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Summary/Zusammenfassung

Summary
Approximately 30 to 50 % of all species lead a parasitic lifestyle displaying some degree
of virulence in their hosts. Immune defense is considered the main physiological barrier
of hosts against parasite infections. The immune system is composite of a number of
cellular and molecular mechanisms with the purpose of detecting and eliminating nonself. Many immune defense traits display heritable phenotypic variation suggesting they
could evolve through natural selection. However, little is known to date about how
variation in immune traits contributes to fitness variation. In order to understand and
possibly predict the outcome of host-parasite interactions we need to learn about the
form and strength of natural selection on immune traits.
Theory predicts immune traits to be under stabilizing selection based on the hypothesis
that, apart from the benefit of eliminating harmful parasites, these defenses are costly to
maintain and deploy. Empirical evidence, on the other hand, mostly reports positive
directional selection with only very few exceptions. Key to understanding this
discrepancy between theory and reality could be the consideration of various biological
factors, such as resource availability, infection risk, and genetic variation in host
populations, which might lead to spatial and temporal variation in the form and strength
of natural selection. Additionally, other host characteristics, affecting, for instance, their
exposure to parasites, could affect the form and strength of selection on immune traits as
such traits could act as alternative targets for selection. Context-dependency of natural
selection could lead to genetic divergence between host populations as well as the
maintenance of within-population genetic variation in immune traits.
In this project, I first investigated the form of selection on two immune defense traits,
phenoloxidase-like (PO-like) activity and antibacterial activity in hemolymph, in the
freshwater snail Lymnaea stagnalis under field conditions (chapter 1). I maintained the
snails individually in cages in a lake where they were exposed to a natural community of
parasites and measured two components of fitness, survival and fecundity. As high
resource availability can lead to variation in individual resource level due to differences
in resource acquisition, fitness might therefore turn out to reflect individual-level
variation in condition rather than variation in immune defense. To consider this
potential confounding factor, I introduced a feeding treatment that ensured that
resource availability was reduced. As the need for a strong immune defense can be
expected to be higher when parasite pressure is higher, I investigated the effect of
infection risk by opportunistic microbes on natural selection on the same two immune
7
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defense traits under laboratory conditions (chapter 2). I exposed snails derived from six
different laboratory populations to either clean aged tap-water or
microorganism-enriched tap water and recorded survival and fecundity of individuals.
Additionally, to quantify the relative importance of factors determining host exposure to
parasite infective stages and immune defense for the outcome of host-parasite
encounters, I collected individual-level measurements for attractiveness of L. stagnalis
snails to E. aconiatum cercariae, physiological condition, immune activity, and
susceptibility to infection (chapter 3).
The results show that the form of selection varied between the two immune parameters,
both in the field and in the laboratory, suggesting that the two traits differ with respect
to their importance under the experimental conditions. Selection gradients responded to
variation in resource availability and infection risk. PO-like activity was under
stabilizing selection in the field in the treatment group with higher resource availability,
and mostly under negative directional selection in the laboratory experiment. It appears
that this trait was mostly costly when the snails were exposed to opportunistic microbes
only but increased in importance when the snails faced the risk of infection with larger
parasites such as trematodes. This is in line with the known role of phenoloxidase during
the encapsulation process of large parasites. Antibacterial activity was under positive
directional selection in the field when resource availability was higher and under
stabilizing selection in clean aged tap water in the laboratory, indicating that the
importance of this trait increased with increasing risk of microbial infection. Selection on
both traits was mostly driven by selection on survival while fecundity selection only
played a minor role. Variation in attractiveness of snails to trematode cercariae did not
affect variation in susceptibility, suggesting that other defense-related processes,
possibly occurring after the infection, determine susceptibility. Immune activity in
hemolymph, however, as measured here, was not associated with L. stagnalis
susceptibility to E. aconiatum.
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Zusammenfassung
Rund 30 bis 50 % aller Arten führen ein parasitisches Leben, welches mit einem
gewissen Grad an Virulenz einhergeht. Das Immunsystem gilt als die wichtigste
physiologische Barriere des Wirtes gegen parasitäre Infektionen und setzt sich aus einer
Reihe von zellulären und molekularen Mechanismen zusammen, deren Ziel die
Erkennung und Zerstörung von Körperfremdem ist. Viele Immunabwehr-Merkmale
weisen erbliche phänotypische Variation auf, was vermuten lässt, dass sie zur Evolution
durch natürliche Selektion in der Lage sind. Bis heute ist jedoch wenig darüber bekannt,
wie die Variation in Immunmerkmalen zur Variation in reproduktiver Fitness beiträgt.
Um den Ausgang von Wirt-Parasit-Interaktionen verstehen und eventuell vorhersagen
zu können, bedarf es Erkenntnissen über die Form und Stärke des natürlichen
Selektionsdrucks auf Immunmerkmale.
Die Theorie besagt, dass Immunmerkmale unter stabilisierender Selektion stehen
sollten. Dies basiert auf der Hypothese, dass diese Verteidigungsmechanismen trotz
ihres Nutzens bei der Zerstörung schädlicher Parasiten teuer im Unterhalt und in der
Anwendung sind. Empirische Studien berichten allerdings mit nur wenigen Ausnahmen
hauptsächlich von positiver direktionaler Selektion. Der Schlüssel zum Verständnis
dieser Diskrepanz zwischen Theorie und Realität könnte in der Einbeziehung
verschiedener biologischer Faktoren, wie z.B. Verfügbarkeit von Ressourcen,
Infektionsrisiko und genetische Vielfalt der Wirtspopulationen, liegen, die zu
räumlichen und zeitlichen Schwankungen in Form und Stärke der natürlichen Selektion
führen könnten. Abgesehen davon gibt es noch andere Eigenschaften des Wirtes, die sich
auf die Form und Stärke der Selektion von Immunmerkmalen auswirken könnten,
indem sie z.B. den Kontakt zu Parasiten beeinflussen. Solche Merkmale stellen
alternative Angriffspunkte für Selektion da. Eine derartige Kontextabhängigkeit
natürlicher Selektion könnte zu genetischer Divergenz zwischen Populationen, sowie zur
Erhaltung von genetischer Varianz in Immunmerkmalen innerhalb von Populationen
führen.
In diesem Projekt habe ich zunächst die Form der Selektion in zwei ImmunabwehrMerkmalen, Phenoloxidase-ähnliche (PO-ähnliche) Aktivität und antibakterielle
Aktivität, in der Hämolymphe der Süßwasserschnecke Lymnaea stagnalis unter
Freilandbedingungen untersucht (Kapitel 1). Ich habe die Schnecken in einem See
einzeln in Käfigen gehalten, wo sie einer natürliche Parasiten-Gemeinschaft ausgesetzt
waren. Ich habe zwei Fitness-Komponenten, Überleben und Fekundität gemessen. Da
9
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aufgrund von Unterschieden zwischen Individuen bezüglich ihrer Nährstoffaufnahme
eine hohe Verfügbarkeit von Ressourcen zu Varianz in der Höhe der individuellen
Nährstoffversorgung führen kann, ist es möglich, dass individuelle Fitness individuelle
Unterschiede in Bezug auf die körperliche Verfassung widerspiegelt anstelle von
Unterschieden in der Stärke der Immunabwehr. Um diesen potentiell irreführenden
Faktor zu berücksichtigen, habe ich ein durch eine Manipulation in der Fütterung
sichergestellt, dass die Verfügbarkeit von Nährstoffen reduziert war. Die Notwendigkeit
einer starken Immunabwehr sollte erwartungsgemäß unter erhöhter Belastung durch
Parasiten höher sein. Während der Selektionsdruck durch Parasiten im ersten
Experiment für alle Schnecken gleich hoch war, habe ich in einem Laborexperiment die
Auswirkung des Infektionsrisikos durch opportunistische Mikroben auf die natürliche
Selektion derselben beiden Immunabwehr-Merkmale untersucht (Kapitel 2). Ich habe
Schnecken aus sechs verschiedenen Laborkulturen entweder sauberem gealtertem
Leitungswasser oder Mikroben-angereichertem Leitungswasser ausgesetzt und Daten
über das Überleben und die Fekundität der Individuen erhoben. In einem dritten
Experiment habe ich individuelle Messungen in L. stagnalis-Schnecken bezüglich ihrer
physiologischen Konstitution, ihrer Immunaktivität, sowie ihrer Attraktivität und ihrer
Infektionsanfälligkeit für Echinoparyphium aconiatum-Zerkarien durchgeführt (Kapitel
3).
Die Ergebnisse zeigen, dass die Form der Selektion zwischen den beiden
Immunparametern sowohl im Feld als auch im Labor variiert, was darauf hindeutet,
dass sich die beiden Merkmale in Bezug auf ihre Wichtigkeit unter den experimentellen
Bedingungen unterscheiden. Die Selektionsgradienten haben auf die Varianz in der
Ressourcenverfügbarkeit und im Infektionsrisiko reagiert. PO-ähnliche Aktivität stand
in Feld in der Gruppe mit höherer Ressourcenverfügbarkeit unter stabilisierender
Selektion, aber im Laborversuch hauptsächlich unter negativer direktionaler Selektion.
Es scheint, dass dieses Merkmal hauptsächlich kostspielig ist, solange die Schnecken
nur opportunistischen Mikroben ausgesetzt sind, aber an Bedeutung gewinnt, sobald die
Schnecken einer Bedrohung durch größere Parasiten, wie z.B. Trematoden,
gegenüberstehen. Dies deckt sich mit der bekannten Rolle von Phenoloxidase während
der Verkapselung großer Parasiten. Antibakterielle Aktivität stand im Feld bei höherer
Ressourcenverfügbarkeit unter positiver direktionaler Selektion und im Labor im
sauberen gealterten Leitungswasser unter stabilisierender Selektion, was auf die
wachsende Bedeutung dieses Merkmals bei steigendem Infektionsrisiko durch Mikroben
hindeutet. Die Selektion beider Merkmale wird durch Selektion auf Überlebensfähigkeit
10
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gelenkt, während Selektion auf Fekundität nur eine untergeordnete Rolle spielt. Die
Varianz ihrer Attraktivität für Trematoden-Zerkarien hatte keinen Einfluss auf die
Varianz in der Infektionsanfälligkeit der Schnecken, was darauf hindeutet, dass andere
Abwehr-bezogene Prozesse, die möglicherweise nach der Infektion stattfinden, über die
Infektionsanfälligkeit entscheiden. Immunaktivität in der Hämolymphe, wie sie hier
gemessen wurde, steht jedoch in keinem Bezug zur Anfälligkeit von L. stagnalis für E.
aconiatum.
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Defense against Parasites
The importance of immune defense. A parasite is an organism that lives in or on another
living organism and obtains part or all of its resources from the host. What sets a hostparasite interaction apart from a host-mutualist interaction is the fact that parasites
benefit at the expense of their hosts, causing damage and potentially death, and
lowering the evolutionary fitness of the host. With approximately 30 to 50 % of all
species leading a parasitic lifestyle (Price 1980) and novel infectious diseases emerging
frequently (Antia et al. 2003), almost all organisms are at constant risk of contracting an
infection. The threat posed by parasites requires hosts to develop effective defense
mechanisms in order to prevent and/or clear infections. The immune system provides the
most important physiological barrier to infection (reviewed in Janeway and Travers
1996; Lazzaro and Little 2009). The fact that immune defense traits are fitnesscorrelated and show both phenotypic and genetic variation renders them ideal targets for
the selective pressure exerted by parasites. It is therefore crucial that I explore the
underlying processes determining the susceptibility of organisms to infectious diseases
and the evolution of immune defense traits in order to understand and predict the
outcome of host-parasite interactions.
Costs of Immune Defense. Immune defense eliminates parasites thereby preventing
infectious diseases from causing harm to the host. If this positive capacity was the only
fitness-related effect of immune defense traits, immune defense traits should be under
positive directional selection (i.e. strong immune activity leads to the highest fitness).
However, immune defense entails considerable costs in terms of its evolution and
maintenance as well as its deployment (Sheldon and Verhulst 1996; Moret and SchmidHempel 2000; see Schmid-Hempel 2011). As resources are generally limited in the wild,
investment into immune defense can be expected to be traded off with other fitnessrelated traits. Considering that immune defense traits are among those fitness-related
traits and that not all immune defense traits are equally potent against every type of
invader, trade-offs between different immune defense traits can also be expected.
Theoretical predictions for Natural Selection on Immune Defense. Based on the assumed
trade-offs, theory predicts immune defense traits to be under stabilizing selection (i.e. an
intermediate immune activity leads to the highest fitness) (see Behnke et al. 1992;
Frank 1993). The resource-intensiveness of a strong immune response makes the
constituting traits prone to condition-dependence (Feder et al. 1997; Siva-Jothy and
Thompson 2002; Kolluru et al. 2006; Seppälä and Jokela 2010) and leads to conditions
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where evolution of induced responses is advantageous. Consequently, variation in
individual resource acquisition capacity may make selection on immune defense traits
appear to be positive directional by obscuring the trade-offs in individuals with high
resource levels (van Noordwijk and de Jong 1986; Kraaijeveld and Godfray 1997;
Reznick et al. 2000; Sgrò and Hoffmann 2004). As parasites are the decisive selective
force acting on host defense, it is perceivable that fluctuations in the abundance of
parasites and the composition of parasite communities affects the form and strength of
phenotypic selection on immune traits by altering the infection risk. As a consequence,
immune defense could also be under fluctuating selection (Svensson et al. 2001).
Differences between immune defense traits with respect to their importance for the
outcome of the infection by a particular invader could lead to independently fluctuating
selection on individual traits, thereby contributing to the maintenance of defense
polymorphism.
Empirical Studies about Natural Selection on Immune Defense. Phenotypic selection on
immune defense traits remains under-investigated. The few existing studies have been
largely unable to confirm the theoretical predictions of stabilizing selection on immune
defense traits but rather highlight a large discrepancy between theory and empirical
data. They mainly report positive directional selection through survival (Saino et al.
1997; Christe et al. 1998; Gonzalez et al. 1999; Horák et al. 1999; Merino et al. 2000;
Christe et al. 2001; Råberg and Stjernman 2003; Parejo and Silva 2009; Wilcoxen et al.
2010) and fecundity (Baer and Schmid-Hempel 2003; Rolff and Siva-Jothy 2004; Parejo
and Silva 2009). In the few studies that detected other forms of selection on immune
defense traits, the form of selection varied between immune parameters (Råberg and
Stjernman 2003), fitness components (Graham et al. 2010), and different morphotypes
(Svensson et al. 2001; Calsbeek et al. 2008). Of these exceptions, Råberg and Stjernman
(2003) were the only ones to detect stabilizing selection in one the two investigated
immune defense traits. There is obviously variation in selection on immune defense that
requires further investigation. Potential sources of variation in natural selection on
immune defense are a number of biological factors, such as resource level, infection risk
and genetic variation in the host population. In order to obtain a true understanding of
how natural selection acts on immune defense traits in the wild, these factors need to be
incorporated in future studies, and their role in modifying selection needs to be
investigated.
Relative importance of immune defense for susceptibility. Despite its importance for host
defense against infections, the immune system represents one of the last barriers to
16
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parasites in the infection process. It is part of the post-infection defenses together with
tolerance, which is achieved through a reduction of fitness loss caused by the infection.
Apart from these traits, hosts have a number of pre-infection defenses at their disposal,
ranging from physical barriers such as skin and cuticle, over anticipatory defenses such
as the change of physical conditions, to behaviors reducing the host’s exposure to
parasites such as avoiding parasite-infested localities, adjusting its own time of activity
so as to not correspond with the parasites’ time of highest activity, or avoiding diets that
increase the risk of infection (see Schmid-Hempel 2011). As each of these mechanisms
can help to prevent an infection, they represent alternative or complementary defenses
to the immune system. As such, they can all be considered potential targets for selection
through parasites. This poses the question how important the actual physiological
immune response is for the outcome of host-parasite interactions when compared to
other defense mechanisms. Considering the manifold potential costs of an immune
response, investment in potentially less costly pre-infection defense mechanism could be
a realistic scenario.

