37]. There are many examples of sex
differences in foraging [e.g. squirrel monkeys,
38,and blue-footed and brown boobies, 39], diet
[e.g. the American bison, 40,and capucin
monkeys, 41] and behavior [e.g. sex biased
dispersal, 42]. However, the effects of these
differences on the evolution of parasites and to the

likelihood of parasite adaptation to specific host
sex remains to be explored.

The likelihood of successful infection upon
exposure defines the host’s susceptibility to
parasites and can be different for males and
females. This susceptibility depends, among
others, on the suitability of the host for the
parasite to grow and the likelihood to overcome
the host immune system.  Differential
susceptibility due to host immunity has been
proposed many times in vertebrates and is
attributed to the interaction between endocrine
and immune systems [43]. Sex hormones also
regulate innate and acquired immunity [44,45],
and the interaction between testosterone and the
immune system presumably explains the higher
parasite susceptibility of male rodents [46,47] and
lizards [48]. The likelihood that a parasite can
infect a host depends also on host physiology and
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on the resources that the parasite can exploit. In
extreme cases where the parasite infects a primary
or secondary sexual trait [and fish ovary parasite,
49,e.g. fish testis parasite, 50], only one sex is a
suitable host. Upon infection, the host physiology
that the parasite will be confronted with can be
significantly different in males and females.
Males and females differ in the type and
concentrations of hormones and metabolites
(Table 1 and 2) such as body fat, which can be an
important resource for parasites. In insects, for
example, the females are larger [30] and often
have a higher proportion of body fat. Host body
size and nutrient composition may be important
for the growth of the parasite within the host
because space and nutrition are key components
of the host’s carrying capacity for the parasite
population. This will have an impact on the
number of generations a parasite can grow within
the same host individual in the same way that host
longevity will. Longer host lifespan can increase
the number of generations that the parasite will
have within it, which increases the likelihood of
parasite adaptation to its host’s characteristics
[51]. Sex differences in lifespan are quite common
and can be extreme [in some Hymenoptera,52; see
Table 2, e.g. marsupial from the genus
Antechinus, 53]. By affecting exposure and
susceptibility, differences between male and
female hosts in morphology and life history traits
can influence the likelihood that a parasite
encounters one or the other host sex and,
therefore, the probability that it evolves host sex-
specific adaptations (Figure 2).

Evidence for parasite sex-specific adaptation

The examples above suggest that male and female
hosts can  represent different  selective
environments, with distinct challenges but also
different opportunities for parasite growth. In
addition, parasites might not be equally likely to
encounter both sexes and may even be genetically
isolated within host sexes. As a consequence, the
scenario of the parasite forming two sub-
populations becoming adapted to the sexes they
infect the most appears reasonable. There are few
documented examples of parasite adaptation to
host sex, and to our knowledge no example of a
host sex-specific dimorphism has been described.
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This scarcity may be a consequence of the
absence of studies where this has been explicitly
investigated.

Recent examples of parasites actively
choosing to infect the sex they most commonly
encounter and, where they have the highest
fitness, make a strong case for single-sex
specialization of parasites. In nature, the
ectoparasitic mite Spinturnix andegavinus is
exposed mainly to female individuals of its host
bat Myotis daubentoni. Experimental studies have
shown that these mites are specialized on female
hosts. These mites are only capable of growing on
females (example as in figure 1B) and actively
choose females when given the choice [54]. Host
sex discrimination might be more widespread than
is commonly believed. In fact, active choice for
host species [i.e. crustaceans, 55, ticks, 56, fleas,
57, nematodes, 58, trematodes, 59,60], or host
individuals [61] has been documented for many
endo- and ectoparasites. In a context of sex-
specific parasite adaptation, the sense organs of
these organisms may evolve to discriminate
between host sexes.

The mite Varroa destructor, an ectoparasite
of bees and a great problem in apiculture,
provides an exciting example of the evolution of a
parasite specifically adapted to one host sex and
of mechanisms to select host individuals of the
suitable sex. This parasite has a life-cycle that
includes a phase on adult bees, when the parasite
spreads, and a phase on the developing host larvae
inside the brood cells, where it reproduces [62]. In
its original host, the Eastern honey bee Apis
cerana, the mite reproduces exclusively in the
presumptive drone (male bee) cells [63,64,65].
Mites carried into the brood cells by the adult
nursing workers will leave the adult to stay with
the presumptive drone larvae, but not those with
workers or queens (they are repelled by a
substance in the queen larva’s diet of royal jelly
[66]). Worker cells are typically much less
frequently visited by nursing workers [67], and
this might have been the original trigger of the
sex-bias in parasite infection. In the more recent
host Apis mellifera, where the parasite can
reproduce in both drone and worker larvae, the
difference in nurse care can partly explain that



drone cells are around 10 fold more infected than
worker cells [67,68]. We speculate that this host
species illustrates what was possibly the ancestral
situation in A. cerana. Then, the bee worker’s sex-
biased nursing behavior resulted in males being
the most common host for mite reproduction. In
the following mites may have become adapted to
the male environment. In A. cerana, the parasite is
specifically adapted to drone larvae life history
and physiology and no longer infects worker
larvae. The differences between worker and drone
larvae that are relevant here include differences in
hemolymph composition (reproducing mites
appear to need drone hemolymph for fertility
[65]), and development time (mites match the
developmental time of drones, but not of the faster
developing workers [69]). Once adapted for
reproduction on male larvae, Varroa evolved to
recognize drone chemical volatile signals and
actively choose to colonize drone brood cells for
reproduction [70].

Infection of the wrong host type can carry
high fitness costs for the parasite, for example, if
one specific aspect of the male or female
bauplan/anatomy is necessary for parasite growth
or transmission. For parasites commonly exposed
to both host sexes such cost might be
compensated by a plastic response. This is the
case for parasitic barnacles of the genus Sacculina
which infect and sterilize crabs [71]. The parasite
grows in the place where the eggs are generally
incubated (underside of the rear thorax), and
spreads when female hosts perform egg-laying
behavior. When these parasites infect male crabs,
they manipulate host traits, feminizing both their
morphology and behavior and as a consequence
can be transmitted. The details on the mechanism
of this feminization are not well understood,
however, if this barnacles secrete an endocrinal
hormone specifically in males as suggested in
[72], it would represent a phenotypically plastic
response to host sex (Figure 1A, 2B).

Bacteria from the large group of the
Rickettsia, e.g. Wolbachia [73] and sex-ratio
distorting Microsporidia [74] are well known and
widespread examples of vertically transmitted
parasites that are sex-specifically adapted. These
endosymbionts transmitted transovarially can
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infect male and female progeny and have specific
behaviors depending on the host sex they infect.
This is an example of phenotypically plastic
response to host sex (Figure 2B). Wolbachia may
induce feminization of genetically-male hosts,
specifically kills infected males to favor infected
female of a same brood, or induces a form of
cytoplasmic incompatibility [73]. In the last case,
it appears that Wolbachia in a male modifies the
sperm in such a way that paternal chromosomes
are destroyed in the zygote unless a Wolbachia,
genetically identical, in the egg cytoplasm “cures”
the modification. Wolbachia is extremely
widespread in insects and is a compelling
illustration of the importance of sex-specific
parasite adaptations. It is likely that many other
cytoplasmic  parasites  show  sex-specific
adaptations to increase their transmission.

Implications of parasite sex-specific
adaptation

Host sex-specific parasite divergence has
implications for both host and parasite populations
and for the dynamics of the interactions between
them. Between-sex differences can represent a
challenge for parasites, making it difficult to fully
adapt to both sexes in well mixed populations.

Host sex-adapted parasites can sometimes
encounter a high proportion of the host sex that
they are not adapted to. For example, in organisms
with cyclical parthenogenesis (e.g. Daphnia,
aphids, rotifers), males are rare most of the time
but common during a particular period of the year
and/or under certain environmental conditions.
Likewise, in many ungulates, males and females
live apart most of the time but come together
during the breeding season. During such periods,
sex-adapted parasites are faced with the less
suitable host sex. This can have evolutionary
consequences for the parasites: 1) a reduction or
elimination of sex-specific adaptations, when sex-
generalist parasites are favored over sex-adapted
parasites, 2) it may lead to selection of parasite
traits that allow discrimination between sexes to
avoid the wrong host type (e.g. active host
choice), or sex-manipulations (e.g. feminization of
male host). It may also lead to the expression of
disease symptoms apparently maladaptive for the



parasite, as they have been observed in some local
adaptation studies of host-parasite systems[75]. In
extreme situations, parasite populations adapted to
one or the other host sex might become isolated
from each other (dimorphic parasite population,
Figure 2A) and, eventually, lead to the
establishment of different parasite species, each
specialized on one host sex (monomorphic
parasite population, Figure 2C,D).

Parasite sex-specific adaptations and the
possibility for host sex-change may be exploited
by the host itself. For example, in the sequentially
hermaphroditic fish Thalassoma bifasciatum,
when the hosts are females they can be infected
with the parasite Kudoa ovivora, which is
specialized on exploiting only the host ovaries
(Figure 2D). Interestingly, when infected, the
hosts are able to change sex, removing the only
resource the parasite can exploit and bringing it to
a dead end [76]. Sex-specific adaptations of
parasites may also influence the evolution of other
host traits. For example, if more naturally
masculinized females produce fewer offspring but
are better able to resist parasites, a female-adapted
parasite might select for more masculinized
females. On the other hand, it could be argued that
very distinct sex characteristics represent more of
a challenge to parasites, and exaggerated female
versus male traits might be favored in the host
population. This type of argument might be
thought of as a selective advantage for the
evolution of sex dimorphism in hosts. Parasites
may spread less rapidly in species with two
distinct sex host-types than in species with only
one sex (asexual populations). This effect is
similar to the monoculture effect, whereby there is
more rapid parasite spread in monoclonal than the
genetically diverse host populations [77,78].

Parasite adaptation to host sex can have
important  implications ~ for  host-parasite
coevolution. We have argued how host sex can
drive parasite sex-specific adaptation when
parasite subpopulations evolve mainly in one host
sex. For the host, however, selection on one sex
only can be impaired by intra-locus sexual
conflict [79,80] when alleles that confer parasite
resistance or tolerance in the affected sex,
decrease fitness of the other sex. The expression
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of traits associated with parasite resistance may
thus become sex limited.

Host sex-specific adaptation of one parasite
might also lead to sex-specific adaptation of other,
associated parasites. This is the case, for example,
for endoparasites transmitted by host sex-biased
ectoparasitic vectors. The Varroa destructor
ectoparasite introduced above is a vector for a
number of viruses that infect its bee hosts [78,79].
Because the vector reproduces exclusively in male
bee larvae, the viruses will also more often infect
male larvae and be selected in that environment.

Host sex is a key factor in studies in
biomedicine and disease control. In humans, there
are well documented host-sex differences in
parasite prevalence and infection symptoms, as
well as prevention and treatment of infection. For
example, the immune system of men and women
was shown to react differently to vaccines [81].
This difference can be vaccine-strain specific [e.g.
men exhibited a higher antibody response than
women for yellow fever vaccines from two of
three different virus strains, 82]. While this is
undoubtedly related to intrinsic male versus
female differences, if parasites behave differently
in male versus female hosts, either because of
genetic divergence related to sex-adaptation or
because of phenotypic plasticity, then parasites in
females and males might not be targeted by the
same antibodies/drugs. Whatever the cause,
failure to immunize/cure one fraction of the host
population might create a reservoir for the
parasites, and immunizing/curing one or the other
sex can also have distinct effects on disease
prevalence. Studies on the yellow-necked mouse
showed that while treatment of male hosts
reduced parasite prevalence in both sexes,
treatment of females reduced parasite prevalence
only in females [83] A disproportionate
contribution of male yellow-necked mice to
parasite transmission has been confirmed even in
the absence of sex-biased infection [84]. Finally,
parasite sex-specific adaptation is a strong
argument that both sexes need to be included
equally in clinical trial, currently an important
concern in biomedicine [85,86,87,88,89].

