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Hosts have evolved two distinct defence strategies against parasites: resistance
(which prevents infection or limit parasite growth) and tolerance (which alle-
viates the fitness consequences of infection). However, heritable variation in
resistance and tolerance and the genetic correlation between these two traits
have rarely been characterized in wild host populations. Here, we estimate
these parameters for both traits in Leuciscus burdigalensis, a freshwater fish
parasitized by Tracheliastes polycolpus. We used a genetic database to construct
a full-sib pedigree in a wild L. burdigalensis population. We then used univari-
ate animal models to estimate inclusive heritability (i.e. all forms of genetic
and non-genetic inheritance) in resistance and tolerance. Finally, we assessed
the genetic correlation between these two traits using a bivariate animal
model. We found significant heritability for resistance (H = 17.6%; 95% CI:
72-32.2%) and tolerance (H = 18.8%; 95% CI: 4.4-36.1%), whereas we
found no evidence for the existence of a genetic correlation between these
traits. Furthermore, we confirm that resistance and tolerance are strongly
affected by environmental effects. Our results demonstrate that (i) heritable
variation exists for parasite resistance and tolerance in wild host populations,
and (ii) these traits can evolve independently in populations.

1. Introduction

To limit the fitness costs imposed by parasites, hosts have evolved a series of
defensive responses that can be broadly categorized into two strategies: resistance
and tolerance [1-3]. Host resistance prevents infection, limits parasite growth or
clears an infection, through behavioural, morphological and/or immunological
mechanisms [3]. Unlike resistance, host tolerance does not limit infection, but
reduces or compensates parasite-induced damages through reduced immuno-
pathology, increased wound repair mechanisms and a greater resilience to
tissue injuries [3—6]. The expression of both defence responses results from the
interactions between the host and parasite genomes and the environment [7,8].
Several studies suggested that these two strategies have different evolutionary
consequences on host—parasite interactions, depending on whether resistance or
tolerance is the trait under selection [1,9]. In particular, because resistance reduces
parasite fitness, its evolution is expected to be governed by negative frequency-
dependent selection [1]. When parasite prevalence is high, resistance spreads
through a host population, causing the decline of parasite prevalence, and then,
provided that resistance is costly in the absence of parasitism, a reduction in the
frequency of resistant host genotypes is expected. By contrast, because tolerance
does not reduce parasite fitness, its evolution is expected to result in a positive
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feedback whereby parasite infection selects for tolerant hosts,
which in turn increases parasite prevalence. As a result, most
theoretical models predict the maintenance of genetic variation
in resistance but the fixation of tolerance along the course of
host—parasite coevolution [2,7,9] (but see [10]).

Scientists have long recognized resistance and tolerance
as two distinct defence strategies used by plants in response to
biotic and abiotic pressures, including herbivory, pathogens
and herbicides [3]. By contrast, the concept of tolerance has
only recently been explored in animal systems, and studies on
animal defence strategies have almost exclusively focused
on resistance mechanisms [3-6]. However, recent obser-
vations by Raberg et al. [11] of variation in mice resistance
and tolerance to malaria have prompted a surge of studies
showing that tolerance plays an important role in animal
defence against parasites [11-15].

Although these studies generated a significant body
of knowledge on animal tolerance, they mostly used either
unnatural host—parasite combinations, or natural systems
under controlled laboratory conditions, such that little is
known about tolerance variation in the wild [3]. Furthermore,
it is still unclear whether host tolerance is enabled by factors
that can be transmitted across generations (i.e. if these traits
are heritable or not). Disentangling transmitted (heritable)
versus non-transmitted (non-heritable) variation in defence
strategies is, however, a prerequisite for assessing their evol-
utionary potential, and for predicting the coevolutionary
outcomes of host—parasite interactions in natural settings
[16]. To the best of our knowledge, no studies have yet quan-
tified the proportion of transmitted variance explaining
phenotypic variation observed in tolerance and resistance in
animals (see [17,18] for plant systems).