Lymnaea stagnalis
The Species Lymnaea stagnalis. Lymnaea stagnalis, the great pond snail, is a freshwater
pulmonate snail in the family Lymnaeidae. It has a holarctic distribution commonly
inhabiting the littoral zone of stagnant or slow-flowing water bodies. With the exception
of the northern margins of its geographic range, where it has been observed to live
longer (Boag and Pearlstone 1979), L. stagnalis can be considered as an annual species,
rarely surviving past its first breeding season (Boycott 1936). Snails hatch in mid- to late
summer and mature until the beginning of winter. During the winter, they rest in the
sediment, from where they emerge in spring. The great pond snail is a simultaneous
hermaphrodite which is capable of both outcrossing and self-fertilization (Crabb 1927),
although mating events are not reciprocal. Even though the outcrossing rate tends to be
high (Puurtinen et al. 2007), natural populations often display low genetic diversity
(Kopp et al. 2012). The sperm received during outcrossing can be stored for over two
months (Cain 1956; Nakadera et al. 2014). During its reproductive season between May
and August, snails deposit clutches consisting of egg masses of variable size onto plants
and rocks (Boag and Pearlstone 1979). A single egg mass may contain anywhere between
1 and 200 eggs (personal observation). While fecundity varies with body size (Boag and
Pearlstone 1979) and shows huge inter-individual variation, a single snail can produce
as many as eight large egg clutches per week under laboratory conditions (L. Langeloh,
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personal observation). In the wild, where temperature and resource availability tend to
fluctuate, fecundity can be expected to be lower.
The Ecology of Lymnaea stagnalis. Lymnaea stagnalis is a common prey species for
predators, such as fish and water fowl (Boycott 1936), as well as a common host for
parasites, including a number of trematodes (Erasmus 1972; Väyrynen et al. 2000;
Brown et al. 2011). These trematodes often castrate and eventually kill the snail
(Lafferty 1993; Jokela et al. 1999; Väyrynen et al. 2000; Karvonen et al. 2004). Their
high virulence and locally high prevalence can be expected to pose a strong selective
pressure on snail populations. The snails immune defense is one potential target for this
selection. Genetic variation in immune function has previously been demonstrated in
both maternal sib-ships (Seppälä and Jokela 2010; Seppälä et al. 2011; Seppälä and
Langeloh 2016) and full-sib families (Seppälä and Langeloh 2016; L. Langeloh,
unpublished data), showing the potential of snail populations to respond to selection.
Maternal sib-ships have also shown genetic variation in resistance against trematode
parasites (Seppälä et al. 2011).
The Invertebrate Immune System. Once a parasite has entered a gastropod through a
body opening or has made its way past the ciliated, mucus-producing epithelium on the
body surface, the immune system is employed to prevent further infection and eliminate
the invaders. In the open circulatory system of gastropods hemocytes (also referred to as
amoebocytes in gastropods) of the cellular defense as well as non-cellular components of
the humoral defense circulate freely. Even though hemocytes are also involved in wound
healing (Gorbushin and Iakovleva 2006; Martin et al. 2007; Hermann et al. 2008) and
other processes, two of their major roles in invertebrates are phagocytosis and the
melanization-encapsulation cascade. A central component of the melanizationencapsulation process is the proPhenoloxidase (PPO)-cascade. After binding to a
parasite, PPO is cleaved into the active enzyme PO and cytotoxic intermediates are
produced. These cytotoxic intermediates, such as phenols, quinones, and reactive oxygen
species, kill the parasite. During the encapsulation of larger invaders, the contribution of
the PPO-cascade entails the initiation of the eventual melanization of the encapsulated
parasite (see Loker 2010). While this melanization process is common in insects,
gastropods appear to rely on phenoloxidase much less (Smith and Söderhäll 1991;
Martin et al. 2007) and do not seem to produce melanin. In snails, however, PPO activity
has been detected in snails (Bahgat et al. 2002) and in their egg clutches (Bai et al.
1997).
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Apart from phagocytosis, melanization and encapsulation, hemocytes synthesize and
release defense-related proteins, such as fibrinogen-related proteins (FREPs) and
antimicrobial peptides (AMPs). FREPs were discovered in the snail Biomphalaria and
are up-regulated after trematode infections (Adema et al. 1997). Their exact role during
the immune response is still unclear, but they have been found to bind to surface-ligands
on the parasite. Antimicrobial peptides are effective against a wide range of pathogens
and show little specificity. This is compensated by the fact that during a single infection
several different antimicrobial peptides are being released into the hemolymph. They
cause the death of the invaders by inducing the formation of pores in the parasite
membranes. Microbes have a hard time adapting to this form of host defense because it
would require a change in structurally important elements, e.g. in bacterial cell walls
(see Schmid-Hempel 2011).
Two Important Immune Defense Traits of Lymnaea stagnalis. Antibacterial activity and
PO-like activity are two of the most intensively studied immune traits in L. stagnalis.
PO-like activity can be induced through injection with snail saline, while injection with
both Gram-positive or Gram-negative bacteria seems to decrease PO-like activity in
comparison (Seppälä and Leicht 2013). Antibacterial activity, on the other hand, is
induced by injection with the Gram-positive bacterium Micrococcus lysodeikticus
compared to injection with snail saline (Seppälä and Leicht 2013). The same study found
both immune traits to be negatively correlated at the individual level when the snails
were injected with different immune elicitors (Seppälä and Leicht 2013), suggesting a
potential trade-off between the two immune parameters. Previous studies have
investigated the effect of environmental heterogeneity on immune defense and found
that antibacterial activity and PO-like activity can be decreased by factors such as
exposure to high ambient temperature (Seppälä and Jokela 2011; Leicht et al. 2013) and
food limitation (Seppälä and Jokela 2010).
Alternative Targets for Selection on Defense in Lymnaea stagnalis. Lymnaea stagnalis is
a common first and sometimes also second intermediate host for trematodes. An
important step in the infection process between trematodes and snails is host finding.
Apart from immune defense, host characteristics affecting their exposure to parasite
transmission stages are therefore potentially highly important in determining the
outcome of the infection process. Parasite transmission stages have been shown to seek
out host individuals by chemo-orientation using chemical cues released by the host into
the environment (Goater et al. 2014). Some of these chemical cues have identified as
metabolic products such as CO2 and organic molecules (Haas et al. 1995; De Bruyn et al.
19

Introduction
2011; Hallem et al. 2011). Host condition as well as food consumption and processing
may therefore affect host susceptibility to infection differently at different stages of the
infection process. Resource level and foraging behavior have been shown to affect the
snail’s susceptibility to trematode infections. For example, Seppälä et al. (2011) and
Seppälä and Leicht (2015) found that continuously well-fed snails contract more
parasites than starved snails. The results in the former study (Seppälä et al. 2011)
additionally indicated that food processing rather than foraging determined the outcome
of snail-trematode interactions.
Lymnaea stagnalis as Study Organism. A number of qualities render L. stagnalis a
suitable and convenient study organism. Its commonness and broad distribution make it
readily available and easy to collect from the wild. The species is not demanding with
respect to its laboratory environment and diet. While the natural diet of L. stagnalis
consists mostly of aquatic weeds, algae, carrion and detritus (Purchon 1977; Doi et al.
2010), a supply of fresh lettuce and spirulina in well-oxygenated and filtered aged tap
water are sufficient for long-term maintenance of even large laboratory populations.
Among its merits for experimental studies is its relatively short generation time of as
low as three months. In addition to the fact that fecundity is fairly easy to quantify,
measurements of the levels of two immune parameters, antibacterial activity and
phenoloxidase-like activity, have been well established in L. stagnalis (Seppälä and
Jokela 2010, 2011; Leicht et al. 2013; Seppälä and Leicht 2013).

Study Questions
In this project, I investigated selection on and relative importance of immune defense in
three studies that addressed the following questions:
Chapter 1. How does phenotypic selection act on antibacterial and PO-like activity under
field conditions, and how does that depend on resource availability for snails? I
conducted a field experiment, where I exposed snails to a natural parasite community
and thereby arranged a natural level of challenge to their immune system. I bred a
laboratory snail population crossing several natural populations to increase genetic and
phenotypic diversity of the traits that were under selection. This allowed me to maximize
the phenotype space over which I evaluated the shape of the selection gradients.
Through a feeding treatment I manipulated individual resource level to gain an insight
into the influence of resource availability on selection.
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Chapter 2. How does infection risk through opportunistic microbes affect selection on
antibacterial and PO-like activity? I conducted a laboratory experiment, where I
maintained snails in two different water quality treatments, clean aged tap water and
microorganism-enriched tap water, to assess how environmental quality affected
selection on immune defense. In order to quantify the potential for an evolutionary
response to selection I used full-sib families of snails which originated from six different
wild populations with potentially different levels of parasite selective pressure.
Chapter 3. How important is the post-infection mechanism of immune defense in the
form of antibacterial and PO-like activity for the outcome of host-parasite interactions
compared to the pre-infection mechanisms affecting exposure to parasites? To answer
this question, I compiled individual measurements of snail attractiveness to
Echinoparyphium aconiatum, snail’s physiological condition, and immune defense, and
determined their effects on the susceptibility of snails to infection.
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Abstract
Predicting the evolution of phenotypic traits requires an understanding of how natural
selection affects them. Despite its indispensability in the fight against parasites, selection
on host immune defense has remained understudied. Theory predicts immune traits to be
under stabilizing selection due to associated trade-offs with other fitness-related traits.
Empirical studies, however, report mainly positive directional selection. This could be due to
low genetic/phenotypic variation in the examined individuals and/or variation in host
resource level that confounds trade-offs. In a field experiment where we maintained snails
individually in cages in a lake, we investigated phenotypic selection on two immune defense
traits, phenoloxidase (PO)-like activity and antibacterial activity, in hemolymph of Lymnaea
stagnalis. We used a diverse laboratory population and manipulated snail resource level
using feeding treatments: periphyton only/supplementary feeding with lettuce. For six
weeks, we followed immune activity, growth, and two fitness components, survival and
fecundity of snails. PO-like activity and growth were under stabilizing selection, while
antibacterial activity was under positive directional selection. Selection on immune traits
was mainly driven by variation in survival.
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Introduction
Adaptive evolution of a trait requires that (1) there is phenotypic variation in the trait, (2)
said variation is heritable, and (3) variation in individual fitness depends upon the
expressed phenotype for the trait (Endler 1986). Of those three conditions, how natural
selection acts on the phenotypic trait in question is typically the least well understood for
most traits (reviewed in Kingsolver et al. 2001). Surprisingly, this knowledge is particularly
scarce for immune defense traits, (reviewed in Seppälä 2015). After all immune defense is
the most important physiological barrier against infections (reviewed in Janeway et al.
2005) and therefore crucial for the survival of organisms. Immune defense traits typically
show high heritable quantitative variation (e.g. Kurtz and Sauer 1999; Ryder and SivaJothy 2001; Cotter et al. 2004; Seppälä and Jokela 2010) indicating the potential for
selection to act on them. Understanding how natural selection acts on them is indispensable
for predicting their evolutionary trajectories and ultimately the outcome of host-parasite
interactions and disease dynamics. Fitness functions [also referred to as fitness curves
(Petersen 1991; van Doorn et al. 2009) or fitness surfaces (e.g. Fox et al. 2001; Råberg and
Stjernman 2003)] provide a suitable representation of the form and strength of selection on
traits.
Evolutionary theory predicts immune defense traits to be under stabilizing selection owing
to the trade-offs related to their maintenance and use (Behnke et al. 1992; Frank 1993;
Sheldon and Verhulst 1996; Moret and Schmid-Hempel 2000). These trade-offs result from
the fact that while immune defense offers the benefit of eliminating virulent, fitnessreducing parasites, it also entails considerable costs. Apart from the energetic and
nutritional costs of maintenance and deployment of an immune response (Sheldon and
Verhulst 1996; Moret and Schmid-Hempel 2000), it can also cause damage to the host’s own
tissue due to self-reactivity (Shudo and Iwasa 2001; Little and Killick 2007). Given that the
amount of resources an individual can allocate to different traits is often limited under
natural conditions (van Noordwijk and de Jong 1986; Reznick et al. 2000), theoretical
models predict trade-offs related to immune defense to lead to negative effects in key fitness
components such as survival (Jokela et al. 2000; Medley 2002; Houston et al. 2007) and
fecundity (van Baalen 1998; Jokela et al. 2000; Medley 2002; van Boven and Weissing 2004;
Miller et al. 2007). Empirical studies investigating selection on immune defense traits,
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however, mostly report positive directional selection (reviewed in Seppälä 2015), whereas
stabilizing selection has been reported very rarely (Råberg and Stjernman 2003).
There are different potential reasons for the apparent discrepancy between theory and data
regarding the form of selection on immune function. First, it is possible that the examined
individuals express only a fraction of the total phenotypic variation (i.e. phenotypic range) of
the immune defense trait under consideration. Even if the “overall” fitness function
indicated stabilizing selection on that trait, one might detect positive directional selection if
the examined population covers only the lower end of the possible phenotypic range. This
could, for example, be the result of either low genetic variation in the population, which
often leads to a reduction in the strength of immune defense (e.g. Puurtinen et al. 2004;
Pearman and Garner 2005; Whiteman et al. 2006), or low infection risk in the past, which
might have selected for low immune activity (Kraaijeveld and Godfray 1997; Svensson et al.
2001). Second, since immune defense is often condition-dependent (Feder et al. 1997; SivaJothy and Thompson 2002; Kolluru et al. 2006; Seppälä and Jokela 2010), variation in
resource level among host individuals can obscure the trade-offs between immune defense
and life history traits (van Noordwijk and de Jong 1986; Kraaijeveld and Godfray 1997;
Reznick et al. 2000; Sgrò and Hoffmann 2004). This might confound the estimates of
selection on immune function by leading to fitness functions representing selection on
physiological condition rather than on immune activity. Since resource level in host
individuals may vary considerably due to both individual differences in resource acquisition
and spatial and temporal fluctuations in resource availability, the observed selection on
immune defense may appear as positive directional. When investigating selection on
phenotypic traits, it is therefore important to circumvent these potential confounding
factors.
In this study, we conducted a field experiment to quantify phenotypic selection on two
immune defense traits, phenoloxidase (PO)-like activity and antibacterial activity in
hemolymph, as well as growth, of the freshwater snail Lymnaea stagnalis using two key
components of fitness, survival and fecundity. Both of the examined immune traits have
previously been shown to display genetic variation (Seppälä and Jokela 2010). We used an
experimental set-up that provided three major advantages aimed to yield reliable estimates
of natural selection on host immune function. 1) By carrying out the experiment in the field,
we were able to measure selection in the presence of a natural parasite community and
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under natural environmental conditions (e.g. light and temperature regime). 2) By using a
diverse laboratory population created by mating snails from several natural populations we
augmented genetic variation among experimental animals thereby giving us a better
estimation of the overall fitness function since individual populations might each only cover
part of it. 3) By enclosing snails individually in cages and introducing feeding treatments,
we were able to manipulate individual resource level and estimate its role in determining
the observed selection. We predicted to see stabilizing selection on the examined immune
traits at least under a strongly reduced snail resource level, since low resource level should
prevent confounding of trade-offs among fitness related traits. We also predicted differences
in selection gradients between immune traits given that they are likely to differ with
respect to their importance for host defense under the given environmental conditions as
well as the trade-offs associated with them.

