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� Hybrids of high and low virulence S. solidus are of intermediate virulence.
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a r t i c l e i n f o

Article history:
Received 30 September 2016
Received in revised form
14 February 2017
Accepted 23 February 2017
Available online 24 February 2017

Keywords:
Gasterosteus aculeatus
Experimental infection
Hosteparasite interaction
Immune competence
Cost of infection
Antagonistic coevolution
* Corresponding author. August-Thienemann-Str.2,
E-mail addresses: ritter@evolbio.mpg.de (M. R

(M. Kalbe), henrich@evolbio.mpg.de (T. Henrich).

http://dx.doi.org/10.1016/j.exppara.2017.02.016
0014-4894/© 2017 The Authors. Published by Elsevier
a b s t r a c t

Parasite virulence is a key trait in host-parasite interactions and plays a crucial role in infection dynamics.
Our study system offers the rare opportunity to study the virulence of an individual macroparasite
(Schistocephalus solidus) in its vertebrate fish host (Gasterosteus aculeatus). The size of the tapeworm in
the fish can be regarded as a good proxy for individual parasite virulence, as parasite size correlates
negatively with fitness traits of the stickleback host (i.e. the bigger the parasite, the lower the host's
reproductive success) as well as directly with the number of parasite offspring to be expected.

To investigate how virulence is inherited, laboratory bred, parasite-naïve stickleback were infected
with a cross of two S. solidus populations of either high or low virulence, as well as one hybrid cross
between the two. The relative weight of the parasite as expressed in the parasite index served as a
measure of virulence. Furthermore, we measured several condition and immune related traits in the fish
host to assess parasite impact on the stickleback. We hypothesized that parasite virulence is to a large
extent genetically determined and correlated with several fitness traits in the stickleback host.

We found that virulence is inherited additively in S. solidus, with hybrids of high and low virulence
parasites displaying intermediate levels. However, contrary to expectation, infection rate of S. solidus in
three-spined stickleback is not related to virulence. Even though the presence of the parasite caused
differences in host condition, these were indistinguishable between the different levels of virulence in
this experiment. Fish immune traits also showed a response to infection but had no correlation with level
of parasite virulence.

With this experiment we have taken the first step towards understanding how virulence is inherited
and how it is driven in the Schistocephalus-stickleback system, even though virulence, as measured here,
does not directly translate into cost for the host. A better understanding of the costs inflicted on the host
by S. solidus infection is needed to understand this interaction in greater detail.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Virulence is the measure of detrimental host exploitation by a
parasite, and is crucial for understanding and predicting host-
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parasite dynamics, infection success, and pathogen evolution.
However, the description and measurement of virulence - the costs
of a parasitic infection - are not straightforward.

Even though the term virulence is widely used, its definition
depends on the context of the study and the system using it. In a
general sense, the virulence of a parasite is usually measured and
described as a relative measure of the traits that contribute to
negative effects in the host. The definition of virulence can include
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Fig. 1. Parasite breeding and experimental design. The parental generation of
Schistocephalus solidus tapeworms were used to breed high virulence (HV), low viru-
lence (LV) or mixed virulence (MV) F1 offspring. Three-spined sticklebacks (Gaster-
osteus aculeatus) were then exposed to one parasite each.
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host mortality or the general harmfulness of the parasite to its host
(Ebert and Herre, 1996; Ewald, 1995).

Other approaches include the measurement of host immune
response caused by parasite exploitation (Day et al., 2007;
Scharsack et al., 2007) or the associated costs inflicted on the
host's reproduction (McPhail and Peacock, 1983; Herre, 1993;
Kobasa et al., 2004; Schwanz, 2008; Gooderham and Schulte-
Hostedde, 2011). To stay neutral in light of the constant struggle
regarding the definition of parasite virulence, in this paper we will
define it as anything that causes damage to the host, directly or
indirectly.