Traditionally, the potential for evolutionary changes
depends on the extent of the additive genetic variance in pheno-
typic traits [19], and phenotypic variance is hence generally
split into genetic versus non-genetic components. However,
recent studies have argued that phenotypic variance should
rather be split into its transmitted versus non-transmitted
variance [20]. Such a dichotomy is particularly relevant when
investigating the immune system of vertebrates, which includes
innate (i.e. transmitted) and acquired (i.e. non-transmitted)
components. Transmitted variance encompasses additive (and
non-additive) genetic variance, but also non-genetic inheritance
processes such as epigenetic or social inheritance, whereas
non-transmitted variance includes other environmental effects
[20,21]. Because of the difficulty to tease apart genetic versus
non-genetic inheritance processes in the wild, we will use this
conservative view of inheritance (i.e. ‘inclusive inheritance’
[20]). Predicting the evolutionary potential of resistance and
tolerance in wild populations hence requires assessment of
quantitative parameters related to the inheritance of these
traits from one generation to another (i.e. transmitted variance,
V1; and inclusive heritability, H). Moreover, because resistance
and tolerance are often costly [3], a negative genetic correlation
is expected between these two traits [2,11]. Such negative gen-
etic correlation may constrain the evolution of one of the two
traits [22], and is hence an additional key parameter that has
to be assessed to understand their evolution [3].

Here, we aimed at (i) quantifying transmitted versus
non-transmitted variance in resistance and tolerance, and
(ii) estimating the genetic correlation between these two
traits in a freshwater fish (the dace Leuciscus burdigalensis)
parasitized by anectoparasite copepod (Tracheliastes polycolpus).

Our analyses are based on long-term monitoring of a wild n

dace population from which genotypic and phenotypic data
have been gathered. Tracheliastes polycolpus has been intro-
duced relatively recently to western Europe (approx. 50—60
years ago, i.e. approx. 200 parasite generations ago; S.B. &
G.L. 2013, unpublished data), and it is hence likely that the
Leuciscus—Tracheliastes interaction has not yet reached its
evolutionary equilibrium. However, interindividual variation
in both resistance and tolerance to this parasite has been
detected in dace, and this variation has been suggested to
be—at least partially—under genetic control [14,23]. We first
reconstructed a dace pedigree using genetic markers to esti-
mate relatedness among sampled individuals [24]. We
confronted our empirical pedigrees to simulated data to esti-
mate the reliability of molecular-based pedigrees drawn
from large populations with overlapping generations (two
characteristics of our L. burdigalensis population). Second, we
sought to estimate inclusive heritability of resistance and toler-
ance in dace using ‘animal models’ [24]. Animal models allow
decomposition of the phenotypic variance (Vp) in different
variance components from multigenerational information
[24]. Here, Vp is decomposed into its transmitted part (i.e.
V1; genetic and non-genetic processes were not disentangled)
and its non-transmitted part (V) that here corresponded to
environmental effects and unknown sources of error. Theory
predicts that V1 should be higher for resistance than for toler-
ance, with tolerance possibly lacking significant V7 [3]; this is
what we expect in our wild population if an evolutionary
equilibrium has been reached in the Leuciscus—Tracheliastes
interaction. Additionally, we hypothesized that we would
find strong and significant Vr, notably for tolerance, because
this trait has been shown to be under strong environmen-
tal effects [25]. Finally, bivariate animal models were used
to test the working hypothesis of a significantly transmitted
correlation between tolerance and resistance.

2. Methods
(a) Biological models

We focused on L. burdigalensis because it is the major host species of
T. polycolpus in the study area [26]. Leuciscus burdigalensis is a fresh-
water cyprinid fish species endemic to western Europe, commonly
distributed in streams and rivers of France. This is a highly mobile
species living in shoals of two to five individuals in patches with rela-
tively high water velocity. Tracheliastes polycolpus is a generalist
parasite that is anchored to fish fins where it feeds on the epithelial
cells and mucus [26,27]. Only adult females are parasitic, and they
often cause the partial destruction of fins [27]. This lowers the dace fit-
ness through a reduction in feeding success and decreased growth
rate, and possibly incurs size-selective mortality towards younger
hosts [23,28]. After approximately three to four months, females lay
their eggs in the water column and die. The infective stage of the para-
site rapidly develops and infects (within 3 days) other individual
hosts through passive encounter. There is no evidence of increased
likelihood of parasite transmission either within a host or from
parents to offspring. Most likely, the parasite transmits at random
in the host population (S.B. & G.L. 2013, unpublished data).

