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SUMMARY

SUMMARY

The interaction of an organism with its environment is a hallmark of life and pre-
requisite for natural selection. Among the strongest evolutionary processes is the
interaction between hosts and parasites that are engaged in a constant arms race of
parasite exploitation and host defence. This antagonistic co-evolution is shaped
through host and parasite genotypes, their local environmental conditions, and their
potential for plastic responses. However, the relative contribution of these effects is
often unclear. Here, | aimed to find answers to the questions how and why
epidemiological traits vary among populations by using hosts and parasites from
geographically distinct and ecologically divergent populations. | used three-spined
sticklebacks (Gasterosteus aculeatus) as vertebrate model organisms to study defence
mechanisms against helminth parasites. Helminth parasites are of exceptional interest
because they can have complex immune modulatory effects on their hosts. This
phenomenon is already applied in clinical settings, where helminths, their ova, or their
products are used to treat autoimmune or inflammatory disorders (helminth therapy).
Nevertheless, many questions on the specificity of the host-helminth interaction have
yet to be answered. For instance: Are there differences between host genotypes or

parasite species? What are the effects over time? Are effects localized or systemic?

Using evolutionary and ecological perspectives, | specifically asked: What are the
effects of host and parasite genotypes and their interaction? Does the potential for
interaction effects differ with geographical scale? Does immune modulation differ over
the time course of infection, and if so, is the temporal component dependent on
parasite strain and/or host type? Indeed, my colleagues and | found that different
strains of the same cestode species (Schistocephalus solidus) had profoundly different
effects on divergent G. aculeatus types. This effect was linked to the co-evolutionary
history and ecology of G. aculeatus and S. solidus. My results demonstrate that the
infection outcome was largely determined by effects of host and parasite genotypes,
while interaction effects were generally weak and only evident over the scale of

continents.
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Gene expression profiles that differed between uninfected fish from different
populations mostly converged upon infection. Thus, the parasite-induced phenotypic
plasticity transcended host genetic differences. This thesis also reveals that S. solidus
immune modulation is time-, host- and parasite strain-dependent. Sticklebacks that
assumingly co-evolved with a highly virulent S. solidus strain were more resistant
against S. solidus and had a well-orchstrated immune response (potentially diminishing
immunopathological side effects) compared to hosts without this co-evolutionary
background. Late stages of infection with a highly virulent S. solidus strain had a
systemic effect by increasing the susceptibility towards another helminth species

(Diplostomum pseudospathaceum).

My data present a snapshot in time and space that provides insights into potential (co-)
evolutionary backgrounds. Whether the epidemiological traits of Gasterosteus
aculeatus and Schistocephalus solidus are indeed shaped through co-evolution is one
of the challenges for future investigations. However, by revealing the dominant effect
of the parasite and the relative importance of induced plasticity, this thesis advances
our understanding about the role of each partner in a host-parasite interaction. My
results are of significant importance for the investigation of the premises and
consequences of helminth therapy. | propose to incorporate evolutionary and

ecological perspectives in future research.
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ZUSAMMENFASSUNG

Leben zeichnet sich dadurch aus, dass Organismen mit ihrer Umgebung wechsel-
wirken. Diese Wechselwirkung ist eine Voraussetzung fur Natirliche Selektion. Einer
der relevantesten Prozesse ist das Zusammenspiel von Parasiten mit ihren
Wirtsorganismen. Deren Wettlauf von Ausnutzung und Abwehr (Wirt-Parasit-Ko-
evolution) wird durch die jeweiligen Genotypen, Umweltbedingungen und Mdoglich-
keiten einer dynamischen Antwort (phenotypic plasticity) gepragt. Allerdings bleibt es

unklar, welche jener Effekte fur die jeweiligen Infektionen ausschlaggebend sind.

In dieser Arbeit suche ich Antworten auf die Fragen wie und wieso Charakteristika von
Infektionen (epidemiological traits) sich zwischen Populationen unterscheiden. Als
Modellsystem nutzte ich Dreistachlige Stichlinge (Gasterosteus aculeatus) und deren
Helminthen (v.a. Bandwlrmer der Art Schistocephalus solidus) aus verschiedenen
Populationen Europas und Nordamerikas. Aufgrund ihrer Fahigkeit, das Immunsystem
der Wirte zu beeinflussen, sind Helminthen von besonderer Bedeutung fir die
Grundlagenforschung in Bereichen der Wirt-Parasit-Koevolution und Immunologie,
aber auch fur die Medizinische Forschung. Unter dem Begriff der Helminthentherapie
werden schon heute Wirmer, deren Eier oder Produkte eingesetzt, um Autoimmun-
erkrankungen oder chronische Entzindungen zu behandeln. Dennoch sind viele
Fragen offen, wie zum Beispiel: Gibt es Unterschiede zwischen Genotypen der Wirte
oder verschiedenen Helminthenarten? Welchen Einfluss hat die Dauer der Infektion?
Sind Effekte lokalisiert oder systemisch?

Um jene Fragen zu beantworten, missen evolutionsdkologische Perspektiven mit-
einbezogen werden. In diesem Zusammenhang fragte ich insbesondere: Gibt es sogar
Unterschiede zwischen Wirten und Parasiten derselben Art? Gibt es (ko)evolutionére
oder Okologische Einflisse, die gegebenenfalls auf einer geographischen Ebene
sichtbar waren? Wie wichtig ist eine dynamische Antwort auf Seiten der Wirte, aber
auch der Parasiten? Meine Ergebnisse lassen vermuten, dass koevolutiondre und
okologische Faktoren (wie Unterschiede in der Diversitédt und Prevalenz von Parasiten)

zu immunologischer Heterogenitat zwischen Populationen fihren kénnen.



ZUSAMMENFASSUNG

Jene Heterogenitat der Stichlinge verschiedener Populationen wurde in Infektionen
durch den Effekt des Parasiten dominiert. Ich zeige (i) dass das Parasitenwachstum mit
einem geographischen Muster im Zusammenhang steht; (ii) dass Expressionsmuster
von Kandidatengenen der Stichlinge eher vom Parasitentypus abhédngig sind als von
der Herkunft der Stichlinge; und (iii) dass die Infektion mit einem bestimmten S. solidus
Typus einen systemischen Effekt haben kann, indem die Wahrscheinlichkeit von Ko-
infektionen mit einer weiteren Helminthenart ab einem bestimmten Zeitpunkt erhdht
wird. Stichlinge mit einer koevolutiondren Vergangenheit mit Schistocephalus solidus
waren resistenter und zeigten eine gut aufeinander abgestimmte Immunantwort, wenn
sie mit ihrem sympatrischen S. solidus infiziert wurden. Eine gut aufeinander abge-
stimmte Immunantwort kann immunopathologische Effekte (wie sie auch in
Autoimmun- und Entziindungskrankheiten auftreten) abschwéchen. Meine Arbeit zeigt
auBBerdem, dass eine differenzierte Auseinandersetzung mit Resistenz vor allem in
Bezug auf Helmintheninfektionen notwendig ist. Resistenz kann sich zu verschiedenen
Zeitpunkten des Infektionsprozesses manifestieren: als Abwehr von Infektion (quali-
tative Resistenz) oder als Verringerung der Infektionsintensitdt, hier des Parasiten-

wachstums (quantitative Resistenz).

Zusammenfassend l&sst sich erkléren, dass die evolutiondren und G&kologischen
Perspektiven dieser Doktorarbeit unser Verstandnis der Wechselwirkung von
Helminthen und ihren Wirten enorm verbessern. Ein umfassendes Verstandnis ist
essentiell, um die Voraussetzungen und die Konsequenzen von Helminthentherapie zu
verstehen. Im Rahmen dieser Doktorarbeit stelle ich weitere Untersuchungen vor, die
auf meinen Ergebnissen aufbauen. Ich empfehle, den hier gezeigten starken Effekt der
Parasiten-induzierten Plastizitat in zukinftigen Arbeiten aus Bereichen der Wirt-Parasit

Koevolution, Immunologie und Medizin zu berlicksichtigen.

VI
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INTRODUCTION

Natural variation

The biodiversity of life concerns the human kind since we started to interact with
nature, in other words since our species has evolved. We manipulated nature with tools
of artificial selection and systematics in order to use and structure our environment.
The research field of evolutionary biology now attempts to understand and explain why
such an immense variation of life exists. Novel fields like ecological immunology or
evolutionary medicine emerged. Researchers have learned that the understanding of
the evolutionary (phylogenetic and adaptive) and the proximate (mechanistic and
ontogenetic) causes is essential to understand natural variation of biological traits
(Williams and Nesse, 1991; Nesse et al., 2010; Nesse, 2013; Graham, 2013; Stearns &
Medzhitov, 2016). This idea goes back to Niko Tinbergen who worked on three-spined
sticklebacks and published his essay “On aims and methods in ethology” half a century

ago (Tinbergen, 1963).

The co-evolution of hosts and parasites

Species interactions are of central importance for the diversification of life (Thompson,
1999a). The reciprocal evolutionary change (antagonistic co-evolution) of hosts and
parasites generates and maintains diversity within and between species. Host-parasite
co-evolution drives ecosystem and population dynamics (Thompson, 1998; Fuhrman,
1999; Brockhurst et al., 2006), the evolution of genetic diversity (Buckling and Rainey,
2002; Paterson et al., 2010), and sexual reproduction (Hamilton et al., 1990, Ebert and
Hamilton, 1996; Lively, 1996, Morran et al., 2011). Proposed by Van Valen in the 1970s,
an increase of momentary fitness of one species comes with a decrease of momentary
fitness among ecologically interacting species (Van Valen, 1973; Van Valen, 1974).
Based on Lewis Carroll’s Through the Looking-Glass, Van Valen named his hypothesis
the Red Queen Hypothesis. The Queen'’s statement that “it takes all the running you
can do, to keep in the same place” was henceforth applied to the arms race of hosts

and parasites.
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Parasites rely on their hosts for resources and may significantly decrease host fitness;
thus, hosts evolve and reduce the harm of parasites, which results in a high potential
for rapid and adaptive divergent evolution (Hamilton, 1980; Paterson et al., 2010,
Schmid-Hempel, 2011; Eizaguirre et al., 2012a). Host-parasite co-evolution requires (i)
genetic variation in host resistance and parasite infectivity and (ii) host genotype-
parasite genotype (GxG) specific interactions (Carius et al., 2001). Thus, some hosts will
be susceptible to a certain subset of parasite genotypes whereas other hosts will be
infected by another subset and vice versa (Lambrechts et al., 2006). Immunological
heterogeneity among hosts is a cause and an effect. Reciprocal evolution of host and
parasite genotypes has been detected in various systems including bacteria-phage
associations (Buckling and Rainey, 2002; Paterson et al.,, 2010), the nematode
Caenorhabditis elegans and the bacterial pathogen Bacillus thuringiensis (Schulte et
al., 2010; Papkou et al., 2019), rodent malaria model systems (Lambrechts et al., 2005;
Grech et al., 2006), plant-pathogen interactions (Burdon and Jarosz, 1991; Kaltz and
Shykoff, 2002), and immune gene evolution in three-spined sticklebacks (Eizaguirre et

al., 2012b, 2012a).

The co-evolutionary dynamics are intertwined with the ecological context (Kawecki and
Ebert, 2004; Lazzaro and Little, 2009; Schulenburg et al., 2009; Mostowy and
Engelstadter, 2011; Auld and Brand, 2017). Environmental variables such as
temperature (Blanford et al., 2003; Studer et al., 2010), resource availability and
nutrition levels (Forde et al., 2008; Brunner et al., 2014) and biotic factors such as inter-
and intra-specific competition (Fellowes et al., 1998; Jager and Schorring, 2006; Rauch
et al., 2008) and the number and type of parasites (Betts et al., 2018; Kalbe et al., 2002;
Scharsack et al., 2007) shape the co-evolutionary trajectories of interacting species
(giving rise to terms like GxGxG or GxGxE). As a result, variation is further increased by
differences in the shape and strength of life history trade-offs of hosts and parasites

(Duffy and Forde, 2009; Hansen and Koella, 2003; Schmid-Hempel, 2003).
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The differences between environments may drive divergent selection causing local
adaptation or (on broader scales) geographic mosaics. Local adaptation (Williams,
1966) conceptualizes that in a given habitat, evolutionary fitness of local genotypes is
higher than in other habitats and that foreign genotypes, i.e. migrants, have a lower
relative fitness (Kawecki and Ebert, 2004). In other words, parasites are more likely to
infect sympatric hosts than allopatric hosts or hosts are more resistant against
sympatric parasites than against allopatric parasites. While the raw material for co-
evolutionary change is largely provided at the local scale, trade-offs and evolutionary
constraints shape evolutionary trajectories at a phylogenetic level (Thompson, 199%b).
Accordingly, the Geographic Mosaic Theory of Coevolution (Thompson, 1994, 199%a)
predicts that spatially structured mosaics of traits arise from divergent selection
(selection mosaics; selection hot spots and cold spots) and geographic remixing (gene
flow, genetic drift, local extinctions) between subpopulations (Lively, 1999;

Gomulkiewicz et al., 2000; Thompson and Cunningham, 2002).

What are co-evolving traits of hosts and parasites?

The co-evolutionary nature of host and parasite traits implies that epidemiological
traits are under shared physiological and genetic control (Restif and Koella, 2003;
Salvaudon et al., 2005; Lambrechts et al., 2006; Salvaudon et al., 2007). “Just as
variation in traits in populations is the raw material for the evolution of species,
variation in outcome is the raw material for the evolution of interactions” (Thompson,
1988). Following up on Thompson's interaction norm concept (genotype-by-genotype-
by-environment interaction), Agrawal (2001) provides an even more detailed picture of
species interactions: “Reciprocal phenotypic change between individuals of interacting
species represents an interaction norm where the response of one species to the other
creates the environment to which the other species may then respond.” (Agrawal,
2001). In this regard, phenotypic plasticity is defined as intra-individual variation
including the influence of the genome (influenced by past selection) and the
environment (Agrawal, 2001; West-Eberhard, 2003). Genotypes and allele frequencies
of hosts and parasites change over evolutionary time scales, while the response of an

individual to different environmental conditions (known as reaction norm) is plastic.
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The relative contribution of environmentally mediated phenotypic plasticity to
epidemiological traits can be substantial (Lazzaro and Little, 2009). It has, for example,
been shown that even the mechanism of host defence can depend on the
environment, such as host nutrition (Cumnock et al., 2018). However, host-parasite
research mostly studies genotype and plastic effects separately and the relative
importance of phenotypic plasticity and genotypic adaptations still need to be
determined.

Excluding the effect of environmental variables for simplicity, infection phenotypes of a
host-parasite association rely on host and parasite genotypes. Visualizing an
epidemiological trait in dependence of host and parasite genotypes, different

scenarios could emerge (Figure 1).
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Figure 1. Partitioning of host, parasite, and interaction effects on an epidemiological trait. Two different
host genotypes are indicated by violet and orange dots (replicates and means) and lines (reaction norms).
Two different parasite genotypes, A and B, are arrangend along the x-axis. The infection phenotype could
be any measure of epidemiological trait, such as host health, fitness, resistance, or virulence. (a) Host main
effect: the vertical spacing between the parallel lines represents genetic differences betwenn the two host
types. Parallel horizontal lines indicate absence of a plastic response towards infection. Differences among
hosts that are infected with the same parasite (vertical spacing between the means) indicate a
phenotypically plastic response of the parasite. (b) Host genotype and parasite genotype main effects.
The positive slope indicates different effects of the two parasite types (parasite main effect) and thus a
phenotypically plastic response of the host and the parasite. (c,d) Host genotype by parasite genotype
interaction: non-parallel lines indicate interaction effects: the host effect depends on the parasite
genotype. (€) Main-effect components can cumulate, causing non-crossing reaction norms. (d) Host
genotype by parasite genotype interaction with crossing reaction norms. The figure is adapted from
Chapter 1.
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Epidemiological traits encompass various stages of the infection process. Parasite
infectivity (the ability to colonize and invade a host; measured as infection rate) is
distinct from virulence, which was traditionally defined as host mortality but meanwhile
encompasses all detrimental effects of a parasite on host traits related to fitness (Bull,
1994; Read, 1994; Lambrechts et al., 2006). Likewise, host defence strategies
encompass avoidance behaviour and herd immunity (Anderson and May, 1985), barrier
organs, and immune functions (Schmid-Hempel, 2003; Murphy and Weaver, 2017).
These strategies limit (i) the level of infection — thus counteract parasite infectivity — and
(ii) the negative outcomes of infection — thus counteract parasite virulence. Processes
at work encompass mechanisms of resistance and tolerance. Resistance and tolerance
are not mutually exclusive (Sternberg et al., 2013). However, the effects on ecological
and evolutionary interactions between hosts and parasites differ greatly. For example,
parasite prevalence (the percentage of infected individuals; Bush et al., 1997) is
expected to decrease if hosts evolve resistance whereas parasite prevalence is
expected to increase if hosts evolve tolerance (Roy and Kirchner, 2000; Boots et al.,
2009; Best et al., 2014). Tolerance has been defined as a host trait that limits the
damage of a parasite burden (Raberg et al., 2007). Raberg later refined his definition of
tolerance in explicitly stating that tolerance acts without preventing infection or
reducing infection intensity, i.e. the number or density of parasites (Raberg, 2014). In
statistical terms, tolerance explains variation in the relationship between infection
intensity and measures of host health. This means that different host types that are
infected with a certain parasite type will show different reaction norms (slopes of the
relationship between infection intensity and host health or fitness) of these measures of
health (Read et al., 2008; Raberg, 2014). Resistance was classically defined as a trait that
prevents infection. Nowadays, this term incorporates mechanisms that reduce the risk
of infection and/or infection intensity or parasite growth (Raberg et al., 2007; Raberg,
2014; Zeller and Koella, 2017). This differentiated perspective on resistance opened
new possibilities to study macroparasite infections. Accordingly, helminth growth
suppression was recently defined as an underrated form of resistance (Weber et al,,

2017).
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@ssary

Co-evolution

Epidemiological trait
Helminths

Infectivity

Infection phenotype
Reaction norm
Resistance

Tolerance

Th1 cell*
Th2 cell*

Treg cell*

Qulence

~

Host and/or parasite life-history trait determining health-related states (and/or

Reciprocal adaptation and counter-adaptation of interacting species

their distribution)

Ancient metazoa classified as platyhelminths (flatworms; subgroups are
cestodes and trematodes) and nematodes (roundworms)

The ability to colonize and invade a host

Sum of the epidemiological (life history) traits of infected hosts

The phenotypes that a genotype can express across a range of environmental
conditions

Host defence mechanisms preventing infection and/or limiting parasite
replication or growth

Host defence mechanisms limiting detrimental effects of parasites without
reducing infection risk and/or parasite growth or replication

CD4* effector T cell typically controlling infections by microbes

CD4* effector T cell typically controlling infections by extracellular parasites,
particularly helminths

CD4* effector T cell with immunosuppressive functions

Detrimental effects of parasites on host traits related to fitness

/

* T helper cell subsets orchestrate certain immune responses. Their classification is based on their production of

cytokines and transcription factors. However, these cells are not committed to a certain lineage but show flexible
cytokine production and expression of transcription factors.

Helminth-host interactions

Helminths are a group of ancient metazoa encompassing cestodes, nematodes, and

trematodes (Anthony et al., 2007). Helminth parasites infect about two billion people

worldwide and represent a persistent source of morbidity and mortality (Vos et al.,

2016). Many helminth infections are listed as neglected tropical diseases (International

Helminth Genomes Consortium, 2018; World Health Organization, 2018). Helminths

establish long-lasting, chronic infections; their generation times are similar to those of

the host, and disease severity typically correlates with parasite burden. The past and

ongoing evolution

of complex immune evasive and/or immune modulatory

mechanisms is inevitable.
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Helminthic parasites interfere with characteristic elements of innate and adaptive
immunity (Anthony et al., 2007; McSorley et al., 2013). A prominent observation is the
switch of an early T helper 1 (Th1) type response towards a T helper 2 (Th2) type
response in chronic helminth infections. The activities of these T helper cell subsets are
characterized by distinct functions and cytokines (Maizels et al., 1993; O’'Shea and Paul,
2010; Maizels and McSorley, 2016). Th1 type cytokines, such as Interleukin-1p (IL-1pB)
and Tumour necrosis factor a (TNF-a), act pro-inflammatory; Th2 type cytokines can
inhibit Th1 cells and acute-phase cytokines, induce alternatively activated
macrophages, and stimulate B-cells and antibody production (Mosmann and Sad,
1996; Rodriguez-Sosa et al., 2002; Liu et al., 2009b; Maerten et al., 2005; Pedn et al.,
2016). The fact that high parasite burdens can persist despite increased Th2 responses
brought another T cell subset, namely immunosuppressive regulatory T (Treg) cells,
into focus (Maizels and Yazdanbakhsh, 2003; Maizels, 2005; Nutman, 2015; Maizels and
McSorley, 2016). Tregs expand upon long-term helminth infections and are known to
be key controllers of immune system homeostasis (Maizels and Yazdanbakhsh, 2003;
O’Shea and Paul, 2010). These cells may promote the persistence of the parasite within
the host and protect from immunopathology. Accordingly, helminth immune
modulatory potentials can actually have detrimental as well as beneficial consequences
for the host.

In this respect, the frequency of immunopathological disorders such as autoimmune
diseases, allergies and asthma increases dramatically in post-industrial countries since
the second half of the 20" century (Stearns and Medzhitov, 2016). A spatio-temporal
correlation with the decline of infectious diseases stimulated new perceptions of the
aetiology of autoimmune and inflammatory disorders. The vertebrate immune system
co-evolved with helminth parasites (Maizels et al., 1993; Anthony et al., 2007; Maizels,
2005; Khan and Fallon, 2013). It has been shown that helminth infections can alter
susceptibility to macroparasites (Lello et al., 2004; Pedersen and Antonovics, 2013;
Benesh and Kalbe, 2016) and microbes (Graham, 2008; Broadhurst et al.,, 2012;

Reynolds et al., 2015; Giacomin et al., 2015; Gause and Maizels, 2016) and vice versa.
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Moreover, helminth-mediated down-regulation of immunity has been observed to
suppress autoimmune and inflammatory disorders such as celiac disease, asthma,
rheumatoid arthritis, type 1 diabetes, multiple sclerosis, and inflammatory bowel
diseases (Maizels and Yazdanbakhsh, 2003; McSorley et al., 2013; Helmby, 2015;
Maizels and McSorley, 2016; Smallwood et al., 2017). Helminth therapy using the
intestinal pig whipworm Trichuris suis or the human hookworm Necator americanus
became a promising field of research (Maizels, 2005; Summers et al., 2005a, 2005b;
Croese et al., 2006; Liu et al., 2009a; Weinstock and Elliott, 2013). However, clinical
trials resulted in mixed results. Some studies reported the absence of therapeutic
effects (Bager et al.,, 2010, Bourke et al., 2012); others emphasized the detrimental
consequences of helminth infections, such as reduced vaccine responses, diminished
protective immunity to other infectious agents, and potential reduction of tumour
immunosurveillance (Liu et al.,, 2009b; Maizels and McSorley, 2016). It has been
suggested that only certain helminth species could have beneficial effects in helminth
therapies (Leonardi-Bee et al., 2006; Cooper, 2009; Helmby, 2015). Open questions are:
Which species are appropriate? Should infections be localized or systemic and/or

acute or chronic? What is the role of host genetics? (Helmby, 2015)

Taking an evolutionary ecologist’s perspective, I'd expect consequences of helminth
infections to further depend on (i) the ecology of the interacting species including
environmentally mediated plasticity and (ii) on the co-evolutionary history. We have just
begun to consider and determine the factors influencing helminth infection
phenotypes. Thus, within this thesis, | asked whether even different types (or ‘strains’)
of one helminth species could cause different molecular interplays and infection
outcomes in different types of the same host species. In order to include ecological
and co-evolutionary perspectives as well as temporal components in studies of
helminth immune modulation, | chose the three-spined stickleback as a vertebrate

model system.
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The model system

The three-spined stickleback (Gasterosteus aculeatus) is a small teleost that became an
important model in biology and subdisciplines such as behaviour, genetics and
genomics, evolutionary ecology and parasitology as well as immunology (Colosimo et
al., 2005; Gibson, 2005; Barber and Nettleship, 2010; Jones et al., 2012; Feulner et al,,
2013; Barber, 2013; Robertson et al., 2015; Lohman et al., 2017; Brunner et al., 2017).
This fish is distributed across the Northern Hemisphere where it adapted to a wide

range of habitats (Bell and Foster, 1994).

The G. aculeatus species complex encompasses thousands of populations that differ in
phenotypic and genotypic traits including morphology, behaviour, and immunity (Bell
and Foster, 1994). The recent (re-)colonization history of northern populations dates
back to the retreat of the ice sheet after the last glacial maximum approximately 12,000
years ago, when numerous freshwater ecotypes repeatedly evolved from marine
ancestors (Bell and Foster, 1994; Mékinen et al., 2006). Divergent evolution in
sticklebacks can be rapid and occurs under a variety of geographical and ecological
contexts (McKinnon and Rundle, 2002; Lescak et al., 2015). While bottlenecks, founder
effects and genetic drift seem to play minor roles, stickleback divergent selection is
largely driven by natural and sexual selection (McKinnon and Rundle, 2002). For
instance, parasites can drive local adaptation and genomic differentiation in this
species (MacColl, 2009; Eizaguirre et al., 2012b; Feulner et al., 2015; Robertson et al,,
2015) and habitat specific immunity and immune gene expression have been described
(Wegner et al., 2003; Scharsack et al., 2007; Eizaguirre et al., 2011; Lenz et al, 2013;
Huang et al., 2016; Lohman et al., 2017). A lot of knowledge on parasite selection of
sticklebacks stems from studies involving the macroparasite Schistocephalus solidus
(Hammerschmidt and Kurtz, 2009, MacColl, 2009; Barber, 2013). The diphyllo-
bothriidean cestode Schistocephalus solidus is a trophically transmitted parasite with a
three-host life cycle. The first larval stage, a free-living coracidium, infects cyclopoid
copepods; the worm develops into a procercoid, i. e. the second larval stage, and
becomes infective to G. aculeatus. Development of the plerocercoid, which is the third

larval stage, occurs in this obligatory second intermediate host.
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S. solidus grows massively in the body cavity of the fish, sometimes even exceeding the
host’s weight (Smyth, 1946, Clarke, 1954; Arme and Owen, 1967). The cestode matures
in the definitive host, mostly piscivorous birds, and reproduces via self- or cross-
fertilization (Smyth, 1946; Wedekind et al., 1998; Scharer and Wedekind, 1999). The
reproductive output is directly related to S. solidus’ size (Tierney and Crompton, 1992)
and the eggs are defecated into the water. The final host can be replaced by an in vitro
breeding system, facilitating controlled infections under standardized laboratory
conditions (Smyth, 1946, 1954; Wedekind, 1997).

S. solidus prevalence, the percentage of infected sticklebacks, differs between
populations and can be up to 100% (Smyth, 1946; Arme and Owen, 1967; Hopkins and
Smyth, 1951; Barber and Scharsack, 2010). Its detrimental effects on sticklebacks were
shown both in nature and in the laboratory (Arme and Owen, 1967, Tierney and
Crompton, 1992; Heins et al., 1999; Heins et al., 2014). These effects often correlate
with S. solidus’ size. Thus, the parasite’s size can provide information on (i) parasite
development and fitness (Tierney and Crompton, 1992), (ii) host exploitation, i.e.
virulence, (Arme and Owen, 1967, Heins and Baker, 2003; Bagamian et al., 2004; Heins,
2012) and (iii) the ability of the host to control the parasite’s growth, i.e. resistance
(Weber et al., 2017). It was suggested that S. solidus growth depends on host and/or
parasite population-specific traits, which remain to be determined (Scharsack et al,,
2016). Studies using hosts and parasites from different populations from Europe (Kalbe
et al, 2016), from across continents (Weber et al., 2016) and in vitro leukocyte
responses (Franke et al., 2014) indicate local adaptation of sticklebacks and S. solidus.
However, to the best of my knowledge, common garden experiments (accounting for
environmental variation and the effects of plasticity and genetics) have not been

conducted.
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Objectives

The co-evolutionary trajectories of hosts and parasites depend on the ecological
context and on the potential for plastic responses. The consideration of the
(co-)evolutionary and ecological factors that influence epidemiological traits has
important implications for treatment and prevention strategies in human health. The
immune modulatory characteristics of helminth infections, for example, can have
advantageous and disadvantageous consequences for the host. The aim of this thesis
is to advance our understanding of how and why epidemiological traits of host-helmith
interactions vary among populations. | specifically asked (i) What are the effects of the
host, the parasite and their interaction on epidemiological traits of helminth infections?
(i) What are the relative contributions of the genotypes and their phenotypic plasticity?
(Figure 1) | use this framework to infer the consequences of different (co-)evolutionary
trajectories of geographically distinct and ecologically divergent populations.

This thesis provides a more comprehensive view of the specificity of vertebrate
immune defence by testing the effects (i) of different types (or ‘strains’) of the same
host and parasite species, (ii) over the time course of infection, (iii) on co-infection
probability, (iv) on different geographical (and phylogenetic) scales and (v) by

investigation of the molecular phenotypes.

| used stickleback-S. solidus associations with phenotypically divergent forms to
disentangle the host’s and the parasite’s contribution to infection phenotypes.
| determined infection rates, host condition and immunological parameters, parasite
size and expression levels of genes that are involved in helminth infections of
sticklebacks. The immune genes were chosen from transcriptome and gPCR studies
and categorized into innate immune genes, adaptive immune genes, and genes of
complement components (Haase et al., 2014; Robertson et al., 2015; Stutz et al., 2015;
Huang et al.,, 2016; Brunner et al.,, 2017). Subsets of these genes were classified as
indicative for a T helper 1 type response, a T helper 2 type response, and T regulatory
functions. | eventually included genes with potential regulatory functions (kindly

provided by J. Gismann and M. Heckwolf).
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OUTLINE

This thesis contains three chapters representing three separate manuscripts. The
manuscripts for Chapter 1 and Chapter 2 have been submitted and structured
according to the journal guidelines. The fond and the format were adjusted for this

thesis.

| characterized contrasting stickleback (Gasterosteus aculeatus) populations with
high resistance and low resistance against Schistocephalus solidus in Chapter 1
(Figure 2). | found that two main effects — the host and the parasite — influenced the
infection phenotype without crossing reaction norms. S. solidus strains from across
the Northern Hemisphere grew generally larger in low resistance (DE) hosts from a
population with high parasite diversity and low S. solidus prevalence. My results
indicate that G. aculeatus and S. solidus from NO (low parasite diversity and high
S. solidus prevalence) co-evolved high virulence and high resistance. The condition
and immunological parameters of the two host types converged upon infection and

S. solidus size followed the same geographic pattern in both host types.

| used these two types of hosts (low resistance and high resistance) and S. solidus
(high growth and low growth) in co-infection experiments in Chapter 2. The aim was
to study helminth immune modulation and the influence on co-infection probabilities
over time and with respect to different co-evolutionary backgrounds. Co-infection
probability depended on S. solidus type and developmental stage. Stickleback
immune gene expression profiles differed remarkably between infected individuals
of the two host types. | demonstrate an up-regulation of T regulatory functions when
pro-inflammatory genes were up-regulated in high resistance hosts that co-evolved

with high growth S. solidus (originating from NO).
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Figure 2. Characteristics of the two reference host populations. | used laboratory-bred first generation
offspring from sticklebacks from Lake GrofB3er Pléner See (DE, Germany) and Lake Skogseidvatnet (NO,
Norway) in Chapter 1 and Chapter 2. These populations differ remarkably in parasite diversity (Shannon
diversity index) and abundance (the mean number of parasites per fish) (Feulner et al., 2015; Huang et
al., 2016). Parasite diversity is high and S. solidus prevalence (the number of infected individuals) is low
(< 1%) in DE, whereas S. solidus prevalence is high and parasite diversity is low in NO (20 to > 50%). It
was hypothesized that DE G. aculeatus and S. solidus evolved under de-escalated arms race dynamics,

while NO G. aculeatus and S. solidus co-evolved high resistance (and/or tolerance) and high virulence.

Following up on those projects, | investigated the generalisability of my results and
the specificity of distinct defence mechanisms across different geographic scales by
incorporating species pairs from another continent in Chapter 3. In addition to
European hosts and parasites, | used individuals from two Alaskan populations with
known differences in phenotypic outcome of S. solidus infection. Baseline differences
of host parameters again converged upon infection and were irrespective of the
continent. Quantitative resistance and tolerance were host population-specific while
qualitative resistance only occurred in one combination of an Alaskan host
population with a European parasite strain. These results indicate that evolution
favours distinct defence mechanisms when assessed on different geographic scales. |
also conclude that the relative contribution of the S. solidus-induced phenotypic
plasticity of G. aculeatus might generally be stronger than the genetic underpinnings
of the different hosts.

Chapter 3 relates to an ongoing collaboration with colleagues from Stony Brook
University, New York. The respective project includes studies of host and parasite

microbiomes, which are not presented in this thesis.
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ABSTRACT

Background: Host genotype - parasite genotype co-evolutionary dynamics are
influenced by local biotic and abiotic environmental conditions. This results in spatially
heterogeneous selection among host populations. How such heterogeneous selection
influences host resistance, parasite infectivity and virulence remains largely unknown.
We hypothesized that different co-evolutionary trajectories of a vertebrate host-
parasite association result in specific virulence patterns when assessed on a large
geographic scale. We used two reference host populations of three-spined
sticklebacks and nine strains of their specific cestode parasite Schistocephalus solidus
from across the Northern Hemisphere for controlled infection experiments. Host and
parasite effects on infection phenotypes including host immune gene expression were
determined.

Results: S. solidus strains grew generally larger in hosts coming from a population with
high parasite diversity and low S. solidus prevalence (DE hosts). Hosts from a
population with low parasite diversity and high S. solidus prevalence (NO hosts) were
better able to control the parasite’s growth, regardless of the origin of the parasite.
Host condition and immunological parameters converged upon infection and parasite
growth showed the same geographic pattern in both host types.

Conclusion: Our results suggest that NO sticklebacks evolved resistance against a
variety of S. solidus strains, whereas DE sticklebacks are less resistant against S. solidus.
Our data provide evidence that differences in parasite prevalence can cause
immunological heterogeneity and that parasite size, a proxy for virulence and
resistance, is, on a geographic scale, determined by main effects of the host and the

parasite and less by an interaction of both genotypes.

KEYWORDS

host-parasite interaction, immunological heterogeneity, virulence, stickleback,

Schistocephalus solidus
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BACKGROUND

The interaction of an organism with its environment is a hallmark of life and a pre-
requisite for natural selection. Local adaptation is driven by abiotic conditions and
biotic interactions within and between species. Among the strongest evolutionary
processes is the co-evolution between hosts and parasites (1-5). Parasites rely on host
resources and have the potential to drastically reduce host fitness (6). To diminish the
harm of parasites, effective defence strategies have evolved on the host side (4,7).
However, heterogeneous environments select for different defence strategies among
host populations, which results in immunological heterogeneity (8,9). The variation of
host defence against parasites can range from mechanisms that decrease the risk of
infection to processes that diminish the harm of parasites, such as resistance (i.e. the
prevention of infection or the control of parasite growth) and tolerance (i.e. the ability
to limit health or fitness effects of a distinct infection intensity) (10,11). Likewise,
parasite infectivity and virulence (i.e. the detrimental effects on host traits related to
fitness) are spatially structured both by environmental parameters and co-evolutionary
processes.

The epidemiological traits are shaped through main effects of the host and the
parasite and by interaction effects (Figure 1). The relative contribution of each of the
interaction partners may differ along the infection process and depend on the
geographic scale and the degree of environmental heterogeneity. Controlled infection
experiments can be used to first identify environmental and evolutionary causes
shaping the epidemiological traits and, second, to study the mechanisms and the
adaptive significance thereof. Experiments revealed rapid and adaptive co-evolution of
host and parasite genotypes in various systems, including phage-bacteria associations
(4,12), malaria systems (13,14), plant-pathogen interactions (15,16), and immune gene
evolution in three-spined sticklebacks (17,18). We chose the association of three-
spined sticklebacks and their specific macroparasite Schistocephalus solidus to
determine host and parasite effects along the infection process and on different

geographic scales.
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Figure 1. Theoretical framework of the study. Reference hosts came from two contrasting populations,
indicated by violet (DE) and orange (NO) dots and lines. For the sake of simplicity, we exemplify possible
outcomes with a subset of hypothetical parasites A to E. We asked whether main effects of the host, the
parasite, and/or host-parasite interaction effects shaped epidemiological traits (life history traits of the
host and/or the parasite). (a, b, ¢, d) Partitioning of host, parasite, and interaction effects on an
epidemiological trait. (a, b) Host genotype and parasite genotype main effects. The host effect (vertical
spacing between the two lines) indicates the genetic difference between the two host types. Parallel
horizontal lines in (a) indicate absence of a plastic response towards infection. Differences among hosts
that are infected with the same parasite (vertical spacing between the dots) indicate a phenotypic plastic
response of the parasite. The positive slope in (b) indicates different effects of the two parasite types
(parasite effect) and thus a phenotypic plastic response of the host and the parasite. (¢) and (d)
demonstrate host genotype-parasite genotype interaction effects, because the host effect depends on the
parasite type. Crossing reaction norms in (d) clearly show the interaction effect; but note in (c) that the
main-effect components can cumulate, causing non-crossing reaction norms. We tested the predictions
with data from contrast 1. (e, f) To further understand the parasite effect on a larger geographic scale,
each of the two host types was exposed to parasites from different geographic clusters across the

Northern Hemisphere. We tested these predictions with data from contrast 2 and contrast 3.
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Three-spined sticklebacks (Gasterosteus aculeatus; hereafter 'sticklebacks’) live in
numerous freshwater and marine habitats across the Northern Hemisphere. Various
studies reported habitat-specific immune responses (19-24). A lot of attention has been
paid on the “supermodel” (25) interaction between sticklebacks and the cestode
Schistocephalus solidus, as both can be bred in the laboratory facilitating controlled
infection experiments (25). S. solidus has a three-host life cycle with copepods as first
intermediate host and G. aculeatus as specific second intermediate host. S. solidus
grows massively in the body cavity of the fish, sometimes even exceeding the host’s
weight (26,27). Reproduction is confined to the definite host, mostly piscivorous birds.
The parasite’s reproductive output is directly related to its size (28). S. solidus’
detrimental effects on sticklebacks were shown both in nature and in the laboratory
and have been linked to the size of the parasite (27-30). This cestode is assumed to be
a driving force of divergent selection in three-spined sticklebacks (31). Studies using
hosts and parasites from different populations from Europe (32), from across continents
(33) and in vitro leukocyte responses (34) indicate local adaptation of sticklebacks and
S. solidus. It was suggested that S. solidus growth depends on host and/or parasite
population-specific traits (35).

We assumed that sticklebacks evolved environment-specific immunological
adaptations to S. solidus and that S. solidus evolved environment-specific virulence.
We specifically asked if such divergent evolution could cause different immunological
activation in response to a variety of S. solidus strains (i.e. S. solidus parasites from
distinct locations). The following was hypothesized: (i) the infection phenotype differs
between sticklebacks from heterogeneous environments (indicating a host effect); (ii)
the infection phenotype differs between S. solidus strains (indicating a parasite effect);
(iii) the infection phenotype differs according to stickleback-S. solidus interactions
(indicating an interaction effect) (Figure 1). These hypotheses were tested with three
distinct analyses. First, hosts from two contrasting reference populations of
G. aculeatus were experimentally infected with S. solidus from four European locations
in order to test if host effects, parasite effects and/or interaction effects influenced
S. solidus infection phenotypes in G. aculeatus (the corresponding analyses are

referred to as contrast 1, Figure 1).
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In order to test the parasite effect in further detail, each of these reference host types
was infected with S. solidus strains from across the Northern Hemisphere (the
corresponding analyses are referred to as contrast 2 and contrast 3; Figure 1; Table 1;
Table S1). S. solidus sampling sites covered four geographic areas (clustered localities)
corresponding to G. aculeatus phylogeny: the Atlantic region (NU, ISC, SKO), the Baltic
region (OBB, NST, GOT), European Inland (SP, IBB), and the Pacific (ECH) (Figure 2;
Table 1).

Table 1. Summary table of sample sizes within contrasts of interest.

Baltic European Inland Pacific Atlantic
Analysis Host OBB GOT NST SP IBB ECH NU ISC SKO control
DE (A) na na (a) 2 na @ 5 na na (a) 2 (d) 4 20
DE (B) na na (b) 10 na b)) 3 na na (b) 5 (a) 7 18
DE (C) na na (o) 8 na (o) 10 na na (o) 5 (o) 3 20
contrast T NO (A) na na (a) 2 na @ 3 na na (a) 1 (d) 4 20
NO (B) na na (b) 4 na b)) 2 na na (b) 6 (a) 8 20
NO (C) na na (o) 2 na © 2 na na (o) 5 (o) 2 20
DED) (a) 4 (a) 5 (a) 4 (a) 1 na (a) 3 (a) 1 na (a) 7 20
contrast2 [ DE(E)  (b) 2 (b 0 3 (b 0 na (b) 2 (o 3 na (b) 0 20
DE (F) (c) 4 (c) 3 () 9 () 7 na (c) 2 (c) 6 na () 5 20
NO (A) (@) LG 1T () 2 (a) 2 (@ 3 (a) 1 (b) 5 f(a 1 (d) 4 20
contrast 3 |NO(B)  (b) 0 b 4 b 4 @@ 5 b 2 @ 4 @@ 7 & 6 @ 8 20
NO(©C) (o LNC)] 2 2 (b 2 (o 2 (b) 0 (o 6 (9 5 (9 2 20

Naive laboratory bred first generation offspring from three-spined sticklebacks Gasterosteus aculeatus from Lake
GroBer Ploner See, Germany (DE), and Lake Skogseidvatnet, Norway (NO), were infected with Schistocephalus solidus
parasites from different geographic locations or sham-exposed as controls. The top row indicates S. solidus geographic
cluster; abbreviations in the second row refer to S. solidus sampling sites (OBB: Obbola, Sweden; GOT: Gotland,
Sweden; NST: Neustadter Binnenwasser, Germany; SP: Xinzo de Limia, Spain; IBB: Ibbenbirener Aa, Germany; ECH:
Vancouver Island, Canada; NU: North Uist, Scotland; ISC: Lake Myvatn, Iceland; SKO: Lake Skogseidvatnet, Norway;
control: sham-exposed control). Capital letters indicate fish families (offspring of one pair of sticklebacks), lower case
letters indicate worm sibships (offspring of one pair of worms). Per treatment, i.e. fish family x worm sibship
combination, 100 copepods and subsequently 20 fish were exposed to single infective S. solidus larvae or sham-
exposed; combinations with 'na’ were not included in the respective analysis. Numbers in columns of S. solidus
exposed fish indicate the number of infected individuals. We used contrast 1 to test for host, parasite and interaction
effects; contrast 2 and contrast 3 were used to test parasite effects on a broader geographic scale. NO data in contrast

1is a data subset of contrast 3. We accounted for multiple testing.
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Figure 2. Sampling sites. Sticklebacks originated from Lake GroBer Pléner See, Germany (DE), ~ 25 km
from Neustadter Binnenwasser (NST; one of the sampling sites of S. solidus) and Lake Skogseidvatnet,
Norway (NO). S. solidus were sampled from nine different locations across Europe and the Pacific (more
information in Table S1). Colors indicate four geographic clusters (pink: Pacific, orange: Atlantic, violet:
Baltic, green: European Inland). The map was drawn with the R package maps (78); colors were chosen

from the ColorBrewer palette (77).

The two host populations differ remarkably in parasite diversity (Shannon diversity
index) and abundance (the mean number of parasites per fish) (24,36). Parasite diversity
is high and S. solidus prevalence (the number of infected individuals) is low (< 1%) in
the German habitat (DE), whereas S. solidus prevalence is high and parasite diversity is
low in the Norwegian population (NO) (20 to > 50%). Under the assumption that
immune defence is costly and co-evolves with parasite virulence (7,37-40), we
hypothesized that sticklebacks from the highly S. solidus exposed (NO) population
evolved S. solidus specific resistance, whereas this might not be the case for the rarely
S. solidus exposed (DE) population. We suggested that S. solidus specific resistance
could be effective against sympatric and potentially even allopatric strains. In order to
cover numerous important parameters along the infection process, infection rates and
the size of the parasite, as well as host condition and immunological parameters were
determined (10). The size of the parasite is used a measure of host resistance and
parasite virulence (32,11,41). The immunological activation was inferred from the size of
the major immune organs and by immune gene expression analyses. We asked
whether host population and/or parasite strain, cluster or growth caused distinct gene
expression profiles. This study investigates evolutionary and proximate (physiological
and molecular) causes of immunological heterogeneity, the specificity of resistance

and the contribution of host and parasite on infection phenotypes.
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RESULTS

Both intermediate hosts (copepods and sticklebacks) were infected with S. solidus from
every location (SI.1; Tables S2 and S3). We obtained 227 plerocercoids from 1342 fish
(excluding two infected controls and one double infected fish). The average weight of
S. solidus plerocercoids 55 (+/-2) days post exposure (DPE) was 61.8 mg and varied
between 0.6 mg and 151.4 mg. Neither infection rates in copepods nor infection rates
in fish influenced S. solidus size in the fish (LMMs for average parasite index (Pl) per
worm sibship as dependent variable; worm origin, infection rates in copepods and in
fish as fixed effects, round as random term).

Contrast 1, the comparison of DE and NO hosts infected with four different European
S. solidus strains, covered 587 fish: 118 controls (excluding two infected DE controls),
105 infected fish, 364 exposed but uninfected fish; 11 fish died. Contrast 2, testing the
parasite effect in DE hosts, covered 522 fish: 60 controls, 71 infected fish, 335 exposed
but uninfected fish; 14 fish died. Contrast 3, testing the parasite effect in NO hosts,

covered 60 controls, 92 infected fish, 433 exposed but uninfected fish; 15 fish died.