From an energetic point of view, all organisms have finite
quantities of resources available so any amount taken up by a
parasite is deducted from the budget of the host (Roff, 2002). This
fixed budget of resources forces the constant need for trade-offs
between several traits involved in survival, growth and reproduc-
tion. These trade-offs are aggravated to the hosts disadvantage by
parasitic infection (Thomas and Gu�egan, 2009). We can assume
that the level of virulence correlates with the amount of resources
taken up directly from the host's energy budget. Following this
assumption and the definition by Herre (1995), describing viru-
lence as any influencewith negative consequences, we consider the
size of an individual worm, after a specified time, a good proxy for
its level of virulence (Kalbe et al., 2016). For example, high viru-
lence, which equates to high energy demand, might threaten host
survival and divert more resources away from less immediate de-
mands like host reproduction. Alternatively, infected hosts may
redirect the majority of resources from survival to reproductive
effort (i.e., terminal investment) (Minchella and LoVerde, 1981).

The mode of virulence inheritance has been studied in several
microparasites (Beverley and Turco, 1998; Mackinnon and Read,
1999; Taylor et al., 2006; Ben-Ami et al., 2008; Bouzid et al.,
2013; Masri et al., 2015) as well as in macroparasites (Davies et al.,
2001). This research has identified specific genes, or virulence
factors, which can influence the severity of a parasitic infection. The
presence or absence of virulence factors alone should not deter-
mine the fundamental capability of the parasite to establish a
successful infection (Casadevall and Pirofski, 2001). They should
only influence the level of virulence or severity of infection
(Dubremetz and Lebrun, 2012).

Single or multiple genes may determine the level of virulence
and the mode of determination can include other effects (Agrawal
and Lively, 2002a). In complex cases, virulence might be influenced
by multiple factors and involve multiple different mechanisms
(Okhuysen and Chappell, 2002). The exact nature of the genes
causing differences in virulence has been studied to some extent in
microparasites but not as much in the more complex
macroparasites.

In this study we focus on the costs inflicted on immune and
condition traits of the host and investigate the mode of virulence
inheritance for the diphyllobothriidean cestode Schistocephalus
solidus. This tapeworm has a complex life cycle involving three
different hosts, being highly specific only for its second interme-
diate host, the three-spined stickleback (Gasterosteus aculeatus)
(Bråten, 1966; Orr and Hopkins, 1969; Henrich et al., 2013). The first
stage of S. solidus, the procercoid, develops in a cyclopoid copepod.
After successful transmission to the next host, a three-spined
stickleback, the parasite develops into a plerocercoid in the body
cavity of the fish. The life cycle is completed after the infected fish is
eaten by a bird. Growth only takes place in the two intermediate
hosts, and reproduction only in the final host, the fish eating bird
(Hopkins and Smyth, 1951; Clarke, 1954; Dubinina, 1980).

The Schistocephalus-stickleback system has been used as a
model for host-parasite interaction for more than half a century
now (Barber and Scharsack, 2010). Contrary to many experimental
infection systems using microparasites our system offers the rare
opportunity to study the virulence of an individual macroparasite
in its vertebrate host.

The virulence of S. solidus can be quantified by measuring the
relative weight of the individual parasite, following a defined time
post exposure. Relative parasite weight is not only linked to host
reproduction, e.g. ovum mass (Heins and Baker, 2003), but also
directly correlates with parasite fitness, i.e. the number of offspring
produced by the parasite (Tierney and Crompton, 1992). This way
we can assess the impact of different virulence levels even without
detailed knowledge of the mechanisms involved (Heins and Baker,
2003; Scharsack et al., 2016).

Although S. solidus growth in its secondary host is largely
controlled by the hosts adaptive immune system (Kurtz et al.,
2004), different parasite populations show massive differences in
intrinsic virulence (Kalbe et al., 2016; Scharsack et al., 2016). We
expect virulence in S. solidus to be a complex trait with multiple
influencing factors. Differences in intrinsic virulence are recorded
for multiple naturally occurring populations of this parasite
(Scharsack et al., 2016). We postulate that the costs of being
infected are directly linked to these different levels of intrinsic
virulence in the parasite populations and we aim to investigate
several immune and condition related traits of the stickleback host.

To identify the mode of virulence inheritance in S. solidus we
combined a highly virulent parasite, from a population with high
prevalence, with another parasite from a population with low
virulence and prevalence, which showed consistent levels of viru-
lence throughout several experiments (Kalbe et al., 2016; Scharsack
et al., 2016).