(b) Measurements of host resistance and tolerance

Resistance can be measured as the inverse of parasite burden [3].
Two main ways of measuring tolerance exist in the literature.
First, ‘range tolerance’ is defined as the slope of the relationship
between a trait capturing host fitness (e.g. growth rate or
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Table 1. Number of sampled and successfully amplified daces (Leuciscus burdigalensis) for each sampling year (2005-2011) and each sampling site on the [JEJ}

Viaur River.
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survivorship) and parasite burden [7,11]. The use of ‘range
tolerance’ is particularly appropriate when the fitness proxy
examined is affected by factors other than parasite burden [3].
Second, when no other factors than parasitism affect the fitness
proxy examined, “point tolerance” is simply the host’s ability to
preserve its fitness when infected by a given number of parasites
[7,11,27]. Here, resistance was estimated as the inverse of parasite
burden (i.e. the higher the number of ectoparasites on a host, the
less it is resistant), and the extent of fin damage (while account-
ing for parasite number) was used as a surrogate of tolerance (i.e.
‘point tolerance’” method). Indeed, the presence of T. polycolpus
strongly affects the fitness of its host by causing fin damage
[29], and fin degradation is only caused by T. polycolpus and
not by other factors that would concurrently affect host fitness
(i.e. uninfected fish do not present degradation on their fins, at
least not the kind of degradations caused by T. polycopus). We
have previously demonstrated a significant and positive pheno-
typic correlation between parasite burden and fin degradation
(i.e. the higher the parasite burden, the higher the fin degra-
dation [28]). Therefore, in our study, we use point tolerance
because it relates to a phenotypic trait measured at the indivi-
dual level. This gives us greater statistical power to test for the
existence of tolerance heritability and genetic correlations.

(c) Field sampling protocol

A wild population of dace was investigated on the Viaur River
(southwestern France). Host sampling was conducted by elec-
tric-fishing according to French legislation and prefectoral
decrees from the Direction Départementale des Territoires at
eight sampling sites which cover the whole distribution of dace
in the river (see the electronic supplementary material, figure
S1). We consider individuals from these sampling sites to
belong to the same population, because we previously showed
that genetic spatial structure in this river was weak (with a
mean pairwise Fgr=3.06% [30]). These eight sampling sites
have been monitored at the end of June for each year from 2005
to 2011. The database collected includes measures of resistance
and tolerance, as well as other phenotypic and genotypic host
characteristics. On each site and for each year, up to 35 daces
were sampled, for a total of 670 individuals sampled (table 1).
For each specimen, total body length was measured to the nearest
mm (as an index of fish age; see below), all T. polycolpus were
counted (i.e. parasite burden), and fin degradation was quantified
as a score related to the proportion of degraded fin tissue. A score
ranging from 0 (0% of the fin is degraded) to 4 (100% of the fin is
degraded) was visually attributed to each fin, and the scores were
summed over all fins so as to obtain a single total score per host
(i.e. for a host, the total score varies from 0 to 7 x 4 = 28; see

2008 2009 2010 2011
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5 e e :
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[14] and the electronic supplementary material, figure S2 for
details). We used age-size relationships inferred from this popu-
lation (using scale reading; see [29]) to assign individuals to the
generation to which they belong. A small cut of one pelvic fin
was also collected and stored in alcohol for the subsequent gen-
etic analyses. On average, parasite prevalence was 89.6%,
parasite load (the number of parasite per individual) was
11.2 + 11.9 and fin degradation was 1.3 + 2.2 (see the electronic
supplementary material, table S1). We previously demonstrated
that there is no association between parasite prevalence, parasite
load, fin degradation and the position of sampling sites along the
upstream—downstream gradient (e.g. sites with high prevalence
during a sampling year do not necessarily harbour high preva-
lence in successive years [31]). All individuals were released
alive in their original sampling site.

(d) Genetic analyses

We used neutral microsatellite genetic markers to infer relatedness
and reconstruct pedigrees in the studied population. After DNA
extraction, individual genotypes were obtained at 13 polymorphic
microsatellite loci (see [23] for details on microsatellites). To avoid
wrong family assignments and to improve the quality of our
pedigrees [32], we paid particular attention to errors related to gen-
otyping and profile reading (i.e. several genotypes were amplified
twice and reading was done by three people independently) so as
to reduce those errors below 0.1%. No linkage disequilibrium or
null alleles were detected in this set of microsatellites, and they
were all in Hardy—Weinberg equilibrium [23]. Because individuals
from the studied population may have been repeatedly sampled
over several years, a preliminary analysis was performed using
GENECAP [33] to identify potential recaptures. This software ident-
ifies perfect matches from microsatellites genotypes within a
dataset, which represent recaptured individuals over years. We
detected 24 individuals that were recaptured twice or more. To
avoid pseudo-replication, the first capture event was kept in the
final pedigree database, whereas subsequent recaptures were
removed from the database. Nevertheless, these 24 individuals
were used to estimate repeatability values [19] on both tolerance
and resistance (see below).