Constitutive differences between the host populations (contrast 1)

Contrast 1, the combination of the two hosts and four S. solidus strains, was used to
test for host effects, parasite effects and host-parasite interaction effects on infection
rates and infection phenotypes (Figure 1; Table 1). S. solidus infection rates were
consistent among host populations (host effect: X%, = 2.27, p = 0.132; S. solidus effect:
X% = 0.882, p = 0.830; host-parasite interaction effect: X% = 6.42, p = 0.093; Table S4).
However, all four S. solidus strains were significantly smaller in NO hosts (parasite
index, Pl, the relative weight of S. solidus in the host (27); host effect: Fi95 = 23.48, p
< 0.0001). The differences between S. solidus strains were independent of the host
population (host-parasite interaction effect on Pl: Fzo5 = 0.995, p = 0.399) (Figure 3;
Tables S5-S7).
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We detected constitutive differences in condition and immunological parameters of
the two stickleback populations (more information in SI.3). DE sticklebacks had a
significantly higher condition (CF; an estimate of the overall condition (42)) if they were
uninfected (X% = 44.252, p < 0.0001) or infected with S. solidus from the Baltic (NST)
(X% = 10.48, p = 0.001). Hepatosomatic indices (HSI, an estimate of metabolic reserves
(43)) were higher in DE controls compared to NO controls (X? = 26.93, p < 0.0001).
Head kidney indices (HKI, the relative weight of the major immune organ in fish) were
generally higher in DE fish (X% = 49.47, p < 0.0001) and DE controls showed higher
reactive oxygen species (ROS) production of head kidney leukocytes (X% = 24.1, p
< 0.0001). Splenosomatic indices (SSI, the relative weight of the major secondary
immune organ (44)) were significantly higher in DE controls (X? = 79.38, p < 0.0001)
and in DE hosts infected with Baltic (NST) S. solidus (X?' = 30.75, p < 0.0001) or
European Inland (IBB) S. solidus (X? = 19.02, p < 0.0001). The effects were not directly
related to S. solidus size but to S. solidus strain. We detected no significant differences
in these condition and immunological parameters between DE and NO sticklebacks if

they were infected with S. solidus from two Atlantic populations (SKO, ISC) (Figure S1).
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Figure 3. S. solidus growth differs significantly between host populations and between geographically
clustered parasite strains. Naive laboratory bred F1 offspring from sticklebacks from lake GroBer Pléner
See, Germany (DE), and Lake Skogseidvatnet, Norway (NO), were experimentally infected with single S.
solidus larvae from nine different locations (‘strains’) across the Northern Hemisphere. Fish were dissected
55 (+/- 2) days after exposure to the parasite. The parasite index (Pl) was calculated as the proportion of
the parasite’s weight from the total weight of infected fish. (a) DE and NO hosts were infected with four
different European S. solidus strains (contrast 1). Black and white dots represent individuals; violet: mean
parasite indices in DE hosts; orange: mean parasite indices in NO hosts (Table Sé). (b) Parasite indices in
DE hosts (contrast 2). Black dots and bars indicate the mean and the standard deviation. Color coding
follows Figure 2. (c) Parasite indices in NO hosts (contrast 3). Black dots and bars indicate the mean and

the standard deviation. Color coding follows Figure 2.
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Total RNA from spleen was used to determine expression levels of 24 key immune
genes. We ran non-parametric permutational multivariate analyses of variance
(PERMANOVA) including host and parasite main effects and their interaction. The main
effects were significant predictors while the interaction did not influence immune gene
expression profiles (host effect: PERMANOVAate: Fi4s = 10.69, p < 0.0001;
PERMANOVA. daptive: F1148 = 13.58, p < 0.0001; PERMANOVAmplement: F1.148 = 7.03,
p = 0.0001; S. solidus effect: PERMANOVAae: Fas = 374, p = 0.0002;
PERMANOVA. daptive: Farae = 2.73, p = 0.007;, PERMANOVAmplement: Fanas = 3.82, p =
0.0002; host-parasite interaction effect: PERMANOVA nate: Faus = 0.93, p = 0.45;
PERMANOVA gupive: Faras = 1.01, p = 0.41; PERMANOVA compiement: Fa18 = 0.40, p = 0.94).
Pairwise PERMANOVAs were used a posteriori in order to identify significantly different

groups (45).

Immune gene expression profiles differed significantly between DE and NO controls
(PERMANOVA nnate: Fias = 3.32, p < 0.001; PERMANOVA .4spiive: F148 = 6.76, p = 0.002;
PERMANOVA complement: F14s = 4.78, p = 0.004; Table S11; Figure 4). DE sticklebacks had
higher expression levels of genes of innate and adaptive immunity, while complement
genes were lower expressed than in NO stickleback (Table S8; Figure Sé). ISC
S. solidus infection caused different innate immune gene expression in DE and NO
sticklebacks (PERMANOVA nate: Fi22 = 3.58, p = 0.004; Table S9; Figure 4), which was
driven by remarkably low expression of Interleukin-1p (il-18) in DE sticklebacks (F1s =
20.0, p < 0.001) (Table S9; Figure Sé). Expression profiles of NST-, IBB- and SKO-

infected fish did not differ significantly between host populations (Figure 4).
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Figure 4. Multivariate gene expression patterns differ between DE and NO sticklebacks. Non-metric
multidimensional scaling (NMDS) plots on Euclidian distances and two dimensions comparing data from
NO and DE sticklebacks (contrast 7). NMDS were based on log10-transformed calibrated normalized
relative quantities (CNRQ values) of all 24 immune genes, twelve genes of innate immunity (marco, mst1ra,
mif, il-18, tnfr1, saall, tIr2, csf3r, p22r">, nkef-b, slal, cd97), nine genes of adaptive immunity (stat4, staté,
igm, cd83, foxp3, tgf-p, il-16, mhcll, tcr-p), or three genes of the complement system (cfb, c¢7, ¢9). Each dot
represents one individual; colors refer to the host population. Ellipses represent 95% confidence intervals.
P-values are shown if significant after FDR-correction. The contribution of each gene is shown in the first
row. The second row shows data from sham-exposed (CTRL) sticklebacks. The third to sixth row show data
from infected individuals. Function metaMDS() was used to plot the NMDS; the contribution of each gene

was plotted by use of the envfit() function (both functions are implemented in R package vegan (75)).
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Parasite indices show a geographic pattern in both host types

To further understand the effect of the parasite on infection phenotypes, we exposed
DE hosts (contrast 2) and NO hosts (contrast 3) to S. solidus strains from across the
Northern Hemisphere (Figure 1). The infection rates did not differ significantly between
parasite strains in DE sticklebacks (contrast 2: X% = 7.15, p = 0.307), but did so in NO
sticklebacks (contrast 3: X% = 21.62, p = 0.006) (Tables S3-4). Parasite indices differed
between parasite strains (contrast 2: Fse, = 42.39, p < 0.0001; contrast 3: Fgg1 = 61.09,
p < 0.0001). We found a clear pattern with S. solidus from the Baltic being significantly
smaller than worms from the other origins; Atlantic S. solidus were the largest in both

host types (Tables S10-S12; Figure 3).

Immune gene expression is parasite strain specific

Building on from the idea that S. solidus growth follows a geographic pattern, we
asked whether the molecular phenotypes would show the same clustering. We studied
the influence of S. solidus strain on stickleback immune gene expression by running
pairwise PERMANOVAs within host populations (contrast 2 or contrast 3) and tested (i)
if gene expression differed within and/or between geographic clusters (Atlantic, Baltic,
European Inland, Pacific) and (i) if immune gene expression differed between sham-
exposed controls and S. solidus infected sticklebacks for each parasite origin. Gene
expression neither differed significantly within the clustered localities, nor between
Baltic and Atlantic or European parasites, although the parasite indices differed
considerably (Figures 3 and 5). Immune gene expression profiles only differed between
clustered localities if sticklebacks were infected with S. solidus from the Pacific (ECH)
versus the Baltic or Atlantic region (Figure 5).

In DE sticklebacks (contrast 2), Pacific S. solidus infection was associated with higher
expression of innate immune genes (PERMANOVAh..: F133= 3.88, p = 0.018), adaptive
immune genes (PERMANOVA.gspive: Fr3z = 4.16, p = 0.013) and complement
components (PERMANOVA compiement: Fi33= 8.1, p = 0.001) compared to infection with
Baltic S. solidus (Table S13). Compared to infection with Atlantic S. solidus, Pacific

S. solidus infection was associated with higher expression of adaptive immune genes
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(PERMANOVA gaptive: F126 = 584, p < 0.001) and complement components
(PERMANOVA compiement: F126 = 3.66, p = 0.016) in DE sticklebacks; only mhcll RNA levels
were lower in Pacific S. solidus infections (F12 = 15.71, p = 0.0007; Table S14).

In contrast 3, NO sticklebacks infected with Pacific S. solidus showed differential
expression of genes of innate (PERMANOVA nate: Fi29 = 3.26, p = 0.006) and adaptive
immunity (PERMANOVA gaptive: F120 = 5.8, p = 0.002) in comparison to infection with
Baltic S. solidus. Seven innate immune genes (marco, mifl, tnfr1, p22°h>* nkef-b, sla,
cd97) and five adaptive immune genes (stat4, cd83, foxp3, tgf-p, il16) were significantly
higher expressed in Pacific S. solidus infections; only RNA levels of mhcll were
significantly lower (Table S15). In comparison to infection with Atlantic S. solidus,
Pacific S. solidus infection was linked to higher expression of innate immune genes
(PERMANOVA nate: Fiaz = 295 p = 0.014), adaptive immune genes
(PERMANOVAgaptive:  F147 = 527, p = 0.004) and complement components
(PERMANOVA compiement: F147 = 5.16, p = 0.008) in NO hosts. Seven genes of innate
immunity (mstira, il-18, tnfr1, p22°h°% nkef-b, slal, cd97), seven genes of adaptive
immunity (stat4, igm, cd83, foxp3, tgf-f, il16, mhcll) and complement c9 were
significantly higher expressed in NO sticklebacks infected with Pacific S. solidus in

comparison to infection with Atlantic S. solidus (Table S16).

We next tested if immune gene expression patterns differed between infected and
control fish within contrast 2 or contrast 3. Again, gene expression patterns were not
related to parasite indices or size but strain-specific.

In DE hosts (contrast 2), expression of genes of all three functional arms of the
stickleback’s immune system differed significantly between sham-exposed controls and
fish infected with Pacific S. solidus (PERMANOVAh.e: Fi:2 = 7.51, p < 0.0007,
PERMANOVA. daptive: F1.32 = 6.47, p < 0.001; PERMANOVA complement: F1,32 = 5.57, p = 0.007;
Table S17) or Scottish (NU) S. solidus (PERMANOVA nate: Fi3s = 4.89, p = 0.003;
PERMANOVA. gptive: F135 = 3.925, p = 0.009; PERMANOVAmplement: Fi3s = 4.75,
p = 0.014; Table S18). Infection with Norwegian (SKO) S. solidus altered expression of
adaptive immune genes (PERMANOVA gaptive: F135 = 8.76, p < 0.0001) and complement
genes (PERMANOVA complement: F1,35 = 3.42, p = 0.028; Table S19).
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In NO sticklebacks (contrast 3), innate immune genes and complement components
were differentially expressed between controls and hosts infected with Pacific
S. solidus (PERMANOVAmnate: Fi2s = 5.43, p = 0.0118; PERMANOVA complement: F1.26 = 7.61,
p = 0.008; Table S20). Adaptive immune genes were differentially expressed between
controls and Atlantic (NU) S. solidus infections (PERMANOVA.gptive: Fr139 = 5.71,
p = 0.002; Table S20).

innate adaptive complement

® &
NNNNN e

contrast 2 (DE hosts)

contrast 3 (NO hosts)

»

Geographic cluster of the parasite . Baltic European Inland Pacific Atlantic

Figure 5. Infection with Pacific S. solidus drives significantly different multivariate gene expression
patterns. Multivariate patterns in gene expression were visualized by non-metric multidimensional scaling
(NMDS) on Euclidian distances and two dimensions using function metaMDS() from vegan (75). Polygons
were plotted using ggplot2 (76). NMDS were based on log10-transformed calibrated normalized relative
quantities (CNRQ values) of twelve genes of innate immunity (marco, mstira, mif, il-18, tnfr1, saall, tlr2,
csf3r, p22¢hox, nkef-b, slal, cd97), nine genes of adaptive immunity (stat4, staté, igm, cd83, foxp3, tgf-p, il-
16, mhcll, tcr-p), or three genes of the complement system (cfb, ¢7, ¢9). Upper panel: data from DE hosts
infected with seven different S. solidus strains from the four clustered localities (contrast 2); lower panel:
data from NO hosts infected with nine different S. solidus strains from the four clustered localities (contrast

3). Color coding follows Figure 1.
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DISCUSSION

Parasites are important components of the host's environment and a crucial agent of
natural selection (5,7,8,34,35,41). The co-evolution between hosts and parasites entails
complex dynamics, influencing host defence and parasite infectivity and virulence. We
used controlled infection experiments of three-spined sticklebacks from two
contrasting populations with a variety of Schistocephalus solidus strains in order to
characterize specificity and consequences of divergent co-evolution in a vertebrate
host-parasite association. We propose that main effects of the host and the parasite

determine S. solidus virulence, whereas the interaction might play a minor role.

Immunological differences between host populations

NO sticklebacks come from a population with high S. solidus prevalence and low
parasite diversity (24,36). Since immune defence is costly and co-evolves with parasite
virulence (7,37-40), we hypothesized that NO sticklebacks evolved specific resistance
against S. solidus. Infection rates did not differ significantly between host populations,
but S. solidus plerocercoids were consistently smaller in NO hosts. This supports our
hypothesis that NO hosts evolved increased resistance against S. solidus as inferred
from parasite growth suppression (11,41). We found that controls from the DE
population had higher immunological activity than NO controls (Figure 4; SI.3-4). This is
in line with the natural situation, as DE hosts are constantly challenged through high
parasite diversity and abundance. However, the differences in immunological
activation between the two host populations mostly converged upon infection: while
immune gene expression profiles and respiratory burst activity of head kidney
leukocytes differed significantly between controls, those parameters converged when
fish were infected with S. solidus from most origins (Figure 4; Figure S1). This
resembles the results from among-lake reciprocal transplant experiments (46) and
comparisons of wild and laboratory-raised fish (47). Consistently, these findings
emphasize the importance of environmental effects on immune gene expression
relative to genetic adaptation. We infer from our data that phenotypic plasticity in
response to parasite infection is a stronger contributor to immunological activation

than host genotype.
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Parasite strain specific immune gene expression

Host immune gene expression did not depend on S. solidus size or geographic cluster,
but was parasite strain specific. Immune gene expression profiles differed between NO
and DE controls and if fish were infected with Icelandic (ISC) S. solidus (contrast 1).
Notably, Icelandic sticklebacks seem to be genetically distinct from other Atlantic

populations (48).

Within DE hosts (contrast 1) and within NO hosts (contrast 2), expression profiles of
infected fish did not differ between or within clustered parasite localities, but only if
sticklebacks were infected with S. solidus from the Pacific (ECH) (Fig. 3). Those
parasites originated from the geographically most distant population, indicating the
potential of local adaptation at this scale (33). Infection with Pacific S. solidus was
consistently associated with high expression of most immune genes but low expression
levels of mhcll. Major histocompatibility complex (MHC) class Il molecules are
important components of adaptive immunity and activate T-cell mediated humoral
immune responses (49). In our experiments, low expression of mhcll was often
associated with low expression of the gene of T-cell receptor subunit TCR-B that is
involved in MHC ligand binding (SI.4). If a speculative active down-regulation of this
arm of the immune system in allopatric combinations results from a direct manipulation
by S. solidus remains to be answered.

In comparison to sham-exposed controls, Pacific S. solidus infection caused high
expression of pro-inflammatory and complement genes in hosts of both populations
(Tables S17 and S20). Genes of adaptive immunity were highly expressed (foxp3) or
down-regulated (tcr-f and mhcll) in DE hosts. A simultaneous up-regulation of foxp3 is
indicative of a T regulatory response (47) that potentially protects the host but may also
enable parasite growth through anti-inflammatory activities. Indeed, ECH S. solidus
were three times bigger in DE sticklebacks (Fig. 2). Pacific and Atlantic S. solidus
reached similar sizes in DE hosts but, except for a potential involvement of tcr-f and/or
mhcll, distinct genes were differentially expressed between hosts infected with

parasites from different populations (S1.4.3).
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We infer that (i) the relative parasite size and immune gene expression profiles are
similar in infected fish of the two populations (similar parasite effect) but that (ii)
complex ecological and co-evolutionary adaptations at different localities caused

distinct levels of virulence and resistance.

Geographic pattern of virulence

Parasite indices were strikingly similar between the two host populations with regard to
the geographic origin of the parasite. S. solidus from Atlantic populations grew
consistently larger and Baltic parasites were the smallest in both host types (Figure 3).
The geographic pattern of virulence in both host types highlights the parasite main
effect. The greatest difference was the suppression of Pacific S. solidus growth through
Atlantic (NQO) sticklebacks relative to Baltic (DE) sticklebacks. Sticklebacks from the
Atlantic region likely originate from the Pacific (50), so we suggest a relatively similar
genetic background of Pacific and Atlantic G. aculeatus - S. solidus species pairs. Such
a similarity could explain the higher resistance of Atlantic hosts against Pacific
parasites. Baltic stickleback populations, in contrast, form a cluster that is distinct from
European Inland populations (48). This, again, is a pattern that we also see in S. solidus
growth (Fig. 2). Thus, the geographic pattern of virulence corresponds to the host's
recolonization history after the last glaciation (48). Based on these data and a previous
study (35), we hypothesize that the parasite’s phylogeny resembles the phylogeny of its
highly specific host. A genetic basis could explain the same clusters of S. solidus
growth in both host types. Latitude or geographical distance between host and
parasite source populations did not explain parasite size. This renders the question of

what could have selected for different S. solidus types.
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We propose that S. solidus evolved different life-history strategies in response to
distinct selection by their hosts and habitat-specific trade-offs. Baltic S. solidus from
NST, where S. solidus prevalence is extremely low (32), did not reach the proposed
minimum weight (50 mg) for sexual reproduction in final hosts (28,51,52). Baltic
S. solidus from Swedish populations (OBB, GOT), where S. solidus prevalence is
actually high (T. Henrich; pers. comm.), showed the same growth pattern. Hence,
parasite prevalence might be one explanation (32,34,35,41), but is certainly not the only
cause for different growth strategies, especially in the light of ecological effects on
exposure risk (33). Another possible inference is that S. solidus from the Baltic region
reach sexual competence at lower weights than those from other populations, which is
supported by the fact that smaller worms can reproduce (26). Nevertheless, mapping

variation on fitness differences in the natural habitat remains to be investigated.

CONCLUSIONS

We tested the specificity and immunological activation of three-spined sticklebacks
Gasterosteus aculeatus towards various strains of the cestode Schistocephalus solidus
at different stages of the infection process. (i) S. solidus infection rates were consistent
among the two host populations whereas (i) the growth of the parasite differed
significantly among host populations and among parasite strains from different
geographic clusters. Parasite indices were determined by main effects of the host and
the parasite with insignificant interaction effects. (iii) Immune gene expression profiles
were host-parasite combination specific, suggesting stronger interaction effects at this
level of the infection process. Our results highlight the differences between
mechanisms of distinct stages of the infection process and provide new insights into
cestode growth suppression as a form of resistance (41).

We found constitutive immunological population differences but similar responses to
infection. Our data provide evidence for (co-)evolutionary and ecological effects on

immune functions that favour immunological heterogeneity.
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We propose that sticklebacks and S. solidus from a population with high S. solidus
prevalence (NO) co-evolved high virulence and high resistance. The high resistance of
NO hosts against S. solidus (host main effect) was not strain specific on an intermediate
geographic scale (across Western Europe). On a larger geographic scale, parasites
from the most distant (Pacific) population triggered elevated immunological
parameters. The analogous clustering of parasite growth according to geography in
the two host populations highlights the strong contribution of the parasite main effect
on infection phenotypes. We suggest that patterns of local adaptation are either weak,

absent or might be found at large scales (32-35).

METHODS

Experimental hosts and parasites

Hosts and parasites were laboratory-raised first generation offspring from wild-caught
individuals. Sticklebacks originated from lake GroBer Pléner See, Germany (DE), and
lake Skogseidvatnet, Norway (NO) and were kept in the institute’'s aquaria system at 18
°C and a light:dark rhythm of 16:8 hours. All fish were approximately nine months old at
the start of the respective experiment. Sticklebacks were experimentally infected in 18
different combinations. We two experiments with essentially the same procedures.
Each experiment was composed of three rounds using distinct fish families and
parasite sibships. ‘Fish family’ refers to offspring from one pair of sticklebacks; ‘parasite
sibship’ refers to offspring from one pair of worms. Parasite sibships from one origin
are here referred to as ‘strain’. Sham-exposed controls were included in each round. A
total of 1345 fish were analysed (Table 1; Table S1). We tested for host, parasite and
host-parasite interaction effects using ‘contrast 1. The respective infection
experiments were run simultaneously and involved the exact same parasite sibships for
both host populations, which should reduce any confounding factors. Parasite effects
were further tested within each host type by using S. solidus strains from across the

Northern Hemisphere (Table 1; Figure 1 and 2).

33



CHAPTER 1

Schistocephalus solidus plerocercoids had been sampled from naturally infected
sticklebacks from nine different locations (Figure 2; Table S1). The sampling sites cover
four geographic areas corresponding to G. aculeatus phylogeny: the Atlantic region
(NU, ISC, SKO), the Baltic region (OBB, NST, GOT), European Inland (SP, IBB), and the
Pacific (ECH). The parasites were bred in vitro in the laboratory in 2012 — 2014. The

eggs were kept at 4 °C in the dark.

Infection experiments

S. solidus eggs developed at 20 °C for three weeks. A 3:8 hours light:dark cycle and
another light stimulus initiated hatching of the first larval stage (coracidia). Single
coracidia were immediately fed to Macrocyclops albidus copepods (first intermediate
hosts) from laboratory cultures. Copepods were kept at 16:8 hours light:dark cycles at
18 °C and fed with Paramecium three times a week. Infection success was determined
by inspection for procercoids (second larval stage) in vivo 7 to 11 DPE. On day 16,
sticklebacks were exposed to single infected copepods or uninfected controls. By this
time, S. solidus is infective to its second intermediate host and differences in infection
success are unlikely to be caused by variation in ontogeny (53,54). The fish were starved
for two days and isolated in individual tanks. We assigned numbers to each treatment
group, i.e. worm sibship and the control, and used a random design for the exposure
to avoid any observer bias. The fish were transferred to 16 L aquaria according to their
numbers 24 hours after exposure. The water was sieved in order to determine the
number of ingested copepods per treatment. Sticklebacks were kept in aerated
aquaria connected to a flow-through freshwater system at 18 °C and a light:dark
rhythm of 16:8 hours. The density of 20 individuals per aquarium was maintained by
replacing dead fish with spine-clipped sticklebacks from the same fish family.

The fish were fed with frozen Chironomidae larvae three times a week but starved for
two to four days before dissection. We dissected the fish in the laboratory 55 (+/- 2)
DPE. Fish of every treatment group per experiment were dissected on each day.
Sticklebacks were euthanized with MS222 (1 g/L), weighed and measured (standard

length, i.e. without tail fin).
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The head kidneys, spleen, liver, gonads, and, if present, worms were weighted to the
nearest 0.1 mg. The carcasses were stored on ice upon dissection. Head kidney cells
were immediately prepared for flow cytometric analyses. Spleen, liver and worms were
transferred to RNAlater® (Sigma R0901; tenfold volume per weight), kept at 4 °C for

one day and stored at -20 °C until further use.

Phenotypic parameters

Infection rates were calculated with respect to the number of copepods that had not
been ingested and include data from double infected hosts and fish that died before
the day of dissection. The parasite index (Pl) is a proxy for parasite size and host
exploitation (32) and is calculated as the proportion of the total weight of an infected
fish accounted for by the parasite (27). The condition factor (42) and the hepatosomatic
index (HSI) (43) are estimates of host condition. The splenosomatic index (SSI) (55) and
head kidney index (HKI) were used as first proxies of immunological activation. The
head kidney is the major immune organ in bony fish (44). Thus, head kidney leukocytes
(HKL) were studied in more detail (56) (SI.3). Briefly, total cell numbers were determined
by a modified protocol (57) of the Standard cell dilution assay (58). Granulocytes and
leukocytes were identified according to their FSC/SSC profiles using a Becton
Dickinson FACS Calibur and BD CellQuest™ pro software (Version 6.0). We calculated
a granulocyte to lymphocyte ratio (G/L ratio) as a rough activity estimate of the innate
versus the adaptive immune system (59), and used a lucigenin-enhanced
chemiluminescence assay (60,59) to measure the phagocytic capacity of HKL by
quantifying the respiratory burst reaction in relative luminescence units (RLUs). More

details can be found in SI.3.

Gene expression analyses

Differential gene expression of S. solidus infected fish and sham-exposed controls was
studied by quantitative real time reverse transcription PCR (RT-gPCR). Total RNA from
spleen was extracted with the NucleoSpin®96 Kit (Macherey-Nagel) according to the
manufacturer's manual. Samples were thawed at 4 °C, transferred to new tubes,
supplied with B-mercaptoethanol (1% V/V) containing lysis buffer and homogenized for

2 x 3 min at 30 Hz using Tissue Lyser Il (Qiagen).
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A DNase digestion step was included. RNA was eluted with 40 pL RNase-free H;O.
RNA concentration and quality were measured spectrophotometrically (NanoDrop;
Thermo Scientific). Samples with concentrations below 6 ng/uL or Azo/Aso ratios
< 1.9 were excluded. Reverse transcription was performed on 6.4 ng of total RNA using
the Omniscript® RT Kit (Qiagen) with oligo dT priming and RNase inhibition (0.2 pL per
reaction) at 37°C for 60 min. 12.8 pL of sample RNA were used if the concentration was
below 39 ng/pL. The cDNA was stored at -20 °C and diluted 1:5 with RNase-free H,O
before pre-amplification. Pre-amplification was performed with TagMan® PreAmp
Master Mix (Applied Biosystems) according to the manufacturer’s instructions with 14
cycles. The PCR product was diluted 1:5 with low TE buffer. Differences in transcription
levels were tested using 96.96 Dynamic Array IFCs on a Biomark™ HD system
(Fluidigm) according to the manufacturer’s protocol. EvaGreen was used as DNA
binding dye. Samples were spread across four IFCs. All targets for a given sample were
included in the same run and measured in triplicates (technical replicates). Inter-run
calibrators, dilution series, and negative controls were included on each IFC. Fluidigm
Analysis software was used to assess melting curves of all gPCR assays in order to
confirm specific amplification. Samples with suspicious T profiles in more than two
targets or failed amplifications were excluded. gbase+ 3.0 (Biogazelle) was used for
calculation of calibrated normalized relative quantities (CNRQ values). Replicates with
variability (difference in quantification cycle, Cqg) > 0.5 and wells with Cq > 28 were
excluded, resulting in 94 % pass rate. The average Cq was calculated as arithmetic
mean; targets were scaled to average. We determined target and run specific
amplification efficiencies. Expression stability of putative reference targets was inferred
from geNorm M and Coefficient of Variation (CV) values (61,62). The most stably
expressed reference targets rpl13 and ubc (M = 0.133, CV = 0.046) were used for
normalization. CNRQs were log10 transformed for analysis. Three missing values from
gene csf3r and one missing value from tIr2 were replaced by the mean expression of
the respective gene. We analysed gene expression data of a total of 284 individuals

from 18 different combinations including controls.
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Genes targeted in expression analyses

We used 28 different primer pairs targeting mRNA from immune related genes and
putative reference genes (b2m, efla, rpl13a, ubc; described in (63)). Targets of interest
covered genes of innate immunity (cd97, csf3r, il-18, marco, mif, mstira, nkef-b, tnfr1,
saall, tir2, p22°", slal), adaptive immunity (cd83, foxp3, igm, il-16, stat4, staté, tgf-B,
mhcll, tcr-f) and the complement system (cfb, c7, c9). Primers are described in (46),

(47), (64) and in Piecyk, Ritter & Kalbe (in review).

Statistical analyses

Statistical analyses were performed with R v. 3.2.0; (65)). We used (generalized) mixed
effects models (GLMMs) from nime (66) and Ime4 (67) to include random terms and
fixed effects according to the experimental design. Infection rates were analysed by
using the number of infected individuals as proportional data in GLMMs with binomial
error structure and logit link function. The interaction of host and parasite was included
in contrast 1 (Table 1). Genotypic variation was generally accounted for by including
parasite sibship or ‘round’, i.e. worm sibship x fish family combination, as random term.
Models for fish parameters included the sex of the fish as another random effect to
account for sex-specific differences. Model selection was based on the Akaike
information criterion (AIC) (68) and log likelihood ratio tests. Whenever needed, we
incorporated heteroscedasticity in the model fit by definition of the varldent variance
structure for factorial variables. R? values of mixed effects models (69,70), were
calculated with function sem.model fits() from piecewiseSEM (71). Significantly different
groups were identified with glht() post hoc tests from multcomp (72) using Tukey's all-
pair comparisons or user defined contrasts according to the respective hypothesis.
Multiple testing was accounted for by false discovery rate (FDR) correction (73). Gene
expression data was derived from infected and control fish from each family.
Differential immune gene expression was analysed between groups within contrasts by
multivariate statistics on data of all 24 immune genes and, if significant, according to

functional groups (innate, adaptive, complement).
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Non-parametric permutational multivariate analyses of variance (PERMANOVA (73))
were calculated on Euclidian distance matrices (74) using function adonis() from vegan
(75). For each test, a random subset of 10,000 permutations was used; permutations
were constrained within ‘round’. The weight of the fish was included as covariate to
account for size related effects. Post hoc pairwise comparisons were FDR-corrected
(73). If multivariate statistics indicated significant differences, we used linear mixed
models (LMMs) to identify which genes were differentially expressed. Again, we
accounted for unequal variances and used FDR correction due to multiple testing. In
each case, the raw p-values are reported. Data was plotted using ggplot2 (76); colours
for plots and figures were chosen from the ColorBrewer palette (77). Multivariate
patterns in gene expression were visualized by non-metric multidimensional scaling
(NMDS) on Euclidian distances and two dimensions (function metaMDS(); the
contribution of each gene was plotted by use of the envfit() function (both
implemented in vegan). The maps package (78) was used to draw the map of the

sampling sites.

ABBREVIATIONS

CF: condition factor; CNRQ: calibrated normalized relative quantities; DE, NO:
sticklebacks from Lake GroBer Ploner See (Germany), Lake Skogseidvatnet (Norway);
DPE: days post exposure; ECH, GOT, IBB, ISC, NST, NU, OBB, SKO, SP: parasite
strains from Echo Lake, (Canada), Gotland (Sweden), Ibbenbirener Aa (Germany),
Myvatn (Iceland), Neustaddter Binnenwasser (Germany), North Uist (Scotland), Obbola
(Sweden), Lake Skogseidvatnet (Norway), Xinzo de Limia (Spain); FDR: false discovery
rate; G/L: granulocyte to lymphocyte ratio; (G)LMM: (generalized) linear mixed model;
HKI: head kidney index; HKL: head kidney leukocytes; HSI: hepatosomatic index; IFC:
integrated fluidic circuits; PERMANOVA: permutational multivariate analysis of
variance; Pl: parasite index; RLU: relative luminescence units; ROS: reactive oxygen

species; SSI: splenosomatic index
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ABSTRACT

Parasites are one of the strongest selective agents in nature. They select for hosts that
evolve counter-adaptive strategies to cope with infection. Helminth parasites are
special because they can influence their hosts’ immune responses. This phenomenon is
important in epidemiological contexts, where co-infections may be affected. How
different types of hosts and helminths interact with each other is insufficiently
investigated. We used the three-spined stickleback (Gasterosteus aculeatus) -
Schistocephalus solidus model to study the involved mechanisms and temporal
components of helminth immune modulation. Sticklebacks from two contrasting
populations with either high resistance (HR) or low resistance (LR) against S. solidus
were individually exposed to S. solidus strains with characteristically high growth (HG)
or low growth (LG) in G. aculeatus. We determined the susceptibility to another
parasite, the eye fluke Diplostomum pseudospathaceum, and the expression of 23 key
immune genes at three time points after S. solidus infection.

D. pseudospathaceum infection rates and the gene expression responses depended
on host and S. solidus type and changed over time. Whereas the effect of S. solidus
type was not significant after three weeks, T regulatory responses and complement
components were up-regulated at later time points if hosts were infected with HG S.
solidus. HR hosts showed a well-orchestrated immune response, which was absent in
LR hosts. Our results emphasize the role of regulatory T cells and the timing of specific
immune responses during helminth infections. This study elucidates the importance to
consider different co-evolutionary trajectories and ecologies when studying helminth

immune modulation.

KEYWORDS

host-parasite interaction, helminth immune modulation, gene expression, Gasterosteus

aculeatus, Schistocephalus solidus, Diplostomum pseudospathaceum
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INTRODUCTION

The evolution of species and species interactions are shaped through a complex web
of abiotic and biotic factors (Sheldon & Verhulst, 1996; Schulenburg et al., 2009;
Maizels & Nussey, 2013; Betts et al., 2016). One of the key forces is the co-evolution
between hosts and parasites. Parasites shape their host's immune function and in
response undergo rapid evolution of virulence, which results in ongoing antagonistic
co-evolution (Buckling & Rainey, 2002; Paterson et al., 2010; Eizaguirre et al., 2012;
Dargent et al., 2013). However, the underlying evolutionary trajectories of this co-
evolution have mostly been studied in species pairs. Such an approach neglects the
complexity of natural systems and the consequences of infection. Indeed, parasite
species can influence one another (Benesh & Kalbe, 2016), especially if multiple
parasites infect one host. In such a case, co-infecting parasites interact directly or
indirectly, for example through resource competition or effects on host immunity (Betts

et al., 2016).

The vertebrate immune system co-evolved with helminth parasites (ancient metazoans
classified as cestodes, nematodes and trematodes) that are exceptional immune
modulators (Maizels, 2005; Anthony et al., 2007; Khan & Fallon, 2013). It has been
shown that helminth infections can alter susceptibility to macroparasites (Lello et al,,
2004; Pedersen & Antonovics, 2013; Benesh & Kalbe, 2016) and microbes (Graham,
2008; Giacomin et al., 2015). Moreover, helminth-mediated downregulation of host
immunity is observed to suppress autoimmune or inflammatory disorders such as
asthma, rheumatoid arthritis, type 1 diabetes, multiple sclerosis, and inflammatory
bowel diseases (Maizels & Yazdanbakhsh, 2003; Maizels & McSorley, 2016). Helminths
typically interfere with characteristic elements of innate and adaptive immunity
(Anthony et al., 2007; McSorley et al., 2013). Most knowledge stems from clinical and
experimental work involving human patients or murine systems. A prominent
observation is the switch between activities of distinct T helper cell subsets over time.
Characteristically, an early T helper 1 (Th1) type response is skewed towards a T helper

2 (Th2) type response in chronic helminth infections.
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Th1 and Th2 responses are defined by distinct functions and cytokines (Maizels et al.,
1993; Maizels & McSorley, 2016). Th1 type cytokines, such as Interleukin-1B (IL-1) and
Tumor necrosis factor a (TNF-a), are pro-inflammatory; Th2 type cytokines can inhibit
Th1 cells and acute-phase cytokines, induce alternatively activated macrophages, and
stimulate B-cells and antibody production (Liu et al., 2009; Mosmann & Sad, 1996).
Nevertheless, high parasite burdens were described despite increased Th2 responses,
which brought another T cell subset into focus, namely immuno-suppressive regulatory
T (Treg) cells (Maizels & Yazdanbakhsh, 2003; Maizels, 2005; Nutman, 2015; Maizels &
McSorley, 2016). Tregs are considered to be key controllers of immune system
homeostasis and expand upon longstanding helminth infections. Modulation of these
cells may protect from immunopathology and ensure the persistence of the parasite
within the host. Helminths are also known to interact with the host’'s complement
system (Heath et al., 1994; Mulcahy et al., 2004) which is considered to link innate and

adaptive immunity (Carroll, 2004).

It has recently been suggested that those characteristic elements of innate and
adaptive immunity, namely Th1, Th2, Treg cells, and complement components, are of
central importance in helminth infections of the three-spined stickleback Gasterosteus
aculeatus (hereafter ‘stickleback’) (Haase et al., 2014, 2016; Robertson et al., 2015).
Sticklebacks are widely distributed across the Northern Hemisphere and are naturally
infected with a wide diversity of parasites (Kalbe et al., 2002, MacColl, 2009; Feulner et
al., 2015). Parasites seem to drive local adaptation and genomic differentiation in this
species (Eizaguirre et al., 2012; Feulner et al., 2015; Robertson et al., 2015). Habitat
specific immunity and immune gene expression have been described (Wegner et al,,
2003; Lenz et al., 2013; Huang et al.,, 2016; Lohman et al., 2017), but little is known
about temporal changes, ecological consequences, and the underlying mechanisms of
the host's response to infection (Benesh & Kalbe, 2016).

Here, we used controlled infection experiments with sticklebacks and their specific
cestode parasite Schistocephalus solidus for a thorough investigation of helminth
immune modulation in a model vertebrate system. We tested our predictions by using

stickleback and S. solidus types with different co-evolutionary backgrounds.
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Our study addressed the ecological significance by exploring the influence on co-
infection probability with a naturally co-occurring parasite, the trematode
Diplostomum pseudospathaceum. D. pseudospathaceum migrates to the immuno-
logically protected eye lens of the fish within 24 hours and evades adaptive immune
responses (Chappell et al., 1994). The potentially inflicted cataract formation within the
eyes has the potential to impair G. aculeatus predator avoidance (Meakins & Walkey,
1975; Karvonen et al., 2004; Seppala et al., 2004). Both parasite species have a complex
life cycle with G. aculeatus as intermediate and piscivorous birds as final hosts. We
studied the temporal dynamics by sampling at different time points of S. solidus
development in the stickleback and determined corresponding host immune gene

expression patterns.

S. solidus has a three-host life cycle with copepods, G. aculeatus, and fish-eating birds
as three consecutive hosts (Smyth, 1946; Clarke, 1954, Barber & Scharsack, 2010). The
cestode becomes infective for the final host and is able to reproduce above a weight
of 50 mg (Tierney & Crompton, 1992; Hammerschmidt & Kurtz, 2009). S. solidus is a
common parasite of G. aculeatus in freshwater and brackish habitats. The outcome of
their co-evolution seems to differ greatly between populations (Barber & Scharsack,
2010; Kalbe et al., 2016; Weber et al., 2017). While some sticklebacks evolved high
resistance against S. solidus, measured as the limitation of cestode growth, the
resistance of others is less effective (Kalbe et al., 2016; Weber et al., 2017; Piecyk et al.,
in revision). Likewise, some S. solidus types grow consistently fast and reach enormous
weights, whereas other strains grow characteristically slow (Benesh & Kalbe, 2016,
Kalbe et al., 2016; Ritter et al., 2017; Piecyk et al., in revision). We chose hosts and
parasites from (i) populations with low S. solidus prevalence (< 1%) and high parasite
diversity, and (ii) populations with high S. solidus prevalence (20 to > 50%) and low

parasite diversity.
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The former host and parasite types supposedly evolved under de-escalated arms-race
dynamics causing slow parasite growth (low growth, LG S. solidus) and low resistance
(LR sticklebacks). The latter host and parasite types supposedly selected for increased
resistance (high resistance, HR sticklebacks) and virulence (high growth, HG S. solidus)
in their habitat.

We hypothesized that S. solidus modulates immune responses in G. aculeatus and that
this effect differs between contrasting stickleback and S. solidus types, as well as over
time. More specifically, we expected modulatory effects when S. solidus is able to
reproduce upon transmission to the final hosts, which should be earlier in fast growing
(HG) than in slow growing (LG) types. We further hypothesized an effective immune
response in the co-evolved high growth — high resistance (HG-HR) combination, but
not in the un-adapted high growth — low resistance (HG-LR) combination.

Expression levels of 23 G. aculeatus immune genes that may play key roles in S. solidus
and D. pseudospathaceum infection were analysed to characterize the molecular
infection phenotypes. We chose genes that had been identified using transcriptome
data (Haase et al.,, 2014; Huang et al.,, 2016) and quantitative real-time PCR studies
(Brunner et al., 2017; Robertson et al., 2015; Stutz et al., 2015). Our set includes targets
from innate and adaptive immunity as well as complement components. We used
subsets of these genes to study Th1, Th2 and Treg responses in further detail. The
stickleback’s immune system is principally able to eliminate S. solidus up to 17 days
post infection, adaptive immune responses might be active after two to three weeks,
and head kidney leukocyte respiratory burst potential (an estimate for innate immune
activation) peaks after seven to nine weeks (Barber & Scharsack, 2010). Following those
findings, we exposed S. solidus infected and sham-exposed control fish to a defined
number of Diplostomum pseudospathaceum cercariae three, six and nine weeks post
S. solidus infection. The susceptibility to D. pseudospathaceum was used as an
indicator for the potential systemic modulatory effect of S. solidus and inter-parasitic
interactions (Benesh & Kalbe, 2016). S. solidus” effect on stickleback immune gene

expression was studied in S. solidus infected and co-infected hosts (Fig. 1).
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Fig. 1. Experimental design. Two stickleback populations of low resistance (LR) and high resistance (HR)
were exposed to Schistocephalus solidus of high growth (HG) or low growth (LG). Subsets of S. solidus
exposed sticklebacks were exposed to 100 cercariae of the eye fluke Diplostomum pseudospathaceum at

distinct time points (after three, six or nine weeks).

MATERIAL AND METHODS

Experimental design

We performed a fully reciprocal co-infection experiment using two pairs of hosts (HR
and LR) and S. solidus parasites (HG and LG) with contrasting resistance and growth.
The infection success of another parasite species, the eye fluke D. pseudospathaceum,
and stickleback immune gene expression levels were used as quantitative proxies for
S. solidus immune modulation. We chose three distinct time points after S. solidus
infection (week 3, week 6, and week 9) to describe the temporal component of the

interaction (Fig. 1).
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Study system

We used naive lab-bred first generation progeny of three breeding pairs of each of the
two stickleback populations (Table S1). The fish were kept in the institute’s aquaria
facilities at 18°C, with 16 hours of light per day, and fed a diet of frozen chironomids,
copepods and daphnids three times a week. We chose two populations of cestodes
(Table S1). S. solidus from lake Skogseidvatnet grow consistently faster than S. solidus
from Neustddter Binnenwasser (Benesh & Kalbe, 2016; Kalbe et al., 2016; Ritter et al.,
2017), thus justifying the conceptual names for the two types: HG (high growth) and LG
(low growth) S. solidus. Two S. solidus sibships were used per population. A parasite
sibship refers to offspring from one S. solidus pair that was bred in vitro (Smyth, 1946;
Wedekind et al., 1998). All breeding pairs were weight matched to maximize
outcrossing rates (Lischer & Milinski, 2003). S. solidus eggs were stored at 4°C in the
dark; hatching was initiated following Dubinina (1980). Macrocyclops albidus copepods
from laboratory cultures were exposed to single coracidia as the first intermediate host
(van der Veen & Kurtz, 2002). The copepods were kept at 18 °C with 16 hours of light
per day, and microscopically checked for S. solidus infection one week after exposure.
Singly infected copepods were used for stickleback exposure 16 days post exposure.
Susceptibility to the eye fluke Diplostomum pseudospathaceum was used as an
ecologically relevant proxy for S. solidus immune modulation. We established a pool of
D. pseudospathaceum shedding snails (intermediate hosts) in the laboratory. The snail
species Limnea stagnalis exclusively hosts D. pseudospathaceum in our sampling area
(Faltynkové et al.,, 2007). L. stagnalis were collected in shallow water at different
sampling sites of two water bodies connected to the Ploner See lake district (SI.1) in
September and October 2015. All snails were screened for parasites in the laboratory
on the day of sampling and trematodes were identified according to Faltynkova et al.
(Faltynkové et al., 2007). Exclusively D. pseudospathaceum positive snails shedding no
cercariae of other species were transferred to 16 L tanks in groups of five and fed ad

libitum with green lettuce.
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Infection experiment and fish dissection

Fish were individually isolated in 2 L tanks and starved for 24 hours before exposure to
single S. solidus infected copepods. Control fish were exposed to uninfected
copepods. We transferred the fish to treatment (fish family x worm sibship
combination) specific 16 L tanks after 48 hours, in order to give enough time for
copepod ingestion. The water of the single tanks was filtered to quantify uningested
copepods. Each 16 L tank housed 18 individuals at the beginning of the experiment.
To avoid any density-dependent influence on growth (Backiel & Le Cren, 1978), fish
numbers were maintained by replacing fish that died before exposure to D. pseudo-
spathaceum by spine-clipped naive individuals from the same stickleback families.
Three, six and nine weeks after exposure to S. solidus, four fish from every treatment
were individually exposed to 100 D. pseudospathaceum cercariae. The sticklebacks
were isolated in 2 L tanks and starved for 24 hours. D. pseudospathaceum cercariae
came from a pool of at least 10 snails (Kalbe & Kurtz, 2006; SI.1) to overcome
D. pseudospathaceum genotype-specific effects. Fish were euthanized two days post
D. pseudospathaceum exposure by an incision to the brain and weighed to the nearest
0.1 mg. The standard length (without fin) was measured to the nearest mm. Head
kidneys, liver and spleen were weighed to the nearest 0.1 mg; head kidneys were
immediately transferred to RNAlater (Sigma-Aldrich) and stored at room temperature
for 24 hours before freezing at -20°C. The sex was determined for each fish, and body
cavities were screened for S. solidus infection. If present, plerocercoids were weighed
and a parasite index (Pl) was calculated as 100 x cestode weight / fish weight (Arme &
Owen, 1967). Host condition was estimated via the condition factor (CF; 100 x fish
weight/fish length® with HR- and LR-population specific exponents b; Frischknecht,
1993) and the hepatosomatic index (HSI; Chellappa et al., 1995). The splenosomatic
index (SSI) and a head kidney index (HKI) were calculated as 100 x organ weight/fish
weight (Bolger & Connolly, 1989; Kurtz et al., 2004) to estimate immunological
activation. D. pseudospathaceum infection rates were determined by microscopically

counting metacercariae completely within the eye lenses in fish-isotonic NaCl-solution.
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RNA extraction and cDNA synthesis

Head kidney RNA was extracted with a NucleoSpin 96 kit according to the
manufacturer's protocol (Macherey-Nagel), including on column DNA digestion.
Samples were homogenized in lysis buffer with 1% B-Mercaptoethanol using a Tissue
Lyser Il (Qiagen) for 2 x 3 min at 30 Hz. RNA purity was verified by ensuring all
A260/A280 ratios were > 1.95 using a NanoDrop 1000 (Thermo Scientific)
spectrophotometer. Reverse transcription reactions to cDNA were performed using
the Qiagen Omniscript RT kit, following the manufacturer’s protocol (S1.2). The samples
were adjusted to 1000 ng RNA per reaction. Five samples with concentrations between
500 and 1000 ng were used in the highest possible concentration and showed
comparable results to the remaining dataset. The cDNA was stored at -20°C until use

for quantitative real-time PCR (gPCR).

gPCR primer selection and establishment

We chose 32 key targets that had either been published before (Hibbeler et al., 2008;
Robertson et al., 2015; Stutz et al., 2015; Brunner et al., 2017) or were designed for this
study. We designed intron-spanning primers for p22phox, mstlra and marco using
Primer 3 (version 4.0.0, http://primer3.ut.ee). All primers were tested on gDNA and
cDNA pools of both stickleback populations on a Light cycler Il (ABI) with three
technical replicates and a negative control using an annealing temperature of 60°C to
ensure protocol compatibility. Amplicon specificity was confirmed by melt curve
analysis and gel electrophoresis on a 1.5 % agarose gel stained with SybrSafe.
Exclusively primers with one unambiguous product and negative gDNA amplification
or gDNA product of distinct melting temperature were selected for use. PCR products
of all primers were sequenced (SI.3) and confirmed by querying the ENSEMBL
stickleback reference genome using blastn (Altschul et al., 1997; Aken et al., 2016;

ENSEMBL version 86). Five targets were excluded during establishment (Sl.4).
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We used four reference genes (b2m, efla, rpl13a and ubc) (Hibbeler et al., 2008) and 23
immune genes categorized by their functionality in the stickleback’s immune system:
innate immunity (cd97, csf3r, il-18, marco, mifl, mstira, nkef-f, p22°">, saall, slal,
tnfr1), adaptive immunity (stat4, cd83, igm, staté, foxp3b, il-16, tgf-B, mhcll, tcr-f), and
complement system (c7, c9, cfb) (SI.5 and Table S3). We further defined gene sets
characteristic for a Th1 response (stat4, tnfr1), Th2 response (staté, cd83, igm) and Treg

response (il16, foxp3, tgf-p).

Gene expression data acquisition

Relative gene expression was measured with Fluidigm 96.96 Dynamic Array integrated
fluidic circuits (IFCs) and Biomark HD system using EvaGreen as DNA binding dye. The
initial primer concentration was 100 pM (S1.6 and SL.7). In total, 210 samples were
analysed on four different IFCs. Samples of all treatment groups and time-points were
randomly distributed across IFCs. Each IFC included two inter-run calibrators (IRCs) and
a gDNA contamination control. Amplification efficiencies were calculated from serial
dilutions of HR and LR cDNA pools in a dilution range from 1:10 to 1:10*. Primer
efficiencies were in the range of 95 % to 112 %, with an R? average value of 0.96 SE =+
0.013 (Table S3). Assessment of data quality, reference gene stability, inter-run
calibration and calculation of relative expression values was completed using gBase+
3.0 (Biogazelle) (Hellemans et al., 2007). We set the negative cutoff to the technical
sensitivity limit at cycle 28 and allowed a variation of 0.5 cycles for maximum triplicate
variability. Expression stability of reference targets was inferred from geNorm M and
Coefficient of Variation (CV) values (Vandesompele et al., 2002; Hellemans et al., 2007).
The most stably expressed reference genes rpl13 and ubc (M = 0.139, CV = 0.049) were
used for normalization. Relative expression values were calculated using the AACt
method (Pfaffl, 2001) and exported as log10 transformed CNRQ (calibrated normalized
relative quantities). We excluded unreliable data from eight samples. Two missing
values for gene cfb were replaced by the average cfb expression. Accordingly, gene

expression analyses were based on 202 infected and control sticklebacks.