To unravel the genetic base of virulence we bred F1 crosses of
two S. solidus populations of either high or low virulence, as well as
a hybrid cross between these two populations and exposed para-
site-naïve laboratory bred sticklebacks to them (Fig. 1). The relative
weight of the parasite after a given time, as expressed in the
parasite index (PI) served as a measure of virulence (Herre, 1995;
Kalbe et al., 2016). Our crossbreeding experiment enabled us to
examine the mode of inheritance in the spread of phenotypic
variance within the F1 individuals.

2. Material and methods

2.1. Experimental fish

All stickleback families used in this experiment were lab-bred
offspring from fish caught in the lake “Grober Pl€oner See” in
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Germany (54�0804800 N,10�2403000 E). The fish were 4e5months old
at the time of exposure to S. solidus and were kept under 16 h of
light per day and in constant 18 �C water and room temperature.
Fish were fed a diet of frozen copepods, daphnids and chironomid
larvae ad libitum three times per week.

2.2. Experimental parasites

The two S. solidus populations of different known virulence
levels were caught in two separate locations, in Norway and Ger-
many. The Norwegian population was caught in lake “Skogseid-
vatnet” (60� 140 4400 N, 5� 550 0300 E) and the German population at
“Neust€adter Binnenwasser” (54� 060 4000N, 10� 480 5000 E). Using the
breeding system by Wedekind et al. (1998), modified from Smyth
(1946), plerocercoids were bred with another plerocercoid from
the same population, as well as with individuals from the other
population. Using this method, we obtained offspring fromwithin-
population and between-population mating (Fig. 1). Breeding pairs
were weight matched to maximize outcrossing rates (Lüscher and
Milinski, 2003). Based on previous results indicating the stability
of virulence inheritance within lines (Kalbe et al., 2016), the F1
S. solidus were given conceptual names. The Norwegian derived
S. solidus were designated the high virulence group (HV), and the
worms bred from the German population were designated the low
virulence group (LV). S. solidus bred from a combination of the two
populations were designated the mixed virulence group (MV). Af-
ter successful breeding, S. solidus eggs were hatched following
Dubinina (1980). The first intermediate host Macrocyclops albidus
(Dubinina,1980), was subsequently exposed to them. The copepods
used here were taken from “Neust€adter Binnenwasser” and kept in
laboratory culture at a water temperature of 18 �C and 16 h of light
per day. Nine days after exposure to S. solidus, all copepods were
checked with a microscope for successful infection and sticklebacks
subsequently exposed to the singly infected copepods. Copepods
with a single procercoid present in the body cavity were scored as
infected. We then calculated the infection rate for each S. solidus
virulence group, by dividing the number of infected by the number
of exposed copepods.

2.3. Experimental infections

Experimental exposure of sticklebacks to S. solidus infected co-
pepods was performed at three days for three consecutive weeks.
Each week fish were exposed to copepods infected with S. solidus
from each virulence group in equal numbers. A control group of
unexposed fish was included in every week as well. One day before
exposure, fish were isolated in 2 L tanks, starved for 24 h and
exposed to infected copepods. Exposure was performed by placing
a small Petri dish with one infected copepod in each tank for the
fish of the treatment group. Fish in the control group fish were
sham exposed to an uninfected copepod under the same condi-
tions. In total 920 fish of four fish families were exposed to co-
pepods infected with S. solidus from 15 different worm sibships.
Three S. solidus sibships were of the HV group, eight of MV and four
of the LV group. 60 fish were sham exposed to non-infected co-
pepods. 48 h post exposure fish were transferred to larger tanks,
each holding 10 individuals.

2.4. Dissection and index calculation

Dissections of sticklebacks were performed in three rounds after
a growth period of 8 weeks post-exposure. Fish were euthanized
with an overdose of MS222, weighed (to the nearest 0.1 mg) and
measured (to nearest mm). All fish were sexed by inspection of the
reproductive organs and the body cavity was screened for possible
S. solidus infections. If present, plerocercoids were weighed (to the
nearest 0.1 mg) and a parasite index (PI) was calculated as 100 �
tapeworm weight/fish weight (Kurtz et al., 2004). We recorded all
fish with a single present plerocercoid in the body cavity as infec-
ted. All fish without a present plerocercoid were scored as unin-
fected. We then calculated the infection rate for each S. solidus
virulence group, by dividing the number of infected by the number
of exposed hosts.