(e) Pedigree reconstruction

Relatedness was inferred using PEDIGREE v. 2.2 [34], which uses a
likelihood estimator to allocate or partition all individuals into
groups of putative siblings in different family configurations.
Initially, all individuals are assumed unrelated and are allocated
to full-sib groups of size 1 (called singletons). According to Herbin-
ger et al. [35], a full-sib partition contains a grouping of full-sib
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Table 2. Life-history parameters used to simulate a population of a long-lived species with large effective population size and overlapping generations.
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individuals defined using the rules of Mendelian inheritance from
one cross of two parents. Thus, PEDIGREE v. 2.2 produces a full-sib
partition by sampling the space of possible partitions through the
Markov chain Monte Carlo (MCMC) procedure. We used 20-40
different starting points for the MCMC procedure. The chain
was iterated 10° times and allocated a weight of 1 to avoid false
full-sib assignments [35]. We then assessed the consistency of the
reconstructed groups across the different starting points [35].
From these results, we retained one ‘best’ sibship configuration
(with the maximized partition score) of full-sib families.

Dace is a long-lived species (up to 10 years old) with overlap-
ping generations and high migration rate [30], and we probably
sampled only a fraction of the population (effective population size
was estimated as approximately 500 individuals; see the electronic
supplementary material, figure S3). Although these characteristics
are likely to pose difficulties for the inference of relatedness using
microsatellite data, a recent study demonstrated this approach is
appropriate and robust to these population parameters (high
migration rate and large population size), even with a relatively
low number of markers (less than 20 loci [32]). To ensure that our
partitions mostly contain full-sibs (but not half-sibs, cousins or
other relationships), we developed an approach aiming at maximiz-
ing the certainty of the reconstructed relationships by reducing the
possible range of sibship relationships being inferred. To do so, indi-
viduals were first assigned to the generation they belong to (i.e.
using age-—size relationships; see above). We then built a pedigree
for each generation separately (17 pedigrees from the 17 generations
identified from 1994 to 2010), so as to ensure that each pedigree
was a ‘first-generation” pedigree. These pedigrees were finally
assembled into a single pedigree for the estimation of quantitative
transmitted parameters. This within-generation pedigree recon-
struction allowed us to maximize the probability to reconstruct
full-sib relationships and hence to detect some of the variance
components constituting the measured phenotypes.

The reliability of the final pedigree was tested by confronting
the optimal partitions against a null hypothesis of no relatedness.
Each pedigree is tested for significance using 100 randomization
trials of the original genotype dataset. The overall significance
(p-value) of each pedigree retained was estimated by the pro-
portion of the 100 randomized trials having a pedigree score at
least as high as the true partition score observed.

(f) Simulation: testing the accuracy of pedigree

reconstruction
We simulated a genetic dataset to test the reliability of the pedi-
gree built from the approach described above. First, we used the
program spip v. 1.0 [36] to simulate a population defined by life-
history parameters approximating our dace population. This
program uses an individual-based algorithm to simulate the
transmission of genes from parents to offspring in a population
under a demographic dynamic. The simulated population is
based on life-history parameters that are detailed in table 2.
Parameters were age- and sex-specific, and we assumed that

the maximum lifespan was 10 years. In this population, males
and females had equal initial population size, relative fecundity
and absolute probability to reproduce and survive (table 2).
The life-history parameters were gathered from unpublished lit-
erature (S.B. & G.L. 2013, unpublished data). The initial number
of females and males were distributed among generations to rep-
resent the distribution in our natural population. We assumed
that around 6000 individuals are produced at each generation.
We then characterized individuals by 13 loci with allelic frequen-
cies similar to those observed in the natural population.
Simulations were run for 50 generations. Because our simulations
were individual-based, relatedness information (i.e. parents’
identity) was available for each individual of each generation.
Upon simulations, we haphazardly sampled 650 individuals
from the last 10 generations to mimic the fact that we sampled
only a fraction of our dace population. From this subset, we
identified ‘true” family links from information on simulated par-
ental identities to set a ‘true’ pedigree made of groups including
only full-sibs. In parallel, the genetic data from the same simulated
subdataset were used as input in PEDIGREE v. 2.2 to infer molecular-
based pedigrees (using the within-generation approach described
above). The final molecular-based pedigree was then compared
with the ‘true” pedigree and congruency between pedigrees was
calculated using PEDAGREE v. 1.05 [37].