57



Data analyses

Host condition and immunological parameters from 501 sticklebacks were analysed. Al
statistical analyses were performed in R (version 3.2.0, R Core Team, 2015). We
distinguished between time points (T: week 3, week 6, week 9) and host types (H: HR,
LR), and defined the following treatment groups (P) for the main analyses: (i) sham-
exposed controls, (ii) fish infected with LG S. solidus, and (iii) fish infected with HG S.
solidus. We further distinguished between (iv) fish infected with D. pseudo-
spathaceum, (v) fish co-infected with LG S. solidus and D. pseudospathaceum, and (vi)
fish co-infected with HG S. solidus and D. pseudospathaceum, to analyse host
parameters, i.e. condition and immunological parameters as well as immune gene
expression profiles. Linear mixed effect models (LMMs) and generalized linear mixed
effect models (GLMMs) were fit using functions Ime() from nime (Pinheiro et al., 2015)
and Imer() and glmer() from Ime4 (Bates et al., 2015). Best fitting models were selected
with likelihood ratio tests and the Akaike information criterion (AIC) (Akaike, 1973). R?
values of mixed effects models (Johnson, 2014; Nakagawa & Schielzeth, 2013) were
calculated with the function sem.model fits() from piecewiseSEM (Lefcheck, 2016).
Significantly different groups were identified with glht() post hoc tests from the
multcomp package (Hothorn et al., 2008) with user defined contrasts according to the
respective hypothesis. Apart from that, p-values were obtained with Anova() from car
(Fox & Weisberg, 2011) using Type Il Wald chisquare tests or anova() from stats (R
Core Team, 2015) computing Type Il sum of squares for fixed effects of LMMs. We
accounted for multiple testing by using the false discovery rate (FDR; Benjamini &
Hochberg, 1995). Infection rates were compared using GLMMs with binomial error
structure and logit link function. S. solidus infection rates were analysed with regard to
the number of ingested copepods, and included the origin of the fish, the origin of S.
solidus and their interaction as a fixed structure.Fish origin, S. solidus origin, time, and
all interactions were tested as fixed effects to analyse D. pseudospathaceum infection
rates. We additionally tested effects of fish sex, S. solidus sibship and fish family, and

ultimately incorporated fish family as a random term in the models.
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To test whether the growth of the worm per se affected D. pseudospathaceum
infection rates, we used data from S. solidus infected fish from each week and added
the weight of the worm as a covariate in the statistical models (Benesh & Kalbe, 2016).
We included the interaction between worm weight and S. solidus origin in the model
fit in order to test if the relationship between S. solidus growth and susceptibility to
D. pseudospathaceum was population-specific. Schistocephalus exposed but
uninfected fish were excluded from further analyses, because it is not possible to
determine the time point and stage of the infection process in which fish resisted
infection. LMMs to study S. solidus growth, host condition and immunological
parameters were fit with fish family as a random term, and heteroscedasticity was
accounted for by defining the respective factorial variables as varldent variance
structure. We used parasite indices, the relative weight of the parasite in an infected
fish (Arme & Owen, 1967) of all S. solidus infected fish (n = 140) to study parasite
growth over time. The model included the origins of host and parasite, as well as
sampling time, and all interactions as fixed effects. Host condition and immunological
parameters were analysed with GLMMs using host origin, treatment group (defined
above), and sampling time, as well as all interactions as fixed effects.

Stickleback immune gene expression was evaluated by non-parametric permutational
multivariate analyses of variance (PERMANOVA; Anderson, 2001) on log10 transformed
CNRQ values. We first tested if the expression of all 23 immune genes differed
between groups within contrasts and, if significant, ran PERMANOVAs according to
functional groups (innate, adaptive, complement; Th1, Th2, Treg). The analyses were
based on Euclidian distances (D’haeseleer, 2005) using function adonis() from the
vegan package (Oksanen et al., 2015). The main effects were host type (H), time (T),
and depending on the comparison of interest, either treatment group or S. solidus
type (P). The weight of the fish was included as a covariate to account for size related
effects. Each test was based on 10,000 permutations. Permutations were constrained
within fish family. Post hoc pairwise comparisons were calculated between contrasts of

interest within time points.
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Experimental treatment effects on single genes of differentially expressed functional
groups were tested with LMMs using treatment and fish origin as fixed structure and
fish family as random term. Again, we accounted for heteroscedasticity whenever
needed and all tests were FDR-corrected (Benjamini & Hochberg, 1995). Data was
plotted with ggplot2 (Wickham, 2009) and plyr (Wickham, 2011) using colour schemes
from RColorBrewer (Neuwirth, 2014). Gene expression was visualized with function

aheatmap() from NMF (Gaujoux & Seoighe, 2010).
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Fig. 2. Effect of S. solidus growth on susceptibility to D. pseudospathaceum. Sticklebacks with either
high resistance (HR) or low resistance (LR) were experimentally infected with single S. solidus larvae.
Parasite indices (parasite weight corrected for host weight) and susceptibility to the eye fluke
Diplostomum pseudospathaceum (number of metacercariae in the eye lenses one day after exposure to

100 cercariae) were determined in week 3, 6, and 9 post S. solidus infection. Color coding follows Fig. 1.
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S. solidus growth and effect on stickleback physiology and susceptibility

S. solidus infection rates did not differ significantly between host or parasite
populations (SI.8). The growth of the cestode was significantly affected by S. solidus
type (Fig. 2; SI.9): high growth (HG) S. solidus grew consistently faster than low growth
(LG) S. solidus. The number of D. pseudospathaceum in the eye lenses of sham-
exposed and S. solidus infected sticklebacks differed according to a three-way
interaction between time and host and parasite type (X% = 24.8413; p < 0.0001).
Overall, the differences between host populations were not significant (Table S7) and
susceptibility to D. pseudospathaceum increased over time (Table S8) if sticklebacks
were infected with HG S. solidus, but not if they were infected with LG S. solidus (Fig.
2, S1.10). Post hoc comparisons of the effects of parasite type over time and with regard
to host type showed that three weeks after S. solidus infection, LR hosts had more
D. pseudospathaceum metacercariae in their eyes if infected with HG S. solidus or
sham-exposed, than those infected with LG S. solidus; in week 6, D. pseudo-
spathaceum numbers in LR fish were highest if hosts were infected with HG S. solidus
and lowest in controls; in HR hosts, D. pseudospathaceum infection rates were
significantly higher in HG infected hosts than in controls; nine weeks after S. solidus
infection, the number of D. pseudospathaceum metacercariae was significantly
increased if sticklebacks were infected with HG S. solidus (Table S9). We tested if this
result was weight- rather than population-specific by fitting GLMMs with S. solidus
weight as covariate (SI.11). At each time point, the number of D. pseudospathaceum
was not correlated to S. solidus weight, and the origin of S. solidus remained a
significant predictor in week 3 (P effect: X? = 6.65, p = 0.0099), week 9 (P effect: X? =
53.27, p < 0.0001), and in LR hosts in week 6 (P effect: X? = 4.22, p = 0.0401).

Analyses of host condition and immunological parameters are presented in the
Supplementary Information (SI.12). Briefly, the condition was higher in HR sticklebacks,

regardless of the treatment.
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Fig. 3. Effects of infection on immune gene expression in sticklebacks over time. Sticklebacks with low
resistance (LR) or high resistance (HR) against S. solidus were infected with low growth (LG) or high growth
(HG) S. solidus; controls (C) were sham-exposed. Heatmaps are based on Euclidian distances of average
values of log10-transformed calibrated normalized relative quantities (CNRQ). Rows are centered and
scaled to row z-scores across both host types within weeks. Significantly different groups are highlighted
by black outlines. (A) Expression responses in S. solidus infected fish after six and nine weeks. (B)
Expression responses in S. solidus — D. pseudospathaceum co-infected fish.
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Gene expression profiles

Expression profiles of 23 stickleback immune genes were used to characterize the
molecular pathways of the host’s immune response to S. solidus infection over time.
We additionally tested for the effects of D. pseudospathaceum infection and
D. pseudospathaceum infection intensity. Multivariate analyses of variance
(PERMANOVAs; (Anderson, 2001; Brunner et al., 2017) revealed significantly different
gene expression profiles of treatment groups over time (Fig. 3; SI.13). Three weeks
after infection, the profiles did not yet differ significantly between S. solidus infected
and control fish (Table S10). After six weeks, HG S. solidus infected fish up-regulated
genes of innate immunity (P effect; PERMANOVAnae: F117 = 4.9997, p = 0.0023),
whereas expression profiles of LG-infected fish did not differ significantly from controls.
T regulatory genes were up-regulated in HG infected HR hosts relative to controls
(P effect; PERMANOVAr.g: Fi,8= 20.14, p = 0.0105) (Fig. 3A; Table S10). In week 9,
genes of complement components were significantly up-regulated in HG infected
hosts (P effect; PERMANOVA compiement: F1,17 = 9.899, p = 0.0082) (Fig. 3A; Table S10). FDR
correction of quantitative changes in mRNA levels of single genes indicated significant
differential expression of tgf-f in week 6 and cfb in week 9 (Tables S11, S12, S13).
Multivariate gene expression did not differ significantly between controls and
D. pseudospathaceum infected fish (Table S14). The profiles differed significantly
between controls and LR hosts that were co-infected with D. pseudospathaceum and
HG S. solidus: genes of innate immunity (co-infection effect; PERMANOVA ate: Fr,14 =
5.43, p = 0.0195), adaptive immunity (co-infection effect; PERMANOVA daptive: F1,14 = 5.2,
p = 0.0122), Th1 (co-infection effect; PERMANOVA:: F114 = 4.8, p = 0.0232), Th2 (co-
infection effect; ; PERMANOVAnm: Fia = 4.96, p = 0.0226) and T regulatory
components (co-infection effect; PERMANOVAr.g: Fi12 = 11.68, p = 0.0074) were up-
regulated nine weeks after S. solidus infection (Table S15). Primarily, il-18, foxp3, tgf-8,
and il-16 were higher expressed than in controls (Fig. 3B; Table S16). Multivariate gene

expression did not differ between co-infected HR fish and the respective controls.
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DISCUSSION

Using controlled experimental helminth infections of three-spined sticklebacks, we
found that pro-inflammatory, complement and T regulatory pathways are up-regulated
in chronic infections with a high growth (HG) Schistocephalus solidus type after the
cestode reached its reproductive weight. Infection rates of another helminth species,
the eye fluke Diplostomum pseudospathaceum were time- and S. solidus type-

dependent.

S. solidus growth and immune modulation is host and parasite type specific

In a community context, host immunity and parasite virulence are shaped by co-
occurring species such as predators, prey, pathogens and parasites (Schulenburg et al.,
2009). We chose hosts and parasites from contrasting environments, where differences
in parasite prevalence and diversity potentially selected for host and parasite types
with different resistance and virulence (Feulner et al., 2015; Huang et al., 2016; Kalbe et
al., 2016). Consistent with previous data (Kalbe et al., 2016), high resistance (HR) host
types suppressed parasite growth more than low resistance (LR) host types and high
growth (HG) S. solidus grew faster than low growth (LG) S. solidus in both host types.
Target immune genes were not significantly differentially expressed after three weeks,
when HG and LG S. solidus were small (< 3 mg) in both host types. In line with our
expectations, LG S. solidus were the smallest in every combination and infection rates
of D. pseudospathaceum were not affected (Fig. 2; SI.9); gene expression profiles of
LG-infected sticklebacks did not differ from controls over the course of the experiment
(Fig. 3). HG infected sticklebacks increased innate immune responses significantly in
week 6, when HG S. solidus had reached an average weight of 87 mg in LR hosts and
61 mg in HR hosts (Fig. S1; SI.9). The proposed minimal weight for sexual reproduction
in the final host is 50 mg, and modulatory effects of S. solidus are expected above this
threshold (Hammerschmidt & Kurtz, 2009; Tierney & Crompton, 1992). HR hosts
simultaneously up-regulated expression of Treg associated genes, while this regulatory
response was absent in LR hosts (Fig. 3). We conclude that HG S. solidus evolved fast
growth in the context of efficient immune modulatory mechanisms in HR hosts, and

that HR hosts evolved a well-orchestrated immune response to infection.

64



Later stages of chronic helminth infections are suspected to be accompanied by an
activation of the complement system (Haase et al., 2016). Here we found that genes of
complement components, especially cfb, were only up-regulated in HG S. solidus
infections (Fig. 3A), which indicates that the involvement of complement components
is S. solidus type specific. Helminth genotype-dependent complement activation was
previously proposed for D. pseudospathaceum (Haase et al., 2014; Rauch et al., 2008).
It is also tempting to speculate that the parasite’s ability to change its surface
composition could involve complement components and leads to evolutionary relevant

variation in infectivity and virulence (Hammerschmidt & Kurtz, 2005).

The role of a T regulatory response in HR hosts

A T regulatory response may be beneficial for both host and parasite at late stages of
infection as it facilitates survival of the parasite within the stickleback by preventing
pathological inflammatory responses (Liu et al., 2009). We monitored expression levels
of the Treg related genes foxp3, tgf-f and il-16 in all treatments over time. FoxpP3
(Forkhead Box P3) is a characteristic transcription factor of regulatory T cells; TGF-B
(Transforming growth factor B) is linked to development of Treg and Th17 cells
(Weaver, et al., 2006, Robertson et al., 2015). TGF-B is often classified as a pro-
inflammatory agent despite having regulatory functions (Liu et al., 2009; Zhu et al.,
2012; Fischer et al.,, 2013;). RNA levels of foxp3 and tgf-f were increased in HR
stickleback after six weeks. Thus, HG S. solidus infected HR hosts up-regulated Tregs
when the HG parasite initially triggered innate immunity. We conclude that HR hosts,
coming from a population with high prevalence of fast growing S. solidus, evolved
effective resistance and simultaneous up-regulation of pro-inflammatory innate
immune genes and T regulatory components, which diminishes negative effects of the
cestode or unspecific side effects such as immunopathology. This result is in line with
the good condition of HR hosts and in agreement with the recent emphasis on
T regulatory functions in helminth infections (Maizels & Yazdanbakhsh, 2003; Maizels,

2005; Nutman, 2015; Maizels & McSorley, 2016).
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Immune gene expression profiles in LR hosts

In stark contrast to the well-orchestrated immune response in HG-infected HR hosts, LR
hosts did not up-regulate expression of Treg genes upon infection with HG S. solidus.
Their gene expression response was inefficient: HG and LG S. solidus grew faster and
condition was lower in LR than in HR hosts. HG S. solidus — D. pseudospathaceum co-
infected LR sticklebacks showed simultaneous significant up-regulation of Th1 and Th2
effectors, innate immunity, adaptive immunity and Tregs in week 9. Especially
expression levels of il-18, foxp3, tgf-f and il-16 were significantly higher than in
controls. IL-16 (Interleukin 16) is a chemoattractant for monocytes and eosinophils,
inducing Th1 cell migration and supposedly contributes to Treg cell expansion, for
example through the induction of FoxP3 (McFadden et al., 2007, Murphy & Weaver,
2017). Thus, in low resistant LR hosts, two pleiotropic cytokines were highly expressed
in combination with pro-inflammatory molecules during chronic helminth infection.
This points towards an ineffective and escalating immune response. We conclude that
LR hosts, coming from a population with low S. solidus prevalence, cannot mount a
concerted and effective immune response when infected with a (HG) S. solidus type

that evolved fast growth along with strong immune modulation strategies.

S. solidus type-dependent interaction with D. pseudospathaceum

Immune gene expression profiles did not differ significantly between D. pseudo-
spathaceum infected and control fish, suggesting an effective immune evasion strategy
of D. pseudospathaceum. The eye fluke migrates to the immune privileged eye lens
within 24 hours, thus evades adaptive immunity, and interacts with innate immunity
only within this relatively short timeframe (Chappell et al., 1994; Scharsack & Kalbe,
2014). D. pseudospathaceum infection rates are therefore determined by the level of
immune activation at the moment of infection. Interestingly, D. pseudospathaceum
infection rates increased over time if hosts were co-infected with HG S. solidus. Thus,
the S. solidus type affects D. pseudospathaceum infection success, which could directly

or indirectly be mediated through effects on host metabolism or immunity.
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We expect such effects to be influenced by additional naturally co-infecting parasite
species with antagonistic or beneficial effects on the interaction with the host (Telfer et
al., 2010; Benesh & Kalbe, 2016). Future laboratory and field experiments (such as those
from Benesh & Kalbe, 2016) should thus incorporate additional parasite species in

order to study situations closer to the natural setting.

D. pseudospathaceum infection rates were not affected by host immune gene
expression if fish had only been infected with this species. Inmune gene expression
profiles did not differ significantly between host types or between co-infected and
control fish until week 9 when HG-infected LR stickleback simultaneously up-regulated
genes of most functional groups (Fig. 3B). We cannot conclude whether increased
D. pseudospathaceum infection rates in HG co-infected hosts were the result of a
stress response, cooperation, opportunistic exploitation, or correlation between
resistance mechanisms against the two helminth species (Betts et al., 2016; Kalbe et al.,
2016). Notably, infection with D. pseudospathaceum impairs the vision of infected fish
and can cause pathological effects such as increased cataract formation (Meakins &
Walkey, 1975; Karvonen et al., 2004). These effects could promote transmission to the
final host (fish-eating birds) of both parasite species through reduction or interference
with predator avoidance (Seppalad et al., 2004). D. pseudospathaceum infection rates
increased after S. solidus size was above the expected minimal weight (50 mg) for
sexual reproduction (Fig. S1; Hammerschmidt and Kurtz, 2009; Tierney and Crompton,
1992). Since fitness of both parasite species relies on transmission to the final host, our
data point towards a possible cooperation, or at least indirect interaction between

S. solidus and D. pseudospathaceum.

67



CONCLUSION

Helminth immune modulation is generally expected to change over the time course of
infection (Maizels & Yazdanbakhsh, 2003). Nevertheless, immunological heterogeneity
between host populations is often neglected and key molecules are under
investigation (Benesh & Kalbe, 2016; Sitja-Bobadilla, 2008). We addressed this
knowledge gap by using different naturally co-occurring helminth species (S. solidus
and D. pseudospathaceum) and types (high growth, HG, and low growth, LG, S.
solidus) to analyze the immune status of host types from different ecologies and co-
evolutionary backgrounds with S. solidus (high resistance, HR, and low resistance, LR,
sticklebacks) over the course of infection. Our results are consistent with the
assumption that a well-orchestrated host response mediates high resistance, namely
inhibition of parasite growth (Lohman et al.,, 2017), and includes mechanisms that
protect from immunopathological side effects. We demonstrated that expression
profiles can differ between host and parasite types and are strongly influenced by co-
infection with other parasite species. Understanding the premises and mechanisms of
host-helminth interactions will advance our knowledge about co-evolutionary
implications, with potential significance for treatment and prevention strategies in

human health and other systems.
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CHAPTER 3

ABSTRACT

Epidemiological traits of host-parasite associations depend on host effects, parasite
effects and interaction effects. While parasites evolve mechanisms to detect, infect and
exploit their hosts, hosts evolve mechanisms to prevent infection (qualitative
resistance), limit parasite burden (quantitative resistance) and/or decrease the
detrimental effects of infection (tolerance). The interaction between hosts and
parasites is further shaped by the environment and geographic variation in natural
selection. We aimed to determine host and parasite as well as interaction effects over
different geographical scales. Therefore, three-spined sticklebacks and their cestode
parasites from Alaskan and European populations were used for experimental cross-
infections. We hypothesized that host and parasite main effects would dominate both
within and across continents. Due to the geographic variation of natural selection, we
further expected that the geographical distance (within versus across continents) would
alter the potential for interaction effects.

Quialitative resistance only occurred in a combination of hosts and parasites from
different continents (implying interaction effects). Quantitative resistance and tolerance
were host population-specific. We show that one stickleback population from south-
central Alaska (Wolf Lake) prevented infection of European parasites despite having
higher tolerance in comparison to the other populations. Molecular phenotypes (host
regulatory and immune gene expression) differed between uninfected fish populations
but mostly converged upon infection.

Our results indicate that evolution favours distinct defence mechanisms when assessed
on different geographic scales. Tolerance did not preclude resistance within a
population. We conclude that selection for distinct defence mechanisms is imposed by

host, parasite and interaction effects

KEYWORDS

host-parasite interaction, Gasterosteus aculeatus, Schistocephalus solidus, resistance,

tolerance
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CHAPTER 3

BACKGROUND

Parasites rely on their hosts for resources and evolve mechanisms that increase their
ability to infect and exploit their hosts (Poulin and Morand, 2000; Schmid-Hempel,
2011). Natural selection favours parasite traits that increase their fitness through trade
offs of infectivity, growth and transmission. However, hosts evolve defence mechanisms
that prevent infection and/or limit parasite growth or the detrimental effects of
infections. These defence strategies can be divided into resistance and tolerance.
Resistance reduces the likelihood of infection and/or limits parasite replication or
growth; tolerance limits the damage of a certain parasite burden without limiting
parasite replication or growth (Raberg et al., 2007; Read et al., 2008; Raberg, 2014;
Zeller and Koella, 2017). In statistical terms, tolerance explains variation in the
relationship between infection intensity and measures of host health or fitness.
Different slopes of this relationship indicate variance in tolerance (Read et al., 2008;
Raberg, 2014). Resistance and tolerance are not mutually exclusive (Sternberg et al.,
2013). However, the effects on ecological and evolutionary interactions between hosts
and parasites differ greatly. For example, parasite prevalence is expected to decrease
if hosts evolve resistance, whereas parasite prevalence is expected to increase if hosts

evolve tolerance (Best et al., 2014; Roy and Kirchner, 2000).

The epidemiological traits of hosts and parasites, such as infectivity, resistance,
tolerance, or virulence, depend on the interacting genotypes and on the biotic and
abiotic environment (Carius et al., 2001; Lambrechts et al., 2006; Schulenburg et al.,
2009; Zeller and Koella, 2017). Host and parasite genotypes and allele frequencies
change over evolutionary time scales, while the response of an individual to different
environmental conditions (known as ‘reaction norm’) is plastic. The relative contribution
of environmentally mediated phenotypic plasticity to infection phenotypes can be
substantial because heterogeneous environments can decouple genotype and

phenotype (Lazzaro and Little, 2009).
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It has, for example, been shown that whether the host develops resistance or tolerance
can depend on the type of the pathogen and is altered by the environment, such as
the host energy source (Ayres and Schneider, 2008; Cumnock et al., 2018).

Understanding the variation in host and parasite genetic and plastic effects on
infection outcome is crucial for a number of fields, including basic science and
explicitly clinical settings. Only recently, evolutionary dynamics have been integrated
into medical research laying a foundation for ‘evolutionary medicine’ (Stearns and
Medzhitov, 2016). In this study, we were particularly interested in defence mechanisms
of hosts against helminth parasites. Helminths are parasitic worms that can establish
long-lasting infections and cause substantial morbidity. The suppression of the
parasite’s growth is a particularly important form of resistance once the infection is
established (Weber et al., 2017). We measured two types of resistance: the ability to
prevent infection as a qualitative measurement and the ability to reduce the parasite’s
growth as a quantitative measurement. We also determined parasite strain and host
population specific tolerance by studying the relationship between infection intensity
and a measure of host health (body condition) (Raberg et al., 2009). Body condition
accurately predicts mate quality, mate choice and fitness in our system (Milinski and
Bakker, 1990; Kaufmann et al., 2014). To further understand the molecular phenotypes,

we studied regulatory and immune gene expression.

Using a teleost-helminth system, we previously showed that gene expression profiles
that differed between uninfected hosts from divergent European populations
converged upon infection. We inferred that the effect of parasite-induced phenotypic
plasticity might be stronger than the effect of host genotype or host genotype by
parasite genotype interaction (Piecyk et al., in revision). Here, we aimed to test the
generalisability of these results by using hosts and parasites from North-Western

America (Alaska) and Central Europe in cross-infection experiments.
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We hypothesized (i) baseline differences between host populations within and across
continents (indicating host genotype effects) (ii) parasite-strain specific responses to
infection within and across continents (indicating parasite genotype effects), and (iii)
different potentials for interaction effects on different geographic scales (here, within

Alaska and across continents).

Study system

The three-spined stickleback Gasterosteus aculeatus (hereafter ‘stickleback’) is an
important model species for evolutionary ecology, evolutionary parasitology, genomics
and immunology (Colosimo et al., 2005; Gibson, 2005; Barber and Nettleship, 2010;
Barber, 2013; Robertson et al., 2015; Lohman et al., 2017; Brunner et al., 2017). This fish
is distributed across the Northern Hemisphere where it adapted to a wide range of
habitats (Bell and Foster, 1994). Stickleback populations differ in phenotypic and
genotypic traits including morphology, behaviour, and immunity. This might largely be
driven by their abiotic environment, as exemplified by marine — freshwater divergence
(Jones et al., 2012). However, local adaptation, divergent selection and genomic
differentiation have also been linked to parasites (MacColl, 2009; Eizaguirre et al., 2012;
Feulner et al., 2015; Nagar and MacColl, 2016). It has been shown that immune gene
frequencies and levels of immunological activation differ between environments
(Wegner et al., 2003; Huang et al., 2016, Lohman et al., 2017). Thus, in addition to
genetic adaptation, phenotypic plasticity seems to contribute significantly to
differential immune gene expression (Stutz et al., 2015; Lenz, 2015; Robertson et al,,
2015; Piecyk et al., in revision).

We aimed to test the effects of host and parasite genotypes and phenotypically plastic
immune responses with controlled infection experiments involving sticklebacks and
Schistocephalus solidus from diverse populations. The trophically transmitted cestode
S. solidus has a complex life cycle involving two intermediate hosts: the first larval
stage (coracidium) infects cyclopoid copepods and develops into the second larval
stage (procercoid). S. solidus develops into the third larval stage (plerocercoid) when a

three-spined stickleback (Gasterosteus aculeatus) feeds on an infected copepod.
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The parasite penetrates the intestinal wall and enters the body cavity of the fish where
it continues to grow for several weeks or months (Smyth, 1946, Clarke, 1954;
Hammerschmidt and Kurtz, 2009). The definite host, mostly fish-eating birds, can be
replaced by an in vitro breeding system (Smyth, 1946, 1954; Wedekind, 1997). S. solidus
is suggested to be infective for the definite host and able to reproduce above a weight
of 50 mg (Tierney and Crompton, 1992). The parasite’s size depends on the
stickleback’s size (Barber, 2005), and vice versa. The relative weight of S. solidus in the
fish, the parasite index (PI; Arme and Owen, 1967), is a measure for parasite fitness
(Wedekind et al., 1998; Lischer and Wedekind, 2002), fecundity reduction (i.e.
virulence) (Arme and Owen, 1967; Heins and Baker, 2003; Bagamian et al., 2004; Heins,
2012), and host resistance (Weber et al., 2017).

Approach and aim

Here we used hosts and parasites from geographically distinct populations of the same
species in order to test whether divergent host-parasite co-evolution caused different
host, parasite and/ or interaction effects when tested on different geographic scales
(within Alaska and across continents). We studied whether geographic distances
between host and parasite populations could be linked to different defence
mechanisms. Building on from the idea that parasite-induced phenotypic plasticity
largely determines the infection phenotype of S. solidus infected sticklebacks, we
hypothesized that gene expression patterns of geographically distinct stickleback
populations (even across continents) would converge in response to S. solidus

infection.
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Table 1. Host and parasite origins.

ID Sampling site

ALO  Alaskan Walby Lake Alaska 61°62'N, -149°22
ALX Alaskan Wolf Lake Alaska 61°65'N, -149°28
GPS European stickleback Grof3er Pléner See Germany 54°08'N, 10°24'E
SKO  European S. solidus Lake Skogseidvatnet Norway 60°13'N, 05°53'E

Three-spined sticklebacks (Gasterosteus aculeatus) and their specific cestode parasite
Schistocephalus solidus from two European and two Alaskan populations were bred in
the laboratory (Table 1). Stickleback and S. solidus from the European populations are
characterised by low resistance against S. solidus (GroB3er Pléner See, GPS, Germany;
S. solidus prevalence is < 1%) and fast growth in G. aculeatus (Lake Skogseidvatnet,
SKO, Norway; S. solidus prevalence ranges between 20% and > 50%) (Benesh and
Kalbe, 2016; Kalbe et al., 2016; Weber et al., 2016; Piecyk et al., in revision; Piecyk,
Ritter & Kalbe, in review). Stickleback-S. solidus pairs from the Matanuska—Susitna
Valley in south-central Alaska are known for their diverse infection phenotypes.
Whereas S. solidus infected stickleback from Wolf (ALX) are known for their strongly
demelanized integument and darkening of the eyes (LoBue and Bell, 1993), those
phenotypic changes have never been reported for S. solidus infected stickleback from
Walby (ALO), even though infection prevalence is much higher (~40 — 76%, rarely down
to 15%; Heins et al., 1999, 2018). S. solidus infected female stickleback from Walby
consistently experience fecundity reduction through nutrient depletion (Heins et al,,
2010, 2014). This study is the first to use stickleback and S. solidus from Wolf Lake and
Walby Lake in controlled experimental infections.

We expected constitutive differences between the three host populations and,
according to a previously reported dominant effect of parasite-induced phenotypic
plasticity (Piecyk et al., in revision), hypothesized that these differences would converge
upon infection (parasite main effect). We also hypothesized a host main effect such
that the low resistance European hosts would be less resistant against all tested
S. solidus strains than the Alaskan hosts. A common garden approach was used to

disentangle individual variation from confounding factors.
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MATERIAL AND METHODS

Experimental design and common garden setup

We tested for host genotype and parasite genotype contribution to infection
phenotypes by running a cross-infection experiment involving different Alaskan and
European populations of sticklebacks and S. solidus strains ('strain’ refers to S. solidus
from a distinct location). We determined (i) the infection rates as a measure of parasite
infectivity and host qualitative resistance, (ii) parasite size as a measure for virulence,
transmission potential and host quantitative resistance, (iii) proxies of host body
condition as measures of tolerance and costs of resistance, and (iv) host immunological
parameters including regulatory and immune gene expression as measures of the
molecular host-parasite interaction.

The experiment was composed of three rounds. In each round, hosts from three
populations were exposed to three parasite strains or sham-exposed (Figure 1).
Parasite sibships (n = 4 per S. solidus strain) were the same in every round; fish families
differed between rounds. Fish from all populations (controls and S. solidus exposed)
were housed in the same tanks; controls had their own compartment (Figure 1). Each

tank housed 16 individuals in Round 1 and 17 individuals in Round 2 and 3.
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Figure 1. Schematic illustration of the experimental setup. Alaskan (ALO and ALX) and European (SKO
and GPS) sticklebacks (Gasterosteus aculeatus) and cestodes (Schistocephalus solidus) were used for
experimental cross infections. The experiment was composed of three rounds with the same parasite
sibships (P1 to P12) and different fish families from the respective populations. The table shows sample
sizes from one round. Fish from all populations (controls and S. solidus exposed; the latter would
ultimately be exposed and uninfected or infected) were housed in the same tanks. Blue arrows illustrate
the water current. Colours refer to the two Alaskan (ALO = light blue; ALX = dark blue) and European
populations (yellow = GPS hosts or SKO parasites).
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Hosts and parasites

First generation offspring from wild-caught sticklebacks and S. solidus was bred in the
laboratory. G. aculeatus eggs were fertilized in vitro. Eggs from Alaskan fish were
rinsed with acriflavine (50 pL/L; 30 sec), methylene blue (500 pL per L from stock: 1 g/L
methylene blue; 30 sec) and 3 ppt artificial seawater and shipped on 4 °C to the Max
Planck Institute for Evolutionary Biology (MPI), Plon, Germany. Stickleback eggs from
the German population were treated in the same way. The progeny was kept at the
institute's aquaria system at 18°C and a light:dark rhythm of 16:8 hours. The fish were
eight months old at the start of the infection experiment.

S. solidus plerocercoids came from infected Alaskan fish that were shipped to the MPI
and dissected immediately upon arrival in June 2016. Pairs of S. solidus plerocercoids
were weight-matched and bred in vitro (Smyth, 1946; Wedekind et al., 1998). European

S. solidus were bred in December 2015. The eggs were kept at 4 °C in the dark.

Infection experiment

S. solidus eggs were incubated at 18°C for three weeks and hatch was stimulated by
light exposure according to Dubinia (1980). Copepods (Macrocyclops albidus) from a
laboratory culture were exposed to single coracidia the next day and screened for
presence of procercoids after one week. Individually housed sticklebacks were starved
for one day and exposed to single infected M. albidus on day 16. The fish were
transferred to 16 L aquaria two days later. Using a common garden approach, fish from
all populations and all treatments (sham-exposed, exposed and uninfected, infected)
were housed in the same tanks (n = 36; each housing 16 to 17 fish; 45 ALO fish, 60 ALX
fish, and 59 GPS fish were exposed to ALO S. solidus; 48 ALO fish, 59 ALX fish, and 59
GPS fish were exposed to ALX S. solidus; 46 ALO fish, 57 ALX fish, and 57 GPS fish
were exposed to SKO S. solidus). Water of single tanks was sieved and screened for
leftover copepods. All individuals were fed with frozen chironomid larvae three times a
week. The number of fish per tank was kept constant by replacing individuals that died
before the end of the experiment with naive fish from the same genetic background.
Six controls and one exposed fish died before the end of the experiment. Sticklebacks

were euthanized with MS222 and dissected nine weeks post exposure.
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The standard length (without fin; +/- 1 mm) and weight (+/- 0.1 mg) were recorded.
Head kidneys, liver and spleen were weighted to the nearest 0.1 mg. Head kidneys
were immediately transferred to RNAlater (Sigma-Aldrich) and stored at -20°C for RNA
extraction. Plerocercoids were removed from the body cavity, weighted, transferred to
liquid nitrogen and stored at -80°C. We determined the fish’s condition (condition
factor, CF, according to Frischknecht, 1993) and hepatosomatic index, HSI, (Chellappa
et al., 1995) and immunological activation (splenosomatic index, SSI, head kidney
index, HKI). The parasite index (P, the relative weight of the parasite in the host) was

calculated according to Arme and Owen (1967).

RNA extraction and reverse transcription

Head kidney RNA was extracted with a NucleoSpin® 96 kit (Macherey-Nagel).
Procedures followed the manufacturer’s protocol, including 1% B-mercaptoethanol for
tissue lysis (2 x 3 min at 30 Hz; Tissue Lyser Il; Qiagen) and on column DNA digestion.
RNA  concentration and purity were determined spectrophotometrically
(NanoDrop1000; Thermo Scientific). All Axo/Azo ratios were at least 1.98 and RNA
concentrations were adjusted at 500 ng for reverse transcription. We used the
Omniscript RT kit (Qiagen) according to the manual but used 0.2 pl of a 4 unit RNase

inhibitor (Qiagen) per reaction. The cDNA was stored at -80°C.

Quantitative real-time PCR (RT-gPCR)

Differences in transcription levels of 32 genes were tested using 96.96 Dynamic Array
IFCs on a Biomark™ HD system (Fluidigm) with EvaGreen as DNA intercalating dye.
We pre-amplified the cDNA samples by using TagMan PreAmp Master Mix (Applied
Biosystems) according to the manufacturer’'s protocol (14 cycles). The product was
diluted 1:5 in low TE buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA). Samples of all
treatments were spread across three IFCs. All targets for a given sample were included
in the same run and measured in technical triplicates. Inter-run calibrators and negative

controls were included on each IFC.
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Targets of interest covered four putative reference genes (b2m, ubc, rpl13a, efla;
(Hibbeler et al., 2008)), four regulatory genes (abtb1, ascl1b, kat2a, mapk13) and 24
immune related genes from innate immunity (marco, mstira, mif, il-1B, tnfr1, saall, tir2,
csf3r, p22°hox, nkef-b, slal, cd97), adaptive immunity (stat4, staté, igm, cd83, foxp3,
tgf-, il-16, mhcll, tcr-B) and the complement system (cfb, ¢/, c¢9) (Brunner et al., 2017,
Robertson et al., 2015; Stutz et al., 2015; Piecyk, Ritter & Kalbe (in review)).

Melting curves were analysed with the Fluidigm Analysis software v.4.5.1. Three targets
(il-18, tgf-B, and ascl1b) were excluded from further analyses due to ambiguous melting
curves. The raw data was imported into gbase+ 3.0 (Biogazelle) (Hellemans et al., 2007)
to assess data quality and calculate calibrated normalized relative quantities (CNRQ),
which are based on the AACt method (Pfaffl, 2001). The negative cutoff for technical
sensitivity limit was set at cycle 28 and a 0.5 cycle variation was accepted for maximum
triplicate variability. Reference targets rpl13 and ubc were used for normalization as
inferred from geNorm (M = 0.236) and the Coefficient of Variation (CV = 0.082)
(Hellemans et al., 2007; Vandesompele et al., 2002). Target specific amplification
efficiencies (1.85 to 2.24) were calculated from a serial dilution. The data was log10

transformed.

Statistical analyses

All statistical analyses were performed in R (version 3.2.0, R Core Team, 2015). Infection
rates were analysed with binomial generalized linear mixed effects models (GLMMs)
using the function glmer() from Ime4 (Bates et al., 2014). Response variables were
proportional data from infected versus uninfected individuals. Infection rates in
copepods were analysed with parasite population and round (which is confounded
with fish family) and their interaction as fixed effects and parasite sibship as random
intercept. Infection rates in fish were analysed with host and parasite populations and
their interaction as fixed effects and round and parasite sibship as crossed random
effects. We accounted for the number of copepods that were not ingested.
Significantly different groups and p-values were determined with glht() from multcomp
(Hothorn et al., 2008) with individually defined contrasts of interest or Type Ill Wald

chisquare tests using Anova() from car (Fox and Weisberg, 2016).
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Further analyses distinguished between (i) sham-exposed controls, (i) S. solidus
exposed but uninfected fish (‘'exposed’), and (iii) S. solidus infected fish. Linear mixed
effects models (using Imer() from Ime4 (Bates et al., 2014)) were used to test for
differences between parasite growth (Pl), fish condition (CF, HSI) and immunological
parameters (SSI, HKI). We had to separate the data according to host and parasite
origins because SKO parasites did not infect ALX hosts. Including the interaction of
host and parasite origin in the model fit would have caused rank deficient fixed-effect
model matrices. Accordingly, models on data from infected fish included host or
parasite origin as fixed effect as well as sex of the fish and tank, which is confounded
with fish family and parasite sibship, as crossed random effects (random intercepts). We
accounted for multiple testing by using the false discovery rate (FDR) according to
Benjamini and Hochberg (1995) with an a of 0.05. To test for variation in tolerance, we
fitted parasite-strain specific linear mixed effect models (Imer() from ImerTest
(Kuznetsova et al., 2017) with body condition (CF, HSI) as dependent variable, host
population and parasite index and their interaction as fixed effects as well as fish sex
and tank as random effects. The corresponding degrees of freedom were

approximated with Satterthwaite’s method.

Differences between gene expression profiles were tested with a multivariate approach
grouping data from all 25 targets (total), from eleven innate immune genes (innate:
marco, mstlra, mif, tnfrl, saall, tir2, csf3r, p22°">, nkef-b, slal, cd97), eight adaptive
immune genes (adaptive: stat4, staté, igm, cd83, foxp3, il-16, mhcll, tcr-p), three
complement component genes (complement: c7, c¢9, cfb), or three regulatory genes
(regulatory: abtb1, kat2a, mapk13). Non-parametric permutational multivariate analyses
of variance (PERMANOVA, (Anderson, 2001)) were based on Euclidian distances and
10,000 permutations that were constrained within tank. Size related effects were
accounted for by using the weight of the fish as a covariate. Pairwise PERMANOVAs
were used a posteriori to identify significantly different groups (Anderson, 2001). We
tested for differences in baseline gene expression by using data from sham-exposed

controls of the three populations.
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We tested whether the host, the parasite and/or their interaction had an effect on gene
expression of S. solidus exposed stickleback. Since SKO parasites did not infect ALX
hosts, host and parasite effects on gene expression profiles of infected individuals
were tested by (i) grouping data from each parasite population and (ii) grouping data

from each host population (S1.4.2).

Finally, gene expression profiles of infected, exposed, and control fish were compared
within each combination of hosts and parasites. Local adaptation of Alaskan hosts and
parasites was tested on a data subset of the Alaskan populations. Using the false
discovery rate (Benjamini and Hochberg, 1995) we accounted for multiple testing
within each combination. Linear mixed effect models (using Imer() from Ime4 (Bates et
al., 2014)) with tank as random intercept were used a posteriori to identify the genes
that were differentially expressed. Plots were created with ggplot2 (Wickham, 2009)
and aheatmap() from NMF (Gaujoux & Seoighe, 2010) with colour schemes from

RColorBrewer (Neuwirth, 2014).

RESULTS

Infectivity and parasite size

We determined the infection probability as a measure for parasite infectivity and host
qualitative resistance. S. solidus infection rates in copepods (first intermediate hosts)
neither differed significantly between rounds nor between parasite populations (SI.1).
The interaction between host and parasite populations significantly affected infection
rates in fish (GLMM; p = 0.006): European high growth (SKO) parasites did not infect
sticklebacks from Wolf (ALX) but from Walby (ALO). Alaskan parasites from both
populations infected European (GPS) sticklebacks. At the end of the experiment 82 fish
were infected, 409 fish were exposed but uninfected and 102 fish were sham-exposed.

One designated control fish was infected.
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The relative size of the parasite in the host, the parasite index, was used as a measure
for virulence, transmission potential and host quantitative resistance. Parasite indices
did not differ significantly between parasites within host populations but between host
populations (SI.2; Figure 2): Parasite indices were generally higher in European (GPS)
sticklebacks. Alaskan S. solidus grew larger in GPS hosts than in Alaskan sticklebacks
(SI.2). European (SKO) S. solidus were significantly smaller in Alaskan sticklebacks from

Walby (ALO) than in European (GPS) sticklebacks (LMM; p < 0.001).

Host population

ALO ALX GPS
® Alaska

Europe

Parasite index

contrl  ALO ALX SKO control  ALO ALX SKO control  ALO ALX SKO

Parasite population

Figure 2. S. solidus parasite indices in three different stickleback hosts. Alaskan (ALO and ALX) and
European (GPS) stickleback were exposed to Alaskan (ALO and ALX) and European (SKO) S. solidus. The
infection success and the parasite index (relative weight of the parasite in the host according to (Arme and

Owen, 1967)) were determined after nine weeks.

Host condition and immunological parameters

Stickleback body condition was assessed through the condition factor (the ratio
between the observed weight and the expected weight at a given length (Frischknecht,
1993)) and the relative weight of the liver (hepatosomatic index, HSI, which is a

measure for medium term energy reserves (Chellappa et al., 1995)).
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The condition (with the exception of the HSI between GPS and ALX) differed
significantly between controls from the different populations. ALX sticklebacks had the
lowest condition and GPS sticklebacks had the highest condition (Table S3; Figure S2).
GPS sticklebacks had generally larger head kidneys and spleens than sticklebacks from
the Alaskan populations (GLMMs; each p < 0.001), but spleen size did not differ
significantly between GPS and ALO controls (Table S3; Figure S3). Differences between
the populations remained if fish were exposed but uninfected (Table S4). The condition
factor (CF) of GPS sticklebacks and the HSI of ALO sticklebacks differed significantly
between controls and exposed individuals, potentially indicating an effect of exposure
to S. solidus (Tables S6 and S7).

Infection with ALO and SKO S. solidus caused a significant decrease of the overall
condition (CF) of European (GPS) hosts; ALX infection was linked to a condition
decrease in ALO sticklebacks (Table Sé). We detected a host-population specific
relation between host condition factor and infection intensity (i.e. tolerance) in ALO
and ALX infections (host population-parasite index interaction in ALO infections:
Fo217 = 9.37, p = 0.0012; host population-parasite index interaction in ALX infections:
Fo175 = 4.02, p = 0.037) (Figure 3). Medium term energy reserves (HSI) were significantly
lower in all infected fish, regardless of host and parasite origin and not affected by the
parasite index; the effects did not differ between parasite origins within host

populations (Table S7; Figure S2).
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Figure 3. Host population-specific relation between body condition and infection intensity (i.e.
tolerance). Each dot represents one individual; lines and shaded areas represent linear regression fits with

95% confidence intervals. Colours indicate the host population.

91



CHAPTER 3

S. solidus infection resulted in similar immunological parameters (SSI and HKI) in all
host populations (Table S5; Figure S3). Splenosomatic indices (SSI) generally increased
upon infection; the effects were pronounced in specific combinations: ALX and SKO S.
solidus in GPS hosts, ALO and ALX S. solidus in ALX hosts, and ALO S. solidus in ALO
hosts (Table S8; Figure S3). Head kidneys were larger in infected Alaskan sticklebacks;
head kidneys of GPS hosts were not affected (Table S9; Figure S3).

Stickleback regulatory and immune gene expression

Total RNA from head kidneys was extracted from 84 controls, 101 exposed but
uninfected fish (‘exposed’) and 80 infected sticklebacks. Stickleback population
(PERMANOVA o Fazes = 596, p < 0.001) and infection status (PERMANOVAot.:
Fozea = 3.41, p < 0.001) significantly affected the expression of 25 immune and

regulatory genes; interactions were not significant (Table S10).

Baseline gene expression differs between stickleback populations

Gene expression profiles of sham-exposed controls differed between the two Alaskan
populations (PERMANOVA o Fi52= 2.60, p = 0.003; PERMANOVA complement: F1.50= 4.81,
p = 0.007) and between European (GPS) sticklebacks and sticklebacks from ALX
(PERMANOVAow: Fiss = 3.57, p = 0.007; PERMANOVA hate: Fisa = 2.72, p = 0.026;
PERMANOVA complementt. Fiss = 2.77, p = 0.023; PERMANOVA quiooy: Fise = 5.77,
p = 0.013). In the multivariate analyses, only regulatory gene expression differed
between GPS and ALO controls (PERMANOVA equiatory: Fi59 = 2.57, p = 0.012) (S1.4.1:
Figure S4; Tables S12-S14). Hierarchical clustering on Euclidian distances indicated
highest divergence of ALX profiles (Figure 4A).

A posteriori analyses identified differential expression of mapk13 (GPS vs ALO:
z = 3.06, p = 0.006; GPS vs ALX: z = 3.4, p = 0.002), p22°h>* (GPS vs ALX: z = 3.56,
p = 0.001), saall (GPS vs ALX: z = -3.06, p = 0.006), tIr2 (GPS vs ALO: z = 2.56,
p = 0.028; GPS vs ALX: z = 3.09, p = 0.006), cd83 (GPS vs ALO: z = -2.94, p = 0.009), igm
(ALX vs ALO: z = -2.7, p = 0.19; GPS vs ALX: z = 3.23, p = 0.004), and c? (ALX vs ALO: z
=-2.77, p=0.015; GPS vs ALX: z = 3.12, p = 0.005) (Table S15).
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Figure 4. Stickleback gene expression profiles. Alaskan (ALO and ALX) and European (GPS) stickleback
were sham-exposed (controls) or exposed to Alaskan (ALO and ALX) or European (SKO) S. solidus. Total
RNA was extracted from head kidneys after nine weeks. The heatmaps are based on log10 transformed
CNRQ values that were averaged across treatments. Lower case letters indicate significantly different
expression of single genes. (A) Gene expression profiles of sham-exposed controls. The columns were
hierarchically clustered on Euclidian distances. (B) Gene expression profiles of exposed but uninfected

(exposed) and infected sticklebacks. Columns were ordered according to treatment.