Concluding remarks




Different types of host heterogeneity have been
demonstrated to affect the evolution of infectious
diseases [77,90,91]. Here we argue that host sex is
likely to be another important factor in parasite
evolution. Documented host sex differences in
parasite prevalence or effect [see 1] support the
idea that the probability that parasites spread
(within and between hosts) is not always
equivalent with regard to host sex. These
differences are generally attributed to intrinsic
characteristics of the host individuals [1,6,7,8,9].
Here, we argue that the observed sex biased
disease prevalence and/or severity might be due to
the host’s intrinsic heterogeneity but can also be
due to the parasite having adapted to infect and
grow in specific host sexes. Unequal host
susceptibility and sex-specific adaptation by the
parasite are not mutually exclusive explanations
for sex-biased prevalence, and, in fact, must work
together. The likelihood and extent of host-sex
adaptation depends on many factors. These
include characteristics of the host populations or
host individuals that determine how different the
male and female environments are, and how often
the parasite experiences them. We discussed
examples of each of these to illustrate how they
can impact parasite evolution and lead to the

divergence and specialization of parasite
populations in different host sexes. Parasite
characteristics,  particularly the mode of

transmission, will also have an impact on the
likelihood of divergence between parasite
populations in male and female hosts. Therefore,
transmission mechanisms will affect sex-specific
adaptation. For example, sexually-transmitted
parasites will typically have to deal with both host
sexes and are less likely to adapt to any sex
(represented by the left hand side of the x-axis in
the figure 2). Maternally transmitted parasites will
be more likely to be adapted to females. To
conclude, the sex bias of disease prevalence and
severity is of a major current concern in
parasitological studies, notably in medical trials
[85,86,87,88,89]. We propose that by taking the
possibility of host-sex-specific parasite adaptation
into account, we will gain a better understanding
of host-parasite dynamics and thus the possibility
of parasite control and more generally of sex
related disease expression.

48

Acknowledgments

We thank J. Andras, P. Beldade, L. Du Pasquier,
M. Hall, B. Lazzaro, P. Luijckx, C. Metzger, L.
Schérer and the infectious disease group of the
zoological institute of Basel for thoughtful
discussions and comments on the manuscript. We
also thank the three anonymous reviewers for
their  helpful comments to improve the
manuscript. This study was supported by the
Swiss National Science Foundation.

References

1. Zuk M, McKean KA (1996) Sex
differences in parasite infections:
Patterns and processes. International
Journal for Parasitology 26: 1009-
1023.

2. Dhangadamajhi G, Kar SK, Ranjit MR
(2009) High prevalence and gender
bias in distribution of Plasmodium
malariae infection in central east-
coast India. Tropical Biomedicine 26:
326-333.

3. Abu-Madi MA, Behnke JM, Prabhaker KS,
Al-lbrahim R, Lewis JW (2010)

Intestinal helminths of feral cat
populations from urban and suburban
districts ~of  Qatar.  Veterinary

Parasitology 168: 284-292.

4. Deviche P, Fokidis HB, Lerbour B, Greiner
E (2010) Blood parasitaemia in a high
latitude flexible breeder, the white-
winged crossbill, Loxia leucoptera:
contribution of seasonal relapse versus
new inoculations. Parasitology 137:
261-273.

5. Locklin JL, Vodopich DS (2010) Patterns
of gregarine parasitism in dragonflies:
host, habitat, and  seasonality.
Parasitology Research 107: 75-87.

6. Folstad I, Karter AJ (1992) Parasites, bright
males, and the immunocompetence
handicap. American Naturalist 139:
603-622.



7. Stoehr AM, Kokko H (2006) Sexual
dimorphism in immunocompetence:
What does life-history theory predict?
Behavioral Ecology 17: 751-756.

8. McKean KA, Nunney L (2005) Bateman's

principle and immunity:
Phenotypically plastic reproductive
strategies  predict  changes in

immunological  sex  differences.
Evolution 59: 1510-1517.

9. Rolff J (2002) Bateman's principle and
immunity. Proceedings of the Royal
Society of London Series B:
Biological Sciences 269: 867-872.

10. Zuk M, Stoehr AM (2010) Sex differences
in susceptibility to infection: an
evolutionary perspective. In: Klein
SL, Robert CW, editors. Sex
hormones and immunity to infection.
Berlin: Springer.

11. Schmid-Hempel P (2011) Evolutionary
parasitology: The integrated study of
infections, immunology, ecology, and
genetics. Oxford: Oxford university
press.

12. Lively CM (1989) Adaptation by a
parasitic ~ trematode to  local-
populations of its snail host. Evolution
43:1663-1671.

13. Caillaud D, Prugnolle F, Durand P,
Theron A, de Meeus T (2006) Host
sex and parasite genetic diversity.
Microbes and Infection 8: 2477-2483.

14. Williams GC (1966) Adaptation and
natural selection. Princeton: Princeton
University Press.

15. Kawecki TJ, Ebert D (2004) Conceptual
issues in local adaptation. Ecology
Letters 7: 1225-1241.

16. Beldade P, Mateus ARA, Keller RA
(2011) Evolution and molecular
mechanisms of adaptive
developmental plasticity. Molecular
Ecology 20: 1347-1363.

17.

18

19

20

21

22,

23.

24

25.

26.

217.

28

49

Scheiner

Werren

Meagher M

Ferrari

SM  (1993) Genetics and
evolution of phenotypic plasticity.
Annual Review of Ecology and
Systematics 24: 35-68.

. West SA (2009) Sex allocation. Princeton,

NJ, USA.: Princeton University Press.

. Hardy ICW (2002) Sex ratios: Concepts

and research methods. Cambridge:
Cambridge University Press.

. Hamilton WD (1967) Extraordinary sex-

ratio. Science 156: 477-488.

. Clutton-Brock TH, lason GR (1986) Sex

ratio variation in mammals. The
Quarterly Review of Biology 61: 339-
374.

Otterstatter MC, Whidden TL (2004)

Patterns of parasitism by tracheal
mites (Locustacarus buchneri) in
natural bumble bee populations.
Apidologie 35: 351-357.

JH, Windsor DM (2000)
Wolbachia infection frequencies in
insects: Evidence of a global
equilibrium? Proceedings of the Royal
Society of London Series B:
Biological Sciences 267: 1277-1285.

. Laursen L, Bekof M (1978) Loxodonta

africana. Mammalian Species 92: 8.

Main MB, Weckerly FW, Vernon CB

(1996)  Sexual  segregation in
Ungulates: New directions  for
research. Journal of Mammalogy 77:
449-461.

(1986) Bison bison.
Mammalian Species 226: 1-8.

N, Rosa R, Lanfranchi P,
Ruckstuhl KE (2010) Effect of sexual
segregation on host-parasite
interaction: Model simulation for
abomasal parasite dynamics in alpine
ibex (Capra ibex). International
Journal for Parasitology 40: 1285-
1293.

. Moore SL, Wilson K (2002) Parasites as a

viability cost of sexual selection in



29

30

31

32.

33.

34.

35.

36.

37.

natural populations of mammals.
Science 297: 2015-2018.

. Amadon D (1959) The significance of
sexual differences in size among birds.
Proceedings of the  American
Philosophical Society 103: 531-536.

. Teder T, Tammaru T (2005) Sexual size
dimorphism within species increases
with body size in insects. Oikos 108:
321-334.

. Vollrath F (1998) Dwarf males. Trends in
Ecology & Evolution 13: 159-163.
Darwin C (1851) A monograph of the
sub-class Cirripedia, with figures of
all the species, vol. | : The Lepadidae.

London: The Ray Society.

Baker DG (1998) Natural pathogens of
laboratory mice, rats, and rabbits and
their effects on research. Clinical
Microbiology Reviews 11: 231-266.

Litvinova EA, Goncharova EP, Zaydman
AM, Zenkova MA, Moshkin MP
(2010) Female scent signals enhance
the resistance of male mice to
influenza. PLoS ONE 5: €9473.

Bendinelli M, Pistello M, Lombardi S,
Poli A, Garzelli C, et al. (1995) Feline
immunodeficiency virus: an
interesting model for AIDS studies
and an important cat pathogen.
Clinical Microbiology Reviews 8: 87-
112.

Robinson SA, Forbes MR, Hebert CE,
McLauglin JD (2010) Male biased
parasitism in  cormorants  and
relationships with foraging ecology on
lake Erie, Canada. Waterbirds 33:
307-313.

Whitfield JT, Pako WH, Collinge J,
Alpers MP (2008) Mortuary rites of
the  South  Fore and  kuru.
Philosophical Transactions of the
Royal Society B: Biological Sciences
363: 3721-3724.

38

39

40.

41

42

43.

44,

45

46

50

. Boinski S (1988) Sex-differences in the
foraging behavior of squirrel monkeys
in a seasonal habitat. Behavioral
Ecology and Sociobiology 23: 177-
186.

. Weimerskirch H, Shaffer SA, Tremblay
Y, Costa DP, Gadenne H, et al. (2009)
Species- and sex-specific differences
in foraging behaviour and foraging
zones in blue-footed and brown
boobies in the Gulf of California.
Marine Ecology-Progress Series 391.:
267-278.

Post DM, Armbrust TS, Horne EA,
Goheen JR (2001) Sexual segregation
results in differences in content and
quality of Bison (Bos bison) diets.
Journal of Mammalogy 82: 407-413.

. Fragaszy DM, Boinski S (1995) Patterns
of individual diet choice and
efficiency of foraging in wedge-
capped capucin  monkey (Cebus
olivaceus). Journal of Comparative
Psychology 109: 339-348.

. Greenwood PJ (1980) Mating systems,
philopatry and dispersal in birds and

mammals. Animal Behaviour 28:
1140-1162.
Klein SL (2004) Hormonal and

immunological mechanisms mediating
sex differences in parasite infection.
Parasite Immunology 26: 247-264.

Beagley KW, Gockel CM (2003)
Regulation of innate and adaptive
immunity by the female sex hormones
oestradiol and progesterone. FEMS
Immunology & Medical Microbiology
38: 13-22.

. Grossman CJ (1985) Interactions between
the gonadal steroids and the immune
system. Science 227: 257-261.

. Yao GH, Liang J, Han XD, Hou YY
(2003) In vivo modulation of the
circulating lymphocyte subsets and



47

48.

49

50.

5l.

52

53

54,

55

monocytes by androgen. International
Immunopharmacology 3: 1853-1860.

. Rettew JA, Huet-Hudson YM, Marriott |
(2008) Testosterone reduces
macrophage expression in the mouse
of toll-like receptor 4, a trigger for
inflammation and innate immunity.
Biology of Reproduction 78: 432-437.

Cox RM, John-Alder HB (2007)
Increased mite parasitism as a cost of
testosterone in male striped plateau
lizards Sceloporus virgatus.
Functional Ecology 21: 327-334.