2. Statistical analysis

Quantitative genetic analyses are based on the partitioning
of the total phenotypic variance into different components.
We considered the total phenotypic variance (hereafter Vp)
to be

Vp = Vr+ Vnr + Vg, (2.1)

where V1 is the transmitted variance, Vit is the non-transmitted
variance and V7 is the residual variance [20].

In the statistical models presented below, the pedigree (or
family membership) was used to estimate V1, and the sampling
years, the sampling sites and the resulting two-term interaction
accounted for Vit in equation (2.1). All these variables were
included as random effects in subsequent models. It is note-
worthy that Vi not only includes environmental factors
affecting (directly or indirectly via resource availability) host
defence strategies, but also potential differences in parasite
virulence between sampling sites and/or sampling years
(e.g. parasite virulence can vary across sites because of a spatial
structure of the parasite, or because of differences in environ-
mental conditions affecting virulence). Because body size is
highly correlated to age in fishes, and because parasites can
accumulate over time on a host, we added dace body size
(a continuous trait) as a fixed covariate in the models. Para-
site burden was also included as a fixed covariate in the
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tolerance models to measure fin degradation while statistically
accounting for the number of parasites [13,14,29].

Afterwards, inclusive heritability (H) was calculated as
the ratio of the estimated transmitted variance to total pheno-
typic variance (i.e. H = V/Vp). Similarly, the proportion of
variance explained by each term composing Vyt was quanti-
fied. Models
distributions (see below), meaning that ‘deviance’ (rather
than variance) should be used. However, for the sake of
clarity, we will hereafter use the term ‘variance” to define
deviance components.

For each trait, we ran a univariate model (see the electronic
supplementary material, S5 for R scripts) so as to quantify the
proportion of variance explained by each components of
equation (2.1) using animal models as developed in the R-Gui
package MCMCglmm [38]. A Poisson error-term distribution
was assumed for resistance, whereas an over-dispersed Poisson
error-term distribution was assumed for our measure of toler-
ance. Usually, 10° iterations of the MCMC resulted in model
convergence, with no evident autocorrelation within chains
(lower than 0.05). The posterior distribution of the animal
models was sampled every 1000 iterations after a burn-in
period of 50 000 iterations for a total of 950 samples. We used
non-informative priors (V =1, v=1.002) for all animal
models [38] (models with informative priors led to very similar
results and are hence not shown here). Variance components
were estimated as the mode of the posterior distribution and
95% credible intervals (CIs) are given. Ratios (Vr/Vp and
Vn1/Vp) were calculated for each MCMC sample, and we
reported the mode and 95% Cls of these posterior distributions.
Covariance components were considered meaningful when
95% Cls excluded zero.

This quantitative analysis was complemented by a mea-
sure of repeatability [19]. Repeatability was inferred for
resistance and tolerance using the 24 recaptures detected pre-
viously. Repeatability can be inferred by partitioning the

are based on non-Gaussian error-term

phenotypic variance into within-individual variance and
between-individual variance [19]. We used the REML frame-
work as implemented in the R package rptR [39] to estimate
repeatability for both tolerance and resistance according to
the following equation:

o
r—(0%+0%), (2.2)
where o2 is the between-group variance and o2 is the within-
group variance. We used the adjusted repeatability measures
that account simultaneously for the confounding effects of
sampling year, sampling site and parasite burden (only for
the repeatability related to our measure of tolerance).

(a) Bivariate animal models: estimating genetic
correlation

To disentangle the possible link between tolerance and resist-
ance, we tested whether there was a genetic correlation
between these two traits using bivariate animal models.
The fixed and random effects used in the Bayesian univariate
models described above were used in these analyses.

The genetic correlation (rg) is calculated as
rg _ COVtraitl,traitZ ’ (23)
VVGtrait1 X VGtrait2

where COV it trait2 i the genetic covariance between the

250 -
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Figure 1. Distribution of family sizes for each of the pedigrees we reconstructed
for dace (Leuciscus burdigalensis) in the Viaur River.

traits, and Vguait and Vgiaiz are the genetic variance,
respectively, for trait 1 and trait 2.