To describe condition-related traits in the host, the condition
factor (Frischknecht, 1993) was calculated as CF ¼ 100 � fish
weight/fish lengthb (b ¼ 2.439 as determined by regression anal-
ysis). Liver weight was recorded (to the closest 0.1 mg) and the
hepatosomatic index as a measure for the nutritional status of the
host (Chellappa et al., 1995) was calculated as HSI ¼ 100 � liver
weight/fish weight.

As proxies for immunological traits we extracted the spleen and
head kidney, weighed them (to the closest 0.1 mg) and calculated a
splenosomatic (SSI) and head kidney (HKI) index calculated as
100 � organ weight/fish weight (Bolger and Connolly, 1989; Kurtz
et al., 2004) to estimate immunological activation. Head kidney
cells were then analysed by fluorescence-activated cell sorting
(FACS) to calculate the ratio of granulocytes to lymphocytes
(GLratio). The GLratio is an estimate of the relative number and
activation of granulocytes in the head kidneys during the innate
immune response against macroparasites (Scharsack et al., 2004).
To determine the respiratory burst activity of head kidney gran-
ulocytes (RLU per granulocyte), a lucigenin enhanced chem-
iluminescence assay (Kurtz et al., 2004) modified after Scott and
Klesius (1981) was used.
2.5. Data analysis

All statistics and plots were performed in R v3.3.0 (R
Development Core Team, 2016). S. solidus of all three virulence
levels were tested for significant differences in infection success in
copepods and fish by performing a c2 test using the chisq.test
function. We tested for differences in fish mortality by comparing
death rates of treatment and control group fish using the prop.test
function of the “stats” package.

The influence of the virulence level on the variation in parasite
index (PI), condition factor (CF), hepatosomatic index (HSI), sple-
nosomatic index (SSI), head kidney index (HKI), granulocyte/
lymphocyte ratio (GLratio) and respiratory burst activity of head
kidney granulocytes (RLU per granulocyte) was analysed using the
lmer function for linear mixed effect models (LMM) in the “lme4”
package (Bates et al., 2015). For evaluation each of these indices was
added as the dependent variable in our LMMs. P-values for the fixed
effects of the models were obtained using the lmer function from
the “lmerTest” package (Kuznetsova et al., 2016).

To account for variation caused by the separation of our exper-
iment into rounds, we added the experiment round as a random
term. Because fish sex and, worm sibship, as well as fish family are
influencing factors, we included those three variables as random
terms in our analysis as well. We did not test for specific effects of
our random terms but included them in our models as a full set to
avoid the analysis of each index with a separate set of random
terms. Using this approach we accounted for the same amount of
random variation in all the different variables datasets and avoided
a possible biasing effect of the random term selection process.
Tukey's honest significant differences, calculated with the glht
function from the “multcomp” package (Hothorn et al., 2008), were
used as post-hoc tests.
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3. Results

A total of 980 fish were initially used in the experiment, 920 of
which were exposed to S. solidus while 60 were used as an unin-
fected control group. From the exposed fish, 11 had to be excluded
from the experiment due to accidental double infection and 92 fish
died during the 8 weeks after exposure to S. solidus. The survival of
fish was not significantly different between treatment and control
group (HV ¼ 86%, MV ¼ 88%, LV ¼ 86%, CTRL ¼ 90%, c2

3, 1.3887,
P ¼ 0.7082). We were unable to obtain a sufficient number of head
kidney cells from 20 fish, which excluded them from the immune
assays. One liver and one spleen sample were lost during
dissection.