Methods
Study Organism and Experimental Animals
Lymnaea stagnalis is a freshwater snail displaying a holarctic distribution. It primarily
inhabits the littoral zone of stagnant or slow-flowing water bodies. In the wild, L. stagnalis
mostly feeds on algae, aquatic weeds, detritus and carrion (Purchon 1977; Doi et al. 2010). It
is an annual species (Boycott 1936), even though it has been observed to live for longer in
habitats close to the northern margin of its range where water temperatures are low (Boag
and Pearlstone 1979). The reproductive season of L. stagnalis usually starts in May and
lasts until August, with the number of eggs produced peaking in late June (Boag and
Pearlstone 1979). Lymnaea stagnalis can reproduce through both self-fertilization and
outcrossing (Crabb 1927), and has the ability to store allosperm for over two months (Cain
1956; Nakadera et al. 2014). It reproduces by depositing egg clutches of variable size (1 to
200 eggs per egg clutch). Under laboratory conditions at 18 °C, snails may produce up to
eight egg clutches per week although fecundity can vary largely between individuals (L.
Langeloh, personal observation) and increases with size (Boag and Pearlstone 1979). In the
wild, fecundity is likely to be lower than in the lab. Apart from being a common prey species
for fish and water fowl (Boycott 1936), Lymnaea stagnalis is a natural host to a large
number of parasite species, including several castrating trematodes (Erasmus 1972;
Väyrynen et al. 2000), and has previously been shown to display genetic variation both in
immune function and in parasite resistance observed as variation among maternal sibships
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(Seppälä and Jokela 2010; Seppälä et al. 2011) as well as full-sib families (Seppälä and
Langeloh 2016; L. Langeloh, unpublished data).
In this study, we used snails of a diverse laboratory population. We created this population
in order to increase genetic variation among experimental snails since natural populations
often show low genetic diversity (Kopp et al. 2012). By doing so, we aimed to create a
population whose trait values cover a large part of the overall fitness function and
consequently deliver meaningful estimates of natural selection. In summer 2012, we
collected adult snails from seven ponds in northern Switzerland (47°22’4.6’’ N/8°34’40.6’’ E,
n = 54; 47°28’27.5’’ N/8°43’45.9’’ E, n = 101; 47°23’56.8’’ N/8°32’57.7’’ E, n = 82; 47°35’0’’
N/8°51’52’’ E, n = 148; 47°34’58.9’’ N/8°51’57.4’’ E, n = 37; 47°21’2.6’’ N/8°44’26.3’’ E, n = 108;
47°23’21.3’’ N/8°33’42.1’’ E, n = 87) and initially established seven separate laboratory
populations from them (one lab population per source location). Since we collected the snails
during breeding season, when their outcrossing rate is typically high (Puurtinen et al.
2007), and since they can store allosperm from previous matings (Nakadera et al. 2014), the
produced lab populations were likely to reflect the natural genetic variation in the source
populations well. In spring 2013, we combined 104 (F2 generation) adult individuals from
each of the seven lab populations to form one mixed population and cultured them for four
more generations before the start of the experiment. In the lab (Eawag, Dübendorf,
Switzerland), water temperature was 18 ± 3 °C and food consisted of fresh lettuce and
Spirulina powder, which we provided ad libitum.
Experimental Design
We conducted a field experiment including the factor food supply and individual-level data
on the response variables shell growth, PO-like activity and antibacterial activity of
hemolymph, as well as two components of fitness, survival and fecundity. For logistic
reasons, we conducted the experiment in two temporal blocks in the littoral zone of Lake
Constance (47°41'43.9"N/9°11'37.6"E) in Konstanz, Germany, over a period of six weeks
between June 5, 2014, and July 18, 2014. The water temperature in the part of the lake
where we conducted the experiment ranged between 16 °C and 20 °C (measurements taken
daily between 9 a.m. and 10 a.m.). We transported the experimental snails to the lab at the
study site (Limnological Institute of the University of Konstanz, Konstanz, Germany) one
week prior to the beginning of the experiment in order to prevent the transport from
confounding our measurements during the experiment. During the experiment we enclosed
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the adult snails (shell length 23.9 mm - 35.7 mm) individually in cages (volume: 0.7 L). The
cages consisted of a section of polypropylene pipe (height: 8 cm, diameter: 10.5 cm) which we
closed on both ends with mesh (mesh size: 1.4 × 1.2 mm2) and placed hanging in the water
column (water depth = 1 ± 0.25 m). This design permitted an exchange of water in the cages
and the development of a biofilm on their inside walls (area: 264 cm2) to provide a food
source for the snails. In order to allow for the aforementioned biofilm to form, we placed the
empty cages at the study site one week prior to the start of the experiment.
We haphazardly assigned snails into two feeding treatments, “added food”, where each snail
received a piece of lettuce once a week, which would feed a snail of similar size for two days
under laboratory conditions, and “no added food”, where snails relied exclusively on floating
debris and on the biofilm that had formed on the cage walls. The two temporal blocks
started on June 5, 2014, [block 1; n(added food) = 70, n(no added food) = 70] and on June 6,
2014, [block 2; n(added food) = 55, n(no added food) = 53]. Over a six-week period, which
likely equals more than half of the natural reproductive period of snails (see above), we
removed the cages from the lake once a week to take measurements. At each of the six
measuring events (see table S1), we assessed survival and fecundity of snails (see below).
On three occasions, immediately prior to putting the snails in the cages as well as on the
third and the sixth measuring events, we determined shell length to the nearest 0.1 mm
and obtained hemolymph samples for immune measurements (see below). Values obtained
during the first measurement reflect the level of immune activity under laboratory
conditions, while repeated measurements during the experiment offer a higher level of
accuracy for the estimate of immune activity under lake conditions. After the final
measurements, we removed the snails from their shells and dissected them to check for the
presence of parasite sporocysts (i.e. trematode infections).
Measurements
To measure fecundity of the experimental snails, we collected all egg clutches deposited by
an individual over the course of the previous week in its cage at each measuring event. We
placed each collected clutch on a millimeter paper and photographed it from above with a
Canon EOS 60D digital camera (lens: Sigma 105mm F2.8 EX DG OS HSM Macro, settings:
fully automatic, image size: 5184 × 3456 pixels). Using version 1.48s of the software ImageJ
(Rasband 1997-2015) we determined the area covered by eggs in each egg clutch, and used
the sum of these areas in all the clutches produced by each individual over the course of the
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experiment as our measure of fecundity. This measure is a suitable approximation of the
total number of eggs produced as confirmed by a strong positive relationship between the
number of eggs in an egg clutch and the area these eggs covered (L. Langeloh, unpublished
data).
We measured PO-like activity in snail hemolymph at three measuring events: immediately
pror to starting the experiment, at week three, and at at week six. PO-like activity reflects
an oxidative response similar to or identical with that of phenoloxidase, which catalyzes the
oxidative response against eukaryotic parasites (Cerenius and Söderhäll 2004).
Phenoloxidase has previously been shown to be involved in immune defense in mollusks
(Muñoz et al. 2006; Hellio et al. 2007; Butt and Raftos 2008) and PO-like activity can be
triggered by immune elicitors in L. stagnalis (Seppälä and Leicht 2013). In order to obtain a
hemolymph sample, we gently tapped the underside of the snail’s foot until it retreated into
its shell, simultaneously releasing hemolymph (Rigby and Jokela 2000). We added 10 µL of
hemolymph from each snail to a 1.5 mL reaction tube pre-filled with 100 µL of phosphate
buffered saline (PBS). We snap-froze the samples in liquid nitrogen immediately after
collection and later stored them at -80 °C until processing. We measured PO-like activity of
snail hemolymph spectrophotometrically using L-Dopa (3,4-Dihydroxy-L-phenylalanine, ≥
99.0 % (NT), 37830 SIGMA-ALDRICH, Sigma-Aldrich). In the assay, L-Dopa, a precursor of
the pigment melanin, is oxidized, leading to an increase in optical density (OD) of the
sample over time. For that, we thawed each hemolymph sample on ice and centrifuged it for
15 minutes at 4723 g. Subsequently, we combined 40 µL of the supernatant with 140 µL of
ddH2O and 20 µL of PBS in a well of a 96-well microtitre plate and added 20 µL of L-Dopa
solution (4 mg × ml -1 in ddH2O). For every seven hemolymph samples we included one
control sample (five per plate) in which we replaced hemolymph with 40 µl of water to
control for any oxidation of L-Dopa not caused by the enzymes in the snail hemolymph. We
measured OD of each sample at 480 nm immediately after adding the L-Dopa solution, as
well as after a six-hour incubation period at 30 °C, using a microplate spectrophotometer
(SPECTRAmax® 190, Molecular Devices Corporation; instrument photometric range: 0 – 4
OD with 0 being completely transparent and 4 being non-transparent). During this
incubation period, OD increases linearly (O. Seppälä, unpublished data). We estimated POlike activity (in milliunits OD) for each sample by calculating the difference in OD between
the first measurement (0 minutes after the start of the reaction) and the second
measurement (360 minutes after the start of the reaction; OD360 min – OD0 min). In order to
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account for background oxidation of L-Dopa, we did the same for each control well on a
plate, calculated their mean, and subtracted it from the change in OD of each sample.
At the same time points when we quantified PO-like activity (see above), we also measured
antibacterial activity in snail hemolymph. Antibacterial activity refers to the part of the
humoral defense against microbial infections that relies on antimicrobial peptides. Like POlike activity, antibacterial activity has been shown to be involved in immune defense in
mollusks (Mitta et al. 2000; Hernroth 2003; Allam et al. 2006) and can be triggered
experimentally by immune elicitors in L. stagnalis (Seppälä and Leicht 2013). For
measuring antibacterial activity, we collected 100 µL of hemolymph from each snail in a 1.5
mL reaction tube, snap-froze the samples in liquid nitrogen and later stored them at -80 °C
until processing. We measured antibacterial activity of snail hemolymph against lyophilized
Escherichia coli cells (EC11303-10G SIGMA, Sigma-Aldrich). In the assay, antibacterial
peptides lyse E. coli cells, leading to a decrease in optical density (OD) over time. For that,
we thawed each hemolymph sample on ice and subsequently combined 50 µL of hemolymph
with 200 µL of an E. coli solution (0.35 mg × mL-1 of lyophilized E. coli cells in a 0.01 M
sodium phosphate buffer) in a well of a 96-well microtitre plate. For every seven hemolymph
samples we included one control sample (5 per plate) in which we replaced hemolymph with
50 µL of water to control for any “background” decrease in OD. We measured OD of each
sample at 450 nm immediately after mixing the hemolymph samples with the bacteria cells
as well as 25 minutes later using a microplate spectrophotometer (SPECTRAmax® 190,
Molecular Devices Corporation). During the measurement, OD decreases linearly (L.
Langeloh, unpublished data). We estimated antibacterial activity (in milliunits OD) in each
sample by calculating the difference in OD between the first measurement (0 minutes after
the start of the reaction) and the second measurement (25 minutes after the start of the
reaction; OD0 min – OD25 min). In order to account for background lysis of bacterial cells not
caused by antibacterial peptides in the snail hemolymph, we did the same for each control
well on a plate, calculated their mean, and subtracted it from the change in OD of each
sample.
Statistical Analysis
In order to examine if the experimental snails assigned to different feeding regimes (added
food, no added food) differed in size or immune activity at the beginning of the study, we
analyzed the variation in the first measurements of shell length as well as of PO-like
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activity and of antibacterial activity in hemolymph using analyses of variance (ANOVA). We
used models that included the main effects of two fixed factors, feeding treatment and block
of the experiment (two blocks). We used similar models for all other analyses described in
this paragraph unless stated otherwise. We analyzed whether the feeding treatment
affected snail immune defense traits during the experiment using ANOVAs. We chose to use
the mean values of the measurements obtained at measuring events three and six as
dependent variables in the analyses rather than repeated measures ANOVAs. This was
because we also used the average level of immune parameters in the selection gradient
analyses (see below). We did not correct trait values for snail size as size was not correlated
with either PO-like activity (added food: r = 0.064, N = 106, p = 0.515; no added food: r =
0.125, N = 54, p = 0.366) or antibacterial activity (added food: r = -0.031, N = 106, p = 0.750;
no added food: r = -0.055, N = 55, p = 0.688). As a measure of fitness, we used fecundity of
snails over the last four weeks of the experiment (see the use in selection gradient analyses
below). We analyzed whether the feeding treatment affected the fitness of snails (raised to
the power of 0.3 to homogenize error variances) during the same period (weeks three to six)
using an ANOVA. To examine whether the feeding treatment affected the specific growth
rate of snails during the same time period we conducted an ANCOVA with the geometric
mean of size as a covariate (see Kaufmann 1981; Seppälä et al. 2013). We calculated specific
growth rate using the formula specific growth rate = [ln(length after six weeks in the
experiment) – ln(length after three weeks in the experiment)] / number of weeks between
measurements. We excluded one outlier that was clearly the result of an error in the second
size measurement. To analyze whether snails in either treatment grew over the course of
the experiment, we conducted a one-sample t-test separately for each feeding treatment
where we compared specific growth rate to zero. Additionally, we analyzed the variation in
the survival of snails as well as occurrence of trematode infections using generalized linear
models where we used survival of snails until the end of the experiment (survived, did not
survive) and presence of trematodes at the end of the experiment (infected, uninfected) as
binomial response variables (logit link function).
To estimate the form and strength of selection on PO-like activity, antibacterial activity and
specific growth rate of snails (see above), we applied regression-based selection gradient
analyses described by Lande and Arnold (1983). In these analyses, we used the average of
the second and third measurements of immune activity for each individual and specific
growth rate over the last three weeks of the experiment. We did not use the first
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measurements since we had collected them before the beginning of the experiment, and
thus their levels reflect the immune activity under laboratory conditions rather than
conditions in the lake. Similarly, we used fitness over the same period (weeks three to six)
to have fitness data that corresponds with the immunological measurements. The initial
sharp decrease in fecundity of snails at the beginning of the experiment (figure S1), which
suggests that their performance at the beginning was confounded by the laboratory
conditions in which they had been maintained, further supports this decision. Our fitness
measure (i.e. fecundity over the last four weeks of the experiment) combines the effects of
two components of fitness, survival and fecundity, as it does not exclude snails that had died
during the experiment. Prior to the analyses, we transformed the fitness of each snail into
relative fitness (individual fitness × mean fitness-1), and standardized the examined trait
values [(individual trait value - mean trait value) × standard deviation of trait values -1]
separately in each treatment. In the analyses, we estimated linear and quadratic univariate
selection gradients (Lande and Arnold 1983), doubling the coefficients and standard errors
for the second-order terms from the regression analyses including both linear and quadratic
terms (see Stinchcombe et al. 2008). In addition, we calculated cubic spline estimates for
each trait in each experimental treatment (Schluter 1988). This provides graphical
representations of the fitness functions, and allows for the identification of possible
intermediate fitness extremes in the data. This is highly important because significant
quadratic terms in selection gradient analyses only indicate curvature in the relationships
between trait values and fitness (Schluter 1988) but do not rule out that fitness is highest or
lowest at extreme trait values. Therefore, describing, for example, stabilizing selection
requires a significant negative quadratic term in the selection gradient analysis as well as
an intermediate fitness maximum observed in a cubic spline.
The above univariate selection gradients measure both direct and indirect selection on the
examined traits, owing to possible correlations among traits. To estimate direct selection on
correlated traits, multivariate selection gradients can be used, but since in our study the
examined immune traits were not correlated in either of the treatments (added food: r =
0.040, N = 119, p = 0.669; no added food: r = -1.121, N = 99, p = 0.233) we did not conduct
such analyses. We also did not find a correlation with specific growth rate in either PO-like
activity (added food: r = 0.111, N = 106, p = 0.257; no added food: r = -0.088, N = 54, p =
0.528) or antibacterial activity (added food: r = 0.016, N = 106, p = 0.873; no added food: r =
0.020, N = 55, p = 0.884). Our fitness measure is comprised of at least two components of
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fitness, selection on survival and selection on fecundity of survivors. We calculated selection
gradients for each of these components of fitness separately in each treatment to estimate
the underlying mechanisms explaining the observed fitness functions. In these analyses, we
used the data on whether or not an individual survived until the end of the study and, for
those that did, their fecundity during the experiment as response variables. We performed
all statistical analyses using IBM SPSS 22.0 (IBM, Armonk, NY, USA), and produced cubic
splines using the program glmsWIN10+ (Schluter 1988).