3. Results

(a) Pedigree reconstruction

The pedigree included 661 individuals assigned in 396
presumed full-sib families (figure 1). There were 147 individ-
uals assigned to a family of one individual (i.e. singletons;
figure 1). These singletons were discarded from subsequent
analyses. No family larger than three full-sibs was recon-
structed, and most families were constituted of two full-sibs
(figure 1).

Importantly, our pedigree provides strong evidence that
families were weakly spatially aggregated (i.e. members of a
family were not all captured in a single sampling site). Indeed,
for families of two full-sibs, only 22% of the families were
spatially aggregated, whereas only 28% of the families were
spatially aggregated for families of three full-sibs (not shown).

Our pedigree reached a score higher than any of the 100
randomized pedigrees, indicating that the full-sib partition
could not be seen in a set of unrelated individuals (p < 0.02).

(b) Simulation and accuracy of pedigree reconstruction
According to our simulated dataset, the congruence bet-
ween the ‘true’ pedigree (the one for which family links are
gathered from parental identity information) and the recon-
structed global pedigree was 53.60%, which indicated that
our approach fails to match perfectly the ‘true’ pedigree.

(c) Univariate animal models

Animal models revealed significant inclusive heritability
for resistance to parasites (posterior mean = 17.6%; 95% CI:
7.2-32.2%; figure 2a). All factors (sampling site, sampling
year and the two-term interaction) related to non-transmitted
variance explained a significant amount of variation in resist-
ance (figure 2a). Overall non-transmitted variation accounted
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Figure 2. Proportion of phenotypic variance explained by transmitted (V3/Vp) and non-transmitted factors (Vyi/Vp) on (a) resistance and (b) tolerance to the
ectoparasite Tracheliastes polycolpus. Proportions of explained variance were obtained from univariate animal models. The proportions of unexplained variance
(Vr/Vp) are also displayed. In each plot, we represented the posterior mode of each variable (dots) and the 95% (I for this effect (horizontal bars). See details

in the electronic supplementary material, table S3.

for 48.8% of the total variation observed in resistance. 33.6%
of the phenotypic variance remains unexplained in our model
(figure 2a). The influence of body size on the parasite burden
was positive, although relatively weak (not shown).

There was also significant inclusive heritability for toler-
ance (posterior mean = 18.8%; 95% CI: 4.4-36.1%,; figure 2b).
Whole effects related to non-transmitted variance summarized
40.9% of the amount of phenotypic variation. Residual pheno-
typic variance was 40.3% (figure 2b). The effect of body size
was not significant (95% CI overlap zero), but as expected
there was a positive and significant relationship between
parasite burden and fin degradation.

(d) Repeatability

We found strong and significant repeatability for both resist-
ance (r = 0.613, 95% CI: 0.258-0.835, p < 0.001) and tolerance
(r =10.639, 95% CI: 0.033-0.854, p < 0.001).

(e) Bivariate animal model

Concerning genetic correlation between resistance and toler-
ance, we found no support for a genetic correlation,
because the 95% CI overlapped zero (rr=0.06; 95% CI:
—0.28 to 0.65).

4. Discussion

To the best of our knowledge, our study is among the first to
attempt quantifying the heritability of both resistance and tol-
erance to parasites in a wild animal host population. The
finding that resistance to parasites is transmitted across gen-
erations (i.e. heritable) confirms theoretical predictions as
well as empirical studies [15,22]. Indeed, the maintenance
of heritable variation in resistance is expected because of
(i) the antagonistic coevolution between host resistance and
parasite virulence, and (ii) the energetic costs associated
with resistance [2,11]. Although similar costs have been
reported [40], few studies have yet reported heritability for
this trait in wild animal populations (but see [41-43]).

The finding that tolerance to parasites was also heritable
was, however, less expected. Indeed, theoretical models pre-
dict an erosion of the genetic variance associated with
tolerance [1]. Despite these theoretical considerations, genetic
variation in tolerance has previously been suggested in lab-
oratory-based systems [11,44]. Our study is, however, the
first to find significant heritable variation in tolerance in a
wild host—parasite association. Two main hypotheses may
explain the maintenance of heritable variation in tolerance.
First, it is likely that the Leuciscus—Tracheliastes interaction
has not yet reached its evolutionary equilibrium, because
T. polycolpus has been introduced approximately 200 parasite
generations ago (S.B. & G.L. 2013, unpublished data). Second,
Miller et al. [2] suggested that polymorphisms in tolerance
can be maintained if other factors (e.g. environmental factors)
simultaneously influence patterns of selection. This second
hypothesis is also highly likely since, in the wild, selective
pressures are multiple and polymorphism can be maintained
actively by heterogeneous natural selection [45].