3.1. Infection rates

Infection rates of copepods were significantly different between
virulence groups (HV 55.31%, MV 49.65%, LV 40.89%, c2

2, 27.593, P ¼
<0.001). Even though significantly different, the infection rates
were of a similar order of magnitude in all three virulence groups
and resulted in similar levels of fish infection between high and low
virulence levels. Infection success in fish was observed to be
significantly different between virulence levels (HV 27.67%,
MV ¼ 37.26%, LV ¼ 27.09%, c2

2, 8.7994, P ¼ 0.013), with intermediate
virulence (MV) having the highest success.

3.2. Parasite Index (PI)

The parasite index (PI), which is used as a proxy for virulence of
the plerocercoid in the stickleback, indicates an additive mode of
inheritance for this trait. While offspring of the HV and LV groups
had respectively highest and lowest average PI, MV plerocercoids
had intermediate PI (mean PI% ± SE, HV ¼ 25.47% ± 1.510,
MV ¼ 21.09% ± 1.783, LV ¼ 12.31 ± 1.472, F (2, 262) ¼ 29.339, P ¼
<0.001, Fig. 2). A plot showing sibship specific PI is available in the
supplementary material (supplementary material, Fig. 1).

3.3. Condition and immune related traits

Virulence level in S. solidus has no significant effect on host
condition or immune related traits in the host. A general effect of
infection by S. solidus could, however, be identified in various traits.
The condition factor (CF) showed a cost of infection, resulting in
lower average CF for HV and MV infected fish compared to control
fish (CF; F(3,316) ¼ 5.6835, P ¼ <0.001; HV-CTRL Z ¼ �3.166 P ¼
<0.001; MV-CTRL Z ¼ �3.328 P ¼ <0.001, Fig. 3A).

The HSI in all three treatment groups differed significantly from
Fig. 2. Parasite index (PI) for groups infected with S. solidus of different virulence
levels.
control fish (HSI; F(3,315) ¼ 7.991, P ¼ <0.001; HV-CTRL Z ¼ �4.397,
P ¼ <0.001, MV-CTRL Z ¼ �4.266 P ¼ <0.001; LV-CTRL, Z ¼ �3.607,
P ¼ <0.001, Fig. 3B).

In immune related traits only the splenosomatic index (SSI)
showed a significant response to the hosts infection status for two
virulence levels (SSI; F(3,315) ¼ 3.6843, P ¼ 0.012; HV-CTRL
Z ¼ 2.967, P ¼ 0.015; MV-CTRL Z ¼ 2.977, P ¼ 0.014, Fig. 3C). As in
the condition related traits, the response of the host in this
immune-related trait was most prominent in the HV and MV
infected groups.

Our data showed no significant reaction to virulence level or to
infection status for HKI (HKI, F(3,316) ¼ 1.904, P ¼ 0.159, Fig. 3D).

The GLratio showed no significant differences between infection
status or virulence level (GLratio; F (3,316) ¼ 3.8468, P ¼ 0.111,
Fig. 3E).

The respiratory burst activity of head kidney granulocytes, as
indicated by RLU per granulocyte ratio, was significantly higher in
infected fish in general (infected fish - CTRL, Z ¼ 2.104, P ¼ 0.035)
while no virulence level specific differences were significant (RLU/
granulocyte, F(3,316) ¼ 1.5204, P ¼ 0.209, Fig. 3F). We added “Total
RLU” as an additional measure for respiratory burst activity without
relation to the number of granulocytes to the supplementary ma-
terial (Fig. 2).

4. Discussion

In the present study, sticklebacks were exposed to a high viru-
lent (HV), low virulent (LV) or hybrid of mixed virulence (MV)
parasite. We quantified differences in infection rate of both hosts,
the mode of virulence inheritance of Schistocephalus solidus as well
as if different levels of parasite virulence account for differences in
host condition and immune system. Overall, we found that para-
sites of mixed virulence were intermediate in their virulence in
terms of relative parasite size but not in regard to host condition or
immune traits.