. Swearer SE, Robertson DR (1999) Life
history, pathology, and description of
Kudoa ovivora n. sp (Myxozoa,
Myxosporea): An ovarian parasite of
Caribbean labroid fishes. Journal of
Parasitology 85: 337-353.

Sitja-Bobadilla A, Alvarez-Pellitero P
(1990) Sphaerospora testicularis sp.
nov. (Myxosporea: Sphaerosporidae)
in wild and cultured sea bass,
Dicentrarchus labrax (L.), from the
Spanish Mediterranean area. Journal
of Fish Diseases 13: 193-203.

Edmunds GF, Alstad DN (1978)
Coevolution in insect herbivores and
conifers. Science 199: 941-945.

. Boomsma JJ, Baer B, Heinze J (2005) The
evolution of male traits in social
insects. Annual Review of
Entomology 50: 395-420.

. Lee AK, Cockburn A (1985) Evolutionary
ecology of marsupials. Cambridge:
Cambridge University Press.

Christe P, Glaizot O, Evanno G,
Bruyndonckx N, Devevey G, et al.
(2007) Host sex and ectoparasites
choice: preference for, and higher
survival on female hosts. Journal of
Animal Ecology 76: 703-710.

. Mikheev VN, Pasternak AF, Valtonen ET
(2004) Tuning host specificity during
the ontogeny of a fish ectoparasite:

51

56.

57,

58.

59.

60.

61.

62.

behavioural responses to host-induced
cues. Parasitology Research 92: 220-
224,

Osterkamp J, Wahl U, Schmalfuss G,
Haas W (1999) Host-odour
recognition in two tick species is
coded in a blend of vertebrate
volatiles. Journal of Comparative
Physiology a-Sensory Neural and
Behavioral Physiology 185: 59-67.

Krasnov BR, Khokhlova IS, Oguzoglu I,
Burdelova NV (2002) Host
discrimination by two desert fleas
using an odour cue. Animal Behaviour
64: 33-40.

Rae RG, Robertson JF, Wilson MJ (2009)
Chemoattraction and host preference
of the gastropod parasitic nematod
Phasmarhabditis hermaphrodita.
Journal of Parasitology 95: 517-526.

Hassan AHM, Haberl B, Hertel J, Haas W
(2003) Miracidia of an Egyptian strain
of Schistosoma mansoni differentiate
between sympatric snail species.
Journal of Parasitology 89: 1248-
1250.

Allan R, Rollinson D, Smith JE, Dunn
AM (2009) Host choice and
penetration by Schistosoma
haematobium miracidia. Journal of
Helminthology 83: 33-38.

Christe P, Giorgi MS, Vogel P, Arlettaz R
(2003) Differential species-specific
ectoparasitic mite intensities in two
intimately  coexisting sibling bat
species:  resource-mediated  host
attractiveness or parasite
specialization? Journal of Animal
Ecology 72: 866-872.

Rosenkranz P, Aumeier P, Ziegelmann B
(2010) Biology and control of Varroa
destructor. Journal of Invertebrate
Pathology 103: S96-S119.



63

. Anderson DL (2000) Variation in the

parasitic bee mite Varroa jacobsoni
Oud. Apidologie 31: 281-292.

64. Boot WJ, Tan NQ, Dien PC, Huan LV,

65.

66

67.

68.

69.

Dung NV, et al. (1997) Reproductive
success of Varroa jacobsoni in brood
of its original host, Apis cerana, in
comparison to that of its new host, A.
mellifera  (Hymenoptera:  Apidae).
Bulletin of Entomological Research
87:119-126.

Rath W (1999) Co-adaptation of Apis
cerana Fabr. and Varroa jacobsoni
Oud. Apidologie 30: 97-110.

. Nazzi F, Bortolomeazzi R, Della VVedova

G, Del Piccolo F, Annoscia D, et al.
(2009) Octanoic acid confers to royal
jelly  varroa-repellent  properties.
Naturwissenschaften 96: 309-314.

Calderone NW, Kuenen LPS (2003)
Differential tending of worker and
drone larvae of the honey bee, Apis
mellifera, during the 60 hours prior to
cell capping. Apidologie 34: 543-552.

Boot WJ, Schoenmaker J, Calis JNM,
Beetsma J (1995) Invasion of Varroa
jacobsoni into drone brood cells of the
honey bee, Apis mellifera. Apidologie
26:109-118.

Moritz RFA (1985) Heritability of the
postcapping stage in Apis mellifera
and its relation to varroatosis
resistance. Journal of Heredity 76:
267-270.

70. Leconte Y, Arnold G, Trouiller J, Masson

71

C, Chappe B, et al. (1989) Attraction
of the parasitic mite Varroa to the
drone larvae of honey bees by simple
aliphatic esters. Science 245: 638-639.

. Hoeg JT (1995) The biology and the life-

cycle of the rhizocephala (Cirripedia).
Journal of the Marine Biological
Association of the United Kingdom
75: 517-550.

52

72.

73

74,

75.

76

77.

78.

79.

80.

81.

82

Fisher FM (1963) Production of host
endocrine substances by parasites.
Annals of the New York Academy of
Sciences 113: 63-&.

. Werren JH, Baldo L, Clark ME (2008)

Wolbachia: master manipulators of
invertebrate biology. Nature Reviews
Microbiology 6: 741-751.

Dunn AM, Terry RS, Smith JE (2001)
Transovarial ~transmission in the
microsporidia. Advances in
Parasitology, Vol 48 48: 57-100.

Greischar MA, Koskella B (2007) A
synthesis of experimental work on
parasite local adaptation. Ecology
Letters 10: 418-434.

. Scharer L, Vizoso DB (2003) Earlier sex

change in infected individuals of the
protogynous reef fish Thalassoma
bifasciatum. Behavioral Ecology and
Sociobiology 55: 137-143.

Altermatt F, Ebert D (2008) Genetic
diversity of Daphnia  magna
populations enhances resistance to
parasites. Ecology Letters 11: 918-
928.

Lively CM (2010) The effect of host
genetic diversity on disease spread.
American Naturalist 175: E149-E152.

Rice WR, Chippindale AK (2002) The
evolution of hybrid infertility:
perpetual coevolution between gender-
specific and sexually antagonistic
genes. Genetica 116: 179-188.

Bonduriansky R, Chenoweth SF (2009)
Intralocus sexual conflict. Trends in
Ecology & Evolution 24: 280-288.

Cook IF (2008) Sexual dimorphism of
humoral immunity with human
vaccines. Vaccine 26: 3551-3555.

. Pfister M, Kursteiner O, Hilfiker H, Favre

D, Durrer P, et al. (2005)
Immunogenicity and safety of
BERNA-YF compared with two other
17D vyellow fever vaccines in a phase



3 clinical trial. American Journal of
Tropical Medicine and Hygiene 72:
339-346.

83. Ferrari N, Cattadori IM, Nespereira J,
Rizzoli A, Hudson PJ (2004) The role
of host sex in parasite dynamics: field
experiments on the yellow-necked
mouse Apodemus flavicollis. Ecology
Letters 7: 88-94.

84. Luong LT, Grear DA, Hudson PJ (2009)
Male hosts are responsible for the
transmission of a  trophically
transmitted parasite,
Pterygodermatites peromysci, to the
intermediate host in the absence of
sex-biased infection. International
Journal for Parasitology 39: 1263-
1268.

85. Sherman LA, Temple R, Merkatz RB
(1995) Women in clinical trials: An
FDA perspective. Science 269: 793-
795.

86. Kim AM, Tingen CM, Woodruff TK
(2010) Sex bias in trials and treatment
must end. Nature 465: 688-689.

. Baylis F (2010) Pregnant women deserve
better. Nature 465: 689-690.

88. Zucker I, Beery AK (2010) Males still
dominate animal studies. Nature 465:
690-690.

Meinert CL (1995) The inclusion of
women in clinical trials. Science 269:
795-796.

90. Hawkins BA, Thomas MB, Hochberg ME
(1993) Refuge theory and biological
control. Science 262: 1429-1432.

91. Ganz HH, Ebert D (2010) Benefits of host
genetic diversity for resistance to
infection depend on parasite diversity.
Ecology 91: 1263-1268.

92. Fierer N, Hamady M, Lauber CL, Knight
R (2008) The influence of sex,
handedness, and washing on the
diversity of hand surface bacteria.
Proceedings of the National Academy

8

~

89.

(o]

53

of Sciences of the United States of
America 105: 17994-179909.

93. Kaciuba-Uscilko H, Grucza R (2001)
Gender differences in
thermoregulation. Current Opinion in
Clinical Nutrition and Metabolic Care
4: 533-536.

94. Pilgrim EM, Pitts JP (2006) A molecular
method for associating the dimorphic
sexes of velvet ants (Hymenoptera :
Mutillidae). Journal of the Kansas
Entomological Society 79: 222-230.

95. Tinsley RC (1989) The effects of host sex
on transmission success. Parasitology
Today 5: 190-195.

96. Bouwman KM, Hawley DM (2010)
Sickness behaviour acting as an
evolutionary trap? Male house finches
preferentially feed near diseased
conspecifics. Biol Lett 6: 462-465.

97. O'Donnell S, Beshers SN (2004) The role
of male disease susceptibility in the
evolution of haplodiploid insect
societies. Proceedings of the Royal
Society of London Series B-Biological
Sciences 271: 979-983.



54



Chapitre 4

HOST SEX-SPECIFIC ADAPTATION OF A HORIZONTALLY TRANSMITTED
PARASITE

David Duneau, Pepijn Luijckx, Ludwig Ruder, Dieter Ebert

Abstract

Parasites are believed to adapt to the most common host type. We hypothesize that in host
populations with strongly biased sex-ratios, selection induced by differences between male and
female hosts could result in parasite adaptations specific to the common host sex. Here, we
investigate this hypothesis on a horizontally transmitted parasite of the cyclic parthenogenetic
host, Daphnia magna, with strongly female-biased sex-ratio. The parasite is known to castrate
female hosts which results in host gigantism, presumably by diverting resources from the
germline into host somatic growth. This is beneficial for the parasite because larger hosts have
higher carrying-capacity for parasite proliferation. Whether this also happens in male hosts is
unknown. In five complementary experiments, we exposed male and female Daphnia of different
genotypes to Pasteuria ramosa parasitic spores. First, we showed that the parasite infected female
hosts more successfully than male hosts, but not until host sexual dimorphism developed. Second,
we showed that the parasite had higher fitness (spore production) in female hosts. Third, we
established that some level of castration also occurs in infected males, indicating similarities in
the way male and female Daphnia are castrated by P. ramosa, but showed that male castration
does not result in gigantism. We showed that P. ramosa is able to castrate both female and male
D. magna hosts, but that this is associated with increased parasite fitness only in females. Thus,
we argue that castration is a parasite adaptation to exploit female hosts. Our findings support the
hypothesis that parasites might evolve sex-specific adaptations when one host sex is rare. The
occurrence of such adaptations is a novel finding with important implications for parasitology.
Parasite sex-specific adaptations can help understand observed host sex differences in the
distribution of infectious diseases and disease symptoms.
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Introduction

Males and females of the same species typically
differ in many traits, including morphology,
physiology, behavior and life-history. The key
difference is their distinct roles in the courtship and
reproduction. When cooperating in joint tasks, male
and female interests are rarely identical [1]. This
goes hand in hand with differences in gametes,
primary and secondary sexual characters, quality
and quantity of hormones secreted, but also with
behavior, somatic structures (e.g. D. melanogaster
brain [2]), immune response [3,4], and gene
expression [5]. Usually, the most striking
differences among members of the same species are
those between the sexes.