Results
At the beginning of the experiment, individuals assigned into different feeding treatments
did not differ with respect to shell length (figure S1, ANOVA, F1,244 = 0.001, p = 0.969), POlike activity (figure S2A, ANOVA, F1,243 = 0.016, p = 0.898) or antibacterial activity of
hemolymph (figure S2B, ANOVA, F1,243 = 0.454, p = 0.501). During the experiment, levels of
mean PO-like activity (figure 1A, ANOVA, F1,215 = 32.394, P < 0.001), mean antibacterial
activity (figure 1B, ANOVA, F1,216 = 11.537, P = 0.001), fitness over the last four weeks of
the study (figure 2, ANOVA, F1,245 = 335.143, P < 0.001), as well as specific growth rate of
snails (figure 3, ANCOVA, F1,157 = 29.118, P < 0.001) were higher in snails in the “added
food” treatment compared to snails in the “no added food” treatment (Immune activity,
reproductive output, and size of the snails at different measuring events are presented in
figures S1-S3.). Only snails in the “added food” treatment grew during the experiment
(figure 3, t105 = 6.909, p < 0.001) while snails in the “no added food” treatment became
smaller (figure 3, t54 = -5.041, p < 0.001). Survival of snails was higher in the “added food”
treatment where 80.0 % of individuals survived until the end of the experiment compared to
the “no added food” treatment where 27.6% of snails survived (Generalized Linear Model, χ2
= 58.913, df = 1, P < 0.001). Among these snails, twenty (20.0%) of the individuals in the
“added food” treatment and two (5.9%) of the individuals in the “no added food” treatment
were infected with trematodes (i.e. carried parasite sporocysts). The difference between the
treatments was, however, not statistically significant (Generalized Linear Model, df = 1, χ2
= 3.681, P = 0.055). In three infected snails, sporocysts released fully developed cercariae
that we could identify as Trichobilharzia sp. In six other cases, we also found furcocercariae,
but could not identify them since the cercariae were not yet fully developed.
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Figure 1. Differences between the "added food" treatment (“1”, filled circles) and the "no added food"
treatment (“0”, open circles) with respect to (A) mean PO-like activity (milliunits OD; mean ± SE) at
the last two hemolymph measuring events, (B) mean antibacterial activity (milliunits OD; mean ±
SE) at the last two hemolymph measuring events, (C) fitness of snails (sum of areas covered by eggs
in all egg clutches collected from snails over the last four weeks of the experiment in mm2, mean ±
SE), and (D) specific growth rate over the last three weeks of the experiment.

Figure 4. Fitness of snails (sum of areas covered by eggs in all egg clutches collected from snails over
the last four weeks of the experiment in mm2) in the “added food” treatment as a function of (A) mean
PO-like activity and (B) mean antibacterial activity measured at the end of weeks three and six of the
experiment in milliunits OD. The solid lines are fitness functions calculated using the cubic spline
method; the dashed lines are standard errors.
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In the “added food” treatment, PO-like activity of snail hemolymph was under stabilizing
selection, as indicated by a statistically significant negative quadratic selection gradient
(table 1) and an intermediate fitness maximum in the fitness function (figure 4A).
Antibacterial activity, on the other hand, was under positive directional selection (table 1,
figure 4B). Due to low variation in fitness among individuals in the “no added food”
treatment caused by a combination of high mortality and low fecundity, no significant
selection gradients could be observed for the examined immune parameters (table 1, figure
S4). The observed selection on immune defense traits in the “added food” treatment could
mainly be attributed to (positive directional) survival selection (table 1). Selection gradients
were not significant for fecundity, the second fitness component (table 1). In the “added
food” treatment both, the negative linear and the negative quadratic selection gradients for
specific growth rate were statistically significant (table 1). Additionally, there was an
intermediate fitness maximum in the fitness function (figure 5). In the “no added food”
treatment, we did not detect significant selection gradients for specific growth rate (table 1,
figure S5). The observed selection on specific growth rate in the “added food” treatment
could only be estimated for individuals that survived until the end of the experiment (see
above) and therefore only reflects fecundity selection.

Table 1. Standardized univariate linear (β) and quadratic (γ) selection gradients (± SE) for PO-like
activity and antibacterial activity of snail hemolymph, and growth in the “added food” and the “no
added food” treatments. Selection gradients for components of fitness (survival, fecundity of
survivors) are only given for the “added food” treatment where selection gradients for our fitness
measure were statistically significant. Bold values signify statistically significant selection gradients,
* significance level < 0.05, ** significance level < 0.01, *** significance level < 0.001.
feeding
treatment

fitness measure

no added food

A

growth

ß

γ

ß

γ

ß

γ

0.074

- 0.154**

0.111*

0.01

- 0.150**

- 0.124*

(± 0.051)

(± 0.058)

(± 0.051)

(± 0.064)

(± 0.045)

(± 0.058)

survival

0.143***

- 0.154**

0.102*

- 0.182**

(until end of study)

(± 0.039)

(± 0.044)

(± 0.043)

(± 0.064)

fecundity

- 0.012

- 0.062

0.048

0.078

(of survivors)

(± 0.048)

(± 0.062)

(± 0.048)

(± 0.072)

- 0.135

- 0.028

- 0.035

0.134

0.294

- 0.10

(± 0.105)

(± 0.144)

(± 0.105)

(± 0.134)

(± 0.161)

(± 0.274)

fitness

added food

PO

fitness
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Figure 5. Fitness of snails (sum of areas covered by eggs in all egg clutches collected from snails over
the last four weeks of the experiment in mm2) in the “added food” treatment as a function of specific
growth rate over the last three weeks of the experiment. The solid line is the fitness function
calculated using the cubic spline method; the dashed lines are standard errors.

Discussion
In the group of snails that received supplementary feeding with lettuce during the
experiment, we detected significant selection gradients for both PO-like activity and
antibacterial activity of hemolymph. Selection acted differently on those two immune
parameters, however; while PO-like activity was under stabilizing selection, antibacterial
activity was under positive directional selection. This difference could possibly result from
variation in importance and associated costs between the examined immune defense traits.
Our results suggest that PO-like activity provided benefits for snails, but was associated
with trade-offs at the upper end of the displayed phenotypic range. High antibacterial
activity, on the other hand, appeared to be beneficial for the fitness of snails under the given
conditions, and was thus possibly more important for snail defense against infections than
PO-like activity. The observed positive directional selection on antibacterial activity could
still be confounded by variation in resource level among individuals. In that case, the
selection gradients would reflect selection on physiological condition rather than on immune
function. It is important to note, however, that the added food provided for the snails was
limited (the piece of lettuce provided once a week would feed a snail of similar size for two
days under laboratory conditions) and renders the aforementioned scenario unlikely.
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Therefore, also the possible variation in physiological condition among the experimental
snails is likely to have been low compared to what it would have been under, for example,
ad libitum feeding, which is commonly used in experimental studies. Furthermore, the
condition-dependence of antibacterial activity of L. stagnalis hemolymph is known to be
weaker than that of PO-like activity (Seppälä and Jokela 2010). Therefore, variation in
resource level is unlikely to have had a strong influence on the estimate of selection in this
trait.
In the group of snails that did not receive supplementary feeding during the experiment but
relied entirely on foraging on periphyton growing on the walls of the experimental cages, we
did not detect significant selection gradients for either of the examined immune traits. This
was probably the result of the low level of variation in fitness among individuals, which
arose from a combination of high mortality and low fecundity of the snails in this treatment.
The observed low performance of snails was most likely the result of a poor physiological
condition of the individuals caused by the severely limited amount of available external
resources. This assumption is supported by the fact that fitness-related traits such as
growth (De With 1978; Ter Maat et al. 2007; Seppälä and Jokela 2010; Seppälä et al. 2013)
and reproduction (Bohlken and Joosse 1982; Ter Maat et al. 2007) are typically conditiondependent in L. stagnalis and can be reduced already after few days of fasting (Bohlken and
Joosse 1982; Seppälä and Jokela 2010),.
To our knowledge, stabilizing selection on host immune defense has been reported only in
one earlier study (Råberg and Stjernman 2003). While the observation of stabilizing
selection on PO-like activity is in line with theoretical predictions about selection on
immune function (van Baalen 1998; Boots and Haraguchi 1999; Jokela et al. 2000; Shudo
and Iwasa 2001; Medley 2002; van Boven and Weissing 2004; Houston et al. 2007; Miller et
al. 2007), the fact that we detected it in the “added food” rather than in the “no added food”
treatment is surprising. It contradicts the common observation that trade-offs among
various traits often only become apparent under fasting (van Noordwijk and de Jong 1986;
Reznick et al. 2000). This can be because under conditions in which resources are readily
available, variation in individuals’ ability to acquire resources becomes apparent which can
confound trade-offs (see above). Thus, our result suggests that in our study system the
trade-offs associated with high PO-like activity are sufficiently strong to become apparent
under conditions of higher resource availability than during fasting. While the observed
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positive directional selection on antibacterial activity contradicts theoretical predictions, it
is in line with earlier empirical studies on natural selection on immune traits (Saino et al.
1997; Christe et al. 1998; Gonzalez et al. 1999; Horák et al. 1999; Merino et al. 2000; Christe
et al. 2001; Svensson et al. 2001; Baer and Schmid-Hempel 2003; Råberg and Stjernman
2003; Rolff and Siva-Jothy 2004; Calsbeek et al. 2008; Mills et al. 2009; Parejo and Silva
2009; Graham et al. 2010; Wilcoxen et al. 2010).
Fitness of snails over the course of our experiment can be broken down into two separate
components, survival and fecundity. Determining selection gradients for these fitness
components individually revealed that selection on the examined immune traits was mainly
driven by survival selection. In contrast to the selection gradients for net fitness, both the
linear and quadratic selection gradients for survival were statistically significant for both
immune parameters. Selection gradients for fecundity were not statistically significant, but
they differed from survival selection. Thus, the overall selection was a result of their
combined effects although dominated by survival selection. To our knowledge, variation
between different fitness components with regard to the form of selection on immune
defense traits has previously been tested only in soay sheep (Graham et al. 2010). In that
species, antibody responsiveness is subject to positive survival selection but negative
fecundity selection. This and our result both suggest that the main benefits of immune
activity arise from increased host survival when the immune system prevents infections
and/or eliminates harmful parasites.
The imposed feeding treatments strongly affected the growth rate of snails, causing
individuals in the “added food” treatment to grow considerably more than snails in the “no
added food” treatment. In the latter treatment, snail shells became, in fact, shorter over the
course of the experiment, most likely due to a combination of a lack of growth and natural
wear on the shell edges (Raffaelli 1978; Cadee 1999). The growth rate observed in the
“added food” treatment is in line with earlier observations under laboratory conditions,
when taking into account the amount of food the snails received in this study (Seppälä et al.
2013). In this treatment, our analysis revealed significant negative values for both, the
linear term and the quadratic term of the selection gradient. A fitness maximum at low
intermediate levels of specific growth rate confirmed that this trait was under stabilizing
selection. It is important to note that selection on growth was investigated using only snail
fecundity as a fitness measure, the reason being that only individuals that survived until
42

Chapter 1
the end of the study could be used to measure growth. Thus, the observed negative linear
term of the selection gradient indicates the presence of a trade-off between snail growth and
fecundity, despite the fact that bigger individuals tend to be more fecund (Koene et al.
2007). Selection gradients were not significant in the “no added food” treatment because
variation in both snail fitness and growth rate was low in this group.
A potential major selective force on snail immune function in our experiment were
trematode parasites. Lymnaea stagnalis is commonly infected with different trematode
species that castrate and eventually kill their snail hosts (Wright 1971; Väyrynen et al.
2000; Sorensen and Minchella 2001). At the end of our experiment, 16.5 % of the
experimental snails carried trematode sporocysts, the stage in the parasite life cycle that is
highly virulent for the host (Adema et al. 2010). The prevalence observed in this experiment
was similar to the prevalence observed in some of the source populations used to produce
the experimental snails, where it ranged from 4 % to 67 % (L. Langeloh, unpublished data).
Although we were not able to determine the infection status of snails that had died during
the experiment, the overall proportion of infected snails was likely to be higher as infected
snails often have lower survival (Jokela et al. 1999; Jokela et al. 2005). Interestingly, the
prevalence of infection in snails in the “added food” treatment was 20.0 % whereas it was
only 5.9% in “no added food” treatment. Even though it is possible that trematodes
preferably infect snails which are in good physiological condition (see Seppälä et al. 2011;
Seppälä and Leicht 2015), decreased host condition has been shown to be associated with
increased infection-induced mortality in another species (Krist et al. 2004). This suggests
that the overall prevalence of infection in the “no added food” treatment, including the
snails which did not survive until the end of the experiment, is likely to have been higher
than among only the survivors of that treatment and possibly also higher than within the
“added food” treatment. Even though trematode infections have probably negatively affected
the survival and fecundity of snails in our study, it is important to note that the roles of the
examined immune parameters in the snails’ defense against trematode parasites is not
known. In addition to trematode parasites, it is possible that various parasitic and/or
opportunistic microbes exerted a strong selective pressure on the snail’s immune defense in
our study. Strong selective pressure imposed by microbes could explain why antibacterial
activity was under positive directional selection. We were, however, not able to determine
the presence and abundance of such microbes (or identify them), and thus their role as
selective agents remains unclear.
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In conclusion, we found that the form of selection on immune defense can depend on the
immune trait under consideration. In our experiment, PO-like activity of snail hemolymph
was under stabilizing selection, whereas antibacterial activity of hemolymph was under
positive directional selection. Interestingly, we detected the above selection gradients only
in the “added food” treatment, even though trade-offs often only manifest themselves under
fasting. This suggests that the trade-offs associated with PO-like activity were considerable.
Previous evidence for family-level genetic variation in the examined immune traits as well
as in parasite resistance (Seppälä and Jokela 2010; Seppälä et al. 2011) suggests that snails
should be able to respond to the selection described in this study. Our findings also suggest
that different immune traits can differ with respect to their importance for hosts, which
may depend on the types of parasites the hosts are exposed to in the wild, as well as their
commonness. Both of these factors are likely to vary over time and space, possibly leading to
high variation in the selection on immune defense. In order to understand the evolution of
immune defense through natural selection, future studies should comprehensively
investigate such variation in selection as well as the underlying causative factors.
Important factors could be, for example, phenotypic differences among host populations and
variation in infection risk both within and across populations.
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Supporting Information
Table S1. Experimental design.
date

activity

measuring

measurements

event
block 1

block 2

28.05.2014
05.06.2014

06.06.2014

empty cages placed in lake
start of the experiment (snails

0

put into the cages); lettuce for

shell length
immune activity

“added food” treatment
12.06.2014

13.06.2014

1

survival
fecundity

19.06.2014

20.06.2014

2

survival
fecundity

26.06.2014

27.06.2014

3

survival

lettuce for “added food”

fecundity

treatment

shell length
immune activity

03.07.2014

04.07.2014

4

survival
fecundity

10.07.2014

11.07.2014

5

survival
fecundity

17.07.2014

18.07.2014

snails removed from lake
dissection of surviving snails

6

survival
fecundity
shell length
immune activity
trematode infection status
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Figure S1. Shell length of snails (mm; mean ± SE) over time in the “added food” treatment (filled
circles) and in the “no added food” treatment (open circles). Only individuals which were alive at the
respective measuring event are included in the graph.

Figure S2. Immune activity of snails over time. (A) PO-like activity (milliunits OD; mean ± SE) and
(B) antibacterial activity (milliunits OD; mean ± SE) in the “added food” treatment (filled circles) and
in the “no added food” treatment (open circles).
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Figure S3. Fitness of snails over time (sum of areas covered by eggs in all egg clutches collected from
snails at each measuring point in mm2, mean ± SE) in the “added food” treatment (filled circles) and
in the “no added food” treatment (open circles).