4.1. Infection rates

Infection success of S. solidus was not related to the level of
virulence. HV and LV S. solidus did not differ significantly in their
infection success. The rate of successful infection seems to be
influenced by the hosts' genotype and the ability of the host to
successfully prevent or clear the early infection, rather than by the
parasite's genotype (Kalbe et al., 2016). It is worth noting that
S. solidus infection can only be cleared within a very short time
frame of about two weeks post exposure. Once the parasite has
successfully established within the body cavity, infection is usually
maintained (Scharsack et al., 2007). At the time point of dissection
only successfully established parasites should remain in the hosts.
Surprisingly, the hybrid MV parasites had an overall higher infec-
tion success rate. This might be because these novel genotypes can
possess characteristics that impede the ability of hosts to combat or
detect early infections. (reviewed by King et al., 2015).

4.2. Virulence is a complex, probably polygenic trait

Virulence is a complex trait and multiple virulence factors
usually form the sum of what we describe as virulence. Previous
work on ourmodel system already showed that the complex nature
of the interaction is based on different immunological pathways
and other means of interacting and influencing factors. These
include immune evasion (Hammerschmidt and Kurtz, 2005; Franke
et al., 2014) and immune modulation (Scharsack et al., 2007, 2013;
Kutyrev et al., 2014).

The measured PI for the MV S. solidus plerocercoids covered the
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whole range of the parental HV and LV indices, but was on average
intermediate. This spread of individual PI shows the complex na-
ture of virulence inheritance in S. solidus. Considering the number
of known factors causing variations in virulence, the same PI can
potentially be the result of various different genetic backgrounds.
The involvement of several genes in an additive mode of inheri-
tance, including additional effects of recombination, forms the
likeliest explanation for the wide range of phenotypic spread
described here. Due to the lack of sufficient genetic data, other
explanations like single locus phenotype determination have to be
considered as possible explanations. The phenotypic spread might
as well be the result of environmental variation or co-dominance
effects. Additional studies, focusing on the genetic architecture of
the trait, are necessary to describe it in further detail. The inclusion
of additional host-parasite populations with similar differences in
contrasting levels of virulence should give additional insight about
the potential complexity of virulence in other populations.

Since the observed spread of PI values was measured in an F1
cross experiment, a polygenic determination of virulence seems
more likely than variation caused by variations of the same gene.
Agrawal and Lively (2002b) illustrate, in a theoretical approach,
how the pattern of trait inheritance in our study possibly may be
explained. The described theoretical model, including recombina-
tion effects and gene for genematching, has some strikingly similar
features to the results of our cross breeding experiment. Without
knowledge of the mechanistic background in our system, cause and
effect relationships have to remain speculative for now.

Other host parasite systems, studied in greater detail, suggest a
complex nature of interaction. Leishmania sp. for example, has a
wide variety of different genes with equally varying degrees of
virulence differences (Bifeld and Clos, 2015). A similar mode of
inheritance involving many factors has been reported for Crypto-
sporidium (Bouzid et al., 2013), and Toxoplasma (Dubremetz and
Lebrun, 2012).

4.3. Host condition is not correlated with parasite size

The lack of virulence level-specific detrimental effects in the
measured condition related traits in this experiment was surpris-
ing. We can assume that differences in the PI are the product of
different amounts of host resources consumed. Despite this,
different virulence levels did not result in corresponding negative
effects in their hosts (Fig. 2). This lack of detrimental effects could
be at least partially explained by potential weight compensation of
the fish by different tissue-water ratios in response to parasitic
infection (Nordeide and Matos, 2016).

Another explanation is the possibility that fish were presented
with an unnaturally high amount of food under experimental
conditions, resulting in a lack of difference in the nutritional status
of individual hosts. The equalising effect of this rich feeding regime
might have concealed the difference between hosts infected with
parasites of different virulence levels and weakened the difference
between parasite-infected and control group fish (Candolin and
Voigt, 2001):

4.4. Host immune system traits do not correlate with parasite size

Another striking finding was the lack of virulence level specific
differences in immune related traits. Despite being used and pub-
lished before, the methods employed in this study represent only a
rather crude estimate of the fish's immune system activity. The
measures of HKI and SSI only yielded rough estimates of the cor-
relation between organweights and immune activity. These indices
potentially represent most of the whole spectrum of the stickle-
back's immune response, but unfortunately did not have the
specificity to identify virulence-level specific effects. Yet, a general
effect of infection was found to be significant for SSI.