As parasites are commonly expected to be
better adapted to the most common host type [6], it
is reasonable to assume that parasites adapt to the
characteristics of one host sex if it encounters this
sex more often. In populations with strongly biased
host sex-ratios, the parasite encounters one host sex
more frequently than the other. We hypothesize that
host sex differences might be important in parasite
leading to parasite populations
specifically adapting to the characteristics of the
common. Such sex-specific adaptations of parasites

evolution,

may have implication for epidemiology, evolution
and biomedical research. Parasites adapted to one
sex might show features of maladaptation, e.g. sub-
optimal virulence or non adaptive symptoms in the
other sex.

This study had the aim to test whether a
parasite evolving mostly in one host sex shows sex-
specific adaptations. In populations of a cyclical
parthenogenetic host, the sex-ratio is typically
strongly female biased, either with long periods of
asexual reproduction without males being present,
followed by short periods of both sexes, or by
strongly female biased sex ratios throughout the
season. Cyclic parthenogenetic animals are found in
several taxa including insects, crustacean and
rotifers [7]. We hypothesize that due to the rarity of
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males, parasites specialize to exploit females. Using
the cyclical parthenogenetic Daphnia magna and its
bacterial pathogen Pasteuria ramosa, we tested the
hypothesis that the parasite is specifically adapted to
female hosts. Female and male D. magna hosts are
genetically identical (sex s
determined [8]) but adult males and females differ

environmentally

in size, morphology, physiology and, of course, in
their roles in reproduction. Natural populations of
the cyclic parthenogenetic host are strongly female
biased, potentially allowing parasites to adapt
specifically to female hosts. Infection success of the
Gram positive bacterium P. ramosa depends on
both  host genotype  [8]
susceptibility is explained by the specific
attachment of the parasite to the host esophagus
which is known not to be affected by the sex of the
host [9]. It is however likely that after successful

and parasite and

penetration into the host, the difference in male and
female environment has resulted in sex-specific
adaptations during the proliferation in haemocoel
and musculature [10].

The first aim of this study was to investigate
if, despite being genetically identical, the two host
sexes represented different environments for the
parasite. We recorded the differences between host
sexes in probability of infection, and in parasite
virulence, proliferation and fitness. The second aim
was to test if the typical symptoms described for P.
ramosa infecting D. magna reflect specific
adaptations to the female host. P. ramosa is adapted
to castrate female hosts, which induces the
reallocation of the resources usually spent in egg
production into the production of somatic tissues.
The adaptive value of host castration inducing
gigantism is the increase of the carrying capacity of
the parasite environment [12,13,14]. We studied
whether P. ramosa is able to castrate Daphnia
magna males, and if a reallocation of resources
spent in spermatozoa production would trigger male
host gigantism. The absence of male castration, or
the occurrence of male castration without induction



of gigantism, would suggest that female castration
and gigantism is a female-specific adaptation.

Materials and methods

Biological materials

We used different genotypes (clones) of Daphnia
magna  (details below) isolated from a
metapopulation in South-Western Finland. The
occurrence of Pasteuria ramosa is usually low in
this area [15] and the female hosts are not expected
to be particularly adapted to this parasite. Host
clones were kept in the laboratory in standardized
medium (ADaM) [16] at 20°C, and fed daily with
chemostat cultured unicellular green algae
Scenedesmus obliquus. The parasite used was the
Pasteuria ramosa clone C19 originally sampled
from an infected female of D. magna in a
population in Gaarzerfeld, Germany [9].

General methods

Infections were performed by placing individual
hosts either in 100-mL jars filled with 20 mL of
medium or in 24-well plates containing 1 mL of
medium and exposing them to the appropriate dose
of parasites. Spore suspensions used for exposure of
Daphnia to the parasite were obtained by
homogenizing infected D. magna and quantifying
the amount of spores by counting with a
haemocytometer (Neubauer improved) by phase
contrast microscopy (Leica DM 2500, magnification
400x). Controls received placebo infections by
exposure to a suspension of homogenized
uninfected Daphnia. For infections performed in
100-mL jars we filled up the jars to 80 mL medium
3 to 4 days after exposure and for those in well
plates we transferred all Daphnia individually to
jars containing 80 mL medium 48 hours after
exposure. Hereafter, medium and jars were changed
on a weekly basis unless otherwise mentioned.
Infection status at the end of experiments was
assessed by phase-contrast microscopy unless
otherwise mentioned and where appropriate the
number of spermatozoa and parasite spores was
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estimated by homogenizing the Daphnia individual
in 0.05 (for spermatozoa counting) and 0.5 mL (for
spore counting) of medium and counting a
this
haemocytometer (Neubauer improved). Individuals
that died within 14 days after exposure could not be

subsample  of suspension  using a

reliably checked for infection and were excluded
from analysis. Body length of Daphnia individuals
was measured from the top of the head to the basis
of the apical spine. An overview of the experiments
reported in this article is given in Table 1.

Likelihood of infection after exposure

We tested for a difference in infection rate between
female and male Daphnia hosts in two experiments
(Experiment No. 1 and 2 in Table 1). For a long
exposure (4 days in 20 mL + 7 days in 100 mL) we
used 30 females and 30 males of Daphnia clone
“SP1-2-3”, three-days-old, that placed
individually in jars (Experiment No. 1). We used
five different treatments: control, 5000, 12500,
31300, 78100 parasite spores per jar. Eleven days
after exposure, Daphnia were transferred to fresh

wWEre

medium and thereafter medium was changed every
week. After 21 days, we inspected all individuals
for the presence of infection (n=264). We also
performed short-exposure experiments with very
young animals to exclude that male and female
differences were already present during exposure.
This avoids a putative effect of difference (e.g. in
body size) on the likelihood of infection. For this
experiment we used seven D. magna clones: “Kela
08-107, “Kela 10-017, “Kela 12-06”, “Kela 18-117,
“Kela 20-13”, “Kela 28-08” and “Kela 39-01”
(Experiment No. 2 in Tablel). For each clone, 40
newborn (approximately one-day-old) of each sex
were exposed for 2 days to Pasteuria in 24-well
plates each (20 individuals to 5000 or to 20000
spores). As controls, we used 14 animals per clone
and sex. Dead individuals were recorded daily and
stored for later analysis. We stopped the experiment
120 days after exposure (when all infected and most
controls had died) and checked infection status of
every individual (n=582).



Table 1: Summary of the study

No. of the Experiments Age at Exposure Nr.of Nr.of  Total Parameters measured Results
3xperiments exposure duration  host parasite sample figure
(days) (days) clones  doses sizes
1 Likelihood of 3 11 1 5 264 - Infection rate - Fig. 1
infection with sex
dimorphism
during exposure
2 Host gigantism, 1 2 7 2 582 - Infection rate
parasite fitness - Survival - Fig. 2
and virulence - Spore amount at death (2 - Fig. 4
clones) - Fig. 5
- Body length 21 days post
exposure (2 clones)
3 Within host 1 2 1 1 142 - Spore numbers 20 and 27 days - Fig. 3a
parasite post exposure
proliferation - Body length 20 and 27 days - Fig. 3b
post exposure (for spore density)
4 Host gigantism 3 11 3 1 184 - Body length 21 days post - Fig. 5
exposure
5 Male castration 1 2 1 1 230 - Spermatozoa counting 13 to - Fig. 6

26 days post exposure

Gigantism, parasite fitness and virulence

To test for parasite sex-specific adaptation we
determined parasite fitness (= spore production), the
ability of our P. ramosa clone to induce gigantism
and the reduction of host lifespan in female and
male hosts. For a survival analysis we used data
collected on seven Daphnia clones during the short-
exposure experiment whereby we excluded six
female controls still alive after 120 days. We
measured body length at day 21 post exposure and
counted the number of spores at death in two of the
seven host clones (Experiment No. 2 in Tablel,
“Kela 08-10” and “Kela 20-13").

We tested for parasite induced gigantism in
an additional experiment. Three-day-old males and
females from three D. magna clones (Experiment
No. 4 in Tablel, “Xinb3”, “SP1-2-3”, “XFa6”) were
exposed to 30000 spores of P. ramosa for 11 days.
We used 25 replicates and 13 controls for each
treatment combination. post
exposure, we measured the body length of all
individuals still alive (n=184) and recorded their
infection status.

Twenty-one days
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Parasite proliferation

To test for differences in the rate of within-host
proliferation between the host sexes, we counted
spores in two groups stopped at two different times.
Newborn (1 day old) Daphnia (Experiment No. 3 in
Tablel, clone “SP1-2-3”) where exposed to 20000
spores in a 24-well plate for 2 days. We quantified
the amount of parasite spores in host 20 days
(female, n= 37; male, n= 29) and 27 days (female,
n= 40; male, n= 36) post exposure. Infecting
newborn hosts reduces to a large extend
physiological and morphological (notably body
size) differences between sexes at the time of
exposure. We calculated the difference in spore
number counted at day 20 and 27 post exposure, and
the spore density for each individual by dividing the
amount of spores by the host body volume at the
respective sampling day (body volume =0.2418 x
body length*** [17]).

Spermatozoa counting

We estimated the number of spermatozoa of males
of age 13 days (approximate age at sexual maturity)
to 26 days. We exposed one-day-old males D.



magna (Experiment No. 5 in Tablel, “SP1-2-3”),
individually in 20 mL, either to 100000 spores
(expected to result in 100% infection rates) of P.
ramosa or to a placebo suspension (control). To
obtain spermatozoa, we exposed males to 50 uL of
2.5% nicotine for 15 min in the dark. Nicotine
stimulates muscle contractions and therefore is an
efficient way to make Daphnia release mature
spermatozoa. Spermatozoa counts were estimate in
infected (n=120) and uninfected (control, n=110)
individuals at 13, 16, 19, 22, 24, 26 days after
exposure. Each animal was only used for one
estimate.

Statistical analysis

To compare the proportion of P. ramosa infection
between sexes, we used a generalized linear model
(=GLM) [18] with a binomial error distribution, and
logit link (long-exposure, n= 264, 1 host clones, 1
parasite clone “C19” (Experiment No. 1 in Tablel),
short-exposure, n=582, 7 host clones, 1 parasite
clone “C19” (Experiment No. 2 in Tablel)).
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Figure 1: Proportion of infected male and female hosts
when exposed to parasite when sexes are dimorphic.
(long-exposure time; 11 days). The infection rate
increased with the dose in both sexes and is always
higher in females D. magna than in males. Numbers of
replicates are given on top of each bar.
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Assumptions on the error distribution were checked
by estimating dispersion parameters in GLM; no
significant overdispersion was detected. To study
the impact of Pasteuria on female and male
Daphnia survival (Experiment No. 2 in Tablel), we
used the log-rank test (package “Survival” in the
software R [18]). The estimation of the impact of
the parasite on the host lifespan for each sex was
estimated by the difference in median survival
between the infected and uninfected Daphnia within
each sex. To test for the difference of parasite spore
production in male and female hosts, we used non-
parametric tests (Experiment No. 2 and 4 in
Tablel). For the other tests, we considered
parametric assumptions, checked normality and
homoscedasticity of residuals, and transformed data
when appropriated.