Inclusive heritability values estimated for both traits
(approx. 16—-18% for both traits) were moderate and in the
range of what is typically found for resistance (see [46] for a
review on fish). Studies indicating higher heritability values
of resistance (i.e. greater than 20%) have generally been conduc-
ted in experimental settings [47,48] whereby non-transmitted
factors were controlled for. It is hence likely that our relatively
low values of heritability are inherent to the natural settings
in which we performed our investigation. Our relatively low
heritability values may also be due to limitations of the analyti-
cal tools currently available to estimate pedigrees. Our
reconstructed pedigree possibly included links other than full-
sib relationships, and we think that for species with overlapping
generations such as L. burdigalensis, reconstructing a pedigree
from molecular data gathered from a portion of the population
is a complex task (but see [32]). Indeed, according to our simu-
lations, we found moderate congruencies (53.6%) between
‘true’ and reconstructed pedigrees, which hence indicate that
half-sibs, cousins and even unrelated groups are probably
incorporated in our molecular-based pedigree. Such types
of bias (i.e. assigning individuals as full-sibs, while they are
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not) have been shown to reduce statistical power (type Il errors,
i.e. failing to detect a significant heritability value while it is
actually significant) and to lead to underestimation of quanti-
tative genetic parameters (approx. 10% for heritability [49]).
This means that, in the worst case, our pedigree has weak stat-
istical power (which we confirmed using simulations, not
shown) and underestimates heritability estimates, which is
hence conservative. Accordingly, repeatability values, which
are expected to provide an upper limit of possible heritability
values [19], were strikingly higher for both resistance and toler-
ance to parasites. This suggests that the actual heritability
estimates for these two traits are probably between the esti-
mates we reported using animal models and those gathered
from repeatability analyses.

The weak statistical power of our pedigrees may explain why
we failed to find a negative genetic correlation between tolerance
and resistance to parasites. Although theoretical work predicts
that tolerance and resistance should display significant genetic
correlation [16,50], some studies in plants and animals have
found no support for this hypothesis [15,51,52]. Despite the
weakness of our pedigrees, our estimate of genetic correlation
is far from significant. Our results may hence confirm that a
genetic trade-off between resistance and tolerance is not necess-
arily the norm in wild populations. This result may be partly
explained by environmental variation that may strongly modu-
late the shape and strength of genetic correlations [53]. Hence, as
for the maintenance of variation in tolerance, environmental het-
erogeneity may affect genetic correlations. Furthermore, the lack
of a genetic trade-off might be specific to our system, which
involves an ectoparasite. First, while such parasites may be less
affected by host immunological responses than endoparasites,
they may be more vulnerable to other resistance mechanisms
such as behavioural defences. Second, tolerance mechanisms
are more likely to involve wound repairs than immune regu-
lation in this system. Therefore, it is possible that, because
tolerance and resistance do not rely on the same proximate mech-
anisms (the host immunological system), they are genetically
decoupled in this system. Non-transmitted variance accounted
for approximately 40—-50% of variation in resistance and toler-
ance to parasites. It is noteworthy that families were weakly
spatially aggregated, meaning that transmitted variation is stat-
istically independent from non-transmitted sources of variation
(and vice versa). Here, non-transmitted variation was expressed
as the spatial and temporal variation observed in resistance and
tolerance, which may reflect spatio-temporal variability in
demographic processes (e.g. number of parasite propagules),
population structure (e.g. age, size and density of the hosts)
and/or the direct effects of specific—although unmeasured—
environmental factors (e.g. water velocity, water temperature,
etc.). Overall, this observation is in agreement with recent studies
demonstrating a strong role of the environment in explaining
variation in resistance and tolerance [14,25]. For instance, in
the Leuciscus—Tracheliastes interactions, Cardon ef al. [31] demon-
strated that fin degradation tended to be higher under colder
conditions, possibly owing to more virulent parasites or reduced
tolerance under these thermal conditions. Our results confirm
that the environment (sensu latto) may be an important modu-
lator of the coevolution between host and parasite, both
because the environment can influence genetic parameters
[53], and because it can directly or indirectly influence resistance,
tolerance and virulence [8,54].