Figure S4. Fitness of snails (sum of areas covered by eggs in all egg clutches collected from
snails over the last four weeks of the experiment in mm2) in the “no added food” treatment
as a function of (A) mean PO-like activity and (B) mean antibacterial activity measured at
the end of weeks three and six of the experiment in milliunits OD. The solid lines are fitness
functions calculated using the cubic spline method; the dashed lines are standard errors.
Note that we used the same scales on the axes as for fitness functions in the “added food”
treatment (figure 4).
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Figure S5. Fitness of snails (sum of areas covered by eggs in all egg clutches collected from snails
over the last four weeks of the experiment in mm2) in the “no added food” treatment as a function of
specific growth rate over the last three weeks of the experiment. The solid line is fitness function
calculated using the cubic spline method; the dashed lines are standard errors. Note that we used the
same scales on the axes as for fitness functions in the “added food” treatment (figure 5).
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Abstract
Form and strength of selection show both spatial and temporal variation, promoting
intraspecific genetic variation in fitness-correlated traits between populations. Immune
defense, the main physiological barrier against parasite infections, is an important
contributor to fitness and the constituting traits typically display ample phenotypic and
genetic variation. While theory predicts immune defense to be under stabilizing selection
due to the associated costs thwarting its benefits, variation in parasite community and
density may actually render selection on immune defense context-dependent. In order to
understand and potentially predict the outcome of host-parasite interactions it is
therefore crucial to assess selection on immune defense under various environmental
conditions. Here, we measured selection on both the induced and the constitutive level of
two different immune defense parameters, phenoloxidase-like activity and antibacterial
activity, in individuals of six populations of the freshwater snail Lymnaea stagnalis
exposed to either clean or microorganism-enriched water. We assessed fitness through
two key components, survival and fecundity. The form of selection differed between the
two immune traits: While PO-like activity was mostly under negative directional
selection in both water quality treatments, antibacterial activity turned out to be under
stabilizing selection in clean water. Our results suggest that selection gradients are
responding to environmental variation in infection risk.
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Introduction

One of the processes contributing to intraspecific genetic variation in various traits is
variation in type and strength of selection both in time and space (Haldane and Jayakar
1963). Variation in selection implies that the fitness landscape in trait space is
context-dependent and optimal trait combinations may differ among populations.
Phenotypic selection leads to an evolutionary response if traits have a heritable genetic
basis. Spatially variable trait optima may therefore lead to genetic divergence of
populations. Consequently, the genetic variation in the population partially determines
the phenotypic variance and opportunity for selection in the next generation. In this
sense, among-population genetic variation may be the consequence of local differences in
selective environment (Brandon 1990), while the within-population genetic variation is
the fuel for evolutionary response to present selection gradients.
Fitness is composite of many phenotypic traits that contribute to survival and
reproduction. One set of important fitness-correlated traits that show a large amount of
phenotypic variation are traits constituting the immune defense. While a great deal of
variation in immune defense is inducible and phenotypic, defense traits are also known
to show genetic variation and to respond to selection (Kurtz and Sauer 1999; Ryder and
Siva-Jothy 2001; Cotter et al. 2004; Schwarzenbach et al. 2005; Seppälä and Jokela
2010; Seppälä and Langeloh 2016). In this sense they are similar to other fitnesscorrelated traits, for example, key life-history traits.
When considering the evolution of immune traits, the type and strength of phenotypic
selection on immune defense is an important study topic. While immune defense offers
the benefit of eliminating virulent parasites and pathogens, it may come at considerable
costs with respect to maintenance (Kraaijeveld and Godfray 1997), mounting of the
defense (Schmid-Hempel 2003) and inflicting self-harm (Graham et al. 2005; Sorci et al.
2013). Theory predicts that such costs and trade-offs should lead to stabilizing selection
on defense traits (Behnke et al. 1992; Frank 1993). An increase in selection pressure due
to increased infection risk, however, could shift the balance between costs and benefits of
a stronger immune defense and temporarily lead to positive directional selection.
Empirical studies mostly report positive directional selection on immune defense (e.g.
Saino et al. 1997; Christe et al. 1998; Horák et al. 1999; Christe et al. 2001; Baer and
Schmid-Hempel 2003; Rolff and Siva-Jothy 2004; Parejo and Silva 2009) and hardly ever
stabilizing selection (but see Råberg and Stjernman 2003). It is important to assess
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selection under various (environmental) conditions to be able to predict the evolutionary
trajectory of the examined traits.
Here we ask how variation in environmental quality affects selection on immune defense
traits. We measured selection on defense traits in two environments that differed with
respect to risk of infection by opportunistic microbiota causing an immune challenge
using the freshwater snails Lymnaea stagnalis. We measured selection in two different
immune defense traits, phenoloxidase-like (PO-like) activity and antibacterial activity of
hemolymph, using survival and fecundity as proxies for fitness. We assessed selection in
individuals originating from six distinct natural populations. We did not know if past
selection on immune traits in these populations differ, but we considered it important to
use independent genetic backgrounds in the analysis of selection gradients to evaluate
the differences due to possible population genetic structure. We also expected that the
independent histories of these source populations would increase the potential for
phenotypic range of trait expression in the experiment. In short, we expected the defense
traits to be under stabilizing selection in a high quality environment (clean water) and
potentially under positive directional selection in a poor quality environment
(micro-organism-enriched water treatment).

Methods

Study system
Lymnaea stagnalis is a common freshwater snail in the northern hemisphere inhabiting
both stagnant and slow-flowing water bodies. In the wild, L. stagnalis is predominantly
an annual species rarely surviving past its first breeding season (Boycott 1936). It is a
simultaneous hermaphrodite and while it is capable of both outcrossing and selffertilization (Crabb 1927), the outcrossing rate is usually high (Puurtinen et al. 2007).
Allosperm from previous mating events may be stored for more than two months (Cain
1956; Nakadera et al. 2014). Under laboratory conditions at 18 °C, L. stagnalis produces
up to eight egg clutches per week, each containing between 1 and 200 eggs (L. Langeloh,
personal observation). Previous studies using full-sib families and maternal sibships
have demonstrated genetic variation in immune function as well as variation in parasite
resistance (Seppälä and Jokela 2010; Seppälä et al. 2011; Seppälä and Langeloh 2016).
In this study, we used snails of six laboratory populations established with adult snails
collected in summer 2012 from six ponds in northern Switzerland (47°22’4.6’’
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N/8°34’40.6’’ E, n = 54; 47°28’27.5’’ N/8°43’45.9’’ E, n = 101; 47°23’56.8’’ N/8°32’57.7’’ E, n
= 82; 47°35’0’’ N/8°51’52’’ E, n = 148; 47°34’58.9’’ N/8°51’57.4’’ E, n = 37; 47°23’21.3’’
N/8°33’42.1’’ E, n = 87). As we collected the snails during their breeding season, the
typically high outcrossing rate of L. stagnalis (Puurtinen et al. 2007) in combination with
their ability to store allosperm from previous mating encounters (Nakadera et al. 2014)
most likely yielded lab populations which well-represent the natural genetic variation of
the source populations. In the lab, we cultured the snails in aged tap water at 18 ± 3 °C
water temperature and provided a combination of fresh lettuce and Spirulina powder ad
libitum. In spring 2013, we isolated individuals (shell length 6.2 – 14.5 mm) from the F2
lab generation of each of the six established laboratory populations (15 – 31 individuals
per population) and maintained them individually in cups (V = 200 ml). We provided
them with fresh lettuce ad libitum. After all individuals had reached maturity we
haphazardly assigned each of them one mating partner from their respective laboratory
source population and let them mate for two weeks. We removed the mating partners
and allowed the snails to deposit egg clutches for 26 days before we removed their shell
and collected a tissue sample for genotyping. We raised 146 full-sib families (2 – 18
siblings per family) that hatched from the egg clutches until they had reached a size of
12.8 – 38.4 mm. We later genotyped the snails with microsatellite markers to verify that
the offspring used in the experiment were outcrossed (see supplement).
Experimental Design
We conducted a laboratory experiment where we manipulated water quality and
measured individual survival, fecundity, shell length, PO-like and antibacterial activity.
For logistic reasons we conducted the experiment in two blocks separated by a day. The
two blocks started on January 9, 2014 [block 1; n(clean water) = 320, n(micro-organismenriched water) = 320] and on January 10, 2014 [block 2; n(clean water) = 318, n(microorganism-enriched water) = 312]. We carried out the experiment in temperaturecontrolled rooms at 18 ± 2 °C between January 9, 2014, and March 7th, 2014) over an
eight-week period. Throughout the experiment, we maintained snails individually in
cups (volume: 0.2 L) and provided fresh lettuce ad libitum.
The bottom of each cup was perforated allowing for water exchange with the
surrounding water which we constantly circulated using immersion pumps (Neptun
2000/Aquarius Universal Classic 2000, OASE GmbH) coupled to a biological filter. We
partly replaced the water in either treatment every five days to compensate for
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evaporation and to maintain a constant level of relatively poor water quality in the
microorganism-enriched water (see below).
In families consisting of ten or more siblings, we haphazardly assigned half of the
siblings in each family (N = 72) to each of the two water quality treatments, while in
families consisting of fewer than ten siblings (N = 74), we randomly assigned all
individuals to one of the water quality treatment. Of these smaller families, the ‘clean
water’ treatment received 36 while the ‘micro-organism-enriched water’ treatment
received 38 families. In the following selection-gradient analyses (see below) we do not
consider among-family variation explicitly but this type of design where we split as
many of the families as we could was chosen to maximize the similarity of the genetic
background in each treatment.
In the ‘clean water’ treatment we maintained the snails in aged tap water while in the
‘micro-organism-enriched water’ treatment we maintained the snails in aged tap water
that was supplemented with 2 mL/L of LB medium [20 mg/L of Tryptone (SigmaAldrich), 20 mg/L of NaCl (Sigma-Aldrich), 10 mg/L of yeast extract (Fluka bioChemika)
in de-ionized water], 1 mL/L of algae medium [10.1 mg/L of KNO3 (Merck), 0.1 mg/L of
KH2PO4 (Sigma-Aldrich), 1.1 mg/L of MgSO4 (Fluka BioChemika) in de-ionized water]
and 1.5 g/L of organic sugar. Before use the micro-organism-enriched water was let to
brew for five days at 18 +- 3 °C.
During the last two weeks of the eight-week experiment we introduced an additional
stress treatment, during which we simulated a predator attack on half of the snails in
each block-by-water quality treatment combination every third day. We achieved this by
tapping the foot of the snail with a pipette tip until it completely retracted into its shell,
releasing hemolymph through the hemal pore while doing so. As snails replace the lost
blood with water directly from the environment, recovery from the “predator” attack also
challenges the immune system as the non-sterile water mixes with the hemolymph
(Rigby and Jokela 2000; Seppälä and Leicht 2013). This additional treatment allowed us
to confirm that the water quality treatment represented a physiological challenge to the
snails in the “microorganism-enriched water” (see Rigby and Jokela 2000).
Measurements
We maintained the same biweekly measuring routine throughout the eight-week
experiment. We measured shell length (to the nearest 0.1 mm) and immune traits within
60 hours after the beginning of the experiment [marked by the beginning of the exposure
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to the water quality treatment (block 1: 1 day past initial exposure; block 2: 2 days past
initial exposures)] and afterwards biweekly. Starting from the second measuring point,
we additionally assessed fecundity. We assessed survival weekly. After the final
measurements (block 1: March 6, 2014; block 2: March 7, 2014) we sacrificed the snails
and took a tissue sample from the head-foot region for genotyping (see supplement).
At each sampling session, we collected all egg clutches deposited by an individual in its
cup over the course of the preceding week to estimate fecundity of the experimental
snails. We photographed each clutch from above on millimeter paper using a Canon
PowerShot S100 digital camera (scene mode: macro, focal length: 5.2 mm, aperture: F/8,
shutter speed: 1/8, sensitivity: ISO-200, image size: 4000 × 3000 pixels, focus mode: auto
focus). Using version 1.48s of the software ImageJ (Rasband 1997-2015) we measured
the area covered by eggs in each egg clutch, and used the sum of these areas over all the
clutches collected from each individual over the course of the experiment as a measure of
its fecundity. Due to a strong positive correlation between the number of eggs in an egg
clutch and the area these eggs covered (L. Langeloh, unpublished data), this measure of
fecundity is a suitable approximation of the total number of eggs in all egg clutches
collected during the experiment.
We measured PO-like and antibacterial activity of snail hemolymph at each of the
sampling sessions. In order to obtain a hemolymph sample, we imitated a predator
attack as described above for the additional stress treatment. Phenoloxidase catalyzes
the oxidative response against eukaryotic parasites (Cerenius and Söderhäll 2004). The
antibacterial activity measured in this assay reflects antimicrobial proteins and is part
of the humoral defense against microbial infections. The involvement in immune defense
of mollusks has previously been demonstrated for both, phenoloxidase (Muñoz et al.
2006; Hellio et al. 2007; Butt and Raftos 2008) and antibacterial activity (Mitta et al.
2000; Hernroth 2003; Allam et al. 2006). PO-like activity and antibacterial activity can
both be induced by immune elicitors in L. stagnalis (Seppälä and Leicht 2013).
For measuring PO-like activity, we added 10 µL of hemolymph from each snail to 100 µL
of phosphate buffered saline (PBS) and immediately snap-froze the samples in liquid
nitrogen. Later on, we stored them at -80 °C until processing. We processed the samples
using an assay during which we measured PO-like activity of snail hemolymph using LDopa (3,4-Dihydroxy-L-phenylalanine, ≥ 99.0 % (NT), 37830 SIGMA-ALDRICH, SigmaAldrich), a precursor of the pigment melanin, as a substrate. In the assay, optical density
(OD) of the sample increases gradually as PO (or a similar enzyme) oxidizes L-Dopa. For
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that, we thawed each hemolymph sample on ice and centrifuged it for 15 minutes at
4723 g. Subsequently, we combined 40 µL of the supernatant with 140 µL of ddH2O and
20 µL of PBS in a well of a 96-well microtitre plate and added 20 µL of L-Dopa solution
(4 mg × ml -1 in ddH2O). On every plate of 35 hemolymph samples, we included five
control samples, in which we replaced hemolymph with 40 µl of ultrapure water to
control for any oxidation of L-Dopa not caused by the enzymes in the snail hemolymph.
We measured OD of each sample at 480 nm immediate after adding the L-Dopa solution,
as well as after six hours of incubation at 30 °C, using a microplate spectrophotometer
(SPECTRAmax® 190, Molecular Devices Corporation; instrument photometric range: 0 –
4 OD with 0 being completely transparent and 4 being opaque). During this six-hour
incubation period, OD increases linearly (O. Seppälä, unpublished data). We estimated
PO-like activity (in milliunits OD) for each sample by subtracting absorbance after the
incubation from absorbance prior to incubation (OD360 min – OD0 min). In order to account
for background oxidation of L-Dopa, we subtracted the mean of these values in all
controls from the change in OD in each sample.
For measuring antibacterial activity, we collected 100 µL of pure hemolymph from each
snail in a 1.5 mL reaction tube and immediately snap-froze the samples in liquid
nitrogen. Afterwards we stored the samples at -80 °C until processing. In the assay,
antibacterial peptides in the hemolymph lyse Escherichia coli cells (EC11303-10G
SIGMA, Sigma-Aldrich), leading to a linear decrease (L. Langeloh, unpublished data) in
optical density (OD) over time. For the measurement, we added 200 µL of an E. coli
solution (0.35 mg × mL-1 of lyophilized E. coli cells in a 0.01 M sodium phosphate buffer)
to 50 µL of thawed hemolymph in a well of a 96-well microtitre plate. Each column of the
plate contained seven hemolymph samples and one control sample in which we replaced
hemolymph with 50 µL of water. Immediately after mixing the hemolymph samples with
the bacteria cells and again 25 minutes later, we measured OD of each sample at 450 nm
using a microplate spectrophotometer (SPECTRAmax® 190, Molecular Devices
Corporation). We estimated antibacterial activity (in milliunits OD) for each sample by
subtracting final absorbance from initial absorbance (OD0 min – OD25 min). In order to
account for background lysis of bacterial cells not caused by antibacterial proteins in the
hemolymph, we subtracted the mean of these changes in OD in all controls from the
change in OD in each sample.
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Statistical Analysis
We performed all statistical analyses using IBM SPSS 22.0 (IBM, Armonk, NY, USA),
and produced cubic splines using the program glmsWIN10+ (Schluter 1988). The
experimental snails assigned into the two water quality treatments did not differ in size
at the beginning of the experiment (ANOVA, F1,1223 = 0.008, p = 0.928). At the first
measurement date, we analyzed variation in PO-like and antibacterial activity to
examine the magnitude of variation at the family and population levels. This is relevant
because it gives us a rough estimate of the genetic basis of the immune traits we
measured and allows us to judge if we should expect to see an evolutionary response to
selection gradients we measured. We used general linear mixed models for the variance
component analysis. More specifically, we included population, family (nested within
population) and block as putative random effects. Water treatment was included as a
fixed factor. Given the strong treatment effects we observed (see results), we estimated
the family and population level variance taking the treatment to which each individual
was assigned to into account. In other words, we constructed random intercept effects
based on treatment × family and treatment × population interactions and did not allow
for random slopes. Both response variables were ln-transformed to comply with
assumptions of analysis of variance.
We used a regression-based selection gradient analysis described by Lande and Arnold
(1983) to estimate the form and strength of selection on PO-like activity and
antibacterial activity. The first measurement of immune activity was made within 60
hours of the initial exposure to the microorganism-enriched aged tap water, the following
three measurements in intervals of two weeks. While the first measurement is likely to
represent the maximum level of activity (‘induced level’) the individual is able to express
in the two examined immune defense traits (PO-like activity and antibacterial activity),
the following three measurements are more likely to represent the maximum
sustainable long-term response (‘constitutive level’) given the trade-offs with other
fitness-related traits. We therefore analyzed these measurements separately, referring
to the first one as induced level and to the average of the following three measurements
as the constitutive level (see figure S1). We used total fecundity of snails (see above) over
the course of the experiment as fitness measure and included all individuals in the
analysis, irrespective of whether they died during the experiment or survived until the
end. For the analysis, we standardized the trait values for each immune parameter
[(individual trait value - mean trait value) / standard deviation of trait values] and
transformed fitness into relative fitness (individual fitness / mean fitness) for each
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treatment separately. In the selection gradient analyzes we estimated both, linear and
quadratic univariate selection gradients (Lande and Arnold 1983) and doubled the
coefficients and standard errors for the second-order terms (see Stinchcombe et al. 2008).
While selection gradients are sufficient for identifying positive and negative directional
selection, stabilizing (negative quadratic term) or disruptive selection (positive quadratic
term) require the presence of an intermediate fitness maximum or minimum,
respectively, in the fitness function in addition to the significant quadratic term in the
selection gradient analysis (Schluter 1988). We therefore calculated cubic spline
estimates for each trait in each experimental treatment and each of the two response
phases (induced and constitutive) as a graphical representation of the fitness functions
(Schluter 1988).
Univariate selection gradients yield a measure of the combined effect of direct and
indirect selection on the examined traits in case of a correlation between traits. For
correlated traits, a multivariate selection gradient analysis can be performed to measure
direct selection only on each trait. In the present study, the two examined immune traits
were not correlated in either of the two water quality treatments, so a multivariate
selection gradient analysis was not necessary.
As we included all experimental snails, both those that died and those that survived, the
estimated selection gradients include both survival and fecundity as fitness components.
For those that died, the fitness measure used is fecundity until death. For those that
survived the fitness estimates is fecundity during the experiment. To disentangle the
effect of these two components, we additionally estimated selection gradients by survival
and fecundity in each treatment separately. In the case of selection on survival, we
measured whether or not an individual survived until the end of the experiment. In the
case of selection on fecundity, we included only those individuals that had survived until
the end of the experiment und used their fecundity over the entire experiment as fitness
measure.