Results & Discussion

Higher rates of infection in female

We investigated whether male and female hosts are
equally infected by the parasite when exposed to the
same dose. Our results show that P. ramosa has
higher infection rates in females when three-days-
old individuals of both sexes, were exposed to the
parasite for 11 days (Linear mixed model,
Experiment No. 1 in Tablel, factor Sex, df= 1,
deviance= 27.4, p< 0.00001, Figure 1). The
infection rate increased with the dose (factor Dose,
df= 3, deviance= 34.9, p< 0.00001, Figure 1) and
the sex difference was not different across doses
(interaction Sex x Doses, df= 1, deviance= 1.35, p=
0.45, Figure 1). However, when we exposed one-
day-old hosts for a short period (48 hours) we did
not observe a difference in the proportion of
infected females and males (Linear mixed model,
Experiment No. 2 in Tablel, factor Sex, df= 1,
deviance= 1.6, p= 0.21). Differences in morphology
and physiology between male and female Daphnia
seem small in very young Daphnia, with sexual
dimorphism developing from the third instar
onwards. For example, within the first three days of
life there is no size difference (data not shown).
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Figure 2: Survival of male and female hosts either
uninfected (solid lines) or infected (dotted lines).
Uninfected D. magna live about twice longer than
infected ones. P. ramosa reduces the lifespan (difference
in medians between infected and uninfected) of the
females as much as of the male Daphnia.

Daphnia passively capture P. ramosa spores from
the water by filter feeding and larger animals have
higher filtration rates. Thus, as females grow faster
and to larger size they may take up more spores
with the food than males. Although the effect of
body size on the probability of P. ramosa infection
is only correlational, the bias in parasites exposure
due to sex size dimorphism has been already
proposed to explain a part of the sex bias in
infection [19]. Such
difference in sex-specific encounter may lead to

rates in other animals
sex-specific parasite adaptations, as parasites might
find itself and evolve more in the larger female than
in male hosts even when the sex ratio is not biased.
In Daphnia body size differences were also used to
explain the general trend, that larger host species

have more parasites [20,21].
Higher fitness in female hosts

We monitored lifespan of infected and control male
and female Daphnia hosts (Experiment No. 2).
There was no significant difference in premature
mortality (before 14 days post exposure) between
male and female hosts and between host clones
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exposed to parasite (Two-way ANOVA
[log(number of dead individuals before 14 days post
exposure)]: Host clone, df=10, F=2.5, p=0.08, Sex,
df=1, F=1.41, p=0.26,). Uninfected Daphnia of both
sexes lived longer than their infected counterparts
(for females, Log-rank test: n= 274, df= 1, y>= 125,
p< 0.00001; for males, Log-rank test: n= 300, y>=
230, df= 1, p< 0.00001, Figure 2). The costs of
being infected appear to be the same in male and
female hosts (Figure 2), with the median lifespan
being reduced by about 50 % in both sexes.
However, infected female D. magna lived about 1.5
times longer (median) than infected males (Figure
2). This difference alone is expected to influence the
number of parasite cell divisions within the same
host individual, and consequently, can increase the
chance of the parasite adapting to females [22]. Sex
differences in lifespan are quite common and can be
extreme [in some Hymenoptera, 23,e.g. marsupial
"mice" from the genus Antechinus, 24] and is
expected to increase the likelihood of parasite sex-
specific adaptation (Duneau and Ebert, submitted).

The parasite density was higher in females
than in males, which suggests that female hosts
tolerate the parasite better than males (Fig. 3B).
Spore counts at 20 and 27 days post exposure were
also higher in females (Figure 3A). This suggests
that the rate of spore production in females was
higher than in male in the first 20 days post
exposure. As all animals were exposed to the
parasite before sex differentiation took place, this
difference is unlikely to be caused by differences in
the number of spores being ingested by male and
female hosts. Thus, we interpret these results as
evidence for faster parasite proliferation in female
than in male hosts during the parasite’s exponential
proliferation phase. During the later phase however,
the differences in proliferation disappears (between
the 20" and the 27" day post exposure) (Two-way
ANOVA [log( spore number)]: n= 142; factor Sex
df=1, F= 289.37, p<0.00001; factor Day df= 1, F=
31.96, p<0.00001; interaction Sex x Day df=l,
F=1.62, p=0.2, Figure 3A). At host death, females
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released more spores than males reflecting a higher
parasite fitness in the female environment
(Experiment No. 2, Clone “Kela-08-10"; Kruskal-
Wallis rank test, n= 49, df= 1, y >= 6.2, p= 0.01;
Clone “Kela-20-13”, Kruskal-Wallis rank test, n=
46, df= 1, y = 32.1, p <0.00001, Figure 4). Thus,
taken together, higher parasite fitness in the female
environment may be explained by a combination of
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Figure 4: Number of spores at death in male and
female hosts. P. ramosa has a higher fitness in female
than in male in both Daphnia clones “Kela 08-10”, “Kela
20-13”. Error bars are 95% confidence intervals.
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the longer female lifespan (Figure 2), the higher
spore production rate in the first 20 days of
infection, and the larger female body size, which
was shown to increase the carrying capacity up to
which the parasite is able to produce spores [13].

Host gigantism

Female Daphnia are not only larger in general, they
were also reported to exhibit gigantism, i.e.
enhanced body growth, upon infection with P.
ramosa. Parasite-induced host gigantism has been
observed in diverse taxa, including mollusc,
crustacean, vertebrate, and plant hosts and bacterial,
fungal, and helminth parasites [25,26,27,28,29]. In
the Daphnia-Pasteuria system, gigantism has been
proposed as a parasite adaptation to increase the
parasite’s lifetime reproductive success and, per se,
the number of spores produced until host death
[13]. Following this argument Pasteuria may be
adapted to induce female gigantism to increase its
carrying capacity. This may reduce the cost of rapid
exploitation in the host. Here we tested the
hypothesis that P. ramosa is adapted to induce
gigantism in females but not in males. In two

independent experiments, infected females were
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larger than the uninfected females, confirming that
gigantism is induced by Pasteuria in female hosts
(Table 2, Figure 5). In contrast, the body size of the
infected and of the uninfected male Daphnia were
not significantly different (Table 2, Figure 5). This
shows that Pasteuria, or at least the clone we
worked with, is only able to increase the body size
of female hosts. As a consequence of the absence of
gigantism in males, the parasite density increased in

males during parasite proliferation (Welch’s t-test:
df= 61.67, t=-3.23, p=0.002; Figure 3B), but did
hardly so in females (Welch’s t-test: df= 59, 03, t=-
0.29, p=0.77; Figure 3B). The rate at which parasite
density increases is expected to correlate negatively
with host lifespan, as it correlates negatively with
the amount of host resources per unit of volume
depleted by the parasite.

Table 2: Summary of differences in body length between infected and uninfected female and male hosts. Based on t-
test, the parasite induced gigantism only in female hosts. The results for females remain significant (p < 0.01) when
corrected for multiple testing. The means of body length are represented in the figure 5.

Daphnia clone Sex N t-ratio P-value
Female 42 5.24 < 0.0001
P Kela 08-10 Male 38 -1.62 0.95
=2
g. Female 45 3.71 < 0.0001
= Kela 20-13 Male 34 1.34% 0.21
Female 27 453 < 0.0001
Xfab Male 27 0.95 0.35
<
g . Female 27 473 < 0.0001
= Xinb3 Male 27 0.7 0.49
x
“ Female 27 3.74 <0.0001
SP-1-2-3 Male 37 0.08 0.53

* Result obtained with a “Welch’s t-test” to control for unequal variances.
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Figure 6: Spermatozoa counting in uninfected (left) and infected (right) hosts. The counting was performed over the
period where most of adult infected male Daphnia are expected to survive. Infected males have fewer spermatozoa than the
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Castration, a sex-specific adaptation of the parasite
to induce host gigantism

The mechanism by which Pasteuria induces
gigantism is still unknown. Yet, previous studies
proposed that gigantism of female hosts is a
consequence of castration [12], including in our
system [13]. The idea is that the resources that the
host does not invest in germinal tissues are invested
in somatic growth. We tested if the absence of
gigantism in male host individuals was correlated
with an absence of castration. All adult males were
found to have spermatozoa, but infected males had
significantly (linear regression
controlling for variance due to the Sampling day;
Infection status, df = 1, F=25.2, p<0.001, Figure 6).
The presence of spermatozoa in infected male is
possibly related to the fact that an important part of
production  happens
development [30], and it might have taken place
before the parasite gained control over the host.
Spermatozoa increased with age for

lower counts

spermatozoa early in

counts

uninfected individuals (linear regression with
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quadratic term, (Sampling day)"2, df= 1, F= 10.35,
p=0.001 and Sampling day, df=1, F=3.39, p=0.07,
Figure 6A), but not for infected individuals (linear
regression, Sampling day, df=1, F=0.05, p=0.82,
Figure 6B). The absence of male gigantism despite
the reduced investment in sperm cells is possibly
related to the considerably lower investment in
spermatozoa production in males compared to egg
production in females. While female fitness depends
largely on the quality and the quantity of eggs, male
fitness depends on a trade-off between expenditure
on ejaculate and expenditure on obtaining matings
[31,p. 7 in 32]. While the castration of female hosts
allows re-allocation of significant amounts of
resources to somatic tissues (and may, thus, lead to
gigantism), that of males has apparently no
consequence for body size. Thus, gigantism seems
to be a parasite adaptation selected for its effect on
females but not males. In order to divert resources
to male somatic growth, the parasite might gain
more from reducing male activity (e.g. searching
mates).




Conclusion

We provide evidence consistent with our hypothesis
that P. ramosa is specifically adapted to female
hosts. The biased host sex-ratio associated with a
strong sexual dimorphism may drive parasite
specialization and lead to female-specific
adaptations in the Pasteuria — Daphnia system. The
adaptations may be neutral or even costly in the rare
males. In our system the parasite has higher fitness
in female host and host castration induces gigantism
only in females. Sex-specific parasite adaptations
have been observed in a few other systems (e.g.
Wolbachia and Sacculina) but these adaptations are
not explained with positive frequency dependent
selection. To our knowledge, Pasteuria may be the
first example of a parasite evolving specifically to
the more common host sex. We also show genetic
differences between male and female hosts do not
explain parasite adaptation, but rather physiological
differences among the sexes.
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CHAPTER 5

PRIMING OF A SHORT LIVED CRUSTACEAN WITH ITS NATURAL PARASITE DOES NOT
VACCINATEIT

David Duneau, Dieter Ebert, Louis Du Pasquier

Abstract

The potential higher resistance upon a second exposure to a parasite is the principle of vaccinations and has
been intensively studied in both, vertebrate and invertebrate organisms. The likelihood for short lived
organisms to encounter several times the same parasites being generally low, the existence of such an
immune memory is currently debated. Previous studies were criticized because they were based on
phenomena such as advantages in term of survival and reproductive capacity of challenged hosts, rather than
on immunological criteria. Moreover most of experiments used non natural parasites. However, a specific
memory in invertebrates that do not generate the repertoire of pathogen receptor somatically is expected to
be selected in the germline across generations to resist against natural parasites. It could be less efficient
against non natural parasites. Here, we investigated the possibility of vaccination of a short lived crustacean
(Daphnia magna) by its natural bacterial parasite (Pasteuria ramosa) by recording the capacity of the host to
reduce the parasite success. Using clonal hosts and parasites we tested whether a first exposure of the host to
its parasite (“priming”), followed by clearing of the parasite with antibiotic, gives an advantage to the host
after a challenge with the same parasite. Our approach included three experimental treatments: homologous
challenge (first exposure and challenge with the same parasite clone), heterologous challenge (first exposure
and challenge with distinct parasite clones), and naive hosts (exposure of a host not previously exposed to
any parasite). The experiment was replicated twice independently with two different host clones. The
probability of host infection was not significantly different between treatments and parasite proliferation was
similar between infected and control hosts. We conclude that there is neither memory nor better protection
following a challenge in our system. We discuss the predictability of our results based on the lifespan of our
organism and on the use of a natural parasite in such study.
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Introduction and rationale of the experiments