4.5. Additional fitness costs of the host may be related to parasite
size

Several studies have shown a wide range of different negative
effects caused by S. solidus in its host. Physiological effects include
increased oxygen consumption (Meakins and Walkey, 1975) and
increased nutritional demand (Pascoe and Mattey, 1977). The
detrimental effects of infection might also influence traits not
measured in this experiment. The degree of mobility impairment of
infected fish for example was not determined. Under natural con-
ditions this loss of mobility would most likely lead to a potentially
higher average predation rate of parasitized fish and lowered ability
to compete for available resources.

Influences on behaviour (Milinski, 1985, Milinski and Bakker,
1990; Barber and Huntingford, 1995; Barber et al., 2004) and
phenotypic manipulation (LoBue and Bell, 1993) increasing the
hosts' risk of avian predation have been reported before. The po-
tential costs regarding a loss in fecundity could also not be deter-
mined here.

Field studies have described cases of infected sticklebacks not
reaching maturity, preventing successful reproduction (McPhail
and Peacock, 1983; Tierney et al., 1996) even though there is evi-
dence some stickleback populations with especially high S. solidus
prevalence and virulence have evolved mechanisms for fecundity
compensation (Heins et al., 1999; Heins and Baker, 2014). This
negative influence of infection on host reproduction is important to
consider, but due to the complicatedmethods of measuring it, is not
often tested (Abbate et al., 2015).

The influence on several traits of the host's immune system
caused by S. solidus also has the potential to change the infection
success of other parasite species, leading to an increase of infection
rates of said parasite species in the process. Benesh and Kalbe
(2016) describe a quantitative effect of secondary parasite in-
fections, linked to the virulence level of a preceding S. solidus
infection. This example emphasizes that the impact of S. solidus
virulence has to be regarded in context with the parasite species
composition of the host. As not all parasite species seem to be able
to take advantage of different levels of S. solidus virulence, the same
level of virulence can cause a different sum of costs in different
populations depending on the parasite species composition.

4.6. Parasite virulence evolves toward optimality

Our experiment shows that virulence of S. solidus can rapidly
change when novel genotypes are combined. Given that this
parasite uses a highly mobile final host (which can be any pisciv-
orous bird species), the introduction of novel genotypes into a
parasite population can rapidly alter the host-parasite dynamics
and therefore the evolution of virulence.

Parasites, as any species, by whatever mode of resource acqui-
sition, have to evolve towards optimized fitness (Alizon and
Michalakis, 2015). Parasite fitness is tightly linked to virulence,
showing the acquisition rate of resources in the system used here.
The optimal, sustainable level of virulence depends on various
factors. Examples include the trade-off of between transmission
and virulence or the parasites influence on host survival. In contrast
to the results of early modelling approaches, optimal virulence is
not necessarily the maximal level obtainable by the parasite
(O'Keefe and Antonovics, 2002). Instead, an intermediate level of
virulence might be optimal in the sense of maximized lifetime
reproductive success (Jensen et al., 2006).

This intermediate optimumwas strikingly similar in at least two
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populations of S. solidus, (Kalbe et al., 2016). The similar optimum
might very well be connected to parasite prevalence in these
populations. Host-parasite combinations with high parasite prev-
alence could have developed a higher level of intrinsic virulence in
response to the increase in host defence. Low prevalence pop-
ulations on the others hand could have decreased the necessity for
fish to develop a strong immune response resulting in lower
parasite virulence (Kalbe et al., 2016). The resulting level of viru-
lence might seem similar in sympatric combinations, but the
causing effects might be entirely different for each population.

4.7. Conclusion

We showed the additive inheritance of virulence in Schistoce-
phalus solidus in the intermediate phenotype of mixed virulence
plerocercoids. Interestingly, this did not translate into correlated
costs for the host in the measured traits. This lack of correlation
leaves doubt about the suitability of worm size as a proxy for
parasite virulence in this system. Either the measure supposed to
indicate virulence was not suited to do so, or the varying costs have
been imposed on host traits not measured here. With this experi-
ment we have taken the first step into understanding how viru-
lence is inherited and how it is driven in the Schistocephalus -
stickleback system, but we need a better understanding on the
costs of parasite infection on the host.
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