In this study, we adopted the ‘inclusive inheritance’ frame-
work [20] to distinguish between transmitted versus non-

transmitted variation, rather than the genetic versus environ-
mental variation approach of quantitative genetics [19]. This
framework is particularly appropriate for the study of wild
populations where genetic and non-genetic transmitted pro-
cesses can be confounded [20,21]. For instance, Stopher et al.
[55] demonstrated that accounting for social contacts between
individuals strikingly reduces estimates of heritability in a
wild ungulate population. Likewise, in wild populations,
resistance and tolerance may be affected by many processes
that are transmitted across generations but that are not related
to additive (or non-additive) genetic variance. For instance,
epigenetic inheritance may contribute to the inclusive heritabil-
ity of resistance and tolerance (reviewed in [56]). Similarly,
parental non-genetic effects have already been shown in resist-
ance to parasites. For example, in the kittiwake (Rissa tridactyla),
females transfer specific antibodies against a bacterial infection
in their eggs’ yolk [57]. Although distinguishing between those
underlying processes is not possible given our sampling design,
we believe that it is conservative to consider that not only gen-
etic variance but also non-genetic variance may contribute
to the patterns of heritability reported here. Identifying the
contribution of each transmitted process—and notably the con-
tribution related to additive genetic variance—to phenotypic
variation may have drastic evolutionary implications, and will
be a major challenge of future studies [20,21].

5. Evolutionary implications and conclusion

Our results provide strong support for a significant inclusive
heritability for resistance and tolerance in a wild population of
the host L. burdigalensis. However, we failed to find a significant
genetic correlation between these traits even though genetic cor-
relations based on a pedigree design such as ours are expected to
be inflated by non-additive genetic effects [58]. In the meantime,
non-transmitted variation explained a large amount of the total
phenotypic variance, which suggests that environmental factors
should be accounted for. These results have important impli-
cations at the local scale, but also more broadly for predicting
coevolution of host—parasite interactions.

At the local scale, the finding of a heritable basis for traits
related to parasite defence strategies, and the absence of an
apparent trade-off, suggests that both resistance and tolerance
have significant evolutionary potential in this dace population.
This is an important conclusion because, as stated above,
T. polycolpus is a non-native parasite that has only recently colo-
nized western Europe. Hence, our results suggest that the dace
population from the Viaur River may possess the transmitted
variance required to adapt to this recent selective pressure.
Future studies will confirm this local-scale result by assessing
and comparing different dace populations. This should pro-
vide new insights into the role of environmental factors in
modulating transmitted variance, and into the possibility for
local adaptation in this host—parasite system.

More broadly, the heritable basis for resistance and toler-
ance is often assumed in theoretical work, although rarely
quantified in the wild. Our results are therefore of prime
importance as they confirm strong assumptions of theoretical
models. Given uncoupled heritable variation for the two
defence mechanisms, one may ask how the independent
evolution of resistance and tolerance shapes coevolution
with virulence [16]. According to Carval & Ferriere [16],
two coevolutionary avenues are possible: (i) virulence is
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predicted to covary positively with resistance, and negatively
with tolerance as the cost of resistance decreases; or (ii) viru-
lence is predicted to covary negatively with resistance, and
positively with tolerance as the cost of tolerance decreases.
According to experimental studies focusing on pathogen
virulence, considerable spatial variation is observed in this
three-component interaction, as well as in the strength of
local coevolutionary dynamics [59]. Hence, demonstrating
significant transmission across generations for tolerance and
resistance is an important prerequisite for understanding
coevolution between virulence, resistance and tolerance. How-
ever, we call for more experimental work aiming at elucidating
proximal mechanisms affecting these traits, as well as empiri-
cal work explicitly including the spatial component of
host—parasite interactions [11,16].

To conclude, Wolinska & King [8] stressed that coevolution-
ary models should include further three-way interactions (host-
genotype—parasite-genotype—environment interactions). We

accompany this call by arguing that both proximal mechanisms [ 8 |

and ultimate processes have to be studied in a broader frame-
work to understand and predict the polymorphism in
pathogens” attack and hosts” defence strategies.
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