Results

At the first measurement date 75% and 90% of variation in PO-like and antibacterial
activity, respectively, was not explained by variation at family or population level, or
variation among experimental blocks. This large residual variation indicates that the
majority of the phenotypic variation in the response variables was at the individual
level. When examined in detail, variation among populations and blocks was relatively
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small (PO: block = 9.48 %, population = 0.08 %; antibacterial activity: block = 0.33 %,
population = 4.00 %) and not statistically significant (p > 0.05). Variation among families
was 15.86 % and 6.98 %, respectively, for PO-like and antibacterial activity and
statistically significant (p < 0.05), suggesting that both response variables segregate
significant genetic variation. Effect size for water quality treatment was larger for POlike activity (Cohen’s d = 0.43, F1,139.8 = 17.8, p < 0.001) than for the antibacterial activity
(Cohen’s d = 0.18, F1,137.8 = 5.0, p = 0.027). Response in both immune traits was towards
higher activity in the micro-organism-enriched water treatment.
We found that PO-like activity was under negative directional selection in the
micro-organism-enriched water treatment both at induced and at constitutive phase
(table 1, figure 1). Likewise, we found negative directional selection on PO-like activity
in the induced phase of the clean water treatment, but in the constitutive phase we
found both significant negative linear and significant negative quadratic selection
gradients with a fitness peak at an intermediate PO level (table 1, figure 1).
In the clean-water treatment, antibacterial activity was under stabilizing selection
during both induced and constitutive phases, as indicated by significant negative
quadratic selection gradients (table 1) and intermediate fitness optima in the fitness
functions (figure 2). In the microorganism-enriched water treatment, selection gradients
were not significant, but the fitness functions for both induced and constitutive phases
showed an increase in fitness for high antibacterial activity compared to the clean-water
treatment.
Selection on PO-like activity during the induced phase could be attributed to the
combined effects of (negative directional) survival selection and negative directional
fecundity selection (table 1). Stabilizing selection on PO-like activity in “clean water”
during the constitutive phase was the result of a negative quadratic selection gradient
for survival in this treatment (table 1). In the microorganism-enriched water, only
negative directional fecundity selection was responsible for the observed overall negative
directional selection on PO-like activity during the constitutive phase (table 1). Selection
on antibacterial activity was mainly driven by (stabilizing) survival selection (table 1).
None of the selection gradients for fecundity selection on antibacterial activity were
significant (table 1).
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Table 1. Standardized univariate linear (β) and quadratic (γ) selection gradients (± SE) for POlike activity (upper table) and antibacterial activity (lower table) in snail hemolymph in the “clean
water” and the “microorganism-enriched water” treatments during the induced and the
constitutive phase. Selection gradients for components of fitness (survival until end of study,
fecundity of survivors) are given Bold values signify statistically significant selection gradients.
water quality
treatment

fitness measure

γ

ß

γ

-0.067

-0.002

-0.137

-0.082

(± 0.028)

(± 0.036)

(± 0.028)

(0.040)

-0.018

0.008

-0.004

-0.018

(± 0.009)

(± 0.012)

(± 0.006)

(± 0.008)

fecundity

-0.041

-0.018

-0.086

-0.028

(of survivors)

(± 0.021)

(± 0.028)

(± 0.02)

(± 0.030)

-0.077

-0.042

-0.089

-0.018

(±0.026)

(± 0.036)

(± 0.025)

(± 0.030)

-0.018

-0.010

-0.048

-0.018

(± 0.012)

(± 0.014)

(± 0.018)

(± 0.012)

fecundity

-0.068

0.012

-0.106

0

(of survivors)

(± 0.019)

(± 0.022)

(± 0.038)

(± 0.022)

survival
(until end of
study)

fitness

“microorganism-enriched
water”

water quality
treatment

survival
(until end of
study)

fitness measure

ß

γ

-0.013

-0.072

-0.023

-0.070

(± 0.028)

(± 0.026)

(± 0.028)

(0.028)

0.002

-0.026

0.018

-0.004

(± 0.008)

(± 0.008)

(± 0.006)

(± 0.002)

fecundity

-0.017

-0.042

-0.025

0.008

(of survivors)

(± 0.021)

(± 0.022)

(± 0.021)

(± 0.004)

0.016

-0.016

-0.015

-0.024

(±0.025)

(± 0.024)

(± 0.025)

(± 0.032)

0.016

-0.034

0.018

-0.012

(± 0.012)

(± 0.012)

(± 0.009)

(± 0.012)

fecundity

-0.018

0.014

-0.013

0.02

(of survivors)

(± 0.019)

(± 0.018)

(± 0.019)

(± 0.024)

(until end of
study)

fitness

water”

constitutive
γ

survival

“microorganism-enriched

induced
ß

fitness

“clean water”

constitutive

ß

fitness

“clean water”

induced

survival
(until end of
study)
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Figure 1. Fitness of snails (sum of areas covered by eggs in all egg clutches collected from snails
at the four measuring events of the experiment in mm2) for each water quality treatment (vertical
panel) during the induced (top row) and constitutive (bottom row) phase of the immune response
as a function of PO-like activity measured at the first measuring event (induced phase) and the
following three measuring events (constitutive phase, mean) in milliunits OD. The solid lines are
fitness functions calculated using the cubic spline method; the dashed lines are standard errors.
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Figure 2. Fitness of snails (sum of areas covered by eggs in all egg clutches collected from snails
at the four measuring events of the experiment in mm2) for each water quality treatment (vertical
panel) during the induced (top row) and constitutive (bottom row) phase of the immune response
as a function of antibacterial activity measured at the first measuring event (induced phase) and
the following three measuring events (constitutive phase, mean) in milliunits OD. The solid lines
are fitness functions calculated using the cubic spline method; the dashed lines are standard
errors.
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Discussion

We measured selection on two immune defense traits under high and low infection risk
that we manipulated with water quality treatments. The form of selection differed
between the two examined immune traits. PO-like activity turned out to have been
mostly under negative directional selection in both water quality treatments, the only
exception being an additional significant negative quadratic selection gradient during
the constitutive phase in the clean water treatment. Antimicrobial activity, on the other
hand, was under stabilizing selection in the clean water treatment. We did not detect
significant selection gradients for antimicrobial activity in the microorganism-enriched
water treatment, but the cubic splines revealed a higher level of fitness compared to the
clean water treatment.
Selection gradients for PO-like activity were significant in both water quality
treatments. The fact that they were mostly negative suggests that PO-like activity did
not provide enough benefits to cancel out the costs associated with its production. For
the group of snails that we maintained in “clean water”, both linear and quadrative
selection gradients were negative and significant, suggesting that PO-like activity was
under stabilizing selection in the constitutive phase. Given that throughout the
experiment the water quality matched the laboratory culturing conditions, it is
conceivable that PO-like activity was overall under negative directional selection and the
low fitness values for snails with very low values of immune activity were due to poor
condition of these few snail individuals.
Selection gradients for antibacterial activity were only significant in the clean water
treatment. In the clean water the antibacterial activity was under stabilizing selection,
suggesting that its benefits are outweighed by its costs at higher levels of defense. Our
results are in line with theoretical predictions assuming trade-offs between energetically
and physiologically costly immune activity and other life-history/fitness-related traits.
Although the estimated selection gradients for antibacterial activity were not significant
in microorganism-enriched aged tap water, the cubic splines reveal elevated levels of
antibacterial activity overall and higher fitness for high levels of antibacterial activity
compared to the clean water treatment. This suggests that while under the conditions
investigated here the costs and benefits of antibacterial activity seem to have cancelled
each other out, selection on antibacterial activity can turn to be positive directional in
environments that pose an even higher infection risk. While this remains speculative,
antibacterial activity in L. stagnalis has been shown to be under positive directional
70

Chapter 2
selection under field conditions which can safely be assumed to be more challenging for
the snails’ immune system due to the presence of a natural parasite community and
lower food availability (Langeloh et al. 2017).
Our results suggest that in our experiment PO-like activity was less important for
immune defense than antibacterial activity. The reason could be that while PO is an
important factor in the defense against multicellular parasites it has not been shown to
be crucial for resistance against bacteria and fungi, which are the likely candidategroups for immune elicitors in our micro-organism-enriched water treatment. It is
known that Drosophila melanogaster mutants that lack PO expression maintain equal
resistance to bacteria and fungi compared to non-mutants (Leclerc et al. 2006). It is
possible that, had we exposed snails to parasites where a relatively large invader needs
to be encapsulated and killed (e.g. intruding trematode larvae), the experiment might
have yielded very different selection gradients on PO-like activity. In fact, stabilizing
selection on PO-like activity has been observed in a field experiment, where snails were
maintained individually in a lake featuring a natural parasite community, including
trematodes which use L. stagnalis as intermediate host (L. Langeloh, unpublished data).
Our measure of net fitness is a composite of two components, survival and fecundity over
the course of the experiment. Selection on PO-like activity turned out to include both
fitness components. The overall selection on antibacterial activity, which was only
significant in the clean water treatment, was dominated by selection on survival. This
suggests that the main benefit of employing the antibacterial defense came through
increased survival. The differences in fecundity among the survivors had minor influence
on the overall form and strength of selection on antibacterial activity.
There were few differences in selection on PO-like activity and antibacterial activity
between the induced and the “constitutive” phase. This result is probably not surprising
considering that the water quality was maintained at the same level throughout the
experiments through repeated replacement of water. The only difference occurred in the
clean water treatment where PO-like activity was no longer under negative directional
selection during the “constitutive” phase. Both the linear and the quadratic selection
gradients were significantly negative during that time, and the low fitness values at low
levels of PO-like activity were likely to be caused by relatively few snail individuals.
When we tested variation in immune traits among populations and families using
general linear mixed models we found significant family-level variation in both PO-like
activity and antibacterial activity indicating that some of the variation in the traits
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measured in this experiment had genetic basis. Interestingly, population-level variation
contributed very little to the total variance in immune traits. Most of the variation was
at the individual level, suggesting that opportunity for selection was similar among the
six study populations. While Lymnaea stagnalis populations show significant population
genetic structure (Puurtinen et al. 2004; Kopp et al. 2012), this does not seem to be the
case with respect to their average immune phenotype.
In conclusion, we found that the form of selection on defense depended on the examined
immune trait. While increased PO-like activity appeared to be costly, antibacterial
activity was most beneficial at intermediate levels in clean water where selection
gradients were significant. Our results suggest that under the experimental conditions
PO-like activity was less important than antibacterial activity in clean and
microorganism-enriched water. Exposure to different types of parasites might yield
different results. Since parasite community and therefore exposure to different parasites
is likely to vary over time, selection on immune defense traits might be contextdependent. In our experiment response to water quality treatment was sufficient to show
that selection gradients respond to variation in infection risk.
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Supporting Information
Table S1. Experimental design.
date

activity

measuring measurements
event

block 1

block 2

08.01.2014

snails placed into clean or
microorganism-enriched aged
tap wate

09.01.2014

10.01.2014

1

survival

23.01.2014

24.01.2014

2

fecundity

06.02.2014

07.02.2014

3

shell length

20.02.2014

21.02.2014

4

immune activity (induced)

06.03.2014

07.03.2014 extra-stress treatment

5

survival
fecundity

10.03.2014

11.03.2014 snails removed from cups

à microsatellite analysis

tissue sample taken

Text S2. Microsatellite Analysis.
We genotyped each surviving snail at eight microsatellite loci to distinguish outcrossed families
form self-fertilized families. To do so, we cut off a piece of tissue from the head(-foot) region, and
stored the sample in 70 % ethanol until processing. We replaced the ethanol twice over the course
of one week after tissue collection using 100 % ethanol. We extracted DNA from an approximately
2.5 mm2 piece of tissue using Chelex. Using a scalpel, we squeezed as much ethanol out of the
sample as possible and cut it into very small pieces. We added 300 µL of a Chelex solution (5 g
Chelex and 0.3 g Triz in 50 ml of ultrapure water) as well as 1.5 µL of Proteinase K solution () in
a microcentrifuge tube and incubated the samples overnight at 55 °C. After incubation, we
centrifuged the samples for three minutes at 14000 rpm (?) and transferred the supernatant
(approximately 200 µL) into a new tube. We added 300 µL of Isopropanol (100 %), inverted the
tube thirty times and centrifuged it for three minutes at 14000 rpm before discarding the liquid.
We washed the remaining pellet with 300 µL of ethanol (70 %) by inverting the sample several
times and centrifuging it for one minute at 14000 rpm. After air-drying for fifteen minutes, we resuspended the DNA pellet in 100 µL of purified water for one hour at 65 °C before storing the
sample in the refrigerator until further processing. [We amplified eight microsatellite loci () in
two multiplex PCR reactions (see table S2 for composition of reaction mix). The PCR program
consisted of an initial denaturation step of 15 minutes at 95 °C. We subsequently subjected the
samples to fifteen cycles of 30 seconds at 94 °C, 90 seconds at 55 °C, and 60 seconds at 72 °C,
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followed by 20 cycles of 30 seconds at 94 °C, 90 seconds at 52 °C, and 60 seconds at 72 °C. The
program ended with a final elongation step for 30 minutes at 60 °C. After amplification, we
centrifuged the PCR products and mixed 0.5 µL of the diluted product (1:10 dilution) with 9.75 µL
of HiDi formamide and 0.25 µL of GS500 LIZ size standard. We analyzed the samples on an ABI
Prism 313µL Genetic Analyzer (Applied Biosystems, Woolston, Warrington, UK) and identified
the alleles using the software GeneMarker (version 2.4, SoftGenetics, State College, PS, USA.]
Table S2. Pipetting scheme for microsatellite amplification using three multiplex reactions.
Adapted from Seppälä and Langeloh (2016).