Overall, host population differences remained if fish were exposed to S. solidus but
uninfected (host effect: PERMANOVAww: Foi00 = 2.75, p = 0.0002; parasite effect:
PERMANOVAww:  Fair = 05, p = 0.096;, host-parasite interaction effect:
PERMANOVAww: Faoi01= 1.05, p = 0.428) (more information in SI.4.2: Figure S5; Tables
S§16-S21). In order to understand the host effect in more detail, we used host
population as explanatory and found that gene expression profiles differed especially
upon exposure to ALX and SKO S. solidus (host effect to ALX S. solidus exposure:
PERMANOVAwowr: Fa31= 2.1, p = 0.004; PERMANOVA.gsptive: F231= 3.42, p < 0.001; host
effect to SKO S. solidus exposure: PERMANOVA.daptive: F236= 4.75, p < 0.001; Tables
S16-518). Using parasite strain as explanatory (testing for parasite effects within host
populations), gene expression profiles were not significantly affected by S. solidus

strain (Tables S19-521).

93



CHAPTER 3

ALO sticklebacks that were exposed to ALX S. solidus showed higher expression of five
adaptive immune genes in comparison to ALX or GPS sticklebacks. Stat4 (ALX vs ALO:

= -3.05, p = 0.007; GPS vs ALO: z = -3.27, p = 0.003), cd83 (ALX vs ALO: z = -3.37,
p = 0.002; GPS vs ALO: z = -5.37, p < 0.001), igm (ALX vs ALO: z = -3.0, p = 0.008), staté
(ALX vs ALO: z = -2.46, p = 0.038; GPS vs ALO: z = -3.93, p < 0.001), and tcr-f (GPS vs
ALO: z = -37, p < 0.001) were differentially expressed (Table S22) (Figure 4).
Sticklebacks that were exposed to SKO S. solidus showed differential expression of
four adaptive immune genes of which three genes were higher expressed in ALO than
in ALX: ¢d83 (ALX vs ALO: z = -3.55, p = 0.002; GPS vs ALO: z = -3.53, p = 0.001), igm
(ALX vs ALO: z = -4.75, p < 0.001; GPS vs ALX: z = 3.39, p = 0.002), staté (GPS vs ALO:

=-2.79, p = 0.015), and mhcll (ALX vs ALO: z = -3.03, p = 0.007; GPS vs ALX: z = 2.43,
p = 0.04) (Figure 4).

Gene expression profiles converge upon infection

Studying data of all infected individuals (n=80), we found that gene expression profiles
converged upon S. solidus infection (S1.4.3: Figure S6; Tables S24-S29). Only SKO
infection caused different adaptive immune gene expression profiles in Alaskan (ALO)
versus European GPS stickleback (PERMANOVA.gpiive: F1,21 = 6.64, p < 0.001; Table
S26). A posteriori analyses showed that these differences were driven by higher
expression of ¢d83 (z = -5.09, p < 0.0001), igm (z = -4.16, p < 0.0001), mhcll (z = -2.71,
p = 0.007), and tcr-f (z = -4.43, p < 0.0001) in ALO hosts in comparison to GPS hosts
(Table S30).

We next tested whether the infection status (infected, exposed, control) affected
regulatory and immune gene expression within each combination of hosts and
parasites (Sl.4.4). Pairwise comparisons were used to test for differences between (i)
infected and control fish, (ii) infected and exposed fish, and (iii) control and exposed

fish (S1.4.5-S1.4.7.).
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We detected an ALX parasite effect on innate immune gene expression in ALO and
ALX hosts in comparison to the respective controls (ALX infection effect in ALO:
PERMANOVA nate: F13s= 1.38, p = 0.009; ALX infection effect in ALX: PERMANOVA nate:
Fias= 1.57, p = 0.007; Figures S12 and S13; Tables S41 and S44). ALO infection of GPS
stickleback was linked to up-regulation of total, innate, and regulatory genes
compared to controls (PERMANOVAww: Fias= 5.71, p = 0.02; PERMANOVA nate: F138=
9.92, p = 0.004; PERMANOVA eguistory: F1,38=7.12, p = 0.009; Figure S14; Tables S45-S47).
Total, innate, adaptive, and regulatory profiles differed between ALO exposed and
ALO infected GPS stickleback (PERMANOVA:w: Fi21 = 58, p = 0.007,
PERMANOVA rate: Fr21 = 8.85, p = 0.003; PERMANOVA . daptive: F121 = 5.16, p = 0.006;
PERMANOVA requiatory: F1,1=7.43, p = 0.02; Figure S15; Table S53). We further detected
significant differences between SKO exposed and SKO infected GPS stickleback
(PERMANOVAww: Fi2s = 2.54, p = 0.02; PERMANOVAate: F161 = 5.12, p < 0.001;
PERMANOVA usprve: Fr26= 4.33, p < 0.001; Table S55).

Confirming our finding that host population differences remained if fish were exposed
to S. solidus but uninfected, gene expression profiles did not differ significantly
between control and exposed fish (S1.4.7: Tables S56-S64). Moreover, whether Alaskan
sticklebacks were infected with sympatric or allopatric S. solidus did not affect their

gene expression profiles (S1.4.7: Tables S65 and S66).

DISCUSSION

Host defence strategies can be divided into resistance and tolerance. Resistance is
defined as the inverse of a parasite burden in a two-step infection process: preventing
infection (qualitative) and limiting parasite growth (quantitative); tolerance is defined as
the ability to limit detrimental effects caused by a given parasite burden (Schneider
and Ayres, 2008; Raberg et al., 2009; Raberg, 2014; Zeller and Koella, 2017). We
measured these three types of host defence in helminth infections of sticklebacks to
determine (i) host effects, (i) parasite effects, and (iii) host-parasite interaction effects

on infection phenotypes.
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Our first key finding was that resistance and tolerance differed among host
populations, implying host genetic effects on infection outcome. Parasite infectivity
(host qualitative resistance) depended on host genotype - parasite genotype
interaction, whereas parasite size (a measure of parasite virulence and transmission
potential as well as host quantitative resistance) was affected by the host but did not
differ between parasite strains within host populations, nor according to an interaction
effect. We also detected population-level differences in tolerance. Following up on our
results that hosts varied in qualitative and quantitative resistance as well as in
tolerance, we analysed regulatory and immune gene expression profiles for a better
understanding of the molecular phenotypes. Our second key finding was that
constitutive differences of gene expression profiles and other immunological and
condition parameters mostly converged upon infection. In line with our hypothesis of
parasite-strain specific responses to infection, this finding implies dominant effects of
parasite induced phenotypic plasticity on the host side and a stronger parasite

genotype main effect compared to the interaction effects.

Variation in host defence mechanisms

We present two distinct types of resistance in combinations of geographically
disparate populations of hosts and parasites of the same species. First, ALX stickleback
prevented infection by SKO S. solidus. Second, stickleback from both Alaskan
populations (ALO and ALX) had higher quantitative resistance against
S. solidus than GPS stickleback. ALX hosts also appeared to be more tolerant, as their
body condition did not change with increasing parasite burden (parasite index). In
contrast, body condition of ALO and GPS hosts decreased with increasing parasite
index. This implies that stickleback populations (here: ALX) can have both higher
qualitative resistance and tolerance. We suggest that the high tolerance is a universal
property of these fish, whereas the prevention of infection is SKO S. solidus-specific.
Tolerance is expected to correlate with high parasite prevalence (Roy and Kirchner,
2000; Best et al., 2014), which we did not observe in nature (S. solidus prevalence is

lower in ALX than in ALO).
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This could be explained by the lack of the ecological context in laboratory
experiments. However, population-specific qualitative resistance against SKO
S. solidus in laboratory trials has been reported before: two out of three Canadian
stickleback populations were not infected by SKO S. solidus (Weber et al., 2016). If this
result is S. solidus and/or stickleback population- or clade-specific warrants further
investigation. Alaskan and Canadian stickleback belong to the Pacific clade. The fact
that SKO S. solidus are capable of infecting marine and freshwater fish from the same
clade (Weber et al., 2016; this study) suggests that the marine-freshwater divergence
may contribute to resistance evolution, as suggested by Weber and colleagues (2016),

but that population-specific interactions might be more important.

The terms resistance and infectivity describe capacities of the host and/or the parasite.
Conclusively, infection relies on the parasite’s ability to recognize and infect the host;
resistance relies on the host’s ability to recognize and eradicate or control the parasite.
Moreover, the establishment and the maintenance of infection or resistance are
multistep processes involving different host and parasite molecules (Schmid-Hempel,
2009; Duneau et al., 2011; Dybdahl et al., 2014). Concerning the qualitative resistance
of ALX hosts against SKO parasites, one possible explanation could be the presence or
the absence of receptors that are essential for the infection. Candidate parasite
molecules are surface carbohydrates that have been shown to vary between larval
stages and sibships and to correlate to infectivity and parasite growth in sticklebacks
(Hammerschmidt and Kurtz, 2005). Thus, comparative studies of S. solidus surface
molecules would be promising.

Importantly, immune defence is costly and might be selected against (Boots and
Haraguchi, 1999; Duncan et al., 2011). Our statistical support for this assumption is
confined to the condition factor in GPS and hepatosomatic index in ALO, but our study
seems to confirm this assumption by demonstrating significantly lower body condition

in exposed than in control fish.
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The immediate stage of infection and the developmental status of the parasite
fundamentally affect the infection phenotype. In S. solidus infections of sticklebacks,
immune evasion is expected at early stages (until the parasite reaches the body cavity
of the fish), clearance possibly only occurs within the first two weeks and immune
modulation is expected above the weight threshold for sexual reproduction (50 mg)
(Tierney and Crompton, 1992; Scharsack et al., 2007; Hammerschmidt and Kurtz, 2009;
Barber and Scharsack, 2010; Piecyk, Ritter & Kalbe, in review;). An important caveat of
our study is that we cannot conclude whether exposed but ultimately uninfected
sticklebacks had prevented or cleared the infection. The respective parasites possibly
failed to target and/or overcome the intestinal wall or were eliminated through the
host’s immune system. Histological specimens of exposed fish from the first two weeks
post exposure (and maybe beyond) could shed light on the molecular interplay. We
suggest to include specimens from qualitatively resistant hosts with surgically
introduced SKO parasites. Additionally, genomics, transcriptomics and proteomics

may help to identify essential loci and molecules.

Parasite-induced phenotypic plasticity transcends host genetic differences

Control fish were kept under the same laboratory conditions in order to assess whether
genetic divergence of the host populations would affect their phenotype. Genetic
divergence between European and Northern American stickleback as well as
Schistocephalus solidus is well documented (Colosimo et al., 2005; Nishimura et al,,
2011; Feulner et al., 2015; Fang et al., 2018). Our data indicate constitutive differences
between the host populations: compared to the two Alaskan populations, European
(GPS) stickleback were in better condition and had a higher baseline immunological
activation as inferred from the size of the two major immune organs (SSI and HKI).
Gene expression profiles differed between all host populations, but especially profiles

of ALX stickleback were distinct from GPS and ALO profiles (Figure 4).
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Upon S. solidus infection, ALX stickleback had a particular qualitative resistance: these
hosts could prevent SKO infection. However, quantitative resistance did not differ
between the Alaskan populations but in comparison to GPS. Parasite indices were
highest in GPS hosts, confirming their low quantitative resistance against various
S. solidus strains (Piecyk et al., in revision; Piecyk, Ritter & Kalbe, in review). Neither
parasite origin, nor sympatry or allopatry had an effect on parasite size as a measure of
quantitative resistance. Confirming previous data (Piecyk et al., in revision), proxies of
immunological activation converged upon infection. Although the precise molecular
mechanisms will have to be further studied, our results suggest that Schistocephalus
solidus has a strong effect on stickleback gene expression. We conclude that the

parasite-induced phenotypic plasticity transcends the genetic effects.

Environment-specific adaptations that could not be captured in the laboratory
experiments

Based on wild caught sticklebacks from more than 200 Alaskan lakes, LoBue and Bell
proposed a causal relationship between the conspicuous demelanized phenotype of
Wolf stickleback and Schistocephalus solidus infection (LoBue and Bell, 1993). Even
though this has been published almost three decades ago, controlled experimental
infections to test this hypothesis have not been conducted. We did not detect signs of
demelanization as a result of S. solidus infection although the parasites had reached
the proposed minimal weight for sexual reproduction, which has been linked to the
white phenotype (LoBue and Bell, 1993). One reason for not being able to reproduce
the white phenotype in the laboratory could be that natural ecological factors that are
excluded during experimental infections are important components. Cross-infection
experiments in North American (Alaskan) laboratories could yield different results and
controlled laboratory infections in combination with enclosures in the natural system
could provide more information. It is possible that temperature shifts are essential
components: the south-central Alaskan lakes are usually covered with ice from October

into May and infected hosts may spend the winter under the ice (Heins et al., 2015).
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Thorough field and laboratory studies should test this hypothesis. Further,
transcriptomics might identify specific candidate genes and genome studies would

increase our understanding of the underlying molecular mechanism.

CONCLUSION

Using three-spined stickleback (Gasterosteus aculeatus) hosts and Schistocephalus
solidus parasites from distinct geographic locations we could show that main effects of
the host and the parasite determine the infection phenotypes over different
geographic scales (across and within continents). We identified different defence
mechanisms: qualitative resistance (the inverse of parasite infection success),
quantitative resistance (parasite growth suppression) and tolerance (the relationship
between infection intensity and measures of host health). While qualitative resistance
depended, over the scale of continents, on host-parasite interaction effects,
quantitative resistance and tolerance did not. We conclude that host, parasite and

interaction effects differentially affect distinct defence mechanisms.
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SYNTHESIS

My doctoral research aimed to find answers to the questions how and why
epidemiological traits of host-parasite interactions vary among populations. Within this
framework, | focussed on defence mechanisms of hosts against helminth parasites
using the three-spined stickleback (Gasterosteus aculeatus) as a vertebrate model

organism for experimental infections.

The sticklebacks and their cestode parasites (Schistocephalus solidus) came from
different populations across the Northern Hemisphere (Figure 1). | characterized two
host populations with supposedly divergent co-evolutionary trajectories (DE and NO)
in Chapter 1 and Chapter 2. Given that helminth parasites can have substantial and
complex immune modulatory effects on their hosts, understanding the evolutionary
and ecological factors underlying host-helminth interactions is particularly important
for both basic science and applied research. Only recently, medical research started to
incorporate evolutionary thinking. Evolutionary medicine addresses causes of disease
located in hosts (patients), in parasites, and their local environment (Stearns and
Medzhitov, 2016). | hypothesized that the co-evolution of the vertebrate immune
system with helminth parasites probably follows different environment- and/or
phylogeny-specific trajectories. Indeed, my colleagues and | demonstrated that distinct
S. solidus strains caused different molecular interplays and infection outcomes in
divergent stickleback types. For instance, NO sticklebacks, that co-evolved with a
highly virulent S. solidus strain, were generally more resistant and mounted a well-
coordinated immune response (i.e. The right response at the right time; Chapter 2). In
contrast, DE sticklebacks, that supposedly evolved under de-escalated arms race
dynamics with S. solidus, were less resistant and their response towards a highly
virulent S. solidus strain was un-coordinated. On a large geographic scale (Chapter 1),
S. solidus size was mostly determined by the geographic origin of the parasite.
Stickleback immune gene expression profiles that differed significantly between
uninfected fish (implying a host genotype effect) converged upon infection (Chapter 1
and 3).
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Skogseidvatnet

Lake GroBer
Pléner Seer -

Figure 1. Overview of host and parasite sampling sites of all Chapters. | characterized NO (Lake
Skogseidvatnet, Norway) and DE (Lake GroBer Pléner See, Germany) as two divergent stickleback
populations in Chapter 1. NO hosts showed a higher quantitative resistance against S. solidus than DE
hosts and a well-orchestrated immune response (Chapter 1T and 2). NO S. solidus — but also S. solidus
strains from other Atlantic populations (orange) — grew significantly faster, thus have a higher virulence,
than S. solidus from the Baltic populations (violet). S. solidus growth from European Inland populations
(green) was intermediate. Pacific S. solidus from Vancouver Island, Canada, (pink) infected both NO and
DE hosts and caused significantly different immune gene expression than European parasites (Chapter 1).
Pacific sticklebacks from Walby Lake, Alaska, (ALO) were susceptible to NO S. solidus, while the same
parasites could not infect sticklebacks from Wolf Lake (ALX) (Chapter 3).

Thus, | assume that S. solidus-induced phenotypic plasticity, relative to the genetic
underpinnings, largely determines immune gene expression profiles of infected fish
(emphasising a strong parasite genotype effect). Comparing geographically isolated
populations of sticklebacks and S. solidus, | tested whether the geographic distance
could have an effect on infection outcomes (Chapter 1 and 3). Host genotype - parasite
genotype interaction effects were weak and differed according to geographic scale.
Pacific S. solidus could infect European hosts, whereas European S. solidus could not
infect sticklebacks from one of the two Alaskan populations (ALX) (Figure 1).
| hypothesize that this effect is population- rather than clade-specific. My results
emphasize that genetic and/or phenotypic heterogeneity affect the outcome of
helminth infections. | suggest further experiments to test the molecular basis and the
relative importance of phenotypic plasticity in the interaction between Gasterosteus

aculeatus and Schistocephalus solidus from various populations.
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Host and parasite effects on epidemiological traits: immunological

heterogeneity and geographic patterns

Immune systems evolve in ecological contexts and in reciprocity with parasites. Since
defence is costly, it might be selected against in the absence of parasites (Sheldon and
Verhulst, 1996; Boots and Haraguchi, 1999; Duncan et al., 2011). It has also been shown
that trade-offs between resistance and other fitness-related traits can increase genetic
divergence between populations with different exposure to parasite-mediated
selection (Hasu et al., 2009; Duncan et al., 2011; Auld et al., 2013). In line with those
assumptions, stickleback resistance can, at least partly, be explained by population
differences of immunocompetence correlating with abundance of the respective
parasite species (de Roij et al., 2011; Kalbe and Kurtz, 2006; Eizaguirre et al., 20123;
Kalbe et al., 2016).

| found in Chapter 1 that DE sticklebacks had higher baseline immunological activation
than sticklebacks from NO, which indicates constitutive differences between the
populations (host genotype effect). One possible explanation is that DE sticklebacks
evolved under high parasite diversity, which might favour the evolution of a constantly
activated broad-spectrum, generalist type of defence (Kassen, 2002; Duncan et al,
2011; Betts et al., 2018). We expected that the low S. solidus prevalence in DE results
from low exposure risk instead of high resistance against S. solidus and hypothesized
that DE sticklebacks would actually be less resistant against S. solidus than the highly
infected NO population. All tested S. solidus strains grew larger in DE hosts. Thus, DE
sticklebacks may be inherently more susceptible to S. solidus infection, which is in line
with the inherent-susceptibility hypothesis that is used to characterize hosts that are
more susceptible to sympatric and allopatric parasites (Lively, 1999; King et al., 2009). In
contrast, NO hosts, coming from a population with low parasite diversity and high
S. solidus prevalence, showed a higher quantitative resistance and a well-orchestrated
immune response, which was absent in DE hosts (Chapter 1 and 2). On another note,
| cannot exclude that NO sticklebacks and/or Atlantic parasites are better adapted to
our laboratory conditions, which might be why they generally performed better than

other strains.
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S. solidus from NO grew generally faster and, once they reached a weight that
corresponds to the ability to infect the definite host and reproduce successfully
(Tierney and Crompton, 1992; Hammerschmidt and Kurtz, 2009), caused an increase of
co-infection probability of another helminth species, the eye fluke Diplostomum
pseudospathaceum in both DE and NO hosts (Chapter 2). These results emphasize a
strong parasite genotype effect. The fast growth of NO S. solidus is consistent with the
theoretical prediction of increased parasite growth if hosts reduce but do not prevent
parasite infection and growth (Gandon and Michalakis, 2000). Increased virulence
would also be expected under competition among parasites in multiple infections
(Schulenburg et al., 2009). Accordingly, naturally high prevalence could cause
increased competition and thus faster growth, while naturally low prevalence could be
linked to low co-infection probability, reduced intra-specific competition, and slow
growth. Effects of intra- and inter-specific competition should be tested with controlled
multiple infections and experiments involving different co-infecting parasites. Due to
the costs of immune defence, selection for S. solidus resistance is expected to
correlate with S. solidus prevalence. The higher prevalence of S. solidus in the
Norwegian (NO) population compared to the German (DE) population could thus
select for higher quantitative host resistance and parasite growth, i.e. virulence, in NO
compared to DE. NO host resistance and parasite growth indicate directional selection
(co-evolutionary arms race dynamics selecting for increased resistance and virulence),
while sticklebacks and S. solidus from the German populations potentially evolved
under de-escalated arms race dynamics (Brockhurst and Koskella, 2013; Kalbe et al,,

2016).

| studied infection phenotypes of diverse S. solidus strains in combination with
divergent host types on different geographic scales (Chapter 1 and 3). This approach
informs about host and parasite life-history traits and potential effects of (co-

evolutionary) histories and phylogeny, including evolutionary constraints.
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The almost identical geographic pattern of S. solidus growth in NO and DE hosts and
strain-specific gene expression responses (Chapter 1 and 2) clearly show that S. solidus
growth and host gene expression are also parasite population (or even clade)-specific
traits, again indicating a dominant parasite main effect. The four geographic areas
(clustered according to S. solidus growth: Atlantic, Baltic, European Inland, Pacific)
corresponded to G. aculeatus phylogeny (Fang et al., 2018). It was hypothesized that
S. solidus phylogeny resembles that of its highly specific stickleback host.
Nevertheless, an extensive investigation is still pending (Samonte et al., unpublished
data). The phenotypic and/or genetic structuring of the parasite indicates limited gene
flow, even though one could expect the opposite since S. solidus’ definitive avian hosts
have high movement potential. However, significant S. solidus population
differentiation (and isolation-by-distance) has been reported on a small geographic
scale among Alaskan lakes (Sprehn et al., 2015; Strobel et al., 2016). Moreover,
different strengths of selection in each population, random genetic drift, extinction and
recolonization events, as well as mutations influence the spatial distributions of alleles
and traits (Gomulkiewicz et al., 2007). Thus, the geographic pattern of S. solidus growth
and the potentially underlying evolutionary constraints warrant further investigations

that focus on S. solidus genetics.

In order to test whether S. solidus (clade-specific) growth capacity is indeed a genetic
and heritable trait, | suggest to run infection experiments over multiple generations. As
it has already been shown that virulence of one Atlantic (NO) and one Baltic (NST)
S. solidus population is inherited (Ritter et al. (2017), genomics and quantitative trait
locus (QTL) mapping to identify the genomic locations are promising approaches.
Since Baltic S. solidus grew significantly slower than worms from other populations and
clustered localities, | assume that S. solidus strains intrinsically grow differently (i.e.
follow different life history strategies). | also speculate that S. solidus from the Baltic
region might reach sexual competence at lower weights than commonly assumed
(S. solidus < 50 mg can principally reproduce; Clarke, 1954), but this remains to be
investigated. It also needs to be determined why Atlantic S. solidus grow

characteristically fast; especially since growth was not linked to latitude (Chapter 1).
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Studying the underlying genetic specificity is key to understanding the interaction
between S. solidus and G. aculeatus and their antagonistic adaptations. Future studies
should incorporate various stickleback populations and S. solidus strains from the
different geographic clusters. If we are to test for environment-, population- and/or
cluster-specific local adaptation in the system, we need to compare more than two
demes (Kawecki and Ebert, 2004). | would also like to emphasize that correlated traits
between interacting species are not necessarily the product of co-evolution and
reciprocal selection does not necessarily lead to well-matched or significantly

correlated traits (Janzen, 1980; Thompson, 1994, 2005; Nuismer et al., 2010).

Accordingly, the geographic pattern of virulence | detected in Chapter 1 and the
specificities of immune responses in Chapter 2 could reflect geographic variation in
natural selection and host-parasite adaptations, but my results are not necessarily
indicative for local adaptation or the Geographic Mosaic Theory of Coevolution
(GMTC) (Thompson, 1994, 1999a). The GMTC predicts spatially structured mosaics of
traits as a consequence from different selection and geographic remixing between
subpopulations (Lively, 1999; Thompson and Cunningham, 2002; Gomulkiewicz et al.,
2007). It has been argued that strong empirical tests of the predicted co-evolutionary
hot spots (regions in which reciprocal selection occurs) and cold spots (regions where
fitness of at least one species is unaffected by the other), selection mosaics (spatial
variation in interspecific fitness functions) and trait remixing are needed to distinguish a
geographic mosaic from alternative underlying processes, such as one-sided evolution
or drift effects (Gomulkiewicz et al., 2007). | suggest that future studies are warranted to
test (i) whether fitness of both species from different localities (populations and clades)
is affected by traits mediating an interaction, (ii) if fitness functions differ across these
localities, and (iii) to characterize the molecular mechanisms. Importantly, evolution can
favour different trait combinations with the same functional output (known as many-to-
one mapping) (Thompson et al., 2017; Bolnick et al., 2018). Thus, detailed mechanistic

studies of multiple stickleback - S. solidus pairs are essential.
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My results suggest that a combination of host and parasite genotype effects underlie
the infection phenotypes of S. solidus and G. aculeatus. Interaction effects were weak
at regional scales (within continents; Chapter 1 and 2) but apparent between
continents (Chapter 1 and 3). Host and parasite effects further depended on the trait
of interest (qualitative resistance versus quantitative resistance). Genotype- and trait-
specific strength of interaction effects have also been reported for other host-parasite
systems (Grech et al., 2006; Wolinska and King, 2009). However, most host-parasite
associations cannot be tested on various geographic scales and studies on vertebrate
hosts and their parasites are often confined to few individuals. By revealing specificities
according to genotype and epidemiological trait in helminth infections of vertebrate
hosts, | conclude that the results of this thesis are of importance for the broader fields

of medical and host-parasite research.

Phenotypic plasticity and genetic adaptation

It is impossible to fully disentangle the host and the parasite effects on S. solidus
growth because the parasite's size is a measure of virulence (as well as parasite fitness
and transmission potential) and host quantitative resistance (Arme & Owen, 1967;
Tierney and Crompton, 1992, Wedekind et al., 1998; Lischer and Wedekind, 2002;
Heins and Baker, 2003, Bagamian et al., 2004; Heins, 2012; Weber et al., 2017).
Moreover, in addition to the genetic determination, my results also demonstrate that
each species’ phenotypic plasticity in response to different host and parasite types
needs to be considered.

Phenotypic plasticity is, in a strict sense, defined as intra-individual variation, which
includes the influence of the genome and the environment (West-Eberhard, 2003). In
the sense of environmental responsiveness, phenotypic plasticity is commonly defined
as the ability of a single genotype to express different phenotypes in response to
environmental cues (reaction norm). In the case of species interactions, each species
constitutes the environment to which the other species may respond (interaction
norms) (Thompson, 1988; Agrawal, 2001). Parasites are by definition tightly linked to

their hosts that form the parasite’s environment of at least one developmental stage.
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In this regard, developmental plasticity (i.e. irreversible phenotypes are induced during
development; Schneider and Meyer, 2017) is crucial for S. solidus because over-
exploitation might ultimately decrease transmission probability (Parker et al., 2003;
Michaud et al., 2006). Life history theory further predicts that growth retardation could
pay off upon higher investment in maintenance and repair mechanisms, which is
especially important when the host possesses high quantitative resistance. S. solidus
growth covaries with the growth of its host, which might partly be attributed to the
feeding regime or nutrition status (i.e. available resources), and to the number of
conspecifics (at least in the copepod) (Barber, 2005; Michaud et al., 2006; Barber et al.,
2008). Disentangling the effects of G. aculeatus and S. solidus on phenotypic plasticity
could be possible if distinct factors, such as space, resource availability, or host
immune responses, were manipulated separately. One option would be the
establishment of an in vitro system to replace the stickleback host to manipulate space
or resource availability. If we identified candidate genes conferring plastic responses in
S. solidus infections of sticklebacks, another option would be to use CRISPR-Cas for
specific genetic modifications of sticklebacks and/or S. solidus. Analyses of the
molecular mechanisms could be used to identify host and parasite genetics and
transcriptional networks that are involved in S. solidus growth adjustment and/or
limitation. Plastic responses can be adaptive or non-adaptive, which is determined in
relation to the optimal value and the relative fitness in the respective environment
(Ghalambor et al., 2007). Thus, testing for adaptive versus non-adaptive plasticity relies
on fitness measurements (or at least measurements of suites of fitness related traits;

Ghalambor et al., 2007) of both the host and the parasite.

Sticklebacks are known for their high level of phenotypic plasticity. For instance, the
stickleback’s plasticity has been shown to contribute to parallelism in morphological
response to different salinities, freshwater colonization and lake-stream divergence
(Morris et al., 2014; Mazzarella et al., 2015; Oke et al., 2016). Transplant experiments
have revealed that candidate immune genes of sticklebacks are more strongly
regulated by environmentally-mediated phenotypic plasticity than by genetic

adaptations (Stutz et al., 2015).
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This effect could indicate adaptive plasticity; however, the authors neither determined
parasite loads, nor fitness. My thesis confirms the relative importance of induced
plasticity by demonstrating that gene expression profiles that differed between
uninfected fish from different populations mostly converged upon infection. In other
words, the parasite-induced phenotypic plasticity transcends host genetic effects in
S. solidus — G. aculeatus associations. Importantly, data from Chapter 2 demonstrate
that the gene expression in response to S. solidus infection depends on parasite strain
and time and/or development. In summary, these results indicate that the parasite
genotype and phenotype mostly determine the infection outcome in this helminth-
host association. However, since | could not measure host and parasite fitness, | cannot

conclude whether this effect is adaptive for the host and/or the parasite or not.

One caveat of our experiments is that | used F1 offspring of laboratory-bred wild-
caught hosts and parasites, so non-genetic parental effects in response to the
environment in the wild and/or the laboratory could have influenced our results.
Experiments over multiple generations could be used to determine short-term
acclimatization effects and long-term adaptations. While common garden experiments
are needed to exclude the effect of environmental variation between treatments, we
also need to consider the developmental status of the stickleback. | found that
condition and immunological parameters differed significantly between nine-month-
old DE and NO controls (Chapter 1), whereas | did not detect these differences in adult
fish (one and a half years old) from the same populations (Chapter 2). | suggest that
age-specific immunological activation and body condition as well as differences
between fish families explain this effect. Different costs of immune function in relation
to age have been described for various systems and parasite infections have been
linked to stickleback age in a natural system (Pennycuick, 1971; Wolinska and King,
2009). However, one study on wild-caught sticklebacks reported that genome-wide and
immune gene expression are better explained by season than by age (Brown et al,
2016). | am not aware of any experiment explicitly testing the assumption of a link
between stickleback age and immunity. Further, in order to draw valid conclusions,

various fish families from replicate populations would have to be tested.
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We used several fish families as representatives for each population because natural
selection acts on the population level and we aimed to draw ecologically relevant
conclusions. | accounted for the variance that would be explained by family effects by
using fish family as a random effect in the (generalized) linear mixed effect models. The
variance terms differed, which indicates variation among fish families. Possible
explanations for family effects involve sequence diversity of genes from the major
histocompatibility complex (MHC). MHC gene diversity has been shown to influence
the stickleback - S. solidus interaction (Kurtz et al., 2004) and MHC genotyping could

be a starting point in order to study stickleback family effects in more detail.

To conclude, phenotypic plasticity has been shown to be of central importance for
host-parasite infection dynamics, but the relative importance in comparison to
genotype effects is still unclear. This thesis adds on to our understanding by revealing
that the parasite-induced phenotypic plasticity transcends host genetic effects in
S. solidus — G. aculeatus associations. Future studies should determine whether and, if
so, which genetic and/or epigenetic mechanisms of the host and the parasite control

the parasite’s growth and other epidemiological traits.

Community context

Laboratory experiments may fail to capture important environmental effects of the
natural system. Indeed, laboratory artefacts have been reported for S. solidus
infections of sticklebacks and attributed to the benign conditions in the laboratory,
such as absence of predation, social interactions, fluctuating environments and
resource limitation (Candolin and Voigt, 2001). It has increasingly been recognized that
community frameworks are important in order to understand interspecific interactions
(Graham, 2008; Telfer et al., 2010; Brockhurst et al., 2014; Betts et al., 2016). Especially
helminth parasites can directly or indirectly alter their host's susceptibility to
macroparasites and microbes and vice versa (Lello et al, 2004; Graham, 2008;
Broadhurst et al., 2012; Pedersen and Antonovics, 2013; Reynolds et al., 2015;
Giacomin et al., 2015; Gause and Maizels, 2016; Benesh and Kalbe, 2016).
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We tested the influenceof S. solidus immune modulation on co-infection probability of
another helminth parasite, the eye fluke Diplostomum pseudospathaceum (Chapter 2),
and showed that chronic S. solidus infection can have systemic effects. Testing one co-
infecting species is, of course, just a first step towards a community ecology
perspective. Importantly, it has been shown that the outcome on co-infection
probabilities can be species-specific and probably depends on the number, type and
species of all co-infecting parasites (Benesh and Kalbe, 2016). Co-infecting parasites
can cooperate or compete, alter the degree of co-adaptation and virulence, and may
have context-dependent beneficial or detrimental effects on each other and on their
hosts (Telfer et al., 2010; Betts et al., 2016). Enclosures or mesocosm experiments with
diverse parasite communities would be appropriate for a thorough investigation of the
ecological context. The same experimental approach could be used to test the idea of
a generalist defence strategy of DE sticklebacks versus a specialist defence strategy of

NO sticklebacks.

We need to acknowledge that the community context includes antagonists and
symbionts. The gut community is a prominent example of an interplay between
pathogens, commensals, and beneficial microbes. Future studies should incorporate
hologenome concepts (encompassing the host genome, its organelles’ genomes, and
its microbiome) and host holobiont — parasite holobiont interactions (Dheilly, 2014;
Bordenstein and Theis, 2015; Theis et al., 2016). Studies on diversity, ecology and
evolution of stickleback- and Schistocephalus-associated microbes are promising to
refine our picture of this host-parasite model system. Samples from Chapter 3 shall
thus be used to identify and characterize stickleback- and S. solidus-associated
microbes and to determine host and parasite genotype effects on microbial
compositions (conducted by M. Hahn and N. Dheilly).

Sticklebacks have recently been established as model organisms for host-microbe
interactions (Bolnick et al., 2014a, 2014b; Smith et al., 2015; Milligan-Myhre et al., 2016).
Interestingly, wild-type stickleback MHC class Il polymorphism has been linked to the

composition and diversity of gut microbiota (Bolnick et al., 2014).
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The authors found that microbial diversity decreased with MHC diversity and
speculated that macroparasite-driven selection on MHC genes could alter the host's
microbiota, and vice versa. | suggest to test this assumption with samples from our

controlled infection experiments.

Cestode microbiomes have rarely be investigated (but see Izvekova, 2005; Poddubnaya
and lzvekova, 2005; Korneva, 2008; Korneva and Plotnikov, 2012). However, signs of
bacterial infestation within the eggs of lab-bred S. solidus have been reported (P.
Jakobsen, M. Kalbe, T. Henrich, P. Rausch; pers. comm.). The bacterial abundance
increased over time, suggesting that these bacteria might play a role in the cestode’s
development. 454 sequencing of lab-bred S. solidus plerocercoids from wild-caught
NO sticklebacks indicated highest sequence similarities with the genus Ohtaekwangia
(class Bacteroidetes). We screened adult worms and eggs as well as fish tissues for
presence of bacteria of the Bacteroidetes phylum. | supported the hypothesized
presence of Ohtaekwangia-like bacteria in S. solidus eggs with Bacteriodetes-specific
PCR primers and sequence analysis of the ~600 bp fragment. Bacteria from adult
cestodes and stickleback organs clustered into other clades. Parasites from different
geographic locations, populations, families, individuals, and another Schistocephalus
species (Schistocephalus pungitii that specifically infects nine-spined sticklebacks,
Pungitius pungitius) were sampled and could add novel aspects to the specificities of

helminth-host interactions (unpublished data).
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Specificities of the host-helminth interplay

The data of all three Chapters indicate that qualitative resistance (S. solidus infection
success) is not necessarily linked to quantitative resistance (S. solidus growth) in
sticklebacks. This has been proposed previously as, for example, MHC diversity
negatively correlates with S. solidus parasite index but seems to have no influence on
infection success (Kurtz et al., 2004). | found in Chapter 3 that sticklebacks from an
Alaskan population (ALX) were both more resistant (by means of qualitative resistance)
and more tolerant, indicating that the two defence mechanisms are not mutually
exclusive. This could be counter-intuitive because resistance and tolerance have
different effects on host-parasite ecology and co-evolution. However, one particular
cost of resistance is that overproduction of defence molecules can have
immunopathogenic effects (Graham et al., 2005). In this regard, virulence has been
defined to result from both infection-induced immunopathology and direct effects of

the parasite (Long and Boots, 2001).

Helminth infections are special as these parasites are exceptional immune modulators.
Helminth infections can protect from immune dysregulatory diseases such as
autoimmune disorders and allergy (McSorley et al., 2013). Treating human patients with
helminths, their eggs, or products (known as helminth therapy) is already applied in
clinical settings (Summers et al., 2005, 2005b; Croese et al., 2006; Liu et al., 20093,
2009b; Bager et al., 2010; Bourke et al., 2012; Maizels and McSorley, 2016; Smallwood
et al,, 2017). In line with (co-)evolutionary thinking, it has been suggested that only
certain helminth species could have beneficial effects in helminth therapies (Leonardi-
Bee et al., 2006; Cooper, 2009; Helmby, 2015). Following up on the question of how
specific helminth immune modulatory effects could be, we used different types (or
‘strains’) of the same host and parasite species in controlled experimental infections.
Indeed, my colleagues and | could demonstrate that those hosts that co-evolved with a
high growth parasite (NO) up-regulated T regulatory genes in concordance with pro-
inflammatory activities if infected with their sympatric parasite (and DE sticklebacks did
not). This effect became apparent when the high growth (NO) S. solidus strain became

infective to the definitive host (Chapter 2).
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| assume that the T regulatory response at this stage of infection is beneficial for the
host and the parasite by facilitating the persistence of the parasite and preventing
immunopathological responses (tolerance). Our results thus indicate that different
strains of the same helminth species can have profoundly different effects on their

hosts and that these effects are further host type- and time-dependent.

Schistocephalus solidus specifically infects three-spined sticklebacks and experimental
transfer to fish species other than G. aculeatus causes death of the parasite within 2-10
days (Braten, 1966; Orr et al.,, 1969). This extreme host specificity provides an
outstanding model to study helminth immune modulation. Sticklebacks are principally
able to eliminate S. solidus up to 17 days post infection. Several mechanisms by which
sticklebacks potentially limit S. solidus burden have been proposed: digestive enzymes
and immune cells attack the parasite within the first 14 to 24 hours; proliferation of
head kidney monocytes increases among exposed sticklebacks after 7 days; adaptive
immunity, such as MHC molecules, are suggested to be involved after several weeks;
transcriptome data revealed up-regulation of effectors and receptors of innate
immunity (e.g. toll-like receptors and macrophage-associated genes) and complement
components after 50 days; the respiratory burst peaks from 47-67 days post exposure
(Kurtz et al., 2004; Hammerschmidt & Kurtz, 2007; Barber and Scharsack, 2010; Haase et
al., 2016, Stewart et al., 2017). Overall, our data confirms this sequence. The trajectories
of immunological activation were linked to ontogeny and size of a highly virulent
S. solidus strain. In the same experiment, infection with a low growth strain (up to ~ 50
mg) neither affected host gene expression profiles nor co-infection probabilities
(Chapter 2). My results from Chapter 1 and 3 demonstrate that immunological
activation and quantitative resistance (parasite growth) were S. solidus strain-specific
but not correlated after eight weeks. Mechanisms of tolerance and concomitant

immunity may thus be important at late stages of S. solidus infection.
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Notably, the link between immunological activation and parasite growth is complex:
fast growing parasites might cause an elevated immune response; but growing
evidence suggests that immunological activation could also favour parasite growth
directly through increased uptake of nutrients due to higher influx of cells and immune
modulators or indirectly through adjustment of the parasite’s life history strategy
(Babayan et al.,, 2010; Kalbe et al., 2016). For instance, the filarial nematode
Litomosoides sigmodontis adjusts its development and reproduction to the presence
of immune cells involved in anti-helminth attack in infected mice and schistosome
development depends on signals from the host immune system (Davies et al., 2001;
Cheng et al., 2008; Babayan et al., 2010; Lamb et al., 2010; Tang et al., 2013).
Accordingly, helminth infections and the host's immune response are double-edged
swords that need to be studied in further detail. A mechanistic understanding will be

key to assess the costs and benefits of helminth therapies.

In this thesis, | analysed host regulatory and immune gene expression in response to S.
solidus exposure and infection. It is well known “that, immunologically, more is not
necessarily better” (Viney et al. 2005), especially in the context of immunopathology.
The expression levels of candidate genes are, of course, just a first step to characterize
the molecular interplay between sticklebacks and S. solidus. In addition to analyses of
transcriptomic responses, we should try to understand the underlying gene regulatory
mechanisms as it has been shown that gene regulatory networks are essential in rapid
responses and evolutionary adaptation (Stern et al., 2007; Lopez-Maury et al., 2008; van
Gestel and Weissing, 2018). The idea of modular gene expression patterns also
justified the multivariate approach to analyse the gene expression data of this thesis.
Future experiments within the scope of genomics, transcriptomics, and proteomics
should study sequence variants, localize the respective RNAs and proteins in the
organisms (e.g. using in situ hybridization or immunohistochemistry), and characterize

the function of the respective molecules at the interface of host and parasite.
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The International Helminth Genomes Consortium (2018) recently published a
comprehensive study of 81 helminth genomes; new potential drug targets and
compounds were identified. Notably, a Schistocephalus solidus specimen from Neu-
stédter Binnenwasser, Germany, was included. Transcriptome data from experimental
infections using S. solidus from the same origin have already been analysed (Fahmy et
al., in prep.) and whole transcriptome data of infected fish from the same study are
available (T. Henrich & N. Erin and others). Following up on those investigations,
studies on protein interactions could help to identify and characterize the proteins
involved in the molecular crosstalk between hosts and helminths. In summary, in
addition to distinct defence mechanisms on geographical scales, specificities in the
helminth-host interplay occur at different levels of the infection process. The future
challenge is to link effector molecules to epidemiological traits, such as resistance,

tolerance, infectivity and virulence.
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Concluding remarks

It has been claimed that “we need to expand [basic] research on the practical
consequences” (Bolnick et al., 2018). However, the original idea of basic research is
that “Insight must precede application” (Max Planck). Accordingly, applied science
should incorporate basic research. This has been recognized in evolutionary medicine
(Nesse et al., 2010). Focussing on helminth therapy, this thesis is an example of how
important basic research, here in the field of host-parasite interaction, is for treatment
and prevention strategies in human health. A thorough consideration of how host and
parasite genotype and/or phenotype affect immune modulation in vertebrates is
essential for both treatment of helminth infections and helminth therapy. Further
examples of the necessity of (co-)evolutionary perspectives encompass the evolution
of antibiotic resistance, veterinary medicine, agriculture, and conservation
implications.

Future studies should focus on host-helminth genetic adaptations, the significance
and the mechanisms of plasticity, and the molecular crosstalk. Additional host and
parasite populations may be incorporated to further test for local adaptation and the
Geographic Mosaic Theory of Coevolution, as well as to test the generalisability and
the ecological relevance of my results. Future work needs to be backed up with
extensive field data to ascertain the relevance in the natural system. Within the context
of natural differences between populations, it is actually under debate whether
trajectories of host-parasite interactions could be generalised at all (Auld and Brand,
2017; Bolnick et al., 2018). The results of this thesis, such as S. solidus strain-specific
stickleback gene expression, indicate that individual characteristics of each stickleback
- S. solidus interaction in their respective habitat influence their interaction. However,
the fact that gene expression profiles that differed among uninfected fish mostly
converged upon S. solidus infection (irrespective of the continent of origin!) suggests
a strong relative importance of parasite-induced phenotypic plasticity in the
interaction between three-spined sticklebacks Gasterosteus aculeatus and their

cestode Schistocephalus solidus.
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The investigation of replicate populations from different habitats (e.g. high and low S.
solidus prevalence/parasite diversity) and multiple locations would allow to partition
the variance of epidemiological traits among habitats, locations, and habitat x location
interactions (Bolnick et al., 2018).

Last but not least, experimental co-evolution with appropriate controls and treatments
allowing for one-sided adaptation are required (and under way) to test for the co-
evolutionary potential in the stickleback-S. solidus system. The (co-)evolutionary
history is important to understand present-day patterns. However, adaptations could
also occur fast (maybe due to phenotypic plasticity), altering our understanding of
vertebrate co-evolution with parasites. An experimental approach over multiple
generations allows to study short-term and long-term effects in the light of trans-
generational plasticity and to distinguish between acclimatization and adaptation. This
approach further allows to measure host and parasite fitness (lifetime reproductive
success and the reproductive success of subsequent generations). It also needs to be
tested whether fitness of both species (from different populations and clades) is

indeed affected by traits mediating an interaction.
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Table S1. Parasite sampling sites

ID Origin Geo-coordinates
ECH Echo Lake, Vancouver Island Canada 49°98'N, 125°41'W
ISC Lake Myvatn Iceland 65°39'N, 16°57'W
North Uist
NU Scotland 57°34'N, 07°17'W
(Loch Eubhal/ Grogary)
SKO Skogseidvatnet Norway 60°13'N, 05°53'E
SP Xinzo de Limia Spain 42°08'N, 07°39'W
IBB Ibbenbirener Aa Germany 52°17'N, 07°36'E
NST Neustédter Binnenwasser Germany 54°06'N, 10°48'E
GOT Gotland Sweden 57°54'N, 18°56'E
OBB Obbola Sweden 63°39'N, 20°17'E

SI.1 Supplementary information on infection rates

If not stated otherwise, infection rates were calculated by using the number of infected
individuals as proportional data in generalized mixed effects models (GLMMs) with binomial
error structure and logit link function using the glmer() function of the Ime4 R package (Bates et
al., 2014). Significantly different groups were identified with glht() post hoc tests from the
multcomp package (Hothorn et al., 2008). Infection rates differed considerably between parasite
sibships and fish families; some parasite sibships failed to infect any fish. According to our
experimental design, however, we did not test for fish family or parasite sibship effects. Parasite
sibship was included as a random factor in analyses of infection rates in copepods; the random
term ‘round’ (i.e. parasite sibship x fish family combination) was included in all analyses of the
interaction between S. solidus and its fish hosts.

As expected for the unspecific first intermediate host, S. solidus from every origin managed to
infect M. albidus copepods. We tested for potential differences in infection rates in copepods
between the two years of the experiment by using data from parasite sibships that were used in
both years (Table S2). Indeed, infection rates of parasites from NU and SKO were significantly
higher in 2014 (NU: z = 4.472, p < 0.0001; SKO: z = 6.214, p < 0.0001). Testing each year
separately, infection rates did not differ significantly between parasite populations in 2014; in
2015, ISC S. solidus infected significantly more copepods than parasites from GOT (z = -5.289, p
< 0.001), NU (z = 4.416, p < 0.001), OBB (z = 3.615, p < 0.01), SKO (z = 3.948, p < 0.01), SP (z =
4115, p < 0.01); IBB S. solidus infected significantly more copepods than S. solidus from GOT
(z=-4.638, p < 0.001), NU (z = 3.76, p < 0.01), SKO (z = 3.275, p = 0.029), and SP (z = 3.453, p =
0.016); ECH S. solidus infected significantly more copepods than S. solidus from GOT (z = 4.148,

p < 0.01) and NU (z = 3.299, p = 0.027). Using the sibship of the parasite as explanatory instead
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of the origin improved the model fit, pointing towards sibship- rather than origin-effects.
Interestingly, Pacific (ECH) parasites had the highest infection rates in copepods and the lowest
infection rates in sticklebacks. However, overall, and consistent with previous publications
(Hammerschmidt and Kurtz, 2005), infection rates in copepods did not influence infection rates

in fish.