Higher resistance upon a second exposure to a
parasite (challenge) is the land mark of many
immune responses. In vertebrates, this is due to
anamnestic typical specific “memory” based on
lymphocyte proliferation. In other phyla, the
phenomenon has been observed in some cases
[1,2,3,4,5], but its specificity and its nature remain
mysterious, not to say controversial [6,7,8]. The
mechanisms behind this apparent vertebrate / non
vertebrate analogy could imply different types of
phenomenon with different implications: 1) a
“long lasting response” (i.e. an initiated response
which persists and is still ongoing at the moment
of a second exposure), 2) a “leftover effectors” of
a unique response (i.e. the activity of long lived
effector molecules produced during a first
response) and/or 3) a true memory (i.e. a second
initiation of a response with transcription of
immune factors and/or of a proliferation of
specific cell populations). The presence of
specificity and memory in the immune system of
arthropods, sponges, echinoderms, and cnidarians,
has been intensively studied. Prior studies
investigated specificity and memory of the
immune system by studying the recognition of

graft either from the same individual (i.e.
autograft, referenced as control in each
experiment involving transplantations), from

different individuals of the same species [i.e.
allograft, 9,10,11], or from different species [i.e.
xenograft, 12]. More recently, studies investigated
the effect of the priming by parasites. However,
the read out of these previous studies
demonstrating memory in invertebrate organisms
has been often criticized [7,8]. The conclusions on
the existence of specific memory and the implicit
analogy with the acquired response of vertebrates
was blamed because they were based on
phenomena such as advantages in term of survival
and reproductive capacity of challenged hosts
rather than immunological criteria.

The use of natural parasites is a crucial
issue although neglected in previous studies. In
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invertebrate organisms, the specific memory is
expected to be based on a repertoire of molecules
of recognition belonging to the innate immune
system and, therefore, selected across generations
to resist against natural parasites, unlike the
acquired immune system of vertebrates whose
somatically generated repertoire can in principle
react with any pathogenic determinant. Thus, non
natural parasites may not be (or poorly)
recognized by the host repertoire of molecules of
recognition. In addition, because natural parasites
evolve with their host, they had the opportunity to
develop adaptations to avoid to be recognized by
the immune system.

Lifespan and social structures of organisms
have impact on their likelihood to be exposed
several times to the same parasite over time.
These aspects are important to predict host
adaptations and their specificity to recognize
parasites. Among the most convincing studies
using immunological parameters, the models are
either long-lived [2] or eusocial insects [3], but
investigations in short-lived organisms remain to
be done with appropriate parameters and
conditions.

Understanding better the mechanisms of
immunity in non-vertebrate organisms would
represent an advance in evolutionary biology but
it could also have interesting economical
consequences.  Considering  the  economic
importance of aquaculture, especially in
crustaceans, and the constraints of high intensity
cultivation, the understanding and controlling of
the memory of the immune response is indeed
crucial for developing vaccines. Therefore, it is
capital to confirm (or infirm) and extend the
earlier findings with more precision, i.e. with a
better read out (immunity and/or parasite
parameters), with natural parasites and under
genetically defined conditions. Here, we propose
to use the host crustacean Daphnia magna that
live maximum 3 months under laboratory
conditions and its natural parasite Pasteuria
ramosa to investigate whether a parasite priming
vaccinate the host.
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Figure 1: Experimental design to test for the effect of priming. P1 and P2 represent the exposure to either P. ramosa
clone C1 or C19. “Antibiotic” is the treatment with Tetracycline. “ADaM” is the artificial Daphnia culture medium.
Except the “Antibiotic only” treatment, the entire design is applied twice with P1 and P2 exchanged, and again doubled

for use of two host clones.

In the crustacean Daphnia magna, it has
been reported that offspring have a higher fitness
when challenged with the same genotype cocktail
of the parasites Pasteuria ramosa that their
mothers than when they are challenged with a
different cocktail [13]. This result suggested that
adult Daphnia magna are able to develop specific
memory and transfer it to their offspring.
However, the participation of bona fide immunity
in the process has never been tested. It is known
that D. magna and P. ramosa coevolve in nature
[14] and that their interaction is host genotype -
parasite genotype specific due to the attachment
of the bacteria to the host esophagus [15,16].
However, nothing is known about the specificity
of the putative immunity. In fact this system is
very suitable to test the hypothesis of specific
memory in short lived crustaceans with a natural
parasite.

Results and discussion

We tested twice independently whether a first
exposure of Daphnia to a parasite clone
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(“priming™), followed by clearing with antibiotic,
gives an advantage to the host after a challenge
with the same parasite clone. Our approach
included  three  experimental  treatments:
homologous challenge (first exposure and
challenge with the same parasite clone), challenge
(first exposure and challenge with distinct parasite
clones), and naive hosts (exposure of a host not
previously exposed to any parasite).

Table 1: Infection records among the seven control
treatments in the two experiments.

Exposure sequence*  Infected/Total
Cl@ 14/14
C19.9 15/15
Clab 0/14
C19.ab 0/15
@.C1 11/13
@.C19 9/14

@.ab 0/15

CLo 14/14
C19.9 15/15
Clab 0/13
C19.ab 0/13
@.C1 7114
2.C19 4/15

@.ab 0/14

Control group

early infection

Host clone: cured

HO2

late infection

antibiotic only

early infection

Host clone: cured

Kela20-13

late infection

antibiotic only

* 15 exposure.2™ exposure. “@” means no parasite
exposure. “C1” and “C19” are the parasite clones. “ab”

means antibiotic.




Table 2: Infection records among the experimental treatment groups in the two experiments.

Host clone: HO2

Host clone: Kela 20-13

Exposure sequence* C1.C1 C19.C19|C1.C19 C19.C1| @¥.C1 @.C19|C1.C1 C19.C19|C1.C19 C19.C1| ¥.C1 @.C19
Infected/Total 17/29 10/31 | 14/31 11/31 |13/31 12/31 | 20/34 14/32 | 18/33 13/32 | 12/25 9/29
Treatment Homologous Heterologous Naive Homologous Heterologous Naive
Percent infected 45 40 40 51 48 39

Logistic regression

df=2 deviance=0.4 p=0.82

df=2 deviance=1.22 p=0.55

* 1% exposure.2™ exposure. “@” means no parasite exposure. “C1” and “C19” are the parasite clones.

Contrary to previous studies on the immune
system in invertebrates which involved injections
of non-natural parasites [3,4] or cocktail of
parasites [13], we exposed hosts, by the natural
way (passive ingestion during filter feeding),
using two distinct natural parasite clones. Because
the immune system is an adaptation to stop
infection and, upon infection, to limit parasite
proliferation, we investigated the possible
advantage of priming by evaluating the resistance
to infection (proportion of infected individuals)
and the reduction of parasite proliferation (number
of spores). A difference between naive and non-
naive exposures would reveal the increase in
resistance due to the challenge. A difference
between homologous and heterologous challenges
would reveal specificity in relation to parasite
genotype. A number of control treatments were
included to make sure that each of the steps in the
experimental procedure (early exposure, antibiotic
cure, and late exposure) was effective. Figure 1

treatments. We used 36 individually-kept Daphnia
for each of the experimental treatments and 15 for
each of the control treatments.

Assessment of the infection rates in the
control treatments shows that all the steps of the
experimental procedure were successful: early
exposure to parasites resulted in 100% infected
Daphnia, and exposure to antibiotic resulted in
100% cured Daphnia (Table 1). For both host
clones, there was no difference in the likelihood
of infection between the three experimental
treatments (Table 2), and no difference in the
number of bacterial spores within infected hosts
(Figure 2, ANCOVA, for host HO2, df= 2, F=
0.29, p= 0.75; for host Kela-20-13: df= 2, F= 0.05,
p= 0.95, Figure 3). These results show that there is
no memory in the immune response of Daphnia
magna exposed previously to Pasteuria ramosa.

illustrates all the experimental and control
6+ a Hostclone: HO2 1b Hostclone: Kela 20-13
@ 54 -
c
i)
S 4.090 4.16°
o 4 T T 4.120 ]
o 3.83¢ 3.820 3.970
5 .
=3 1
& 3 i
o
IS
o
T2 |
o
@
Qo
E
2 1 .
0+ (n=26) (n=24) (n=25) — (n=24) (n=25) (n=14)
T T T T T T
Homologous Heterologous Naive Homologous Heterologous Naive

Figure 2: Number of P. ramosa spores after Homologous, Heterologous or Naive treatment. Error bars represent 95%
confidence intervals. Number of replicates per group is indicated between brackets.




The absence of difference in infection
outcomes between naive and non-naive exposures
reveals that the host is not more resistant when he
already experienced the antigens. It is obvious that
if the host is not able to “memorize” an exposure,
no specificity can be expected as revealed by the
absence of difference between the homologous
and heterologous challenges. It is unlikely that our
design failed twice to detect the differences. All
control treatments revealed that every step of the
experiment went as expected (Table 1). In
addition, the complete overlaps of the rather small
95% confidence intervals show the robustness of
the results (Figure 2). An inhibition of the
immune system by the antibiotic treatment seems
also unlikely as the groups “Naive” and “Late
infection” did not significantly differ in infection
rate (Logistic regression, Host df= 1, Deviance =
3.52, p= 0.06; Antibiotic or not df= 1 Deviance=
3.38, p=0.07, Table 1 and 2).

An immune response, in whichever
organism, requires time. The Kinetics of the
response (initiation, unfolding, down regulation)
may extend over weeks or even months in many
species. The word “memory” is used only when
the second response is initiated after the down
regulation of the primary response [17].
Organisms living several years would probably
profit from a specific memory functionally
analogous to that of vertebrates because the
likelihood to encounter the same parasite after a
whole cycle of immune response is higher. Very
promising models of long lifespan insects and
crustaceans may reveal mechanisms of specific
advantages of priming or of maternal challenges
(e.g. cockroach and mealworm beetle, shrimps).
However, it is possible that in many species,
whose lifespan (say a few days or weeks) is
shorter than the lifespan (say a month or two or
more) of an average immune response, there will
be no opportunity for such a “true memory
response”. Therefore, the absence of specific
memory is not surprising in short lived organisms
such as Daphnia. A better protection (specific or
not) following a second exposure might still be
possible 1) because the first response is ongoing at
the metabolic/cellular level (i.e. “long lasting
response”) or 2) because the effector molecules
produced during the active phase of the response
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are long-lived (i.e. “leftover effectors”). In our
experiment the time spent in the antibiotic and in
“sterile” medium (12 days) was long enough to
allow a comeback at the pre-challenge level of the
immune system.