77

Chapter 2

Figure S1. PO-like activity (top row; milliunits OD; mean ± SE) and antibacterial activity
(bottom row; milliunits OD; mean ± SE) over time in the clean water treatment (left panel) and
the microorganism-enriched water treatment (right panel). Each circle represents one population,
with each source population being represented by one color denoting.
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Figure 1. Shell length (top row; mm; mean ± SE) and fitness (bottom row sum of areas covered by
eggs in all egg clutches collected from snails over the last four weeks of the experiment in mm2,
mean ± SE) of snails over time in the clean water treatment (left panel) and the
microorganism-enriched water treatment (right panel). Each circle represents one population,
with each source population being represented by one color denoting.
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Abstract
While the immune system of hosts is considered one of the most important physiological
defenses against parasites, the relative importance of such post-infection mechanisms
for protection compared to pre-infection mechanisms remains understudied. Preinfection defenses (e.g. avoidance behaviors) could influence the outcome of infection by
affecting the exposure of hosts to parasites. Chemical cues released by hosts can
potentially affect their exposure to parasites as the latter have been shown to be used by
parasites to identify and locate it. We used the freshwater snail Lymnaea stagnalis and
its trematode parasite Echinoparyphium aconiatum to examine the role of host
attractiveness for a parasite on the outcome of the host-parasite interaction. We
assessed host attractiveness through parasite chemo-orientation behavior, physiological
condition through body size, food consumption, and respiration rate, and immune
function through two immune parameters (phenoloxidase-like and antibacterial activity
of hemolymph) at an individual level. We found that variation in host attractiveness to
parasites did not affect variation in host susceptibility to infection. Our results suggest
that other processes, presumably post-infection defenses, determine host susceptibility
in this system. Immune function as measured in snail hemolymph, however, showed no
association with snail susceptibility to E. aconiatum.
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Introduction
Making up around 40 % of known species (Dobson et al. 2008), parasites are a major
contributor to biodiversity. Consequently, most host individuals are exposed to parasites
during their life. This poses a veritable threat to their viability and evolutionary fitness
since parasites, by definition (e.g. Price 1980), often reduce host fitness through
decreased survival (e.g. Brown et al. 1995; Puente et al. 2010) and fecundity (e.g.
Stirnadel and Ebert 1997; Hurd 2001). Host immune defense is a crucial component of
the host’s post-infection defenses and widely considered to be the most important
physiological barrier against infections (reviewed by Janeway et al. 2005). Although an
immune response can eliminate harmful parasites, other host characteristics may also
be important in determining their susceptibility to infections. For instance, pre-infection
defenses such as spatial, temporal and certain dietary avoidance behaviors (Feener
1988; Folstad et al. 1991; Nilssen and Haugerud 1995; Folgarait and Gilbert 1999;
Hutchings et al. 2001; Hall et al. 2007) could considerably reduce the risk of infection
and act as an alternative target for natural selection through parasites. However, the
relative importance of immune function (post-infection mechanisms) and factors that
affect host exposure to infections (pre-infection mechanisms) for the outcome of hostparasite interactions remains to be investigated.
Chemical cues released by the host are what often sets a parasite on the host’s track
(Haas et al. 1995a; De Bruyn et al. 2011; Hallem et al. 2011). The more cues a host
emits the higher its detectability and therefore its risk to become exposed to parasite
transmission stages. Apart from the relative importance of host attractiveness for the
infection process, it is still often not known in detail what these cues are (but see Haas
et al. 1995a,b). Nevertheless, their impact on infection dynamics is potentially high. For
example, in the freshwater snail Lymnaea stagnalis, experimental manipulation of host
physiological condition using feeding treatments has been shown to affect host
attractiveness to trematode parasites as well as parasite infection success (Seppälä et
al. 2011; Seppälä and Leicht 2015). More specifically, food limited snails suffer from
lower parasite loads which is due to reduced chemo-orientation of parasite larvae
towards those individuals. These earlier studies show the importance of differences in
environmental conditions for exposure to parasites, and suggest that host physiological
condition is the underlying mechanism determining the observed effects. However, those
studies do not explicitly test the importance of variation in attractiveness to parasites in
creating variation in the overall host susceptibility to infection among individuals in a
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population sharing the same environmental conditions. Understanding that is highly
important for estimating the role of variation in attractiveness in infection dynamics, as
well as its contribution to host fitness under parasite-mediated selection.
In the present study, we used Lymnaea stagnalis and its trematode parasite
Echinoparyphium aconiatum (syn. Pseudechinoparyphium echinatum) to examine the
function of host attractiveness to parasite infective stages in determining host
susceptibility to infection. Host attractiveness to parasite infective stages should be a
suitable predictor of exposure to (i.e. contact probability with) them. Apart from
attractiveness and susceptibility, we assessed the roles of host physiological condition
(size, food consumption, and respiration rate) and two immune parameters,
phenoloxidase-like (PO-like) activity and antibacterial activity of hemolymph, in
determining these processes. Our design allowed us to compare attractiveness and
susceptibility and link them to host physiological condition and immune function at
individual level. Using several measures to estimate host physiological condition
increased the chances of including the one that is most relevant and has the strongest
influence on the outcome of the host-parasite interaction in this system. We expected
host immune function and thus resistance to parasites to increase with increasing host
physiological condition. At the same time, we expected high physiological condition to
increase host attractiveness to parasites, potentially indicating a trade-off between preinfection factors determining host exposure and post-infection factors shaping resistance
to infections.

Methods
Study organisms
The freshwater snail Lymnaea stagnalis inhabits the littoral zone of stagnant to slowflowing water bodies and displays a Holarctic distribution. It is an annual species in a
large part of its geographical range (Boycott 1936) and an important host species to a
large number of parasites, including several castrating trematodes (Erasmus 1972;
Väyrynen et al. 2000). In this study, we used snails of a diverse laboratory population,
created to increase genetic variation among experimental snails, since natural
populations often show low genetic diversity (Kopp et al. 2012). In summer 2012, we
established seven laboratory populations from adult snails collected from seven ponds in
northern Switzerland (47°22’4.6’’N/8°34’40.6’’ E, n = 54; 47°28’27.5’’ N/8°43’45.9’’ E, n =
101; 47°23’56.8’’ N/8°32’57.7’’ E, n = 82; 47°35’0’’ N/8°51’52’’ E, n = 148; 47°34’58.9’’
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N/8°51’57.4’’ E, n = 37; 47°21’2.6’’ N/8°44’26.3’’ E, n = 108; 47°23’21.3’’ N/8°33’42.1’’ E, n
= 87). Due to the typically high outcrossing rate of L. stagnalis during the breeding
season in summer (Puurtinen et al. 2007) and their ability to store allosperm from
previous mating events (Nakadera et al. 2014), the produced lab populations likely
reflected the natural genetic variation in the source populations. We combined 104 adult
individuals of the F2 lab generation from each of the seven lab populations to form one
mixed population and mass cultured them for eight more generations before the start of
the study. In the lab, water temperature was 18 ± 3 °C and food consisted of an ad
libitum supply of fresh lettuce and Spirulina powder.
The parasite Echinoparyphium aconiatum is a trematode with a three-host life cycle
(see Huffman and Fried 2012). While its definitive host is waterfowl, L. stagnalis serves
both as the first and the second intermediate host to E. aconiatum. After sexual
reproduction in the intestines of a water bird, its eggs are released into the water with
the host’s feces. From these eggs, free-swimming miracidia hatch and infect a snail,
penetrating into the host’s gonads for further development. The resulting sporocysts
multiply asexually producing redia. The latter multiply, taking over the gonad tissue
which eventually leads to the sterilization of the snail host. The rediae produce freeswimming cercariae larvae, which are released from the first snail host only to seek out
the next intermediate snail host. They locate snail hosts in the environment through
chemo-orientation by responding to metabolic products, such as CO2 and hydrophilic
organic molecules (likely possessing amino groups), excreted by the snails (Haas et al.
1995a; Haas et al. 1995b; De Bruyn et al. 2011; Hallem et al. 2011), and are more
strongly attracted towards snails in high physiological condition (i.e. high nutritional
status; Seppälä and Leicht 2015). After contact, parasites invade the snail through the
urinary orifice and migrate predominantly to the hepatopancreas where they encyst as
metacercariae. Once the host gets ingested by waterfowl, these metacercariae reach
sexual maturity in the bird intestines. The parasite cercariae used in this study were
obtained from 50 infected adult L. stagnalis collected from ponds in the district of
Erlangen-Höchstadt, Germany (49° 39’ 50.8” N/10° 49’ 58.4” E) 2.5 weeks prior to the
start of this study. Through morphological inspection of the released cercariae
(Faltýnková et al. 2007), we identified the individuals that were infected by E.
aconiatum only and brought them to the laboratory where we maintained them at 18 °C
in aged tap water under ad libitum food supply.

86

Chapter 3
Study design
We used 70 adult snails (shell length: 25.7 – 37.8 mm, mean: 31.3 mm) to compare their
attractiveness to parasite cercariae (a proxy for exposure to infection/contact probability
with parasites), as well as susceptibility to infection on an individual level. We
additionally assessed five explanatory variables to estimate the effect of host
physiological condition and immune function on its attractiveness and susceptibility to
the parasite; we measured food consumption and respiration rate (a proxy for metabolic
activity) before quantification of attractiveness and susceptibility, and body size, as well
as the level of the two immune parameters (PO-like activity and antibacterial activity)
in snail hemolymph after attractiveness and susceptibility (see below for details).
Measurements
Food consumption. We haphazardly chose snails from the laboratory population and
placed them individually in cups filled with 200 mL of aged tap water. We soaked fresh
lettuce in tap water for about 30 minutes, patted the leaves dry and provided each snail
(in its individual cup) with a piece that would feed an adult snail for at least two days
under laboratory conditions. After 24 hours, we removed the remaining lettuce from the
cups, patted it dry and recorded the weight. We used the difference in weight between
the piece of lettuce provided and the remaining lettuce as an estimate of food
consumption.
Respiration rate. We measured respiration rate at 18 °C in respiration chambers
(volume: 185 mL) using a Fibox 4 system (PreSens Precision Sensing GmbH) with
optical oxygen sensors. We placed each snail in a chamber filled completely with aerated
aged tap water. To ensure a homogenous distribution of oxygen within the chamber we
constantly stirred the water using a magnetic stirrer. After 10 minutes of acclimation
we measured the oxygen level at four time points over a period of approximately 20
minutes, repeating the measurement at least five times at each of the four time points.
To determine respiration rate, we calculated the slope of the linear regression line
through the mean oxygen level at each time point and multiplied the result by -1.
Attractiveness. To measure host attractiveness to the parasite cercariae, we used test
chambers similar to the devices used by Haas et al. (1995b) and Seppälä and Leicht
(2015) to test chemo-orientation of parasites (figure X). Each chamber consisted of 3
compartments arranged in a row, with the closable central compartment being
connected to each of the outer compartments through side arms located on opposite
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sides of the central compartment (see figure 1). This setup allowed the cercariae to
choose to swim towards clean water or snail-conditioned water (SCW). We produced
SCW by placing each experimental snail individually in a cup with 100 mL of aerated
aged tap water for 2.5 hours. For the assay, we filled the closed central compartment as
well as one outer compartment and the connecting side arm with clean aerated aged tap
water while filling the second outer compartment and its adjacent side arm with SCW of
the snail to be tested. We then placed 15 cercariae released from 5 different,
haphazardly chosen infected wild snails (3 cercariae from each snail) into the central
compartment. After an acclimation period of one minute, we opened the central
compartment, giving the cercariae time to move in their desired direction. After three
minutes, we closed the central compartment again and counted the number of cercariae
in each of the three now separated compartments of the test chamber. We measured the
attractiveness of each snail as the proportion of total number of cercariae we counted at
the end of the assay that we found in the compartment of the test chamber which was
filled with SCW.

Figure 1. Schematic drawing of a chemo-orientation test chamber used to measure host
attractiveness. The chamber consists of three compartments, two outer compartments, each
connected to a closable central compartment through side arms. During the assay, the central
compartment, one outer compartment and the connecting side arm were filled with clean aged
tap water (white) while the other outer compartment and adjacent side arm were filled with
SCW (light grey). Fifteen parasite cercariae were placed in the closed central compartment at the
beginning of the assay.

Susceptibility. To measure the susceptibility of snails to infection, we placed the snails
into individual cups filled with aerated aged tap water and added 15 cercariae from 5
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different haphazardly chosen infected wild snails (3 cercariae from each wild snail) to
the water. After 24 hours of incubation and after measuring size and taking hemolymph
samples to measure immune activity (see below), we removed the snails from their
shells, dissected them and counted the number of encysted cercariae in their tissue. We
used this number as a measure of host susceptibility.
Shell length and immune parameters. We assessed shell length as a measure of snail
body size and measured PO-like activity and antibacterial activity in snail hemolymph
spectrophotometrically. Phenoloxidase (PO) is an enzyme involved in the oxidative
immune response against mostly eukaryotic parasites. Antibacterial activity reflects the
humoral immune response through antimicrobial proteins against microbial parasites.
To obtain hemolymph samples, we gently tapped the foot of each snail with the side of a
pipet tip until the animal retreated into its shell releasing hemolymph in the process.
For PO-like activity, we mixed ten microliters of snail hemolymph with 100 microliters
of phosphate buffered saline (PBS), for antibacterial activity, we used 100 microliters of
pure snail hemolymph. Both samples were immediately snap-frozen in liquid nitrogen
and later stored at -80 °C until processing. For processing, the samples were thawed on
ice before measuring PO-like activity and antibacterial activity, respectively. In the
assay for PO-like activity, PO oxidizes L-dopa leading to an increase in optical density of
the test solution. In the antibacterial assay, antimicrobial enzymes in snail hemolymph
destroy lyophilized Escherichia coli cells leading to a decrease in optical density of the
test solution. We followed the protocols described by Seppälä and Jokela (2010) but
measured antibacterial activity over the course of 25 minutes instead of 30 minutes.
Optical density was measured using a spectrophotometer (SpectraMax 190, Molecular
Devices, Sunnyvale, CA, USA).
Statistical analysis
To examine if E. aconiatum cercariae showed chemo-orientation, we analysed the
variation in their preference for the arm of the experimental chamber containing SCW
versus clean water. We did this by testing if the proportion of those cercariae that left
the central chamber and were found in the SCW arm differed from 50% (i.e. no
preference) using a one-sample t-test. To homogenise error variance, we arsin(sqrt(x))
transformed the data before the analysis.
To examine if snail size, food consumption, respiration rate or the examined immune
parameters (PO-like activity and antibacterial activity of haemolymph) affected their
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attractiveness to parasite cercariae as well as susceptibility to infection we used
structural equation modelling. In our model (see Fig 2), correlations between all
explanatory variables were considered, and they could affect the dependent variables
‘attractiveness to parasites’ and ‘susceptibility to infection’ directly, as well as in the
latter case indirectly through exposure (i.e. attractiveness). We estimated the
attractiveness of snails to parasites by calculating the proportion of cercariae in the
chamber that were found in the SCW arm. This differed from the measure used in the
previous analysis since it reflects host’s risk to become infected better than the previous
measure which estimated host finding from parasite perspective. As a measure of
susceptibility to infection we used the proportion of cercariae successfully infecting the
snails when exposed in cups. We arsin(sqrt(x)) transformed both variables before the
analysis. We conducted the analyses using SPSS 23 (IBM, Armonk, NY, USA) and Amos
23 (IBM, Armonk, NY, USA).