Infection rates in fish did not differ significantly between the two years of the experiment (DE
data; X% = 9.42, p = 0.094). S. solidus origin influenced the infection rates in NO hosts (X% =
21.619, p = 0.006). This was driven by significant differences between infections with NU versus
ECH parasites (z = -3.446, p = 0.016). NU S. solidus had the overall highest infection rate
(average: 40 %) and ECH S. solidus had the lowest infection rate (average: 9 %). The variance
terms for the random effect differed between the experiments, which indicates different
parasite sibship x fish family effects; namely, lower variance in DE in contrast 1. Fish from the
naturally highly parasitized Norwegian (NO) population ate considerably less infected
copepods than DE fish, so we tested for a possible link between the number of ingested
copepods and infection success. There was no consistent pattern; the number of infected
copepods correlated with an increase or decrease of the infection rates, dependent on the
origin of the parasite and the fish population (not shown). Accordingly and in line with the

literature (Wedekind and Milinski, 1996), our data does not indicate avoidance behaviour.
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Table S2. Infection rates of S. solidus in its first intermediate host (M. albidus)

:::re::::t Parasite sibship Parasite origin C:::;:js Li;g':?zzg Infection rate A;:rdaijp:rirnfgstin
2014 ECH_3x10 ECH 51 38 0.57

2014 ECH_6x23 ECH 69 17 0.80

2014 ECH_9x14 ECH 61 17 0.78 0.72
2014 GOT_10x12 GOT 44 42 0.51

2014 GOT_13x8 GOT 24 62 0.28

2014 GOT_1x5 GOT 48 38 0.56 0.45
2014 NST_13x14 NST 51 29 0.64

2014 NST_2x7 NST 46 37 0.55

2014 NST_8x9 NST 43 80 0.35 0.51
2014 NU_10x14 NU 60 28 0.68

2014 NU_4x12 NU 21 65 0.24

2014 NU_8x17 NU 56 21 0.73 0.55
2014 OBB_11x48 OBB 39 73 0.35

2014 OBB_18x20 OBB 54 30 0.64

2014 OBB_5x16 OBB 48 25 0.66 0.55
2014 SKO_18x49 SKO 45 36 0.56

2014 SKO_18x57 SKO 52 33 0.61

2014 SKO_57x58 SKO 49 36 0.58 0.58
2014 SP_10x12 SP 55 33 0.63

2014 SP_14x19 SP 19 23 0.45

2014 SP_1x13 SP 22 66 0.25 0.44
2015 ECH_3x10 ECH 49 24 0.67

2015 ECH_6x23 ECH 60 28 0.68

2015 ECH_9x14 ECH 53 32 0.62 0.66
2015 GOT_13x8 GOT 28 71 0.28

2015 GOT_1x5 GOT 39 71 0.35

2015 GOT_9x6 GOT 34 64 0.35 0.33
2015 IBB_35 1BB 76 56 0.58

2015 IBB_39 1BB 117 55 0.68

2015 IBB_41 IBB 123 35 0.78 0.68
2015 ISC_59 ISC 103 31 0.77

2015 ISC_61 ISC 121 47 0.72

2015 ISC_70 ISC 124 55 0.69 0.73
2015 NST_13x14 NST 76 66 0.54

2015 NST_2x7 NST 86 65 0.57

2015 NST_8x9 NST 92 80 0.53 0.55
2015 NU_10x14 NU 36 54 0.40

2015 NU_5x18 NU 30 85 0.26

2015 NU_8x17 NU 57 50 0.53 0.40
2015 OBB_11x48 OBB 44 50 0.47

2015 OBB_18x20 OBB 33 54 0.38

2015 OBB_5x16 OBB 46 43 0.52 0.45
2015 SKO_18x57 SKO 63 m 0.36

2015 SKO_26x44 SKO 106 41 0.72

2015 SKO_57x58 SKO 43 131 0.25 0.44
2015 SP_10x12 SP 55 75 0.42

2015 SP_1x13 SP 44 44 0.50

2015 SP_8x17 SP 43 82 0.34 0.42

150



SUPPLEMENTARY INFORMATION - CHAPTER 1

Table S3. Infection rates and S. solidus size in DE and NO G. aculeatus

Year of the

Parasite

Total

Exposed

Infected

Uninfected Infection

Mean

experiment i Emily Fh@igin Paesiesisiie origin fish fish fish fish rate weight MEm A
2014 GPS_16x6 DE ECH_3x10 ECH 20 19 2 17 0.11 88.3 13.53
2014 GPS_16x6 DE GOT_10x12 GOT 20 20 3 17 0.15 48.53 6.8
2014 GPS_16x6 DE NST_8x9 NST 20 20 9 11 0.45 31.63 5.14
2014 GPS_16x6 DE NU_8x17 NU 20 20 6 14 0.30 75.28 11.62
2014 GPS_16x6 DE OBB_11x48 OBB 20 19 4 15 0.21 42.88 643
2014 GPS_16x6 DE SKO_57x58 SKO 20 20 5 15 0.25 102.72 15.33
2014 GPS_16x6 DE SP_14x19 SP 18 17 7 10 0.41 61.27 10.97
2014 GPS_24x29 DE ECH_9x14 ECH 20 20 2 18 0.10 96.4 13.15
2014 GPS_24x29 DE GOT_13x8 GOT 20 20 0 20 0.00 na na
2014 GPS_24x29 DE NST_13x14 NST 20 20 4 16 0.20 25.6 418
2014 GPS_24x29 DE NU_10x14 NU 20 20 4 16 0.20 80.5 15.2
2014 GPS_24x29 DE OBB_18x20 OBB 20 20 2 18 0.10 18.7 374
2014 GPS_24x29 DE SKO_18x49 SKO 20 20 0 20 0.00 na na
2014 GPS_24x29 DE SP_10x12 SP 20 18 0 18 0.00 na na
2014 GPS_5x3 DE ECH_6x23 ECH 20 19 3 16 0.16 68.57 12.34
2014 GPS_5x3 DE GOT_1x5 GOT 20 19 5 14 0.26 415 675
2014 GPS_5x3 DE NST_2x7 NST 20 20 4 16 0.20 426 671
2014 GPS_5x3 DE NU_4x12 NU 18 17 1 16 0.06 94.96 13.73
2014 GPS_5x3 DE OBB_5x16 OBB 20 19 4 15 0.21 23.83 4.48
2014 GPS_5x3 DE SKO_18x57 SKO 20 20 7 13 0.35 98.27 14.74
2014 GPS_5x3 DE SP_1x13 SP 20 20 1 19 0.05 75 9.96
2015 GPS_117x111 DE IBB_39 IBB 20 19 10 9 0.53 89.95 11.04
2015 GPS_117x111 DE ISC_70 ISC 20 19 5 14 0.26 106.74 14.19
2015 GPS_117x111 DE NST_8x9 NST 20 20 8 12 0.40 385 5.1
2015 GPS_117x111 DE SKO_57x58 SKO 13 12 3 9 0.25 109.53 14.95
2015 GPS_125x105 DE IBB_35 IBB 20 20 5 15 0.25 75.56 15.89
2015 GPS_125x105 DE 1SC_59 ISC 20 20 2 18 0.10 70.95 16.47
2015 GPS_125x105 DE NST_2x7 NST 20 18 2 16 0.11 47.3 8.87
2015 GPS_125x105 DE SKO_26x44 SKO 20 20 4 16 0.20 131.3 21.55
2015 GPS_22x4 DE IBB_41 IBB 20 20 3 17 0.15 87.63 13.32
2015 GPS_22x4 DE ISC_61 ISC 20 16 5 11 0.31 89.34 13.8
2015 GPS_22x4 DE NST_13x14 NST 20 20 10 10 0.50 48.07 7.56
2015 GPS_22x4 DE SKO_18x57 SKO 20 20 7 13 0.35 136.99 20.29
2015 SKO_10x6 NO ECH_3x10 ECH 20 18 4 14 0.22 25.15 412
2015 SKO_10x6 NO GOT_13x8 GOT 19 17 4 13 0.24 12.83 218
2015 SKO_10x6 NO IBB_41 BB 20 17 2 15 0.12 46.7 7.08
2015 SKO_10x6 NO 1SC_61 ISC 20 18 6 12 0.33 50.93 7.59
2015 SKO_10x6 NO NST_13x14 NST 20 16 4 12 0.25 3.85 0.85
2015 SKO_10x6 NO NU_5x18 NU 14 14 7 7 0.50 59.57 9.01
2015 SKO_10x6 NO OBB_18x20 OBB 20 17 10 7 0.59 6.89 1.18
2015 SKO_10x6 NO SKO_18x57 SKO 20 14 8 6 0.57 69.08 1091
2015 SKO_10x6 NO SP_8x17 Sp 20 18 5 13 0.28 4518 7.43
2015 SKO_11x2 NO ECH_9x14 ECH 20 17 0 17 0.00 na na
2015 SKO_11x2 NO GOT_1x5 GOT 20 19 2 17 0.1 10.3 1.71
2015 SKO_11x2 NO IBB_39 BB 20 17 2 15 0.12 55.85 8.75
2015 SKO_11x2 NO ISC_70 ISC 20 14 5 9 0.36 45.04 6.7
2015 SKO_11x2 NO NST_8x9 NST 20 16 2 14 0.13 10.95 175
2015 SKO_11x2 NO NU_8x17 NU 20 16 6 10 0.38 88.65 12.31
2015 SKO_11x2 NO OBB_11x48 OBB 20 15 1 14 0.07 2.8 0.5
2015 SKO_11x2 NO SKO_57x58 SKO 20 19 2 17 0.1 123 13.65
2015 SKO_11x2 NO SP_10x12 Sp 20 16 2 14 0.13 51.8 7.16
2015 SKO_4x17 NO ECH_6x23 ECH 20 19 1 18 0.05 429 7.28
2015 SKO_4x17 NO GOT_9x6 GOT 20 17 1 16 0.06 0.6 0.11
2015 SKO_4x17 NO IBB_35 BB 20 17 3 14 0.18 53.97 8.62
2015 SKO_4x17 NO ISC_59 ISC 20 10 1 9 0.10 89.3 13.89
2015 SKO_4x17 NO NST_2x7 NST 20 15 2 13 0.13 7.2 1.22
2015 SKO_4x17 NO NU_10x14 NU 20 16 5 1 0.31 68.42 108
2015 SKO_4x17 NO OBB_5x16 OBB 20 18 1 17 0.06 34 0.51
2015 SKO_4x17 NO SKO_26x44 SKO 20 14 4 10 0.29 83.78 12.78
2015 SKO_4x17 NO SP_1x13 Sp 20 16 2 14 0.13 34.15 5.46
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Table S4. Host and parasite effects and their interaction on infection rates

Host effect, parasite effect and interaction

Data subset Explanatory Df Chisq p-value
Contrast 1 S. solidus origin 3 0.8817 0.82985
(simultaneously infected DE and NO Host population 1 2.2658 0.13226
hosts) S. solidus origin : host population 3 6.4206 0.09285

Parasite effect

Data subset Explanatory Df Chisq p-value
Contrast 2 (DE in 2014) S. solidus origin 6 7.1518 0.307
Contrast 3(NO in 2015) S. solidus origin 8 21.619 0.00567

Differences between the two years of the experiment

Data subset Explanatory Df Chisq p-value

S. solidus origin 1 1.1665 0.28013
DE hosts infected in

Round 5 9.416 0.09358
2014 and 2015

S. solidus origin : round 3 34414 0.32844

Sticklebacks from two different host populations (DE and NO) were exposed to S. solidus parasites from
nine different locations in three experiments over two consecutive years (2014 and 2015). The infection
rates were analysed as proportional data (accounting for the copepods that were not ingested) with
binomial error structure. We tested for differences between the years by using data of hosts that were
exposed to the same sibships in the two years of the experiment. The respective generalized linear model
(GLM) included ‘round’ (fish family x parasite sibship combination) and the interaction with S. solidus origin
as an explanatory. Host and parasite effects were analysed with GLMMs including ‘round’ as random

effect.

S1.2 Supplementary information on parasite indices (contrast 1)

Table S5. The effect of host and parasite population on parasite indices

Explanatory numDF denDF F-value p-value R?
Host population 1 95 23.48201 < 0.0001
X - 0.8934325
S. solidus origin 3 95 78.93636 < 0.0001
Host population : S. solidus origin 3 95 0.99526 0.3986

Sticklebacks were infected with single S. solidus parasites from NST, IBB, ISC, or SKO. The linear mixed
model (LMM) included ‘round’, i.e. host and parasite genotype combinations, as random intercept. The R?
includes the effect of the random term and was calculated according to (Nakagawa and Schielzeth, 2013;

Johnson, 2014; Lefcheck, 2016).
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Table S6. Post hoc testing using manually defined contrast to determine differences between fish
populations.

Parasite origin Estimate Std. Err t-value Pr(>|t])
1BB -5.1459 1.0619 -4.846 < 0.0001
ISC -6.5330 1.0289 -6.350 < 0.0001
DE vs NO fish NST 59784 07431 8045 <0.0001
SKO -7.7660 1.1629 -6.678 < 0.0001

Table S7. Post hoc testing using manually defined contrast to determine differences between origin of
the parasites.

Parasite origins Estimate Std. Error t-value Pr(>|t))
ISC Vs BB 1.6325 0.9230 1.769 0.4925
NST vs IBB -5.9838 0.7002 -8.545 <0.001
SKO vs BB 6.2738 1.0076 6.227 <0.001
DE fish NST vs ISC -7.6163 0.8279 -9.200 <0.001
SKO vs ISC 4.6413 1.1015 4.214 <0.001
SKO vs NST 12.2576 0.9186 13.344 <0.001
ISC vs BB 0.2453 1.1679 0.210 1.0000
NST vs BB -6.8163 1.0961 -6.219 <0.001
SKO vs BB 3.6537 1.2217 2.991 0.0353
NO fish NST w IsC 7.0617 0.9627 7.335 <0.001
SKO vs ISC 3.4083 1.1063 3.081 0.0273
SKO NST 10.4700 1.0327 10.139 <0.001

Vs

153



SUPPLEMENTARY INFORMATION - CHAPTER 1

S1.3 Supplementary information on host condition and immunological parameters
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Figure S1. Phenotypic differences between NO (orange) and DE (violet) sticklebacks (contrast 1). The
fish were either sham-exposed or infected with single S. solidus parasites from the Baltic (NST: Neustédter
Binnenwasser, Germany), the European Inland (IBB: Ibbenblrener Aa, Germany), or the Atlantic region
(ISC: Lake Myvatn, Iceland; SKO: Lake Skogseidvatnet, Norway). The parasite sibships, i.e. genotypes,

were the same for both host populations. The fish were dissected 55 (+/- 2) DPE.
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We determined the overall condition (condition factor, CF, the ratio between the observed
weight W (in g) and the expected weight at a given length L (in cm): CF = 100 * W/L". The
expected weight depends on the exponent b, which is characteristic for each fish population
and was calculated by regression analysis of logarithm-transformed data of the length and the
weight of all fish from each experiment, (Frischknecht, 1993)) and estimates of metabolic
reserves (hepatosomatic index, HSI = 100 * W/ W, with W, representing the weight of the liver,
(Chellappa et al., 1995)) and immunological activity (splenosomatic index, SSI = 100 * Ws/ W,
with W, representing the weight of the spleen, (Seppénen et al., 2009); head kidney index, HKI,
the weight of the head kidney in relation to body weight). Numbers of granulocytes and
lymphocytes in 0.5 mL head kidney leukocyte (HKL) cell suspensions were used to calculate the
granulocyte to lymphocyte (G/L) ratio as a proxy for the activity of the innate versus the
adaptive immune system. Relative light units (RLUs) in a lucigenin-enhanced chemi-
luminescence assay quantify the production of reactive oxygen species (ROS) and hence
phagocytic capacity of HKL.

Cell suspensions of HKL were prepared by forcing tissue samples through a 40 um nylon mesh
(BD Falcon, USA). The cells were transferred to a 96 deep well plate and rinsed twice in R-90
(90% (v/v) RPMI 1640 in distilled water) at 600 g for 10 min at 4 °C. Total cell numbers were
determined by a modified protocol (Scharsack et al., 2004) of the Standard cell dilution assay
(Pechhold et al., 1994). Therefore, each sample was supplemented with 2 mg/L propidium
iodide (Sigma Aldrich) and 3 x 10* green fluorescent reference particles (4 pum, Polyscience,
USA). FSC/SSC characteristics were measured in linear mode for one minute or for up to 10,000
events using a Becton Dickinson FACS Calibur and BD CellQuest™ pro software (Version 6.0).
Propidium iodide positive (i.e. dead) cells and cellular debris (low FSC characteristics) were
excluded from further analyses. Granulocytes and leukocytes were identified according to their
FSC/SSC profiles. The numbers of viable granulocytes and lymphocytes in 0.5 mL were used to
calculate the granulocyte to lymphocyte ratio (G/L ratio) (Kurtz et al.,, 2004). A lucigenin-
enhanced chemiluminescence (CL) assay (Scott and Klesius, 1981; Kurtz et al., 2004) was used
for functional analysis of innate immune activity. The CL assay measures the phagocytic capacity
of HKL by quantifying the respiratory burst reaction in relative luminescence units (RLUs). Briefly,
10° live cells per sample were supplemented with 50 pg lucigenin (Sigma M 8010) and
incubated at 18 °C and 2% CO; for 30 min. Zymosan (Sigma Z 4250) was added at a final

concentration of 0.75 pg/ulL to stimulate the production of reactive oxygen species (ROS).
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Chemiluminescence was measured every 3 min for 3.5 hours (Berthold Technologies
luminometer) and the area under the kinetic curve (calculated with Win Glow 2000 professional
software) was used for analyses. The RLU was standardized by division by the mean RLU of the
negative controls (wells containing buffer without head kidney cells) for each day and by
division by the number of vital granulocytes of the respective sample. Unfortunately, we could
not obtain enough cells from every fish (data was missing from 13 samples) and thus analysed
production of reactive oxygen species of a total of 1430 different samples. Controls (medium
without cells) were missing for one round in 2015. Values for those controls were inferred from
data from empty wells in relation to controls.

Testing these condition and immunity related indices in each experiment, DE sticklebacks
(contrast 2; Figure S2) showed significantly elevated immune parameters if they were infected
with Pacific S. solidus: the head kidneys were larger (LMM; p < 0.001), the G/L ratio was
significantly higher in comparison to all but SKO-infected fish (LMM; p < 0.001) and the head
kidney's potential to produce reactive oxygen species was higher in comparison to controls
(LMM; p < 0.001) and SKO-parasite infected fish (LMM; p = 0.005). The fish had significantly
lower body condition than their respective controls if infected with Spanish parasites (LMM, p <
0.001) (Figure S2). In contrast 1, DE fish had significantly lower body condition than respective
controls if infected with SKO-parasites (LMM; p = 0.003). The Hepatosomatic index was
significantly smaller when fish were infected with fast growing S. solidus from IBB, ISC or SKO
(LMMs; p < 0.001). Compared to controls, spleens were enlarged if fish were infected with
parasites from ISC (LMM; p < 0.001), NST (LMM; p < 0.001) or SKO (LMM; p = 0.003). Head
kidneys were larger in ISC-infected fish than in control fish (LMM; p < 0.001) and the G/L ratio
was significantly higher in SKO-infected fish than in control fish (LMM; p < 0.001) (Figure S3).
Relative to the control, NO sticklebacks had significantly lower Hepatosomatic indices when
they were infected with sympatric (SKO-) S. solidus parasites (LMM; p < 0.001). The
Splenosomatic index was higher in ISC-parasite infected fish in comparison to controls and
NST-parasite infected fish (LMMs; each p < 0.001). Head kidney related immune parameters did

not differ between infected and uninfected NO sticklebacks (Figure S4).
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Figure S2. Phenotypic differences between sham-exposed and S. solidus infected DE sticklebacks

(contrast 2).
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Figure S3. Phenotypic differences between sham-exposed and S. solidus infected DE sticklebacks (DE in

contrast 1).
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Sl.4 Supplementary information on host immune gene expression (contrast 1)

S1.4.1 Stickleback immune gene expression differences between populations

Table S8. Differentially expressed immune genes of control DE and NO sticklebacks (contrast 1)

PERMANOVA results SumsOfSgs F.Model Pr(<F) R2
all genes 10.226 4.4637 0.0012 0.08704
innate 4.249 3.3172 0.009699 0.06595
ANOVA results numDF denDF F-value p-value pseudo R2
marco 1 44 1.034201 0.3147 0.202792
mstira 1 44 0.988256 0.3256 0.1088608
mif1 1 44 0.003197 0.9552 0.2315523
il-18 1 44 0.202999 0.6545 0.04337287
tnfri 1 44 0.7095827 0.4041 0.175504
saall 1 44 0.7411738 0.3940 0.1033716
tr2 1 44 0.411762 0.5244 0.1649114
csf3r 1 44 7.288786 0.0098 0.4030412
p22phox 1 44 19.317685 0.0001 0.4384317
nkef-b 1 44 1.349697 0.2516 0.05610734
slat 1 44 9.537701 0.0035 0.3700301
cd97 1 44 3.454024 0.0698
adaptive 3.9233 6.7610 0.0018 0.12663
stat4 1 44 3.703683 0.0608 0.07364854
staté 1 44 5.313142 0.0259 0.319497
igm 1 44 11.776301 0.0013 0.3308283
cd83 1 44 0.071832 0.7899 0.03668696
foxp3 1 44 0.7612114 0.3877 0.2346003
tgf-f 1 44 0.3527227 0.5556 0.127027
ter-f 1 44 54.47217 < 0.0001 0.5979209
ilé 1 44 2.9887492 0.0909 0.2852176
mhecll 1 44 6.409371 0.0150 0.6314256
complement 2.0539 4.7784 0.0039 0.09302
cfb 1 44 5.792049 0.0204 0.3207292
c7 1 44 20.639223 < 0.0001 0.3323971
c9 1 44 0.8890409 0.3509 0.1934673

All models are based on log10-transformed calibrated normalized relative quantities (CNRQ values) and

include the weight of the fish as covariate to account for size related effects. Non-parametric

permutational multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and

10,000 permutations; permutations were constrained within ‘round’. If results from multivariate statistics

remained significant after FDR correction, single genes were analysed with linear mixed models (LMMs)

and analyses of variance (ANOVAs). Conditional pseudo R? values (Nakagawa and Schielzeth, 2013;

Johnson, 2014) were calculated with the function sem.model.fits() from piecewiseSEM (Lefcheck, 2016).

Differentially expressed genes are marked in bold letters if significant after FDR correction.

Table S9. Differentially expressed immune genes of ISC-infected DE and NO sticklebacks (contrast 1)
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PERMANOVA results Df SumsOfSgs F.Model Pr(<F) R2

all genes 1 6.123 2.8019 0.015798 0.10076
innate 1 4.661 3.5770 0.0044 0.12548

ANOVA results numDF denDF F-value p-value pseudo R2

marco 1 18 0.8257869 0.3755 0.2335003

mstTra 1 18 1.891570 0.1859 0.4391818

mif1 1 18 0.1941722 0.6647 0.2549664

il-1p 1 18 19.989167 0.0003 0.4332452

tnfri 1 18 0.222879 0.6425 0.3809059

saall 1 18 0.003260 0.9551 0.5787717

tlr2 1 18 0.032950 0.8580 0.267587

csf3r 1 18 4.140233 0.0569 0.1009758

p22phox 1 18 0.284175 0.6005 0.3422705

nkef-b 1 18 3.658218 0.0718 0.3553208

slal 1 18 0.000222 0.9883 0.3292233

cd97 1 18 0.195377 0.6637 0.2935738

adaptive

not significant after FDR correction

complement

not significant after FDR correction

Sticklebacks were infected with single S. solidus plerocercoids from an Icelandic (ISC) population. All
models are based on log10-transformed calibrated normalized relative quantities (CNRQ values) and
include the weight of the fish as covariate to account for size related effects. Non-parametric
permutational multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and
10,000 permutations; permutations were constrained within ‘round’. If results from multivariate statistics
remained significant after FDR correction, single genes were analysed with linear mixed models (LMMs)
and analyses of variance (ANOVAs). Conditional pseudo R? values (Nakagawa and Schielzeth, 2013;

Johnson, 2014) were calculated with the function sem.model.fits() from piecewiseSEM (Lefcheck, 2016).

Differentially expressed genes are marked in bold letters if significant after FDR correction.
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Figure S6. Heatmap showing average gene expression values in spleen samples from sham-exposed
(CTRL) and S. solidus infected DE and NO sticklebacks. Calibrated normalized relative quantities (CNRQ)

were log10-transformed. The heatmap (function aheatmap() from NMF) was based on Euclidian distances;

rows and columns were clustered according to similarity.
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S1.5 Supplementary information for contrast 2 and contrast 3

Table $10. The effect of S. solidus origin on parasite indices in DE fish (contrast 2)

Explanatory R? numDF denDF F-value p-value
S. solidus origin 0.7841811 6 62 42.39099 < 0.0001
Estimate Std. Error z-value Pr(>|z|)
GOT Vs ECH -6.1425 1.0848 -5.663 <0.001
NST Vs ECH -7.5550 0.9467 -7.980 <0.001
NU vs ECH 0.1340 1.0296 0.130 1.00000
OBB Vs ECH -7.8000 1.0296 -7.576 <0.001
SKO vs ECH 2.0792 0.9936 2.093 0.35358
SP Vs ECH -2.0675 1.0812 -1.912 0.46838
NST Vs GOT -1.4125 0.9046 -1.561 0.70422
NU Vs GOT 6.2765 0.9910 6.334 <0.001
OBB Vs GOT -1.6575 0.9910 -1.673 0.63143
SKO vs GOT 8.2217 0.9536 8.622 <0.001
SP Vs GOT 4.0750 1.0446 3.901 0.00185
NU Vs NST 7.6890 0.8422 9.130 <0.001
OBB Vs NST -0.2450 0.8422 -0.291 0.99995
SKO Vs NST 9.6342 0.7978 12.076 <0.001
SP Vs NST 5.4875 0.9046 6.066 <0.001
OBB vs NU -7.9340 0.9343 -8.492 <0.001
SKO Vs NU 1.9452 0.8945 2175 0.30647
SP Vs NU -2.2015 0.9910 -2.222 0.28062
SKO Vs OBB 9.8792 0.8945 11.044 <0.001
SP Vs OBB 5.7325 0.9910 5.785 <0.001
SP Vs SKO -4.1467 0.9536 -4.349 < 0.001

Sticklebacks were infected with single S. solidus from OBB, NST, GOT, SP, ECH, NU or SKO. The linear
mixed model (LMM) included ‘round’, i.e. host and parasite genotype combinations, as random intercept.
The R? includes the effect of the random term and was calculated according to (Nakagawa and Schielzeth,

2013; Johnson, 2014; Lefcheck, 2016). Post hoc tests are based on Tukey's all pair comparisons.

Table S11. The effect of S. solidus origin on parasite indices in DE fish (in contrast 1)

Explanatory R2 numDF denDF F-value p-value
S. solidus origin 0.8037465 3 58 68.63429 < 0.0001
Estimate Std. Error z-value Pr(>|z|)
ISC vs BB 1.5266 0.9236 1.653 0.348
NST vs BB -6.0916 0.8223 -7.408 <0.001
SKO Vs 1BB 5.9563 0.9007 6.613 <0.001
NST vs ISC -7.6181 0.8934 -8.527 <0.001
SKO vs ISC 4.4297 0.9692 4.571 <0.001
SKO vs NST 12.0478 0.8638 13.947 <0.001

Sticklebacks were infected with single S. solidus from NST, IBB, ISC, or SKO. The linear mixed model
(LMM) included ‘round’, i.e. host and parasite genotype combinations, as random intercept. The R?
includes the effect of the random term and was calculated according to (Nakagawa and Schielzeth, 2013;

Johnson, 2014; Lefcheck, 2016). Post hoc tests are based on Tukey's all pair comparisons.
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Table S12. The effect of S. solidus origin on parasite indices in NO sticklebacks (contrast 3)

Explanatory R? numDF denDF F-value p-value
S. solidus origin 0.6242631 8 81 61.08925 < 0.0001
Estimate Std. Error z-value Pr(>|z))
GOT Vs ECH -2.99800 1.31129 -2.286 0.30948
1BB vs ECH 3.46771 1.32980 2.608 0.15671
ISC vs ECH 2.99283 1.38830 2.156 0.39017
NST vs ECH -3.58425 1.23234 -2.908 0.07195
NU Vs ECH 5.85811 141111 4.151 <0.001
OBB vs ECH -3.67717 1.22033 -3.013 0.05374
SKO Vs ECH 7.08414 1.46836 4.825 <0.001
SP vs ECH 218311 1.67868 1.300 0.91545
1BB vs GOT 6.46571 0.77373 8.357 <0.001
ISC vs GOT 5.99083 0.87043 6.883 <0.001
NST Vs GOT -0.58625 0.59072 -0.992 0.98271
NU Vs GOT 8.85611 0.90637 9.771 <0.001
OBB vs GOT -0.67917 0.56523 -1.202 0.94534
SKO vs GOT 10.08214 0.99316 10.152 <0.001
SP vs GOT 518111 1.28384 4.036 0.00138
ISC Vs BB -0.47488 0.89808 -0.529 0.99979
NST vs 1BB -7.05196 0.63075 -11.180 <0.001
NU vs 1BB 2.39040 0.93296 2.562 0.17371
OBB Vs 1BB -7.14488 0.606%94 -11.772 <0.001
SKO vs BB 3.61643 1.01748 3.554 0.00908
SP vs BB -1.28460 1.30274 -0.986 0.98338
NST Vs ISC -6.57708 0.74621 -8.814 <0.001
NU vs ISC 2.86528 1.01460 2.824 0.09069
OBB vs ISC -6.67000 0.72620 -9.185 <0.001
SKO Vs ISC 4.09131 1.09282 3.744 0.00466
SP Vs ISC -0.80972 1.36240 -0.594 0.99951
NU Vs NST 9.44236 0.78784 11.985 <0.001
OBB vs NST -0.09292 0.34448 -0.270 1.00000
SKO vs NST 10.66839 0.88631 12.037 <0.001
SP Vs NST 5.76736 1.20309 4.794 <0.001
OBB Vs NU -9.53528 0.76892 -12.401 <0.001
SKO vs NU 1.22603 1.12166 1.093 0.96852
SP Vs NU -3.67500 1.38564 -2.652 0.14060
SKO Vs OBB 10.76131 0.86953 12.376 <0.001
SP vs OBB 5.86028 1.19078 4.921 <0.001
SP vs SKO -4.90103 1.44390 -3.3%4 0.01638

Sticklebacks were either sham-exposed or infected with single S. solidus from OBB, NST, GOT, SP, IBB,
ECH, NU, ISC or SKO. The linear mixed model (LMM) included ‘round’, i.e. host and parasite genotype
combinations, as random intercept. The R? was calculated according to (Nakagawa and Schielzeth, 2013;

Johnson, 2014; Lefcheck, 2016). Post hoc tests are based on Tukey's all pair comparisons.
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S1.5.1 Stickleback gene expression according to clustered localities of parasites

Table S13. The effect of parasite origin on immune gene expression in S. solidus infected DE
sticklebacks (contrast 2: Pacific versus Baltic parasites)

PERMANOVA results Df SumsOfSgs F.Model Pr(<F) R2
all genes 1 11.612 4.7401 0.0047 0.13047
innate 1 4.442 3.8777 0.0183 0.10833
ANOVA results numDF denDF F-value p-value pseudo R2
marco 1 29 0.6705910 0.4195 0.1577212
mstTra 1 29 0.7120762 0.4057 0.2422407
mif1 1 29 24.383022 < 0.0001 0.4261418
i-18 1 29 2.646215 0.1146 0.2497382
tnfr1 1 29 19.531804 0.0001 0.1943971
saall 1 29 0.6674974 0.4206 0.05301745
tlr2 1 29 0.9491798 0.3380 0.3058376
csf3r 1 29 8.230615 0.0076 0.5995144
p22phox 1 29 0.3811838 0.5418 0.1390658
nkef-b 1 29 2.782856 0.1060 0.2846311
slal 1 29 5.547274 0.0255 0.2100529
cd97 1 29 5.671517 0.0240 0.1500293
adaptive 1 3.5866 4.1608 0.0126 0.11695
stat4 1 29 0.1462244 0.7050 0.08385778
staté 1 29 0.9020573 0.3501 0.04451725
igm 1 29 0.0193593 0.8903 0.4507765
cd83 1 29 1.8584893 0.1833 0.2673836
foxp3 1 29 6.688682 0.0150 0.2362648
tgf-p 1 29 2.9102652 0.0987 0.2368642
ter-f 1 29 0.273943 0.6047 0.02215725
iné 1 29 4.212606 0.0492 0.2792412
mhecll 1 29 7.260669 0.0116 0.6589304
complement 1 3.5827 8.1042 0.0014 0.20684
cfb 1 29 6.734624 0.0147 0.1718487
c/ 1 29 0.754282 0.3923 0.0116967
c9 1 29 10.791768 0.0027 0.347015

DE sticklebacks were infected with single S. solidus from the Pacific (ECH) or the Baltic region (OBB, NST,
GOT). All models are based on log10-transformed calibrated normalized relative quantities (CNRQ values)
and include the weight of the fish as covariate to account for size related effects. Non-parametric
permutational multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and
10,000 permutations; permutations were constrained within ‘round’. If results from multivariate statistics
remained significant after FDR correction, single genes were analysed with linear mixed models (LMMs)
and analyses of variance (ANOVAs). Conditional pseudo R? values (Nakagawa and Schielzeth, 2013;
Johnson, 2014) were calculated with the R package piecewiseSEM (Lefcheck, 2016). Differentially

expressed genes are marked in bold letters if significant after FDR correction.

165



SUPPLEMENTARY INFORMATION - CHAPTER 1

Table S14. The effect of parasite origin on immune gene expression in S. solidus infected DE stickle-
backs (contrast 2: Pacific versus Atlantic parasites)

PERMANOVA results Df SumsOfSgs F.Model Pr(<F) R2
all genes 1 7.483 3.7018 0.0040 0.13122
innate not significant
adaptive 1 4.3787 5.8377 0.0002 0.19318
ANOVA results numDF denDF F-value p-value pseudo R2
stat4 1 22 3.183325 0.0882 0.2131196
staté 1 22 0.8429660 0.3685 0.3147911
igm 1 22 0.173993 0.6806 0.2110768
cd83 1 22 0.8383639 0.3698 0.03927397
foxp3 1 22 6.090012 0.0218 0.2836478
tgf-p 1 22 0.2983933 0.5904 0.2660784
ter-f 1 22 2.8142746 0.1076 0.1019166
iné 1 22 2.9249314 0.1013 0.3136332
mhcll 1 22 15.711934 0.0007 0.3365486
complement 1 1.6097 3.6639 0.0161 0.13192
cfb 1 22 5.561498 0.0277 0.176698
c/ 1 22 0.0013976 0.9705 0.01687028
c9 1 22 2.386635 0.1366 0.2022392

DE sticklebacks were infected with single S. solidus from the Pacific (ECH) or the Atlantic region (NU,
SKO). All models are based on log10-transformed calibrated normalized relative quantities (CNRQ values)
and include the weight of the fish as covariate to account for size related effects. Non-parametric
permutational multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and
10,000 permutations; permutations were constrained within ‘round’. If results from multivariate statistics
remained significant after FDR correction, single genes were analysed with linear mixed models (LMMs)
and analyses of variance (ANOVAs). Conditional pseudo R? values (Nakagawa and Schielzeth, 2013;
Johnson, 2014) were calculated with the R package piecewiseSEM (Lefcheck, 2016). Differentially

expressed genes are marked in bold letters if significant after FDR correction.
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Table S15. The effect of parasite origin on immune gene expression in S. solidus infected NO stickle-
backs (contrast 3: Pacific versus Baltic parasites)

PERMANOVA results SumsOfSgs F.Model Pr(<F) R2
all genes 9.896 4.0409 0.0028 0.12559
innate 4.562 3.2630 0.006399 0.10441
ANOVA results numDF denDF F-value p-value pseudo R2
marco 1 25 8.392080 0.0077 0.2271724
mstlra 1 25 377560 0.0633 0.03548697
mif1 1 25 5.541702 0.0267 0.6104602
il-1p 1 25 4.012346 0.0561 0.2204628
tnfr1 1 25 17.895225 0.0003 0.4698114
saall 1 25 0.2236917 0.6403 0.02951859
tlr2 1 25 0.68259 0.4165 0.2310644
csf3r 1 25 3.0020583 0.0955 0.4896976
p22phex 1 25 7.051231 0.0136 0.4252072
nkef-b 1 25 11.806990 0.0021 0.4074129
slat 1 25 16.878200 0.0004 0.5575598
cd97 1 25 17.052705 0.0004 0.1673577
adaptive 3.6002 5.7965 0.0020 0.16799
stat4 1 25 20.719634 0.0001 0.3796316
staté 1 25 2.5762096 0.1210 0.101408
igm 1 25 5.040543 0.0338 0.1895309
cd83 1 25 13.400433 0.0012 0.4245893
foxp3 1 25 13.907577 0.0010 0.4174076
tgf-p 1 25 38.95597 < 0.0001 0.2843239
ter-p 1 25 0.9623782 0.3360 0.4709141
ié 1 25 20.30002 0.0001 0.2542416
mhcll 1 25 11.242303 0.0025 0.5879825

complement

not significant after FDR correction

NO sticklebacks were infected with single S. solidus from the Pacific (ECH) or the Baltic region (OBB, NST,

GOT). All models are based on log10-transformed calibrated normalized relative quantities (CNRQ values)

and include the weight of the fish as covariate to account for size related effects. Non-parametric

permutational multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and

10,000 permutations; permutations were constrained within ‘round’. If results from multivariate statistics

remained significant after FDR correction, single genes were analysed with linear mixed models (LMMs)

and analyses of variance (ANOVAs). Conditional pseudo R? values (Nakagawa and Schielzeth, 2013;

Johnson, 2014) were calculated with the R package piecewiseSEM (Lefcheck, 2016). Differentially

expressed genes are marked in bold letters if significant after FDR correction.
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Table S16. The effect of parasite origin on immune gene expression in S. solidus infected NO stickle-
backs (contrast 3: Pacific versus Atlantic parasites)

PERMANOVA results Df SumsOfSgs F.Model Pr(<F) R2
all genes 1 11.136 3.9272 0.0037 0.07781
innate 1 4772 2.9472 0.0142 0.05932
ANOVA results numDF denDF F-value p-value pseudo R2
marco 1 43 1.6216848 0.2097 0.1003356
mstira 1 43 10.335062 0.0025 0.06026265
mif1 1 43 0.24499306 0.6231 0.600834
il-1p 1 43 7.41588 0.0093 0.1414507
tnfr1 1 43 9.378793 0.0038 0.1669963
saall 1 43 0.934775 0.3390 0.1185011
tr2 1 43 2.2991785 0.1368 0.554773
csf3r 1 43 1.337027 0.2539 0.3369563
p22phex 1 43 7.219358 0.0102 0.2022315
nkef-b 1 43 10.156009 0.0027 0.08408415
slal 1 43 21.053776 < 0.0001 0.09562046
cd97 1 43 13.395692 0.0007 0.07031316
adaptive 1 4.269 5.2682 0.0037 0.10309
stat4 1 43 14.963542 0.0004 0.1379449
staté 1 43 29758228 0.0917 0.07796727
igm 1 43 12137119 0.0011 0.2510531
cd83 1 43 5.426821 0.0246 0.2126779
foxp3 1 43 7.771886 0.0079 0.1427779
tgf-p 1 43 15.66522 0.0003 0.06727398
ter-f 1 43 0.191459 0.6639 0.2949225
iné 1 43 20.661348 < 0.0001 0.1248736
mhell 1 43 8.220390 0.0064 0.275311
complement 1 2.0950 5.1591 0.007999 0.09852
cfb 1 43 3.007361 0.0901 0.1230495
c/ 1 43 1.942404 0.1706 0.02336822
c9 1 43 17.776506 0.0001 0.2357195

NO sticklebacks were infected with single S. solidus from Pacific (ECH) or the Atlantic region (NU, ISC,
SKO). All models are based on log10-transformed calibrated normalized relative quantities (CNRQ values)
and include the weight of the fish as covariate to account for size related effects. Non-parametric
permutational multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and
10,000 permutations; permutations were constrained within ‘round’. If results from multivariate statistics
remained significant after FDR correction, single genes were analysed with linear mixed models (LMMs)
and analyses of variance (ANOVAs). Conditional pseudo R? values Conditional pseudo R? values
(Nakagawa and Schielzeth, 2013; Johnson, 2014) were calculated with the R package piecewiseSEM
(Lefcheck, 2016). Differentially expressed genes are marked in bold letters if significant after FDR

correction.
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S1.5.2 Stickleback immune gene expression in infected versus control fish

ECH-infected DE sticklebacks had significantly higher expression of three genes of innate
immunity, one gene of adaptive immunity (foxp3) and complement c?; RNA levels of tcr- and
mhcll were significantly lower than in controls (Table S17). NU-infected DE sticklebacks had
significantly higher expression of five innate immune genes and two complement components;
again, tcr-f was significantly lower expressed than in controls (Table $18). SKO-infected DE
sticklebacks had significantly lower expression of the genes igm and tcr-f (Table $19).

In NO hosts, four genes were significantly higher expressed upon infection with the ECH strain;
only RNA levels of tIr2 were higher in controls. Infection with NU S. solidus was linked to lower
RNA levels of foxp3 and tcr- in comparison to controls, mhcll RNA levels were higher (Table

S20).
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Table $17. The effect of Pacific (ECH) S. solidus infection on immune gene expression in DE sticklebacks

PERMANOVA results Df SumsOfSgs F.Model Pr(<F) R2
all genes 1 10.968 6.6963 < 0.0001 0.17831
innate 1 5.1367 7.51 < 0.0001 0.19545
ANOVA results numDF denDF F-value p-value pseudo R2
marco 1 28 1.3223894 0.2599 0.04482254
mstTra 1 28 4.963628 0.0341 0.1346899
mif1 1 28 22.335106 0.0001 0.4110788
il-18 1 28 4.135334 0.0516 0.4828812
tnfr1 1 28 38.28464 < 0.0001 0.5536073
saall 1 28 0.9519854 0.3376 0.04472742
tir2 1 28 24176792 0.1312 0.05212668
csf3r 1 28 39.81470 < 0.0001 0.5984884
p22rhox 1 28 0.014436 0.9052 0.09826987
nkef-b 1 28 4.096781 0.0526 0.1156389
slal 1 28 5.463977 0.0268 0.1726114
cd97 1 28 3.979375 0.0559 0.2699205
adaptive 3.7237 6.4701 0.0006 0.17312
stat4 1 28 0.7173548 0.4042 0.1566161
staté 1 28 2.750128 0.1084 0.1536997
igm 1 28 0.577116 0.4538 0.05510709
cd83 1 28 0.8975855 0.3515 0.04130682
foxp3 1 28 10.969312 0.0026 0.3648484
tgfp 1 28 6.312335 0.0180 0.1654147
ter-p 1 28 20.170149 0.0001 0.6763045
ilné 1 28 5.640592 0.0246 0.1530182
mhell 1 28 7.095925 0.0127 0.6559287
complement 211 5.5693 0.007 0.15362
cfb 1 28 1.0761172 0.3084 0.05403997
c/ 1 28 6.37071 0.0176 0.2160032
c9 1 28 15.702800 0.0005 0.3294452

DE sticklebacks were infected with single S. solidus from the Pacific region (ECH) or sham-exposed as
controls. All models are based on log10-transformed calibrated normalized relative quantities (CNRQ
values) and include the weight of the fish as covariate to account for size related effects. If results from
multivariate statistics remained significant after FDR correction, single genes were analysed with linear
mixed models (LMMs) and analyses of variance (ANOVAs). Conditional pseudo R? values (Nakagawa and
Schielzeth, 2013; Johnson, 2014) were calculated with the function sem.model fits() from piecewiseSEM
(Lefcheck, 2016). Differentially expressed genes are marked in bold letters if significant after FDR

correction.

170



SUPPLEMENTARY INFORMATION - CHAPTER 1

Table S18. The effect of Atlantic (NU) S. solidus infection on immune gene expression in DE sticklebacks

PERMANOVA results Df SumsOfSgs F.Model Pr(<F) R2
all genes 1 6.3423 4.5438 0.0022 0.11700
innate 1 3.2598 4.8912 0.0034 0.12816
ANOVA results numDF denDF F-value p-value pseudo R2
marco 1 31 21.277178 0.0001 0.2247061
mstira 1 31 41.52767 < 0.0001 0.3802244
mif1 1 31 2.8351053 0.1023 0.07494536
il-1p 1 31 1.3225529 0.2589 0.4956676
tnfr1 1 31 17.84915 0.0002 0.3553141
saall 1 31 1.1572809 0.2903 0.03720579
tr2 1 31 0.1355171 0.7153 0.171688
csf3r 1 31 9.019195 0.0052 0.3367392
p22phox 1 31 0.0842680 0.7735 0.1051056
nkef-b 1 31 0.2753085 0.6035 0.1033829
slal 1 31 0.5254048 0.4740 0.215329
cd97 1 31 3792486 0.0606 0.1558379
adaptive 1 1.817 3.925 0.009 0.0983
stat4 1 31 0.1487538 0.7024 0.2565489
staté 1 31 5.427391 0.0265 0.225471
igm 1 31 0.002153 0.9633 0.003609847
cd83 1 31 1.2962914 0.2636 0.3051214
foxp3 1 31 0.122438 0.7288 0.1561726
tgf-f 1 31 6.105449 0.0192 0.1567034
ter-p 1 31 19.427037 0.0001 0.6016856
ilé 1 31 0.0135641 0.9080 0.1486146
mhcll 1 31 4.943850 0.0336 0.2853142
complement 1 1.2655 4.7503 0.0140 0.12308
cfb 1 31 0.317478 0.5772 0.01028082
c7 1 31 13.294900 0.0010 0.3283917
c9 1 31 9.197163 0.0049 0.3806867

DE sticklebacks were infected with single S. solidus from Scotland (NU) or sham-exposed as controls. All
models are based on log10-transformed calibrated normalized relative quantities (CNRQ values) and
include the weight of the fish as covariate to account for size related effects. If results from multivariate
statistics remained significant after FDR correction, single genes were analysed with linear mixed models
(LMMs) and analyses of variance (ANOVAs). Conditional pseudo R? values (Nakagawa and Schielzeth,
2013; Johnson, 2014) were calculated with the function sem.model.fits() from piecewiseSEM (Lefcheck,

2016). Differentially expressed genes are marked in bold letters if significant after FDR correction.
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Table S19. The effect of Atlantic (SKO) S. solidus infection on immune gene expression in DE

sticklebacks

PERMANOVA results Df SumsOfSgs F.Model Pr(<F) R2
all genes 1 8.252 4.8340 0.0016 0.12456
adaptive 1 4.7356 8.7604 < 0.0001 0.20144
ANOVA results numDF denDF F-value p-value pseudo R2
stat4 1 31 6.408154 0.0166 0.3467709
staté 1 31 1.371914 0.2504 0.1504773
igm 1 31 21.017566 0.0001 0.3755734
cd83 1 31 4.057735 0.0527 0.1049793
foxp3 1 31 0.6079386 0.4415 0.3040527
tgf-p 1 31 1.734336 0.1975 0.05518428
ter-p 1 31 80.30430 < 0.0001 0.7823056
ilné 1 31 0.01339549 0.9086 0.008679018
mhecll 1 31 4.254542 0.0476 0.2047914
complement 1 1.2540 3.4196 0.0278 0.09219
cfb 1 31 5.623478 0.0241 0.1556643
c7 1 31 1.80347 0.1890 0.0803123
c9? 1 31 0.1222875 0.7289 0.3124093

DE sticklebacks were infected with single S. solidus from Norway (SKO) or sham-exposed as controls. All

models are based on log10-transformed calibrated normalized relative quantities (CNRQ values) and

include the weight of the fish as covariate to account for size related effects. If results from multivariate

statistics remained significant after FDR correction, single genes were analysed with linear mixed models

(LMMs) and analyses of variance (ANOVAs). Conditional pseudo R? values (Nakagawa and Schielzeth,

2013; Johnson, 2014) were calculated with the function sem.model.fits() from piecewiseSEM (Lefcheck,

2016). Differentially expressed genes are marked in bold letters if significant after FDR correction.