Parasites can often avoid host immune
responses using a variety of strategies. Among
such strategies one finds the mimicking the host
“self” or the suppression the immune response.
This can be direct suppression via the production
of effectors targeting the immune effectors or
indirect suppression via the disturbance of the
host (neuro)hormones [reviewed in 18] regulatory
networks. It is likely that P. ramosa uses such
strategy to avoid Daphnia immune system.
Chemical manipulation by P. ramosa has already
been suggested to explain host castration [19].
Such secretion might interfere with the gamete
production by disturbing the host hormones [20]
and such a disturbance may have pleiotropic
effects on the immune system [21]. Our treatment
with Tetracycline stops bacterial growth by
interfering with protein translation without killing
bacteria [22]. Since no spores were found after the
antibiotic control treatment (Table 2), Daphnia is
able to eliminate the bacteria by means that
remain to be elucidated. The arrest of protein
synthesis by the bacteria correlated with the
clearance of the bacteria, suggesting that the host
is able to clear P. ramosa when inactive. This
support the hypothesis that active P. ramosa is
able to manipulate or avoid the host immune
system. Such strategy would not be completely
surprising as the avoidance of the host immune
system is well known in a closely related bacteria
species, Bacillus anthracis. This bacterium has the
ability to produce antrax toxins, a non poisonous
parasite-produced molecules, that are finely tuned
to disarm the host’s immune response repertoire
[23]. The identification of proteins responsible for
both the castration and the eventual immune
system alteration in P. ramosa will have to be the
focus of future studies.

In summary, testing within one generation,
our results show that there is neither memory nor
better protection following a challenge in the short
lived crustacean Daphnia magna against the
natural bacterial pathogen P. ramosa. The



previous finding of an advantage of maternal
priming, measured at the level of offspring, could
be due to other factors than the transfer of specific
immune factors.

We believe that the question whether the
advantage of priming is an analogy of the memory
as in vertebrates or a long lasting response needs
to be investigated in non vertebrate organisms
with a long lifespan looking at the presence of one
or two immune activations after two challenges by
a natural parasite.

Experimental procedures

Our experiments were designed to answer the
question of whether prior parasite exposure

change resistance against a  challenge.
Additionally we tested whether resistance can be
specific, in other words, whether a prior

homologous exposure (i.e. challenged with the
same parasite clone) is different as compared to a
prior heterologous exposure (i.e. challenged with
a different parasite clone). Three experimental
treatments were designed in relation to which
parasites the two Daphnia clones were exposed
to:  “Homologous” (Figure 1, HOMOL)),
“Heterologous” (Figure 1, HETEROL.), and
“Naive” (Figure 1, NAIVE). We exposed each of
two Daphnia magna clones (isofemale lines HO2
from Hungary, and Kela-20-13 from Finland) to
each of two Pasteuria ramosa clones (C1 from
Russia and C19 from Germany) identified as
having different genotypes [24]. Offspring of 36
female D. magna raised under the same
conditions, but singly in a jar, were divided over
the 13 groups of the experiment (one offspring per
group). Therefore, individuals within a group have
a different mother and groups are identical among
each other. Each experimental group consists in
36 individuals each, while each of the seven
control groups consists in 15 replicates. During
the experiment, D. magna was kept in
standardized medium (ADaM) (Klittgen et al.
1994; modified after Ebert et al. 1998) at 20°C,
and fed daily with chemostat cultured unicellular
algae, Scenedesmus obliquus. We provided 2.5
million algae cells daily per individual for the first
three days, 3 million daily for the next four days,
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and 5 million daily afterwards. The presence of
infection was detected visually. The amount of
spores per infected Daphnia was assessed using a
Thoma counting chamber under a phase contrast
microscope (Leica DM 2500, at magnification
400 x).

We exposed each of the 36 one-to-three-
days-old individuals, to 50 000 spores of the same
clone of P. ramosa. Each Daphnia was exposed
separately to the pathogen (one Daphnia in 20 mL
of water). Furthermore, 36 individuals were kept
not exposed at that age (Figure 1, Experimental
treatments). We used 15 additional individuals per
parasite clone as controls for the infection
treatment (Figure 1, “Early”). These controls were
inspected for infection 22 days after exposure.
Seven days after the first exposure, we treated
Daphnia with a solution of Tetracycline
(antibiotic) in 80 mL ADaM at 10 mg/l to Kill the
parasite from the first infection. Daphnia were
treated during seven days and, because this
antibiotic is sensitive to the light, the solution was
changed every other day. Fifteen other individuals
per parasite clones were used to test whether the
Tetracycline cured the hosts properly from the
first infection (Figure 1, “Cured”). Animals of this
treatment were inspected at the end of the
experiment to be sure that the parasite did not
proliferate after removing antibiotic. We tested for
the impact of the antibiotic on Daphnia survival
with 15 additional Daphnia (Figure 1, “Antibiotic
only™). In order to reduce the probability that the
antibiotic will not be active during the second
exposure, we kept Daphnia during five days in
antibiotic free medium. A second parasite
exposure was done with 5 000 spores of the same
clone of P. ramosa which was used for the first
infection. These spores came from the same P.
ramosa stock used for the first exposure. Because
the Daphnia were larger than during the first
exposure, the second exposure took place in 40
mL medium. Twenty days after the challenge, we
checked for infection and counted the amount of
spores per infected individuals. We tested for the
success of the second exposure with 15 additional
individuals which were kept in ADAM as all other
individuals (Figure 1, “Late™).



In order to study the specificity of a
potential memory effect, 36 Daphnia individuals
were challenged with a different P. ramosa clone
in the first and in the second exposure
(“Heterologous” treatments, Figure 1). This
experimental design was carried out reciprocally
with two P. ramosa clones. The entire experiment
was repeated with a second host clone.

Statistical analysis

All statistics were performed in R [25]. In each
replicated experiment, to test whether the three
experimental  treatment groups differ in
probability of being infected after the second
exposure to the parasite, we conducted a logistic
regression. We used a generalized linear model
(GLM) with a quasibinomial error distribution and
logit link. Assumption on the error distribution
was checked by estimating dispersion parameters
in GLM; and the slight overdispersion recorded
with a binomial error distribution were corrected
by using a quasibinomial distribution. In the
model, we included as factors the clone of the
parasite used in the second exposure (Parasite
clone: C1 and C19) and the treatment (Treatment:
Homologous, Heterologous, Naive).

In each replicated experiment, we tested
whether the three treatments differ in the
proliferation of the parasite, we did an ANCOVA
for each experiment. The number of spores was
“log-transformed”, we included as factors the
clone of the parasite used in the second exposure
(Parasite clone: C1 and C19) and the treatment
(Treatment: Homologous, Heterologous, Naive).
Normality and homoscedasticity of the residuals
were checked. All control treatments produced the
expected results. They were not included in the
analysis.
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Chapter 6

Summary, conclusions and perspectives

Host-parasite interactions are composed of a
sequence of steps, all necessary for successful
infection: parasites need to encounter their hosts,
to enter into their bodies, and to proliferate within
them. Selection will act on the mechanisms used
in each of the steps; the parasite being selected to
increase their efficiency, and the host selected to
reduce it. | have proposed, and shown, that
explicitly analyzing the factors that influence each
of the steps and their impact on host and parasite
fitness is of crucial importance for a complete
understanding of host-parasite interactions. In my
Ph.D. research work, | identified markers of
different steps of the interaction between the host
crustacean Daphnia magna and its natural
bacterial parasite Pasteuria ramosa, and
investigated factors influencing different steps, as
well as the contribution of each of them to
shaping the interaction between the two species.

| established that the infection of Daphnia
magna by Pasteuria ramosa could be decomposed
in at least five sequential steps (Chapter 1): 1) the
encounter between the host and the parasite, 2) the
activation of the parasite transmissible, resting
stage, which happens once it contacts the host, 3)
the attachment of the parasite to the host cuticula,
4) the penetration of the parasite into the host
body cavity, and 5) the proliferation of the
parasite within the host. The factors affecting the
likelihood of encounter between host and parasite
had been investigated before, in a study that
revealed that there is a host genetic component,
and polymorphism for the ability of the host to
avoid encountering the parasite [1]. Resolving the
interaction into its different steps and focusing on
steps affect the encounter allowed me to see that:
i) different steps are under the influence of
different factors (Chapter 1), ii) the traits
underlying some steps, but not all, do not seem to
be polymorphic (Chapter 1), iii) the parasite
genotype specificity of the success of the
attachment step can explain the genotype
specificity of the host susceptibility (Chapter 1),
iv) the speed with which the parasite penetrates
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the host body after attachment is crucial for the
parasite success (Chapter 2), v) the molting,
usually seen as a cost against parasite, can be
beneficial to reduce the likelihood of infection, vi)
once in the host body, the parasite will adapt to
the environment that is characteristic of the most
common host sex, here female characteristic
(Chapters 3 and 4), vii) the success of
proliferation of P. ramosa inside D. magna hosts
is not influenced by previous host exposure to that
same parasite (Chapter 5). All in all, 1 show that
considering each of the steps explicitly provides
new light into the mechanisms and selective
pressures on hosts and their parasites. Each of the
two interacting parties will, indeed, be under more
or less strong selection to maximize their success
at each of the steps. Below | will elaborate on this
idea in relation to my specific findings and the
research perspectives they open.

Thanks to a new method | developed, | was
able to follow fluorescently labeled P. ramosa
parasites from the moment they encounter the host
to the moment they penetrates into its body cavity
[2]. | showed that activation of the parasite
endospore, the resting stage which is also the
transmissible stage, correlates with a clear
alteration of parasite morphology (Figure 1 in
Chapter 1), and occurs regardless of host
genotype, sex and species (Table 1, 2 and 3 in
Chapter 1). These results suggest that the
activation cue, i.e. whatever signal that the
parasite might be detecting in the host after
encounter, is phylogenetically conserved. Parasite
activation occurs in the Daphnia phyllopods, the
apparatus used to swim and collect food, which
are covered by a mucus, presumably used to catch
and degrade particles in suspension. | speculate
that the activation is triggered by a very conserved
molecule of the digestion of crustaceans.
Whatever the molecular trigger, the apparent
absence of polymorphism for this step (i.e. lack of
differences between host individuals in whether
they do, or do not, activate parasites upon
encounter) implies that activation can be ruled out



as a major factor in the coevolution of hosts and
parasites. Such non polymorphic steps in disease
establishment can, however, be valuable targets
for vaccine and drug development.

Once the activated parasite crosses the
Daphnia mouth, it attaches specifically to the host
esophagus. | showed that the success of this
attachment correlates perfectly with the possibility
of infection of a host genotype by a certain
parasite genotype. The simple “attachment-test” |
developed can rapidly and effectively detect
whether parasites of different genotypes attach to
whatever host (Duneau et al. 2011, Chapter 1) and
has become the standard method in the Ebert
Group to rapidly screen many D. magna
genotypes for susceptibility to different P. ramosa
genotypes in both, field and laboratory
experiments (many unpublished studies). Parasite
clones attaching to the esophagus do not attach
anywhere else on the host cuticula. The reason for
this specificity is still unknown, and further
investigations on the specific properties of the
esophagus are needed. Indeed, nothing is known
about the actual mechanism of attachment of P.
ramosa to the esophagus wall of D. magna.
Because the passage of the water through the D.
magna esophagus is very quick, and the bolus of
food is constantly touching the attached parasites,
it seems that the attachment should happen
quickly and be strong. The strength with which
the parasite attaches to the host is a trait for which
there will likely be variation in the parasite
population. | speculate that each microfiber of the
parasite (Figure 1E in Chapter 1) carries specific
receptors (one or several) able to recognize and
bind to specific receptors on the host esophagus,
and that the total number of specific receptors on
the bacteria is responsible for the efficiency of the
attachment to a susceptible host. Thus, the
investment in the number of microfibers might be
crucial for the success of the attachment but might
also limit investment in other traits (e.g. for traits
required for penetration). In addition, the range of
host genotypes a bacterium can attach to may
depend on the diversity of receptors at its surface.
Therefore, there might also be a trade-off between
being able to attach strongly to a few host
genotypes (i.e. specialist strategy) and being able
to attach poorly to many host genotypes (i.e.