Results
In the chemo-orientation test, E. aconiatum cercariae that left the central compartment
of the test chamber preferred to move into the side arm filled with SCW (t69 = 15.284, p
< 0.001). This confirms their capacity to detect host cues in the environment using
chemo-orientation, which could then contribute to the susceptibility of the experimental
snails to infection.
In our structural equation model some of the explanatory variables were correlated.
Shell length and food consumption of snails were positively correlated with respiration
rate (figure 2, table 1) indicating that snails with larger size or higher resource level had
higher metabolic rate. There was, however, no correlation between shell length and food
consumption (figure 2, table 1). Furthermore, PO-like activity and antibacterial activity
of snail haemolymph were negatively correlated (figure 2, table 1), but variation in
immune traits did not depend on any of the explanatory variables reflecting snails’
physiological condition (shell length, food consumption and respiration rate; see figure 2
and table 1).
Attractiveness of snails to parasite cercariae increased with their shell length (figure 2,
table 2) indicating that larger individuals should be exposed to a higher number of
parasite transmission stages. Metabolic activity did not explain attractiveness of snails
to parasites since there was no effect of either food consumption (figure 2, table 2) or
respiration rate (figure 2, table 2) on attractiveness. The same was true for immune
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activity; neither PO-like activity (figure 2, table 2) nor antibacterial activity (figure 2,
table 2) of hemolymph affected the attractiveness of snails to cercariae. Susceptibility of
snails to infection decreased with increasing respiration rate (figure 2, table 2).
Variation in susceptibility was not explained by other explanatory variables or
attractiveness of snails to cercariae (figurer 2, table 2).

Figure 2. Graphical representation of the structural equation model. The observed independent
variables (shell length, food consumption, respiration rate, antibacterial activity and PO-like
activity) are listed on the left, the two dependent variables susceptibility and attractiveness to
parasites are on the right side of the figure. The two error variances are represented by “e1” and
“e2”. All possible correlations among the observed independent variables are considered (doubleheaded arrows) as well as their direct effects on attractiveness and susceptibility and their
indirect effects (through attractiveness) on susceptibility (single-headed arrows). Paths labeled
with “1” signify that the corresponding coefficients were set to 1.00. Bold arrows show significant
relationships, positive ones in green and negative ones in red.
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Table 1. Standardized correlation coefficients between each possible pair of observed
independent variables (shell length, food consumption, respiration rate, antibacterial activity and
PO-like activity) in the structural equation model.

estimate (correlation)

p

food consumption

<--> shell length

.135

.279

antibacterial activity

<--> respiration rate

.081

.512

antibacterial activity

<--> PO-like activity

-.259

.041

food consumption

<--> respiration rate

.445

***

shell length

<--> respiration rate

.310

.016

shell length

<--> PO-like activity

.052

.675

shell length

<--> antibacterial activity

-.094

.446

food consumption

<--> antibacterial activity

.148

.235

food consumption

<--> PO-like activity

.065

.596

respiration rate

<--> PO-like activity

.037

.764

Table 2. Regression weights of the structural equation model. The table lists the dependent
variable (arsin(sqrt(x))-transformed), the predicting variable, the standardized regression
coefficients (estimate (std.)) and the probability value associated with the null hypothesis that
the test is zero (p). The standardized estimates can be used to evaluate the relative contributions
of each independent variable to the respective dependent variable.

estimate (std.)

p

attractiveness

<--

PO-like activity

-.054

.663

attractiveness

<--

antibacterial activity

-.055

.663

attractiveness

<--

shell length

.263

.036

attractiveness

<--

respiration rate

-.121

.378

attractiveness

<--

food consumption

.113

.400

susceptibility after contact

<--

PO-like activity

-.045

.718

susceptibility after contact

<--

antibacterial activity

-.019

.878

susceptibility after contact

<--

shell length

-.017

.894

susceptibility after contact

<--

food consumption

.065

.628

susceptibility after contact

<--

respiration rate

-.284

.041

susceptibility after contact

<--

attractiveness

-.042

.732
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Discussion
The goal of this study was to estimate the importance of pre-infection mechanisms
leading parasites to detect and make contact with their hosts for the overall infection
process. We tested how variation in attractiveness of aquatic snails L. stagnalis to
cercariae of a trematode parasite E. aconiatum that can chemically find their hosts from
the environment (REFs) explains variation in snail susceptibility to infection.
Additionally, we investigated the role of physiological condition and immune defense of
snails in defining the outcome of the interaction. The parasite cercariae used in this
study preferred SCW over clean water. This display of chemo-orientation confirms the
validity of our assay to measure snail attractiveness and to use it as a proxy for host
exposure to parasite infective stages. Against our expectation, attractiveness of snails to
parasite cercariae did not affect host susceptibility to infection. This result suggests that
other processes affecting after the parasite has made contact with its host are likely to
be more important in determining host susceptibility.
Host physiology, however, partly explained the observed variation in host attractiveness
and susceptibility to parasites. Attractiveness of snails to cercariae increased with
increasing body size. This was most likely due to a higher quantity of chemical cues
released into the water by snails. The observed variation in food consumption did not
explain the variation in attractiveness. This contradicts earlier findings where food
deprivation of snails decreased their attractiveness to parasites to a point that no
chemo-orientation was detected (Seppälä and Leicht 2015). In that earlier study,
however, only long-term food deprivation showed the above effect while short-term
manipulation of resource level did not affect snails’ attractiveness. It is important to
note that we do not know how well our measure of food consumption reflects the longterm food consumption of experimental snails. Given that all snails had been
maintained under ad libitum food supply, their resource level was probably generally
high. With regard to earlier findings indicating condition-dependence of snail’s
attractiveness to parasites (Seppälä and Leicht 2015), our results suggest that
attractiveness and therefore exposure of hosts to parasites might not be affected by
variation in host resource level under constant environmental conditions. Instead,
differences in environmental conditions that significantly increase or decrease resource
availability for hosts may be needed to strongly alter excretion of chemical host cues.
Equal resource availability, as experienced by the snails used in the present study, is
less likely to create such variation among individuals in their attractiveness to
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parasites. Therefore, despite of the potentially high importance of variation in host
resource level in determining infection dynamics under different environmental
conditions in this system (Seppälä et al. 2011), variation in exposure to infection owing
to differences in attractiveness to parasite transmission stages among host individuals
is likely to be of limited significance in determining the relative fitness of host
individuals within populations where all hosts experience similar environmental
conditions.
The susceptibility of snails to infection decreased with increasing respiration rate.
Respiration rate serves as a proxy for metabolic rate which can be influenced by a large
number of potentially correlated physiological processes including immune function.
However, the levels of immunological parameters that we measured in this study,
namely PO-like activity and antibacterial activity of hemolymph, did not explain
variation in host susceptibility to infection. Thus, we cannot determine the possible
mechanism underlying the relationship between metabolic rate of snails and their
susceptibility to infection. It is possible that activation of some localized immune
responses in the target tissue of parasite (hepatopancreas/digestive gland) determine
the infection success, and that their levels differ from those detected in the hemolymph.
As self-harm is one of the potential costs associated with immune defense (Sadd and
Siva-Jothy 2006), localized immune responses could be highly beneficial for hosts by
limiting self-damage. It is also important to note that our study investigated only the
invasion success of the parasites without considering the longer term survival of the
formed metacercariae. The immune response may only be induced once the parasite
reaches the digestive gland, which might lead to a time lag in the effect of immune
function on parasite fitness. The measured immune parameters also did not covary with
attractiveness of snails to parasite cercariae. This indicates a lack of a trade-off between
immune function and mechanisms determining host attractiveness to parasite
transmission stages. However, antibacterial activity and PO-like activity of hemolymph
were negatively correlated suggesting that one is being down-regulated in favor of the
other to contain the costs associated with immune defense. A similar trade-off between
antibacterial activity and PO-like activity in L. stagnalis has also been observed in an
earlier study by Seppälä and Leicht (2013).
In conclusion, we did not find indication that attractiveness of L. stagnalis snails to
infective stages of a trematode parasite E. aconiatum was connected to host
susceptibility to infection. Thus, other post-infection processes affecting parasite

94

Chapter 3
infection success are more likely to determine host susceptibility in this system.
However, immunological parameters measured in snail hemolymph showed no
association with susceptibility either. This suggests that localized, tissue-specific
immune responses might be more important in affecting the course of infection after
parasite invasion in our study species. Such mechanisms, however, remain to be
investigated and call for tissue-specific measurements of immune activity.
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Conclusion
The purpose of this project was, on the one hand, to determine how natural selection acts
on two immune defense traits, PO-like activity and antibacterial activity and, on the
other hand, to evaluate their relative importance for susceptibility to infection compared
to factors determining the exposure of a snail to parasites. The results of the laboratory
experiment (chapter 2) revealed significant genetic variation in immune defense traits,
allowing them to respond to selection. This represents a good starting point for studying
the evolution of these immune defense traits. Biological factors can modify selection on
immune defense traits (Svensson et al. 2001; Råberg and Stjernman 2003; Oliver et al.
2005; Vorburger et al. 2009; Seppälä et al. 2011; Koch and Schmid-Hempel 2012) and
possibly obscure stabilizing selection based on underlying trade-offs. The need for
incorporating them into studies on natural selection on immune defense appears
obvious. After making sure that my study animals displayed as much genetic variation
as possible to increase the likelihood of them displaying a large range of phenotypic
variation in immune defense, I mainly considered the factors infection risk, resource
availability, and a non-immunological defense as a potential alternative target for
selection.
I found high variation in the form of selection on immune defense traits. This
variation manifested itself in differences between the two examined immune traits
(chapters 1 and 2) and between the two levels of infection risk through opportunistic
microbes (chapter 2). The difference in selection gradients between the two feeding
treatments in chapter 1 points out the significance of individual resource level for
selection on immune defense, even though the selection gradients were not significant in
the “no added food” treatment. While selection on PO-like activity in the laboratory
proved to include both fitness components, survival and fecundity, PO-like activity in the
field as well as antibacterial activity in the laboratory and in the field turned out to be
mainly driven by survival selection. These results suggest that the snails benefited from
immune defense mainly through increased survival rather than higher fecundity. As for
the relative importance of immune defense for the outcome of a host-parasite encounter,
my results show that susceptibility to infection by E. aconiatum is not affected by either
attractiveness of snails to parasite transmission stages or immune activity in
hemolymph (chapter 3). It is likely that factors taking effect after the parasite has made
contact with the host, most likely post-infection processes are more relevant for the
outcome of the infection. The fact that the variation in either of the immune parameters
did not explain the observed variation in susceptibility, as well as the fact that neither of
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the immune parameters co-varied with attractiveness might appear counterintuitive at
first. In the light of the fact that the E. aconiatum enters the L. stagnalis through the
excretory pore and migrates to the digestive gland without damaging any other snail
tissue, however, these findings are slightly less surprising.
PO-like activity was under stabilizing selection in the field study and mostly under
negative directional selection under laboratory conditions. This is likely because the
experimental snails were exposed to different parasite communities in these two
environments (laboratory conditions included only microorganisms whereas in the field
also trematode parasites were observed). The results suggest that PO-like activity is
associated with trade-offs leading to an intermediate fitness maximum when snails are
exposed to a natural parasite community. When exposed to a community of opportunistic
microbes (bacteria and fungi) under laboratory conditions, costs of high PO-like activity
override the benefits thus leading to mostly negative directional selection. The type of
parasite appears to be at least partly decisive for the form of selection on an immune
defense trait.
Antibacterial activity was under positive directional selection in the field but under
stabilizing selection in the clean water treatment in the laboratory. Selection gradients
were not significant for antibacterial activity in the microorganism-enriched water
treatment of the laboratory experiment, but the cubic splines revealed that fitness
increased for higher levels of antibacterial activity compared to the clean water
treatment. Overall, these results show that antibacterial activity was more important
than PO-like activity in each of the tested environments. The results also show a trend of
increasing importance of antibacterial activity with increasing infection risk by
microbes: From clean water to microorganism-enriched water to natural lake water,
selection on antibacterial activity changed from stabilizing selection to positive
directional selection.

Outlook
While the results obtained in this project help to shed light on the underlying
mechanisms of natural selection on immune defense, they also highlight the need for
further investigation of these processes and the factors that potentially affect them.
Although theory predicts immune defense traits to be under stabilizing selection
(Behnke et al. 1992; Frank 1993) due to the associated trade-offs with other
fitness-related traits, empirical studies have so far rarely revealed this form of selection
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(but see Råberg and Stjernman 2003). I detected stabilizing selection both in the field
and in the laboratory. This supports the idea that studies on natural selection on
immune defense should ideally consider more than one immune defense trait at a
time – in either of the studies presented in chapters 1 and 2 only one of the examined
immune traits was under stabilizing selection – to increase the chances of measuring
immune parameters with varying degrees of importance for the study organism under
the examined conditions. Also, measuring traits in different environments could help to
elucidate the nature of the context-dependency of natural selection on immune defense
traits.
The observed variation in selection on through two different key components of fitness,
survival and fecundity (chapters 1 and 2) and the fact that selection on the immune
parameters often only acted through one of them, highlights the importance of
incorporating more than one fitness trait into such studies. Part of the discovered
selection processes would have remained unnoticed if only one of them had been
measured.
Another interesting topic could be the dependence of selection on the type of parasites
which hosts are exposed to. If I had been able to incorporate also specialist parasites,
such as trematodes, into the laboratory experiment described in chapter 2, PO-like
activity, for instance, might have been more important in the immune response to these
multicellular specialists which could have resulted in something other than negative
directional selection.
As far as alternative targets for natural selection are concerned, hosts may reduce their
exposure to parasites through behavioral changes (e.g. spatial or temporal avoidance of
parasites). Alternatively, post-infection changes in chemical or physical condition or, for
instance, changes in life history could alleviate the fitness losses through infection. If
these traits are considered as alternative targets for selection it might be possible to
narrow down the relative contribution of each defense mechanism to the overall outcome
of the infection in different environments.
More precise measurements of immune traits in target tissues, possibly also in the form
of tissue-specific expression levels of different immune parameters, could also provide
useful information that could help avoid hasty conclusions about the relative importance
of immune traits in the response to a particular invader.
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The study described in chapter 3 leave the possibility open that the outcome of an
infection with a specialist parasite might depend on genotypic interactions between
hosts and parasites. To investigate this further, controlled infections/exposures of
different host-parasite combinations using different host and parasite strains would be
helpful.
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