172



SUPPLEMENTARY INFORMATION - CHAPTER 1

Table S20. The effect of S. solidus infection on immune gene expression in NO sticklebacks

CTRL vs ECH
PERMANOVA results Df SumsOfSgs F.Model Pr(<F) R2
all genes 1 13.034 57731 0.006799 0.18870
innate 1 8.038 5.4255 0.0118 0.18141
ANOVA results numDF denDF F-value p-value pseudo R2
marco 1 22 7.480525 0.0121 0.6146342
mstira 1 22 55.38068 < 0.0001 0.420314
mif1 1 22 1.7377567 0.2010 0.6540345
il-1p 1 22 4.584579 0.0436 0.1603913
tnfr1 1 22 7.089261 0.0142 0.6098981
saall 1 22 0.03122978 0.8613 0.3679037
tir2 1 22 7.701943 0.0110 0.2455484
csf3r 1 22 0.7428609 0.3980 0.6157382
p22phox 1 22 6.769916 0.0163 0.2206684
nkef-b 1 22 3.1618774 0.0892 0.402492
slal 1 22 4.423985 0.0471 0.3688205
cd97 1 22 0.0128443 0.9108 0.7624587
complement 1 7.0196 7.6098 0.007799 0.23142
cfb 1 22 1.338124 0.2598 0.1066028
c/ 1 22 6.080528 0.0219 0.26121
c9 1 22 11.663511 0.0025 0.3391339
CTRL vs NU
all genes 1 7.162 2.77725 0.008699 0.06827
adaptive 1 3.979 57140 0.0016 0.13059
ANOVA results numDF denDF F-value p-value pseudo R2
stat4 1 35 4.555951 0.0399 0.1020942
staté 1 35 1.708545 0.1997 0.0958445
igm 1 35 4.462372 0.0419 0.5772781
cd83 1 35 3.0748604 0.0883 0.5380313
foxp3 1 35 12.229478 0.0013 0.3642791
tgf-p 1 35 0.00923769 0.9240 0.150044
ter-f 1 35 18.261184 0.0001 0.3470945
ilé 1 35 2.0088023 0.1652 0.1248851
mhcll 1 35 38.17083 < 0.0001 0.5933614

NO sticklebacks were infected with single S. solidus from the Pacific region (ECH) or Scotland (NU) or
sham-exposed as controls (CTRL). All models are based on log10-transformed calibrated normalized
relative quantities (CNRQ values) and include the weight of the fish as covariate to account for size related
effects. If results from multivariate statistics remained significant after FDR correction, single genes were
analysed with linear mixed models (LMMs) and analyses of variance (ANOVAs). Conditional pseudo R?
values (Nakagawa and Schielzeth, 2013; Johnson, 2014) were calculated with the function sem.model.fits()
from piecewiseSEM (Lefcheck, 2016). Differentially expressed genes are marked in bold letters if significant

after FDR correction.
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S51.5.3 NMDS: infected versus control DE sticklebacks (contrast 2)
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Figure S7. Non-metric multidimensional scaling (NMDS) plots on Euclidian distances and two dimensions
showing multivariate data from 24 immune genes of infected and sham-exposed DE sticklebacks (2014).
Each dot represents one individual; data from infected fish is colored. Ellipses represent 95% confidence

intervals. P-values are shown if significant after FDR-correction.
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Figure S8. Non-metric multidimensional scaling (NMDS) plots on Euclidian distances and two dimensions
showing multivariate data from 12 innate immune genes of infected and sham-exposed (CTRL) DE
sticklebacks (2014). Each dot represents one individual, data from infected fish is colored. Ellipses

represent 95% confidence intervals. P-values are shown if significant after FDR-correction.
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Figure S9. Non-metric multidimensional scaling (NMDS) plots on Euclidian distances and two dimensions
showing multivariate data from 9 genes of the adaptive immune system of infected and sham-exposed
(CTRL) DE sticklebacks (2014). Each dot represents one individual; data from infected fish is colored.

Ellipses represent 95% confidence intervals. P-values are shown if significant after FDR-correction.
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Figure $10. Non-metric multidimensional scaling (NMDS) plots on Euclidian distances and two dimensions
showing multivariate data from three genes of the complement system of infected and sham-exposed DE
sticklebacks (2014). Each dot represents one individual, data from infected fish is colored. Ellipses

represent 95% confidence intervals. P-values are shown if significant after FDR-correction.
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S51.5.4 NMDS: infected versus control NO sticklebacks (contrast 3)
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Figure S11. Non-metric multidimensional scaling (NMDS) on
Euclidian distances and two dimensions showing multivariate data
from 24 immune genes of infected and sham-exposed (CTRL) NO
sticklebacks. Each dot represents one individual; data from infected
fish is colored. Ellipses represent 95% confidence intervals. P-values

are shown if significant after FDR-correction.
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Figure S12. Non-metric multidimensional scaling (NMDS) on
Euclidian distances and two dimensions showing multivariate data
from 12 innate immune genes of infected and sham-exposed (CTRL)
NO sticklebacks. Each dot represents one individual; data from
infected fish is colored. Ellipses represent 95% confidence intervals.

P-values are shown if significant after FDR-correction.
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Figure S13. Non-metric multidimensional scaling (NMDS) on
Euclidian distances and two dimensions showing multivariate data
from 9 adaptive immune genes of infected and sham-exposed
(CTRL) NO sticklebacks. Each dot represents one individual; data
from infected fish is colored. Ellipses represent 95% confidence

intervals. P-values are shown if significant after FDR-correction.
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S51.5.5 NMDS: infected versus control DE sticklebacks (in contrast 1)
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Figure S15. Non-metric multidimensional scaling (NMDS) plots on Euclidian distances and two dimensions
showing multivariate data from infected and sham-exposed (CTRL) DE sticklebacks (2015). NMDS were
based on log10-transformed CNRQ values of all 24 immune genes, 12 genes of the innate immune system
(marco, mstira, mif, il-18, tnfr1, saall, tlr2, csf3r, p22¢hex, nkef-b, slal, cd97), 9 genes of the adaptive
immune system (stat4, staté, igm, cd83, foxp3, tgf-B, il-16, mhcll, tcr-f), or three genes of the complement
system (cfb, c7, c9). Each dot represents one individual; colors refer to the origin of S. solidus in infected
fish. Ellipses represent 95% confidence intervals. P-values are not indicated, because none were significant

after FDR-correction.
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SI.1 Experimental hosts and parasites

Table S1. Sampling sites

Type Gasterosteus aculeatus
LR Lake GrofB3er Ploner See Germany 54°08'48" N, 10°24'30" E
HR Lake Skogseidvatnet Norway 60°14'44" N, 5°55'03" E

Schistocephalus solidus
LG Lagoon Neustadter Binnenwasser Germany 54°06'40" N, 10°48'50" E
HG Lake Skogseidvatnet Norway 60°14'44" N, 5°55'03" E

Diplostomum pseudospathaceum

- Lake Kleiner Ploner See (1) Germany 54°09'41.6" N 10°22'36.5" E
- Lake Kleiner Ploner See (2) Germany 54°09'46.2" N 10°24'05.2" E
- Lake Bischhofsee Germany 54°06'36.7" N 10°25'44.3" E

Information on Diplostomum pseudospathaceum sampling and use

Limnea stagnalis were sampled by hand or using a small dip net. In the laboratory, each snail
was subsequently rinsed with filtered lake water and individually placed in a plastic cup (Bioware
200ml, Huhtamaki) with filtered lake water. After two hours of direct light exposure, snails were
screened for trematode infections by inspecting the shed cercariae in the water of the cup. The
snails were kept in 16L aquaria at 18°C, with 16 hours of light per day. We used clone mixes
from a pool of snail hosts in every infection round in order to overcome strong influences of D.
pseudospathaceum genotype specificities: following a recovery period of at least two weeks
post sampling, D. pseudospathaceum positive snails were individually placed in plastic cups
with filtered lake water and exposed to direct light for 60 minutes. After verification of infection
status and snail viability, 10 snails shedding the largest number of cercariae of the day were
transferred to new plastic cups with fresh lake water and exposed to direct light for another 60
minutes. Cercariae from this supernatant were used to create a pool of D. pseudospathaceum

cercariae of similar age.
S1.2 Further information on reverse transcription

The reverse transcription protocol was modified by using 0.2 pyL Qiagen RNAse inhibitor
(instead of 1 plL). The manufacturer ensured that 0.2 pL is sufficient due to differences in

effective inhibitor concentrations.
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S1.3 Further information on direct sequencing

PCR conditions were the same in all sequencing attempts. All PCR products were checked on a
gel for the right size and amplification specificity. 5 pL aliquot of the completed PCR reaction
were mixed thoroughly. 2 pL of illustra ExoStar 1 Step were added to the reaction mix and
incubated at 37°C for 15 minutes. Incubation at 80°C for 15 minutes inactivated the enzymes.

Afterwards, the cycle sequencing was prepared as follows:

2 uL PCR/Product /ExoSAP + 2 uL Segbuffer+1 pL Primer ( forward or reverse
of each PCR primer) + 4 uL HPLC H?O + 1 yL BDT
Program: BDT 3.1

Cycle Temp Min
Pre-denaturation 96°C 01:00
Denaturation 96°C 00:10
Annealing 60°C 04:00
4°C oo

cleaned up with BigDye XTerminator® Purification Kit from Applied
Biosystems

sequenced on 3130 XL Genetic Analyzer from Applied Biosystems

Sl.4 Further information on gene expression analyses

Table S2. Excluded primers

Gene Function References comment
tir2 Toll-like receptor 2; (Zhu et al, 2012; Amplification efficiency of primer product was
Germline-encoded Brunner et al., 2017) not within acceptable range

pattern-recognition

receptor

p40phox Component of NADPH  (Stutz et al., 2015) Product sequencing revealed amplification of
oxidases unspecific target

vegfal Stimulates macrophage  (Brunner et al., 2017) Unspecific primer products, ambiguous PCR
and monocyte migration products

ly75 Reduces B-lymphocyte  (Brunner et al., 2017) Unspecific primer products, ambiguous PCR
proliferation products

cmip Signaling protein in Th2  (Robertson et a., 2015)  Unspecific primer products, ambiguous PCR
pathway products
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SI.5 Gene expression targets, gene references and primer sequences
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Table S3. Primer efficiencies

Primer ID Efficiency E (SE) R?
cfb 1.909 0.093 0.803
c/7 2.089 0.015 0.995
c9 1.948 0.126 0.742
cd83 2.047 0.033 0.978
csf3r 2.024 0.085 0.885
foxp3 2.065 0.028 0.986
cd97 2.029 0.05 0.957
igm 2.087 0.017 0.994
mhcll 2.011 0.024 0.988
mif1 2.064 0.015 0.995
nkef- 2.144 0.016 0.996
sla1 2.161 0.017 0.996
stat4 2.243 0.028 0.99
staté 2.062 0.024 0.989
ter-f 2.02 0.014 0.996
tgf-B 2.079 0.02 0.994
tnfr1 2.19 0.025 0.99
1-16 2.163 0.018 0.994
1-1p 2.016 0.101 0.852
marco 2.092 0.02 0.993
mstTra 2.228 0.042 0.976
p22phox 2.006 0.012 0.996
rpl13a 2.048 0.022 0.992
saall 2.025 0.034 0.974
ubc 2.116 0.014 0.996

Sl.6 Pre-amplification of target cDNA for Fluidigm 96.96 Dynamic Array run

- Primer Mix: total 200 pL
- 1 pL of each 100puM primer (fwd and rev) or 2 pL of paired primer mix
- plus 136 uL DNA suspension buffer (10 mM Tris, pH 8.0, 0,1 mM EDTA)

Pre Mix - Prepared in a 1.5 ml tube: total 396 uL (includes overage)

- 264 pL 2X TagMan PreAmp Master Mix (Applied Biosystems, PN 4391128)
- 52.8 uL Primer Mix

- 792 uLH0
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We pipetted 3.7 pL Pre-Mix in each well of a 96 well plate and added 1.3 pL of cDNA. Negative
controls (NTCs) were included by using 1.3 puL of ddH,O instead of cDNA. The PCR protocol

was the following:

Temp Time No. cycles
95 °C 10 min
95 °C 15 sec
14
60 °C 4 min
4 °C 0o

S1.7 Fluidigm 96.96 Dynamic Array run using pre-amplified cDNA

Pre Mix — prepared in a 1.5 ml tube: total 406.6 L (for 96 samples, includes overage)
- 369.6 puL SsoFast EvaGreen Supermix with Low ROX (BioRad, PN 172-5211)
- 37 pL 20X DNA Binding Dye Sample Loading Reagent (Fluidigm, PN 100-3738)

The following was pipetted into each well of a 96 well plate
- 3.9 yL Sample Pre Mix
- 3.1 uL sample (preamplified)

- vortexed 20s, spun down 30s

Assay Pre-mix — prepared in a 1.5 ml tube: total 665.3 pL (for 96 reactions, includes overage)
- 369.6 uL 2X Assay loading Reagent (Fluidigm, PN 85000736)
- 295.7 pyL low TE buffer

The following was pipetted into each well of a 96 well plate (7 pL per well)
- 6.3 pL Assay Pre-mix
- 0.35pL from each of the 100uM primers (fwd and rev ) or 0.7 pL from the mix

After priming of the chip, Sample Pre Mix and Assay pre Mix were loaded according to the
manufacturer’s instructions and the chip was run under cycler protocol: “GE Fast 96x%96
PCR+Melt v2".

Temp Time No. Cycles
70 °C 40 min
60 °C 30 sec
95 °C 1 min
96 °C 5sec
30
60 °C 20 sec

60-95°C +1°C/3s
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S1.8 Further information on S. solidus infection rates

The GLMM using the origin of the host and the origin of the parasite as well as their interaction

as fixed effects and fish family as random term did not differ significantly from the Nullmodel

(likelihood ratio test: X% = 4.2365, p = 0.237).

S1.9 Further information on S. solidus growth and parasite index

S. solidus growth differed significantly between the two parasite populations. HG parasites

grew faster and larger than LG parasites (Type Il Wald chisquare tests: H:P:T three-way

interaction: X% = 24.8413, p < 0.0001).

Table S4. Differences in S. solidus parasite indices according to host types

Contrast
T P:H Estimate Std. Error z value Pr(>|z)
3 LG:HR- LR -0.04425 0.06905 -0.641 0.98779
3 HG:HR - LR 0.03158 0.06729 0.469 0.99773
6 LG:HR- LR -2.52061 0.77996 -3.232 0.00736
6 HG:HR - LR -2.74607 0.89502 -3.068 0.01284
9 LG:HR- LR -7.48326 1.34521 -5.563 < Te-05
9 HG:HR - LR -6.00136 1.15927 -5.177 < Te-05

Table S5. Differences in S. solidus parasite indices according to S. solidus types

Contrast
T P:H Estimate Std. Error z value Pr(>|z)
3 HG - LG:LR 0.27701 0.05873 4.717 1.44E-05
3 HG - LG:HR 0.35284 0.06169 5.72 6.40E-08
6 HG - LG:LR 8.96403 0.8441 10.62 < T1e-10
6 HG - LG:HR 8.73858 0.83369 10.482 < T1e-10
9 HG - LG:LR 13.17036 1.18776 11.088 <1e-10
9 HG - LG:HR 14.65227 1.31937 11.105 <1e-10
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Table S6. Differences in parasite indices over time

Contrast

T P:H Estimate Std. Error z value Pr(>|z|)

6-3 LG:LR 3.4222 0.541 6.325 < 1e-04
6-3 LG:HR 0.9459 0.5643 1.676 0.593759
6-3 HG:LR 12.1092 0.6505 18.614 < 1e-04
6-3 HG:HR 9.3316 0.6168 15.129 < 1e-04
9-3 LG:LR 11.3698 0.9028 12.594 < 1e-04
9-3 LG:HR 3.9308 0.9986 3.936 0.000904
9-3 HG:LR 24.2632 0.7739 31.35 < 1e-04
9-3 HG:HR 18.2303 0.8645 21.087 < 1e-04
9-6 LG:LR 7.9476 1.0514 7.559 < 1e-04
9-6 LG:HR 2.985 1.1448 2.607 0.087956
9-6 HG:LR 12.1539 1.0089 12.047 < 1e-04
9-6 HG:HR 8.8987 1.0606 8.39 < 1e-04

== HG worm (LR fish) HG worm (HR fish) LG worm (LR fish) == LG worm (HR fish)

300
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Fig. S1. Schistocephalus solidus growth over time. Plerocercoids were weighed 3, 6, or 9 weeks after
infection. Each dot represents one S. solidus individual; color coding follows Fig. 1. Weights were
measured in mg. HG: high gowth S. solidus; LR: low resistance stickleback; LG: low growth S. solidus; HR:

high resistance stickleback.
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S1.10 Further information on D. pseudospathaceum infection rates

Table S7. D. pseudospathaceum infection rate differences between host types

Contrast
T P:H Estimate Std. Error z value Pr(>[z)
3 CTRL:HR - LR -0.5708 0.516 -1.106 0.5222
3 LG:HR- LR 0.4501 0.52 0.866 0.696
3 HG:HR - LR -0.124 0.5099 -0.243 0.9994
6 CTRL:HR - LR 1.2871 0.5485 2.347 0.0541
6 LG:HR- LR 0.6251 0.5226 1.196 0.4638
6 HG:HR - LR 0.422 0.5131 0.822 0.7289
9 CTRL:HR - LR 0.2924 0.5298 0.552 0.9212
9 LG:HR- LR 0.1643 0.5221 0.315 0.9962
9 HG:HR - LR -0.1888 0.5022 -0.376 0.9883

Table S8. D. pseudospathaceum infection rate differences over time

Contrast

P:H Estimate Std. Error z value Pr(>|z))
6-3 CTRL:LR -2.03113 0.23082 -8.799 < 1e-05
6-3 CTRL:HR -0.17322 0.17765 -0.975 0.99532
6-3 LG:LR -0.24223 0.1645 -1.473 0.88485
6-3 LG:HR -0.06721 0.19189 -0.35 1
6-3 HG:LR -0.29627 0.14855 -1.994 0.512
6-3 HG:HR 0.24966 0.13211 1.89 0.59702
9-3 CTRL:LR -1.15953 0.17763 -6.528 < 1e-05
9-3 CTRL:HR -0.2964 0.18226 -1.626 0.79653
9-3 LG:LR -0.09894 0.16859 -0.587 0.99997
9-3 LG:HR -0.38468 0.17346 -2.218 0.34321
9-3 HG:LR 0.78552 0.12199 6.439 < 1e-05
9-3 HG:HR 0.72067 0.12039 5.986 < 1e-05
9-6 CTRL:LR 0.8716 0.25233 3.454 0.00949
9-6 CTRL:HR -0.12318 0.18768 -0.656 0.99991
9-6 LG:LR 0.14329 0.16962 0.845 0.99879
9-6 LG:HR -0.31746 0.18746 -1.694 0.74999
9-6 HG:LR 1.08179 0.12868 8.407 < 1e-05
9-6 HG:HR 0.47101 0.12281 3.835 0.0022
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Table S9. D. pseudospathaceum infection rate differences between S. solidus types

Contrast
T P:H Estimate Std. Error z value Pr(>|z)
3 LG - CTRL:LR -0.98089 0.15285 -6.417 < 1e-05
3 LG - CTRL:HR 0.03994 0.17581 0.227 1
3 HG - CTRL:LR -0.29524 0.14467 -2.041 0.472444
3 HG - CTRL:HR 0.15155 0.15047 1.007 0.993599
3 HG - LG:LR 0.68564 0.15291 4.484 0.000134
3 HG - LG:HR 0.11161 0.15733 0.709 0.999787
6 LG - CTRL:LR 0.80801 0.23732 3.405 0.011265
6 LG - CTRL:HR 0.14595 0.18638 0.783 0.999416
6 HG - CTRLLR 1.43961 0.23358 6.163 < 1e-05
6 HG - CTRL:HR 0.57443 0.16127 3.562 0.006328
6 HG - LG:LR 0.63161 0.1596 3.957 0.001328
6 HG - LG:HR 0.42848 0.17063 2.511 0.1758%96
9 LG - CTRL:LR 0.0797 0.19027 0.419 0.999999
9 LG - CTRL:HR -0.04833 0.18436 -0.262 1
9 HG - CTRL:LR 1.64981 0.15982 10.323 < 1e-05
9 HG - CTRL:HR 1.16862 0.15769 7.411 < 1e-05
9 HG - LG:LR 1.57011 0.14074 11.156 < 1e-05
9 HG - LG:HR 1.21696 0.14675 8.293 < 1e-05
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SI.11 The effect of S. solidus weight on D. pseudospathaceum infection rates

Using S. solidus weight as a covariate in the statistical model did not improve the model fit in
week 3, but did so at later time points, namely for data from LR fish in week 6 (likelihood ratio
test: X% = 10.01, p = 0.0067) and data from both fish origins in week 9 (likelihood ratio test: X2
=13.37, p = 0.0013). The model fit for HR data of week 6 was not improved (likelihood ratio test:
X% =4.82, p = 0.0897). Due to very large eigenvalues, we z-transformed the weight of the worm

in week 6 and week 9.

week 3 week 6 week9
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Figure S2. The relationship between S. solidus weight and D. pseudospathaceum infection rates. S.
solidus infected sticklebacks were exposed to 100 D. pseudospathaceum cercariae at three different time
points. Each dot represents one S. solidus individual; lines represent linear model fits; color coding follows
Fig. 1.

S1.12 Further information on host condition and immunological parameters

The condition factor (CF) differed significantly between host populations (F1. = 25.027, p

0.0075) and according to an interaction between time point and treatment (Fig170 = 2.543, p
0.007). FDR-corrected post hoc comparisons confirmed significantly higher condition of HR than
LR hosts at all time points (LMMs; each p < 0.0001). Treatment had no significant influence; the
CF increased between week 3 and week 9 in D. pseudospathaceum infected HR fish. The
hepatosomatic index (HSI) was significantly affected by an interaction between treatment and
time point (Fio170 = 4.102, p < 0.0001). LR controls had higher HSIs than HR controls in week 9;
the HSI increased between week 3 and 9 in LR controls (LMMs; each p < 0.001). In week 9, LG
infection was associated with a smaller HSI than in controls in LR fish; infection with D.
pseudospathaceum correlated with significantly higher HSI in comparison to co-infection with
HG S. solidus in LR sticklebacks (LMMs; each p < 0.001). Splenosomatic indices (SSl) and head

kidney indices (HKI) were not affected by experimental factors.
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S1.13 Detailed results of gene expression analyses

Table S10. Multivariate statistics (PERMANOVA results) of S. solidus infection effect on stickleback

immune gene expression

contrast
T P:H Df  SumsOfSgs F.Model Pr(<F) R2
3 LG - CTRL:HR&LR all genes 1 2.720 1.27410 0.3787 0.06220
3 HG - CTRL:HR&LR all genes 1 1.813 0.6536 0.5375 0.03490
3 HG - LG:HR&LR all genes 1 1.180 0.6698 0.6554 0.03258
6 LG - CTRL:HR&LR all genes 1 0.683 0.3826 0.8597 0.01536
6 HG - CTRL:HR&LR all genes 1 6.037 3.08185 0.0081 0.15855
innate 1 47112 4.9997 0.0023 0.23481
adaptive 1 0.9015 3.9718 0.0176 0.19101
complement 1 0.4241 0.53716 0.5240 0.03191
Th1 1 0.27172 6.3830 0.0281 0.28856
Th2 1 0.21162 1.41429 0.2842 0.08102
Treg (P effect) 1 0.2842 11.4826 0.0003 0.32809
Treg (H effect) 1 0.09366 4.3531 0.0222 0.12438
Treg (P:H interaction) 1 0.09119 4.2384 0.0240 0.12110
6 HG - CTRL:LR Treg 1 0.035747 1.11233 0.3463 0.13857
6 HG - CTRL:HR Treg 1 0.28071 20.1432 0.0105 0.72529
6 HG - LG:HR&LR all genes 1 0.857 0.45844 0.79982 0.02550
9 LG - CTRL:HR&LR all genes (P effect) 1 1.979 1.4393 0.05411 0.06145
all genes (H effect) 1 5.580 4.0580 0.01128 0.17326
9 LG - CTRL:LR all genes 1 2.6294 1.7392 0.07292 0.18035
9 LG - CTRL:HR all genes 1 1.8375 1.5914 0.2361 0.15425
9 HG - CTRL:HR&LR all genes 1 16.972 5.8497 0.00340 0.27223
innate 1 2.9039 216177 0.07469 0.11711
adaptive 1 0.7096 3.4025 0.13248 0.0393
complement 1 13.358 9.8992 0.0082 0.41497
Th1 1 0.14091 1.90958 0.1356 0.11422
Th2 1 0.17302 1.9625 0.1893 0.06081
Treg 1 0.10111 2.99380 0.07879 0.15223
9 HG - LG:HR&LR all genes 1 11.363 3.4461 0.07465 0.21681

The statistical models were based on log10-transformed calibrated normalized relative quantities (CNRQ values). The
weight of the fish was included as covariate to account for size related effects. Non-parametric permutational
multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and 10,000 permutations that
were constrained within fish family. PERMANOVA results were FDR corrected. If significant (marked in bold letters),
single genes were analysed with linear mixed models (LMMs). Statistics for differences between host types or
interactions are mentioned whenever significant. T: time point (week 3, 6, or 9); P: parasite type (low growth, LG; high
growth, HG); H: host type (low resistance, LR; high resistance, HR); all genes: data from all 23 genes; innate: 11 genes
(cd97, csf3r, il-18, marco, mifl, mstira, nkef-, p22Ph%, saall, slal, tnfr1); adaptive: nine genes (stat4, cd83, igm, staté,
foxp3, il-16, tgf-B, mhcll, tcr-f); complement: three genes (cfb, c7, ¢9); Th1: two genes (stat4, tnfr1), Th2 covers three
genes (staté, cd83, igm); Treg covers three genes (il-16, foxp3, tgf-h).
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Table S11. Differential innate immune gene expression between HG-S. solidus infected and control (HR

and LR) stickleback in week 6

ANOVA results numDF denDF F-value p-value pseudo R2
marco 1 9 0.193756 0.6702 0.4923706
mstira 1 9 1.88193 0.2033 0.9672328

mif1 1 9 3.305022 0.1024 0.4501657
il-18 1 9 0.400218 0.5427 0.4503203
tnfrl 1 9 6.234099 0.0340 1
saall 1 9 6.068530 0.0360 0.5988541
csf3r 1 9 2.0903358 0.1821 0.427818
p22phox 1 9 1.250352 0.2924 0.512474
nkef-# 1 9 0.0634747 0.8067 0.09538045
slal 1 9 1.2502136 0.2925 0.4952347
cd97 1 9 0.347441 0.5701 0.3215247

The statistical models were based on log10-transformed calibrated normalized relative quantities (CNRQ
values). The weight of the fish was included as covariate to account for size related effects. Data from
genes from significantly differentially expressed functional gene groups was analysed with linear mixed
models (LMMs; function Ime() from nime) and analyses of variance (ANOVAs). Conditional pseudo R?
values (Nakagawa and Schielzeth, 2013; Johnson, 2014) were calculated with sem.model.fits() from

piecewiseSEM (Lefcheck, 2015). No gene was significantly differentially expressed after FDR correction..

Table S12. Differential expression of T regulatory genes between HG-S. solidus infected and control HR
stickleback in week 6

ANOVA results numDF denDF F-value p-value pseudo R2
il-16 1 4 2.7784351 0.1709 0.3274503

foxp3 1 4 12.615158 0.0238 0.677801

tgf-p 1 4 63.60417 0.0013 0.8974288

The statistical models were based on log10-transformed calibrated normalized relative quantities (CNRQ
values). The weight of the fish was included as covariate to account for size related effects. Data from
genes from significantly differentially expressed functional gene groups was analysed with linear mixed
models (LMMs; function Ime() from nime) and analyses of variance (ANOVAs). Conditional pseudo R?
values (Nakagawa and Schielzeth, 2013; Johnson, 2014) were calculated with sem.model.fits() from
piecewiseSEM (Lefcheck, 2015). Differentially expressed genes are marked in bold letters if significant after

FDR correction.
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Table S13. Differential expression of complement genes between HG-S. solidus infected and control
(HR and LR) stickleback in week 9

ANOVA results numDF denDF F-value p-value pseudo R2
cfb 1 10 10.051180 0.0100 0.7509158

c/ 1 10 0.000858 0.9772 0.1542638

c9 1 10 5.861681 0.0360 0.9810338

The statistical models were based on log10-transformed calibrated normalized relative quantities (CNRQ
values). The weight of the fish was included as covariate to account for size related effects. Data from
genes from significantly differentially expressed functional gene groups was analysed with linear mixed
models (LMMs; function Ime() from nime) and analyses of variance (ANOVAs). Conditional pseudo R?
values (Nakagawa and Schielzeth, 2013; Johnson, 2014) were calculated with sem.model.fits() from
piecewiseSEM (Lefcheck, 2015). Differentially expressed genes are marked in bold letters if significant after

FDR correction.

Table S14. Differential immune gene expression between D. pseudospathaceum infected and control
stickleback

contrast
P-H Df SumsOfSgs F.Model Pr(<F) R2
CTRL - D:LR&HR all genes (D effect) 1 3913 1.53871 0.12119  0.02230

all genes (H:T interaction) 2 11.820 2.32405 0.01040 0.06737

The statistical models were based on log10-transformed calibrated normalized relative quantities (CNRQ
values). Non-parametric permutational multivariate analyses of variance (PERMANOVA) were calculated on
Euclidian distances and 10,000 permutations that were constrained within fish family. The weight of the fish
was included as covariate to account for size related effects. D effect: effect of D. pseudospathaceum

infection. In this case, gene expression was only affected by an interaction between host type and time.
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Table S15. Multivariate statistics (PERMANOVA results) of the effect of S. solidus — D. pseudo-
spathaceum co-infection on stickleback immune gene expression

contrast
T P:H Df  SumsOfSgs F.Model Pr(<F) R2
3 Co-LG - CTRL:LR&HR all genes 1 3.830 1.39407 0.2198 0.05774
3 Co-HG - CTRL:LR&HR all genes 1 6.807 1.88755 0.1499 0.07230
3 Co-HG - Co-LG:LR&HR all genes 1 4.138 1.22793 0.5500 0.04170
6 Co-LG - CTRL:LR&HR all genes 1 4.754 1.82810 0.1263 0.06671
6 Co-HG - CTRL:LR&HR all genes 1 5.814 2.43653 0.05399 0.09334
6 Co-HG - Co-LG:LR&HR all genes 1 3.696 1.3185 0.2642 0.04603
9 Co-LG - CTRL:LR&HR all genes 1 4.926 2.02926 0.05299 0.08354
9 Co-HG - CTRL:LR&HR all genes (P effect) 1 3.169 1.5420 0.1608 0.04346
all genes (H effect) 1 10.510 5.1148 0.0216 0.14414
9 Co-HG - CTRL:HR all genes 1 1.348 0.6052 0.6902 0.04097
9 Co-HG - CTRL:LR all genes 1 6.6020 3.8846 0.0178 0.22315
innate 1 5.1340 5.4308 0.0195 0.28195
adaptive 1 1.1485 5.2576 0.0122 0.25374
complement 1 0.3195 0.59627 0.4433 0.04664
Th1 1 0.40863 4.8038 0.0232 0.26610
Th2 1 0.42719 4.9585 0.0226 0.23610
Treg 1 0.59940 11.6801 0.0074 0.47104
9 Co-HG - Co-LG:LR&HR all genes 1 1.210 0.4679 0.7198 0.01348

The statistical models were based on log10-transformed calibrated normalized relative quantities (CNRQ
values). The weight of the fish was included as covariate to account for size related effects. Non-parametric
permutational multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and
10,000 permutations that were constrained within fish family. PERMANOVA results were FDR corrected. If
significant (marked in bold letters), single genes were analysed with linear mixed models (LMMs). Statistics

for differences between host types or interactions are mentioned whenever significant.
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Table S16. Differential immune gene expression between HG-S. solidus - D. pseudospathaceum co-

infected and control LR stickleback in week 9

ANOVA results numDF denDF F-value p-value pseudo R2
marco 1 10 5.880190 0.0358 0.3029049
mstira 1 10 1.0458040 0.3306 0.7409858
mif1 1 10 8.678699 0.0146 0.6739742
il-18 1 10 2793093.4 < 0.0001 0.9999997
tnfr1 1 10 5.668682 0.0386 0.5735934
saall 1 10 1.5908441 0.2358 0.1020698
csf3r 1 10 4.343719 0.0638 0.2487352
p22phox 1 10 4.312283 0.0646 0.4603152
nkef-# 1 10 7.287676 0.0223 0.2660523
slal 1 10 5.184409 0.0460 0.2948069
cd97 1 10 5.056703 0.0483 0.286804
stat4 1 10 1.985945 0.1891 0.4252173
staté 1 10 7.755325 0.0193 0.4208772
igm 1 10 5.580071 0.0398 0.7597721
cd83 1 10 0.1557763 0.7014 0.0529079
foxp3 1 10 17.383392 0.0019 0.7420727
tgf-p 1 10 10.890636 0.0080 0.4390618
il-16 1 10 10.284613 0.0094 0.4926989
mhcll 1 10 0.457965 0.5139 0.5255997
ter-f 1 10 0.233701 0.6392 0.5590239

The statistical models were based on log10-transformed calibrated normalized relative quantities (CNRQ
values). The weight of the fish was included as covariate to account for size related effects. Data from
genes from significantly differentially expressed functional gene groups was analysed with linear mixed
models (LMMs; function Ime() from nime) and analyses of variance (ANOVAs). Conditional pseudo R?
values (Nakagawa and Schielzeth, 2013; Johnson, 2014) were calculated with sem.model fits() from
piecewiseSEM (Lefcheck, 2015). Differentially expressed genes are marked in bold letters if significant after

FDR correction.
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Table S17. Differential immune gene expression between S. solidus infected and co-infected stickleback

contrast
T P:H Df SumsOfSgs F.Model Pr(<F) R2
3 Co-LG - LG:LR&HR all genes 1 1.979 0.96971 0.4699 0.04058
3 Co-HG - HG:LR&HR all genes 1 2.275 0.63169 0.5374 0.02671
6 Co-LG - LG:LR&HR all genes 1 3.354 1.3296 0.1487 0.04992
6 Co-HG - HG:LR&HR all genes 1 3.566 1.37490 0.2674 0.07615
9 Co-LG -LG:LR&HR all genes 1 1.156 0.46060 0.75532 0.02303
9 Co-HG -HG:LR&HR all genes 1 18.471 6.4611 0.005899 0.18743
innate 1 0.433 0.4466 0.60324 0.01343
adaptive 1 0.1859 0.6555 0.56034 0.02125
complement 1 17.852 11.1198 0.005799 0.31020
Th1 (P effect) 1 0.02807 0.7082 0.4527 0.02336
Th1 (H effect) 1 0.02855 0.7205 0.0268 0.02377
Th2 (P:H 1
interaction) 0.5031 3.2453 0.0208 0.10287
Treg 1 0.05298 1.3689 0.26737 0.03918
9 Co-HG -HG:LR Th1 1 0.03520 0.6851 0.45035 0.03320
Th2 1 0.27530 3.5893 0.06289 0.13303
9 Co-HG -HG:HR Th1 1 0.034140 3.3354 0.07979 0.26900
Th2 1 0.24033 1.27777 0.1914 0.11415

The statistical models were based on log10-transformed calibrated normalized relative quantities (CNRQ
values). The weight of the fish was included as covariate to account for size related effects. Non-parametric
permutational multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and
10,000 permutations that were constrained within fish family. Statistics for differences between host types
or interactions are mentioned whenever significant. PERMANOVA results were FDR corrected. In this case,

no result remained significant after FDR correction.
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Table S18. Differential immune gene expression between D. pseudospathaceum infected and co-
infected stickleback

contrast
T P:H Df SumsOfSgs F.Model Pr(<F) R2
3 Co-LG - D:LR&HR all genes 1 1.448 0.61862 0.6900 0.02419
3 Co-HG - D:LR&HR all genes 1 4.478 1.32821 0.2193 0.05041
6  Co-LG - D:LR&HR all genes 1 2.580 0.79285 0.65243 0.03015
6  Co-HG - D:LR&HR all genes 1 6.998 2.29249 0.06219 0.08835
9  Co-LG -D:LR&HR all genes 1 2.249 0.79498 0.4033 0.03304
9  Co-HG -D:LR&HR all genes (P effect) 1 2.052 0.8567 0.56224 0.02515
9 Co-HG -D:LR&HR all genes (H effect) 1 9.948 4.1524 0.04440 0.12191
9 Co-HG -D:LR all genes 1 4.893 24794 0.03130 0.14528
innate 1 1.4688 1.4344 0.1450 0.08567
adaptive 1 1.8106 8.7102 0.03170 0.35095
complement 1 1.6133 2.17597 0.06329 0.14185
Thi 1 0.71763 12.6316 0.0354 0.47246
Th2 1 0.91437 8.8065 0.0478 0.37766
Treg 1 0.54614 11.2381 0.0329 0.43678
9 Co-HG -D:HR all genes 2.940 1.00147 0.4807 0.07760

The statistical models were based on log10-transformed calibrated normalized relative quantities (CNRQ
values). The weight of the fish was included as covariate to account for size related effects. Non-parametric
permutational multivariate analyses of variance (PERMANOVA) were calculated on Euclidian distances and
10,000 permutations that were constrained within fish family. Statistics for differences between host types
are mentioned when significant and infection effects where then tested for HR and LR host types
separately. PERMANOVA results were FDR corrected. In this case, no results remained significant after

FDR correction. D: Diplostomum pseudospathaceum infection.
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SI.1. Further information on infection rates

Table S1. Host and parasite population effects on infection rates. Results from Type Il chisquare tests of
generalized linear mixed effect models.

In copepods (first intermediate host) Chisq Df Pr(>Chisq)
(Intercept) 11.6737 1 0.0006339
Parasite population 2.9572 2 0.2279
Round 3.8827 2 0.1435
Parasite population : round 7.2386 4 0.1238

In sticklebacks Chisq Df Pr(>Chisq)
(Intercept) 2.1497 1 0.1426
Parasite population 2.7889 2 0.2480
Host population 7.7672 2 0.0206
Parasite : host population 14.4449 4 0.0060

S1.2. Further information on parasite indices

Linear mixed models (LMMs) with parasite origin as fixed effect did not differ significantly from

the respective Nullmodels.

Table S2. Effect of host population on parasite indices. Linear mixed models (LMMs) included host
population as fixed effect and fish sex and tank as crossed random terms. Bold numbers indicate
significance post fdr correction according to Benjamini and Hochberg (1995) with an alpha of 0.05.

Parasite Contrast (Host) Estimate Std. Error z value Pr(>|z|)
SKO GPS - ALO 8.924 1.592 5.607 <0.0001  ***
ALO ALX - ALO -3.072 2.459 -1.249 0.424
GPS - ALO 11.778 2.378 4.954 <0.0001  ***
GPS - ALX 14.850 2.631 5.643 <0.0001 ***
ALX ALX - ALO -2.199 2.020 -1.089 0.51712
GPS - ALO 6.816 2.774 2.457 0.0363 *
GPS - ALX 9.015 2.624 3.436 0.0018 **

210



SUPPLEMENTARY INFORMATION - CHAPTER 3

S1.3. Further information on host condition and immunological parameters

Table S3. Effect of host population on condition and immunological indices in controls. Response
variables were the condition factor (CF) and hepatosomatic index (HSI) as well as the splenosomatic index
(SSI) and head kidney index (HKI). LMMs included host population as fixed effect and fish sex and tank as
crossed random terms. Bold numbers indicate significance post fdr correction according to Benjamini and

Hochberg (1995) with an alpha of 0.05.

Index

Contrast (Host)

CF ALX
GPS
GPS
HSI ALX
GPS
GPS
SSI ALX
GPS
GPS
HKI ALX
GPS
GPS

ALO
ALO
ALX
ALO
ALO
ALX
ALO
ALO
ALX
ALO
ALO
ALX

Estimate

-0.362
1.024
1.386

-1.293

-0.924
0.369

-0.013
0.016
0.029

-0.036
0.084
0.120

Std. Error

0.059
0.058
0.057
0.274
0.278
0.277
0.008
0.008
0.008
0.021
0.021
0.021

z value
-6.187
17.777
24.200
-4.717
-3.330
1.331
-1.581
1.873
3411
-1.705
3.937
5.667

Pr(>|z|)
<0.0001
<0.0001
<0.0001
< 0.001

0.002

0.378
0.254
0.147
0.002
0.203
<0.0001
<0.0001

*%

*kk

KKk
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Figure S2. Stickleback condition (condition factor, CF, and hepatosomatic index, HSI). Fish originated
from Walby Lake (ALO), Wolf Lake (ALX), and GroBer Pléner See (GPS); S. solidus came from ALO, ALX,
and Lake Skogseidvatnet (SKO); controls were sham-exposed; ‘exposed’ fish were exposed but

uninfected.
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Figure S3. Stickleback immunological parameters (splenosomatic index, SSI, and head kidney index,
HKI). Fish originated from Walby Lake (ALO), Wolf Lake (ALX), and GroBer Pléner See (GPS); S. solidus
came from ALO, ALX, and Lake Skogseidvatnet (SKO); controls were sham-exposed; ‘uninfected’ fish were

exposed but uninfected.
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Table S4. Effect of host population on condition and immunological indices in S. solidus exposed but
uninfected stickleback. Response variables were the condition factor (CF) and hepatosomatic index (HSI)
as well as the splenosomatic index (SSI) and head kidney index (HKI). LMMs included host population as
fixed effect and fish sex and tank as crossed random effects. Bold numbers indicate significance post FDR
correction according to Benjamini and Hochberg (1995) with an alpha of 0.05.

Index Contrast (Host) Estimate Std. Error z value Pr(>|z))

CF ALX - ALO -0.329 0.021 -15.300 <0.0001  ***
GPS - ALO 0.899 0.022 41.600 <0.0001  ***
GPS - ALX 1.227 0.020 62.100 <0.0001  ***

HSI ALX - ALO -0.979 0.140 -7.003 <0.001 ***
GPS - ALO -0.635 0.141 -4.512 <0.001 ***
GPS - ALX 0.344 0.129 2.674 0.020 ~*

SSI ALX - ALO -0.005 0.006 -0.911 0.633
GPS - ALO 0.026 0.006 4.521 <0.0001  ***
GPS - ALX 0.031 0.005 5.927 <0.0001  ***

HKI ALX - ALO -0.037 0.014 -2.658 0.021 ~*
GPS - ALO 0.064 0.014 4.578 <0.0001  ***
GPS - ALX 0.101 0.013 7.905 <0.0001  ***

Table S5. Effect of host population on condition and immunological indices in S. solidus infected
stickleback. Response variables were the condition factor (CF) and hepatosomatic index (HSI) as well as
the splenosomatic index (SSI) and head kidney index (HKI). LMMs included host population as fixed effect
and fish sex and tank as crossed random terms. Bold numbers indicate significance post fdr correction
according to Benjamini and Hochberg (1995) with an alpha of 0.05.

Index Contrast (Host) Estimate Std. Error z value Pr(>|z))
CF ALX - ALO -0.386 0.059 -6.585 <0.0001  ***
GPS - ALO 0.651 0.053 12.300 <0.0001  ***
GPS - ALX 1.037 0.062 16.658 <0.0001  ***
HSI ALX - ALO -0.780 0.261 -2.986 0.008 **
GPS - ALO -1.165 0.235 -4.957 < 0.001 ***
GPS - ALX -0.385 0.282 -1.366 0.357
SSI ALX - ALO 0.005 0.039 0.139 0.989
GPS - ALO 0.012 0.036 0.338 0.939
GPS - ALX 0.007 0.040 0.165 0.985
HKI ALX - ALO -0.093 0.048 -1.922 0.132
GPS - ALO -0.043 0.045 -0.975 0.592
GPS - ALX 0.049 0.050 0.980 0.589
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Table S6. Effect of S. solidus exposure and infection on host condition (condition factor, CF).
Sticklebacks were either sham-exposed (control), S. solidus exposed but uninfected (exposed), or S.
solidus infected (infected). We further tested the effect of parasite origin in infected versus control
stickleback. LMMs included either infection status or parasite origin as fixed effects and fish sex and tank

as crossed random terms. Bold numbers indicate significance post FDR correction according to Benjamini
and Hochberg (1995) with an alpha of 0.05.

Host Contrast Estimate Std. Error z value Pr(>|z|)

GPS infected - control -0.462 0.068 -6.818 <0.001  ***
exposed - control -0.205 0.048 -4.233 <0.001 ***
exposed - infected 0.258 0.058 4.457 <0.001  ***

ALX infected - control -0.087 0.031 -2.781 0.0143 ~*
exposed - control -0.040 0.020 -1.983 0.1119
exposed - infected 0.047 0.027 1.728 0.1881

ALO infected - control -0.144 0.035 -4.140 < 0.001 x**
exposed - control -0.055 0.026 -2.072 0.094
exposed - infected 0.089 0.031 2.838 0.013 *

Parasite Contrast Estimate Std. Error z value Pr(>|z|)

SKO exposed - infected -0.234 0.119 -1.972 0.0486 *

ALO exposed - infected 0.055 0.113 0.486 0.627

ALX exposed - infected 0.345 0.118 2.937 0.0033 **

Host Contrast (Parasite) Estimate Std. Error z value Pr(>|z|)

GPS ALO - CTRL -0.461 0.126 -3.671 0.001 **
ALX - CTRL -0.298 0.161 -1.856 0.231
SKO - CTRL -0.424 0.104 -4.059 < 0.001 ***
ALX - ALO 0.163 0.200 0.814 0.836
SKO - ALO 0.037 0.158 0.237 0.995
SKO - ALX -0.126 0.187 -0.671 0.900

ALX ALO - CTRL -0.049 0.061 -0.803 0.693
ALX - CTRL -0.116 0.046 -2.502 0.031 *
ALX - ALO -0.067 0.073 -0.930 0.612

ALO ALO - CTRL -0.113 0.066 -1.716 0.298
ALX - CTRL -0.213 0.079 -2.688 0.034 *
SKO - CTRL -0.149 0.081 -1.849 0.236
ALX - ALO -0.099 0.100 -0.992 0.739
SKO - ALO -0.036 0.101 -0.353 0.984
SKO - ALX 0.064 0.110 0.576 0.934
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Table S7. Effect of S. solidus exposure and infection on host condition (hepatosomatic index, HSI).
Sticklebacks were either sham-exposed (control), S. solidus exposed but uninfected (exposed), or S.
solidus infected (infected). We further tested the effect of parasite origin in infected versus control
stickleback. LMMs included either infection status or parasite origin as fixed effects and fish sex and tank
as crossed random terms. Bold numbers indicate significance post FDR correction according to Benjamini
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and Hochberg (1995) with an alpha of 0.05.