76

generalist strategy). The selected strategy might
be driven by host genotypic diversity in natural
populations. In a monomorphic host population,
the parasite with few kinds of
microfibers/receptors but with great specificity to
the common host genotype should be selected. On
the other hand, in polymorphic host populations,
parasites with microfibers of different kinds, even
if less efficient to attach to any one specific host
genotype, might be selected. Such a trade-off
should be the focus of future studies.

The penetration of the parasite into the host
body is a step which has never really been
characterized in the D. magna-P. ramosa system.
One available picture of the penetration of the
congeneric P. penetrans, a parasite of root-knot
nematodes, shows a tube connecting the bacterial
spore and the host insides [3]. This observation,
however, has not been repeated and it remains
uncertain to what extent that tube is not some sort

of an  histological artifact from sample
preparation. Hopefully, ongoing research on this
species  within  the platform  "Pasteuria

Bioscience” (Alachua, USA) will clarify this
(Liesbeth M. Schmidt, personal communication).
Based on the morphology of the activated spores
(Figure 1 in Chapter 1), | propose one hypothesis
about the mechanism whereby P. ramosa
penetrates into the body cavity of the host D.
magna. Activated parasite endospores have a
sombrero-like shape, with a central part which
protects the cortex (i.e. the part containing the
genetic material). The external parasporal fibers
are the structure that actually attach to the host
cuticula. Unlike the central part of the parasite
spore, its parasporal fibers are covered with a
dense layer of microfibers which are involved in
the attachment to the host (Figure 1 in Chapter 1).
When a bacterium attaches itself onto the host
epithelium, the next step is to digest the host
cuticula and transfer the cortex into the host body.
For this, the central microfiber-free area might
secrete enzymes, like chitinase, that digest the
host cuticula and allow the penetration of the
parasite cortex into the host, without digesting the
cuticula where the microfibers are attached to. |
have shown data suggesting that penetration takes
about 12 hours to occur (see Chapter 2). The
mechanisms that determine how long it takes for a



parasite to cross the host epithelium, whatever
they are, are presumably under strong selection.
Parasites able to do it faster will have an
advantage if that reduces the chances of them
being removed from the place of attachment
before penetrating the host body where they can
proliferate.

The periodic shedding of the cuticula, a
process called molting, is characteristic of
arthropods. | showed that such molting rids D.
magna hosts of the attached P. ramosa parasites,
and reduces the probability of infection, if it
occurs before the parasite penetrates the cuticula
into the host body cavity (Chapter 2). The ability
to molt soon after parasite attachment could, thus,
be advantageous for D. magna. Because it has
been shown that parasites are associated to
changes in timing of host molting in other
systems, | tested whether D. magna individuals
could speed their own molting when exposed to
the virulent natural parasite P. ramosa. This
seems not to be the case, at least for the host
genotypes tested and in the condition the
experiment was done. There are many reasons
why this ability might not have been selected for
in D. magna, including ideas about developmental
constraints and about possible, counter-acting
selective pressures. In Daphnia, molting is tightly
connected to development and growth (in
juveniles), and to reproduction (in adults when
egg laying depends on molting). So, it is possible
that there are plentiful constraints on changing the
timing of such a crucial process. On the other
hand, it is also possible that molting in the
presence of parasites might be selected against.
This would be the case if during molting
individuals are somehow more vulnerable to
infection by the parasites still in the medium.
Even if parasite-induced reduction of the interval
between molting events was not observed for D.
magna exposed to P. ramosa, | believe this
remains an exciting possibility, which might be
effective in other host-parasite systems.

Once P. ramosa penetrates into the body
cavity of its host, it proliferates in the host’s
hemolymph and musculature [4 and histological
data not shown]. At the proliferation step,
parasites presumably adapt to maximize the
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effective use the resources of their most common
host type. My work on infection across Daphnia
species revealed that P. ramosa sampled from D.
magna is able to proliferate inside Daphnia
dolichocephala (Chapter 1). However,
proliferation of P. ramosa from D. magna has
been recorded only in this other Daphnia that is a
non natural host species, and is phylogenetically
closely related to D. magna. Further investigations
in collaboration with Pepijn Luickjx showed that
even though P. ramosa is able to attach to
different Daphnia species, it actually does not
proliferate in most of them. We showed that
parasites isolated either from D. longispina or D.
magna were able to proliferate only in their
original host species, and not in any of the others
species tested (Luickjx et al. in preparation).
Thus, it seems that P. ramosa parasites infecting
different species will probably never co-occur in
the same host individual, where chances for
exchange of genetic material are potentially
higher. Because of this, our results suggest that P.
ramosa might be a complex of species, each on
one host species, rather than a unique species.
Resolving the steps of the infection process
allowed us to reveal that the ancient
polymorphism for the trait involved in the step of
attachment may allow a host shift. It also revealed
that adaptation to proliferate in a particular host
type (i.e. species) might have isolated parasite
populations in different host species and resulted
in parasite speciation.

As | have argued in chapter 3, adaptation
for proliferation in particular host conditions can
also take place at the level of intra-specific
differences in the host population. The largest
differences between two host individuals of the
same  population are  generally  those
distinguishing males and females. | have proposed
and elaborated on an argument of why parasites,
even if horizontally transmitted, can be
specifically adapted to one host sex (Chapter 3),
and tested this idea empirically for the D. magna-
P. ramosa species pair (Chapter 4). In nature,
female D. magna are generally much more
abundant than males. Consequently, P. ramosa
sampled in D. magna should have evolved mostly
in female hosts. This makes this interaction a very
suitable model to test the existence of specific



parasite adaptations to the most common host sex.
One of the major adaptations of P. ramosa in D.
magna is its ability to increase the host
individual’s carrying capacity for parasite
proliferation (via a significant increase in host
body size, called gigantism). This gigantism, well
documented to happen in infected females,
happens via their castration. Presumably, the
resources that the castrated host individuals do not
invest in reproduction are used for growth [5]. |
investigated whether P. ramosa was able to
induce gigantism, via castration, also in male
hosts. | found that while castration does occur in
both infected male and female D. magna, it
induces gigantism in females but not in males
(Chapter 4). This suggests that the ability to
induce host gigantism is a parasite adaptation
tuned for proliferation in female, but not male,
hosts. To my knowledge, this is the first explicit
demonstration that, as | hypothesized in Chapter
3, horizontally transmitted parasites can be
specifically adapted to hosts of one sex.

I also found that, exposed under certain
conditions, female Daphnia tend to be more often
infected by P. ramosa than males (Chapter 4).
These data were collected from experiments
where relatively old D. magna males and females
were being exposed to the parasite. At these ages,
we expect males and females to differ in many
traits, body size being one of the most obvious
(Figure 2 in Introduction of the thesis). The larger
bodies of females are probably associated to
higher water filtration rates and, consequently, to
higher exposure to the parasite spores in
suspension. D. magna males are also generally
more reddish than females, a color that may be
attributed to a difference either in hemoglobin or
in carotenoid concentration. In 2008, | started a
collaboration with Dr. Stephane Cornet (Dijon,
France) to investigate whether male and female D.
magna differ in carotenoid concentration. The role
of carotenoids as antioxidants and
immunostimulants is  well established in
vertebrates [e.g. 6] and suggested in invertebrates
[7,8]. Thus, differences between male and female
in carotenoid concentration could correlate with
the differences in body color and in susceptibility
to parasites. Although preliminary results did not
show any differences (unpublished data), this
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question would deserved further investigation
with methods more sensitive to small carotenoid
concentrations.

The fact that not all hosts to which parasites
attach become infected suggests that parasite
penetration or proliferation are failing. Host
immunity is one of the key factors that help
limiting or preventing parasite proliferation. It is
well established that both vertebrate and
invertebrate systems have some form of innate
immunity mechanisms, with particular cell types
dedicated to fighting off invading pathogens.
However, it remains controversial whether
immune specificity and memory against the
parasites which are in fact encountered are
properties exclusive of vertebrates [9,10]. There
are a number of reports of immune specificity and
memory (i.e. better immune response against a
specific parasite type encountered previously) for
a few invertebrate systems [11,12,13,14]. This
includes the D. magna — P. ramosa system [15],
which is often cited as an example of specific
memory in invertebrate immunity [14,16,17].

In this thesis, | decided to revisit this topic
by 1) incorporating new knowledge and tools
which have become available, after the previous
reports of immune specific memory, and 2)
addressing the experimental shortcomings of
previous studies (Chapter 5). The cloning of P.
ramosa genotypes [18] allowed me to control for
the genotype of the parasite, which is of relevance
to address the specificity of the host response. |
found no evidence for specific memory, or even
for a long lasting protection in D. magna, upon
repeated challenge with P. ramosa clones. This
result suggests that there is either no specific
memory in D. magna immunity, or that P. ramosa
is adapted to avoid or disrupt it. Such a disruption
could be, for example, an effect of the parasite-
induced hormonal disruptions that are likely to
underlie host castration (see above). Parasite
adaptations to avoid or disrupt the host’s immune
system are likely to occur only when parasite and
host co-evolve naturally. Thus, tests of immune
specific memory that do not use natural host-
parasite species pairs can be of limited value for
investigating the potential of vaccination against
natural parasites. In order to better understand the



importance of the different steps in shaping the
Daphnia magna-Pasteuria ramosa interaction, |
considered each step independently in different
experiments. Even if their mechanisms are to
some extent independent, because the different
steps are part of the whole interaction, they are not
expected to evolve fully independently.
Obviously, the success of any step depends on the
success of the step that precedes it, and only a
sequence of successful steps will result in a
successful infection. On the other hand, the
optimization of any particular step might come at
the cost of optimizing another, if there are trade-
offs between them. In the interaction between D.
magna and P. ramosa, both species have to deal
with such potential trade-offs. | can speculate
about different scenarios where this might occur.
For example, the parasite needs to invest in a
protective layer (exosporum) to survive in harsh
conditions outside the host, but this layer also
needs to open as soon as the endospore encounters
the host. The attached parasite needs to secrete
what are probably costly molecules to digest the
host cuticula before penetrating into the host
body, and once inside the host it needs to produce
other costly molecules to, for example, castrate
the host. Thus, the complete characterization of
the interaction between a parasite and its host
should involve the characterization of the
investment that each of the two interacting parties
allocates to each step. Because there will be many
different strategies of investment that result in
successful infection, | expect there to be genetic
polymorphism for the host and parasite traits that
underlie their interaction at each step. Such
heritable phenotypic variation in each step is the
raw material that natural selection can use to
shape host-parasite co-evolution.
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