Host Contrast Estimate Std. Error z value Pr(>|z|)

GPS infected - control -2.119 0.245 -8.642 <0.001 ***
exposed - control -0.425 0.174 -2.438 0.038 *
exposed - infected 1.695 0.210 8.073 <0.001  ***

ALO infected - control -2.592 0.272 -9.541 <0.001 ***
exposed - control -0.626 0.209 -2.995 0.008 **
exposed - infected 1.966 0.240 8.194 <0.001  ***

ALX infected - control -1.651 0.269 -6.129 <0.001  ***
exposed - control -0.292 0.172 -1.700 0.181
exposed - infected 1.360 0.235 5.780 <0.001 ***

Parasite Contrast Estimate Std. Error z value Pr(>|z|)

SKO exposed - infected 1.875 0.265 7.081 <0.0001  ***

ALO exposed - infected 1.473 0.257 5.723 <0.0001  ***

ALX exposed - infected 1.386 0.256 5.421 <0.0001  ***

Host Contrast (Parasite) Estimate Std. Error z value Pr(>|z|)

GPS ALO - CTRL -2.018 0.284 -7.109 <0.0001  ***
ALX - CTRL -2.047 0.375 -5.459 <0.0001  ***
SKO - CTRL -2.265 0.234 -9.678 <0.0001  ***
ALX - ALO -0.029 0.454 -0.064 1.000
SKO - ALO -0.247 0.346 -0.714 0.884
SKO - ALX -0.218 0.424 -0.513 0.953

ALX ALO - CTRL -1.128 0.458 -2.465 0.034 **
ALX - CTRL -2.303 0.345 -6.677 <0.001 ***
ALX - ALO -1.175 0.556 -2.112 0.082

ALO ALO - CTRL -2.620 0.408 -6.427 <0.001 ***
ALX - CTRL -1.597 0.485 -3.291 0.005 **
SKO - CTRL -2.411 0.497 -4.852 <0.001 ***
ALX - ALO 1.023 0.598 1.711 0.304
SKO - ALO 0.209 0.607 0.345 0.985
SKO - ALX -0.814 0.660 -1.233 0.591
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Table S8. Effect of S. solidus exposure and infection on host immunity (splenosomatic index, SSI).
Sticklebacks were either sham-exposed (control), S. solidus exposed but uninfected (exposed), or S.
solidus infected (infected). We further tested the effect of parasite origin in infected versus control
stickleback. LMMs included either infection status or parasite origin as fixed effects and fish sex and tank

as crossed random terms. Bold numbers indicate significance post fdr correction according to Benjamini
and Hochberg (1995) with an alpha of 0.05.

Host Contrast Estimate Std. Error z value Pr(>|z|)

GPS infected - control 0.048 0.013 3.763 <0.001 ***
exposed - control 0.007 0.009 0.720 0.747
exposed - infected -0.041 0.011 -3.895 <0.001 ***

ALO infected - control 0.072 0.024 3.041 0.007 **
exposed - control 0.002 0.019 0.113 0.993
exposed - infected -0.070 0.020 -3.468 0.001 **

ALX infected - control 0.083 0.011 7.472 <0.0001 ***
exposed - control 0.009 0.007 1.163 0.467
exposed - infected -0.075 0.010 <7791 <0.0001 ***

Parasite Contrast Estimate Std. Error z value Pr(>|z|)

SKO exposed - infected -0.044 0.010 -4.652 <0.0001 ***

ALO exposed - infected -0.087 0.021 4.083 <0.0001 ***

ALX exposed - infected -0.051 0.010 -5.148 <0.0001 ***

Host Contrast (Parasite) Estimate Std. Error z value Pr(>|z|)

GPS ALO - CTRL 0.014 0.016 0.851 0.821
ALX - CTRL 0.140 0.022 6.412 <0.001 ***
SKO - CTRL 0.043 0.013 3.275 0.005 **
ALX - ALO 0.127 0.025 4.981 <0.001 ***
SKO - ALO 0.029 0.018 1.594 0.367
SKO - ALX -0.097 0.024 -4.101 <0.001 ***

ALX ALO - CTRL 0.108 0.017 6.537 <0.001 ***
ALX - CTRL 0.069 0.012 5.592 <0.001 ***
ALX - ALO -0.039 0.019 -2.044 0.098

ALO ALO - CTRL 0.140 0.047 2.947 0.016 ~*
ALX - CTRL 0.029 0.058 0.505 0.956
SKO - CTRL 0.013 0.058 0.215 0.996
ALX - ALO -0.110 0.067 -1.646 0.344
SKO - ALO -0.127 0.067 -1.898 0.222
SKO - ALX -0.017 0.075 -0.225 0.996
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Table S9. Effect of S. solidus exposure and infection on host immunity (head kidney index, HKI).
Sticklebacks were either sham-exposed (control), S. solidus exposed but uninfected (exposed), or S.
solidus infected (infected). We further tested the effect of parasite origin in infected versus control
stickleback. LMMs included either infection status or parasite origin as fixed effects and fish sex and tank
as crossed random terms. Bold numbers indicate significance post fdr correction according to Benjamini
and Hochberg (1995) with an alpha of 0.05.

Host Contrast Estimate Std. Error z value Pr(>|z|)
GPS infected - control 0.011 0.030 0.370 0.926
exposed - control -0.008 0.022 -0.390 0.918
exposed - infected -0.019 0.025 -0.783 0.709
ALO infected - control 0.150 0.033 4513 <0.0001  ***
exposed - control 0.015 0.026 0.588 0.825
exposed - infected -0.135 0.029 -4.715 <0.0001 ***
ALX infected - control 0.095 0.024 3.915 <0.001 ***
exposed - control 0.018 0.016 1.143 0.497
exposed - infected -0.077 0.021 -3.674 <0.001 ***
Host Contrast Estimate Std. Error z value Pr(>|z|)
SKO exposed - infected -0.105 0.028 -3.851 0.0001  ***
ALO exposed - infected -0.111 0.030 -3.748 0.0002 ***
ALX exposed - infected -0.052 0.026 -2.028 0.0425
Host Contrast (Parasite) Estimate Std. Error z value Pr(>|z|)
GPS ALO - CTRL 0.044 0.044 0.990 0.742
ALX - CTRL 0.003 0.060 0.047 1.000
SKO - CTRL -0.012 0.036 -0.335 0.986
ALX - ALO -0.041 0.071 -0.576 0.935
SKO - ALO -0.056 0.053 -1.052 0.704
SKO - ALX -0.015 0.067 -0.224 0.996
ALX ALO - CTRL 0.041 0.041 0.989 0.563
ALX - CTRL 0.120 0.031 3.843 <0.001 Hx
ALX - ALO 0.079 0.048 1.662 0.213
ALO ALO - CTRL 0.177 0.057 3.110 0.009  **
ALX - CTRL 0.096 0.067 1.427 0.471
SKO - CTRL 0.145 0.070 2.087 0.151
ALX - ALO -0.081 0.080 -1.012 0.734
SKO - ALO -0.032 0.082 -0.385 0.980
SKO - ALX 0.049 0.090 0.552 0.944
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Sl.4. Further information on stickleback gene expression

Non-parametric permutational multivariate analyses of variance (PERMANOVA (Anderson, 2001)
using the function adonis() from the vegan package (Oksanen et al., 2015)) were based on
Euclidian distance matrices and 10,000 permutations. The weight of the fish was included as
covariate to account for size-related effects. Permutations were constrained within tank.
Pairwise PERMANOVAs were used a posteriori to identify significantly different groups
(Anderson, 2001). The False Discovery Rate (FDR) (Benjamini and Hochberg, 1995) was used to
account for multiple testing.

Multivariate patterns in gene expression were visualized by non-metric multidimensional scaling
(NMDS) on Euclidian distances and two dimensions (function metaMDS()); the contribution of
each gene was plotted by use of the envfit() function (both implemented in vegan).

Linear mixed models to compare expression levels of single genes were fit with Imer() from
Ime4 (Bates et al., 2014); pseudo R? were calculated with sem.model fits() from the R package
piecewiseSEM (Lefcheck, 2016); the glht() function from multcomp (Hothorn et al., 2008) was
used for post hoc pairwise comparisons. The R? includes the effect of the random term and was

calculated according to (Nakagawa and Schielzeth, 2013; Johnson, 2014).

Table S10. Effects of host and parasite population and infection status on stickleback gene expression
profiles. The PERMANOVA included host (H) and parasite (P) population and infection status (group:
control, exposed, infected) and all interactions as explanatories and the weight of the fish as covariate.
Permutations (10,000) were constrained within tank.

Explanatories Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

Fish weight 1 25.92 25.9154 7.9633 0.02762 0.0542
Stickleback population (H) 2 38.77 19.3855 5.9568 0.04131 0.0005 rrk
S. solidus population (P) 3 11.79 3.9293 1.2074 0.01256 0.3596

group 2 22.22 11.1076 3.4132 0.02367 0.0004 rrk
H:P interaction 6 22.65 3.7746 1.1599 0.02413 0.3885
H:group interaction 2 9.08 4.5407 1.3953 0.00968 0.1048
P:group interaction 2 9.63 4.8172 1.4802 0.01027 0.2120
H:P:group interaction 3 7.59 2.5284 0.7769 0.00808 0.4672
Residuals 243 790.81 3.2544 0.84268

Total 264 938.45 1
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S1.4.1. Baseline gene expression profiles of the host populations (n = 84)
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Figure S4. Gene expression profiles of sham-exposed stickleback. Sticklebacks originated from Walby
Lake (ALO; Alaska), Wolf Lake (ALX; Alaska), and GroBer Ploner See (GPS; Germany) and were 10 months
old. Total RNA was extracted from head kidneys. We quantified expression levels of 25 targets (total)
including eleven innate immune genes (innate: marco, mstira, mif, tnfr1, saall, tir2, csf3r, p22°P">*, nkef-b,
slal, cd97), eight adaptive immune genes (adaptive: stat4, statb, igm, cd83, foxp3, il-16, mhcll, tcr-p), three
complement component genes (complement: cfb, c7, c9), and three regulatory genes (regulatory: abtb1,
kat2a, mapk13). NMDS plots are based on log10 transformed calibrated normalized relative quantities
(CNRQ). Statistics follow Table S10.
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Table S11. Population effect on gene expression profiles of sham-exposed stickleback. Sticklebacks
originated from Walby Lake (ALO; Alaska), Wolf Lake (ALX; Alaska), and Grof3er Ploner See (GPS;
Germany). Bold numbers indicate significance post FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 5.344 5.3438 1.6574 0.0192 0.0330 *
fish_origin 2 14.468 7.2342 2.2437 0.0521 0.0081 xx
Residuals 80 257.944 3.2243 0.9287
Total 83 277.757 1

innate fish_weight 1 2.961 2.96106 3.0167 0.0350 0.0005 Frx
fish_origin 2 3.03 1.51516 1.5436 0.0359 0.0239 *
Residuals 80 78.525 0.98156 0.9291
Total 83 84.516 1

adaptive fish_weight 1 2.107 2.1066 2.3098 0.0262 0.0334 *
fish_origin 2 5.437 2.7187 2.981 0.0675 0.0072 xx
Residuals 80 72.96 0.912 0.9063
Total 83 80.504 1

complement fish_weight 1 0.237 0.23698 0.19546 0.0023 0.7881
fish_origin 2 5.219 2.60955 2.15231 0.0509 0.1398
Residuals 80 96.995 1.21244 0.9467
Total 83 102.451 1

regulatory fish_weight 1 0.0514 0.05138 0.33116 0.0039 0.6183
fish_origin 2 0.8496 0.42479 2.73814 0.0638 0.0040  **
Residuals 80 12.4112 0.15514 0.9323
Total 83 13.3122 1

Table S12. Population effect on gene expression profiles of sham-exposed Alaskan stickleback. Bold
numbers indicate significance post FDR correction.

ALO vs ALX Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 6.43 6.4301 21272 0.0389 0.0524
fish_origin 1 7.863 7.8629 2.6012 0.0475 0.0034 *x
Residuals 50 151.142 3.0228 0.9136
Total 52 165.435 1

innate fish_weight 1 0.867 0.86735 0.9995 0.0195 0.1886
fish_origin 1 0.27 0.26998 0.3111 0.0061 0.6797
Residuals 50 43.388 0.86776 0.9745
Total 52 44,525 1

adaptive fish_weight 1 4124 41243 4.2979 0.0758 0.0958
fish_origin 1 2.281 2.2806 2.3766 0.0419 0.042 *
Residuals 50 47.98 0.9596 0.8822
Total 52 54.385 1

complement fish_weight 1 1.435 1.4355 1.3204 0.0235 0.2328
fish_origin 1 5.23 5.2299 4.8107 0.0857 0.0072 *x
Residuals 50 54.357 1.0871 0.8908
Total 52 61.022 1

regulatory fish_weight 1 0.0485 0.04846 0.3212 0.0063 0.555
fish_origin 1 0.1157 0.11574 0.7669 0.0150 0.1643
Residuals 50 7.5455 0.15091 0.9787
Total 52 7.7097 1
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Table S13. Population effect on gene expression profiles of sham-exposed Alaskan (ALO) and European
stickleback. Bold numbers indicate significance post FDR correction.

ALO vs GPS Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 3.7390 3.7389 1.2052 0.0203 0.1892
fish_origin 1 4.0240 4.0237 1.2970 0.0218 0.1502
Residuals 57 176.84 3.1024 0.9580
Total 59 184.60 1

innate fish_weight 1 2.5680 2.5683 2.5805 0.0423 0.0016 *x
fish_origin 1 1.4540 1.4539 1.4608 0.0239 0.0456 *
Residuals 57 56.732 0.9953 0.9338
Total 59 60.754 1

adaptive fish_weight 1 0.6740 0.6739 0.9776 0.0165 0.0647
fish_origin 1 0.9030 0.9035 1.3107 0.0221 0.0555
Residuals 57 39.292 0.6893 0.9614
Total 59 40.869 1

complement fish_weight 1 0.3800 0.3801 0.2911 0.0050 0.7961
fish_origin 1 1.2940 1.2940 0.9909 0.0170 0.3490
Residuals 57 74.434 1.3059 0.9780
Total 59 76.108 1

regulatory fish_weight 1 0.1224 0.1224 0.8214 0.0136 0.2395
fish_origin 1 0.3833 0.3833 2.5726 0.0426 0.0117 *
Residuals 57 8.4918 0.1490 0.9438
Total 59 8.9974 1

Table S14. Population effect on gene expression profiles of sham-exposed Alaskan (ALX) and European
stickleback. Bold numbers indicate significance post FDR correction.

ALX vs GPS Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 5.129 5.1287 1.5268 0.0267 0.1318
fish_origin 1 12.005 12.0048 3.5738 0.0626 0.0070  **
Residuals 52 174.674 3.3591 0.9107
Total 54 191.808 1

innate fish_weight 1 3.244 3.2435 3.0500 0.0528 0.0024 **
fish_origin 1 2.893 2.8934 2.7208 0.0471 0.0260 *
Residuals 52 55.300 1.0635 0.9001
Total 54 61.437 1

adaptive fish_weight 1 1.371 1.3709 1.2700 0.0218 0.2930
fish_origin 1 5.483 5.4827 5.0790 0.0871 0.0352 *
Residuals 52 56.133 1.0795 0.8912
Total 54 62.987 1

complement fish_weight 1 0.764 0.7641 0.6447 0.0116 0.6050
fish_origin 1 3.280 3.2797 2.7670 0.0499 0.0229 *
Residuals 52 61.635 1.1853 0.9384
Total 54 65.679 1

regulatory fish_weight 1 0.092 0.0924 0.5686 0.0098 0.2769
fish_origin 1 0.938 0.9381 5.7720 0.0989 0.0132 *
Residuals 52 8.451 0.1625 0.8913
Total 54 9.482 1
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Table S15. Differentially expressed genes between sham-exposed controls. LMMs included the origin of
the fish as fixed effect, the weight of the fish as covariate and tank as random term. Bold letters indicate
significance.

contrast Estimate Std. Error z value Pr(>[z|) R2

regulatory

abtb1 ALX - ALO -0.0496 0.0397 -1.249 0.423 0.579
GPS - ALO 0.0089 0.0437 0.205 0.977
GPS - ALX 0.0585 0.0379 1.543 0.27

kat2a ALX - ALO -0.0754 0.0524 -1.4410 0.319 0.381
GPS - ALO 0.0263 0.0569 0.4630 0.888
GPS - ALX 0.1018 0.0502 2.0270 0.105

mapk13 ALX - ALO 0.0060 0.0596 0.1010 0.994 0.535
GPS - ALO 0.2000 0.0653 3.0640 0.006  **
GPS - ALX 0.1940 0.0570 3.4040 0.002 **

innate

cd97 ALX - ALO -0.03379 0.08173 -0.413 0.91 0.783
GPS - ALO 0.11055 0.09082 1.217 0.441
GPS - ALX 0.14434 0.07783 1.855 0.151

csf3r ALX - ALO -0.0197 0.0593 -0.3320 0.941 0.308
GPS - ALO -0.1393 0.0635 -2.1930 0.072
GPS - ALX -0.1197 0.0571 -2.0950 0.091 .

marco ALX - ALO -0.1026 0.0698 -1.4700 0.304 0.675
GPS - ALO -0.0889 0.0771 -1.1540 0.480
GPS - ALX 0.0137 0.0666 0.2060 0.977

mif1 ALX - ALO 0.0150 0.0337 0.4460 0.896 0.582
GPS - ALO 0.0557 0.0371 1.5020 0.289
GPS - ALX 0.0406 0.0322 1.2630 0.415

mstira ALX - ALO -0.0361 0.0478 -0.7560 0.729 0.399
GPS - ALO -0.0978 0.0517 -1.8900 0.141
GPS - ALX -0.0616 0.0459 -1.3430 0.371

nkefb ALX - ALO 0.0120 0.0718 0.1670 0.985 0.523
GPS - ALO 0.0664 0.0788 0.8430 0.675
GPS - ALX 0.0544 0.0687 0.7920 0.707

p22phox ALX - ALO -0.0444 0.0443 -1.0040 0.574 0.306
GPS - ALO 0.1072 0.0477 2.2490 0.063 .
GPS - ALX 0.1516 0.0425 3.5640 0.001 **

saall ALX - ALO 0.0839 0.0607 1.3840 0.349 0.376
GPS - ALO -0.0941 0.0658 -1.4300 0.325
GPS - ALX -0.1780 0.0582 -3.0580 0.006  **

sla ALX - ALO -0.0579 0.0396 -1.4620 0.308 0.419
GPS - ALO -0.0644 0.0430 -1.4960 0.292
GPS - ALX -0.0065 0.0379 -0.1710 0.984

tlr2 ALX - ALO -0.0193 0.0783 -0.2470 0.967 0.206
GPS - ALO 0.2142 0.0837 2.5580 0.028 *
GPS - ALX 0.2335 0.0755 3.0940 0.006 **

tnfr1 ALX - ALO -0.0016 0.0693 -0.0230 1.000 0.684
GPS - ALO -0.1406 0.0765 -1.8370 0.157
GPS - ALX -0.1390 0.0661 -2.1030 0.089
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Table S15 (continued). Differentially expressed genes between sham-exposed controls. LMMs included
the origin of the fish as fixed effect, the weight of the fish as covariate and tank as random term.

contrast Estimate Std. Error z value Pr(>|z|) R2

adaptive

stat4 ALX - ALO -0.0661 0.0568 -1.1640 0.474 0.709
GPS - ALO -0.0563 0.0629 -0.8960 0.641
GPS - ALX 0.0097 0.0541 0.1800 0.982

cd83 ALX - ALO -0.0821 0.0397 -2.0670 0.096 . 0.481
GPS - ALO -0.1276 0.0434 -2.9410 0.009  **
GPS - ALX -0.0455 0.0380 -1.1950 0.455

igm ALX - ALO -0.4509 0.1667 -2.7060 0.019 * 0.169
GPS - ALO 0.0681 0.1767 0.3850 0.921
GPS - ALX 0.5190 0.1609 3.2260 0.004  **

staté ALX - ALO -0.0476 0.0404 -1.1780 0.465 0.654
GPS - ALO -0.0856 0.0446 -1.9220 0.132
GPS - ALX -0.0380 0.0386 -0.9850 0.585

foxp3 ALX - ALO -0.0399 0.0813 -0.4900 0.876 0.693
GPS - ALO 0.0674 0.0900 0.7480 0.734
GPS - ALX 0.1072 0.0776 1.3830 0.349

iné ALX - ALO -0.0632 0.0468 -1.3500 0.367 0.370
GPS - ALO 0.0196 0.0509 0.3850 0.921
GPS - ALX 0.0828 0.0449 1.8430 0.155

mhcll ALX - ALO -0.1014 0.0474 -2.1370 0.082 . 0.115
GPS - ALO -0.0154 0.0503 -0.3060 0.950
GPS - ALX 0.0860 0.0458 1.8780 0.145

ter-f ALX - ALO -0.0369 0.1004 -0.3680 0.928 0.192
GPS - ALO -0.2093 0.1077 -1.9430 0.126
GPS - ALX -0.1724 0.0966 -1.7840 0.174

complement

c7 ALX - ALO 0.0300 0.0412 0.728 0.746 0.564
GPS - ALO -0.0291 0.0453 -0.643 0.795
GPS - ALX -0.0591 0.0394 -1.502 0.289

c9 ALX - ALO -0.3773 0.1361 -2.773 0.015 * 0.134
GPS - ALO 0.0323 0.1443 0.224 0.973
GPS - ALX 0.4097 0.1314 3.119 0.005 **

cfb ALX - ALO -0.5242 0.2711 -1.933 0.129 0.172
GPS - ALO -0.4092 0.2906 -1.408 0.336
GPS - ALX 0.1150 0.2610 0.441 0.898
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S1.4.2. Gene expression profiles of S. solidus exposed stickleback (n = 101)
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Figure S5. Gene expression profiles of S. solidus exposed stickleback. Sticklebacks originated from
Walby Lake (ALO; Alaska), Wolf Lake (ALX; Alaska), and Grof3er Pléner See (GPS; Germany); S. solidus
came from Walby Lake (ALO; Alaska), Wolf Lake (ALX; Alaska), and Lake Skogseidvatnet (SKO; Norway). Total
RNA was extracted from head kidneys. We quantified expression levels of 25 targets (total) including

eleven innate immune genes (innate: marco, mstira, mif, tnfr1, saall, tlr2, csf3r, p22°ho*, nkef-b, slal, cd97),

eight adaptive immune genes (adaptive: stat4, staté, igm, cd83, foxp3, il-16, mhcll, tcr-f), three

complement component genes (complement: cfb, c7, c9), and three regulatory genes (regulatory: abtb1,

kat2a, mapk13). NMDS plots are based on log10 transformed calibrated normalized relative quantities
(CNRQ). Statistics follow Tables S16-S18.
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Table S16. Differences between ALO exposed hosts (ALO, ALX, and GPS stickleback). The effect of host
origin was not significant after FDR correction.

Host effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 7.28 7.2800 2.2054 0.0670 0.0205 *
Host origin 2 8.937 4.4685 1.3537 0.0823 0.2190
Residuals 28 92.426 3.3009 0.8507
Total 31 108.643 1

innate fish_weight 1 3.4334 3.4334 4.0349 0.1155 0.0294 *
Host origin 2 2.4653 1.2327 1.4486 0.0829 0.4385
Residuals 28 23.8263 0.8509 0.8016
Total 31 29.725 1

adaptive fish_weight 1 1.938 1.9378 2.1494 0.0606 0.0993 .
Host origin 2 4.817 2.4086 2.6717 0.1506 0.0120 *
Residuals 28 25.243 0.9015 0.7889
Total 31 31.998 1

complement fish_weight 1 1.629 1.6286 1.1505 0.0385 0.1158
Host origin 2 1.055 0.5275 0.3726 0.0249 0.7936
Residuals 28 39.636 1.4156 0.9366
Total 31 42.319 1

regulatory fish_weight 1 0.3905 0.3905 2.0664 0.0621 0.1452
Host origin 2 0.6109 0.3054 1.6160 0.0971 0.3973
Residuals 28 5.2919 0.1890 0.8409
Total 31 6.2933 1

Table S17. Differences between ALX exposed hosts (ALO, ALX, and GPS stickleback). Bold numbers
indicate significance post FDR correction.

Host effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 4.346 4.3461 1.1329 0.0340 0.9072
Host origin 2 16.117 8.0585 2.1007 0.1260 0.0042 *x
Residuals 28 107.411 3.8361 0.8400
Total 31 127.874 1

innate fish_weight 1 2134 2.1336 1.9541 0.0577 0.7368
Host origin 2 4.263 2.1314 1.9520 0.1153 0.0102 *
Residuals 28 30.573 1.0919 0.8270
Total 31 36.969 1

adaptive fish_weight 1 1.253 1.2534 1.4202 0.0392 0.7389
Host origin 2 6.032 3.0158 3.4170 0.1885 0.0005 el
Residuals 28 24.713 0.8826 0.7723
Total 31 31.998 1

complement fish_weight 1 0.436 0.4356 0.2558 0.0082 0.9643
Host origin 2 5.145 2.5726 1.5108 0.0966 0.1592
Residuals 28 47.68 1.7029 0.8952
Total 31 53.261 1

regulatory fish_weight 1 0.5496 0.5496 2.8073 0.0791 0.4291
Host origin 2 0.9131 0.4566 2.3319 0.1315 0.0289 *
Residuals 28 5.4821 0.1958 0.7894
Total 31 6.9449 1
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Table S18. Differences between SKO exposed hosts (ALO, ALX, and GPS stickleback). The bold number
indicates significance post FDR.

Host effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 9.014 9.0145 2.4115 0.0640 0.0113 *
Host origin 2 8.582 4.2908 1.1478 0.0609 0.1455
Residuals 33 123.359 3.7381 0.8752
Total 36 140.955 1.0000

innate fish_weight 1 5.164 5.1636 6.3459 0.1544 0.0007 ok
Host origin 2 1.431 0.7155 0.8793 0.0428 0.3010
Residuals 33 26.852 0.8137 0.8028
Total 36 33.446 1.0000

adaptive fish_weight 1 2.0438 2.0438 3.3566 0.0732 0.0208 *
Host origin 2 5.7858 2.8929 47511 0.2072 0.0007 il
Residuals 33 20.0934 0.6089 0.7196
Total 36 27.923 1.0000

complement fish_weight 1 1.502 1.5022 0.6753 0.0198 0.2633
Host origin 2 1.131 0.5656 0.2543 0.0149 0.8305
Residuals 33 73.402 2.2243 0.9654
Total 36 76.036 1.0000

regulatory fish_weight 1 0.4202 0.4202 3.4071 0.0878 0.0864
Host origin 2 0.294 0.1470 1.1919 0.0615 0.1907
Residuals 33 4.0696 0.1233 0.8507
Total 36 4.7838 1.0000

Table S$19. Differences between exposed ALO stickleback (ALO, ALX, and SKO S. solidus).

Parasite effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 3.331 3.3309 0.9475 0.0274 0.4707
S. solidus 2 59 2.9498 0.8391 0.0485 0.1198
Residuals 32 112.494 3.5154 0.9242
Total 35 121.724 1

innate fish_weight 1 1.5996 1.5996 2.0020 0.0540 0.0612
S. solidus 2 24722 1.2361 1.5471 0.0834 0.0775
Residuals 32 25.5676 0.7990 0.8626
Total 35 29.6394 1

adaptive fish_weight 1 0.891 0.8910 2.2327 0.0591 0.2207
S. solidus 2 1.4086 0.7043 1.7649 0.0935 0.2487
Residuals 32 12.77 0.3991 0.8474
Total 35 15.0696 1

complement fish_weight 1 0.806 0.8060 0.3636 0.0110 0.9538
S. solidus 2 1.476 0.7382 0.3330 0.0202 0.0619
Residuals 32 70.934 2.2167 0.9688
Total 35 73.216 1

regulatory fish_weight 1 0.0533 0.0533 0.4025 0.0110 0.2357
S. solidus 2 0.5706 0.2853 2.1563 0.1175 0.3171
Residuals 32 4.2335 0.1323 0.8716
Total 35 4.8574 1
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Table S20. Differences between exposed ALX stickleback (ALO, ALX, and SKO S. solidus)

Parasite effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 9.538 9.5385 1.9458 0.0736 0.75
S. solidus 2 7.249 3.6245 0.7394 0.0560 0.25
Residuals 23 112.747 4.9021 0.8704
Total 26 129.535 1

innate fish_weight 1 4.8607 4.8607 5.7926 0.1911 0.875
S. solidus 2 1.2729 0.6365 0.7585 0.0501 1
Residuals 23 19.2995 0.8391 0.7588
Total 26 25.4331 1

adaptive fish_weight 1 3.026 3.0259 1.9475 0.0750 0.75
S. solidus 2 1.573 0.7866 0.5063 0.0390 0.375
Residuals 23 35.736 1.5537 0.8860
Total 26 40.335 1

complement fish_weight 1 0.38 0.3797 0.1610 0.0065 0.375
S. solidus 2 4.252 2.1258 0.9011 0.0722 0.25
Residuals 23 54.257 2.3590 0.9214
Total 26 58.889 1

regulatory fish_weight 1 1.5814 1.5814 8.6223 0.2647 0.875
S. solidus 2 0.1754 0.0877 0.4782 0.0294 1
Residuals 23 4.2184 0.1834 0.7060
Total 26 5.9753 1

Table S21. Differences between exposed GPS stickleback (ALO, ALX, and SKO S. solidus)

Parasite effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 5.533 5.5334 1.9471 0.0518 0.5
S. solidus 2 4749 2.3745 0.8356 0.0444 0.4844
Residuals 34 96.622 2.8418 0.9038
Total 37 106.904 1

innate fish_weight 1 2.708 2.7076 2.5718 0.0672 0.5117
S. solidus 2 1.82 0.9101 0.8644 0.0451 0.4766
Residuals 34 35.796 1.0528 0.8877
Total 37 40.324 1

adaptive fish_weight 1 1.4861 1.4861 2.3920 0.0625 0.4844
S. solidus 2 1.1784 0.5892 0.9484 0.0495 0.4844
Residuals 34 21.1236 0.6213 0.8880
Total 37 23.7881 1

complement fish_weight 1 1.106 1.1057 1.0615 0.0290 0.6094
S. solidus 2 1.571 0.7857 0.7543 0.0413 0.5664
Residuals 34 35.416 1.0416 0.9297
Total 37 38.093 1

regulatory fish_weight 1 0.237 0.2370 1.3304 0.0364 0.5312
S. solidus 2 0.2252 0.1126 0.6322 0.0346 0.5586
Residuals 34 6.0561 0.1781 0.9291
Total 37 6.5182 1
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Table S22. Differentially expressed adaptive immune genes between ALX-exposed stickleback. LMMs
included the origin of the fish as fixed effect, the weight of the fish as covariate and tank as random term.
Bold letters indicate significance.

contrast Estimate Std. Error z value Pr(>|z|) R2

adaptive

stat4 ALX - ALO -0.2384 0.0782 -3.0500 0.007 ** 0.729
GPS - ALO -0.2553 0.0781 -3.2680 0.003 **
GPS - ALX -0.0169 0.0754 -0.2240 0.973

cd83 ALX - ALO -0.2117 0.0629 -3.3660 0.002 ** 0.545
GPS - ALO -0.3393 0.0632 -5.3720 <le-04 ***
GPS - ALX -0.1276 0.0619 -2.0610 0.098 .

igm ALX - ALO -0.6746 0.2247 -3.0020 0.008 ** 0.239
GPS - ALO -0.3588 0.2270 -1.5800 0.254
GPS - ALX 0.3158 0.2226 1.4190 0.331

staté ALX - ALO -0.1869 0.0761 -2.4550 0.038 * 0.617
GPS - ALO -0.2993 0.0761 -3.9310 <0.001  ***
GPS - ALX -0.1124 0.0739 -1.5200 0.282

foxp3 ALX - ALO -0.1712 0.0856 -1.9990 0.112 0.84
GPS - ALO -0.1662 0.0855 -1.9430 0.127
GPS - ALX 0.0050 0.0821 0.0610 0.998

ilé ALX - ALO -0.1326 0.0747 -1.7750 0.178 0.416
GPS - ALO -0.1194 0.0748 -1.5960 0.247
GPS - ALX 0.0132 0.0730 0.1810 0.982

mhcll ALX - ALO -0.0680 0.0573 -1.1870 0.461 0.493
GPS - ALO -0.0731 0.0573 -1.2760 0.408
GPS - ALX -0.0051 0.0558 -0.0920 0.995

ter-f ALX - ALO -0.3580 0.1583 -2.2620 0.061 . 0.611
GPS - ALO -0.5859 0.1582 -3.7030 <0.001  ***
GPS - ALX -0.2279 0.1536 -1.4830 0.299
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Table S23. Differentially expressed genes between SKO-exposed stickleback. LMMs included the origin
of the fish as fixed effect, the weight of the fish as covariate and tank as random term. Bold letters indicate
significance.

contrast Estimate Std. Error z value Pr(>|z|) R2

adaptive

statd ALX - ALO -0.0743 0.0694 -1.0710 0.531 0.797
GPS - ALO -0.1401 0.0682 -2.0540 0.099
GPS - AKX -0.0658 0.0748 -0.8800 0.653

cd83 ALX - ALO -0.1885 0.0531 -3.5500 0.002 ** 0.618
GPS - ALO -0.1812 0.0513 -3.5350 0.001  **
GPS - AKX 0.0073 0.0573 0.1280 0.991

igm ALX - ALO -1.0326 0.2173 -4.7530 <Tle-04 *** 0.417
GPS - ALO -0.2372 0.2053 -1.1550 0.479
GPS - AKX 0.7955 0.2346 3.3910 0.002 **

staté ALX - ALO -0.1008 0.0604 -1.6680 0.217 0.72
GPS - ALO -0.1646 0.0591 -2.7870 0.015 *
GPS - AKX -0.0638 0.0651 -0.9790 0.589

foxp3 ALX - ALO 0.0508 0.1053 0.4830 0.879 0.72
GPS - ALO 0.0747 0.1030 0.7250 0.748
GPS - ALX 0.0239 0.1135 0.2110 0.976

ilné ALX - ALO -0.0991 0.0602 -1.6460 0.226
GPS - ALO 0.0242 0.0581 0.4170 0.908 0.553
GPS - AKX 0.1233 0.0650 1.8990 0.139

mhcll ALX - ALO -0.1898 0.0626 -3.0320 0.007 **
GPS - ALO -0.0257 0.0590 -0.4360 0.900 0.269
GPS - AKX 0.1640 0.0676 2.4270 0.040 *

ter-f ALX - ALO 0.0288 0.0892 0.3230 0.944 0.103
GPS - ALO -0.0501 0.0844 -0.5930 0.823
GPS - AKX -0.0789 0.0963 -0.8190 0.691
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S1.4.3. Gene expression profiles of S. solidus infected stickleback (n = 80)

complement adaptive innate total

regulatory

Figure S6. Gene expression profiles of S. solidus infected stickleback. Sticklebacks originated from
Walby Lake (ALO; Alaska), Wolf Lake (ALX; Alaska), and Grof3er Pléner See (GPS; Germany); S. solidus
came from Walby Lake (ALO; Alaska), Wolf Lake (ALX; Alaska), and Lake Skogseidvatnet (SKO; Norway). Total
RNA was extracted from head kidneys. We quantified expression levels of 25 targets (total) including
eleven innate immune genes (innate: marco, mstira, mif, tnfr1, saall, tlr2, csf3r, p22°ho*, nkef-b, slal, cd97),
eight adaptive immune genes (adaptive: stat4, staté, igm, cd83, foxp3, il-16, mhcll, tcr-f), three
complement component genes (complement: cfb, c7, c9), and three regulatory genes (regulatory: abtb1,

kat2a, mapk13). NMDS plots are based on log10 transformed calibrated normalized relative quantities
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Table S24. Differences between ALO infected hosts (ALO, ALX, and GPS stickleback).

Host effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 6.386 6.3857 1.8526 0.0550 0.9598
Host origin 2 23.498 11.7488 3.4085 0.2025 0.3609
Residuals 25 86.172 3.4469 0.7425
Total 28 116.056 1.0000

innate fish_weight 1 2454 2.4538 2.2138 0.0635 0.9888
Host origin 2 8.505 4.2526 3.8367 0.2200 0.6109
Residuals 25 27.710 1.1084 0.7166
Total 28 38.669 1.0000

adaptive fish_weight 1 1.184 1.1837 0.9495 0.0292 0.9912
Host origin 2 8.250 4.1252 3.3089 0.2032 0.1478
Residuals 25 31.167 1.2467 0.7676
Total 28 40.601 1.0000

complement fish_weight 1 2.565 2.5655 2.6524 0.0804 0.6217
Host origin 2 5.158 2.5789 2.6662 0.1617 0.4456
Residuals 25 24181 0.9672 0.7579
Total 28 31.904 1.0000

regulatory fish_weight 1 0.187 0.1867 1.1336 0.0306 0.8198
Host origin 2 1.802 0.9010 5.4700 0.2951 0.1265
Residuals 25 4118 0.1647 0.6743
Total 28 6.107 1.0000

Table S25. Differences between ALX infected hosts (ALO, ALX, and GPS stickleback).

Host effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 5.078 5.0779 1.8928 0.0691 0.0439
Host origin 2 4.018 2.0088 0.7488 0.0547 0.6715
Residuals 24 64.388 2.6828 0.8762
Total 27 73.484 1.0000

innate fish_weight 1 1.638 1.6380 2.2817 0.0823 0.0149
Host origin 2 1.037 0.5185 0.7222 0.0521 0.5848
Residuals 24 17.229 0.7179 0.8656
Total 27 19.904 1.0000

adaptive fish_weight 1 1.494 1.4943 1.8558 0.0643 0.2052
Host origin 2 2.430 1.2152 1.5092 0.1045 0.1276
Residuals 24 19.324 0.8052 0.8312
Total 27 23.249 1.0000

complement fish_weight 1 1.557 1.5569 1.5115 0.0585 0.0990
Host origin 2 0.331 0.1654 0.1606 0.0124 0.9778
Residuals 24 24.722 1.0301 0.9291
Total 27 26.610 1.0000

regulatory fish_weight 1 0.431 0.4313 2.9054 0.1015 0.0957
Host origin 2 0.255 0.1275 0.8589 0.0600 0.3375
Residuals 24 3.562 0.1484 0.8385
Total 27 4.249 1.0000
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Table S26. Differences between SKO infected hosts (ALO and GPS).

Host effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 2.454 2.4536 1.3598 0.0558 0.0049 x
Host origin 1 7.236 7.2363 4.0103 0.1646 0.1351
Residuals 19 34.284 1.8044 0.7796
Total 21 43.974 1

innate fish_weight 1 0.546 0.5456 1.1197 0.0534 0.0789
Host origin 1 0.423 0.4228 0.8677 0.0413 0.7984
Residuals 19 9.258 0.4873 0.9053
Total 21 10.226 1

adaptive fish_weight 1 1.357 1.3571 4.9834 0.1628 0.0007 rxk
Host origin 1 1.807 1.8071 6.6357 0.2167 0.0001 ok
Residuals 19 5.174 0.2723 0.6205
Total 21 8.338 1

complement fish_weight 1 0.430 0.4302 0.4306 0.0177 0.3339
Host origin 1 4934 49342 4.9395 0.2027 0.2282
Residuals 19 18.980 0.9989 0.7796
Total 21 24.344 1

regulatory fish_weight 1 0.224 0.2240 3.3187 0.1418 0.0125 *
Host origin 1 0.073 0.0732 1.0847 0.0464 0.4042
Residuals 19 1.282 0.0675 0.8119
Total 21 1.580 1

Table S27. Differences within infected ALO stickleback (ALO, ALX, and SKO S. solidus).

Parasite effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 6.002 6.0021 2.3392 0.0701 0.7481
S. solidus 3 10.370 3.4567 1.3472 0.1211 0.4597
Residuals 27 69.279 2.5659 0.8089
Total 31 85.651 1

innate fish_weight 1 1.482 1.4822 1.7465 0.0542 0.9548
S. solidus 3 2.965 0.9882 1.1644 0.1084 0.9748
Residuals 27 22914 0.8487 0.8375
Total 31 27.361 1

adaptive fish_weight 1 0.870 0.8700 1.6518 0.0539 0.9899
S. solidus 3 1.058 0.3528 0.6698 0.0655 0.9938
Residuals 27 14.221 0.5267 0.8806
Total 31 16.150 1

complement fish_weight 1 3.598 3.5976 3.2771 0.0918 0.3526
S. solidus 3 5.953 1.9842 1.8074 0.1519 0.2859
Residuals 27 29.641 1.0978 0.7563
Total 31 39.191 1

regulatory fish_weight 1 0.054 0.0539 0.4342 0.0139 0.5675
S. solidus 3 0.466 0.1554 1.2520 0.1204 0.6147
Residuals 27 3.351 0.1241 0.8657
Total 31 3.871 1
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Table S28. Differences within infected ALX stickleback (ALO and ALX S. solidus).

Parasite effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 5.200 5.1995 17172 0.0818 0.1793
S. solidus 1 0.802 0.8018 0.2648 0.0126 0.8034
Residuals 19 57.531 3.0279 0.9055
Total 21 63.532 1

innate fish_weight 1 1.956 1.9563 2.4438 0.1117 0.2391
S. solidus 1 0.353 0.3532 0.4413 0.0202 0.4171
Residuals 19 15.210 0.8005 0.8682
Total 21 17.519 1

adaptive fish_weight 1 1.367 1.3674 1.0375 0.0510 0.1332
S. solidus 1 0.408 0.4078 0.3094 0.0152 0.7487
Residuals 19 25.042 1.3180 0.9338
Total 21 26.817 1

complement fish_weight 1 1.085 1.0850 1.4085 0.0689 0.2339
S. solidus 1 0.037 0.0367 0.0476 0.0023 0.7639
Residuals 19 14.636 0.7703 0.9288
Total 21 15.758 1

regulatory fish_weight 1 0.853 0.8526 5.2762 0.2171 0.1198
S. solidus 1 0.004 0.0041 0.0252 0.0010 0.9015
Residuals 19 3.070 0.1616 0.7819
Total 21 3.927 1

Table S29. Differences within infected GPS stickleback (ALO, ALX, and S. solidus).

Parasite effect Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 14.578 14.5779 5.9882 0.1708 0.9688
S. solidus 2 17.216 8.6080 3.5359 0.2017 0.9727
Residuals 22 53.558 2.4344 0.6275
Total 25 85.352 1

innate fish_weight 1 5.053 5.0533 7.4936 0.1907 0.7695
S. solidus 2 6.605 3.3023 4.8970 0.2493 0.7956
Residuals 22 14.836 0.6743 0.5600
Total 25 26.494 1

adaptive fish_weight 1 3.183 3.1830 4.7654 0.1402 0.6302
S. solidus 2 4.829 2.4143 3.6145 0.2127 0.4518
Residuals 22 14.695 0.6680 0.6472
Total 25 22.707 1

complement fish_weight 1 5.874 5.8743 5.8582 0.1821 0.9766
S. solidus 2 4.322 2.1609 2.1550 0.1340 0.9701
Residuals 22 22.060 1.0027 0.6839
Total 25 32.257 1

regulatory fish_weight 1 0.639 0.6393 5.7377 0.1337 0.8385
S. solidus 2 1.691 0.8455 7.5892 0.3537 0.8385
Residuals 22 2.451 0.1114 0.5126
Total 25 4781 1
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Table S30. Differentially expressed genes between SKO infected stickleback. LMMs included the origin
of the fish as fixed effect, the weight of the fish as covariate and tank as random term. Bold letters indicate
significance.

contrast Estimate Std. Error z value Pr(>|z|) R2

adaptive

stat4 GPS - ALO -0.1941 0.1152 -1.6860 0.092 . 0.746
cd83 GPS - ALO -0.3716 0.0730 -5.0890 <0.0001  *** 0.873
igm GPS - ALO -0.5029 0.1209 -4.1600 <0.0001  *** 0.811
staté GPS - ALO -0.1812 0.0928 -1.9530 0.051 . 0.841
foxp3 GPS - ALO 0.0576 0.1058 0.5440 0.586 0.753
ilné GPS - ALO -0.0709 0.1208 -0.5870 0.557 0.52
mhcll GPS - ALO -0.2617 0.0967 -2.7070 0.007  ** 0.845
ter-p GPS - ALO -0.4820 0.1089 -4.4260 <0.0001  *** 0.683

S1.4.4. Effect of infection status on stickleback gene expression profiles
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Figure S7. Immune and regulatory gene expression profiles of sham-exposed and S. solidus exposed
and infected stickleback. Statistics follow Tables $31-539.
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Figure S8. Gene expression profiles of eleven innate immune genes of sham-exposed and S. solidus
exposed and infected stickleback. Statistics follow Tables S31-S39.
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Figure S10. Gene expression profiles of three complement components of sham
exposed and infected stickleback. Statistics follow Tables S31-S39.
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Figure S11. Gene expression profiles of three regulatory genes of sham-exposed and S. solidus
exposed and infected stickleback. Statistics follow Statistics follow Tables S31-539.
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Table S31. Differences between gene expression profiles of control, exposed, and infected ALO
stickleback. Fish were sham-exposed controls or exposed or infected with ALO S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 3.031 3.0312 1.0666 0.0210 0.5288
group 2 4.950 2.4751 0.8709 0.0343 0.2645
Residuals 48 136.411 2.8419 0.9447
Total 51 144.392 1
innate fish_weight 1 1.364 1.3641 15119 0.0294 0.6948
group 2 1.691 0.8456 0.9372 0.0365 0.1353
Residuals 48 43.306 0.9022 0.9341
Total 51 46.361 1
adaptive fish_weight 1 0.652 0.6516 1.1036 0.0219 0.5106
group 2 0.800 0.4000 0.6776 0.0269 0.3213
Residuals 48 28.338 0.5904 0.9513
Total 51 29.790 1
complement fish_weight 1 1.055 1.0549 0.8017 0.0159 0.2139
group 2 2.330 1.1649 0.8852 0.0350 0.3458
Residuals 48 63.165 1.3159 0.9491
Total 51 66.550 1
regulatory fish_weight 1 0.050 0.0500 0.3205 0.0064 0.8136
group 2 0.298 0.1487 0.9534 0.0380 0.2550
Residuals 48 7.488 0.1560 0.9557
Total 51 7.836 1

Table S32. Differences between gene expression profiles of control, exposed, and infected ALO
stickleback. Fish were sham-exposed controls or exposed or infected with ALX S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 1.245 1.2451 0.4291 0.0092 0.3613
group 2 6.693 3.3463 1.1532 0.0494 0.5808
Residuals 44 127.679 2.9018 0.9415
Total 47 135.616 1
innate fish_weight 1 0.053 0.0526 0.0634 0.0014 0.9592
group 2 1.545 0.7725 0.9320 0.0406 0.1795
Residuals 44 36.471 0.8289 0.9580
Total 47 38.069 1
adaptive fish_weight 1 0.079 0.0785 0.1495 0.0032 0.7754
S. solidus 2 1.193 0.5966 1.1359 0.0489 0.3767
Residuals 44 23.110 0.5252 0.9478
Total 47 24.382 1
complement fish_weight 1 1.070 1.0704 0.6838 0.0145 0.2890
S. solidus 2 4.131 2.0654 1.3193 0.0558 0.6280
Residuals 44 68.881 1.5655 0.9298
Total 47 74.083 1
regulatory fish_weight 1 0.080 0.0801 0.6122 0.0135 0.2859
S. solidus 2 0.114 0.0572 0.4373 0.0192 0.9546
Residuals 44 5.753 0.1308 0.9673
Total 47 5.948 1
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Table S33. Differences between gene expression profiles of control, exposed, and infected ALO
stickleback. Fish were sham-exposed controls or exposed or infected with SKO S. solidus (group).
Differences were not significant after FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 0.578 0.5779 0.2183 0.0040 0.8177
group 2 12.273 6.1365 2.3180 0.0845 0.0368 *
Residuals 50 132.364 2.6473 0.9115
Total 53 145.215 1

innate fish_weight 1 0.289 0.2893 0.4015 0.0075 0.5965
group 2 2.182 1.0910 1.5143 0.0567 0.3911
Residuals 50 36.023 0.7205 0.9358
Total 53 38.494 1

adaptive fish_weight 1 0.124 0.1235 0.2757 0.0053 0.9571
group 2 0.815 0.4074 0.9098 0.0349 0.8004
Residuals 50 22.389 0.4478 0.9598
Total 53 23.327 1

complement fish_weight 1 0.236 0.2365 0.1594 0.0028 0.6362
group 2 9.299 4.6496 3.1341 0.1111 0.0256 *
Residuals 50 74176 1.4835 0.8861
Total 53 83.712 1

regulatory fish_weight 1 0.002 0.0022 0.0200 0.0004 0.9186
group 2 0.256 0.1280 1.1838 0.0452 0.5136
Residuals 50 5.405 0.1081 0.9544
Total 53 5.663 1

Table S34. Differences between gene expression profiles of control, exposed, and infected ALX
stickleback. Fish were sham-exposed controls or exposed or infected with ALO S. solidus (group). The
bold number indicates significance post FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 11.021 11.0211 2.9893 0.0744 0.2602
group 2 4.295 2.1475 0.5825 0.0290 0.5933
Residuals 36 132.727 3.6869 0.8965
Total 39 148.043 1

innate fish_weight 1 4.651 4.6514 5.6953 0.1285 0.0875
group 2 2.143 1.0717 1.3122 0.0592 0.0065 x
Residuals 36 29.402 0.8167 0.8123
Total 39 36.196 1

adaptive fish_weight 1 5.655 5.6555 3.6176 0.0890 0.3947
S. solidus 2 1.638 0.8191 0.5240 0.0258 0.5937
Residuals 36 56.279 1.5633 0.8853
Total 39 63.572 1

complement fish_weight 1 0.192 0.1918 0.1494 0.0040 0.3888
S. solidus 2 1.127 0.5633 0.4387 0.0237 0.6859
Residuals 36 46.221 1.2839 0.9723
Total 39 47.540 1

regulatory fish_weight 1 0.914 0.9137 6.3502 0.1487 0.0523
S. solidus 2 0.053 0.0264 0.1836 0.0086 0.8540
Residuals 36 5.180 0.1439 0.8428
Total 39 6.147 1
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Table S35. Differences between gene expression profiles of control, exposed, and infected ALX
stickleback. Fish were sham-exposed controls or exposed or infected with ALX S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 10.066 10.0657 2.9645 0.0589 0.1415
group 2 4735 2.3677 0.6973 0.0277 0.3738
Residuals 46 156.191 3.3954 0.9134
Total 49 170.992 1
innate fish_weight 1 3.777 3.7772 3.8419 0.0745 0.1931
group 2 1.710 0.8548 0.8695 0.0337 0.2303
Residuals 46 45.225 0.9831 0.8918
Total 49 50.712 1
adaptive fish_weight 1 4.335 4.3351 3.3082 0.0656 0.0540
group 2 1.485 0.7425 0.5666 0.0225 0.4414
Residuals 46 60.279 1.3104 0.9120
Total 49 66.099 1
complement fish_weight 1 0.727 0.7272 0.7086 0.0147 0.7433
group 2 1.599 0.7995 0.7791 0.0323 0.3456
Residuals 46 47.208 1.0263 0.9530
Total 49 49.535 1
regulatory fish_weight 1 1.581 1.5809 7.8492 0.1451 0.1677
group 2 0.053 0.0264 0.1309 0.0048 0.9583
Residuals 46 9.265 0.2014 0.8501
Total 49 10.898 1

Table S36. Differences between gene expression profiles of control and SKO S. solidus exposed ALX
stickleback. ALX stickleback were not infected with SKO S. solidus.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 6.631 6.6314 1.7100 0.0550 0.3281
group 1 5.453 5.4528 1.4061 0.0452 0.3516
Residuals 28 108.583 3.8780 0.8999
Total 30 120.667 1
innate fish_weight 1 2.290 2.2901 2.5767 0.0837 0.4766
group 1 0.187 0.1870 0.2104 0.0068 0.9531
Residuals 28 24.886 0.8888 0.9095
Total 30 27.363 1
adaptive fish_weight 1 3.462 3.4618 2.4024 0.0763 0.0938
S. solidus 1 1.538 1.5382 1.0675 0.0339 0.7344
Residuals 28 40.346 1.4409 0.8897
Total 30 45.346 1
complement fish_weight 1 0.729 0.7286 0.4798 0.0156 0.5859
S. solidus 1 3.614 3.6140 2.3801 0.0771 0.1797
Residuals 28 42.517 1.5185 0.9073
Total 30 46.860 1
regulatory fish_weight 1 0.446 0.4463 2.9607 0.0931 0.3359
S. solidus 1 0.129 0.1292 0.8572 0.0269 0.2109
Residuals 28 4.220 0.1507 0.8800
Total 30 4.796 1
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Table S37. Differences between gene expression profiles of control, exposed, and infected GPS
stickleback. Fish were sham-exposed controls or exposed or infected with ALO S. solidus (group). Bold
numbers indicate significance post FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 11.946 11.9459 3.9016 0.0653 0.3403
group 2 20.889 10.4445 3.4112 0.1142 0.0043 *x
Residuals 49 150.029 3.0618 0.8204
Total 52 182.864 1

innate fish_weight 1 4.450 4.4501 3.9716 0.0620 0.1039
group 2 12.399 6.1993 5.5328 01728  <0.001  ***
Residuals 49 54.903 1.1205 0.7652
Total 52 71.751 1

adaptive fish_weight 1 2.975 2.9746 3.4904 0.0588 0.06189 .
group 2 5.862 2.9310 3.4393 0.1159 0.0005 rork
Residuals 49 41.758 0.8522 0.8254
Total 52 50.595 1

complement fish_weight 1 3.934 3.9338 3.6625 0.0672 0.786
group 2 1.945 0.9725 0.9054 0.0332 0.6162
Residuals 49 52.630 1.0741 0.8995
Total 52 58.508 1

regulatory fish_weight 1 0.807 0.8068 4.6221 0.0745 0.1263
group 2 1.466 0.7332 4.2003 0.1354 0.0026 *x
Residuals 49 8.554 0.1746 0.7900
Total 52 10.827 1

Table S38. Differences between gene expression profiles of control, exposed, and infected GPS
stickleback. Fish were sham-exposed controls or exposed or infected with ALX S. solidus (group). The

bold number indicates significance post FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 5.507 5.5071 1.7895 0.0384 0.8428
group 2 8.586 4.2931 1.3950 0.0599 0.1168
Residuals 42 129.254 3.0775 0.9017
Total 45 143.347 1
innate fish_weight 1 1.455 1.4545 1.3561 0.0293 0.9809
group 2 3.178 1.5888 1.4813 0.0640 0.0083 *x
Residuals 42 45.048 1.0726 0.9068
Total 45 49.681 1
adaptive fish_weight 1 1.247 1.2467 1.6061 0.0349 0.3561
S. solidus 2 1.895 0.9475 1.2206 0.0530 0.0274 *
Residuals 42 32.602 0.7762 0.9121
Total 45 35.743 1
complement fish_weight 1 2725 2.7252 2.2092 0.0470 0.5687
S. solidus 2 3.399 1.6995 1.3777 0.0587 0.6120
Residuals 42 51.810 1.2336 0.8943
Total 45 57.934 1
regulatory fish_weight 1 0.127 0.1273 0.9078 0.0186 0.8146
S. solidus 2 0.834 0.4168 2.9731 0.1217 0.0376 *
Residuals 42 5.888 0.1402 0.8597
Total 45 6.849 1.0000
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Table S39. Differences between gene expression profiles of control, exposed, and infected GPS
stickleback. Fish were sham-exposed controls or exposed or infected with SKO S. solidus (group). Bold
numbers indicate significance post FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 14.391 14.3907 5.0082 0.0800 0.6693
group 2 10.406 5.2028 1.8106 0.0578 0.0233 *
Residuals 54 155.165 2.8734 0.8622
Total 57 179.961 1
innate fish_weight 1 4918 49176 4.9989 0.0769 0.6139
group 2 5.903 2.9516 3.004 0.0923 0.0006 ok
Residuals 54 53.122 0.9837 0.8308
Total 57 63.942 1
adaptive fish_weight 1 3.383 3.3828 5.4544 0.0844 0.3361
group 2 3.201 1.6004 2.5805 0.0799 0.0091 x
Residuals 54 33.490 0.6202 0.8357
Total 57 40.074 1
complement fish_weight 1 5.784 5.7842 4.5459 0.0767 0.7208
group 2 0.921 0.4604 0.3618 0.0122 0.6871
Residuals 54 68.710 1.2724 0.9111
Total 57 75.415 1
regulatory fish_weight 1 0.684 0.6843 4.7639 0.0765 0.6673
group 2 0.509 0.2545 1.7719 0.0569 0.0750
Residuals 54 7.757 0.1436 0.8667
Total 57 8.950 1
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S1.4.5. Gene expression differences between infected and control fish
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Figure S12. Gene expression profiles of S. solidus infected and control ALO stickleback. Sticklebacks
originated from Walby Lake (ALO; Alaska); S. solidus came from Walby Lake (ALO; Alaska), Wolf Lake (ALX;
Alaska), and Lake Skogseidvatnet (SKO; Norway). Total RNA was extracted from head kidneys. We
quantified expression levels of 25 targets (total) including eleven innate immune genes (innate: marco,
mstira, mif, tnfr1, saall, tlr2, csf3r, p22°hox, nkef-b, slal, cd97), eight adaptive immune genes (adaptive:
stat4, staté, igm, cd83, foxp3, il-16, mhcll, tcr-B), three complement component genes (complement: cfb,
¢/, ¢9), and three regulatory genes (regulatory: abtb1, kat2a, mapk13). NMDS plots are based on log10
transformed calibrated normalized relative quantities (CNRQ). Statistics follow Tables S40-542.
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Figure S13. Gene expression profiles of S. solidus infected and control ALX stickleback. Sticklebacks
originated from Wolf Lake (ALX; Alaska); S. solidus came from Walby Lake (ALO; Alaska) and Wolf Lake
(ALX; Alaska); S. solidus from Lake Skogseidvatnet (SKO; Norway) did not infect ALX stickleback (as
indicated by 'na’). Total RNA was extracted from head kidneys. We quantified expression levels of 25
targets (total) including eleven innate immune genes (innate: marco, mstlra, mif, tnfr1, saall, tlr2, csf3r,
p22°hox, nkef-b, slal, cd97), eight adaptive immune genes (adaptive: stat4, staté, igm, cd83, foxp3, il-16,
mhcll, ter-B), three complement component genes (complement: cfb, c7, c9), and three regulatory genes
(regulatory: abtb1, kat2a, mapk13). NMDS plots are based on log10 transformed calibrated normalized
relative quantities (CNRQ). Statistics follow Tables S43 and S44.
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Figure S14. Gene expression profiles of S. solidus infected and control GPS stickleback. Sticklebacks
originated from Lake GroBer Pléner See (GPS; Germany); S. solidus came from Walby Lake (ALO; Alaska),
Wolf Lake (ALX; Alaska), and Lake Skogseidvatnet (SKO; Norway). Total RNA was extracted from head
kidneys. We quantified expression levels of 25 targets (total) including eleven innate immune genes
(innate: marco, mstira, mif, tnfrl, saall, tir2, csf3r, p22°hox, nkef-b, slal, cd97), eight adaptive immune
genes (adaptive: stat4, staté, igm, cd83, foxp3, il-16, mhcll, tcr-f), three complement component genes
(complement: cfb, c7, c9), and three regulatory genes (regulatory: abtb1, kat2a, mapk13). NMDS plots are
based on log10 transformed calibrated normalized relative quantities (CNRQ). Statistics follow Tables S45-
S47.
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Table S40. Differences between gene expression profiles of infected and control ALO stickleback. Fish
were sham-exposed controls or infected with ALO S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 2.133 2.1327 0.6891 0.0163 0.9963
group 1 1.862 1.8621 0.6017 0.0142 0.3698
Residuals 41 126.886 3.0948 0.9695
Total 43 130.881 1
innate fish_weight 1 1.318 1.3177 1.3903 0.0323 0.9988
group 1 0.657 0.6566 0.6928 0.0161 0.2437
Residuals 41 38.858 0.9478 0.9517
Total 43 40.832 1
adaptive fish_weight 1 0.599 0.5993 0.9358 0.0221 0.7174
S. solidus 1 0.226 0.2257 0.3524 0.0083 0.6274
Residuals 41 26.259 0.6405 0.9695
Total 43 27.084 1
complement fish_weight 1 0.188 0.1882 0.1339 0.0032 0.8866
S. solidus 1 0.885 0.8846 0.6297 0.0151 0.3622
Residuals 41 57.598 1.4048 0.9817
Total 43 58.670 1
regulatory fish_weight 1 0.036 0.0362 0.2428 0.0058 0.9730
S. solidus 1 0.119 0.1193 0.8010 0.0191 0.2096
Residuals 41 6.108 0.1490 0.9752
Total 43 6.264 1

Table S41. Differences between gene expression profiles of infected and control ALO stickleback. Fish
were sham-exposed controls or infected with ALX S. solidus (group). The bold number indicates
significance after FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 1.160 1.1603 0.4352 0.0114 0.3980
group 1 4.508 4.5079 1.6906 0.0443 0.4541
Residuals 36 95.995 2.6665 0.9443
Total 38 101.663 1

innate fish_weight 1 0.147 0.1467 0.2013 0.0054 0.6771
group 1 1.005 1.0053 1.3802 0.0367 0.0090 x
Residuals 36 26.221 0.7284 0.9579
Total 38 27.373 1

adaptive fish_weight 1 0.343 0.3433 0.6978 0.0186 0.0379 *
group 1 0.405 0.4051 0.8235 0.0220 0.8805
Residuals 36 17.711 0.4920 0.9595
Total 38 18.460 1

complement fish_weight 1 0.574 0.5737 0.4177 0.0108 0.4690
group 1 3.093 3.0929 2.2517 0.0582 0.5590
Residuals 36 49.449 1.3736 0.9310
Total 38 53.115 1

regulatory fish_weight 1 0.117 0.1170 1.0272 0.0275 0.0768
group 1 0.032 0.0324 0.2841 0.0076 0.9902
Residuals 36 4.102 0.1139 0.9649
Total 38 4.251 1
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Table S42. Differences between gene expression profiles of infected and control ALO stickleback. Fish
were sham-exposed controls or infected with SKO S. solidus (group). Differences were not significant after
FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 0.995 0.9947 0.4151 0.0104 0.6204
group 1 10.697 10.6970 4.4643 0.1119 0.0203 *
Residuals 35 83.864 2.3961 0.8777
Total 37 95.556 1

innate fish_weight 1 0.102 0.1017 0.1459 0.0039 1.0000
group 1 1.597 1.5974 2.2918 0.0612 0.5648
Residuals 35 24.395 0.6970 0.9349
Total 37 26.094 1

adaptive fish_weight 1 0.122 0.1222 0.2625 0.0071 0.9497
S. solidus 1 0.805 0.8048 1.7289 0.0467 0.5625
Residuals 35 16.292 0.4655 0.9462
Total 37 17.219 1

complement fish_weight 1 0.730 0.7297 0.6271 0.0147 0.4363
S. solidus 1 8.040 8.0400 6.9098 0.1624 0.0104 *
Residuals 35 40.725 1.1636 0.8228
Total 37 49.494 1

regulatory fish_weight 1 0.063 0.0625 0.5705 0.0151 0.0232 *
S. solidus 1 0.256 0.2557 2.3347 0.0616 0.5347
Residuals 35 3.834 0.1095 0.9234
Total 37 4152 1

Table S43. Differences between gene expression profiles of infected and control ALX stickleback. Fish
were sham-exposed controls or infected with ALO S. solidus (group). Differences were not significant after
FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 7.152 7.1516 2.1166 0.0682 0.8229
group 1 3.078 3.0779 0.9109 0.0294 0.0729
Residuals 28 94.609 3.3789 0.9024
Total 30 104.839 1

innate fish_weight 1 2.278 2.2777 2.5748 0.0803 0.5417
group 1 1.315 1.3152 1.4868 0.0464 0.0417 *
Residuals 28 24.769 0.8846 0.8733
Total 30 28.362 1

adaptive fish_weight 1 4.411 44114 3.0605 0.0954 0.6562
group 1 1.464 1.4643 1.0159 0.0317 0.1042
Residuals 28 40.359 1.4414 0.8729
Total 30 46.234 1

complement fish_weight 1 0.256 0.2557 0.2756 0.0096 0.9583
group 1 0.293 0.2933 0.3161 0.0111 0.8333
Residuals 28 25.974 0.9277 0.9793
Total 30 26.523 1

regulatory fish_weight 1 0.379 0.3794 24279 0.0795 0.2500
group 1 0.018 0.0182 0.1165 0.0038 0.9271
Residuals 28 4.375 0.1563 0.9167
Total 30 4.773 1
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Table S44. Differences between gene expression profiles of infected and control ALX stickleback. Fish
were sham-exposed controls or infected with ALX S. solidus (group). The bold number indicates
significance after FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 5.975 5.9753 1.7647 0.0454 0.2080
group 1 3.875 3.8746 1.1443 0.0294 0.0889
Residuals 36 121.899 3.3861 0.9252
Total 38 131.749 1

innate fish_weight 1 2.080 2.0800 2.2077 0.0555 0.2492
group 1 1.476 1.4761 1.5667 0.0394 0.0068 x
Residuals 36 33.917 0.9421 0.9051
Total 38 37.473 1

adaptive fish_weight 1 2.712 27116 1.9910 0.0512 0.2688
S. solidus 1 1.226 1.2262 0.9003 0.0232 0.1829
Residuals 36 49.030 1.3620 0.9257
Total 38 52.968 1

complement fish_weight 1 0.532 0.5317 0.5694 0.0151 0.1959
S. solidus 1 1.134 1.1344 1.2149 0.0322 0.3905
Residuals 36 33.614 0.9337 0.9528
Total 38 35.280 1

regulatory fish_weight 1 0.874 0.8737 5.0337 0.1220 0.2320
S. solidus 1 0.040 0.0404 0.2326 0.0056 0.9103
Residuals 36 6.248 0.1736 0.8724
Total 38 7.162 1

Table S45. Differences between gene expression profiles of infected and control GPS stickleback. Fish
were sham-exposed controls or infected with ALO S. solidus (group). Bold numbers indicate significance
post FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 8.066 8.0658 2.3646 0.0537 0.8715
group 1 19.474 19.4736 5.7089 0.1295 0.0208 *
Residuals 36 122.799 34111 0.8168
Total 38 150.338 1

innate fish_weight 1 2.098 2.0977 1.8393 0.0385 0.8623
group 1 11.310 11.3102 9.9169 0.2077 0.0035 **
Residuals 36 41.058 1.1405 0.7538
Total 38 54.466 1

adaptive fish_weight 1 2.428 24276 2.5712 0.0587 0.2512
group 1 4.949 4.9492 5.2419 0.1196 0.0428 *
Residuals 36 33.989 0.9441 0.8217
Total 38 41.366 1

complement fish_weight 1 3.133 3.1331 2.6167 0.0647 0.9051
group 1 2.196 2.1964 1.8343 0.0454 0.4826
Residuals 36 43.105 1.1974 0.8900
Total 38 48.435 1

regulatory fish_weight 1 0.408 0.4076 2.5843 0.0565 0.2882
group 1 1.124 1.1235 7.1236 0.1559 0.0093 x
Residuals 36 5.678 0.1577 0.7876
Total 38 7.209 1

248



SUPPLEMENTARY INFORMATION - CHAPTER 3

Table S46. Differences between gene expression profiles of infected and control GPS stickleback. Fish
were sham-exposed controls or infected with ALX S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 9.986 9.9861 3.0997 0.0854 0.8125
group 1 3.826 3.8265 1.1878 0.0327 0.1250
Residuals 32 103.093 3.2216 0.8819
Total 34 116.905 1
innate fish_weight 1 2.996 2.9959 2.7547 0.0763 0.9375
group 1 1.446 1.4465 1.3300 0.0369 0.0625
Residuals 32 34.802 1.0876 0.8868
Total 34 39.244 1
adaptive fish_weight 1 1.689 1.6887 22126 0.0625 0.4375
S. solidus 1 0.893 0.8929 1.1700 0.0331 0.0625
Residuals 32 24.423 0.7632 0.9044
Total 34 27.004 1
complement fish_weight 1 4.835 4.8350 3.8864 0.1054 0.5625
S. solidus 1 1.232 1.2321 0.9904 0.0269 0.1875
Residuals 32 39.810 1.2441 0.8678
Total 34 45.877 1
regulatory fish_weight 1 0.472 0.4716 3.0850 0.0832 0.4375
S. solidus 1 0.305 0.3052 1.9966 0.0538 0.1875
Residuals 32 4.892 0.1529 0.8630
Total 34 5.669 1

Table S47. Differences between gene expression profiles of infected and control GPS stickleback. Fish
were sham-exposed controls or infected with SKO S. solidus (group). Differences were not significant after
FDR correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 12.128 12.1285 4.0019 0.0833 0.5112
group 1 6.235 6.2346 2.0572 0.0428 0.1946
Residuals 42 127.287 3.0306 0.8739
Total 44 145.650 1

innate fish_weight 1 3.883 3.8832 3.9387 0.0804 0.6023
group 1 3.033 3.0334 3.0767 0.0628 0.0281 *
Residuals 42 41.408 0.9859 0.8569
Total 44 48.325 1

adaptive fish_weight 1 2.709 2.7085 4.1020 0.0822 0.1821
group 1 2.527 2.5266 3.8266 0.0766 0.1562
Residuals 42 27.732 0.6603 0.8412
Total 44 32.967 1

complement fish_weight 1 4.978 4.9776 3.8988 0.0841 0.5153
group 1 0.571 0.5707 0.4470 0.0097 0.8372
Residuals 42 53.621 1.2767 0.9062
Total 44 59.170 1

regulatory fish_weight 1 0.611 0.6112 4.4978 0.0949 0.6968
group 1 0.121 0.1211 0.8914 0.0188 0.0893
Residuals 42 5.708 0.1359 0.8863
Total 44 6.440 1

249



SUPPLEMENTARY INFORMATION - CHAPTER 3

Sl.4.6. Gene expression differences between infected and exposed fish
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Figure S15. Gene expression profiles of S. solidus infected and exposed (but uninfected) GPS
stickleback. Sticklebacks originated from Lake GroBer Ploner See (GPS; Germany); S. solidus came from
Walby Lake (ALO; Alaska), Wolf Lake (ALX; Alaska), and Lake Skogseidvatnet (SKO; Norway). Total RNA
was extracted from head kidneys. We quantified expression levels of 25 targets (total) including eleven
innate immune genes (innate: marco, mstlra, mif, tnfr1, saall, tIr2, csf3r, p22°h°x, nkef-b, slal, cd97), eight
adaptive immune genes (adaptive: stat4, staté, igm, cd83, foxp3, il-16, mhcll, tcr-f), three complement
component genes (complement: cfb, c7, ¢9), and three regulatory genes (regulatory: abtb1, kat2a,
mapk13). NMDS plots are based on log10 transformed calibrated normalized relative quantities (CNRQ).

Statistics follow Tables S53-555.
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Table S48. Differences between gene expression profiles of infected and exposed ALO stickleback. Fish
were exposed to or infected with ALO S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 3.744 3.7438 1.1424 0.0518 0.9960
group 1 3.030 3.0303 0.9246 0.0419 0.4391
Residuals 20 65.545 3.2772 0.9063
Total 22 72.319 1
innate fish_weight 1 2.193 2.1929 2.1110 0.0890 0.9925
group 1 1.674 1.6735 1.6110 0.0679 0.1539
Residuals 20 20.776 1.0388 0.8431
Total 22 24.643 1
adaptive fish_weight 1 1.300 1.3003 2.0822 0.0886 0.9664
S. solidus 1 0.888 0.8882 1.4222 0.0605 0.2198
Residuals 20 12.490 0.6245 0.8509
Total 22 14.679 1
complement fish_weight 1 0.056 0.0559 0.0380 0.0019 0.9991
S. solidus 1 0.140 0.1400 0.0951 0.0047 0.8333
Residuals 20 29.466 1.4733 0.9934
Total 22 29.662 1
regulatory fish_weight 1 0.201 0.2007 1.1034 0.0477 0.6881
S. solidus 1 0.366 0.3664 2.0140 0.0871 0.3365
Residuals 20 3.638 0.1819 0.8652
Total 22 4.205 1

Table S49. Differences between gene expression profiles of infected and exposed ALO stickleback. Fish
were exposed to or infected with ALX S. solidus (group). Differences were not significant after FDR
correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 2.093 2.0934 0.5888 0.0321 0.0463 *
group 1 6.328 6.3278 1.7797 0.0969 0.0521
Residuals 16 56.888 3.5555 0.8711
Total 18 65.309 1

innate fish_weight 1 1.149 1.1490 1.2899 0.0721 0.0362 *
group 1 0.546 0.5460 0.6129 0.0342 0.5697
Residuals 16 14.252 0.8908 0.8937
Total 18 15.947 1

adaptive fish_weight 1 0.192 0.1917 0.3768 0.0208 0.5388
group 1 0.884 0.8838 1.7373 0.0959 0.5101
Residuals 16 8.140 0.5087 0.8833
Total 18 9.215 1

complement fish_weight 1 0.733 0.7334 0.3555 0.0190 0.1030
group 1 4.801 4.8010 2.3275 0.1246 0.0182 *
Residuals 16 33.004 2.0627 0.8564
Total 18 38.538 1

regulatory fish_weight 1 0.021 0.0208 0.1568 0.0092 0.8108
group 1 0.117 0.1174 0.8862 0.0520 0.8941
Residuals 16 2.120 0.1325 0.9388
Total 18 2.258 1
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Table S50. Differences between gene expression profiles of infected and exposed ALO stickleback. Fish
were exposed to or infected with SKO S. solidus (group). Differences were not significant after FDR

correction.
Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 3.812 3.8116 1.3526 0.0521 0.0548
group 1 7.416 7.4157 2.6316 0.1013 0.0730
Residuals 22 61.994 2.8179 0.8467
Total 24 73.221 1

innate fish_weight 1 0.790 0.7900 1.2090 0.0481 0.2931
group 1 1.270 1.2696 1.9430 0.0773 0.3760
Residuals 22 14.375 0.6534 0.8747
Total 24 16.434 1

adaptive fish_weight 1 0.316 0.3155 0.9342 0.0385 0.2899
S. solidus 1 0.447 0.4466 1.3224 0.0545 0.6950
Residuals 22 7.429 0.3377 0.9070
Total 24 8.191 1

complement fish_weight 1 2.674 2.6739 1.5154 0.0568 0.0498 *
S. solidus 1 5.598 5.5981 3.1726 0.1189 0.0744
Residuals 22 38.819 1.7645 0.8243
Total 24 47.091 1

regulatory fish_weight 1 0.045 0.0445 0.5501 0.0231 0.3499
S. solidus 1 0.102 0.1021 1.2604 0.0529 0.5936
Residuals 22 1.781 0.0810 0.9240
Total 24 1.928 1

Table S51. Differences between gene expression profiles of infected and exposed ALX stickleback. Fish
were exposed to or infected with ALO S. solidus (group). Differences were not significant after FDR

correction.
Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 7.045 7.0449 1.6032 0.1049 0.3403
group 1 3.022 3.0223 0.6878 0.0450 0.5000
Residuals 13 57.125 4.3942 0.8502
Total 15 67.192 1

innate fish_weight 1 3.490 3.4896 5.8074 0.2659 0.0139 *
group 1 1.823 1.8234 3.0344 0.1389 0.0278 *
Residuals 13 7.812 0.6009 0.5952
Total 15 13.125 1

adaptive fish_weight 1 2472 24717 1.3020 0.0895 0.5729
group 1 0.472 0.4720 0.2486 0.0171 0.7326
Residuals 13 24.679 1.8984 0.8934
Total 15 27.622 1

complement fish_weight 1 0.415 0.4146 0.2272 0.0167 0.1424
group 1 0.726 0.7258 0.3976 0.0292 0.6944
Residuals 13 23.728 1.8252 0.9541
Total 15 24.868 1

regulatory fish_weight 1 0.764 0.7644 7.2611 0.3523 0.4097
group 1 0.037 0.0368 0.3498 0.0170 0.6806
Residuals 13 1.369 0.1053 0.6307
Total 15 2.170 1
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Table S52. Differences between gene expression profiles of infected and exposed ALX stickleback. Fish
were exposed to or infected with ALX S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 6.182 6.1819 1.7463 0.0689 0.4977
group 1 2.104 2.1040 0.5944 0.0235 0.4953
Residuals 23 81.422 3.5401 0.9076
Total 25 89.708 1
innate fish_weight 1 2.756 2.7562 2.6581 0.1006 0.3264
group 1 0.783 0.7828 0.7549 0.0286 0.2768
Residuals 23 23.849 1.0369 0.8708
Total 25 27.388 1
adaptive fish_weight 1 1.811 1.8114 1.4903 0.0592 0.4515
S. solidus 1 0.845 0.8453 0.6954 0.0276 0.4633
Residuals 23 27.956 1.2155 0.9132
Total 25 30.613 1
complement fish_weight 1 0.552 0.5518 0.5115 0.0214 0.7128
S. solidus 1 0.458 0.4578 0.4243 0.0177 0.4196
Residuals 23 24.813 1.0788 0.9609
Total 25 25.823 1
regulatory fish_weight 1 1.179 1.1791 5.0028 0.1782 0.1847
S. solidus 1 0.018 0.0182 0.0773 0.0028 0.9244
Residuals 23 5.421 0.2357 0.8191
Total 25 6.618 1

Table S53. Differences between gene expression profiles of infected and exposed GPS stickleback. Fish
were exposed to or infected with ALO S. solidus (group). Bold numbers indicate significance post FDR

correction.
Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 10.117 10.1166 3.5163 0.1242 0.2928
group 1 16.680 16.6799 5.7975 0.2048 0.0068 x
Residuals 19 54.665 2.8771 0.6711
Total 21 81.461 1
innate fish_weight 1 3.910 3.9102 3.6167 0.1149 0.2160
group 1 9.567 9.5672 8.8490 0.2812 0.0026 x
Residuals 19 20.542 1.0812 0.6038
Total 21 34.019 1
adaptive fish_weight 1 3.042 3.0419 3.3704 0.1224 0.1384
group 1 4.656 4.6563 5.1590 0.1874 0.0062 x
Residuals 19 17.149 0.9026 0.6902
Total 21 24.847 1
complement fish_weight 1 2.464 2.4644 3.2348 0.1356 0.5945
group 1 1.239 1.2391 1.6265 0.0682 0.2300
Residuals 19 14.475 0.7618 0.7963
Total 21 18.178 1
regulatory fish_weight 1 0.709 0.7089 3.6038 0.1200 0.3331
group 1 1.462 1.4624 7.4342 0.2475 0.0177 *
Residuals 19 3.738 0.1967 0.6325
Total 21 5.909 1
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Table S54. Differences between gene expression profiles of infected and exposed GPS stickleback. Fish
were exposed to or infected with ALX S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 1.826 1.8257 0.6563 0.0497 0.5833
group 1 1.566 1.5658 0.5629 0.0426 0.1667
Residuals 12 33.381 2.7818 0.9078
Total 14 36.773 1
innate fish_weight 1 0.667 0.6666 0.7761 0.0565 0.6944
group 1 0.832 0.8319 0.9685 0.0705 0.1250
Residuals 12 10.307 0.8589 0.8731
Total 14 11.805 1
adaptive fish_weight 1 0.348 0.3478 0.4759 0.0371 0.6389
S. solidus 1 0.269 0.2692 0.3683 0.0287 0.7153
Residuals 12 8.770 0.7309 0.9343
Total 14 9.387 1
complement fish_weight 1 0.811 0.8108 0.7222 0.0555 0.2500
S. solidus 1 0.319 0.3190 0.2842 0.0219 0.2083
Residuals 12 13.472 1.1227 0.9226
Total 14 14.602 1
regulatory fish_weight 1 0.009 0.0092 0.1091 0.0079 0.9097
S. solidus 1 0.146 0.1458 1.7272 0.1248 0.2431
Residuals 12 1.013 0.0844 0.8673
Total 14 1.168 1

Table S55. Differences between gene expression profiles of infected and exposed GPS stickleback. Fish
were exposed to or infected with SKO S. solidus (group). Bold numbers indicate significance post FDR
correction.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 7.258 7.2580 2.8284 0.0963 0.5633
group 1 6.524 6.5235 2.5422 0.0866 0.0217 *
Residuals 24 61.587 2.5661 0.8172
Total 26 75.369 1

innate fish_weight 1 2.115 21154 2.6651 0.0839 0.3165
group 1 4.052 4.0523 5.1053 0.1607 0.0007 rrk
Residuals 24 19.050 0.7937 0.7554
Total 26 25.217 1

adaptive fish_weight 1 2.053 2.0529 5.0903 0.1523 0.0895
group 1 1.744 1.7442 4.3249 0.1294 0.0005 Frk
Residuals 24 9.679 0.4033 0.7182
Total 26 13.476 1

complement fish_weight 1 2.952 2.9518 2.3082 0.0860 0.7866
group 1 0.694 0.6939 0.5426 0.0202 0.5132
Residuals 24 30.692 1.2788 0.8938
Total 26 34.337 1

regulatory fish_weight 1 0.163 0.1629 1.2720 0.0498 0.7509
group 1 0.035 0.0354 0.2761 0.0108 0.4619
Residuals 24 3.073 0.1280 0.9394
Total 26 3.271 1
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Sl.4.7. Gene expression differences between control and exposed fish

Table S56. Differences between gene expression profiles of control and exposed ALO stickleback. Fish
were sham-exposed or exposed to ALO S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 8.943 8.9426 3.6914 0.0935 0.0625
group 1 1.884 1.8845 0.7779 0.0197 0.4540
Residuals 35 84.789 2.4225 0.8868
Total 37 95.616 1
innate fish_weight 1 0.523 0.5231 0.7056 0.0193 0.3698
group 1 0.663 0.6631 0.8946 0.0244 0.4193
Residuals 35 25.944 0.7412 0.9563
Total 37 27.130 1
adaptive fish_weight 1 0.184 0.1838 0.3773 0.0104 0.5651
S. solidus 1 0.422 0.4218 0.8661 0.0239 0.3889
Residuals 35 17.046 0.4870 0.9657
Total 37 17.652 1
complement fish_weight 1 8.225 8.2252 7.5143 0.1741 0.0582
S. solidus 1 0.716 0.7163 0.6544 0.0152 0.5096
Residuals 35 38.311 1.0946 0.8108
Total 37 47.253 1
regulatory fish_weight 1 0.013 0.0127 0.0879 0.0025 0.7743
S. solidus 1 0.084 0.0837 0.5813 0.0163 0.4931
Residuals 35 5.042 0.1440 0.9812
Total 37 5.138 1

Table S57. Differences between gene expression profiles of control and exposed ALO stickleback. Fish
were sham-exposed or exposed to ALX S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 3.332 3.3317 1.0784 0.0287 0.2441
group 1 1.486 1.4859 0.4809 0.0128 0.6335
Residuals 36 111.224 3.0896 0.9585
Total 38 116.041 1
innate fish_weight 1 0.119 0.1193 0.1351 0.0037 0.5872
group 1 0.550 0.5497 0.6221 0.0169 0.0970
Residuals 36 31.808 0.8836 0.9794
Total 38 32.477 1
adaptive fish_weight 1 0.126 0.1256 0.2257 0.0060 0.3809
group 1 0.646 0.6461 1.1608 0.0311 0.0612
Residuals 36 20.037 0.5566 0.9629
Total 38 20.808 1
complement fish_weight 1 3.047 3.0474 1.9603 0.0515 0.2428
group 1 0.183 0.1827 0.1175 0.0031 0.8105
Residuals 36 55.963 1.5545 0.9454
Total 38 59.193 1
regulatory fish_weight 1 0.049 0.0490 0.3410 0.0092 0.4785
group 1 0.109 0.1086 0.7565 0.0204 0.0684
Residuals 36 5.169 0.1436 0.9704
Total 38 5.326 1
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Table S58. Differences between gene expression profiles of control and exposed ALO stickleback. Fish
were sham-exposed or exposed to SKO S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 2.162 2.1619 0.7275 0.0166 0.2720
group 1 0.617 0.6168 0.2075 0.0047 0.7854
Residuals 43 127.788 2.9718 0.9787
Total 45 130.567 1
innate fish_weight 1 0.376 0.3760 0.4884 0.0111 0.1246
group 1 0.477 0.4767 0.6192 0.0140 0.1292
Residuals 43 33.104 0.7699 0.9749
Total 45 33.956 1
adaptive fish_weight 1 0.198 0.1984 0.4090 0.0094 0.5956
S. solidus 1 0.040 0.0398 0.0821 0.0019 0.9221
Residuals 43 20.858 0.4851 0.9887
Total 45 21.096 1
complement fish_weight 1 1.587 1.5867 0.9693 0.0220 0.2926
S. solidus 1 0.074 0.0741 0.0452 0.0010 0.9156
Residuals 43 70.388 1.6369 0.9770
Total 45 72.049 1
regulatory fish_weight 1 0.003 0.0029 0.0241 0.0006 0.9817
S. solidus 1 0.051 0.0512 0.4307 0.0099 0.3043
Residuals 43 5.110 0.1188 0.9895
Total 45 5.164 1

Table S59. Differences between gene expression profiles of control and exposed ALX stickleback. Fish
were sham-exposed or exposed to ALO S. solidus (group). Differences were not significant after FDR

correction
Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 10.108 10.1080 2.5714 0.0778 0.1992
group 1 1.898 1.8979 0.4828 0.0146 0.6016
Residuals 30 117.928 3.9309 0.9076
Total 32 129.934 1

innate fish_weight 1 3.724 3.7242 4.3105 0.1236 0.0430 *
group 1 0.486 0.4863 0.5628 0.0161 0.3203
Residuals 30 25.919 0.8640 0.8603
Total 32 30.130 1

adaptive fish_weight 1 5.536 5.5363 3.5848 0.1056 0.3281
group 1 0.583 0.5833 0.3777 0.0111 0.4375
Residuals 30 46.331 1.5444 0.8833
Total 32 52.451 1

complement fish_weight 1 0.351 0.3511 0.2504 0.0081 0.4219
group 1 0.814 0.8144 0.5808 0.0188 0.5625
Residuals 30 42.064 1.4021 0.9730
Total 32 43.229 1

regulatory fish_weight 1 0.758 0.7577 5.0093 0.1423 0.0117 *
group 1 0.030 0.0295 0.1953 0.0056 0.7344
Residuals 30 4.538 0.1513 0.8522
Total 32 5.325 1
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Table S60. Differences between gene expression profiles of control and exposed ALX stickleback. Fish
were sham-exposed or exposed to ALX S. solidus (group). Differences were not significant after FDR

correction.
Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 9.528 9.5279 2.6255 0.0750 0.0938
group 1 1.357 1.3570 0.3739 0.0107 0.5260
Residuals 32 116.125 3.6289 0.9143
Total 34 127.010 1

innate fish_weight 1 3.028 3.0280 2.9829 0.0846 0.1918
group 1 0.265 0.2654 0.2614 0.0074 0.6319
Residuals 32 32.483 1.0151 0.9080
Total 34 35.777 1

adaptive fish_weight 1 5.574 5.5744 4.2453 0.1163 0.0373 *
S. solidus 1 0.327 0.3267 0.2488 0.0068 0.6849
Residuals 32 42.018 1.3131 0.8769
Total 34 47.919 1

complement fish_weight 1 0.224 0.2239 0.1996 0.0061 0.8498
S. solidus 1 0.731 0.7306 0.6512 0.0198 0.4149
Residuals 32 35.902 1.1219 0.9741
Total 34 36.856 1

regulatory fish_weight 1 0.986 0.9856 4.6553 0.1264 0.1875
S. solidus 1 0.035 0.0348 0.1644 0.0045 0.4913
Residuals 32 6.775 0.2117 0.8691
Total 34 7.795 1

Table S61. Differences between gene expression profiles of control and exposed ALX stickleback. Fish
were sham-exposed or exposed to SKO S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 6.662 6.6624 1.6774 0.0540 0.3281
group 1 5.466 5.4661 1.3762 0.0443 0.3672
Residuals 28 111.212 3.9719 0.9017
Total 30 123.341 1
innate fish_weight 1 2.290 2.2901 2.5767 0.0837 0.4766
group 1 0.187 0.1870 0.2104 0.0068 0.9531
Residuals 28 24.886 0.8888 0.9095
Total 30 27.363 1
adaptive fish_weight 1 3.462 3.4618 2.4024 0.0763 0.0938
group 1 1.538 1.5382 1.0675 0.0339 0.7344
Residuals 28 40.346 1.4409 0.8897
Total 30 45.346 1
complement fish_weight 1 0.729 0.7286 0.4798 0.0156 0.5859
group 1 3.614 3.6140 2.3801 0.0771 0.1797
Residuals 28 42.517 1.5185 0.9073
Total 30 46.860 1
regulatory fish_weight 1 0.446 0.4463 2.9607 0.0931 0.3359
group 1 0.129 0.1292 0.8572 0.0269 0.2109
Residuals 28 4.220 0.1507 0.8800
Total 30 4.796 1
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Table S62. Differences between gene expression profiles of control and exposed GPS stickleback. Fish
were sham-exposed or exposed to ALO S. solidus (group). Differences were not significant after FDR

correction.
Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 10.984 10.9838 3.5108 0.0768 0.1576
group 1 0.674 0.6737 0.2153 0.0047 0.7915
Residuals 42 131.401 3.1286 0.9185
Total 44 143.059 1

innate fish_weight 1 5.012 5.0119 4.4411 0.0950 0.0398 *
group 1 0.369 0.3686 0.3266 0.0070 0.4246
Residuals 42 47.398 1.1285 0.8981
Total 44 52.779 1

adaptive fish_weight 1 2.293 2.2934 3.0985 0.0683 0.0714
S. solidus 1 0.211 0.2110 0.2851 0.0063 0.4110
Residuals 42 31.088 0.7402 0.9255
Total 44 33.592 1

complement fish_weight 1 2.942 2.9419 2.6135 0.0585 0.5571
S. solidus 1 0.065 0.0653 0.0580 0.0013 0.8963
Residuals 42 47.277 1.1256 0.9402
Total 44 50.284 1

regulatory fish_weight 1 0.740 0.7399 4.1399 0.0888 0.0864
S. solidus 1 0.085 0.0847 0.4739 0.0102 0.3566
Residuals 42 7.506 0.1787 0.9010
Total 44 8.331 1

Table S63. Differences between gene expression profiles of control and exposed GPS stickleback. Fish
were sham-exposed or exposed to ALX S. solidus (group).

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 3.473 3.4725 1.0415 0.0251 0.6929
group 1 5.064 5.0635 1.5187 0.0365 0.3650
Residuals 39 130.026 3.3340 0.9384
Total 41 138.562 1
innate fish_weight 1 1.144 1.1440 1.0153 0.0244 0.8867
group 1 1.728 1.7280 1.5336 0.0369 0.1793
Residuals 39 43.943 1.1267 0.9387
Total 41 46.815 1
adaptive fish_weight 1 1.142 1.1416 1.4097 0.0338 0.1189
group 1 1.027 1.0275 1.2688 0.0304 0.0734
Residuals 39 31.583 0.8098 0.9357
Total 41 33.752 1
complement fish_weight 1 1.146 1.1463 0.8974 0.0217 0.6337
group 1 1.971 1.9709 1.5430 0.0372 0.7036
Residuals 39 49.816 1.2773 0.9411
Total 41 52.933 1
regulatory fish_weight 1 0.082 0.0816 0.5636 0.0131 0.9462
group 1 0.496 0.4958 3.4241 0.0797 0.0532
Residuals 39 5.647 0.1448 0.9072
Total 41 6.224 1
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Table S64. Differences between gene expression profiles of control and exposed GPS stickleback. Fish
were sham-exposed or exposed to SKO S. solidus (group). Differences were not significant after FDR

correction.
Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 10.947 10.9471 3.3859 0.0749 0.8677
group 1 2.653 2.6531 0.8206 0.0182 0.1188
Residuals 41 132.558 3.2331 0.9070
Total 43 146.158 1

innate fish_weight 1 4.962 4.9624 4.5008 0.0963 0.8774
group 1 1.367 1.3672 1.2400 0.0265 0.0506
Residuals 41 45.205 1.1026 0.8772
Total 43 51.535 1

adaptive fish_weight 1 1.970 1.9697 2.7663 0.0621 0.8853
S. solidus 1 0.576 0.5763 0.8094 0.0182 0.1616
Residuals 41 29.194 0.7121 0.9198
Total 43 31.740 1

complement fish_weight 1 3.513 3.5131 2.7265 0.0620 0.7778
S. solidus 1 0.291 0.2914 0.2262 0.0052 0.5052
Residuals 41 52.828 1.2885 0.9328
Total 43 56.633 1

regulatory fish_weight 1 0.502 0.5019 3.0768 0.0656 0.8784
S. solidus 1 0.460 0.4602 2.8212 0.0602 0.0495 *
Residuals 41 6.688 0.1631 0.8742
Total 43 7.650 1
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Sl.4.7. Sympatric versus allopatric combinations (Alaskan hosts and parasites)

Table S65. Differences between gene expression profiles of exposed sticklebacks. Alaskan sticklebacks
were exposed in sympatric or allopatric combinations. Differences were not significant after FDR

correction.
Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)

total fish_weight 1 8.681 8.6813 2.0897 0.0532 0.3447
combination 1 4.965 4.9647 1.1951 0.0304 0.1639
Residuals 36 149.556 4.1543 0.9164
Total 38 163.202 1

innate fish_weight 1 4.101 41014 4.4745 0.1080 0.5977
combination 1 0.862 0.8615 0.9399 0.0227 0.0493 *
Residuals 36 32.998 0.9166 0.8693
Total 38 37.961 1

adaptive fish_weight 1 2.856 2.8557 2.4891 0.0635 0.4414
combination 1 0.816 0.8156 0.7109 0.0181 0.3717
Residuals 36 41.302 1.1473 0.9184
Total 38 44,973 1

complement fish_weight 1 0.945 0.9454 0.4904 0.0129 0.1126
combination 1 2.759 2.7589 1.4311 0.0377 0.2326
Residuals 36 69.400 1.9278 0.9493
Total 38 73.105 1

regulatory fish_weight 1 0.958 0.9576 4.7666 0.1085 0.4828
combination 1 0.635 0.6351 3.1613 0.0720 0.0172 *
Residuals 36 7.232 0.2009 0.8195
Total 38 8.825 1

Table S66. Differences between gene expression profiles of infected sticklebacks. Alaskan sticklebacks
were infected in sympatric or allopatric combinations.

Df SumsOfSgs MeanSgs F.Model R2 Pr(>F)
total fish_weight 1 13.285 13.2854 4.2542 0.0895 0.1109
combination 1 0.949 0.9489 0.3038 0.0064 0.8562
Residuals 43 134.285 3.1229 0.9042
Total 45 148.519 1
innate fish_weight 1 4.639 4.6394 5.2143 0.1070 0.3272
combination 1 0.470 0.4703 0.5286 0.0108 0.4752
Residuals 43 38.259 0.8897 0.8822
Total 45 43.368 1
adaptive fish_weight 1 2.624 2.6238 2.4700 0.0542 0.2827
combination 1 0.093 0.0933 0.0879 0.0019 0.9689
Residuals 43 45.678 1.0623 0.9439
Total 45 48.395 1
complement fish_weight 1 5116 5.1161 4.8983 0.1015 0.0599
combination 1 0.372 0.3716 0.3558 0.0074 0.6151
Residuals 43 44912 1.0445 0.8911
Total 45 50.400 1
regulatory fish_weight 1 0.966 0.9655 5.9470 0.1212 0.1171
combination 1 0.018 0.0180 0.1108 0.0023 0.8541
Residuals 43 6.981 0.1624 0.8765
Total 45 7.965 1
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